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Abstract (English) 

Despite significant advancements in cancer detection and treatment, aggressive malignancies such 

as metastatic melanoma and pancreatic ductal adenocarcinoma (PDAC) continue to exact a heavy 

toll in terms of cancer-related mortality rates. Uncovering novel implications of oncogenes and 

tumor-suppressors in challenging-to-treat cancers has the potential to increase overall survival of 

patients through optimized and personalized therapies. We previously demonstrated that 

Transforming Growth Factor-beta (TGFβ) acts as a potent tumor suppressor in melanoma by 

inhibiting cell cycle and inducing apoptosis. Therefore, we investigated the behavior of TGFβ in 

melanoma cancer stem cells, which possess the capacity of self-renewal and produce a variety of 

tumor cell phenotypes by contributing to tumor-initiation, metastasis and therapy resistance. Our 

discovery revealed that TGFβ/SMAD signaling suppresses stemness maintenance by disrupting 

tumorsphere formation and reducing CD133+ subpopulation in a SMAD3/4-dependent fashion. 

We observed that the mRNA level of several melanoma stemness markers was reduced when 

stimulated with TGFβ.  Moreover, our findings demonstrated that CRISPR-Cas9 knock-out 

(CRISPRko) of SMAD3 or SMAD4, effectively blocking TGFβ/SMAD signaling, promoted both 

tumorigenesis and lung metastasis. With a focus on the common scientific aim related to TGFβ, 

our investigations revealed that the SMAD3 interacting protein Menin, encoded by Multiple 

endocrine neoplasia type 1 (MEN1) gene, has a tumor suppressive role in melanoma. By using 

melanoma preclinical xenograft models, we found that CRISPR-KO of MEN1 in several 

melanoma cancer cell types exhibited enhanced tumors growth when compared to the control 

group. We also discovered that the downregulation of Menin increases resistance to TGFβ-

mediated cell cycle inhibition and apoptosis. We further identified missense mutations resulting in 

the proteasomal degradation of the MEN1 gene product and the subsequent loss of TGFβ signaling. 

Our results define new molecular functions for the TGFβ/SMAD/MEN1 signaling axis in 

melanoma. 

Following our investigation of the TGFβ pathway and the implication of the MEN1 gene, we 

undertook a genome-wide approach to uncover potential novel oncogenes, tumor suppressors and 

pathways relevant to PDAC tumorigenesis. We conducted a genome wide loss-of-function 

CRISPR screen in a preclinical mouse model and identified heat-shock protein HSPE1 as our 

primary candidate. Indeed, HSPE1 downregulation in PDAC cancer cells results in a profound 

decrease of both cellular growth and tumorigenesis. We next investigated the impact of KHS101, 
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a validated HSPD1-HSPE1 complex inhibitor, and established its cytotoxic nature in relation to 

PDAC cancer cells both in vitro and in vivo. Moreover, we discovered that HSPE1 inhibition 

disrupts cell cycle through G2/M arrest in PDAC cells and modifies critical cell cycle regulators 

expression, including PLK1. We observed that inhibiting HSPE1 leads to a reduction in OPA1 

proteolytic cleavage. We exploited this vulnerability by administering MYLS22, an OPA1 

inhibitor, to mice harboring pre-existing PDAC tumors, revealing that this treatment significantly 

reduced tumor size. In conclusion, our findings highlight a new role underlying PDAC 

tumorigenesis for HSPE1 and could unlock a new area of research towards precision medicine. 
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Résumé (Français) 

Malgré les avancées scientifiques dans la détection et le traitement du cancer, les taux de mortalités 

sont toujours élevés dans les cancers agressifs tels que le mélanome métastatique et 

l'adénocarcinome pancréatique (AP). Plus d’information sur les gènes suppresseurs de tumeurs et 

d’oncogènes pourrait avoir le potentiel d’optimiser les thérapies de ces cancers résistants. 

Précédemment, nous avons démontré que le Facteur de Croissance Transformant Bêta (TGFβ) agit 

comme un puissant suppresseur de tumeurs dans le mélanome par l’inhibition du cycle cellulaire 

et de l’induction de l'apoptose. Par conséquent, nous avons étudié l’effet de TGFβ dans les cellules 

souches cancéreuses du mélanome, ayant la capacité de s'auto-renouveler, d'initier la tumorigenèse 

et la dissémination métastatique en plus de résister aux chimiothérapies. Notre découverte a révélé 

que la signalisation TGFβ/SMAD inhibe le maintien de la pluripotence en perturbant la formation 

de sphères tumorales de cellules souches cancéreuse, en diminuant le niveau d'ARNm de plusieurs 

marqueurs de pluripotence mélanotique et en réduisant les sous-population cellulaire exprimant la 

protéine de surface CD133+. De plus, nos résultats ont montré que la suppression de l’expression 

de SMAD3 ou SMAD4 à l’aide de la technologie CRISPR, favorise à la fois la formation de 

tumeurs ainsi que de métastases dans les poumons. La suite de nos recherches scientifiques a révélé 

que Menin, encodée par le gène Néoplasie Endocrinienne Multiple de type 1 (MEN1), joue un rôle 

suppresseur de tumeurs dans le mélanome. En utilisant un modèle de xénotransplantation 

préclinique du mélanome, nous avons constaté qu’une réduction de l’expression de Menin via 

CRISPR augmente la croissance tumorale des cellules du mélanome. Nous avons également 

découvert que la diminution de l’expression de Menin accroît la résistance à l'inhibition du cycle 

cellulaire et à l'apoptose normalement induites par le TGFβ. De plus, nous avons identifié des 

mutations faux-sens entraînant la dégradation protéasomale du produit génique de MEN1 et la 

perte subséquente de la signalisation TGFβ. Nos résultats définissent de nouvelles fonctions 

moléculaires pour l'axe de signalisation TGFβ/SMAD/MEN1 dans le mélanome. 

Par la suite, nous avons entrepris une approche génomique à grande échelle pour découvrir de 

nouveaux oncogènes, suppresseurs de tumeurs et voies de signalisation cellulaire pouvant 

potentiellement être impliqués dans la tumorigenèse de l’AP. Nous avons réalisé un criblage 

CRISPR à l'échelle du génome en utilisant un modèle murin préclinique et avons identifié la 

protéine de choc thermique 1 (HSPE1) comme notre principal candidat. En effet, la réduction de 

HSPE1 dans les cellules cancéreuses du PDAC entraîne une diminution significative à la fois de 
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la croissance cellulaire et de la tumorigenèse. Nous avons ensuite étudié l'impact de KHS101, un 

inhibiteur validé du complexe HSPD1-HSPE1, et confirmé sa nature cytotoxique en ce qui 

concerne les cellules cancéreuses du PDAC, à la fois in vitro et in vivo. De plus, nous avons 

découvert que l'inhibition de HSPE1 perturbe le cycle cellulaire en provoquant un blocage dans la 

phase G2/M dans les cellules du PDAC, et en modifiant l'expression génique de régulateurs 

cellulaires critiques, notamment PLK1. Également, nous avons observé que l'inhibition de HSPE1 

entraîne une réduction du clivage protéolytique de OPA1. Nous avons exploité cette vulnérabilité 

en injectant le médicament MYLS22 dans des souris ayant des tumeurs préformées de PDAC et 

avons observé une réduction significative de la croissance tumorale par rapport aux groupes non-

traités. En conclusion, les découvertes de nos recherches scientifiques mettent en évidence 

l’implication de HSPE1 dans la formation de tumeurs pancréatiques et pourraient ouvrir de 

nouvelles perspectives de recherche en médecine personnalisée. 
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Contribution to the original knowledge 

In the second chapter of this thesis, I demonstrated for the first time that TGFβ has a negative role 

in stemness maintenance of melanoma. By using several melanoma cell lines, I showed that TGFβ 

inhibits melanosphere formation. In that same direction, I showed that TGFβ diminishes several 

well-known stem cell markers by using different methods including qPCR and flow cytometry in 

both 3D and monolayer cultured cells. Moreover, I showed that blocking SMAD3 and SMAD4 

increased the tumor-initiating capacity through tumorsphere formation, tumorigenesis and 

metastasis dissemination to the lungs in preclinical models of melanoma. Together, these findings 

provide novel molecular insights on the negative role of TGFβ toward self-renewal. Our 

mechanism could implicate a new therapeutic approach to target cancer stem cells, known to be 

responsible for relapse and chemoresistance in cancer patients, by mimicking the TGFβ tumor-

suppressive pathway. 

In the third chapter of this thesis, I demonstrated role of MEN1 as a tumor suppressor in melanoma. 

Blocking MEN1 expression through CRISPR in various melanoma cell lines resulted in increased 

tumorigenesis. Furthermore, the tumor suppressive function of MEN1 was shown to operate 

through cell cycle inhibition, both in vitro and in vivo. A novel mutation in MEN1 kindreds 

affected by melanoma was identified, indicating heightened degradation of MEN1 gene products 

and a loss of TGFβ signaling. By using pharmacological inhibitors and RNA interference targeting 

the proteasome, the induced rescue of MEN1 expression restored TGFβ signaling. Our research 

suggests that employing FDA-approved drugs targeting proteasomal degradation, restoring the 

tumor-suppressive function of MEN1 and TGFβ signaling, would be of great benefit to melanoma 

patients. As such, primary tumor formation and metastasis could be prevented. 

In the fourth chapter of this thesis, by using a CRISPR screening based approach, I discovered a 

novel oncogene (HSPE1) in PDAC. I showed that repressing HSPE1 expression by means of 

CRISPR drastically slowed the growth of several PDAC cancer cell lines. Moreover, silencing 

HSPE1 inhibited cell cycle progression and increased apoptosis. I demonstrated that the 

HSPD1/HSPE1 protein complex could be targeted with the small molecule inhibitor KHS101, 

resulting in the effective slowing of tumor growth in two distinct PDAC cell lines. I further 

characterized the role of HSPE1 and showed that it induces the cleavage of OPA1 mitochondrial 

protein. Heading in that way, I showed that treating PDAC cells to OPA1 small molecule inhibitor 

displayed cytotoxicity in both in vitro and in vivo manner. 
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1.1 Cancer research 

Several milestones have outlined the evolution of cancer research1. Back in 1944, Oswald Avery 

found how DNA participated in the transmission of information in cells2. These findings led to the 

discovery of the structure of DNA by Watson and Crick in 19533. Later in the 70’s, bacterial 

restriction enzymes cleaving DNA induced a revolution in molecular biology and led to serious 

advances in sequencing genomes4. Systemic research accompanied by later large-scale genomics 

helped to find mutations in genes driving or suppressing cancer growth. Indeed, by 

pharmacologically targeting those specific mutations in individual cancer patients brought a new 

concept, precision medicine, which goal is to personalize treatments for maximal efficacy5. In 

cancer, a better chance of prognostic is largely determined by an optimized treatment for an 

individual patient5. More research is needed on aggressive cancers relying on low-efficacy therapy, 

such as melanoma and pancreatic cancers, the two models investigated in this thesis. 

 

1.2 Melanoma Cancer 

1.2.1 Melanogenesis  

Cutaneous melanoma is a disease that originated from melanocytes, a specialized pigment cell 

type giving its coloration to hair, skin and nails. The primary function of melanocytes is to produce 

a light-absorbing indole biopolymer, melanin. This molecule is secreted to neighboring 

keratinocytes through specialized organelles called melanosomes, covering nuclear DNA and 

granting protection by absorbing UV radiation.6 Melanin synthesis is a product of several 

enzymatic chemical reactions: hydroxylation of phenylalanine and conversion of  tyrosine by 

tyrosinase forming black-brown eumelanin or yellow-red pheomelanin in the presence of  cysteine 

or gluthatione7. The melanogenesis is triggered by a series of signals including the rate-limiting 

oxidation of L-tyrosine L-dihydroxyphenylalanine (L-DOPA), catalyzed by tyrosinase, where 

both can acts as hormone-like regulators of other cellular functions7. The action of α-melanocyte-

stimulating hormone (α-MSH) or adrenocorticotropic hormone (ACTH) on its receptor MC1R 

triggers the increase of intracellular cyclic adenosine monophosphate (cAMP) which activates the 

response element-binding protein (CREB)-signaling pathway in melanocytes. This event activates 

the transcription of a variety of downstream targets, including microphthalmia-associated 

transcription factor (MITF), playing a crucial role in the cascade of enzymes implicated in 
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melanogenesis, including the melanosome matrix protein PMEL from the tyrosinase enzyme 

family6,8. 

 

1.2.2 Melanoma genesis 

A key event in the formation of melanoma is the loss of epidermal melanin unit (EMU) integrity. 

The EMU consists of melanocytes acting as sentinels, protecting keratinocytes, which in return 

regulate melanocytes division7. Disruption of this well-balanced homeostasis leads to uncontrolled 

melanocyte division and results in cellular malignancy7. The Clark model9, defining the key 

biological events in melanoma progression (Fig.1). The progression of melanoma consists in these 

steps: A benign nevus appears on the skin where BRAF or NRAS is mutated. The nevus has 

hyperplasia and aberrant differentiation where CDKN2A or PTEN are inactivated. The radial-

growth phase of primary melanoma has increased MITF expression with decreased differentiation. 

Vertical growth phase is associated with E-cadherin and N-cadherin loss. In metastatic melanoma, 

cells dissociate from the primary tumor site and interact with dermal fibroblasts and endothelial 

cells and colony distant sites.  
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Figure 1.1: Clark Model Illustration of Melanoma Progression Stages and Histopathological 

Features. (Adapted from Miller et al. 2006)10 

 

1.2.3 Key genetic alterations associated with melanoma progression 

1.2.3.1 BRAF and NRAS 

Several oncogenic pathways are known to be activated during melanoma progression. The most 

prominent mutation in melanoma is BRAF, an activating serine/threonine protein kinase in the 

mitogen-activated protein kinase (MAPK) signaling pathway. Around 80% benign nevi harbors a 

BRAF mutation in sequenced tumors of melanoma patients11 (Fig 1.1). NRAS, another member 

of the MAPK pathway, is mutated in melanoma and are found in 15-20% of tumors12,13. The most 

common BRAF mutation is the single-nucleotide substitution V600E, counting for 80% of all 

BRAF mutations. Several BRAF kinase inhibitors, including vemurafenib, dabrafenib and 

encorafenib, were developed to target this occurring oncogenic driver in melanoma which greatly 
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improved patients’ response rate and overall survival when compared to chemotherapy14. 

However, therapy resistance was observed in relapsing patients treated with BRAF kinase 

inhibitors. The combinatorial therapy of both BRAF and MEK inhibition in melanoma BRAF 

V600E mutations greatly improved the survival rate of relapsing patients15. Still, the V600E 

mutation alone when introduced in normal melanocytes cannot induce oncogenic transformation, 

outlining the importance of all other mutations such as oncogene activation and inactivation of 

tumor suppressors  happening in different stages of melanoma16.  

 

1.2.3.2 Tumor suppressors inactivation (CDKN2A and PTEN) 

Inactivation of the tumor suppressor p53, when combined with BRAF mutation, can lead to 

melanoma formation in zebrafish model17. This study emphases the fact that combination of both 

activation of oncogene and inactivation of tumor suppressor are common events in melanoma 

progression. However, in humans, there are two different tumor suppressors that are commonly 

mutated. First, CDKN2A, a gene encoding the two tumor suppressors p16INK4A and p19ARF, counts 

for 20-40% of germline mutation in familial melanoma. For example, an inactivated p16INK4A is 

unable to perform its usual function where it blocks the cell cycle progression at G1/S phase by 

inhibiting cyclin dependent kinase 4 (CDK4). As a result, the cell cycle progresses abnormally 

leading to increased proliferation of melanoma cells. In nonfamilial melanoma, an occurrence of 

~35% of PTEN inactivation is found in tumors. PTEN normal function is to attenuate a variety of 

growth factors such as phosphatidylinositol phosphate (PIP3), an intracellular signal molecule18. 

Indeed, its negative regulation on PI3K-AKT pathway is through dephosphorylation of PI3P in the 

cytoplasm, leading to high levels of oncogenic AKT19. Activated AKT inhibits the pro-apoptotic 

protein BAD and activates G1 cell cycle protein cyclin D1, activating the radial-growth phase and 

decreases differentiation in melanoma cancer cells. Finally, PTEN or CDKN2A-deficiency in 

cooperation with BRAF activation creates pre-malignant lesions which can leads to melanoma 

progression20. 

 

1.2.3.3 MITF 

Another important gene in melanoma is Microphthalmia-associated transcription factor (MITF), 

playing a crucial role in melanocytes pigment synthesis, differentiation and lineage survival21. 

Indeed, when MITF mutates, several defects in melanocytes occur, including pigmentation 
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deficiency22. MITF is also a prototype lineage-survival oncogene and can promote malignant 

behavior of melanoma cancer cells in specific context. For example, MITF can increase the 

expression of the anti-apoptotic protein BCL2 by binding to its promoter23 or increase the 

melanoma cancer cell proliferation by sustaining CKD2 kinase activity24. MITF exhibits 

oncogenic activity in the context of activated MAPK pathway through BRAFV600E co-expression 

and cell-cycle deregulation, which is mediated through p16–CDK4–RB pathway inactivation25. 

MITF can mediate the plasticity of melanoma cells by altering their transcriptomic profile 

according to whether MITF expression is high or low26. Melanoma cells having high MITF 

expression are drug-resistant and proliferative whereas melanoma cells having low MITF 

expression and AP-1 high are more invasive27. The loss of TRPM1, also known as metastatin, has 

been found to be transcriptionally controlled by MITF and has been correlated with metastasis 

potential in melanoma28,29. 

 

1.2.4 Metastasis and melanoma 

Melanoma is notorious for its propensity to metastasize rapidly to secondary organ, which 

increases drug-resistance30. Melanoma patients are usually cured after excision of their primary 

tumors, but high metastatic potential of melanoma cells participate in low-survival rate of 

metastatic melanoma patients. During metastasis progression, cells dissociate from the primary 

lesion of the organ of origin, the skin in the case of melanoma. Metastatic melanoma cells migrate 

in the surrounding matrix and then invade blood vessels and the lymphatic system to form 

metastatic lesions at a distant secondary site31. Alterations in genes that play a role in cell adhesion, 

such as cadherins—a group of proteins that maintain cell-to-cell contacts by forming connections 

with the actin cytoskeleton—and integrins—which mediate cell contacts with fibronectin, 

collagens, and laminin, are crucial components of the extracellular matrix10. However, targeting 

metastasis in melanoma is still challenging as many treated patients relapse, leading to poor 

prognosis. Understanding the complex patterns of genetic alterations and molecular mechanisms 

in melanoma metastasis is crucial, as preventing dissemination of cells in distant organs could be 

beneficial for relapsing cancer patients. 
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1.3 Transforming Growth Factor β  

The transforming growth factor β (TGFβ) comprises three different isoforms (TGFβ1-2-3), each 

encoded by a unique gene. The three TGFβ isoforms share 70% homology and TGFβ1, which is 

often referred TGFβ, is found to be most expressed isoform as well as the most studied32. TGFβ 

molecules are activated through homodimerization and are stabilized by hydrophobic interactions 

and strengthened by a disulfide bond. Each monomer contains β strands interlocked by disulfide 

bonds that form the cysteine knot33. To be active, TGFβ needs to be processed from a large inactive 

precursor molecule called latent TGFβ (Fig. 1.2). This precursor consists of a TGFβ dimer in a 

non-covalent complex with two segments linked to two latent TGFβ-binding proteins. First, the 

latency-associated peptide (LAP) that remains bound to TGFβ after secretion, retaining TGFβ in 

an inactive form. The second binding protein is the latent-binding protein (LTBP), which is linked 

to LAP by a disulfide bond. This precursor complex is release and stored in the extracellular matrix 

(ECM) and acts as a reservoir32. The activation of TGFβ is controlled by several complex processes 

including integrin-mediated activation, where LAP interacts with integrin binding sequence in the 

ECM. Other mechanisms includes proteolytic enzymatic by furins, plasmin and calpain and acid, 

alkali or heat-induced proteolysis34. An illustrative example demonstrates how an ECM 

metalloprotease, BMP-1, initiates the cleavage of LTBP1, resulting in the liberation of the latent 

complex. This liberation then activates MMP2-mediated cleavage of LAP, ultimately culminating 

in the release of the fully mature TGF-β1 polypeptide. 

 

1.3.1 TGFβ signaling pathway 

TGFβ exerts multiple biological functions through activation of two distinct pathways, the canonic 

SMAD-dependent (Fig 1.2) and SMAD-independent pathway (fig 1.3). 
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Figure 1.2: Schematic illustration of the signal transduction mediated by members of the 

Transforming Growth Factor-β (TGFβ) superfamily. (Adapted from Chen et al., 2016)35 

 

1.3.1.1 SMAD-dependent pathway 

For the SMAD-dependent classical pathway (Fig. 1.2), there are two transmembrane Ser/Thr 

kinase receptors in the cell membrane that are activated upon TGFβ ligand binding: TGFβ receptor 

I (TβRI) and a specific TGFβ receptor II (TβRII), also known as ALK5 (Fig. 1.2 middle). On the 

other side, activin-binding triggers activin signaling through receptor type II (ACTRII and 

ACTRIIB) and receptor type I ACTRIB (also known as ALK4) (Fig. 1.2 left). BMPs signal via 

BMP type II receptor (BMPRII) and several type I receptors including ACTRII, BMPRI, ALK1, 

ALK2, ALK3 and ALK6 (Fig. 1.2 right). Some co-receptor, TGFβ receptor III (TβRIII) regulates 

the access of TGFβ superfamily members36. For example, betaglycan can increase the specificity 

of the different TGFβs isoforms36. The activity of both TGFβ and TβRII activate the kinase activity 
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and phosphorylation of TβRI. Subsequently, the activated TβRI can recruit and phosphorylate 

downstream receptor-regulated SMAD (R-SMAD) proteins, SMAD2 and SMAD3. 

Phosphorylated SMAD2 and SMAD3 can bind to the co-SMAD chaperone protein SMAD4. The 

SMAD complex is translocated to the nucleus and act as a transcription factor as they can activate 

the expression of many TGFβ target genes37.  

TGFβ, activins, and bone morphogenetic proteins (BMPs) interact with distinct heteromeric 

complexes formed by single transmembrane-spanning Type I receptors, also known as Activin 

Receptor-Like Kinases (ALKs), and Type II receptors, which possess serine/threonine kinase 

activity38. SMADs serve as the specific transcriptional effectors for members of the TGFβ 

superfamily. The activation of TGFβ and activin receptors triggers the phosphorylation of receptor 

regulated SMAD2 and SMAD3, while BMP stimulation results in the phosphorylation of SMAD1, 

SMAD5, and SMAD8. SMADs form complexes with the common mediator, SMAD4. In addition 

to signaling through the canonical SMAD-dependent pathway, members of the TGFβ superfamily 

also engage in non-SMAD signaling pathways, thereby having many crosslinks with numerous 

pathways. Each stage of the pathway, starting from ligand binding to the receptor, and extending 

to the regulation of activity, subcellular localization, and stability of intracellular effectors, is 

meticulously controlled. Notable components of the TGFβ include CTGF (Connective-Tissue 

Growth Factor), DAN (Differential Screening-Selected Gene Aberrative in Neuroblastoma), ID 

(Inhibitor of DNA Binding), PAI1 (Plasminogen Activator-Inhibitor 1), PI3K 

(Phosphatidylinositol 3-Kinase), RGM (Repulsive Guidance Molecules), and TMEPAI 

(Transmembrane Prostate Androgen-Induced Protein). Inhibitory Smads (I-Smads), can play a 

crucial role in controlling TGFβ signaling by repressing SMAD-mediated signaling responses: 

SMAD6 inhibits SMAD1 and SMAD539 while SMAD7 inhibits SMAD2 and SMAD340. Indeed, 

the expression of SMAD6/7 inhibitors is activated by their respective R-Smad/co-SMAD DNA-

binding activity as they induce a negative feedback loop. 

 

1.3.1.2 SMAD-independent pathway 

Many signaling cascades can be activated in response to TGFβ41,42 (Fig 1.3). Indeed, TGFβ 

signaling exhibits susceptibility to influence from pathways that extend beyond the canonical and 

non-canonical TGFβ signaling routes. A pathway known to be activated downstream of TGFβ 

signaling is the ERK/MAPK pathway. However, activation of ERK is context-dependent, 
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influenced by factors like growth factors in the cell culture medium, cell-cell contacts, interactions 

with the extracellular matrix, or specific oncogenic activation in the cancer model42. Other 

pathways known to be activated downstream of TGFβ are the c-Jun amino terminal kinase (JNK), 

p38 MAPK, the IkB kinase (IKK), phosphatidylinositol-3 kinase (PI3K), AKT and Rho family 

GTPases. Crosstalk between TGFβ and many other pathways including WNT, Hedgehog, Notch, 

interferon (IFN), tumor necrosis factor (TNF) and RAS pathways, are also known to occur. 

Moreover, the effectors SMADs proteins can participate in microRNAs (miRNA) processing in 

response of TGFβ stimulation43,44. The dynamic interplay between TGFβ and these interconnected 

pathways defines the multifaceted actions of TGFβ, thereby orchestrating context-specific and 

temporally regulated signals.  

 

Figure 1.3: Schematic representation of non-canonical TGFβ signaling and its crosstalk with 

various other signaling pathways. (Adapted from Akhurst et al. 2012)45 
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1.3.2 Dual role of TGFβ 

TGFβ has been shown to have a dual role during cancer progression. Tumor suppressive effects 

of TGFβ, including inhibition of cell proliferation, induction of apoptosis, and inhibition of cell 

immortalization, are observed in normal epithelial cells and early carcinomas. In contrast, tumor 

promoting effects, including induction of epithelial-mesenchymal transition (EMT), cell adhesion, 

migration, invasion, chemoattraction, and tumor metastasis, are more specifically observed in 

more advanced stages of cancer.32  

 

1.3.3 TGFβ as a tumor suppressor 

1.3.3.1 Cell cycle inhibition 

TGFβ inhibits the G1 phase of the cell cycle progression through induction of expression of CDK 

inhibitors and the downregulation of c-Myc expression and cell differentiation inhibitors ID1, 2, 

and 3. Stimulation by TGFβ induces the expression of the CDK inhibitor p15, whose role is to 

inhibit the formation of the complex between cyclin D with CDK4 or CDK6, implicated in G1 

phase and S phase entry. Furthermore, TGFβ increases the expression of p21, disrupting the 

formation of cyclin E or cyclin A complexes with CDK2, another important factor of G1/S phase. 

TGFβ-associated transcription of p15 and p21 is mediated by binding of FoxO transcription factors 

to target their respective gene promoters. CDKN2B, encodes for p15 and CDKN1A encodes p21. 

The downregulation of c-Myc by TGFβ is mediated through transcriptional repression by SMAD3, 

SMAD4 and CDK regulatory signals proteins p107 and E2F4/546. PP2A, a phosphatase, interfere 

with TGFβ signaling and can inhibit p70S6, a serine/threonine kinase that regulates translation of 

specific mRNAs and is essential for G1/S progression47. In short, TGFβ inhibits G1 phase 

progression, establishing a crucial role in disrupting key cell cycle events and preventing entry into 

the S phase. 

 

1.3.3.2 Apoptosis 

TGFβ has been reported to promote pro-apoptotic effect in most cases including epithelium, liver 

and  immune system32. A vast number of apoptotic target genes are known to be controlled by 

SMAD transcriptional complexes. TGFβ-inducible early response gene 1 (TIEG1), a zinc-finger 

transcription factor, decreases the protein levels of the pro-apoptotic protein BCL248. Another 

protein, DAPK, also downregulates BCL2 expression through the action of SMAD2, SMAD3 and 
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SMAD449. In hepatocytes, GADD45B, BMF and BIM have been shown to be a mediator of TGFβ-

induced apoptosis through p38 activation50,51. In gastric epithelial cells, BIM triggers apoptosis 

through the SMAD and Caspase-9 activation52. In hepatocellular carcinoma cells, TGFβ increases 

PDCD4 expression, leading to apoptosis. This effect was demonstrated to be reversible through 

ectopic activation SMAD7, an inhibitor of the TGFβ  signaling pathway53. In pancreatic cancer, 

TGFβ has been shown to induce apoptosis in cells carrying a wild-type SMAD4 by inducing 

epithelial-to-mesenchymal transition (EMT) transcription factor Snail along with Sox4 

expression54. Of note, in pancreatic cancer, inactivation of the tumor suppressor SMAD4 is a 

common mutation. Indeed, in a SMAD4-deficient context, TGFβ fails to induce apoptosis, 

highlighting the necessity of intact TGFβ signaling for apoptosis induction. Therefore, SMAD4 

inactivation can switch the role of TGFβ from a tumor suppressor to a tumor promoter. Some 

proteins are not direct targets downstream TGFβ but act as an apoptosis facilitator. An example is 

ARTS, which is released from mitochondria upon TGFβ treatment and increases caspase-3 

activity, leading to increased apoptosis55. Our group previously found a crosstalk between TGFβ 

and PI3K-AKT pathways as TGFβ induces SMAD-dependent transcriptional regulation of SHIP 

which reduces AKT levels56. Briefly, TGFβ induces apoptotic effects by regulating a network of 

genes and pathways and highlights the importance of the crucial role of the SMADs in these tumor 

suppressive effects. 

 

1.3.4 TGFβ as a tumor promoter 

1.3.4.1 EMT 

Epithelial–mesenchymal transition (EMT) is a biological process where epithelial cells undergo 

cellular organization to mesenchymal phenotype. Transformed cells lose their polarity, adhesion 

and gain the ability to migrate and invade the surrounding area57. EMT occurs in many different 

cellular contexts, including cancer, and can be induced by many types of inducing signals such as 

TGFβ58. In later stage of cancer, cells become resistant to tumor suppressive effect of TGFβ and 

undergo EMT. For example, the SMADs mediate EMT by inducing the expression of E-cadherin 

transcriptional repressors SNAIL, ZEB and TWIST59. A study showed that SMAD3 and SMAD4 

associate with SNAIL and that this complex represses an important set of proteins implicated in 

cell-cell junctions (CAR, occluding, claudin-3 and E-cadherin)60. Another study using skin cancer 

as a model showed that SNAIL transcription by SMAD3/SMAD4 promoted to EMT and that 
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repression of SMAD2 enhanced this phenotype61. SMAD7 repression, through the action of micro-

RNA182, over activates TGFβ signaling and increases EMT62. These molecular mechanisms 

emphasize the pivotal role that TGFβ acts in inducing an invasive cellular phenotype. 

 

1.3.4.2 Angiogenesis 

As tumor grows during cancer progression, the need for oxygen and nutrients is constantly 

increasing. To this end, cancer cells can secrete factors, such as TGFβ, to increase endothelial cells 

growth to create new blood vessels. A study showed that activation of TGFβ receptor contributes 

to maturation of blood vessels and activation of the endothelium63. TGFβ was previously shown 

to be a potent inducer of vascular endothelial growth factor (VEGF) in Ras-transformed cancer 

cells, leading to a pro-angiogenic response64. The TGFβ/TβRII/Smad3 axis was shown to be 

implicated in VEGF upregulation  in oral squamous cell carcinoma  tumor-associated macrophages 

(TAMs)65. This study highlights the correlation between macrophages density and cancer 

progression by TGFβ. 

 

1.3.4.3 Immunologic surveillance escape 

Important cells from the immune system, such as T lymphocytes and natural killer cells, can play 

an essential role in protecting the body against fast-dividing cells that could potentially form 

tumors35. However, immune surveillance is bypassed by tumor cells through TGFβ-induced 

immune evasion. However, how TGFβ causes T cell dysfunction remains unclear58. Targeted 

mutation of TGFβ in mouse T-cell led to increased auto-immune response, highlighting its 

negative role in immune homeostasis66. Similarly, a study showed that blockade of TGFβ in T-cell 

can participate in the eradication of pre-formed tumors in mice67. TGFβ inhibition induces a 

cytotoxic T-cell response against colon tumor cells that prevented metastasis and restored 

sensitivity to anti-PD1-PDL1 therapy68. A second paper showed that impaired TGFβ/SMAD 

signaling participated in the regulation of tumor metastasis in urothelial cancer69.  

 

1.3.5 TGFβ and melanoma 

1.3.5.1 TGFβ isoforms in melanoma 

Expression and secretion of the three TGFβ isoforms, in different immortalized melanoma cell 

lines issued from patient and normal melanocytes, has been extensively studied by several 
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research teams over the last two decades 70,71,72,73. TGFβ1 expression was found in normal 

melanocytes, in addition to primary and metastatic melanomas. TGFβ2 and TGFβ3 isoforms 

are not found in melanocytes but are expressed at heterogenous levels in melanocytic neoplasia. 

TGFβ2 was revealed to be expressed at lower level, compared to all different isoforms, and 

displayed the lowest effect on cell growth inhibition. Also, TGFβ2 was expressed at 

heterogeneous levels, in advanced primary and metastatic melanomas, while TGFβ3 was 

consistently and highly expressed in these lesions74. Expression of TGFβ2 and TGFβ3 isoforms 

are correlated with tumor progression, appearing in early melanoma and increasing with more 

aggressive stage75,74. However, further studies are needed to understand the specific downstream 

signaling of the different isoforms of TGFβ. 

 

1.5.3.2 TGFβ and growth inhibition in melanoma 

Melanocytes are sensitive to the growth inhibition of TGFβ but melanoma cells display various 

degrees of responsiveness/resistance to TGFβ76,77. Several studies showed that melanoma cells in 

vitro are responsive to TGFβ stimulation, have intact SMAD signaling and that it induces growth 

inhibition71,77–79. Data of our own group80 and others81, showed that TGFβ prevent cell migration 

and invasion through the regulation of the plasminogen system. In that same direction, data of our 

own study showed that TGFβ mediates growth inhibitory effects through the action of p21 and 

leukemia inhibitory factor (LIF)82. We also showed that TGFβ induces a strong G1 cell cycle arrest 

and potent inducer of caspase-mediated cell death in many melanoma cell lines82. In a375 human 

melanoma cell line, integrin β1 activates TGFβ which increases the number of CD8+ tumor-

infiltrating lymphocytes and produce tumor suppression83. A recent study showed that introduction 

of a chimeric receptor comprising both TβRI and TβRII, able to trap all TGFβ isoforms (TGFβ1-

2-3) can slow melanoma progression84. Indeed, the research group proposed that it could be 

possible to maintain the tumor-suppressive level concentration of TGFβ without unwanted 

pro‑tumorigenic responses. FIST, a chimeric protein of the fusion of IL-2 and the soluble 

extracellular domain of TGFβR II, inhibits TGFβ by overexpressing SMAD7 which generated 

STAT1 hyperactivation via IL-2R on immune cells, producing an effective antitumor response85. 

TGFβ antagonizes IL-2 signaling primarily in the nucleus through the inhibitory activity of 

SMAD3 on a subset of IL-2 target genes. Additionally, using a dominant-negative version of 

SMAD3 blocked the ability of TGFβ to inhibit individual IL-2 target genes, including c-myc, c-
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fos, Cyclin D2, and cyclin E and IL-2-induced T cell proliferation86. Finally, these studies highlight 

the protective role of TGFβ in melanoma. 

 

1.5.3.3 Phenotype switching and TGFβ in melanoma 

Phenotype switching, another term for explaining the transcriptomic switch from 

proliferative/invasive conferring plasticity to cancer cells87,88. A group showed that one of these 

signatures involves the up-regulation of melanocytic genes including MITF, TYR, DCT and 

MLANA and other neural crest-related factors such as SOX10, TFAP1A and EDNRB89. This 

transcriptomic signature is correlated with increased proliferation, low motility and sensitivity to 

growth inhibition by TGFβ. Another signature implicates a lower expression of these mentioned 

genes and higher expression of other secreted products including INHBA, COL5A1, and 

SERPINE189. These factors participate in modifying the extracellular environment, therefore 

associating this specific transcriptomic profile with high motility and resistance to growth 

inhibition by TGFβ89. 

Phenotype switching has also been identified as an escape route for resistance to therapy such as 

BRAF and MEK pharmacologic targeting90. For example, downregulation of SOX10 in melanoma 

activates TGFβ signaling and leads to the upregulation of EGFR and PDGFRB, contributing to the 

resistance of MEK and ERK inhibitors through an oncogene senescence phenotype91. A recent 

study show that conditional deletion of SMAD4 has no effect on normal melanocytes growth but 

inhibited tumor growth and metastasis in melanoma independently of phenotype switching92. 

Same study also shows that conditional deletion of SMAD7, an antagonist of TGFβ1 receptor, 

enhanced both invasiveness and proliferation, highlighting the compatibility of invasion with a 

high proliferative state92. However, this result suggests that the mechanism is independent of 

phenotype switching, where cells can be both proliferative and invasive at the same time. A 

decrease in E-cadherin expression and upregulated expression of EMT-related transcription 

factors, Snail, Slug, Twist, and Zeb1 have been revealed to be correlated with the enhanced 

invasion and acquisition of stem cell-like properties93. MSX1 induces a neural crest precursor-like 

state in melanocytes and melanoma cells, leading to a phenotypic transition in melanoma towards 

a highly invasive state, and depletion of MSX1 inhibits melanoma metastasis, suggesting that 

neural crest-like reprogramming is crucial for melanoma progression94. Finally, these findings 
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highlight the importance of the expression of a subset of genes balancing a more proliferative type 

or invasive type, which is dependent on the cellular context. 

 

1.6 Stemness and melanoma  

Stem cells have self-renewal capacities, a mechanism where cells are able to replicate into identical 

and undifferentiated cells95. Indeed, self-renewal involves the proliferation of cells with 

maintenance of multipotency and tissue regeneration95. Several lines of evidences showed that 

cancer stem cells subpopulation could be the origin of metastasis and tumor heterogeneity in 

melanoma96.  

 

1.6.1 Melanoma stem cell concept 

There are two models that were proposed to explain the heterogeneity in tumors; the stochastic 

clonal evolution model97  and the hierarchical model98 (Fig. 1.4). The first being characterized by 

similarity of all tumor cells where sub-clonal differences comes from genetic and epigenetic 

changes during carcinogenesis.  The second is defined by a small and slow-cycling progression of 

subpopulation of undifferentiated cells, the stem cells, sustaining tumor growth99,100. In melanoma, 

conflicting studies debate these cancer stem cell concepts. A group showed that melanoma cells 

issued from different patients have increased plasticity and can be reversed from differentiated to 

undifferentiated status100. The same group showed that modification of xenotransplantation assay, 

by using severe immunodeficient mice, increased the detection of tumorigenic cells in melanoma 

patients samples by several degrees of magnitude101. 
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Figure 1.4: Schematic representation of two models reflecting the development and 

progression of cancer 

 

1.6.2 Melanoma stem cell markers 

Over the last decades, several biomarkers were discovered and linked with self-renewal capacity 

and stemness in melanoma. 

 

1.6.2.1 CD133 

A pentaspan transmembrane glycoprotein, CD133, also called Prominin1, has been linked with 

increased tumor potential and cancer stem cells properties in various tumor types including 

melanoma. However, the accuracy of CD133 as a stem cell biomarker has been debated by several 

studies102. CD133 was found to be overexpressed in several melanoma biopsy tissues103 and 

sentinel lymph nodes of melanoma patients104. Moreover, isolation of cells expressing only CD133 

(referred as CD133+) by flow cytometry displayed increased tumor formation potential103. CD133 

expression was shown to be regulated in a cell-cycle dependence manner: CD133 antibody 

reactivity was reduced in arrested in G0/G1 phase but not in dividing cells in the G2/M phase105. 

A study showed that CD133+ cells displayed a proliferative phenotype as opposed to CD133- with 

an invasive phenotype106.  A recent study showed that knockdown of CD133 reduced matrix 
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metalloproteinases MMP2/MMP9, which resulted in reduced invasion and melanoma metastatic 

burden107.  

 

1.6.2.2 CD271 

Melanoma cell populations enriched in neutrophin receptor (CD271) have higher tumorigenic 

potential and were capable of metastasize to distant organs when transplanted in vivo108. CD271 

was also shown to play a role in phenotype switching, where it decreases proliferation and 

promoting invasiveness at the same time109. Another study showed that elevated levels of CD271 

can serve as a switch between proliferation/survival and differentiation/cell death110. A study 

showed that CD271 expression is linked with melanoma progression and that brain metastases had 

the highest expression111. 

 

1.6.2.3 ALDH 

Melanoma and melanocytes have similar ALDHA1 and ALDHA6 mRNA expression as well as 

ALDH enzymatic activity112. ALDHA1 and ALDHA3 are the two main isoenzymes conferring 

aldehyde dehydrogenase (ALDH) activity113. A study showed that ALDH1A1 is most expressed 

isoform in human melanomas samples and that ALDH1A3 expression is higher in melanoma cell 

line114. By using limiting-dilution transplantation assay to determine the minimum number of cells 

to form a tumor, a research group showed that 0.005% of ALDH+ melanoma cell is able to initiate 

a tumor in NOD/SCID mouse115. Indeed, the number of ALDH+ melanoma initiating cells (MIC) 

is 100-fold higher than the whole pool of unselected cells. Melanoma having increased ALDH 

enzymatic activity are prone to proliferate and metastasize more than the lacking ones113. The 

mutational status of BRAF was shown to be an important variable to assess the correlation between 

the expression status of ALDH and overall survival. The expression of ALDH1A3 is correlated 

with better prognosis in metastatic BRAF-mutant melanoma and ALDH1A1 correlated with better 

prognosis in BRAF wild-type melanoma116. ALDH was also found to be correlated with multidrug 

resistance in melanoma and was also linked with increase of CD271 expression117. ALDH+ 

melanoma stem cell population was found to be sensitive to nifuroxazide, an antidiarrheal agent 

identified as a STAT3 inhibitor, and that mutation in ALDHA3 isoform led to increased drug-

resistance118,119. Phenformin, an anti-diabetic drug, was shown to reduce the viability and 
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proliferation of cells with higher expression of ALDH120. These results highlight the importance 

of ALDH in tumor-initiation and may be a potential target to help eradicate melanoma. 

 

1.6.2.4 ABCB5 and ABCG2 

Melanoma cells expressing higher amounts of the chemoresistance mediator ABCB5 were more 

tumorigenic than their ABCB5 negative counterpart121. ABCB5, by inducing the secretion of IL-

1β, maintain an IL-1β/IL8/CXCR1 cytokine signaling axis and is correlated with increased tumor-

initiating capacity and aggressiveness of melanoma122. A study showed that ABCB5 could be 

linked with BRAF-inhibitor drug resistance in two melanoma cell lines and that p-ERK is 

associated with this phenotype123. Exome-sequencing of ABCB5 helped the identification of 

several mutations in melanoma samples and that ABCB5 mutation is correlated with CDKN2A 

and NRAS mutation124. 

 

1.6.2.5 CD20 

The first study demonstrating the evidence of melanoma stem-cell revealed that a subpopulation 

of cells capable of propagating as nonadherent spheres, expressed high levels of CD20125. 

Targeting a small fraction of melanoma cells expressing CD20 by CAR engineered cytotoxic T 

cells managed to eradicate melanoma tumor126. This finding highlights the importance of targeting 

melanoma stem cells as a potential therapeutic approach to prevent tumor formation in melanoma. 

 

1.6.3 Melanoma stem cell expansion  

Currently, cells cultured under low-attachment surface is one of the most common techniques to 

expand cells possessing stem-cell like properties. They reflect the self-renewal capacity and 

multipotency of melanoma CSCs in vitro. These types of cells were shown to engraft 

immunodeficient mouse tissues at better efficiency than regular mono-layered cultured cells125. 

This finding establishes a connection between stem cell properties and tumor-initiating capacities 

 

1.6.4 Role of TGFβ in stemness  

Under normal physiologic conditions and during body growth, TGFβ and its numerous family 

members exert whether alone or in partnership with various external cues to regulate somatic 

stem cells and participates in self-renewal ability and differentiation. Large-scale transcriptomic 
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characterization of ES cells and somatic stem cells elucidated signaling networks such as TGFβ 

family signaling, prone to play important roles in the maintenance of the characteristics of ES 

cells127. Secretory proteins Activin A and Nodal, stimulating TGFβ signaling pathway, has been 

shown to be essential for maintenance of human embryonic stem cells (hESCs) into an 

undifferentiated state where it functions through SMAD2/3 activation and its downstream targets 

implicated in stemness such as Nanog128,129. Mouse embryos with defective SMAD4 gene 

displayed proliferative defect and delayed growth in inner cell mass130. In hESCs, the activated 

TGFβ/activin/nodal axis contributes to the maintenance of human embryonic stem cell identity. 

For maintenance of an undifferentiated state, the signaling through phosphorylation of SMAD2/3 

is increased directly downstream of Wnt in hESCs. The stemness-related transcriptional factor 

NANOG, SOX2, and OCT4 form a cooperative network inducing pluripotency in stem cells 

through this specific Wnt/TGFβ partnership131. For stem cell studies, hair follicles have been 

widely used as a model for studying stem cells and early studies have showed that skin stem cells 

are involved in tumor formation132. A research group showed the implication of TGFβ in 

promotion of melanocyte immaturity and quiescence133. This effect is mediated by the 

downregulation of MITF and was correlated with SMAD2 phosphorylation in melanocytes. 

Several factors and signaling pathways, among TGFβ, are modulated in many cancer stem cell 

models. Increased phosphorylation of STAT3 and activation of AKT pathway was detected in 

CSCs subpopulations of several melanoma cell lines134. A signaling cross talk between the 

different SMADs factors and other pathways such as Nodal/Activin/pSMAD2/3, ERK/MAPK and 

canonical Wnt/GSK3β/β-catenin also have an important role in dictating the stem cell homeostasis. 

The complex cross talk between s204 phosphorylation site in the SMAD3 linker region provided 

a paradigm for cell fate decisions during early embryonic development135. In B16 mouse cells, the 

inhibition of MITF, a differentiation regulator in melanoma, increases the tumorigenic potential 

and upregulates Oc4 and Nanog stem cell markers. The CDK inhibitor p27, a known downstream 

target of TGFβ136, participates in this molecular switch controlling the transition between 

undifferentiated/differentiated melanoma cell progeny137. Newer concepts are arising to explain 

the biological factors that induces stemness, such as genetic modification138 or epigenetic 

factors139. 
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1.7 MEN1: Multiple endocrine neoplasia-type 1 

Multiple endocrine neoplasia-type 1 (MEN1) as an autosomal dominant familial disorder 

characterized by varying combination of tumors in parathyroids, neuroendocrine pancreatic tumors 

(P-NET) and the anterior pituitary140. The MEN1 gene has 10 exons and encodes a 2.8 kilobases 

transcript141. Menin is the 610 amino-acid nuclear protein (67kDa) expressed by the locus of 

MEN1141. Tumors affected by MEN1 inactivation can create many clinical effects which are 

caused by over secretion of endocrine substances including gastrin, insulin, parathyroid hormone, 

prolactin, growth hormone, glucagon or adrenocorticotropic hormone. Indeed, over 500 germline 

and somatic mutations located in the protein-coding region of MEN1 have been identified142. 

Around 80% of mutations are nonsense or result in a frameshift predicting an inactive truncated 

product and 20% are missense mutations, which are degraded via the ubiquitin-proteasome 

pathway142. Allelic deletions resulting in MEN1 loss were discovered in patients with MEN1 

disease, granting MEN1 as a tumor suppressor143. Mice having an homozygous mutation in the 

MEN1 gene die in utero at day 12144. However, heterozygous MEN1 mice were viable and fertile 

and can develop develop parathyroid, pancreatic, pituitary and adrenal tumours with 

hypercalcaemia, hypophosphataemia and hypercorticosteronaemia144. 

 

1.7.1 MEN1 genome-wide interactome 

The protein menin was shown to interact in the nucleus with several transcription factors, 

epigenetic regulators or proteins involved in DNA synthesis or repair145. A genome-wide analysis, 

consisting of a chromatin-immunoprecipitation coupled with microarray analysis, was used  to 

map MEN1 genomic binding sites and enable the finding of 20 000 novel MEN1-interacting 

promoter sites146. Proteomic analysis of a P‑NET cell line revealed 457 significantly altered 

proteins implicated in posttranslational modification and cell death/survival147.  

 

1.7.2 Cellular functions of MEN1 

Menin was shown to act as a tumor suppressor in the nucleus by playing a role in cell cycle 

progression, DNA repair, DNA replication and transcription regulation148., Menin was previously 

shown to interact with many transcription factors such as JunD, a functional component of the 

AP1 complex and that missense mutations  of MEN1 disrupted this interaction149,150. Menin 

binding induces the repression of the transcriptional activity of JunD by the recruitment of histone 
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deacetylase. Menin was also shown to interfere with Jun kinase (JNK) phosphorylation of JunD 

and c-Jun, interfering Ras signaling151. Moreover, the crystal structure of menin complexed with 

JunD gave insight about the mechanistic explanation in how this interaction blocks JNK-mediated 

phosphorylation, which inhibits JunD activity152. Menin was also shown to interact with MLL1153 

and MLL2154 by interacting with their SET-domain possessing H3K4 methyltransferase, which 

can regulate the expression of cyclin-dependent inhibitors (CDKI) and homeobox domain genes. 

The MLL/Menin complex, a major influencer in leukemia carcinogenesis, is currently under 

investigation for its tumor suppressive role and is targeted by many small molecule inhibitors155. 

The crystal structure gave insights about the binding of the deep pocket of menin complexed with 

either MLL1 or JunD in the same manner. However, a differential transcriptional outcome occurs 

as the interaction between menin and JunD prevent its activation through inhibition of JNK-

mediated phosphorylation and MLL1 through the peptide-pocket yet interacting with LEDGF at a 

distinct surface. Menin was also shown to interact with c-Myc, a transcription factor activating 

several genes implicated in proliferation through binding of enhancer box and recruiting histones 

acetyltransferase, and SKI-interacting protein coactivator156. The N-terminus of menin was shown 

to interact with the NF-kB transcription factors p50, p52 and p65, which have a crucial role in cell 

survival and stress response157. Menin was reported to interact with AKT in both in vitro and in 

vivo settings and downregulate its kinase activity resulting in decreased proliferation and increased 

apoptosis158. In PNET cell line BON-1, menin was shown to be implicated in the regulatory 

mechanism of mTOR pathway, which has different roles in proliferation, autophagy and 

apoptosis159. More specifically, prolonged rapamycin treatment on pancreatic neuroendocrine 

tumors potentiate mTORC2-AKT activation in menin-deficient context159. Several nuclear 

receptors were shown to induce tumor-suppressive phenotype by interacting with menin, including 

the estrogen receptor-α160, vitamin D receptor160, the retinoid X receptor161, the two specific 

peroxisome proliferator-activated receptors (alpha162 and gamma161), the liver X receptor alpha 163 

and the androgen receptor164. These molecular mechanisms highlight the tumor-suppressive role 

of MEN1 in many cellular contexts which implicate a variety of signaling pathways.  

 

1.7.3 MEN1 in TGFβ signaling 

Data of our own group showed that menin interacts with SMAD3 by coimmunoprecipitation, 

which is the first evidence of menin involvement in TGFβ pathway (Fig. 1.5). Moreover, we 
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showed that the menin inactivation through antisense RNA suppresses SMAD3-mediated 

transcriptional activity by preventing SMAD3/4 DNA association at regulatory sites, such as PAI-

1 promoter165. Moreover, we demonstrated that activin has a negative regulatory influence on PRL 

transcriptional expression through both SMADs and menin activity. The resulting PRL 

downregulation inhibits cell proliferation in somatolactotrope cells166. A donor splice site mutation 

in the exon 3 of MEN1 gene leads to the production of an aberrant menin protein that is defective 

in mediating TGFβ stimulated SMAD3 action, resulting in reduced cell proliferation control. 

Interestingly, this mutation has no significant impact on the normal function of menin in inhibiting 

the activity of transcriptional regulators JunD and NF-kB, highlighting the importance of the 35 

lacking amino acid in the MEN1 mutant153. These studies highlight the tumor suppressive role of 

menin in TGFβ pathway related with the SMAD3 action. By immunoprecipitation, menin was also 

found to interact with SMAD1/5, which is activated by BMP, an important bone and cartilage 

factor in extraskeletal tissues167. Therefore, this study links MEN1 with the differentiation of 

mesenchymal stem cells into the osteoblastic lineage and highlights the tumor-suppressive role of 

menin in the TGFβ inhibitory actions by BMP-related SMAD proteins. A study that investigated 

the roles of TGFβ and menin in parathyroid cell proliferation and PTH production. This study 

suggests that menin is essential for the inhibitory effects of TGFβ on parathyroid cell proliferation 

and PTH secretion. Loss of TGFβ signaling due to menin inactivation contributes to parathyroid 

tumorigenesis168. In leukemia cells, TGFβ stimulation inhibited proliferation and upregulated 

menin expression and this effect was hindered in MEN1-null cells. Moreover, excision of TβRII 

down-regulated menin in MLL-AF9 transformed bone marrow cells. These results highlight the 

cross-talk between TGFβ and menin as their tumor-suppressive properties could be exploited in 

leukemia169. A study revealed that the role of menin in cancer is context-dependent, functioning 

both as a promoter of epithelial-mesenchymal transition (EMT) linked to cell migration and as a 

modest inhibitor of cell growth. Menin suppresses the expression of CCAAT/enhancer-binding 

protein beta (CEBPB) and epithelial-specific genes through histone deacetylation, enhancing the 

EMT process driven by TGFβ signaling. The findings also demonstrate that C/EBPb, downstream 

of Menin and TGFβ signaling, plays a key role in balancing growth inhibition and EMT and can 

restore Menin's anticancer functions in pancreatic cancer by activating CDKN2A/B genes and 

opposing EMT processes170. 
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Figure 1.5: Menin and TGFβ/Activin signaling pathway. (Adapted from Hendy et al. 2005)171 

 

1.7.4 MEN1 in melanoma 

Even if MEN1 syndrome was associated primarily with endocrine tumors of the parathyroid, 

pancreas and anterior pituitary, cases of melanoma associated with MEN1 were reported in several 

families172. It was found that loss-of-heterozygosity (LOH) of MEN1, corresponding to the 

complete loss of one gene copy and its surrounding chromosomal region on one allele, was 

detected in a small sub-group of melanoma tumor tissues172. The same group detected a novel 

somatic non-sense mutation in exon7 (Q349X) in sporadic melanoma tumor samples172. A study 

showed that MEN1 and MLL are recruited to the promoters of BRCA1, RAD51, and RAD51AP1, 

which are implicated in HR173. This complex recruitment necessitates the estrogen receptor 1 and 

results in increased H3K4me3 transcription, Moreover, ectopic expression of some patient-derived 

mutants of MEN1 fails to bind to BRCA1 promoters and are unable to perform HR-directed DNA 

repair173. These results highlight the important role of MEN1 in genome integrity of melanoma as 

well as specific phenotypic outcome in MEN1 mutations. Ectopic overexpression of Menin in 

melanoma was shown to decrease proliferation, migration and metastasis of melanoma cells 

through downregulation of protein tyrosine phosphatase (PTN), accompanied by its receptor, and 



47 
 

phosphatidylinositol 3-kinase (pI3K)174. Moreover, menin overexpression also decreased the 

phosphorylation of focal adhesion kinase (FAK) and ERK1/2, further highlighting the tumor 

suppressive role of MEN1 in melanoma174. A study implicating the comparison of cutaneous 

manifestations of patients affected by MEN1 with their relatives lacking the mutation revealed a 

higher prevalence in affected patients than in non-carriers175. An exome-wide sequencing study on 

melanoma and two other benign cutaneous lesions, spizoid nevi and conventional nevi, which 

revealed genetic similarities, including mutations of the MEN1 gene176. In summary, MEN1 is 

associated with some cutaneous lesions and could be useful for detecting MEN1 carriers in an 

affected family. 

 

1.8 Overview of the pancreas 

The pancreas is an organ located in the back of the abdomen and has two main roles (Fig 1.6). The 

first one is the exocrine function, which is responsible for secretion of digestive enzymes and water 

in the gastrointestinal tract by acinar cells and ions by bicarbonate-secreting ductal cells. These 

fluids are conveyed through the pancreatic ductal network, which includes centroacinar cells 

located in the acinus, connecting acinar and ductal cells, as well as an epithelial lining within the 

branched ductal tubes. Stellate cells are stromal cells that play an important role in the maintenance 

of the extracellular matrix in the pancreas. The second function of the pancreas is the endocrine 

function, having an important role in maintaining normal blood glucose level. The hormone-

secreting endocrine islets play a crucial role in the regulation of the body’s metabolism and are 

composed of several cell types. Alpha cells boost blood sugar levels by releasing glucagon, while 

beta cells secrete insulin, lowering blood sugar. Delta cells, on the other hand, release somatostatin 

to fine-tune the endocrine interplay in the pancreas. The PP cells (Pancreatic Polypeptide cells) 

release pancreatic polypeptide, which plays a role in regulating appetite and digestion. The 

pancreatic polypeptide cells are behind appetite control and digestion regulation with their release 

of pancreatic polypeptide. 177 
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Figure 1.6: Physiology of the pancreas and histology of pancreatic cancer. (Adapted from 

wiley online library and Kleef et al. 2016). 178 

 

1.8.1 Pancreatic Cancer 

Pancreatic cancer is the fourth leading cause of cancer death in developed countries and is expected 

to rise in second rank in within the next decades179. Several subtypes of pancreatic exist (Fig. 1.7). 

The poor prognosis of pancreatic cancer is mainly due to late diagnosis since symptoms occurs 

when the disease is in an advanced stage178. Pancreatic cancer is known to be aggressive, with 

neoplastic invasion of nerves, vascular local growth, distant metastases quickly spreading, 

resistance to conventional chemotherapy, radiotherapy and targeted therapy. Pancreatic cancer 

occurring in the exocrine gland is the most prevalent (80-90%), which is implicated in secretion 

of digestive juice. Pancreatic neuroendocrine tumors (NETs), occurring in around 10-15% of 

pancreatic neoplasms, are from the hormone-producing region, the endocrine gland, including 

gastrinomas, insulinomas and glucagonomas. Colloid carcinomas represent 2% of all pancreatic 

cancers and are characterized by the formation of pools of mucin in the stroma. Solid-

pseudopapillary pancreatic neoplasms, characterized by poorly cohesive cells, represent merely 

2% of all cases in this category. Acinar cell carcinomas, a low-occurring form of pancreatic cancer 

(1%), are characterized by granular cytoplasm and a single prominent nucleolus rare characterized 
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by cells. Pancreatoblastomas, which are rarer (0.5%), are characterized by neoplastic cells with 

acinar differentiation and squamoid nests. Other extremely rare variants exist such as 

adenosquamous, hepatoid, medullary, signet ring cell and undifferentiated carcinomas (not shown 

in Fig. 1.7). 

 

Figure 1.7: Histology of pancreatic cancer different subtypes. (Adapted from Kleef et al. 

2016)178 

a) Adenocarcinomas are characterized by atypical neoplastic glands in a dense stroma.   

b) Pancreatic neoplasms are neuroendocrine tumours  

c) Colloid carcinomas 

d) Solid-pseudopapillary tumours 

e) Acinar cell carcinomas 

f) Pancreatoblastomas  

 

1.8.2 Pancreatic Cancer driver mutations 

A panoply of genetic alterations is found in pancreatic cancer and implicates many pathways 

including KRAS, TGF-β, WNT, NOTCH, ROBO/SLIT signaling, G1/S transition, SWI-SNF, 

chromatin modification, DNA repair and RNA processing (Figure 1.8). Moreover, omics-based 

approaches enabled the classification of PDAC into 4 subtypes relating with a specific expression 

profile: squamous, pancreatic progenitor, immunogenic and aberrantly differentiated endocrine 
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exocrine. All of these subtypes correlate with characteristic histopathological form of PDAC180. 

Deep whole- exome sequencing revealed recurrent somatic mutations in KRAS, TP53, CDKN2A, 

SMAD4, RNF43, ARID1A, TGFβR2, GNAS, RREB1, and PBRM1, among others181. KRAS 

wild-type tumors harbored alterations in other oncogenic drivers, including GNAS, BRAF, 

CTNNB1, and additional RAS pathway genes181. Real-time genomic profiling of advanced 

pancreatic cancer has demonstrated its ability to enhance the decision-making process regarding 

treatment choices182. 

In figure 1.9, the normal exocrine pancreas cells are represented, transitioning from left to right 

into increasingly dysplastic PanIN and PDAC. Visible abnormalities including papillary 

morphology, loss of polarity, nuclear atypia, intraluminal budding, and stromal invasion are 

shown. PanIN-PDAC progression is associated with increasing accumulation of genetic lesions 

including activation of KRAS and loss of tumor suppressor genes including CDKN2A, TP53, 

SMAD4, and BRCA2.  

 

 

Figure 1.8: Pathways and respective genes mutation burden in pancreatic cancer  

(Adapted from Collisson et al., 2019)183 

 

1.8.2.1 KRAS 

The most prevalent mutation in PDAC is the activation of KRAS, which is present in more than 

90% of PDAC tumor samples, confining PDAC as a KRAS-addicted cancer. Indeed, KRAS 
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mutation is one of the first events happening in the transition of normal pancreatic duct epithelium 

to advanced stages of noninvasive microscopic ducal lesion, termed as pancreatic intraepithelial 

neoplasms (PanINs) (Fig 1.9). KRAS is a small GTPase functioning as a ON-OFF molecular 

switch, cycling between an active state when bound to guanosine triphosphate and inactive 

guanosine diphosphate-bound state184. KRAS protein interacts with several effector proteins such 

as RAFs, activating MEK1/2 kinases that subsequently phosphorylate ERK1/2 and then further 

phosphorylates nuclear proteins ELK1 and c-JUN. Moreover, KRAS controls the transcription of 

several genes of mitotic pathways including as PI3K, AKT, mTOR, RAF, MEK/MAPK and have 

been shown to regulate cancer cell proliferation and survival as well as resistance to 

chemotherapy185. The activation of this signaling network results in dysregulation of cellular 

growth. In cancer, 98% of all KRAS mutations harbor a missense mutation in three mutational 

hotspots such as Glycine-12 (G12), Glycine-13 (G13) or glutamine-61 (G61). These mutations 

induce a constitutive GTP-bound active state resulting in overstimulation of mitogenic pathways 

driving cancer growth184. KRAS mutations has been long considered as an undruggable target 

since the affinity of the KRAS GTP-pocket is in the picomolar range while cellular concentration 

of GTP is around 0.5µM. As a result, the competition between the endogenous GTP against a non-

covalent small-molecule inhibitor is a foregone conclusion. Recent efforts in targeting the mutation 

G12C of KRAS with covalent drugs, such as Sotorasib186 ARS1620187 and BI-2852188, showed 

anticancer activity in clinical trial of solid advanced tumors and led to tumor regression in 

experimental models. The next challenges towards targeting KRAS will be to find drug resistance 

mechanisms189. 
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Figure 1.9: Pancreatic cancer progression stages. 

 

1.8.2.2 Other mutations in PDAC 

Many other mutations are often found in PDAC. CDKN2A gene, a well-known susceptibility gene 

for melanoma predisposition, is also mutated at a high rate in PDAC190. CDKN2A can be 

inactivated by methylation or homozygous deletion, shutting down its tumor suppressor functions. 

The tumor suppressor TP53 (also known as p53), activates several genes through transcriptional 

activation in response to cellular stress such as DNA damage and acts as a ‘guardian of the 

genome’191,192. TP53 is mutated in 70% of PDAC tumors samples. SMAD4 is also highly mutated 

in PDAC by homozygous deletion, hindering TGFβ tumor suppressive functions, participating in 

progression of higher grades of paNINs (paNIN-3) (Fig. 1.9)193. Another mutation in PDAC is the 

Ubiquitin E3 ligase ring finger 43 (RNF43), which loss-of-function is found in 5-10% of in PDAC 

tumours178,194. The role of RNF43 in normal physiological context is to negatively regulate the 

Wnt/β-catenin signaling pathway by degrading and internalizing Wnt receptors, including 

Frizzleds (FZDs) and LRP5/6 at the cell surface, serving as a negative feedback loop. Indeed, 

inactivation of RNF43, which happens in PDAC, increases the membrane levels of Frizzled 

receptors, conferring a Wnt-dependency on RNF43 and sustained proliferation194. Tumors 

dependent on Wnt signaling for proliferation are sensitive to pharmacological inhibition of 

Porcupine (PORCN), which has been shown in preclinical models194 and clinical trials195.  
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1.9 Discovery of CRISPR: The rise of CRISPR as the genome-editing technology 

CRISPR caught the attention of scientists in the 2010s for its formidable genome editing capacity. 

The first paper proving its existence was published in 1987, when an unusual repetitive DNA 

sequence was detected in the locus of Escherichia coli genome during the analysis of the gene 

responsible for isozyme conversion of alkaline phosphatase196. This system was further discovered 

in many other types of bacteria197,198 and archaea199. However, the function of this repeated DNA 

sequence in the genome of bacteria/archaea remained unknown for a decade. In the early 2000s, 

three independent research team linked the CRISPR system with the immune defense mechanism 

against bacteriophages200–202. They found that these non-repetitive CRISPR spacers are 

interspaced with repetitive DNA sequences and that a protospacer adjacent motif (PAM), is 

required for target recognition by Cas9. Indeed, these acquired DNA sequences (spacers) have 

high homology to viral genes. A major discovery in the CRISPR scientific literature is the 

discovery of four CRISPR-associated genes (cas1, cas2, cas3 and cas4), revealed by in-silico 

analysis203. These cas proteins where participating in the mechanism of defense against 

bacteriophages and plasmids, a system highly similar to RNA interference in eukaryotes204. It was 

only a year later (in 2007), that CRISPR was defined as an adaptative immune system where an 

integration of de novo integration of phage DNA in the CRISPR locus allow the bacteria to fight 

the next wave of attacking phage, a mechanism only requiring Cas9 alone for its function205. More 

insights about how CRISPR system interfere with invading phages was found where spacer 

sequences are transcribed into guide RNAs helping Cas9 nuclease to target specific DNA 

sequence206. It was only two year later that the cleavage pattern was mapped, as Cas9 protein 

creates double-stranded breaks in target DNA, more precisely 3 nucleotides upstream of the PAM 

sequence207. The year 2012 was a turning point for the CRISPR scientific community as a major 

discovery was published in the high impact factor scientific journal Science. Emmanuelle 

Charpentier and Jennifer Doudna co-discovered the sequence-specific and directed genome-

editing ability of the CRISPR system208. A pair of RNA structure consisting of a mature CRISPR 

RNA (crRNA) that is base-paired to trans-activating crRNA (tracrRNA) induce the Cas9 protein 

to introduce double-stranded breaks in target DNA208. These two women were the first to define 

the role in vitro of the CRISPR/Cas9 system that could both cut viral DNA of bacteriophage and 

therefore participating in bacteria immunity, and that could be programmed with a guide RNA to 

cut any DNA at a sequence-specific site. Moreover, they discovered that Cas9 can be guided by a 
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single chimeric RNA, engineered by the fusion of a tracrRNA and crRNA, therefore called single 

guide RNA (sgRNA). The impact of this discovery was massive and led to advances in plant and 

animal engineering, personalized medicine, and promising clinical therapeutics. Both women were 

awarded with the 2020 Nobel prize of Chemistry. In 2013, Feng Zhang’s team successfully 

adapted the CRISPR/Cas9 system in eukaryote, enabling genome-editing in human cells209, which 

truly inspired a lot of scientist especially in the field of molecular biology and medicine. In parallel, 

another research team reported similar findings and was published in the same issue of Science210. 

Moreover, there are two groundbreaking publications showing that CRISPR can be performed in 

an in vivo manner for genome-editing in eukaryotic cells211,212. 

 

1.9.1 The diversity of the CRISPR system 

CRISPR-Cas system, which have been worldly validated as an important gene editing tool to study 

gain/loss-of-function of genes213, function as an adaptive immune defense mechanism to protect 

phage intrusion in bacteria and archaea in nature. There are many families of CRISPR-Cas systems 

where each one shows a great diversity of Cas protein sequence, gene composition as well as 

genomic arrangements. These CRISPR systems are classified according to the structure of Cas 

genes that are typically adjacent to the CRISPR arrays. In 2015214, a total of 2 classes, 5 types and 

16 subtypes was discovered. In 2020215, the new classification was expanded more than 2 classes, 

6 types and 33 subtypes. The Class I system has multi-unit effector modules comprised of many 

Cas proteins. The class II system distinguishes itself from Class I where single, multidomain 

crRNA-binding protein combines all functions required for interference. Indeed, the Class II 

system is preferred because of the advantages of a single-effector protein. Each subdivision of 

Class II system uses a distinct type of Cas protein. The type II for Cas9 variants and class V for 

Cas12 variants utilize RNA-guided DNA endonuclease activity and type-VI for Cas13 variants 

appears to have preferential RNA-targeting and cleavage activity. A recent study216 showed for 

the first time a new RNA-guided DNA endonuclease, Fanzor (Fz), in eukaryotes. The transposon-

encoded protein Fz, having a structural similarity to Cas12, has the capacity to be programmed for 

engineered applications, therefore behaving exactly like Cas9. The diversity of newly identified 

CRISPR-Cas systems has greatly improved due to the great advances in computational analysis of 

big data and metagenomics of CRISPR-expressing organisms. 
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1.9.2 Genome editing with CRISPR, a biotechnology tool 

Of all the different Cas proteins, Cas9 enzyme revolutionized the scientific world with its 

formidable programmable genome-editing capacity217. The CRISPR-Cas9 system is composed of 

an endonuclease protein, the Cas9, whose DNA cutting ability is guided by a sgRNA (Fig. 1.10). 

Cas9 enzyme has an HNH domain responsible for cleaving the DNA strand complementary to the 

guide RNA sequence (the target strand) and a RuvC nuclease domain essential for cleaving the 

noncomplementary strand (the non-target strand). The sequential enzymatic activity of both 

domains induces double-strand DNA breaks (DSBs)218,219. The sgRNA is comprised of two 

different parts: The CRISPR RNA (crRNA), a nucleotide sequence of length varying from 17 to 

20 base pair complementary to the DNA target and the trans activating RNA (tracrRNA), a binding 

scaffold for the Cas nuclease. These two key components are joined together artificially by a 

tetraloop which results in the formation of a chimeric sgRNA. An important part of the sgRNA is 

the seed sequence, a 10-12 bp sequence having perfect homology with the adjacent site of the 

PAM sequence of the DNA target sequence. Indeed, the homology is critical for cleavage activity 

and few mismatches can hinder Cas9 activity220. In addition to the required seed sequence of the 

sgRNA, another motif present on the genomic DNA is essential for the sgRNA recognition, the 

PAM site, serving as a binding signal for the nuclease. However, the PAM site sequence varies 

according to the origin of the species of the bacteria it has been extracted. For example, the Cas9 

from Streptococcus pyogenes (Sp) recognizes the NGG PAM-site sequence. CRISPR/Cas9 system 

can also be used for transcriptional control using dead Cas9D10A/H840A (dCas9) lacking nuclease 

activity and cannot cleave DNA217. When dCas9 is fused to a Krüppel-associated box (KRAB) 

repressor, the transcription is inhibited. This alternative CRISPR system is known as CRISPR 

interference (CRISPRi).221 On the other hand, dCas9 can be tethered to transcriptional activators 

such as VP64 and VP64-p65-Rta to strongly activate transcriptional activity at the promoter.221 

This other alternative CRISPR system is known as CRISPR activation (CRISPRact). The dCas9 

fused to methylase Tet1 or DNA methyltransferase Dnmt3a enables the editing of DNA 

methylation. Epigenetic regulation modification such as methylation of targeted gene promoter 

can result in silencing while demethylation induce gene expression222. 
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Figure 1.10: CRISPR/Cas9 genome editing mechanism. (Source: Addgene) 

 

1.9.3 DNA repair mechanisms of Cas cleavage 

CRISPR-Cas9 initiates double-stranded DNA breaks (DSBs) at DNA target site that are 

complementary to the sgRNA (Fig. 1.11). This event subsequently activates the DNA repair 

pathway machinery for genome-editing, therefore creating a variety of DNA repair outcomes223. 

In eukaryotic cells, there are three different mechanisms of DSBs repair: Non-Homologous End-
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joining (NHEJ), Homology-directed repair (HDR) and microhomology-mediated end joining 

(MMEJ) pathways. The NHEJ pathway machinery, including the heterodimer Ku, is the dominant 

repair pathway when CRISPR-Cas9 cleaves target DNA. NHEJ happens during the cell cycle 

progression and is known to be error-prone, where small nucleotide insertions and deletions 

(indels) occur frequently at the cleavage site having DSBs224. On the other hand, mediation of HR, 

mostly mediated by BRAC2 and RAD51, has quite high fidelity since DNA donors with 

homologous sequence are present in the broken spot. However, HR is restricted to undergoing S 

and G2 phase of the cell cycle, leading to lower frequency of perfect DNA repair upon CRISPR-

Cas9 cleavage compared to NHEJ225. Additionally, it is known that MMEJ, a form of alternative 

end-joining, uses regions with 5-25 bp of microhomology flanking a DSB to repair DNA. The 

DNA ends are chewed back to reveal homology, allowing the strands to anneal and DNA 

polymerases then fill the empty gaps. In the end of this process, there is the retention of a single 

microhomology sequence and a deletion of the region between the microhomology, the latter 

participating in creating mutations in the repaired DNA226. 

 

 

Figure 1.11: DNA repair upon CRISPR/Cas9 cleavage (Adapted from Jang et al. 2020)227 

 

1.9.4 CRISPR off-target effects 

The high specificity of the CRISPR system is highly advantageous to target specific locus with the 

synthesized sgRNA but trade-off with potential off-target effects, namely the deposition of 

unexpected, unwanted, or even adverse alterations to the genome228. Indeed, CRISPR systems 
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evolved as a defense mechanism against viruses having high frequency mutations. As such, a less 

specific CRISPR system was deemed advantageous for the microorganism’s immunity. Even if 

Cas9 is taught to be strictly guided by the 20-nt sequence of the sgRNA and the adjacent PAM 

sequence, off-target effect can still happen with three to five base-pair mismatches in the PAM-

distal part of the sgRNA sequence229. A study using genome-wide mapping binding site of 

catalytically inactive dead-Cas9 (dCas9) emphasized the importance that Cas9 off-target binding 

sites are enriched at open chromatin regions and that 70% of off-targets are associated with 

genes230. Formation of secondary structure and misfolding of sgRNA are likely to induce potential 

off target effects and can be countered by stabilizing their hairpin structures231. There are many in 

silico tools that can predict off-target sites according to the DNA sequence the sgRNA targets, 

which are based on data describing the level of sgRNA alignment to the putative off-target sites in 

the genome or algorithm-based score-model229. These prediction algorithms of these software 

mostly rely on sgRNA sequences. For example, one of the algorithms called MIT, weights the 

position effect of the mismatches between the sgRNA and the targeted DNA and generates a 

nominal score between 0 and 100 of off-target assessment232. Also, it is known that Cas9 can cause 

sgRNA-independent cleavages228. 

 

1.9.5 Design of sgRNA for genome-editing 

Indeed, several tools calculate the off-target efficacy of sgRNA, and others have a bigger focus on 

the ‘on target’ activity of the sgRNA. As such, a good sgRNA design relies on the maximal On-

target activity and minimal Off-target activity of the Cas9 nuclease. There is an increasing number 

of computational tools and resources for efficient sgRNA design, therefore maximizing its 

efficiency and specificity233. Big advances in empirical scoring algorithms and machine-learning 

modeling greatly facilitated researchers to design their sgRNAs used to target and alternate their 

genes of interest. There are several accessible web-based tools for sgRNA design which are listed 

in this review233. 

 

1.9.6 Alternative CRISPR technologies 

In addition to the wild-type nuclease activity of Cas9 enzyme, there are three other types of 

genome-editing technologies serving to convert a targeted DNA sequence into a new desired 

sequence: Base editors, transposases/recombinases, and prime editors (Fig. 1.12). While the Cas9 
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introduces stochastic and heterogenous indels mutations, the base-editors agents install PAM-

proximal transition points mutations without the required DSBs or donor DNA templates. Current 

base-editors contain a bio-engineered Cas9 lacking nuclease activity and is fused to a deaminase 

enzyme such as cytosine editors, creating the transition mutations C•G to A•T, or adenosine 

editors, converting A•T to G•C base pair. Interestingly, these two types of base conversion 

represent around 30% of all human pathogenic variants234.  

Another important partner of the CRISPR system, CRISPR prime editors, possesses the ability to 

introduce all 12 DNA base-pair combination swaps, consisting of the 4 transition mutations and 8 

transversion mutations. Moreover, CRISPR prime editors can perform small insertions and 

deletion in a precise and targeted manner. The prime editor was created by engineering an impaired 

Cas9 nuclease fused to a reverse transcriptase. Then, the prime editor is programmed with a prime 

editing guide RNA (pegRNA) having a dual function that direct the target site and encodes the 

desired sequence235. This technology, with high capabilities of genome editing, could correct up 

to 89% known genetic variants that are associated with human diseases234,235. 

The last class is the CRISPR-associated transposons (CASTs), mediating rearrangements of large 

segments of DNA. CASTs combine transposon machinery, including Tn7-like variants, with an 

artificial Cargo-DNA to be integrated in the genome by the RNA-guided CRISPR-Cas system. 

The left-end and right-end motifs flanking the Cargo-DNA of the transposon are recognized by 

the transposon machinery, which activates the excision of the Cargo-DNA from the donor locus 

into the host DNA. The main advantage of this technology is that cells are not restricted to the host 

low-efficacy HDR repair and are therefore not limited to division and mitosis during the genome-

editing process. However, this system is restricted to bacteria and incidence of random integration 

events can still happen236.  

Another alternative genome editing tool is Cas12a, previously known as Cpf1237, is another protein 

of the type V-A CRISPR family than can be used for genome-editing purposes by cleaving DNA 

via a staggered (sticky-end) DNA double-stranded cut238. Another important effector is the 

Cas12b, formerly known as C2c1239, which is in the type V-B CRISPR family. DNA interference 

by Cas12b is mediated through 5’-PAM site binding, which is located in the direct-repeat region 

targeted by the crRNA, in a similar fashion to Cpf1. However, unlike Cpf1 , which relies on a 

single crRNA for efficient nuclease activity, C2c1 needs both crRNA and tracrRNA to cleave 

DNA239. Another effector of the Cas protein family have the unique capacity of targeting RNA as 
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a single effector, Cas13, formerly known as C2c2240. Cas13, included in the type VI CRISPR 

effector family, has an RNA-guided system like Cas9 or Cas12, but uniquely cleaves RNA instead 

of DNA. A Cas13 recombinant variant from the Leptotrichia wadei bacteria (LwaCas13a) 

expressed in mammalian or plant cells was shown to have guided RNAse activity with a similar 

efficiency and specificity as the shRNAs from the RNAi system241. Moreover, an engineered 

Cas13 ortholog lacking nuclease activity (dCas13) was shown to be able to edit RNA in a guided-

manner when fused with ADA12, which can direct the hydrolytic deamination of adenosine-to-

inosine242. 

 

Figure 1.12: Schematic representation of genome editing strategies and agents for CRISPR-based 

genome editing (Adapted from Anzalone et al.)243 

 

1.9.7 CRISPR/Cas editing strategy 

Several factors need to be examined for a proper experimental design in a study utilizing genome-

editing. First, the cell type needs to be considered, where bacteria, yeast, mammalian cancer cells 

or terminally differentiated cells, can be modified by genome-editing. Another factor is the 

microenvironment, where the selected organism will be investigated. Cells cultures in vitro or 

transplanted in vivo or 3D models including organoids will impose different constraints for proper 

delivery of CRISPR/Cas machinery. The nature of the agent of the CRISPR/Cas machinery 

(plasmid DNA, ribonucleoprotein complex, mRNA or viral vector) and the delivery method 

(lipofection, electroporation, nucleofection or viral infection) are primordial in the design of a 

study, where each of them will have different desired/undesired outcomes (Fig. 1.13). For 

example, plasmid delivery by viral infection or nucleofection can cause potential problems 

including insertional mutagenesis since the plasmid is integrated in the host DNA and sustained 

Cas9 expression, where chances of off targets are increased. Delivery by viral infection can elicit 

immunologic responses by viral proteins expressed in the viral vectors. These potential problems 

can be overcome by transfecting the mRNA of Cas9 directly in the host, offering a transient 
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expression of Cas9 since mRNA is unstable. The recombinant Cas9 protein of bacterial origin can 

also be delivered in cells, which is the most transient delivery method, but increases the complexity 

and the price of the experiment. Plasmid integration by either nucleofection or viral delivery have 

the slowest onset of genome editing because transcription and translation are needed for Cas9 

expression in the desired organism. On the other hand, it is the most cost-effective option where 

basic laboratory techniques are used such as plasmid preparation from bacteria extracts and 

transfection in HEK293 virus-producing cancer cells. Another advantage of viral or plasmid 

delivery is the sustained expression of Cas9 and sgRNAs. In the end, each editing strategy will 

require rigorous optimization to improve the efficiency of genome-edition in cells.244,245 

 

Figure 1.13: Strategies for CRISPR/Cas delivery (Adapted from Yip, 2020)244 

 

1.9.8 CRISPR in cancer research 

With the help of data from all levels of biology including genomics, transcriptomic and proteomics 

among others, the utilization of CRISPR to produce specific mutations can help to recreate cancer-

linked events to understand their contribution at each stage of carcinogenesis246. Indeed, a 

systematic approach to investigate the function of individual genes in experimental cancer models 

could assess their impact on tumor growth, metastasis and other cancer-related processes246,247. 

New experimental models can be created more rapidly and efficiently by introducing allele-
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specific mutations (homozygous, biallelic, heterozygous or chimeric) by using CRISPR in cancer 

cell lines, organoids or animal models248. Moreover, establishment of models having genetic 

mutations associated with hereditary cancer syndromes, such as the MEN1 syndrome147,249,250, by 

using CRISPR-mediated genome engineering could help in early detection and prevention of 

cancer in individuals with a high genetic risk251. 

 

1.9.9 CRISPR screening in cancer research 

The most substantial contribution CRISPR had on cancer research reside in its application in 

genetic screens252–254. CRISPR screening, a powerful tool for biological discovery, enables the 

unbiased investigation of a gene function in defined experimental conditions. The screening 

process is often made in two different formats, either in arrayed or pooled condition (Fig. 1.14)255. 

CRISPR screens can also be performed in vitro or in vivo, the latter through direct or indirect 

delivery of the CRISPR library (Fig. 1.15). 

 

1.9.9.1 Pooled and arrayed CRISPR screens 

Pooled CRISPR screening utilizes libraries consisting of thousands of individual plasmids pooled 

together. In the library, different sgRNAs can target each selected gene, which can result in knock-

out, activation or inhibition according to the used CRISPR technology. Libraries can target the 

whole genome or a partial set of genes such as the nucleome, metabolome, kinome, non-coding 

regions, pathway-related genes, etc. Moreover, these CRISPR libraries can be custom-made to 

meet other specific research questions. Delivery of the library by plasmid transfection or viral 

transduction in the studied cell model will result in a mix of pooled mutants. These mutants will 

go through a selective pressure, which can be cell proliferation, drug treatment or viral infection 

among other biological challenges. Phenotypic responses will end in increased resistance or 

sensitivity of the tested perturbation. After the screening process, the sgRNAs amount of both 

control and experimental samples are mapped and counted by high-throughput sequencing and 

subsequent bioinformatic analysis. The depletion of sgRNA count identifies genes whose 

CRISPR-induced disruption sensitized cells to the perturbation as opposed to sgRNA enrichment 

which results in increased resistance to the selective pressure255. Indeed, CRISPR screening 

enabled the discovery genes implicated in drug resistance/sensitivity256, synthetic lethal 

interactions257, immunotherapy targets such as PD-L1 258 and essential genes259. CRISPR screen 
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can be made with different Cas protein such as Cas12260 and Cas13261. One study exploited this 

experimental setup by combining both Cas9 and Cas12 to optimize the screening process262. 

 

1.9.9.2 Arrayed CRISPR screens 

The arrayed CRISPR screening utilized separated samples processed in parallel through separate 

compartments. Arrayed screenings have the disadvantage of being limited in capacity, more labor-

intensive and costly than pooled screenings. However, arrayed screens can provide user-friendly 

read-outs, including imaging, proteomics and metabolic profiling, which are less expensive than 

next-generation sequencing. 

 

1.9.9.3 High content CRISPR screens 

Many other types of CRISPR screening involve higher content read-outs, such as fluorescence-

activated cell sorting (FACS). FACS-based screening involves cells of interest sorting, bypassing 

the need for a selective survival process. Indeed, cells are marked through a pathway reporter, a 

cell-permeable dye or by an antibody targeting a specific protein or peptide of interest263. Another 

type of CRISPR screening is by single cell RNA sequencing, enabling the simultaneous profiling 

of the perturbation and the corresponding transcriptomic profile in single cells264. Many subtypes 

exists such as Perturb-seq265, CRISP-seq264 and CROP-seq266 which involve simultaneous 

measurement of gene expression combining both RNA and DNA sequencing. Mosaic-seq267, more 

complex, uses a barcoding system joining the transcriptomic profile with its sgRNA modulator, 

which quantifies the effects of dCas9-KRAB-mediated enhancer repression in single-cells. 
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Figure 1.14: Parameters of CRISPR screening. (Adapted from Bock et al., Nature Reviews 

Methods Primers, 2022255) 

 

1.9.9.4 In vivo CRISPR screening 

CRISPR-Cas9 screens conducted in an in vivo setting have shown to better recapitulate tumor 

biology by incorporating the complex microenvironment, extracellular matrix, vascularization as 

well as  autocrine, paracrine and endocrine signaling268,269. Furthermore, these screens have proven 

to be valuable for the discovery of genes implicated in tumorigenesis and metastasis268. CRISPR 

screens performed in vivo through xenotransplantation (Fig. 1.15) have the same statistical needs 

such as low M.O.I. to ensure one mutation at a time is performed in each individual cells as well 

as sufficient cell coverage of the library to ensure each element is represented sufficiently. Scaling-

up the coverage is needed particularly when large-scale libraries like genome-wide ones are being 

used, which necessitates a significantly higher number of cells and mice. Otherwise, the library 

size will need to be adjusted. Moreover, high cell engraftment in tumors and cell expansion 

capacity are crucial factors for the choice of experimental model for an in vivo CRISPR screening. 

Another type of in vivo CRISPR screening is available, where the library is delivered directly in 

the animal through lentiviral or adenoviral transduction through intravenous, intracranial or 
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intratracheal viral injections (Fig. 1.15). As such, animal organs can be directly targeted by the 

library.  

The first published CRISPR-Cas9 knock-out (CRISPRko) screening was performed in a non-

metastatic cell line in which a genome-wide sgRNA library was introduced by viral transfection270. 

Following subcutaneous transplantation of the CRISPR library-mutagenized cells in mice, tumors 

were allowed to grow and metastasis in the lung were monitored. The following collection, 

sequencing and sRNAs statistical analysis from the lung metastases samples enabled the 

identification, followed by a validation, of several genes in which loss-of-function drove lung 

metastasis. Several CRISPR screens performed in mice helped the identification of tumor 

suppressors271–274, oncogenes275–277, pro-metastatic factors278, synthetically lethal genes279 and 

regulators of cancer immune response and immunotherapy280–285. Moreover, a CRISPR screening 

performed by our own lab revealed the oncogenic mTOR and tumor-suppressive Hippo signaling 

pathways as central regulators of tumorigenesis in Triple-negative breast cancer (TNBC)286. We 

showed that a combinatorial pharmacological inhibition of both mTORC1/2 and oncoprotein YAP 

efficiently reduced tumorigenesis in TNBC in a synergistic manner. A recent CRISPR screening 

from our research group enabled the identification of a subset of genes implicated in stemness and 

paclitaxel resistance of TNBC 287. 
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Figure 1.15 Schematic illustration of three distinct modes of CRISPR screening.  

(A) CRISPR screening performed in vitro (B) CRISPR screen performed in vivo through 

xenotransplantation (indirect) (C) CRISPR screen performed in vivo through viral transduction in 

an animal (direct). (Adapted from Chow et al., Trends in Cancer, 2018)268 

 

1.9.9.5 Large-scale CRISPR screening 

The Cancer Dependency Map (DepMap) is a collaboration between the Broad Institute (Project 

Achilles) and the Wellcome Sanger Institute (Project Score) where 1000 pan-cancer genome-wide 

CRISPRko viability screens were performed in 900 cancer cell lines to identify key genomic 

alterations implicated in cancer to find unique vulnerabilities, termed as dependencies259,288–290. 
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Such screening effort facilitated the discovery of more than 2103 common-essential genes, 

demonstrating fitness across multiple cancer types291. The DepMap initiative is an ongoing project 

as new data is released every yearly quartile. The 23Q2 dataset, released at the beginning of 2023, 

includes an astonishing number of 1864 screened cell lines. A co-jointed published study from 

both groups found that batch effects, termed as systematic variations or statistical biases not related 

to the study variable, are driven by two specific parameters: the reagent library and the assay 

length292. These results indicate a high reproducibility of the thousand conducted CRISPR-Cas9 

screens from both institutes291. By combining these massive integrated datasets, a better 

comprehension of heterogeneous cancer types will serve as a basis for precision medicine with 

novel biomarkers for better patient stratification. 

 

1.10 Heat shock proteins, Heat Shock response, Heat Shock factors and HSPE1 (Hsp10) 

In chapter 4, a heat shock protein (HSP) what characterized, namely HSPE1 (Hsp10), which in 

included in this family of proteins that functions in response to cellular stresses, such as changes 

in temperatures, exposure to UV light, anoxia, hypoxia, heavy metals, drugs, tissue remodeling 

and wound healing or any chemical agents where exposure induces stress or protein denaturation. 

HSPs belong to the molecular chaperone’s family, predisposed to participate in protein folding 

and maintenance of native protein structure. HSPs have a crucial role in protection of cell integrity 

in normal physiological condition. Proteins needs specific three-dimensional configuration to 

perform their intended biological role, which is maintained by proper folding293. Molecular 

chaperones exist in all cellular compartment where they assist ribosomal translation of nascent 

polypeptide and work thorough prevention of misfolded structure in both normal and stress 

conditions in an ATP-dependent manner294. Indeed, high temperature can cause protein 

denaturation and aggregation. Under cellular stress, HSPs expression is upregulated, termed as 

heat shock response (HSR)295. The transcriptional upregulation is triggered by the heat-shock 

factors (HSF) consisting of four members, HSF1, HSF2, HSF3 and HSF4296. A critical regulator 

in HSR is HSF1 protein, where it becomes trimerized and phosphorylated then binds to the Heat 

Shock Element (HSE) on DNA to initiate the transcriptional machinery297. This molecular 

response participates in the combat of the negative effects of the cellular stress, such as protein 

aggregation induced by heat stress, and majorly preventing wrongful conformation of protein and 

their degradation. 



68 
 

 

1.10.1 HSPs classification 

HSPs are classified according to their molecular weight in kilodalton (kDa) in several subgroups. 

Small-sized HSPs are HSP27, HSP40, HSP60, HSP70, HSP90 and large-sized HSP are HSP110 

and HSP170298. All HSPs below 43 kDa are ATP-independent, whereas their function is majorly 

by binding to other partners to form functional multi-protein complexes299. HSP60 and HSP10 

proteins belongs to a subfamily called the chaperonins, which is subdivided into two classes, class 

I and II300. The Hsp60 (also called HSPD1) and Hsp10 (also called HSPE1), are both encoded by 

their respective genes, HSPD and HPSE301. HSP60 is included in the type I chaperonin family, 

which need a co-chaperone (HSP10) acting as a lid the central folding chamber structure302. The 

type II chaperonin family includes a sole member (TRiC/CCT) found in eukaryotic cytosol and 

Archaebacteria. Even though HSPs are classified according to their molecular weight, they can 

have similar role in cancer such as preventing apoptosis303,304 and conferring drug resistance305. 

 

1.10.2 HSFs and HSPs in cancer 

Depletion of HSF1 in mice counteracts tumorigenesis and cancer progression306. Additionally, 

elevated levels of HSF1 have been detected in several cancers such as breast and prostate cancer306. 

Genetic depletion of HSF1 using RNA interference showed a significant reduction in the fitness 

of cancer cell lines307. HSF1 acts as a protector from oncogene such as RAS and p53. Despite the 

HSF1-dependent stress response which evolved to enhance lifespan and survival in a cellular 

context by protecting disease process such as ischemic injury and neuro-degeneration, theses 

broadly recognized effect contrast dramatically in the context of cancer307. HSPs can play an 

important role in proliferation, differentiation, and cancer303. In fact, many HSP are overexpressed 

in cancer and are associated with poor outcomes308. In preclinical models of murine, 

overexpression of HSPs such as HSP27, HSP60, HSP70 and HSP90, increases tumor growth, 

metastatic dissemination, and resistance to chemotherapy. 

 

1.10.3 HSP60 and HSP10 

The tetradecameric Hsp60 protein functions in partnership of his heptameric co-chaperone Hsp10 

by forming a ring-complex that catalyze protein folding through the capture of unfolded and 

misfolded polypeptides in the mitochondria309. The confinement of the polypeptide in the central 
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cavity of Hsp60/Hsp10 complex is driven by the catalytic activity of Hsp60 using ATP 

hydrolysis309. GroEL, the bacterial homolog of Hsp60, served as a structural model to understand 

the mechanism of action of class I chaperonin family. Indeed, high conservation between bacterial 

and eukaryotic chaperonins such as GroEL/Hsp60 provided an excellent model system to 

understand their functions310. Hsp60 consists of two stacks of 7-fold symmetric rings. The co-

chaperone Hsp10, called GroES in E. coli, binds to GroEL and acts as a ‘lid’ to expand the size of 

the folding chamber therefore preventing substrate withdrawal. Hsp60 and Hsp10 bind together 

via a dependent-association mechanism. Temperature-sensitive lethal Hsp10 mutants were cloned 

and tested in yeast which enable the mapping of a functional internal loop, crucial for binding with 

Hsp60311. Also, the prevention of the interaction hindered the intramitochondrial sorting of the 

Rieske Fe/S protein, a known substrate of the Hsp60/Hsp10 complex311. HSP60 is principally 

localized within the mitochondria and interacts with numerous proteins other than HSP10, 

including mortalin (HSPA9), survivin and p53 regulating apoptosis312. Moreover, HSP60 can also 

be found in the cytosol, where it plays different roles, such as protein trafficking and in cellular 

signaling promoting pro-survival or pro-apoptotic pathways. HSP60 can be found on the cell 

surface or released in the extracellular space interacting with the immune system313. A recent study 

showed that HSP10 can induce the proteolytic inactivation of OPA1, a dynamin-related GTPase 

fusing mitochondrial membranes, independently of HSP60314. The inactivation of OPA1 was 

mediated by a stress-activated metalloprotease, OMA1. The protease OMA1 is known to be a 

central regulator of cell survival and cell death through mitochondrial stability maintenance315. 

Also, the stress-induced activation of OMA1 to mitochondrial fragmentation, which segregates 

and remove damaged mitochondria by mitophagy316. 

 

1.11 Rationale and objectives 

Aggressive cancers such as melanoma and PDAC are often diagnosed at advanced stages and 

metastasize to distant organs, leading to poor prognosis. Melanoma and PDAC are associated with 

resistance to most common therapies used to treat patients. Thus, there is an urge to find more 

specific targeted therapies to increase overall survival of patients. My objectives in my thesis 

projects were to study a pathway (TGFβ), a single gene (MEN1), in melanoma, and the whole 

genome, in PDAC to better understand cancer cell growth and tumorigenesis. Indeed, these 
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aggressive cancers were studied by using several techniques to modify gene expression such as 

CRISPR technology among others. 

 

Aim1: 

We previously showed that in melanoma, TGFβ has a tumor suppressive role in vitro82. We 

recently showed that TGFβ plays a central role in breast cancer stem cells, which are proposed as 

key players in tumorigenesis and cancer progressive. One objective of this thesis is to assess the 

role of TGFβ in melanoma stemness, tumorigenesis and metastasis. Thus, we hypothesized that 

TGFβ could play a negative role in melanoma self-renewal, which could be linked with 

tumorigenic and metastatic potential, as opposed to breast cancer. 

 

Aim 2: 

Previously, we showed that inactivation of MEN1 can inhibit TGFβ signaling mediated by 

SMAD3, implicating a mechanism of tumor suppression in endocrine tumors of parathyroids, 

pancreatic islets, and anterior pituitary317. These findings led to the second objective of this thesis, 

which is to evaluate the impact of MEN1 loss-of-function or inactivation in melanoma. We 

hypothesized that MEN1 inactivation could increase the tumorigenic potential of melanoma cells.  

 

Aim 3: 

CRISPR screening are powerful tools to find genes implicated in cancer such as oncogene and 

tumor suppressors. We recently showed that a CRISPR screening in triple-negative breast cancer 

model uncovered an intricate interplay between oncogenic and tumor suppressor pathways, 

highlighting essential roles of the mTOR and Hippo pathways in TNBC regulation. Therefore, our 

third objective was to find genes or pathway underlying PDAC tumorigenesis. We hypothesized 

that genome wide CRISPR screening is an efficient tool to find potential candidates driving PDAC 

formation. 
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Chapter 2 

 

Transforming growth factor-β/Smad signaling inhibits melanoma cancer stem cell self-

renewal, tumor formation and metastasis 

 

Julien Boudreault, Ni Wang, Mostafa Ghozlan, Jean-Jacques Lebrun 
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2.1 Preface: 

Melanoma cancer stem cells are associated with higher tumor-initiating capacity, metastatic 

potential and resistance to therapies. These cell types express specific cell surface receptors, and 

their overexpression is linked to elevated tumorigenicity and metastasis. However, the tumor 

suppressive role of TGFβ is not well understood in melanoma. In this chapter, we thus investigated 

the role of TGFβ in melanoma stemness to better understand its role in tumorigenesis and 

metastasis.  

 

2.2 Abstract:  

The secreted protein transforming Growth Factor-beta (TGFβ) plays essential roles, ranging from 

cell growth regulation and cell differentiation in both normal and cancer cells. In melanoma, TGFβ 

acts as a potent tumor suppressor in melanoma by blocking cell cycle progression and inducing 

apoptosis. In the present study, we found TGFβ to regulate cancer stemness in melanoma through 

the Smad signaling pathway. We discovered that TGFβ/Smad signaling inhibits melanosphere 

formation in multiple melanoma cell lines and reduces expression of the CD133+ cancer stem cell 

sub-population in a Smad3-dependent manner. Using preclinical models of melanoma, we further 

showed that preventing Smad3/4 signaling, by means of CRISPR knockouts, promoted both 

tumorigenesis and lung metastasis in vivo. Collectively, our results define new functions for the 

TGFβ/Smad signaling axis in melanoma stem-cell maintenance and open avenues for new 

therapeutic approaches to this disease. Keywords: TGFβ, Melanoma Stem Cells, Tumor 

Formation, metastasis 
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2.3 Introduction:  

Melanoma is a malignant tumor of melanocytes which typically arises from the skin. Despite 

recent progress in targeted therapies, melanoma has the highest death tolls among all skin cancer 

types318. Patients diagnosed with early stage melanoma (I-III) can have their skin tumors removed 

surgically with high success319. However, high plasticity and metastatic capacity in later stages 

(IV) of aggressive melanoma is linked with poor prognosis31. A major challenge in the treatment 

of melanoma originates from the multiple levels of heterogeneity of this disease320.  

Multiple mutations in the BRAF, NRAS, NF1, PTEN, KIT, TP53 and hTERT genes have been 

reported in melanoma321. Several other signalling pathways are also often mutated in cutaneous 

melanoma, including PI3K/AKT322, Wnt323, NF-κB324, Jnk325, JAK/STAT326 and TGFβ327. In 

particular, previous work from our laboratory and others revealed that TGFβ act as a strong tumor 

suppressor and inhibit cell growth, migration and invasion in melanoma80,82,81. TGFβ signalling 

pathway is activated through ligand binding on its membrane receptors, triggering their serine-

threonine protein kinase activity. The subsequent recruitment and phosphorylation of TGFβ central 

downstream effectors, Smads then initiate the signal transduction cascade. Smads act as 

transcription factors and regulate expression of the multiple TGFβ target genes regulating its tumor 

suppressive effects, including inhibition of cell proliferation, induction of apoptosis and 

suppression of cell immortalization32,328.  

Tumors possess a hierarchical organization of cells and contain stem-like cells, which are 

responsible for sustaining tumor growth329,330. These cancer stem cells (CSCs) represent a rare 

sub-population of the bulk of the tumor that possess self-renewal capacities and exhibit high 

resistance to conventional treatments. Such plastic and resilient cells have propagating functions 

that are essential for primary tumor growth and metastasis dissemination331. The embryonic origin 

of melanocytes, from which melanoma arises, comes from the neural crest stem cell332. 

Comparable to other types of CSCs, melanoma CSCs can initiate new tumors and regenerate the 

heterogeneous cancer cell populations of the bulk of the tumor125. Several cell-surface markers 

have been linked to melanoma CSC self-renewal capacity, including ABCG2333, ABCB5334, 

ALDH335,336, CD133333, CD20125, CD166337, CD271338 and Nestin337. CSCs reside and interact 

with the surrounding microenvironment, called the ‘niche’, via secreted factors and molecular 

signals maintaining their sustainability and maintenance339. One of such factors, TGFβ has been 

linked with the regulation of cancer stem-cell maintenance in different types of cancer340,341,342. 
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However, a role for TGFβ in regulating stemness in melanoma has yet to be uncovered and 

established. 

Considering the strong anti-tumorigenic effects of TGFβ in melanoma, we hypothesized that TGFβ 

signalling pathway could play a role in regulating melanoma stemness, as part of its tumor 

suppressive activities. In this study, we found that TGFβ inhibits melanoma stem cell maintenance 

in various cutaneous melanoma cell lines originated from different patients. We showed that TGFβ 

can inhibit melanoma tumorsphere formation and reduce CD133+ melanocytic stem cell 

population. We further show that these effects are mediated through the Smad pathway and that 

Smad3/4 gene silencing by means of CRISPR/Cas9 knockout (KO) could prevent the TGFβ anti-

stemness effects in melanoma. Moreover, using preclinical models of melanoma, we showed that 

orthotopic transplantation of Smad3/4 CRISPR-KO melanoma cells led to significant increase in 

tumor growth and lung metastatic nodule formation in vivo, further highlighting the strong tumor-

suppressive role of TGFβ in melanoma. Together, these results define a new role for the 

TGFβ/Smad signaling axis in stem-cell maintenance in melanoma and open avenues for the 

development of new therapeutic approaches to this deadly disease. Indeed, clinical approaches 

aiming at stimulating TGFβ signaling could prove useful to improve melanoma patient outcome, 

including patients with both primary and secondary metastatic tumors.  

 

2.4 Material and methods Introduction:  

Reagents and Chemicals 

Recombinant human Transformation Growth Factor beta (TGFβ), Epidermal Growth Factor 

(EGF), Fibroblast Growth Factor-basic (b-FGF) was purchased from Peprotech (Ville-St-Laurent, 

Quebec, Canada), Puromycin, Tissue culture medium RPMI1640, DMEM, Fetal Bovine Serum, 

B-27™ Plus Supplement (50X) Catalog were purchased from GIBCO (Waltham, Massachusetts, 

USA). 

 

Cell lines 

Cutaneous melanoma cell line WM793B was isolated from the primary tumors of a 37-year-old 

male patient and is mutant for BRAF (V600E and W274X), PTEN (homozygous deletion) and 

CDK4 (K22Q). WM278 cell lines were isolated from a 62-year-old female patient and is mutant 

for BRAF (V600E) and PTEN (hemizygous deletion). A375m, the metastatic variant of A375, was 
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isolated from a 54-year-old patient having an amelanotic melanoma cancer and is BRAF (V600E) 

and CDKN2A (E61X and E69X) mutant. BLM cell line, mutant for NRAS (Q61R) is obtained 

from lung metastasis of BRO melanoma cell line, which comes from a 34-year-old male. 

WM793B, WM278, BLM and A375m were kindly provided by Dr Alan Spatz and Mounib 

Elchebly (McGill University, Montreal, Canada). DAUV (also called LB33-MEL.A) was derived 

from a subcutaneous metastatic lesion (stage IV) in a 42-year-old female patient (WT for BRAF 

and NRAS). DAUV cell line was generously provided by Dr. Louise Larose (McGill University, 

Montreal, Canada). RPMI medium supplemented with 10% FBS is used for 1205Lu, DAUV, 

MALME-3M, WM278 and WM793 cell line. DMEM medium supplemented with 10% FBS was 

used for A375m and BLM cell line. 

 

CRISPR Knock-out 

LentiCRISPRv2 (Addgene, cat. No. 52961) was digested using Esp3I restriction enzyme 

(ThermoFisher, cat. No. ER0451), dephosphorylated using FastAP (ThermoFisher, cat. No. 

EF0654), agarose gel purified and extracted using QIAquick Gel Extraction Kit (QIAGEN, cat. 

No. 28704). Each single-guide primer sequences below (5’-3’) were phosphorylated using T4 PNK 

(NEB, cat. No. M0201S), annealed by slow cooling from 65°C to room temperature in T4 ligation 

buffer (NEB, cat. No. B0202S) and ligated in Esp3I digested lentiCRISPRv2 purified plasmid 

using Quick Ligase (NEB, cat. No. M2200S). Each sgRNA ligated plasmid was transformed in 

STBL3 chemically competent E. coli (ThermoFisher, cat. No. A10469) and collected from an 

amplified single bacterial colony using QIAprep Spin Miniprep Kit (QIAGEN, cat. No. 

27104).253,254 

Each sgRNAs were designed with ChopChop343. Chromosomal positioning of sgRNA binding site 

as well as off-target and on-target activity evaluation was performed with CRISPOR344 

(Supplementary table 1).  
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Table 1 

 

Primer name Single-guide primer sequence 

scrsg1-F 5’ – CACCGACGGAGGCTAAGCGTCGCAA – 3’ 

scrsg1-R 5’ – AAACTTGCGACGCTTAGCCTCCGTC – 3’ 

scrsg2-F 5’ – CACCGCGCTTCCGCGGCCCGTTCAA – 3’ 

scrsg2-R 5’ – AAACTTGAACGGGCCGCGGAAGCGC – 3’ 

scrsg3-F 5’ – CACCGATCGTTTCCGCTTAACGGCG – 3’ 

scrsg3-R 5’ – AAACCGCCGTTAAGCGGAAACGATC – 3’ 

Smad2sg4-F 5’ – CACCGTGGCGGCGTGAATGGCAAGA – 3’ 

Smad2sg4-R 5’ – AAACTCTTGCCATTCACGCCGCCAC – 3’ 

Smad3sg2-F 5’ – CACCGTTCACGATCGGGGGAGTGAA – 3’ 

Smad3sg2-R 5’ – AAACTTCACTCCCCCGATCGTGAAC – 3’ 

Smad4sg1-F 5’ – CACCGAACTCTGTACAAAGACCGCG – 3’ 

Smad4sg1-R 5’ – AAACCGCGGTCTTTGTACAGAGTTC – 3’ 

 

 

qPCR 

Total RNAs were extracted using Trizol TM (Invitrogen, ThermoFisher Scientific, ON, Canada) as 

per the manufacturer’s instructions. 2μg of RNA was reverse transcribed using M-MLV reverse 

transcriptase and random primers (Invitrogen) as per manufacturer’s protocol. Amplification of 

cDNA was performed by quantitative real time PCR (qPCR) SsoFast™ EvaGreen® Supermix 

(Bio-Rad, ON, Canada) using Rotor-Gene™ 6000 Real-time Analyzer (Corbett Life Sciences, CA, 

USA) and data were analyzed with its corresponding software. The qPCR conditions were: 

30 seconds at 95°C, then 40 cycles of 5 seconds at 95°C, 5 seconds at 60°C and finally 5 seconds 

at 72°C. Human GAPDH was used as a housekeeping gene. Primer sequences are listed in the 

table below. 
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Table 2 

Primer 

name Primer sequence for qPCR 

CD133-F TACCAAGGACAAGGGGTTCAC 

CD133-R CAGTCGTGGTTTGGCGTTGTA 

ABCG2-F GCTCAGGAGGCCTTGGGATA 

ABCG2-R GGCTCTATGATCTCTGTGGCTTT 

ALDH1A1-F CTGTGTTCCAGGAGCCGAAT 

ALDH1A1-R CTGCCTTGTCAACATCCTCCTTA 

ALDH1A3-F GGAAGAAGGAGATAAGCCCGAC 

ALDH1A3-R AGCCCTCCAGGTCGATGAAA 

GAPDH-F GACAGTCAGCCGCATCTTCT 

GAPDH-R GCGCCCAATACGACCAAATC 

 

Lentivirus production and cell infection 

HEK293T cells were cultured to 90% confluence in complete medium and transfected with 

respective lentiCRISPRv2 scramble (scr), Smad2, Smad3 or Smad4 constructs or shRNAS Non-

targeting control (NTC) and SMAD3 (Sigma) lentiviral packaging plasmids pMD2.G 

(Addgene#12259 and ps.PAX2 (Addgene #35002), Opti-MEM medium (Invitrogen) and bPEI 

(Sigma Aldrich). Medium enriched in virus particle was collected after 48 hours. Cells were grown 

to 50% confluence in antibiotic-free medium in 6-well plates, each well was infected with the 

100μl of lentiviruses in presence of polybrene (hexadimethrine bromide) at 8 μg/ml. For BLM and 

WM278, cells were infected by spinfection (2 hours,1500G and 33°C) and medium was 

replenished immediately after centrifugation. For a375m cell line, incubation was made overnight 

and replenished with fresh complete medium for 48 hours. Cells were selected with 1μg/ml 

puromycin 2 days post-infection. The pool of resistant cells forming the stable CRISPR knockout 

cells was expanded in complete medium supplemented with 1μg/ml puromycin. 

 

Western blot assays 

Cells were lysed in ice-cold full lysate buffer (10mM Tris-HCl, pH 7.5, 5mM EDTA, 150mM 

NaCl, 30mM sodium pyrophosphate, 50mM sodium fluoride, 1mM sodium orthovanadate, 1% 
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Triton X-100, 1mM phenylmethylsulfonyl fluoride, 10μg/ml leupeptin hydrochloride, 10μg/ml 

aprotinin, 10μg/ml pepstatin and 10X Phosstop (Sigma)). Total protein lysates were quantified 

using Pierce™ BCA Protein Assay Kit (Thermo Scientific). Lysates containing 50μg of total 

protein were separated by SDS-PAGE, transferred to a nitrocellulose membrane using a wet 

transfer tank system and probed using specific primary antibodies and HRP-conjugated secondary 

antibodies. The primary antibodies used for Western blot analysis were rabbit polyclonal Smad2/3 

antibody (Santa Cruz Biotechnology, D767), Smad4 antibody (EMD millipore, MAB1132) B-

Tubulin (Cell  signaling, 2146S) 

 

Flow Cytometry 

Monolayer cells were dissociated, washed once in ice-cold PBS, resuspended in FACS buffer 

(PBS, 2% FBS) and counted using TC20™ Automated Cell Counter (BioRad). Cells were 

aliquoted at a density of 0.25x106 – 1x106 cells per tube. R-phycoerythrin (PE) Mouse Anti-Human 

CD133 antibody (Miltenyi Biotec) were added to the cell suspension in a ratio of 1:20 (v/v), gently 

mixed with cells by gentle flicking and incubated on ice protected from light using aluminum foil 

tube covering for 30 minutes. Samples were washed twice with FACS buffer and analyze with BD 

FACSCanto flow cytometer using excitation 488-nm and emission using a 575/26 bandpass filter. 

Data was analyzed with FlowJo software (Tree Star Inc.) 

The CD133+ population was analyzed using an anti-CD133 antibody (Miltenyi Biotec™) and the 

ALDH+ population by assessing the enzymatic activity of ALDH with non-immunogical 

ALDEFLUOR™ kit. Unstained cells were used to gate the population of CD133+, while ALDH 

was gated based with enzymatic ALDH inhibitor, N,N-diethyl-amino-benzaldehyde (DEAB), used 

to block all ALDH isoenzymes activity. 

 

Melanosphere culture assay 

Melanoma cells were seeded at a density from 5000-10,000 cells per well in ultra-low-attachment 

24-well plates (Corning) in 1ml of freshly prepared stem cell medium (serum-free RPMI1640 or 

DMEM medium supplemented with 10 ng/ml EGF, 10 ng/ml bFGF and 1X B-27™ Plus 

Supplement). Low-attachment plates were incubated continually without handling and disruption 

for 7 days at 37 °C with 5% CO2. Spheroids from both passages of a diameter ≥ 50μm were 

counted as melanospheres. 
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In vivo studies 

Mice housing and handling was made in accordance to the approved guidelines of the Canadian 

Council on Animal Care and the Animal Care Committee of McGill University (AUP # 7497). 

The immune-deficient non-obese diabetic scid gamma (NSG) mouse breeders were purchased 

from The Jackson Laboratory. 

Human melanoma cancer cell line a375m (1X106/mouse) was inoculated in 7-week-old male NSG 

mice by subcutaneous injection to generate melanoma tumor. The mice were euthanized at the 

indicated endpoint time and tumor size was measured with a digital electronic caliper three times 

per week. To generate a growth curve, tumor volumes were calculated according to the following 

formula: 
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Human melanoma cancer cell line a375m (5X105/mouse) was injected by tail vein to allow for 

lung metastasis development. The mice were euthanized 15 days post-injection. The lung tissues 

were fixed with Bouin’s solution and metastatic nodules were counted using a microscope. 

 

2.5 Results:  

TGFβ inhibits stem-cell maintenance and CSC self-renewal capacity in melanoma.  

The role of TGFβ on CSC stemness remains to be fully investigated and appears context 

dependent, as TGFβ can either inhibit or sustain CSC maintenance341. TGFβ has been reported to 

regulate CSCs in breast cancer 342,345–347 glioblastoma,348., gastric carcinoma cells349 and squamous 

carcinoma stem cells350. Despite its potent tumor suppressive role in melanoma, the effect of TGFβ 

cancer stemness has not been addressed yet in these tumors. To first address this, we examined the 

TGFβ effects in vitro using a melanoma tumorsphere-forming assay (TFA)125. TFAs are standard 

assays used for tumor-initiating capacity measurement and self-renewal assessment342,347. We 

investigated a panel of 7 different human cutaneous melanoma cell lines with various clinical 

backgrounds (WM278, WM793, a375m, BLM, MALME-3M, 1205Lu and DAUV). We found 

that TGFβ1 significantly reduced melanoma tumorsphere formation at picomolar concentrations 

in all cell lines tested, except WM278 and 1205Lu (Fig.1a). These effects were particularly striking 
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in WM793 cells where TGFβ stimulation led to complete inhibition of tumorsphere formation. 

While the WM278 cell line showed no statistical difference in the reduction of the number of 

tumorspheres, they exhibited smaller tumorsphere in size (Fig1a). This consistent suppression of 

non-adhesive sphere formation across various cell lines suggests a mechanism where TGFβ 

inhibits CSC self-renewal capacity in melanoma.  

To further investigate the function of TGFβ on melanoma cancer stemness we measured its effects 

on 2 well characterized melanoma CSC markers, expression of the cell-surface marker CD133333 

and aldehyde dehydrogenase (ALDH) enzymatic activity335,336. Indeed, cells with high CD133 

(CD133+) expression333 or high ALDH enzymatic activity (ALDH+) exhibit increased tumor 

burden when transplanted in immunodeficient mice, in correlation with high CSC self-renewal 

properties333. In silico TCGA analysis further revealed that melanoma tumors are enriched in 

ALDH1A1 and ALDH1A3 isoenzymes116. We thus investigated whether TGFβ could modulate 

CD133+ and ALDH+ populations in A375m melanoma cells, using flow-cytometry. A375m 

melanoma cells are enriched in CD133+ population and exhibit a high metastatic potential, and as 

such this cell line represents an ideal model to study melanoma stemness. As shown in Figs.1b and 

1c, TGFβ decreased the percentage of both CD133+ and ALDH+ CSC sub-populations. 

To get further insights into the mechanism by TGFβ regulates markers implicated in melanoma 

stemness, we examined TGFβ-mediated regulation of specific melanoma CSC markers 

(ALDHA1, ALDHA3, CD133 and ABCG2), at the transcriptional level. As shown in Fig.2a-b, 

exposure of a375m and BLM cells to picomolar concentrations of TGFβ significantly reduced 

mRNA expression of all four CSC markers, in a time dependent manner. TGFβ-mediated 

decreased in ALDHA3 expression were also observed in a third melanoma cell line (WM278), as 

shown in Fig. 2c). We then assessed the TGFβ effects on expression of these CSC markers using 

a more relevant 3D culture model, which better represents the morphology and heterogenous 

aspects of the tumor biology351. Interestingly, TGFβ stimulation of the cells also led to significant 

and strong decrease of the CSC markers in tumorsphere conditions (Fig.2d). Altogether, these 

results define a new function for TGFβ in regulating stem cell maintenance in melanoma and 

highlight its strong inhibitory effects on CSC self-renewal activity and cell surface CSC marker 

expression. 
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The Smad3/4 pathway is required for TGFβ-mediated inhibition of melanoma cancer self-

renewal. 

The main signaling pathway activated downstream of TGFβ is the canonical Smad pathway. In 

particular, Smad2, 3 and 4 play a central role in mediating the TGFβ tumor suppressive activities 

in multiple types of cancer32. To address whether the canonical Smad pathway is involved in the 

mediation of the TGFβ effects on melanoma self-renewal, we generated specific Smad2, Smad3 

and Smad4 knockout (KO) in two different melanoma cell lines, A375m and BLM, using CRISPR 

genomic editing. Specific guide RNAs (gRNAs) were designed for each Smad, as described in the 

methods. Non-targeting scrambled (scr) gRNAs were used as negative controls. Interestingly, we 

found that blocking Smad3 and Smad4 gene expression, but not Smad2 significantly increased 

melanoma tumorsphere formation in both cell lines (Fig.3a-b). Efficiency of the Smad CRISPR 

KOs were verified by western blot and showed near complete inhibition of their respective targets 

(Figs.3e and 3f). To further broaden the scope of our findings and further strengthen our results, 

we also used a parallel shRNA approach to knockdown Smad3 gene expression in BLM cells as 

well as in a third melanoma cell lines (WM278). A non-targeting (NT) was used as negative 

control. As shown in Figs.3 and 3d, blocking Smad 3 expression also resulted in a significant 

increase in tumorsphere formation in both cell lines, consistent with the data obtained with the 

CRIPSR KOs. High efficiency of the Smad3 shRNA knockdown was verified by western blot 

(Figs. 3g and 3h). 

 

We further analyzed the TGFβ effects on CD133 expression in the different Smad-KOs, using 

flow cytometry. As shown in fig.3i, we also found that blocking Smad3 and Smad4 significantly 

reversed the TGFβ inhibitory effect on CD133 expression. Smad2 gene silencing showed 

significative effect on the TGFβ response, consistent with the result obtained in the tumorsphere 

assay. These results indicate that TGFβ-mediated regulation of CSC self-renewal capacity and 

possible stemness maintenance is Smad-dependent but also specific to the Smad3/4 pathway.  

 

Blocking TGFβ/Smad signaling promotes melanoma tumor growth in vivo 

Having shown that Smad3/4 gene silencing promote stemness and increases tumorsphere 

formation, and considering the prominent role played by cancer stem cells in promoting tumor 

formation, we next assessed the Smad3/4 CRISPR KOs in vivo, using preclinical models of 
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melanoma tumor formation. Orthotopic subcutaneous human tumor xenografts were performed in 

NOD-SCID IL2Rγnull (NSG) mice. A total of 4 groups of NSG mice (7 mice/group) received a 

subcutaneous injection of non-targeting control, Smad3 and Smad4 CRISPR KOs, generated in 

the A375m melanoma cell line (Fig.4a). Interestingly, blocking the Smad signaling pathway, by 

means of Smad3/4 CRISPR KO, significantly increased both tumor volume (Fig.4b) and tumor 

mass (Fig.4c) compared to non-targeting control (scrambled) and parental cell (A375m) groups. 

The observed increase in primary melanoma tumor growth upon depletion of Smad proteins 

demonstrates their crucial role in suppressing tumorigenicity in vivo, further highlighting the 

strong tumor suppressive role played by the TGFβ signaling pathway in melanoma.  

Moreover, while no mice from the parental and scrambled KO groups harbored any secondary 

metastatic tumors, several mice in both the Smad3 and Smad4 groups developed spontaneous liver 

metastasis (Fig.4d). These results suggest that the TGFβ/Smad signaling axis not only act as a 

potent tumor suppressor but also as a suppressor of metastasis. 

 

The TGFβ/Smad pathway inhibits melanoma lung metastasis in vivo 

Our previous study demonstrated that TGFβ stimulation of melanoma cells suppressed cell 

migration in vitro80. Furthermore, as shown in Fig.4d, blocking the Smad pathway in our 

orthotopic transplantation model led to an increased liver metastatic burden. Thus, these results 

suggest that blocking TGFβ/Smad signalling in vivo could also regulate the metastatic 

dissemination of melanoma cells to distant organs. To address this, we used a preclinical model of 

melanoma lung colonization352–354. Briefly, as described in Fig5a, Smad3 CRISPR-KO, Smad4 

CRISPR-KO and control NT CRISPR-KO a375m melanoma cell were injected intravenously into 

NSG mice (tail vein injection; 7 mice/group). 

Twenty one days post injection, animals were sacrificed and lungs were resected before being 

stained in Bouin solution, as previously described353. Interestingly, as shown in Fig.5b, both 

Smad3 and Smad4 CRISPR-KOs showed a strong increase in numbers of metastatic lung lesions, 

compared to control animals. Fig.4c shows representative images of the resected tumors. These 

results indicates that inhibition of TGFβ/Smad canonical signalling pathway not only increased 

primary tumor growth but also significantly increased the metastasis burden. They are also 

consistent with our results from the spontaneous liver metastasis preclinical model (Fig.5d). 

Altogether, our data define the TGFβ/Smad signaling axis as a potent suppressor of metastasis. 
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2.6 Discussion:  

In this study, we investigated the role of TGFβ in stem cell maintenance in melanoma and the 

relationship with the TGFβ/Smads signaling axis in tumorigenesis and metastasis. We found that 

TGFβ inhibits stem cell maintenance in several human cutaneous cell lines. Furthermore, we found 

that TGFβ acts as a potent tumor suppressor, blocking primary tumor formation but also as a strong 

suppressor of metastasis, preventing the spread and development of secondary liver and lung 

metastatic nodules in vivo. Our data are in agreement with and support our previous in vitro work 

showing that TGFβ act as an anti-migratory factor in melanoma80,82. They underscore TGFβ and 

Smad signaling as potent regulators implicated in self-renewal, as well as suppressors of both 

tumor formation and metastasis in cutaneous melanoma. 

Melanoma stem cells have many capabilities compared to differentiated cells, such as self-renewal, 

differentiation, plasticity, immune evasion, drug resistance and promotion of cell migration and 

metastasis. A study showed that melanoma CSCs secreted factors can activate neutrophils and 

support cancer progression, therefore increasing the importance of the interplay between tumor 

microenvironment and cancer progression355. Indeed, solubles factors such as TGFβ can modify 

the tumor microenvironment. Such mechanisms implicating CSCs are directly associated with 

melanoma progression, metastasis and tumor heterogeneity96. Thus, our data defining TGFβ as an 

inhibitor of CSC self-renewal is consistent with a role of TGFβ as an inhibitor of tumor formation, 

progression, and metastasis. Moreover, in future studies, it will be interesting to further 

characterize the precise role of TGFβ signaling on stemness, using in vivo and in vitro diluting 

limiting assay. 

In melanoma, several stem cell markers are expressed in sub-populations of CSCs which exhibit 

increased tumor potential. One of the first identified CSC marker is CD133, an extracellular 

protein linked to a subset of melanoma cells displaying stem-cell like properties and increased 

tumorigenicity333. Isolated subpopulations of melanoma cells expressing CD133 are more 

proliferative and more invasive than CD133-negative  counterpart106,107. Furthermore, CD133 was 

also found to be expressed in metastatic extract from melanoma patients, consistent with a role for 

CSC in promoting metastasis333. Another CSCs sub-population is characterized by the ALDH+ 

melanoma cells. In particular, the ALDH1A1 and ALDH1A3 isoenzymes that were shown to be 

enriched in melanoma tumors116. In this study, we found that TGFβ inhibits CSCs self-renewal 

capacity in multiple melanoma cell lines. We also show that TGFβ efficiently reduces the 
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percentage of several of the main CSC sub-populations, CD133+, ALDHA1 and ALDHA3. These 

potent effects inhibiting self-renewal ability likely reflect the strong tumor suppressor role played 

by TGFβ in these tumors. These results are also in line with what observed in other types of solid 

tumors, such as pancreatic cancer, where Smad4 up-regulation was found inversely correlated with 

ALDHA1 expression356. They suggest that TGFβ/Smad signaling may exert anti-CSC self-renewal 

activity on a broader range of tumors, than melanoma alone. 

Interestingly, while the TGFβ effects on melanoma cancer stem cell maintenance require the Smad 

pathway they also appear to be Smad3/4 specific and Smad2-independent. Such Smad2 or Smad3 

specificity downstream of TGFβ signaling has been reported in the context of other cancer-related 

mechanisms165,357–360. For instance, the E1A-like inhibitor of differentiation-2 (EID-2) protein can 

suppress TGFβ signaling by specifically blocking TGFβ-induced formation of Smad3-Smad4 

complexes358. Another study showed that Smad3 silencing in keratinocytes interfered with growth 

inhibition while Smad2 silencing had no phenotypic effect360. Our group also previously showed 

that menin, a potent tumor-suppressor, specifically interacts with Smad3 to mediate TGFβ anti-

proliferative responses in pituitary adenoma165. Furthermore, previous work from our laboratory 

and others also showed that TGFβ-mediated inhibition of telomerase activity and cell 

immortalization relies on Smad3 signaling, independently of Smad2357,359. A previous study 

showed that constitutive phosphorylation of the Smad3 linker region by MAPK and CDK/GS3 

modulates TGFβ-mediated resistance to cell cycle arrest, by interfering with p15 and p21361. Thus, 

phosphorylation on distinct specific sites of the Smads can lead to differential regulation of cell 

cycle. Altogether, these studies are consistent with our present findings in melanoma, suggesting 

that Smad3 may play a more prominent role in the mediation of the TGFβ tumor suppressive 

effects, compared to Smad2 in various models of solid tumors. 

Phenotype switching refers to the switch from a proliferative to an invasive phenotype, conferring 

plasticity to cancer cells. The switch implicates transcriptional reprogramming involving a panoply 

of signaling pathways with their respective downstream regulators including TGFβ/SMADs, 

Hippo/TAP/TAZ and Wnt/B-catenin362. Furthermore, MITF (microphthalmia-associated 

transcription factor) is an important melanocytic lineage-specific transcription factor also 

associated with phenotype switching. Indeed, MITF low expression is correlated with invasiveness 

and high expression with more proliferative phenotype363. TGFβ has been shown to inhibit the 

MITF transcription through repressed protein kinase A activity, therefore correlated with the 
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invasiveness phenotype of TGFβ364. In parallel, TGFβ has been shown to exert a dual role during 

cancer progression, in some types of cancer32,365. While inducing tumor suppression in normal 

epithelial cells and early carcinomas, TGFβ promotes metastasis in more advanced stages of 

cancer32,366–368. 

However, the TGFβ function in melanoma remains controversial. While previous studies showed 

that overexpression of the TGFβ signaling inhibitor SMAD7 reduced the proliferation and 

metastatic potential of 1205Lu melanoma cell line369,370, other studies suggested that TGFβ itself 

could inhibit tumor cell migration and metastasis80,82. Interestingly, the 1205Lu melanoma cell line 

used in the former studies364,369,370, was not responding to TGFβ in the tumorsphere assays 

performed in our study, which could explain the differential TGFβ outcome observed in other 

melanoma cell lines. A separate study showed that a recombinant cytotoxin (cytotoxin-II) 

indirectly inhibited SMAD2/3 mRNA expression, and correlated with increased caspase 8 and 9 

in vitro371. However, these results, using an indirect inhibitory approach were not confirmed in 

vivo. In contrast, our results clearly indicate that direct TGFβ silencing, using SMAD KOs 

significantly reduced proliferation, tumorigenesis and metastasis, both in vitro and in vivo. 

We previously found TGFβ to inhibit cell migration and invasion in vitro in several model of 

melanoma80. The present study is in accordance with these results and clearly indicate that 

TGFβ/Smad signalling prevent tumor progression in vivo, using preclinical models of melanoma 

metastasis. They are also consistent with a role for TGFβ as an inhibitor of CSC self-renewal, 

further highlighting TGFβ as an anti-metastatic factor in melanoma. 
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2.8 Figures of chapter 2 
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Figure 2.1. TGFβ inhibits tumorsphere formation and self-renewal capacity in melanoma. (a) 

TGFβ effects on tumorsphere formation of different melanoma cell lines. Left panel: Histogram 

showing the number of tumorspheres. Data are expressed as mean ± standard error. *P ≤ 0.05, n.s. 

not significant. Right Panel: Representative images of tumorspheres of each melanoma cell lines. 

(b) Histogram of flow cytometry analysis of a375m cells untreated or treated with TGFβ (200 

pM) for 24h and labeled with an PE-conjugated anti-CD133 antibody. The percentage of CD133-

positive/negative populations of a replicate is represented in the dot-plot. Gating was set by 

unstained samples. (c) Histogram of flow cytometry analysis of a375m cells untreated or treated 

with TGFβ (200 pM) for 48h and evaluated with enzymatic assay ALDEFLUOR™ kit.  
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Figure 2.2. Transcriptional downregulation of stemness markers by TGFβ in Melanoma (a-c) 

Histogram of relative mRNA expression measured by qPCR of cells collected from (a) a375m, (b) 

BLM and (c) WM278 cultured in monolayer condition and a375m in tumorsphere condition (d). 

Cells were exposed to TGFβ (200 pM) for 24h or 48h. Data represents ± SEM of triplicate 

experiments. 
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Figure 2.3. The Smad3/4 pathway is required for TGFβ-mediated inhibition of melanoma cancer 

stemness. Histograms showing the number of tumorspheres after 7 days culture under low-

attachment conditions with CRISPR-Smad2, 3, 4 KOs in (a) a375m and (b) BLM cell lines or 

Smad3 shRNA knockdown in (c) BLM and (d) WM278 melanoma cell lines. Efficiency of the (e, 

f) CRISPR KOs and (g, h) shRNA knockdown was ensured by western blot. Data are expressed 

as mean ± standard error. *P ≤ 0.05, n.s. (i) Histogram of flow cytometry analysis of different 

CRISPR KOs produced in a375m cells untreated or treated with TGFβ (200 pM) for 24h and 

labeled with an PE-conjugated anti-CD133 antibody. Gating was set by unstained samples. The 

percentage of CD133-positive/negative populations is indicated.  
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Figure 2.4. Blocking TGFβ/Smad signaling promotes melanoma tumor growth in vivo. (a) 

Graphical abstract of the orthotopic subcutaneous transplantation of melanoma cells in NSG mice 

(n=6 per group). (b,c) One million CRISPR KO a375m cells were transplanted in NSG mice. 

Tumor growth was assessed by measuring tumor volume 3 times/week (b) and at endpoint (c). 

Data are represented as mean±SEM. p values are comparing each KO group vs. Scramble control 

by two-sided unpaired t test at the same day. *P < 0.05, **P < 0.01 or ***P < 0.001. (d) 

Representative pictures of spontaneous metastasis in resected liver by Blouin staining. 
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Figure 2.5. The TGFβ/Smad pathway inhibits melanoma lung metastasis in vivo (a) Graphical 

abstract of the tail vein injection of melanoma cells in NSG mice (n=8 per group). (b) SCR, 

SMAD3 and SMAD4 KO a375m melanoma cells were injected intravenously in the tail vein of 

NSG mice (n=9 per group) to assess the number metastatic nodules in the lungs. Data are 

represented as dot plots for individual mice. The midlines show median value. (c) Representative 

images of metastatic nodules are shown for each mouse's lungs. 
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3.1 Preface: 

Multiple endocrine neoplasia type 1 (MEN1) is a dominant genetic disorder characterized by 

endocrine tumors formation of parathyroids, pancreatic islets, and anterior pituitary. Many 

mutations in Multiple endocrine neoplasia type 1 gene (MEN1), encoding for menin protein, are 

inactivating, giving rise to a truncated protein, and are associated with increased cancer 

occurrence. We thus investigated menin implication in TGFβ signaling and inactivation in 

preclinical models of melanoma. Moreover, we studied novel MEN1 mutations in patients with 

melanoma and tested menin stability, protein degradation and outcome on TGFβ signaling. 

 

3.1 Abstract 

Over the past few decades, the worldwide incidence of cutaneous melanoma has been increasing 

remarkably, leading to the highest rate of skin cancer-related deaths. While localized tumors are 

easily removed by excision surgery, late-stage metastatic melanomas are refractory to treatments 

and exhibit poor prognosis. As such, unfolding the molecular mechanisms underlying melanoma 

tumorigenesis and metastasis is crucial for developing novel targeted therapy. We found the 

transforming growth factor beta (TGFβ) and multiple endocrine neoplasia type 1 gene (MEN1), 

encoding for menin protein, to induce tumor suppression in vitro and in vivo using melanoma 

preclinical xenograft models. We further identified point mutations in two MEN1 kindreds 

affected by melanoma, leading to proteasomal degradation of the MEN1 gene product and to a loss 

of TGFβ signaling. Interestingly, blocking the proteasome degradation pathway, using FDA-

approved drug and RNAi targeting could efficiently restore menin expression and TGFβ 

transcriptional responses. Together these results provide new potential therapeutic strategies and 

patient stratification for the treatment of cutaneous melanoma.          

 

3.2 Introduction 

Cutaneous melanoma is a deadly and  aggressive cancer accounting for about 80% of skin cancer-

related mortality372. Global statistics ranked melanoma as the fifteenth most common cancer, with 

230,000 diagnosed cases per year and 55,000 deaths. Furthermore, melanoma incidence 

significantly increased during the past fifty years179. Worldwide, melanoma stands as one of the 

most prevalent cancers amongst younger adults of the ages between 20-35 years373. Based on 

histopathology and prognostic outcome, melanomas conventionally fall into four clinical stages. 
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While patients with stage I melanoma have localized primary tumors that can be removed by 

surgical excision374, stage IV patients exhibit secondary metastatic tumors to the lung, liver, bones 

or brain and are refractory to traditional chemotherapy375. As a result, while 5-year and 15-year 

survival rates are very good in stage I patients (97% and 85% respectively), they plummet to only 

15% and 5%, respectively in patients with stage IV melanoma179,372. Besides UV radiation, the 

primary environmental factor predisposing to cutaneous melanoma, the other genetic and 

molecular factors that are involved in the genesis of the disease remain to be fully characterized376. 

Hence, understanding the molecular and signaling mechanisms leading to melanoma development 

and progression is essential to help in developing better targeted treatments.  

Melanoma tumorigenesis results from mutations in genes implicated in the regulation of various 

biological processes, such as cell growth and proliferation (BRAF, NRAS, NF1, PTEN and KIT), 

apoptosis (TP53) and cell immortalization (hTERT) 377,378. While mutations in the mitogenic RAS-

RAF-MEK-ERK signaling pathway are very frequent, other signaling pathways, such as Jnk/c-

Jun, Wnt, NF-κB, PI3K/AKT, JAK/STAT and TGFβ have also been implicated in the 

tumorigenesis process379–382. The TGFβ signaling pathway plays an essential role in both normal 

melanocytes and melanoma. TGFβ signals through a complex of 2 serine/threonine kinase 

receptors and intracellular Smad proteins (Smad2, 3 and 4). In melanoma, the TGFβ/Smad3 

signaling pathway acts as a strong tumor suppressor by blocking cell growth and immortalization, 

cancer stem cell self-renewal activities and by inducing cell death and autophagy80,82,383,384. 

Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant disorder affecting the 

endocrine system characterized by the concomitant existence of tumors in the pancreas as well as 

the parathyroid and anterior pituitary glands. The Multiple endocrine neoplasia type 1 gene 

(MEN1) encodes menin, a 610-amino-acid protein which interacts with numerous protein partners 

including several transcription factors148,385. Menin plays a significant role in cell cycle regulation 

by inducing cyclin-dependent kinase inhibitor (CDKI) gene expression386,387. Interestingly, menin 

was found to leverage TGFβ signaling at a transcriptional level thus facilitating its cytostatic and 

differentiation functions317,388. Notably, non-endocrine tumors have also been reported in MEN1 

patients. These include skin tumors of mesenchymal origin such as angiofibroma, collagenomas, 

lipomas, as well as malignant melanomas389–391.  Loss of heterozygosity in 11q13 were detected 

in six melanoma tumors and deletion in the MEN1 locus was found in 19 cases of sporadic 

metastatic melanoma. Another study implied that multiple melanoma tumor suppressors are 
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localized in chromosome 11q, which incidentally includes the MEN1 region, thus raising the 

possibility of an association between MEN1 and melanoma392. 

In this study, we identified TGFβ/Smad3/MEN1 signaling axis as a potent tumor suppressor 

pathway in cutaneous melanoma. Moreover, genetic analysis of two MEN1 kindreds affected by 

melanoma also revealed the presence of specific point mutations within the MEN1 gene. We found 

these point mutations to induce MEN1 gene product degradation, further leading to a loss of TGFβ 

signaling. Moreover, we show that targeting the co-chaperone of the proteasome degradation 

pathway, CHIP could restore menin expression and TGFβ signaling in these melanoma cells. 

Together, this study defines the TGFβ/MEN1 axis as a potent tumor suppressor pathway in 

cutaneous melanoma and provides novel perspectives for tailor-made targeted remedies of this 

highly lethal malignancy. 

 

3.3 Material and methods 

Reagents: Recombinant human TGFβ (Peprotech, Canada), Tissue culture medium RPMI1640, 

DMEM (Hyclone Logan, USA), Fetal Bovine Serum and Penicillin/Streptomycin (GIBCO), 

Branched Polyethyleneimine (Sigma), MMLV reverse transcriptase and random primers (Life 

Science, USA). Control siRNA sc-37007 and CHIP siRNA, sc-43555 (Santa Cruz, CA, USA). 

Missense mutations were generated with the Quik Change Site-Directed Mutagenesis kit from 

Stratagene (La Jolla, CA, USA),  

Antibodies:  

β-tubulin (3F32G) (Santa Cruz); anti-Flag M2 monoclonal antibody (Sigma); MEN1 (2605) 

(Abcam); P21 (C-19) (Santa Cruz, Cat#sc-397); SMAD2-3(Santa Cruz, Cat#sc-6032); SMAD4 

(Santa Cruz, Cat#sc-7966) Caspase-3 (H-277) (Santa Cruz Cat#sc-7148); c-myc (9E10) (Santa 

Cruz Cat#sc-40) 

Cell Lines: Cell lines were cultured at 37°C, 5% CO2 in RPMI1640 (BLM, DAUV, WM278, 

WM1232) or DMEM (HEK293 and a375m) medium supplemented with 10% FBS and 1% 

penicillin/streptomycin. 

TGFβ Treatment: Cell monolayers were grown in complete medium to 60% confluence, starved 

overnight in serum-free medium (0% FBS), and treated with a final concentration of 200pM of 

human recombinant TGFβ1 for the indicated time periods. 

Quantitative real-time PCR 
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Total RNA was extracted using Trizol TM (Invitrogen, Canada). RNA was reverse transcribed using 

M-MLV reverse transcriptase and random primers (Invitrogen) as per manufacturer’s protocol. 

Amplification of cDNA was performed by quantitative real-time PCR (qPCR) SsoFast™ 

EvaGreen® Supermix (Bio-Rad, ON, Canada) using Rotor-Gene™ 6000 Real-time Analyzer 

(Corbett Life Sciences, USA). Human GAPDH was used as a housekeeping gene. Primer 

sequences are listed in the table below: 

 

Gene  Sequence 

MEN1 forward 5'- GGAAGACGACGAGGAGATCTACA-3' 

MEN1 reverse 5'- CAGTAGTTCAGAGGCCTTTGCGCT-3' 

GAPDH forward 5'-GCCTCAAGATCATCAGCAATGCCT-3' 

GAPDH reverse 5'-TGTGGTCATGAGTCCTTCCACGAT-3' 

 

Cell Proliferation Assay: Melanoma cells (WM278) grown in a 6-well plate (1000 cells) in 

complete RPMI medium (10%FBS). Medium was replenished after 1 week and cells were fixed, 

stained (0.5% w/v crystal violet, 20% v/v methanol) at endpoint and washed with PBS.  

Cell Cycle Analysis: Cells were stimulated or not with TGF-β (200 pM) for 24hrs or 48hrs, in 1% 

FBS. Cells were washed and resuspended in PBS at 1X106 cells/mL and fixed in ice-cold by drop-

wise addition of ethanol 70% while vortexing. Incubation on ice was made for 30 minutes after 

fixation. When ready for analysis, cells were resuspended in a solution containing 50 μg/ml 

propidium iodide, 50 μg/ml RNAse A, HEPES 10mM pH 7.4, CaCl2 2.5mM and NaCl 140mM. 

An incubation at 15 minutes at room temperature is followed. Cell cycle analysis was measured 

using BD FACSCanto flow cytometer and analyzed by FACS Diva (BD Biosciences, Canada) and 

FlowJo V10 Software (FlowJo LLC, USA). 

Immunoblotting: Cells were lysed at 4°C for 15 minutes in RIPA buffer (1 mM DTT, 1 mM 

EDTA, 1 mM EGTA, 150 mM NaCl, 50 mM Tris-HCl pH 7.41% Triton X-100) supplemented 

with protease inhibitors (10 μg/ml aprotinin and leupeptin, 2 μg/ml of pepstatin A, 1 mM PMSF). 

Total lysates were immunoblotted via SDS-PAGE using specific antibodies. Immunoreactivity 

was revealed by chemiluminescence using Clarity™ Western ECL Substrate and detected using 

ChemiDoc™ Imaging System. Densitometric analysis of protein levels was performed using 

Image Lab™ Software (Bio-Rad, Canada). 
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Lentiviral Generation and Infection: HEK293T cells were cultured in T75 flasks to 90% 

confluence using complete medium, transfected with either scrambled, MEN1 shRNA and the 

packaging plasmids pMD2.G and psPAX2 using Opti-MEM® (Invitrogen) and branched 

polyethyleneimine (Sigma). Melanoma cells were grown in 6-well plates to a confluence of 70–

80% confluence and infected with 100 μl lentivirus in presence of hexadimethrine bromide; 

polybrene (8 μg/ml). Cells were selected with 1 μg/ml puromycin for 3 days post infection. 

Generation of MEN1 CRISPR knockout cells: Guide RNAs (gRNAs) non-targeting control 

(SCR, scramble) or targeting MEN1 or Smad2/3/4 were cloned into a lentiCRISPRv2 plasmid for 

lentiviral packaging253. Melanoma cells were grown in 6-well plates to 50% confluence in 

antibiotic-free medium, infected with 100μl of lentivirus. For a375m and DAUV cell line, viral 

incubation was made overnight and medium was replenished the next day with fresh complete 

medium for 2 days. For BLM, WM1232 and WM278, cells were infected by spinfection (2 

hours,1500G and 33°C) and medium was replenished immediately after centrifugation and cells 

were let grown for 2 days. The pool of resistant cells forming the stable CRISPR knockout cells 

was expanded in complete medium (supplemented with 10% FBS) and selected with 0.5μg/ml 

(DAUV) or 1μg/ml (a375m, BLM, WM1232 and WM278) puromycin. Before proceeding with 

experiments, the knockout efficiency was verified using by Western blotting. 

gRNA sequences 

Gene  Sequence 

MENsg1 forward 5'- CACCGCACCTGCTGCGATTCTACGA -3' 

MENsg1 reverse 5'- AAACTCGTAGAATCGCAGCAGGTGC -3' 

MEN2sg2 forward 5'- CACCGACGTCGTCGATGGAGCGCAG -3' 

MEN2sg2 reverse 5'- AAACCTGCGCTCCATCGACGACGTC -3' 

SMAD2sg1 forward 5'- CACCGTCCCACTGATCTATCGTATT -3' 

SMAD2sg1 reverse 5'- AAACAATACGATAGATCAGTGGGAC -3' 

SMAD2sg2 forward 5'- CACCGTGGCGGCGTGAATGGCAAGA -3' 

SMAD2sg2 reverse 5'- AAACTCTTGCCATTCACGCCGCCAC -3' 

SMAD3sg1 forward 5'- CACCGCCCGATCGTGAAGCGCCTGC -3' 

SMAD3sg1 reverse 5'- AAACGCAGGCGCTTCACGATCGGGC -3' 

SMAD3sg2 forward 5'- CACCGTTCACGATCGGGGGAGTGAA -3 
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SMAD3sg2 reverse 5'- AAACTTCACTCCCCCGATCGTGAAC -3' 

SMAD4sg1 forward 5'- CACCGAACTCTGTACAAAGACCGCG -3' 

SMAD4sg1 reverse 5'- AAACCGCGGTCTTTGTACAGAGTTC -3' 

 

Luciferase Assay: Cells were transfected with 1.5 μg promotor luciferase reporter construct, 1.5 

μg of β-galactosidase (pCMV-lacZ) expression vector and 9 μg of Polyethyleneimine (PEI) 25000. 

Cells were serum-starved in RPMI overnight and cultured with or without TGFβ (200pM) for 24h. 

Cells were washed in PBS and lysed in 100 μl of passive lysis buffer (25 mM glycylglycine, 

15 mM MgSO4, 4 mM EGTA, 1 mM DTT and 1% Triton X-100) on ice. Supernatants were 

collected by centrifugation (14,000 rpm, 10 minutes, 4°C). 45μL of the clear cell lysates were 

mixed with 5μL of the cocktail buffer (30 mM ATP, 100 mM KH2PO4 pH 7.8, 100 mM MgCl2) 

and the luciferase activity was measured after injection of 50 μl of 0.25 mM D-luciferin using 

luminometer where the luminescence levels were expressed as relative light units (RLU). In 

parallel, 5μL of lysates were mixed with 45μLof ONPG (6 mg/mL) in β-Gal buffer (60 mM 

Na2HPO4, 40 mM NaH2PO4, 50 mM βME, 10 mM KCl, 1 mM MgCl2) and incubated at 37°C for 

1 hour. The OD was measured at 420 nm and the normalized luciferase activity of each lysate was 

calculated by dividing the RLU value of the luciferase activity by the corresponding β-

galactosidase activity of the co-transfected β-gal vector. 

Subcutaneous Tumor Xenografts: Male NSG mice were bred from mouse breeding pairs that 

were purchased from The Jackson Laboratory and were used for the experiments at the age of 7 

weeks. The mice were housed and handled in accordance with the approved guidelines of the 

Canadian Council on Animal Care (CCAC) under the conditions and procedures approved by the 

Animal Care Committee of McGill University (AUP # 7497).  

For tumor xenografts, the mice were randomized into two groups that respectively received 1x106 

MEN or scrambled knockout stable cells (BLM, WM1232 and WM278) per mouse by 

subcutaneous route. Tumor volumes were calculated according to the formula below and tumor 

growth curves were generated. 
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Sequence Analysis of the MEN1 Gene—Leukocyte DNA was isolated by standard techniques. 

Exons 2–10 of the MEN1 gene were amplified as described previously393. Gel-purified PCR 

products were directly sequenced. 

Statistics: Data were collected from three or more independent experiments, expressed as the 

arithmetic means, all error bars are standard errors of means (SEM). Statistical analysis was done 

using Student t-test or ANOVA one way comparing TGFβ-treated to non-treated control (*p < 

0.05, **p < 0.01, ***p < 0.001).  

Ethics: Informed consent was obtained from each patient or subject, and the study was conducted 

according to a protocol that was approved by the IRCCS Casa Sollievo della Sofferenza Hospital, 

Research Ethics Board. 

Animal work: All experimental protocols and procedures were performed in accordance with 

McGill University regulations. All preclinical experimental protocols and in vivo procedures were 

approved by McGill University (AUP # 7497).  

 

3.4 Results 

TGFβ induces MEN1 gene expression in melanoma cells through Smad3.  

MEN1 patients can develop other malignancies than the classical endocrine tumors, including skin 

tumors394. Previous work from our laboratory and others showed that the TGFβ signaling pathway 

acts as a potent tumor suppressor in melanoma80,82,383,384. Thus, this prompted us to investigate 

whether MEN1 could relay some of the TGFβ tumor suppressive response in melanoma. For this, 

we first investigated whether TGFβ could regulate MEN1 gene expression in melanoma. A panel 

of human cutaneous melanoma cell lines with various pathological backgrounds were stimulated 

or not with TGFβ before assessing menin mRNA and protein levels by qPCR and Western blot, 

respectively. As shown in Fig.1A, TGFβ significantly upregulated MEN1 at both protein (left 

panel) and mRNA (right panel) levels in all melanoma cell lines.  

To then assess whether the Smad pathway was involved in the mediation of the TGFβ effects on 

MEN1 gene expression, we next silenced Smad2, 3 and 4 expressions in DAUV, using 

CRISPR/Cas9 technology. Specific guide RNAs (gRNAs) targeting theses genes were selected 

and efficiency of the Smad2/3/4 (Fig.1B) CRISPR-knockouts (KOs) was verified using Western 

blot. Interestingly, knocking out Smad3 and Smad4, but not Smad2 impaired TGFβ-mediated 

menin expression (Fig. 1C), indicating that TGFβ-induced MEN1 gene expression is Smad3-
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specific and Smad2-independent. Together these results highlight MEN1 as a novel TGFβ/Smad 

target in melanoma, further suggesting that MEN1 may be acting downstream of TGFβ in 

melanoma cells. 

 

MEN1 is essential for inhibiting melanoma cell growth and tumorigenesis.  

The TGFβ/Smad signaling pathway exerts potent tumor suppressive activities in melanoma384. We 

thus investigated the role and contribution of MEN1 downstream of TGF-mediated growth 

inhibition. To this end, we generated MEN1 CRISPR-KOs in WM278 melanoma cells (Fig. 2A) 

and assessed their effects on tumor cell growth in vitro. As shown in Fig.2B, we found that 

silencing MEN1 strongly increased cell growth. These results indicate that MEN1 exerts potent 

tumor suppressive activity in melanoma. We next investigated whether the tumor suppressive 

effects of the MEN1 pathway could lead to inhibition of tumor formation in vivo, using preclinical 

models of melanoma. For this, we generated MEN1 knockout models in three different melanoma 

cell lines (WM1232, BLM and WM278). The KO efficacies in all cell lines were verified by 

Western blotting (Fig.2C). Subsequently, MEN1 KOs and scr controls were transplanted 

subcutaneously in immunocompromised NOD/SCID/IL2Rγ-/- (NSG) mice, as previously 

described. Interestingly, as shown in Figs. 2D-F, results showed that mice injected with the MEN1 

KO melanoma cells harbored significantly larger tumors than control animals. These results are 

consistent with our aforementioned in vitro data showing that MEN1 is required for tumor growth 

inhibition. The significant increases in primary tumor formation observed in vivo, upon MEN1 

silencing further emphasize a central role for MEN1 in mediating tumor suppression in melanoma. 

 

The TGFβ/Smad3/MEN1 axis is essential for inducing cell cycle arrest and apoptosis in 

human melanoma cells.  

TGFβ exerts its tumor suppressive effects through regulation of cell cycle, apoptosis, autophagy 

and cell immortalization395. To gain further insights into MEN1 implication in cell cycle, we 

performed flow cytometry analysis of propidium iodide-stained scrambled and MEN1 KO WM278 

cells treated or not with picomolar concentrations of TGFβ. Beforehand, all KOs efficiency was 

tested by western blotting (Fig.3A left panel). As shown in Fig.3A (right panel), we found that in 

control cells (SCR), TGFβ significantly increased cell numbers in the G1 phase of the cell cycle, 

with a concomitant decrease in cell numbers in the S and G2/M phases. However, in MEN1 KO 
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cells, the TGFβ-mediated increase in cells G1 was reduced while no TGFβ-mediated decrease in 

cells in the S phase were observed, compared to scrambled. The Smad3 KO was used as a positive 

control and showed near complete blockage of the TGFβ effects. The TGFβ effects on cell cycle 

arrest are well characterized and involve up-regulation of several cyclin-dependent kinase 

inhibitors such as p21396 with a concomitant down-regulation of c-myc397. We thus next assessed 

the TGFβ response on p21 expression in MEN1 or SCR KO cells. While we found TGFβ to 

increase p21 gene expression the in control (scr) cells, these effects were strongly reduced in the 

two MEN1 KO cell lines (Fig.3B, right panel). Efficacy of the MEN1 KO was assessed by western 

blot (Fig.3B, left panel). To further assess the regulatory role played by MEN1 on p21 and c-myc 

expression in a more clinically relevant system, we also examined p21 and c-myc expression levels 

in resected tumor samples from the MEN1 KO preclinical experiments (Fig.2). Interestingly, as 

shown in Fig.3C, MEN1 KO tumors exhibited significantly higher levels of c-myc and no 

detectable p21, compared to control tumors (scr). These data are consistent with what observed in 

vitro and collectively indicate that MEN1 is required for TGFβ-mediated p21 increase, c-myc 

down-regulation and cell cycle arrest. 

The TGFβ tumor suppressor effects in melanoma not only involve cell cycle arrest but also 

induction of cell death by apoptosis398. To evaluate whether MEN1 could also play a role in 

apoptosis, we assessed the TGFβ effects on apoptosis, using annexin V staining. As shown in 

Fig.3D, TGFβ treatment of WM278 melanoma cells led to an increase in apoptotic and dead cells, 

however these effects were partially reversed in the MEN1 KO cells, similar to what observed for 

the Smad3 KO. Looking at resected tumor samples from our in vivo transplantation experiments 

(Fig.2), we also found that MEN1 KO tumor samples exhibited lower caspase 3 levels, on average, 

compared to control tumors (Fig.3E). Taken together, these results strongly suggest that MEN1 

acts downstream the TGFβ signaling pathway to regulate cell cycle arrest and apoptosis in 

melanoma. 

 

Identification of MEN1 mutations in melanoma patients and loss of TGFβ responses. To gain 

further clinical insights into the role and contribution of MEN1 towards melanoma development, 

we identified melanoma patients carrying MEN1 mutations. Family 1(Figure 4A, left panel): The 

proband, a 61-year-old male (individual II-2) was admitted for a follow up of pathologically 

diagnosed parathyroid carcinoma showing capsular invasion and infiltration into the esophagus. 
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Proband’s serum ionized calcium (iCal, mmol/liter) was at 1.48 (normal range, 1.12-1.31) and 

PTH levels were at 286 pg/ml (normal range, 10-65). At surgery, a hyperplastic parathyroid gland 

was removed. Proband was heterozygous for a germline MEN1 recurrent missense mutation 

D418N. This patient also developed in situ (scapula) melanoma. Assessment of first-degree 

relatives revealed the presence of hypercalcemia and hypercalciuria with high levels of PTH in the 

proband’s brother (individual II-1) and daughter (individual III-1) and both were also heterozygous 

for D418N mutation and developed melanoma. Proband’s brother was operated for melanoma and 

lipoma. Family 2(figure 4A, right panel): The proband (individual II-1), a 34-year-old female 

presented with serum ionized calcium (iCal, mmol/liter) was at 1.41 (normal range, 1.12-1.31) and 

PTH levels were at 215 pg/ml (normal range, 10-65). She was operated on for removal of a 

parathyroid adenoma. Proband was shown to be heterozygous for a novel germline MEN1 deletion 

mutation, causing a frameshift leading to a truncated menin protein (c.628_631delACAG 

(p.D210Afs*18). This change was not found in 100 MEN1 gene alleles from 50 unrelated normal 

individuals. The proband also developed melanoma in situ (arm) and the father of the proband 

(individual I-1) deceased from melanoma. 

To study the expression and activity of the patients MEN1 mutations, we reproduced these patient’s 

mutations (D418N, D210A) in the wild type (WT) MEN1 cDNA, using in vitro site-directed 

mutagenesis.  We also reproduced other well-characterized MEN1 mutations (L22R, I86F, Δ184-

218, A242V) as controls. Of these L22R and I86F mutants were previously shown to be unstable 

and were used here as positive controls, while mutants (Δ184-218 and A242) for which expression 

is stable were used as negative controls399,400. As shown in Fig.4B, while WT MEN1 and the 

positive controls (Δ184-218 and A242V) were all well expressed when transiently transfected in 

HEK293 cells, missense mutants (D418N and L22R) were expressed at much lower levels while 

frameshift mutant D210A was not expressed. Previous studies showed that missense MEN1 

mutants can be targeted to degradation via the ubiquitin-proteasome pathway399–401. Thus, our 

results suggest that the MEN1 mutation characterized in family 1 (proband individual II-1) may 

lead to the production of unstable MEN1 products, further leading to their rapid degradation and 

further loss of the TGFβ transcriptional responses. As for mutant D210A from family 2 (proband 

individual II-1), the frameshift mutation leads to a truncated menin product lacking more than 50% 

of the protein, including the nuclear localization signals. As such, that product is predicted to be 

rapidly degraded and to unstable402 and as a result cannot be overexpressed (Fig.4A). 
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To start addressing this, we first reduced MEN1 WT expression levels, using a shRNA knockdown 

(KD) strategy in WM278 melanoma cells. As shown in Fig.4C, the efficiency of the lentiviral 

infection and MEN1 shRNA knockdown were ensured at both mRNA and protein levels, using 

qPCR and Western blotting, respectively. Moreover, as shown in Fig.4C, right top panel), 

decreasing MEN1 levels significantly reduced the TGFβ transcriptional responses on 2 different 

luciferase reporter constructs (CAGA and 3TPLux). To then address whether the mutants MEN1 

could rescue the KD phenotype, WT and missense mutant D418N were transiently transfected in 

the WM278 KD cells. As shown in Fig.4B (right panel, bottom), while overexpression of WT 

MEN1 was able to restore TGFβ-induced luciferase activity on both promoter constructs, 

overexpression of the missense mutant D418N failed to do so, presumably due to instability and 

rapid degradation. Similar results were obtained when knocking down MEN1 in WM793B cells 

(Fig.4D). These results indicate that the MEN1 mutant D418N is functionally inactive in relaying 

the TGFβ transcriptional responses.  

 

Expression and activity of MEN1 missense mutants can be partially rescued by a proteasome 

inhibitor. Having shown that the MEN1 mutant D418N failed to restore TGFβ signaling, we next 

investigated whether blocking its degradation could restore the TGFβ responses and tumor 

suppression. The proteasome inhibitor PS-341 (Velcade, Bortezomib) is in clinical use for relapsed 

multiple myeloma and exhibits favorable selectivity towards tumor over normal cells403. As shown 

in Fig.5A, blocking the proteasome with the PS-341 inhibitor (4 hours at 90nM) partially restored 

menin missense mutant D418N expression as well as mutant L22R, used here as a positive control. 

As expected, PS-341 showed no effect on WT or stable menin mutants (A242V and Δ184-218).  

To then examine whether blocking the proteasome could offer some therapeutic value for those 

patients harboring MEN1 mutations, we examined whether expression of the unstable MEN1 

mutants and TGFβ transcriptional responses could be rescued using the proteasome inhibitor. For 

this, we used the melanoma cell lines engineered above (Fig.5C, 5D; cells depleted for endogenous 

MEN1, overexpressing WT or mutant MEN1). KD cells were then transfected with the 3TPLux 

luciferase reporter before being stimulated by TGFβ. As shown in Figure 5B (upper panels), in 

control WM278 MEN1 KD and WM793B MEN1 KD melanoma cells, the TGFβ transcriptional 

response was enhanced in cells overexpressing the WT menin, relative to empty vector, whereas 

no difference was observed in cells overexpressing MEN1 mutants, confirming that the mutants 
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fail to relay the TGFβ responses. Interestingly, when performed in WM278 MEN1 KD and 

WM793B MEN1 KD cells treated with PS-341 for 6hrs (Fig.5B, lower panels), the WT and the 

unstable MEN1 mutants (D418N and L22R) were able to partially restore the TGFβ responses, 

consistent with the partial restoration of MEN1 mutant’s expression (Fig.5A). As expected, the 

negative control (stable mutant (Δ184-218) showed no effect. Thus, blocking the proteasome 

degradation pathway using a specific chemical inhibitor can restore both MEN1 expression and 

TGFβ response. 

 

Expression and activity of MEN1 missense mutants can be rescued by inhibition of the 

ubiquitin ligase CHIP. In parallel and to more specifically block the proteasome degradation 

pathway, we knocked-down expression of the C terminal Hsp70 binding protein (CHIP) in 

melanoma cells. CHIP acts as a co-chaperone that can interact with the molecular chaperones 

Hsp70 and Hsp90, further leading to unbalancing the folding-refolding machinery towards the 

degradation pathway404. Interestingly, blocking the proteasome through silencing CHIP gene 

expression using a specific siRNA completely restored expression of the two MEN1 mutants 

(DN418 and L22R), while showing no effect on WT and stable MEN1 mutants (Fig.6A, left panel). 

Efficiency of the CHIP siRNA KD was verified by Western blot (Fig.6A,right panel). 

We next examined whether missense MEN1 mutant expression and TGFβ transcriptional 

responses could be rescued by silencing CHIP expression. WM278 MEN1 KD and WM793B 

MEN1 KD were co-transfected with a scrambled (control) or CHIP specific siRNA and the 

3TPLux luciferase reporter before being stimulated by TGFβ. As shown in Fig.6B (upper panels), 

only WT MEN1 could induce TGFβ-mediated luciferase activity in control WM278 MEN1 KD 

and WM793B MEN1 KD melanoma cells, consistent with results observed with the proteasome 

inhibitor. However, as shown in Fig.6B (lower panels), both WT and missense MEN1 mutants 

(D418N and L22R) were able to almost completely restore the TGFβ responses, while the negative 

control (Δ184-218) showed no effect.  

Altogether, these results indicate that the loss of TGFβ tumor suppressive responses in patients 

harboring MEN1 mutation leading to MEN1 degradation could be circumvented by blocking the 

proteasome degradation pathway, thereby offering new therapeutic opportunity for these patients 

with melanoma.  
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3.5 Discussion 

This study highlights MEN1 as a potent tumor suppressor pathway, efficiently blocking 

tumorigenesis in cutaneous melanoma. Identification of specific point mutations in MEN1 

kindreds affected by melanoma also revealed increased MEN1 gene product degradation, further 

leading to a loss of TGFβ signaling. Using pharmacological inhibitors and RNA interference 

strategies we show that we could efficiently restore both MEN1 gene expression and TGFβ 

signaling in melanoma cells. Our findings indicate that the use of currently FDA-approved drugs 

against proteasomal degradation and/or tailor-made therapies mimicking the TGFβ/Smad3/MEN1 

signaling pathway would be of great benefit to melanoma patients, efficiently preventing the initial 

tumor formation/progression and further hindering the spread of metastatic tumors to secondary 

organs.  

Previous work highlighted MEN1 as a downstream TGFβ signaling component, regulating cell 

growth and proliferation in pituitary adenoma cells and osteoblasts 317,405,406. The present study 

expands on this, highlighting MEN1 as a potent tumor suppressor, downstream of TGFβ in non-

endocrine tumors, such as melanoma. Results from our in vivo preclinical models clearly indicate 

that the MEN1 knockout leads to increased primary melanoma tumor growth. Thus, MEN1 appears 

to function as a potent regulator of tumorigenesis process in multiple tissues, of endocrine and 

non-endocrine origins, further increasing the broad range of biological processes regulated by 

MEN1. While TGFβ was found to exert a dual role and promote metastasis in breast cancer407–410, 

TGFβ signaling exhibit anti-metastatic properties in uveal melanoma411, retinal Müller glia412 and 

cutaneous melanoma. Thus, new therapeutic strategies aiming at activating the TGFβ/MEN1 

signaling pathway could prove useful for melanoma patients at different stages of the disease, 

including primary tumor formation. 

It is interesting to note that multiple potential melanoma tumor suppressors are localized in 

chromatin 11q, which includes the MEN1 region (located on chromosome 11q13), thus raising the 

possibility of an association between MEN1 and melanoma. In confirmation of this, our study 

clearly highlights menin as being a major determinant in melanoma tumorigenesis. Furthermore, 

we report here two kindreds with melanoma in which at least two first-degree family members 

have been tested positive for MEN1 mutations. Interestingly, in addition to exhibiting the typical 

MEN1 set of endocrine tumors, these patients also developed melanoma, thereby highlighting 

MEN1 as strong candidate gene for familial malignant melanoma (referring to families in which 2 



109 
 

or more first-degree relatives, such as a parent, sibling, and/or child, exhibit skin cancer)141,392. As 

such, on the clinical side, we suggest patients to be tested for potential MEN1 gene mutations, 

whenever 2 or more family members have developed melanoma. Moreover, melanoma being a 

deadly disease, our study suggests that patients being tested positive for MEN1 mutations are at 

risk and should be monitored for melanoma.  

Characterization of the MEN1 gene in two kindreds bearing melanoma highlighted specific MEN1 

mutations, leading to loss of expression or increased degradation of the MEN1 gene product, 

further leading to a loss of TGFβ signaling. It is interesting to note that twenty percent of MEN1 

cases are menin missense, small deletion or insertion mutations. Results from this study and work 

from others revealed that most of these mutants are expressed at markedly reduced levels relative 

to the wild-type menin. We found that blocking the proteasome degradation pathway, using 

specific proteasome inhibitor (PS-341, Velcade, bortezomib) or using RNA interference strategy 

aiming at silencing expression of the molecular cochaperone CHIP, efficiently restored MEN1 

expression and the TGFβ transcriptional responses. Specific gene silencing has the potential to 

provide additional therapies to those currently available for the treatment of melanoma. The use 

of small chemical inhibitors appears also very promising for melanoma treatment. The proteasome 

inhibitor PS-341 (Velcade, bortezomib) used in this study is already in clinical use for relapsed 

multiple myeloma403,413. Although it is appreciated that proteasome inhibitors have multiple effects 

on apoptosis and cell proliferation, the present study provides proofs of principle that future 

exploration of their use to treat subsets of MEN1 cases is warranted. 
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3.7 Figures of chapter 3 

 

Figure 3.1. TGFβ induces MEN1 gene expression in melanoma cells through Smad3.  

(A)  Regulation of Menin Protein (left panel) and mRNA (right panel) in human melanoma cell 

lines. Changes in Menin protein and mRNA expression following TGFβ treatment at 200pM, for 

24h. Menin and β-tubulin protein expression was determined by western blotting. MEN1 mRNA 

levels were determined by qPCR with GAPDH as reference gene. (B) Generation of DAUV 

melanoma CRISPR/Cas9 SMAD2/3/4 and control (SCR, scrambled) knockout (KO) cell line. 

Efficiency of knockout was assessed using Western blotting. (C) MEN1 mRNA expression levels 

of DAUV CRISPR/Cas9 SMAD2/3/4 and control (SCR, scrambled) KO cells. MEN1 mRNA 

levels were determined by qPCR with GAPDH as reference gene. 
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Figure 3.2. The TGFβ/Smad3/MEN1 axis is essential for inhibiting melanoma tumor 

formation in vivo. 

(A) Generation of WM278 melanoma MEN1 KO and control (SCR, scrambled) CRISPR/Cas9 

knockout (KO) cell line. KO efficiency of MEN1 was measured by western blotting. (B) Cell 

growth assay of WM278 cultured for 2 weeks, seeded at low density (100 cells/well). (C) 

Generation of BLM, WM278 and WM1232 melanoma CRISPR/Cas9 MEN1 KO. KO efficiency 

was measured by western blotting. (D-F) NSG mice were injected subcutaneously with either 

BLM (Fig.2D) WM278 (Fig.2E) or WM1232 (Fig.2F) scrambled (SCR), or MEN1 knockout 

melanoma cells at 1x106cells/mouse. Shown in D, E and F, left panel is mean tumor volumes and 

right panel is representative images of tumors at the tumor collection endpoint. 
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Figure 3.3. The TGFβ/Smad3/MEN1 axis is essential for inducing cell cycle arrest in human 

melanoma cells. 

 (A). Cell cycle distribution assessed by flow cytometry analysis of propidium iodide stained 

WM278scrambled, MEN1 KO and SMAD3 KO cells following TGFβ treatment (24 hours). (B) 

(left Panel) Generation of a375m melanoma CRISPR/Cas9 MEN1 KO. (Right panel) P21 

expression upon TGFβ short stimulation in WM278 CRISPR/Cas9 scrambled or MEN1 KOs (sg10 

and sg14). Gene expression was measured by western blotting. (C) Regulation of cell cycle 

expression in tumor tissues from WM278 CRISPR/Cas9 SCR (scrambled) or MEN1 KO. Protein 

levels change was assessed through western blotting. (D) Annexin V assay indicated that the 

percentages of live, apoptotic and dead cells induced by TGFβ treatment. (E) Regulation of 

Caspase 3 expression in tumor tissues from WM278 CRISPR/Cas9 SCR (scrambled) or MEN1 

KO. Protein levels change was assessed through western blotting. 
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Figure 3.4. Expression of Menin mutants in HEK293 cells and generation of stable Men1 

knock out melanoma cell lines 

(A). Pedigrees of two MEN1 kindreds. (B). Flag-tagged menin WT and mutant constructs were 

transfected into HEK293 cells, and after 48 h, cell lysates were subjected to Western blot analysis 

with anti-Flag and anti-β-tubulin antibodies. (C). Efficiency of menin knockdown in WM278 

parental and shRNA infected cells. Menin protein and mRNA (left panel) expression was 

measured by western blot analysis and qPCR. TGFβ responsive CAGA and PAI-1 (3tpLlux) gene 

promoter activity in WM278 parental cells (right top panel) and WM278 Men1 KD cells (right 

lower panel). Data is graphed as the arithmetic mean of relative luciferase units normalized to β-

galactosidase activity. (D). Efficiency of menin knockdown in WM793B parental and shRNA 

infected cells. Menin protein and mRNA (left panel) expression was measured by western blot 

analysis and qPCR. TGFβ responsive CAGA and PAI-1 gene promoter activity in WM793B 

parental cells (right top panel) and WM793B Men1 KD cells (right lower panel). Data is graphed 

as the arithmetic mean of relative luciferase units normalized to β-galactosidase activity. 
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Figure 3.5. Expression and activity of menin missense mutants can be rescued by the 

proteasome inhibitor PS-341. 

(A). Western blot analysis of HEK293 cells transfected with Flag-tagged Menin WT and mutants 

treated or not with PS-341 (Velcade). (B, C). TGFβ responsive PAI-1 (3tpLux) gene promoter 

activity in WM278 and WM793B MEN1 KD cells treated with either vehicle or PS341. Data is 

graphed as the arithmetic mean of relative luciferase units normalized to β-galactosidase activity. 
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Figure 3.6. Expression and activity of menin missense mutants can be rescued by RNAi 

targeting of the ubiquitin ligase CHIP. 

(A). Western blot analysis of HEK293 cells transfected with Flag-tagged Menin WT and mutants 

treated with scrambled or specific CHIP siRNA (left panel). Western blot analysis of CHIP in 

HEK293, WM278 and WM793 cells treated with scrambled or specific CHIP siRNA (right panel). 

(B) TGFβ responsive PAI-1 (3tpLux) gene promoter activity in WM278 MEN1 KD (upper panel) 

and WM793B MEN1 KD cells transfected with scrambled siRNA or specific CHIP siRNA. Data 

is graphed as the arithmetic mean of relative luciferase units normalized to β-galactosidase activity. 
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4.1 Preface  

Alongside with metastatic melanoma, which were presented in chapter 2 and 3, PDAC exhibits 

aggressive phenotypes and is a major cause of death in cancer patients. While advances in 

combination chemotherapy have improved median survival in treated patients, the long-term 

survival remains poor which emphasizes the need for novel therapeutic approaches. Thus, it is 

critical to define novel genes underlying PDAC tumorigenesis. Genetic CRISPR/Cas9 screens 

have proven to be a powerful tool to identify novel oncogenes, tumor suppressors and pathway 

implicated in cancer. We thus hypothesized that carrying out a CRISPR/Cas9 screen in an in vivo 

model of PDAC could identify novel regulators of PDAC tumorigenesis. This approach shows the 

potential for discovering novel targeted therapies, particularly in contrast to melanoma, where 

successful targeted therapies already target the MAPK/ERK pathway and utilize immune 

checkpoint therapy. 

 

4.2 Abstract 

Superior knowledge of cancer biology has enabled unprecedented innovations in therapies 

targeting mutated driver genes. Despite the attempt of targeting cancer-inducing genes such as 

KRAS, the life expectancy of patients diagnosed with pancreatic ductal adenocarcinoma (PDAC) 

has poorly improved. We performed an unbiased genome wide in-vivo loss-of-function CRISPR 

screen to discover novel oncogenes and identified heat-shock protein HSPE1, whose function is 

still unknown in PDAC. Depletion of HSPE1 expression reduced in PDAC cell growth in both in 

vitro and in vivo manner. We exploited this vulnerability by disrupting HSPE1 function by using 

KHS101, a validated HSPD1-HSPE1 complex inhibitor. Several PDAC cell lines cultured in vitro 

were sensitive upon KHS101 treatment and in vivo administration of KHS101 reduced 

tumorigenesis. In our PDAC experimental model, exposure to KHS101 or silencing HSPE1 led to 

reduced expression of several cell cycle regulators. Mechanistically, we found that silencing 

HSPE1 induced OPA1 cleavage in several PDAC cell lines. Moreover, OPA1 inhibitor MYLS22 

significantly reduced PDAC tumor formation. Our findings highlight a new role underlying PDAC 

tumorigenesis for HSPE1 and could unlock a new area of research towards precision medicine. 
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4.3 Introduction 

Ductal adenocarcinoma represents 90% of all malignant neoplasms of the pancreas and is the 

fourth highest cause of cancer death and is expecting to rise to second place by 2040179,414. 

Pancreatic ductal adenocarcinoma (PDAC) lacks early detection by advanced imaging or 

diagnostic biomarker415, and exhibits resistance to chemotherapy, radiotherapy and 

immunotherapy416. To date, complete tumor removal followed by chemotherapy is regarded as the 

only potential treatment for PDAC, even though only 20% of patients are eligible for initial 

surgical resection417. Most patients are diagnosed with advanced metastatic pancreatic cancer and 

are treated with first-line chemotherapy treatment regiments418. While various kinase inhibitors 

have been tested in alone or in combination with chemotherapy, the vast majority failed to yield 

significant patient survival improvements419420. Thus, there is an urge to find, develop and improve 

therapies aiming at efficiently targeting this type of aggressive cancer. The most frequently 

mutational events occurring in pancreatic cancer are the oncogenic activation of KRAS (over 90% 

of PDAC patients) and the loss-of-function of CDKN2A (encoding p16), TP53, and SMAD4, each 

of which is mutated in more than 50-80% of genotyped patients183. Apart from these four common 

mutations, which are currently undruggable, other mutations have low prevalence, raising doubt 

about their clinical relevance178. To thus overcome the lack of targeted therapies for treating PDAC 

patients, druggable key signaling hubs and cancer vulnerabilities must first be identified. 

CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats) emerged as a 

powerful tool to identify essential and context-dependent fitness genes in cancer cell lines259, as 

well as to uncover new cancer vulnerabilities253,270,286,421. Large-scale CRISPR screens revealed 

networks of core and context-specific fitness genes in PDAC cell lines288. They also defined drug-

resistance mechanisms to MEK422,423, Wnt424 inhibition and chemotherapy425,426 and revealed 

several synthetic lethal interactions implicating known pharmacological inhibitors (MEK423,427, 

PORCN428, PI3K429, Ras430, CDKs431 and chemotherapy432–434).  

Here, we performed an in vivo genome wide CRISPR screen, using a preclinical model of PDAC 

and uncovered novel pancreatic cancer vulnerabilities, underlying PDAC formation. In particular, 

we found HSPE1 (also known as Hsp10) as a potent tumor-promoter in PDAC. HSPE1 is a co-

chaperone protein from the highly conserved heat-shock family proteins (HSPs) which binds 

HSPD1 (also called Hsp60) through a double-ring complex435. We showed that blocking 

expression of HSPE1 by means of CRISPR knockouts (KOs) strongly inhibited cell growth and 
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colony formation in pancreatic cancer cell lines. Using in vivo preclinical models of PDAC, we 

further showed that HSPE1 CRISPR-KO significantly impeded tumorigenesis in vivo. From the 

mechanistic angle, we showed that PDAC cells lacking HPSE1 expression exhibit decreased cell 

cycle regulators, particularly from the G2/M phase, further leading to increased cell cycle arrest 

and apoptosis. To further transition this discovery to clinical and patient-oriented settings, we 

investigated the therapeutic potential of KHS101, a small synthetic molecule, that targets the 

HSPD1-HSPE1 complex and impairs mitochondrial HSPD1 activity436. Interestingly, we found 

that KHS101 could induce cell cycle arrest and inhibit tumorigenesis in preclinical models of 

PDAC. At the molecular level, we found that OPA1 is a direct target of HSPE1, but not HSPD1 

and that pharmacological inhibition of OPA1 significantly reduced tumor growth in PDAC. 

Therefore, pharmacological inhibition of HSPE1/HSPD1 complex and OPA1 highlights a 

potential new efficient targeted therapy for pancreatic cancer. 

 

4.4 Material and methods 

Cell lines: Cell lines were cultured at 37°C, 5% CO2 in RPMI (BxPC3 and Mia-PaCa2), EMEM 

(HPAF-II) medium supplemented with 10% FBS (Gibco) and the human embryonic kidney cell 

line HEK293T was cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 

10% FBS (Gibco). 

Library preparation and sequencing. All PCR reactions were performed using Herculase II 

Fusion DNA Polymerase (Agilent) and the total number of reactions were based on extracted 

gDNA yields. PCR1 reactions were prepared by mixing 20 µL Herculase 5× Buffer, 1 µL of 

100mM dNTP, 2.5 µL of Adapter Primer F, 2.5 µL of Adapter Primer R, 1 µL Herculase II Fusion 

Enzyme, 10 µg of the gDNA extracted and PCR grade water to a final 100 µL volume. PCR1 

reactions were performed using a thermocycler (98 °C for 2 min, 98 °C for 10 s, 60 °C for 20 s, 

72 °C for 30 s, and 72 °C for 2 min for 18 cycles). All PCR1 reactions were then pooled and kept 

at −20 °C. For PCR2, 8 reactions were performed for each sample in a total 100 µL volume (20 

µL Herculase 5× Buffer, 1 µL of 100 mM dNTP, 2.5 µL of Adapter Primer F, 2.5 µL of Adapter 

Primer R, 1 µL Herculase II Fusion Enzyme, 5 µL of PCR1 amplicon and 68 µL of PCR grade 

water). PCR2 reactions were performed as described for PCR1. Final PCR products were run on a 

2% gel and extracted and purified using the QIAquick PCR & Gel Cleanup Kit (Qiagen) and 
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subjected to next generation sequencing by Quebec Genome Center. 80 cycle and 20 million reads 

for each sample were performed by Hiseq 2500. 

Genome-wide library lentiviral production and infection. Human genome-wide CRISPR/cas9 

knockout pooled library GeCKOv2 was a gift from Feng Zhang (Addgene#1000000048). The 

amplification and virus production of GeCKOv2 library A were performed as described in the 

Addgene protocol253, cells were plated at a density of 3 × 106 cells per well in 12 well plates and 

polybrene was added to a final concentration of 8 µg/mL. Viruses were titered and optimal virus 

concentrations allowing for 30% cell survival were used. Following spinfection at 1000 × g for 2 

h at 32 °C, cells were incubated overnight, trypsinized, pooled, and transferred in T225 flasks at a 

density of 3×106 cells per flask. After 24 h, puromycin (1µg/mL) was added for selection for 8 

days. After 8 days, 30 million cells were frozen at −80 °C for genomic DNA extraction, referring 

as cell representation control (cell rep) and deep-sequencing. The remaining cells were prepared 

for transplantation in an animal model. 

Bioinformatics. MAGeCK-VISPR (0.5.3)437 was used for mapping back the reads to sgRNA 

CRISPR library. Log2 fold change (LogFC) was calculated to determine the change in abundance 

of each guide in each sample. Robust Rank Aggregation values (p values) were determined using 

the MAGeCK algorithm (version 0.5.3), as described in Li et al437. 

Genomic DNA Extraction. Genomic DNA extraction for genome-wide knockout cells and tumor 

samples were performed as described in the study270. 30 million cells or 200 mg grinded tumor 

tissues from each sample were lysed in 6 mL of NK Lysis Buffer (50 mM Tris, 50 mM EDTA, 

1% SDS, pH 8) and 30 µL of 20 mg/mL Proteinase K (Qiagen). Cell lysates were incubated at 55 

°C for 1 h (cell pellet) and overnight for tumor tissues. RNAse A (Qiagen) was added at a final 

concentration of 0.05 mg/mL and incubated at 37 °C for 30 min. The samples were then cooled on 

ice for 10 min prior to adding 2 mL of ice-cold 7.5 M ammonium acetate (Sigma). The samples 

were vortexed at high speed for 20 s and centrifuged at 4000 × g for 10 min and supernatants were 

collected and mixed with isopropanol for DNA precipitation. Following centrifugation at 4000 × 

g for 10 min, supernatants were carefully decanted, and pellets washed in 70% cold ethanol, air-

dried and resuspended in 500 µL 1× TE Buffer at 65 °C for 1 h. The gDNA concentration was 

measured using the Epoch Microplate Spectrometer (ThermoFisher). 

CRISPR knockout plasmid cloning. For knockout genes, LentiCRISPR v2 backbone vector was 

a gift from Feng Zhang (Addgene plasmid #52961). Cloning was performed as described in the 
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Addgene protocol254. Oligo sequences for sgRNAs KO targeting each gene listed in 

Supplementary Table 2. 5 µg LentiCRISPRv2 vector was digested and dephosphorylated by for 

30 min at 37 °C with FastAP enzyme (ThermoFischer scientific). The digested plasmid was then 

gel-purified by QIAquick Gel Extraction Kit (Qiagen). The pair of oligos for each gene were 

phosphorylated and annealed using T4 PNK enzyme in a thermocycler by incubating 30 min at 37 

°C and 5 min at 95 °C and slow-cooled to 25°C at 0.1°C/sec. Annealed oligos were diluted at 1:200 

and ligated together with digested vector using Quick ligase (NEB) for 20 min at room 

temperature.  

Lentiviral Generation and Infection: HEK293T cells were cultured in T75 flasks to 90% 

confluence using complete medium, transfected with either shRNA or CRIPSR constructs and the 

packaging plasmids pMD2.G and psPAX2 using Opti-MEM® (Invitrogen) and branched 

polyethyleneimine (Sigma). Cell culture medium with lentiviruses particles in cell culture medium 

was collected. Cells were grown in 6-well plates to a confluence of 70–80% confluence and 

infected with 100μl (SUM159, PC3) or 1mL (HPAF-II, BxPC3, Mia-PaCa2 or PANC-1) lentivirus 

in presence of hexadimethrine bromide; polybrene (8 μg/ml). Cells were selected and growin in 

medium supplemented with 1 μg/ml puromycin. 

SURVEYOR assay. The genomic DNA cleavage assays for gene knockouts were performed 

using GeneArt Genomic Cleavage Detection Kit (Invitrogen) according to the manufacturer’s 

protocol. Briefly, genomic DNA was extracted from 5 × 105 lentiCRISPRv2-knockout bulk cells. 

Primers were designed to amplify the specific Cas9/sgRNA genetically modified region by PCR. 

The primer sequences are listed in Supplementary Table 3. The modifications (the insertion, 

deletion, or mismatched DNA) of the interested region from the PCR products were then cleaved 

and detected by the Detection Enzyme from GeneArt Genomic Cleavage Detection Kit. 

Western Blot. At collection, cells were washed twice with ice-cold PBS (Wisent Bio), collected, 

and lysed in ice-cold cell lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1 mM 

EDTA, 100 mM Na3VO4, and 1× protease inhibitors, phosphatase inhibitor cocktails). The protein 

concentration of the supernatant was determined using the BCA Kit (ThermoFisher). Samples 

were boiled at 95 °C for 5 min in loading buffer (10% SDS, 0.313 M Tris-HCl, pH 6.8, 50% 

glycerol, 0.5% Bromophenol Blue, and 0.5 M DL-Dithiothreitol) prior to loading on gel. 

Following electrophoresis, proteins were transferred onto nitrocellulose (0.22μm for blots 

implicating low molecular weight HSPE1  protein and 0.45μm for all other blots) and blocked for 
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1 h (5% non-fat dry milk) at room temperature. Incubation with primary antibodies, listed below, 

was performed overnight at 4 °C. Following 1 h incubation with specific secondary antibodies, 

membranes were washed, revealed by ECL, and data analyzed using the ChemiDoc Touch 

Instrument (Bio-Rad). The antibodies used in the studies are β-tubulin, β-Actin, CDC25C, CDK2, 

CDK4 and CDK6 from Santa Cruz, HSPE1, HSPD1 from sigma and PLK1, CDK1 (cdc2), 

CyclinB1 from cell signaling. 

Flow cytometry. Cell cycle analysis by PI staining: HPAF-II cells were starved in EMEM serum-

free medium for 24h and replenished with medium supplemented with 1% FBS for 24h. Cells were 

washed and resuspended in PBS at 1X106 cells/mL and fixed in ice-cold by drop-wise addition of 

ethanol 70% while vortexing. Incubation on ice was made for 30 minutes after fixation. When 

ready for analysis, cells were resuspended in a solution containing 50 μg/ml propidium iodide, 50 

μg/ml RNAse A, HEPES 10mM pH 7.4, CaCl2 2.5mM and NaCl 140mM. An incubation at 15 

minutes at room temperature is followed. Cell cycle analysis was measured using BD FACSCanto 

flow cytometer and analyzed by FACS Diva (BD Biosciences, Canada) and FlowJo V10 Software 

(FlowJo LLC, USA). 

Apoptosis assay. HPAF-II cells were starved overnight in serum-free medium and replenished the 

next morning with EMEM-medium supplemented with 1% FBS and subjected to stain with 

Annexin V FITC and PI using Annexin V Apoptosis Detection Kit (Santa Cruz) for 15 min at 

room temperature according to the manufacturer’s protocol. Percentage of Annexin V-/PI- (live 

cells), Annexin V+/PI- (apoptotic cells) or Annexin V+/PI+ (dead cells) was measured by flow 

cytometry FACSCanto II and quantified by FlowJo v10 software. Gating was performed with 

single-stained conditions (PI or Annexin V alone) 

Xenograft transplantations. Genome-wide library infected HPAF-II cells (30 × 106/mouse) were 

subcutaneously injected into the right flank of NSG mice. For individual gene knockout or 

activation validation, transduced HPAF-II knockout or activation cells (1 × 106/mouse) were 

resuspended in serum-free EMEM medium and then inoculated in the right flank through 

subcutaneous injection, in 9-week old, male NSG mice to generate tumors. Tumor sizes were 

measured with a digital electronic caliper three times per week and allowed to reach maximum 

volume of 1000 mm3 prior to euthanasia. Tumor volumes were calculated according to the 

following formula: [4/3 × π × (length/2) × (width/2)2] to generate a growth curve. For in vivo 

experiment, KHS101 was dissolved in a solution 2-Hydroxypropyl-b-cyclodextrin438 (15%) in 
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sterile saline solution. MYLS22 was dissolved in a solution of DMSO (10%), PEG300 (40%), 

Tween-80 (5%) and saline (45%). 

Animal work (Ethics and housing): All experimental protocols and procedures were performed 

in accordance with McGill University regulations. All preclinical experimental protocols and in 

vivo procedures were approved by McGill University (AUP # 7497). Housing condition for mice: 

Temperature = 21°C; Humidity = 40–60%, Lighting = 12 h. ON / 12 h, OFF daily cycle. 

Statistics: Data were collected from three or more independent experiments, expressed as the 

arithmetic means, all error bars are standard errors of means (SEM). Statistical analysis was done 

using Student t-test two way comparing control or experimental condition (*p < 0.05, **p < 0.01, 

***p < 0.001).  

 

4.5 Results 

In vivo genome-wide loss-of-function CRISPR screen in pancreatic cancer. 

To identify new cancer vulnerabilities in pancreatic cancer, we performed an in vivo pooled 

CRISPR screen at the genome scale. For this, we used HPAF-II, a well-differentiated and highly 

tumorigenic human pancreatic carcinoma cell line. HPAF-II is known to maintain junctional 

complexes and apical basal polarity under cell culture conditions and thus, well reflects the 

epithelium of the pancreas in vivo439–441. HPAF-II is also a good model to represent pancreatic 

cancer patients’ populations. Even though WT for Smad4, HPAF-II cells carry an in-frame 

deletion of the tumor-suppressor CDKN2A/p16, a P151S mutation in the tumor-suppressor TP53 

and a G12D mutation of the oncogenic KRAS gene442.  

As illustrated in Fig.1a, HPAF-II cells (3 independent biological replicates) were transduced with 

a pooled loss-of-function CRISPR library (GeckoV2 library A254), containing a total of 57,140 

sgRNAs targeting 19,050 genes (3 sgRNAs per gene), 7,456 sgRNAs targeting 1,864 miRNAs  (4 

sgRNA per miRNA) and 1000 non-targeting-control (NTC). HPAF-II cells were infected with a 

multiplicity of infection of 0.3 so that cells will receive a single viral integration. For each 

biological replicate, 200 million cells were transduced to ensure a minimum library coverage of 

300x. Puromycin selection (at 1µg/ml) carried on for 8 days before cells were subcutaneous 

transplanted in NOD scid gamma (NSG) mice. Tumor growth was allowed for a subsequent 30 

days before resecting the tumors. An additional 30 million cells were used as the initial and 

unperturbed sgRNA distribution (referred to as Cell Rep1/2/3). Following tumor resection and 
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weight measurement (Fig.1b) genomic DNA was extracted for PCR amplification and next-

generation sequencing. The sgRNAs were mapped (Supplemental Fig.1a) and their abundance and 

distribution were quantified using MaGeCK Robust Rank Aggregation algorithm, as previously 

shown286,443. The sgRNA counts from tumors collected following the in vivo selection pressure 

(PDAC tumor samples) were compared to the cell representation (Cell Rep1/2/3) and normalized 

to the sum of all NTCs (Fig.1c). Notably, more than 99.9% of sgRNAs from Cell Rep1/2/3 samples 

and around 88% of sgRNAs from tumor samples were detected, indicative of both very good 

library representation and sufficient coverage (Fig.1d and Supplemental Fig.1b). The Gini Index, 

a measure of statistical dispersion, was less than 0.1 for the Cell Rep1/2/3 (Fig.1e), indicating an 

even distribution of the sgRNAs before applying the selection pressure. The Gini index in the 

tumor samples increased to 0.4, reflecting a successful in vivo selection pressure in the tumors 

(Fig.1e). The proper sgRNA distribution is also reflected in the shift observed in the log10(read 

counts) cumulative distribution frequency curve of the sequenced sgRNAs, for both Cell Rep and 

tumor samples (Fig. 1f). Finally, as shown in Fig.1g, a high correlation was also observed between 

the Cell Rep samples, indicative of a strong similarity between biological replicates and 

highlighting the high consistency of the CRISPR screen. 

 

 

 

In vivo CRISPR screen identifies tumor-promoting genes in pancreatic cancer. 

The depletion and enrichment of specific sgRNAs enable robust identification of context-

dependent tumor-promoting genes and tumor suppressors, respectively. As shown in Fig.2a (blue 

insert), we found 276 genes to be significantly depleted (FDR < 0.25).  Loss of function for these 

genes negatively affected tumorigenesis, suggesting they exert potential oncogenic functions in 

PDAC tumor formation.  Enriched sgRNAs, on the other hand correspond to candidate genes with 

tumor suppressive like activity. While we only found two genes (SMRC7 and NF2) in this 

category, this validated our screen and provided a proof-of concept (Fig.2a, red insert). Indeed, 

NF2 is a well characterized tumor suppressor and its inactivation is known to be tumorigenic in 

many cancer models444, including PDAC445. Interestingly, none of the 1000 NTC was ranked in 

either positive or negative selection, confirming that the perturbation is not caused by randomness. 
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The stringency of the CRISPR screen was further assessed by overlapping both common essential 

and non-essential reference genes from the Achilles dataset 20Q1 from DepMap database with our 

dataset. Common essential genes are required for cell survival and proliferation as opposed to non-

essential genes, for which loss-of-function leads to unperturbed fitness259,446. As further proof of 

concept, a total of 77 common essential genes were found in our 276 gene list, indicative of a 

strong selection pressure against inactivation of genes displaying reduced survivability phenotype 

(Fig.2b). As expected, only a few non-essential genes (7 genes) were found in our dataset. Using 

EnrichR447, a pathway enrichment analysis tool, we further found our 276 candidate genes to 

cluster in several crucial cellular processes such as RNA degradation/transcription, protein 

synthesis/export and cell cycle (Fig.2c). Among the top-ranking, we found the Wnt signaling 

pathway, highlighting the Wnt/β-catenin dependency of HPAF-II cells for survivability. HPAF-II 

cells exhibit an inactivating mutation in the Ubiquitin E3 ligase ring finger 43 gene (RNF43) and 

are known to be dependent on ligand-induced Wnt/β-catenin signaling and sensitive to PORCN 

inhibition194. Indeed, RNF43 acts as a negative regulator of Wnt signaling and RNF43 mutations 

are found in 5-10% of pancreatic cancer tumors. Moreover, we found FZD5, a Frizzled receptor 

implicated in driving Wnt pathway, as a top candidate of our CRISPR screen. FZD5 was 

previously identified as a context-dependent fitness gene in RNF43-mutants cell lines448. These 

results highlight the robustness and consistency of the CRISPR screen and further define a 192 

gene shortlist of potential tumor-promoting cancer vulnerabilities in PDAC tumors, after removing 

the 77 common essential and 7 non-essential genes (Fig.2b). For the validation process, we 

employed an unbiased 3-way parallel approach by selecting genes with the highest statistical 

ranking (Fig.2b; RSL24D1, PFN1, DDI2, RAB40B, CCR5), genes clustered in the Wnt pathway 

(Fig.2c; FZD5, SKP1, CSNK1E and PRICKLE4) and pancreatic cancer essential genes, 

intersecting with the DepMap database (Fig.2d; MED30, LSM2, LSM7, HSPE1, MYL12A and 

RABGAP1).  

We generated populations of CRISPR-KO for each single gene to validate, as opposed to single 

cell derived clones, to avoid inter-clonal heterogeneity. We used SURVEYOR, an enzyme 

mismatch cleavage assay, to analyze and verify proper Indel mutation insertions for each CRISPR-

KO (Supplementary Fig.2). We then assessed the impact of the specific CRISPR loss-of-function 

on tumor cell growth, using in vitro colony formation assays449. Colony formation was assessed 

by Crystal violet staining and quantified with ImageJ software and the ColonyArea plugin450. As 
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shown in Figs.2e-g, all individual KOs, except one (PFN1) led to significant cell growth inhibition, 

validating not only our CRISPR screen but also candidate genes selection processes. Importantly, 

of all 15 candidate genes, we found the HSPE1-KO to exert the strongest and highly significant 

growth inhibitory effects (Fig.2g). As such, HSPE1 was further selected for the rest of the study 

as our top pancreatic cancer vulnerability candidate.  

 

Understanding the role of HSPE1 as a tumor-promoter in PDAC tumor formation 

While a role for HSPE1 in pancreatic cancer has yet to be defined, its overexpression was reported 

in oral squamous cell carcinoma451, invasive ductal breast carcinoma452, astrocynoma453, 

prostate454, lung455, liver456, colorectal457, nasopharyngeal453, large bowel and uterine exocervix458 

cancer. In ovarian cancer, HSPE1 was proposed as a potential biomarker459. HSPE1 is a co-

chaperone that can form a ring-complex with the heat shock protein D1 (HSPD1) to catalyze 

protein folding through the capture of unfolded and misfolded polypeptides in the mitochondria309. 

We investigated the depletion of HSPE1 by means of CRISPR KO through different assays 

measuring cell growth, including colony formation assay, SRB assay and PrestoBlue assay. 

Moreover, to avoid the limitation of a single-cell line, we generated HSPE1-KO in different PDAC 

cell lines. We validated the KOs efficiency by western blot prior to the experimentation (Fig. 3a). 

Different PDAC cancer cell lines exhibited significant decrease in cell growth. Indeed, colony 

formation (Fig. 3b), cell density (Fig.3c upper panel) and cell viability (Fig.3c bottom panel) were 

negatively affected.  

HSPD1 plays a role in tumorigenesis and stemness in metastatic head and neck cancer through 

interaction with β-catenin460,461. Moreover, HSPD1 deficiency in the intestine leads to 

mitochondrial dysfunction and inhibition of epithelial stem cell maintenance462. Hence, we 

hypothesized that HSPE1, being an HSPD1 interactor could also play a role in stemness and tumor-

initiation. To address this, we generated a CRISPR HSPE1-KO cell line in HPAF-II to assess the 

HPSE1 effect on PDAC tumor initiating capacity, using tumorsphere assay. Expression of HSPE1 

was assessed by western blot (Fig. 3d). As shown in Fig.3e, HSPE1-KO cells exhibited 

significantly lower numbers in stem/progenitor cells, compared to NTC control cells, indicative of 

a role for HPSE1 in PDAC stemness regulation. 

To further investigate the role of HSPE1 in pancreatic cancer tumorigenesis in vivo, we used a 

preclinical xenograft model of PDAC. Control scrambled-KO or HSPE1-KO HPAF-II cells were 
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injected subcutaneously in NSG mice and tumors were allowed to grow and expand for 1 month. 

Tumor volume was measured through caliper measurements at regular intervals. As shown in 

Fig.3f, tumor growth from the HSPE1-KO animal group was significantly reduced compared to 

control animals. At experimental endpoint, animals were sacrificed, and tumor resected. 

Interestingly, we found that HSPE1 gene silencing also led to a significant decrease in tumor 

weight, compared to the control group (Fig.3g). Collectively these results indicate that HSPE1 

regulates cancer stem cells self-renewal activity and tumor growth in PDAC, highlighting a novel 

pro-oncogenic function for HSPE1 in PDAC. 

 

HSPE1 silencing induces cell cycle arrest and apoptosis. 

HSPD1 and HSPE1 have a coordinated co-expression pattern in various tissues463,464. To then 

better understand the downstream molecular mechanisms by which HSPE1 regulates tumor growth 

in relation with HSPD1, we analyzed their respective effects on cell cycle progression, using 

HSPE1 and HSPD1 CRISPR-KOs and RNA interference (shRNA) knock-down (KD) models in 

HPAF-II. 

 

To further understand the cell transduction pathway of the complex HSPE1/HSPD1,  we generated 

individual knock-down for both HSPE1 and HSPD1 gene in HPAF-II cell line and investigated 

their impact on cell cycle with propidium iodide (PI) staining, therefore quantifying the quantity 

of G0/G1, S and G2/M phase cell population. We showed that HSPE1-KD cells displayed a 

significantly higher population percentage of G0/G1-arrested cells (Fig.4b). This result highlights 

to role of HSPE1 in the deregulated cell cycle progression in PDAC. Then, we performed western 

blotting on several cancer-related proteins and found that several cell cycle proteins from the 

G2/M, including the phosphatases PLK1 and CDC25C as well as CDK1 and Cyclin B1 in HSPE1 

knockdown. Interestingly, HSPD1-KD did not induce the same cell cycle regulators 

downregulation, implicating a HSPE1-specific effect. In contrast, proteins from the G/S phase, 

including CDK2, CDK4 and CDK6 expression was not changed in both HSPE1 and HSPD1 

knockdowns (Fig.4b). Since PLK1 is known to play a major role in G1/S and G2/M cell cycle465, 

we explored the top co-dependencies of PLK1 on the CRISPR screening DEMETER DepMep 

dataset (Supplementary Table 1). Genes with similar CRISPR screen DepMap scores, also called 

dependency scores, are said to be co-dependent.  We found that HSPE1 is significantly correlated 
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with PLK1, where both genes have negative fitness score in the same cancer cellular lineages 

(Supplemental Table 1).  

 

Silencing of HSPD1 has been demonstrated to destabilize the mitochondrial survivin pool, leading 

to mitochondrial dysfunction, initiation caspase-dependent apoptosis and activation and release of 

p53312. We then hypothesized that HSPE1 could play a role in apoptosis. We performed an 

apoptosis assay by Annexin V, a common method to detect dead cells. After quantification by flow 

cytometry analysis, we detected a significant increased number of pre-apoptotic and dead cells in 

both HSPD1 and HSPE1 (fig.3c) knock-down and (fig.3d) knock-out cells. Interestingly, we found 

that HSPE1-silenced cells have a greater number of apoptotic cells, highlighting the importance of 

this co-chaperone in the HSPD1/HSPE1 complex as a tumor promoter. Finally, our data 

demonstrates that HSPD1/HSPE1 might have a crucial role in regulating the cell cycle and 

apoptosis in PDAC, which could be pharmaceutically exploited. 

 

HSPE1 as a therapeutic target in PDAC 

We sought to explore the therapeutic value of HSPE1 and take advantage of its vulnerability in 

PDAC. Since HSPE1 is not druggable, we opted for KHS101, a small-molecule inhibitor 

disrupting the whole HSPD1-HSPE1 complex enzymatic activity. KHS101 was found to be 

cytotoxic and showed in vivo antitumor activity in glioblastoma436 and non-small cell lung 

cancer466. KHS101 has been shown to interact directly with the mitochondrial chaperone HSPD1 

by disrupting its enzymatic activity and impairing mitochondria integrity436. To gain further 

insights about the outcome of KHS101 in PDAC, we assessed the in vitro cytotoxicity by 

Sulforhodamine B colorimetric assay467 and cell viability by PrestoBlue™ fluorescent assay. 

Exposure of micromolar doses of KHS101 induced cell death in different PDAC cell lines (Fig.5a-

b). Moreover, as proof of principle, we generated CRISPR KO to repress the expression of both 

HSPE1 and HSPD1 (Supplemental Fig.3). Genetic repression by CRISPR resulted in reduction of 

cell growth in both genes, confirming the tumor-promoting network of HSPE1 and HSPD1, which 

is similar to KHS101 treatment. 

Based on our findings, we assessed the effect of KHS101 in tumor growth in a xenograft mice 

model of PDAC. Following subcutaneous transplantation of two different PDAC cell lines, tumors 

were allowed to grow until they reached 100mm3. Mice bearing similar tumors volumes were 
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selected and separated into three different groups (10 mice for control group and 5 mice for 

experimental group) for subsequent drug treatment: vehicle or KHS101 (1mg/kg and 3mg/kg 

doses). The injection was achieved by intraperitoneal injection for 2 weeks at 3 times/week 

intervals. KHS101 treatment significantly slowed the tumor growth (Fig.5c). Moreover, we 

observed a trend in the reduction of tumor weight (Fig.5d) in both PDAC experimental models. 

These findings demonstrate the importance of the HSPE1-HSPD1 complex in tumor-promotion of 

PDAC and that pharmacological inhibition through KHS101 administration can effectively slow 

tumor growth while showing no indication of negative welfare or damage to internal organs, such 

as the liver, for all experimental mice. 

 

OPA1 is implicated in oncogenic activities of HSPE1 in PDAC 

A recent study314 revealed a unique mechanism involving HSPE1 in the cleavage of OPA1, a 

dynamin related GTPase responsible for fusing the mitochondrial membrane. This cleavage is 

carried out by the metalloprotease OMA1468,469 and was shown to occur independently of 

HSPD1314. Moreover, the loss of OPA1 was correlated with induction of apoptosis through 

cytochrome C release, suggesting OPA1 as an antiapoptotic gene470,471. Thus, we hypothesized 

that HSPE1 downregulation could downregulate or inactivate OPA1. We found that HSPE1 

downregulation by means of shRNA knockdown or CRISPR knockout decreased the long forms 

isoforms (L1 and L2) of OPA1 in all cell lines. Interestingly, no change between the expression of 

OPA1 or the ratio between the short and long isoforms in the knockdown of HSPD1. Our results 

are in line with a previous study314, where HSPE1 invoke a specific mechanism independently of 

HSPD1. 

OPA1 regulates the equilibrium between mitochondrial fusion and fission. Disruptions to this 

balance, frequently observed during stress and under pathological conditions, lead to 

mitochondrial fragmentation and induce apoptosis and cell death472. We sought to exploit this 

vulnerability by using an OPA1 inhibitor, MYLS22, to target PDAC cells. To this end, we 

preformed HPAF-II tumors in mice by xenograft. We treated those mice by intraperitoneal 

injection with vehicle or MYLS22 (10 or 20mg/kg). The drug was administered by intraperitoneal 

injection performed 3 times/week. Remarkably, mice treated with MYLS22 had significantly 

reduced tumor volume compared to vehicle control. This result highlights the importance of OPA1 

in cancer progression in PDAC, a direct target downstream HSPE1. We then performed a similar 
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xenograft assay by combining both KHS101 and MYLS22 in mice and found a reduced tumor 

weight in the drug-combination. Thus, pharmacological targeting of HSPE1 and OPA1 seems to 

be an effective strategy for PDAC treatment. 

 

4.6 Discussion 

One challenge to treat pancreatic cancer and improve patient survival outcome relies on finding 

novel actionable targets in order to generate efficient targeted therapies, rather than relying on 

standard chemotherapy treatment with limited efficacy. In this study, we opted for a genome wide 

CRISPR-based screening in aggressive PDAC cells to identify specific and contextual genetic 

pancreatic cancer vulnerabilities. Our findings provide unvaluable novel information towards a 

better understanding of pancreatic cancer tumorigenesis with the long-term goal of translating 

these basic research discoveries into the clinic through the development of new therapeutic 

approaches to pancreatic cancer. In this study, we identified HSPE1 as a central and critical 

regulator of tumor growth formation in pancreatic cancer, exerting its effects through parallel 

signaling pathways. We found on one hand HSPE1 can regulate tumor growth through its 

interaction with its partner heat shock protein HSPD1 but also found HSPE1-specific effects that 

do not rely on HSPD1 but instead involve regulation of the  OPA1 antiapoptotic protein. 

 

Several members of the HSPs family, including HSP27, HSP40, HSP60, HSP70, HSP90, and other 

large HSPs, have been found to play a significant role in many molecular mechanisms related to 

cancer. The HSPD1-HSPE1 complex, which we assessed in our study, import and fold proteins 

inside the mitochondria311. More specifically, the confinement of the polypeptide to be folded in 

the central cavity of HSPD1/HSPE1 complex is driven by the catalytic activity of HSPD1 using 

ATP hydrolysis309. Additionally, it is known that the ATP-dependent chaperone function of 

HSPD1 is dependent on HSPE1 binding to the complex473. Proper protein folding by HSPs 

therefore maintain proteostasis and guard cells from different types of cellular stress311. In spite of 

that, cancer cells are known to hijack the protective roles of HSPs during tumor progression305. 

Among these HSPs, HSPD1 oncogenic role has been largely characterized in the litterature474. 

However, few studies assessed the role of HSPE1 alone in cancer.  

Our study highlights the strong regulatory role played by HSPE1, exerting strong and pronounced 

effects on the decrease in the expression of several G2/M cell cycle regulators, particularly evident 
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in the case of PLK1 when compared to HSPD1. Indeed, PLK1 is a major actor in both G2/M and 

S phase checkpoints and is involved in restarting the cell cycle after a G2 arrest upon DNA damage 

or DNA repair at stalled replication forks475. Elevated amounts and active mutants of PLK1 can 

overcome a DNA damage-induced arrest in G2476. Additionally, a stronger effect on induction of 

apoptosis was observed in HSPE1-depleted condition, highlighting the potential differential role 

that HSPE1 could have in PDAC progression over HSPD1. 

Several HSPD1 inhibitors and modulators are commercially available and are being actively 

evaluated as novel anti-cancer agents in the scientific litterature473. Based on the oncogenic role of 

the druggable HSPD1, we exploited the complex of HSPD1/HSPE1 as a potential therapeutic 

target to treat pancreatic cancer with a small molecule inhibitor, KHS101. We found that KHS101 

successfully inhibited cell proliferation in many PDAC cell lines and hindered tumorigenesis. A 

research group showed by in-vitro pull-down assay, that HSPD1 can directly interact with 

KHS101436. The same group also found that KHS101 did not alter the mRNA and protein levels 

of HSPD1, suggesting that cytotoxicity is independent of genetic expression. Therefore, we 

propose that there are two different independent mechanisms where HSPD1/HSPE1 could increase 

proliferation and tumorigenesis in PDAC regarding to either enzymatic activity or protein 

expression.  

The small-molecule KHS101 used in our study was first suggested as a TACC3 inhibitor, 

demonstrating suppression of cell growth, motility, epithelial-mesenchymal transition (EMT), and 

breast cancer cell stemness, along with the induction of apoptotic cell death477. However, Polson 

et al. discovered a rapid autophagic response in KHS101-treated GBM cells before the 

downregulation of TACC3 induced by the compound, suggesting an early HSPD1/HSPE1-

dependent activity of KHS101478. Moreover, KHS101 induced cell death in glioblastoma tumors, 

which is associated with compromised metabolism and disruption of mitochondrial integrity436. 

This mechanism is known to be involved in HSPD1/HSPE1 depletion479. Hence, the use of 

KHS101 is justified to target the HSPD1/HSPE1 complex. 

 

The crystal structure of the mitochondrial chaperonin complex HSPE1/HSPD1 was described in a 

previous study480. The complex consists of a double-ring structure of HSPD1 (tetradecamers) 

bound to HSPE1 (heptamers) through its apical domain, forming an “American football”-shaped 

complex480. Another study showed the nucleotide dependance for HSPD1 ring assembly where 
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both single- and double-ring complexes coexists in the HSPD1/HSPE1 chaperonin reaction 

cycle435. Such molecular structure-function studies are tremendously important to improve 

pharmacological properties of drugs. Indeed, several synthetic drugs, natural compounds and 

bioactive molecules were shown to inhibit HPSD1/HSPE1 chaperonin system481, including the 

small-molecule inhibitor KHS101 used in our study. Additionally, Several other HSPs inhibitors 

are been tested in pre-clinical studies such as Hsp90482,483. Still, many preclinical studies must be 

made to ensure the lowest therapeutic index and maximal on-target activity. 

A recent study showed that HSPE1 depletion, but not HSPD1, led to proteolytic inactivation of 

OPA1, a dynamin-related GTPase that fuses the mitochondrial membrane mediated through stress-

activated metalloprotease OMA1314. This is the sole study showing a unique role of HSPE1 in the 

HSPE1/HSPD1 complex, where HSPE1 plays a protective role from mitochondrial stress 

independently of HSPD1. Therefore, OPA1 emerges as a promising targets in cancer therapy484. 

We exploited this vulnerability by using a first-in-class OPA1 inhibitor MYLS22, which showed 

great efficacy our PDAC model as well as a preclinical model of breast cancer485. We also showed 

at the molecular level that HSPE1 depletion modulates the expression of the long form of OPA1 

(L-OPA1). The uncleaved L-OPA1 plays a role in mediating mitochondrial fusion, a process 

restricted during OPA1 processing whereas S-OPA1, produced through the proteolysis of L-

OPA1, promotes mitochondrial fission486. Therefore, it could be interesting to assess the role of 

HSPE1 in the equilibrium of the mitochondrial fission and fusion as well as the implication of the 

proteins OMA1 and YME1L1 implicated in OPA1 proteolytic cleavage472. 
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Fig. 4.1: In vivo genome-wide CRISPR screening in PDAC. (a) Schematic representation of the 

loss-of-function genome-wide screen using the human lentiviral CRISPR/Cas9 library 

(GeCKOv2) library A in pancreatic ductal adenocarcinoma cell line (HPAF-II). (b) Average mass 

of extracted tumor from NSG mice subcutaneous transplanted with 30 millions cells and grown 

for 28 days. Mean of three independent infection replicate experiments (n = 5, 1 mouse per 

biological replicate was randomly selected for deep sequencing). Data are represented as 

mean±SEM. (c) Normalized read count distribution from sequenced amplicons. (d) The unmapped 

percentage of sgRNAs in the library in cells before transplantation (n = 3), and tumor samples (n 

= 3) at day 28. (e) Statistical dispersion graphic (Gini index) of the sgRNA distribution within 

samples from cells and tumor replicates. (f) Cumulative distribution function of library sgRNAs 

in the three transduced cell replicates and six tumor replicates. Shift in tumor samples indicate the 

altered read counts in a subset of sgRNAs. (g)   Pearson correlation of the sgRNA reads between 

all samples from in vitro and in vivo. 
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Fig. 4.2: Validation of depleted genes from CRISPR screen. (a) Scatter plot representing the Log2 

(fold change) of top ranked genes in both positive (red) and negative (blue) selection profiles (false 

discovery rate (FDR) < 0.25) in tumor samples normalized by non-targeting control. (b-d) Three 

different strategies for the selection of the genes for the validation process. (b) Venn diagram 

comparing common-essential, non-essential and genes with highest statistical value from in vivo 

screening depleted list (negative selection). Validated genes with the highest p-value are shown in 

the black box (SNRNP25 is omitted from the list). (c) Histogram showing the gene set pathway 

enrichment analysis from EnrichR. Validated genes from Wnt pathway are shown in the black box 

(d) Venn diagram comparing the highest statistical value from in vivo screening depleted list 

(negative selection) with the DepMap pancreas lineage enriched genes. (e-g bottom panel) 

Histogram displaying the relative colony formation area from (e) Highest p-values gene list (f) 

Wnt pathway gene list (g) DepMap pancreas enriched lineage gene list. (e-g bottom panel) 

Representative images of colony formation assay 
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Fig.4.3: HSPE1 promotes cell proliferation, tumorigenesis and increases higher tumor-initiating 

capacity in PDAC. (a) Relative expression of HSPE1 measured in monolayer-cultured PDAC cell 

lines (BxPC3, Mia-PaCa2 and PANC-1) by immunoblotting and histogram showing the 

quantification by densitometry for each band. β-Actin was used as a loading control. (b) Upper 

panel: Histogram showing the percentage of relative colony area of three different PDAC cell lines 

(n=3) having either a Non-Targeting control scramble (scr) or HPSE1-induced KO by CRISPR 7 

days post-transfection. Bottom panel: Representative images of cells stained with Crystal Violet 

(c) Histogram showing cell density assay measured by SRB assay (upper panel) and cell viability 

measured by PrestoBlue® assay (bottom panel). (d) Relative expression of HSPE1 measured in 

monolayer-cultured HPAF-II cell line by immunoblotting and histogram showing the 

quantification by densitometry for each band. β-tubulin was used as a loading control. (e) 

Histogram representing the number of tumorspheres (>50 μm diameter) that were counted for 

assessing tumor-initiating capacity. Representative tumorsphere image (f-g) An amount of 1 

million HPAF-II cells either transduced with a non-Targeting control (scr) or HSPE1-KO construct 

were transplanted subcutaneously in individual NSG mice (9-week-old). Tumors volumes (f) were 

measured 3 times/week with a caliper. Data are represented as mean ± SD. Significance was 

calculated using two-sided, unpaired t-test, p-value * <0.05, *** <0.01. (g) Tumor mass was 

weighted at the endpoint (34 days post-transplantation). 
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Fig.4.4: Depletion of HSPE1 induces cell cycle arrest and increase apoptosis. (a) Flow cytometry 

analysis of cell cycle in NTC, HSPE1 or HSPD1 knockdown HPAF-II cells stained with Propidium 

Iodide. (b) Relative expression of cell cycle regulators in HPAF-II cell line. Non-targeting control 

(NTC), HSPE1 or HSPD1 shRNA-knockdown were measured in by immunoblotting in replicates. 

β-Actin and β-tubulin were used as loading control. (c-d) Flow cytometry analysis of apoptosis in 

(c) NTC, HSPE1 or HSPD1 shRNA-knockdown (KD) or (d) SCR, HSPE1 or HSPD1 CRISPR-

Knockout (KO) on live HPAF-II cells stained with Propidium Iodide and Annexin V. For flow 

cytometry experiment, all cells were starved for 24h in starvation medium (serum-free) followed 

by 24h in full-medium (10% FBS) prior to fixation.  



145 
 

 

 

 

 

 

 



146 
 

Fig.4.5: KHS101 small-molecule curtails PDAC tumor formation (a) Dose-response curves 

(normalized to the DMSO control) and the corresponding IC50 (half-maximal inhibitory 

concentration) values (log10 micromolar) are shown for the indicated cell models and KHS101 

concentrations after a 4-day treatment period. Data are means ± SD of three biological replicates. 

(c-d) An amount of 1 million (c) HPAF-II or (d) BxPC3 cells were transplanted subcutaneously in 

individual NSG mice (9-week-old). Tumors were let grown up to 100mm3 and randomized into 

three groups (vehicle, 1 or 3mg/kg KHS101). Tumors volumes (left panel) were measured 3 

times/week with a caliper. (right panel) Tumor mass was weighted at the endpoint (34 days post-

transplantation). (e) Relative expression of cell cycle regulators in HPAF-II cell line treated with 

KHS101. β-Actin was used as loading control. 
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Fig.4.6: Role of OPA1 antiapoptotic protein in HSPE1-Induced oncogenic activities. (a) 

Representation of OPA1 isoforms by immunoblotting (HPAF-II Non-Targeting Control 

condition). (b) Immunoblotting of non-targeting control (NTC), HSPE1 or HSPD1 shRNA-

knockdown or SCR, HSPE1 or HSPD1 CRISPR-Knockout (KO) of shown genes in HPAF-II, 

BxPC3, PANC-1 and mia-PaCa2 cell lines. β-Actin and β-tubulin were used as loading control. 

(c) An amount of 1 million HPAF-II cells were transplanted subcutaneously in individual NSG 

mice (9-week-old). Tumors were let grown up to 100mm3 and randomized into three groups 

(vehicle, 10 or 20mg/kg MYLS22). Tumors volumes were measured 3 times/week with a caliper. 

(d) An amount of 1 million HPAF-II cells were transplanted subcutaneously in individual NSG 

mice (9-week-old). Tumors were let grown up to 100mm3 and randomized into four groups 

(vehicle, 3mg/kg KHS101, 20mg/kg MYLS22 or combination of both 3mg/kg KHS101 and 

20mg/kg MYLS22). Tumor mass was weighted at the endpoint (34 days post-transplantation). 

Data are represented as mean ± SD. Significance was calculated using two-sided, unpaired t-test, 

p-value * <0.05. (e) Tumor mass was weighted at the endpoint (34 days post-transplantation). 

 

Supplemental Fig.4.1: Mageck bioinformatic analysis of read counts of lof10 of missed gRNAs 

(a) Histograms showing mapped and unmapped sgRNAs read counts (b) Log10 fold-change of 

missed sgRNAs in HPAF-II cell representation control, before injection in mice, and collected 

tumor samples of HPAF-II GeckoV2. 
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Supplemental Fig.4.2: SURVEYOR Assay. Gene modification detection (INDELs) of individual 

pooled CRISPR-mediated knockouts of top candidate genes using SURVEYOR assay prior to 

colony formation growth assay. Full length (FL) and cleaved bands are shown under control (-) 

and nuclease enzymatic reaction (+) condition. 
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Supplemental Fig.4.3: Colony formation assay of CRISPR-KO SCR, HSPE1 or HSPD1 HPAF-

II cell line. Histogram showing relative area. Immunoblot of HSPE1 and HSPD1 expression in 

HPAF-II cell line. 

 

Supplemental Table 1: Table showing the statistical correlation (r) and Z-Score values of the 

gene dependency of PLK1 provided by the 20q3 DepMap database 

 

 

Supplemental Table 2: Sequence of sgRNA used for molecular cloning 

Prime Name sgRNA primer sequence 

Scramble_sg1 CACCGACGGAGGCTAAGCGTCGCAA 

Scramble_sg2 CACCGCGCTTCCGCGGCCCGTTCAA 

Scramble_sg1 AAACTTGCGACGCTTAGCCTCCGTC 

Scramble_sg2 AAACTTGAACGGGCCGCGGAAGCGC 

CCR5_sg_F CACCGAGTTTACACCCGATCCACTG 

CCR5_sg_R AAACCAGTGGATCGGGTGTAAACTC 

CSNK1E_sg_F CACCGCGGGCTTGTCGTCAAACCGC 

CSNK1E_sg_R AAACGCGGTTTGACGACAAGCCCGC 

DDI2_sg_F CACCGGCTCGAAGTCGGCGTCGACC 

DDI2_sg_R AAACGGTCGACGCCGACTTCGAGCC 
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FZD5_sg_F CACCGGGTGGGCACGCTCTTCCTGC 

FZD5_sg_R AAACGCAGGAAGAGCGTGCCCACCC 

HSPE1_sg_F CACCGTAAACGCTTGTCCTGCCTGT 

HSPE1_sg_R AAACACAGGCAGGACAAGCGTTTAC 

LSM2_sg_F CACCGTGTGTGTCGACCTCATCTGC 

LSM2_sg_R AAACGCAGATGAGGTCGACACACAC 

LSM7_sg_F CACCGCGTGGTGCTAATCTGCCCGC 

LSM7_sg_R AAACGCGGGCAGATTAGCACCACGC 

MED30_sg_F CACCGACGGCGTCGCTGTGCCGCAT 

MED30_sg_R AAACATGCGGCACAGCGACGCCGTC 

MYL12A_sg_F CACCGGGAACATGGTGAAATTGATG 

MYL12A_sg_R AAACCATCAATTTCACCATGTTCCC 

PFN1_sg_F CACCGTTTATACTTAGCCCCCACGG 

PFN1_sg_R AAACCCGTGGGGGCTAAGTATAAAC 

PRICKLE4_sg_F CACCGTCTGCAGGAGCGCTACTGCC 

PRICKLE4_sg_R AAACGGCAGTAGCGCTCCTGCAGAC 

RAB40B_sg_F CACCGCGAATGCACGGGCCGCCCGG 

RAB40B_sg_R AAACCCGGGCGGCCCGTGCATTCGC 

RABGAP1_sg_F CACCGCGTATGTTATTACGGGGAGC 

RABGAP1_sg_R AAACGCTCCCCGTAATAACATACGC 

RSL24D1_sg_F CACCGATGTAGTACTCACCTGCAAG 

RSL24D1_sg_R AAACCTTGCAGGTGAGTACTACATC 

SKP1_sg_F CACCGACTATTAAGACCATGTTGGA 

SKP1_sg_R AAACTCCAACATGGTCTTAATAGTC 

 

Supplemental Table 3: primers for PCR amplification used for SURVEYOR assay. 

Primer name PCR primer sequence 

CCR5_surveyor_F TAAAAAAGACCTCTCCCACCCCAC 

CCR5_surveyor_R GTCCTTCTCCTGAACACCTTCC 

CSNK1E_surveyor_F TGTTGCCTCCTTTTCTTGCCTCTC 
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CSNK1E_surveyor_R AGCTCGTACCTCCCGTCTGT 

DDI2_surveyor_F CAGTAGCAAAGGGAGGGAGTG 

DDI2_surveyor_R GAGGGAGTGACTCACTGAGC 

FZD5_surveyor_F AGGTAGCAGGCCACCACAATG 

FZD5_surveyor_R TGTCGCTCACCTGGTTCCTG 

HSPE1_surveyor_F CAACAGCGACTACTGTTGCTTGC 

HSPE1_surveyor_R CCTAACAGACGTAAGGAATCGGG 

LSM2_surveyor_F CCCTGGGTGGTTAGAGGACA 

LSM2_surveyor_R CTCAAGAGAGGATAGCTGTTCCC 

LSM7_surveyor_F TTCCTGGAGGTCCCTCAGTC 

LSM7_surveyor_R GAATCCAGGTTTCCTCAGAAGGTC 

MED30_surveyor_F ATCCACGGGCCCCACGTAAA 

MED30_surveyor_R GCGGCCGCTGTTTTGAAATCG 

MYL12A_surveyor_F CCTCTCACTTACCAGTTGCTTCTTCATC 

MYL12A_surveyor_R GGTTCGTGTGTGTGTGTGTGTG 

PFN1_surveyor_F CCGGTCTTTGCCAACCAGGA 

PFN1_surveyor_R GCTTCTGCTTTTCCTGAAGGAGAG 

PRICKLE4_surveyor_F GAAGGGGAATTTGGGGGGAG 

PRICKLE4_surveyor_R GCCTGTCAGGACCTGATTGATG 

RAB40B_surveyor_F ATTTTCTCGTAGCTCTGGAAGCCG 

RAB40B_surveyor_R AGAAACCCACGTTGAGGGGC 

RABGAP1_surveyor_F GGGGGTTAACTGTTGTTCACTCAC 

RABGAP1_surveyor_R GTGGTAGACTCACTTCCCCC 

RSL24D1_surveyor_F CCCATCTGTGGGGCTAACTTAAG 

RSL24D1_surveyor_R GCATAACTTGGGGGGATATGGAAC 

SKP1_surveyor_F CTCTCAAGCACCTTATGACAGGC 

SKP1_surveyor_R GCAGGCCTTAAAAGCTTCTGTTCC 

hU6-F primer GAGGGCCTATTTCCCATGATT 
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Supplemental Table 4: List of validated genes and their known function. 

DDI2 Aspartic protease mediating the cleavage of NFE2L1/NRF1 at 'Leu-104', promoting the 

release of NFE2L1/NRF1 from the endoplasmic reticulum membrane. 

RSL24D1 Uses alternative polyadenylation signals. Unknown function. 

CCR5 Member of the beta chemokine receptor family. Expressed on the surface of T-cells and 

macrophages and acts as a receptor for chemokines. 

RAB40B Member RAS Oncogene Family. Unknown function. 

PFN1 Member of the profilin family of small actin-binding proteins. Plays an important role in actin 

dynamics by regulating actin polymerization in response to extracellular signals. 

SKP1 Essential component of the SCF (SKP1-CUL1-F-box protein) ubiquitin ligase complex. 

Implicated in ubiquitination and proteosomal degradation. 

CSNK1E Serine/threonine protein kinase and a member of the casein kinase I protein family. Implicated 

in cytoplasmic and nuclear processses, DNA replication and repair 

PRICKL4 Member of the LIM domain protein family. REST/NRSF-interacting LIM domain protein, 

which is a putative nuclear translocation receptor. 

FZD5 Member of the 'frizzled' gene family. Receptor for the Wnt5A ligand. 

HSPE1 Heat shock protein which functions as a co-chaperonin with HSPD1. Implicated in 

mitochondrial protein important and macromolecular assembly. 

LSM2 and 

LSM7 

Key members in the LSm1–7 complex. Sm-like proteins are thought to form a stable 

heteromeric  complex present in tri-snRNP particles, which are important for pre-mRNA 

splicing. 

MED30 Member of the mediator complex. Implicated in regulating mitochondrial functions and 

integrity. 

MYL12A Encodes a nonsarcomeric myosin regulatory light chain. Activated by phosphorylation and 

regulates smooth muscle and non-muscle cell contraction. 

RABGAP1 Involved in regulation of GTPase activity. Implicated in lysosomal positioning. 

Source: GeneCards.org 
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Chapter 5: Integrative discussion 
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Discussion of the experimental work 

The purpose of this thesis was to further investigate the role of specific pathways, such as TGFβ, 

specific genes, including MEN1 and the whole genome itself in the tumor development and 

progression of aggressive and hard to treat cancers such as melanoma and PDAC. I had specific 

aims in my thesis which were to (1) investigate the role of TGFβ signaling pathway in melanoma 

stemness, (2) define the role of the tumor suppressor MEN1 in melanoma and (3) use a genome 

wide CRISPR screen approach to find novel oncogenes in PDAC. These findings will be 

summarized and discussed in this chapter. 

 

Stemness and melanoma 

Over the last decade, an increased number of scientific publications integrated the concept of 

stemness into their experimental frameworks, with a particular emphasis on cancer stem cells. 

Stemness, a biological trait associated with pluripotency and self-renewal capacity, assumes a 

critical role in the context of cancer progression, especially in melanoma. In chapter 2 of this thesis, 

we demonstrated that TGFβ signaling pathway inhibits tumorsphere formation in several 

melanoma cancer cell lines as well as reducing the population and expression of stem cell markers 

such as ALDH, CD133 and ABCG2. The experiments implemented in my research allowed the 

investigation of several aspects implicated in stemness, self-renewal and tumor-initiating 

capacities of melanoma cancer stem cells. However, this research field is still in its early stages 

and is subject to many debates in the scientific community, particularly in melanoma. For example, 

some studies showed that ALDH+ melanoma cells have increased tumorigenic potential115,487 

while another one found ALDH expression to be unspecific to distinguish tumor-initiating and 

therapy-resistant cells, suggesting that ALDH population is not associated with more-aggressive 

subpopulations488. Melanoma cancer stem cell depletion by pharmacological targeting 

(combination of BCL-2 inhibitor with Fenretinide489; Lunasin490,491) differentiating ALDH+ to 

ALDH- phenotype, decreased tumorigenesis and reduced melanoma formation efficiency. These 

studies implicating small-molecule inhibitors targeting melanoma stem cells are in line with our 

finding, linking reduced self-renewal capacity with decreased tumor initiating capacities. 

A study showed that492 high ALDH1 mRNA expression correlates with better overall survival in 

melanoma patients. Another study113 demonstrated that ALDHA1 isoform suppression through 

shRNA silencing reduced melanoma cell viability, tumorigenesis, and chemoresistance. These 
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conflicting findings highlight the importance and significance of the investigated ALDH1 isoform. 

In our study, we used an ADELFLUOR assay to measure the ALDH enzymatic activity. It was 

shown that 9 of the 19 ALDH isoforms could be implicated in the enzymatic reaction of 

ALDEFLUOR assay, including ALDH1A1, ALDH1A2, ALDH1A3, ALDH1B1, ALDH2, 

ALDH3A1, ALDH3A2, ALDH3B1, and ALDH5A1493. Thus, the ADELFLUOR assay is limited 

as cannot distinguish which isoform catalyzes the reaction, which is used to quantify the number 

of cancer stem cells in the population of a tested cell line. As different ALDH isoforms have 

different prognostic in melanoma, it could be interesting to test which specific isoform is affected 

by TGFβ113,116,492. 

Silencing CD133 in FEMX-I metastatic melanoma cell lines was shown to reduce cell growth rate, 

cell motility and their ability to form tumorsphere494. Moreover, this study showed that mice 

treated with monoclonal antibody decreased metastatic burden. A study showed that 

andrographolide, an anticancer agent, reduced the tumorigenic and metastatic potential of CD133+ 

cells by targeting Notch1/MAPK pathway495. Similarly, a combination of the chemotherapeutic 

agents, Etoposide and Bevacizumab, showed a reduction in melanoma tumorsphere formation and 

increased apoptosis in CD133+ MSCs496. These findings are consistent with our study, revealing 

a correlation between the TGFβ-induced reduction of CD133+ population and decreased 

tumorigenesis and metastasis. However, two research teams found that expression of cell surface 

marker CD133 have different phenotype, where CD133+ are more proliferative and CD133- are 

more invasive106,107. It has been shown that CD133 expression is tightly regulated with cell cycle 

expression, where CD133 antibody reactivity is reduced when cells are in the G1/G0 arrest 

compared to the mitotic G2/M phase in melanoma cell lines105. Again, the role of CD133 could be 

contextual and more research should be done to understand its role in melanoma stemness and 

self-renewal. 

ABCB5, another stem cell marker in melanoma, was shown to be enriched in subpopulation of 

human malignant-melanoma-initiating cells121. Indeed, inhibition of ABCB5+ melanoma stem 

cells through treatment of anti-ABCB5 monoclonal antibody resulted in reduction of 

tumorigenesis in preclinical mouse model of melanoma121. Another study showed that ABCB5 is 

a direct target of MITF and β-catenin and that its expression is associated with melanoma 

differentiated cells, raising the significance of both differentiated and undifferentiated cells to 

induce tumorigenesis 497. Alongside with ABCB5 marker, the TGFβ outcome in the expression of 
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other markers could be assessed in melanoma cell lines, including CD20126, CD166337, CD271108, 

BMI-1498, CXCR6499 and JARID1B 500. Overall, many reports are in line with our study, as we 

demonstrated that TGFβ could possibly reduce the ALDH+ and CD133+ MSC subpopulations. 

The protective role of TGFβ could be exploited by targeting and differentiating MSC 

subpopulation responsible for tumor heterogeneity and relapse in melanoma.  

 

Addressing the dual role of TGFβ 

The TGFβ signaling pathway has a multitude of roles in the regulation of cell growth, apoptosis, 

differentiation and migration, which was described in chapter 1. TGFβ can have a dual role through 

cancer progression, such as in breast cancer. In the early stages of breast cancer tumor growth, 

TGFβ works as a tumor suppressor by inducing apoptosis and cell cycle arrest as well as the 

prevention of immortalization395. However, deletions or mutations in the key parts of the TGFβ 

signaling pathway leads to resistance of tumor-suppressive properties of TGFβ in later stages. 

TGFβ also favors tumor progression by contributing to the invasion and migration of tumor cells 

to distant organs and paracrine signaling in the tumor microenvironment, enabling the evasion of 

the immune system. Moreover, TGFβ is secreted in large quantities by tumor cells, remodeling the 

extracellular matrix by activating MMP proteins and plasmin generation, which contribute to 

angiogenesis501,502. Therefore, how TGFβ responds, and its impact strongly depends on the 

context, including the type of cell, tissue, and cancer. This is not the case for all cell types: in colon 

cancer for instance, as TGFβ was shown to inhibit cell migration and invasion, as it reverses the 

mesenchymal-like phenotype to a polarized epithelial phenotype503. In diffuse-type gastric 

carcinoma, TGFβ was shown to reduce tumorsphere formation, which was associated with a 

downregulation of ABCG2 transporters, and also reduce the tumorigenic and stemness potential 

through ALDH1 and REG4 349,504. Therefore, the dual function of TGFβ does not occur in all tissue 

types, such as melanoma. TGFβ also exhibits a dual role on breast cancer stemness. Data from our 

own group demonstrated that TGFβ promotes stemness in TBNC342. In contrast, TGFβ has an 

inhibitory role toward less aggressive luminal subtypes of breast cancer505. Having shown that 

TGFβ has a negative role on self-renewal abilities of melanoma cancer stem cells, it could be 

interesting to mimic the TGFβ effects in melanoma tumors to decrease the tumor-initiating 

potential of these low-occurring types of cancer cells. Furthermore, a clinical trial with metastatic 

melanoma patients found that fresolimumab, an anti-TGFβ monoclonal antibody, did not produce 
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favorable results. This finding supports our aim of blocking the metastasis-promoting effect of 

TGFβ in melanoma patients506. 

Still, there are some other contexts where melanoma cell lines can respond differently to TGFβ76. 

Specifically, those with transcriptional signatures associated with more invasive phenotypes 

showed decreased tumor-initiating capacity compared to cells with proliferative transcriptomic 

profile89. The growth-inhibitory effect of TGFβ is mediated by MITF, as demonstrated by siRNA 

knockdown in proliferative signature melanoma cells, making them less susceptible to TGFβ-

mediated growth inhibition89. Furthermore, melanoma cells with a proliferative transcriptomic 

signature are more susceptible to the TGFβ–mediated growth inhibition than cells with invasive 

signature 87. Another study showed that long term exposing of TGFβ slow down cell cycle 

progression, induce an invasive EMT-like phenotype in melanoma cells in vitro and has been 

shown to be dependent on PI3K signaling507. CD271, a melanoma stemness marker, has been 

shown to regulates phenotype switching in melanoma from a high-proliferative/low-invasive to a 

low-proliferative/high-invasive state109. Moreover, SALL4 stem-cell epigenetic factor appears to 

regulate phenotype switching in melanoma through an HDAC2- mediated mechanism508. These 

results imply that melanoma cells, depending on their transcriptomic profile or the expression 

levels of specific stemness-related markers, may exhibit a dual function, transitioning between 

proliferative and invasive states. However, this thesis contributes to define TGFβ as a tumor and 

a metastasis suppressor since it inhibits self-renewal ability of melanoma cancer stem cells. Still, 

in the cellular contexts case where TGFβ acts as a tumor-promoter, it could be beneficial to block 

TGFβ pathway. There are several agents targeting the TGFβ that are currently assessed in clinical 

trials. AVID200, a highly effective and specific TGFβ 1/3 inhibitor, was shown to reduce the 

proliferation of human mesenchymal stromal cells normally induced by TGFβ1509. Dalantercept, 

a soluble ALK1 inhibitor receptor fusion protein, was safe and displayed modest dose-dependent 

activity in recurrent or metastatic squamous cell carcinoma of the head and neck510 and ovarian 

cancer511. Luspatercept, a recombinant fusion protein that binds TGFβ superfamily ligands to 

reduce SMAD2/3 phosphorylation, showed anti-tumor response in a phase 2 study in lower-risk 

myelodysplastic syndromes patients512. Bintrafusp alfa is a bifunctional fusion protein able to both 

trap TGFβ1 ligand and block PD-L1 activity that showed positive clinical activity and safety 

profile513. Testing these new drugs could be helpful in situations where TGFβ suppresses the 
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immune system, as blocking TGFβ in the tumor microenvironment could keep the immune cells 

potential to kill cancer cells. 

 

SMAD2, SMAD3 and SMAD4 differential signaling in oncogenesis 

In our study, we showed that SMAD2 and SMAD3 have a differential role on self-renewal capacity 

of melanoma cancer stem cells. Structurally, SMAD2 and SMAD3 have two domain separated by 

a linker region, where MH1 have strong affinity for DNA and the other domain, MH2, interacts 

with other partners such as SMADs, different LDTFs, chromatin readers, co-activators or co-

respressor514. SMAD2 structure is different from SMAD3, where two additional stretches of amino 

acids in the N-terminal MH1 domain are lacking in SMAD3515. This unique MH1 domain in 

SMAD3 protein confers its DNA binding capacity and transcriptional activity in CAGA box-

containing promoters515. At the biochemistry level, both SMAD2 and SMAD3 are found mostly 

as monomer in unstimulated conditions but SMAD3 existing in multiple oligomeric states upon 

TGFβ stimulation516. Since the structure/function relationship between SMAD2 and SMAD3 is 

different, it could explain why the outcome of SMAD2 and SMAD3 in the context of melanoma 

is different as well.  

Another study360 showed that silencing either SMAD2, SMAD3 or SMAD4 in keratinocyte cells 

had different outcome, where SMAD3 antisense molecules interfered the induction of TGFβ-

mediated cell cycle arrest by blocking the increase of p21 and blocking also the decrease of 

phosphorylated Rb and MYC protein levels. In the same study, silencing of SMAD2 had no 

phenotypic effect and silencing SMAD4 only exhibited a partial response360. This result is also in 

agreement with the reduced TGFβ-mediated response on growth inhibition of primary 

keratinocytes from Smad3-null mice517. This indicates that the SMAD complexes can be 

responsible for the regulation of different genes within one cell type, such as the SMAD3 protein 

in melanoma model used in our study having a critical role in tumor suppressive TGFβ mediation. 

SMAD3 loss is a common mechanism in cancer which impairs the inhibitory effect of TGFβ. In 

leukemia cells, SMAD3 inactivation is synergistic with p27 inactivation, preventing the TGFβ-

induced cell cycle arrest518. An altered cell line (EpRas) with an oncogenic H-Ras, showed less 

SMAD3 expression correlated with higher cell growth compared to the normal cell line (EpH4), 

which tends to be more quiescent519. When epithelial cells resist the growth-arresting effects of 

TGFβ in the G1 phase, it coincides with a gradual decrease in SMAD3 expression. Cell cycle 
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progression resumes when SMAD3 levels are restored to their initial state. Notably, this recovery 

occurs without reverting the cells to an epithelial phenotype or affecting the MAPK pathway520. 

As such, by using CRISPR to abrogate the expression of SMAD3 in our study, we reproduce this 

SMAD3-loss phenotype inducing oncogenesis in cancer cell lines and tumor progression. 

In the context of SMAD4 deficiency, such as pancreatic ductal adenocarcinoma where SMAD4 is 

mutated in more than 30% of tumor samples193, the outcome is different. The activation of an 

invasive migratory transcriptional program is triggered by SMAD2 and SMAD3 in SMAD4-

deficiency context521. Still, in SMAD4-deficient tumors of PDAC patients samples, high levels of 

phospho-SMAD2 is linked with aggressive and poorer prognosis521. Again, this result highlights 

the different response between SMAD2 and SMAD3 where gain of function of SMAD2 has 

stronger oncogenic effect than SMAD3. This finding is in accordance with our findings as SMAD3 

depletion increased self-renewal but not SMAD2. 

 

Discussion of MEN1 and melanoma 

Previous work from our research group showed that Menin can directly interact with Smad3, which 

is implicated in the canonical pathway of TGFβ317,405,406. By silencing Menin using siRNA, we 

showed that Menin depletion hindered several TGFβ-mediated actions, such as the inhibition of 

proliferation and transcriptional activity of SMAD3 in pituitary adenomas. Of note, depletion of 

Menin did not affect TGFβ-induced SMAD3/4 oligomerization and nuclear translocation. In 

Osteoblasts, Menin was also shown to interact with BMP-related proteins, SMAD1, SMAD5 and 

Runx2522. Our previous finding highlights Menin as a tumor suppressor acting downstream of 

TGFβ/Smad3 signaling axis in pituitary adenoma cells. In this thesis, the implication of Menin in 

the TGFβ pathway was investigated through several experimental procedures in melanoma. In the 

chapter 3 in of thesis, we showed that TGFβ stimulation in DAUV melanoma cell line increased 

Menin expression in control and SMAD2-KO condition but not SMAD3/4-KO condition. These 

results are in accordance with our previous finding as the SMAD3/4 axis seems to be important in 

the regulation of menin. Also, we showed that shRNA-silencing of MEN1 in melanoma 

significantly reduced the TGFβ transcriptional responses, highlighting the important role of menin 

in the transcriptional activity of the SMADs. Still, further mechanistic characterization at the 

molecular level should be performed to better understand the signaling cascade of menin in the 

canonical and non-canonical pathway of TGFβ in melanoma. 
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The nuclear protein menin was also demonstrated to influence the cell cycle progression of cancer 

cells. It was shown that both JunD and menin expression increased in cells entering in the S 

Phase523,524. Cells synchronized in G2/M phase expressed lower levels of Menin. A mutant MEN1 

induces cells stalled in G0/G1 phase to a rapid progression in S phase, aligning with the findings 

discussed earlier525. Also, another study showed that menin overexpression induced apoptosis 

through Bak/Bax dependent pathway in mouse embryonic fibroblasts526. A similar study showed 

that reconstitution of Menin expression in a Men1-deficient Leydig cell tumor mouse cell-line 

blocked the G0/G1 to S phase cell cycle transition as well as an increase in apoptosis527. Moreover, 

this cell cycle arrest was mediated by an increased expression in the CDK inhibitors p18 and p27. 

Menin was also shown to induce cell cycle arrest by epigenetic regulation by interacting and 

modulating the activity of histone-methyltransferase. For example, Menin binds to the promoter 

of p18 and p27 CDKIs and increases methylation of lysine-4 in histone H3, inducing a strong 

tumor suppression in PNETs387. A recent study showed that genetic depletion of Menin or 

pharmacological inhibition of Menin/MLL complex led to defect in mitosis cell cycle checkpoints 

such as spindle assembly528. In melanoma, menin was shown to play tumor-suppressive role 

through genomic stability by activating the transcription of several genes implicated in HR173. 

These findings align with the research presented in Chapter 3, demonstrating the strong tumor 

suppressive role of menin. 

Some controversial studies showed that MEN1 can be oncogenic in specific cellular contexts529–

533. For example, menin was shown to directly interact with the TAD domain of MYC and binds 

to E-boxes, which leads to transcription activation of MYC target genes and increased 

proliferation531. A study showed that MEN1 overexpression, in a renal fibrosis model, is 

preventing the TGFβ-induced EMT534. Indeed, renal tubular epithelial cells transdifferentiate into 

myofibroblasts in the progression of renal fibrosis534. This study also showed that a conditional 

knockout of MEN1 increased EMT, G2/M cell cycle arrest and JNK signaling. In normal 

pancreatic beta cells, decreases of MLL-menin interactions and TGFβ signaling by small 

molecules inhibitors downregulated the cell cycle inhibitors CDKN1A, CDKN1B and CDKN1C 

and increased their proliferation535. This study, since it has been done in normal cells, could be 

beneficial for patients having diabetes but its applicability in cancer patients remains uncertain. 

Finally, the tissue-specific nature of MEN1 function, whether oncogenic in hematopoietic lineage 
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or tumor suppressor in the endocrine lineage, suggests the possibility of manifesting contrasting 

effects across various tissue types, whether cancerous or non-cancerous. 

Over the years, more reports show that MEN1 patients develop non-endocrine tumors such as 

prostate cancer164, gastrointestinal stromal tumors536, lung cancer537, melanomas172, lipomas538, 

collagenomas538 and angiofibromas538. The occurrence of cutaneous melanoma in a MEN1 patient 

is atypical and it is probable that other genetic contexts are responsible for this association. A study 

showed that MEN1 gene alterations such as deletion or mutations were not found in primary and 

metastatic melanoma samples539. Also, the same group claim that MEN1 genomic alterations are 

not associated with tumorigenesis of malignant melanoma and that MEN1 tumor suppressor gene 

involve only MEN1-associated diseases such as parathyroid, pancreatic islets  and anterior 

pituitary tumors539. Whether a subgroup of MEN1 individuals is prone to develop dermatological 

tumors is still an open issue540. 

We identified a germline mutation of MEN1 (D210A) in a family that developed melanoma. This 

mutation was found to induce a reading-frame shift (D210A) leading to a truncated menin protein. 

By reproducing these mutations in melanoma cell lines, we found that the frameshift mutation 

(D210A) induced a drastic degradation of menin at the protein level when compared to wild-type 

menin, positive controls menin that are known to be stable (184-218 and A242V) or other 

missense mutations that are partially degraded (D418N and L22R). Moreover, we showed that we 

could restore the frameshift mutants menin expression through inhibition of the proteasome 

machinery by pharmacological inhibition with PS-341 (Bortezomib) or inhibition of ubiquitin 

ligase CHIP. Finally, specific gene silencing through gene therapy or small-molecule inhibitors 

targeting the proteasome could be beneficial for melanoma patients having MEN1 germline 

mutations. This study provides evidence that further investigation into their application for treating 

specific subsets having of MEN1 cases is justified.  

 

Discussion of PDAC and CRISPR screening 

In the chapter 4 of this thesis, we employed a CRISPR-based approach to analyze the entire 

genome of an aggressive PDAC cell line, aiming to identify genetic vulnerabilities. Our findings 

reveal that HSPE1 exhibits specific oncogenic properties in PDAC, acting as a regulator of cell 

cycle and apoptosis through the OPA1 antiapoptotic protein. This demonstrates that CRISPR 

screen is a powerful tool that can be used to find potential vulnerabilities in cancer. Indeed, several 
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CRISPR screenings have been performed in PDAC, each of them with unique experimental design 

and research questions, which will be discussed in the next sections. 

 

CRISPR screening for cancer driver genes discovery in PDAC 

The first PDAC CRISPR screen was performed in RNF43-mutant PDAC cell lines, which are 

dependent in WNT-signaling for substantial growth448. FZD5, a member of the ten different 

Frizzled receptors from the WNT family, is essential for WNT-driven PDAC proliferation. 

Moreover, antibodies targeting FZD5 strongly inhibited cellular growth of RNF43-mutant PDAC 

and colorectal cells, highlighting a common vulnerability that can be exploited therapeutically. 

Our study was performed in HPAF-II cell line, which is also RNF43 mutant. We found FZD5 as 

a validated target in our CRISPR screening and used it as a positive control. Another study, using 

a negative selection of a CRISPRko screen performed in a panel of PDAC cell lines, identified 

PSMA6, a proteosomal subunit of the 20S core complex, as a critical gene for survival541. 

Additionally, proteasomal inhibition was shown to induce a cytotoxic response in PANC-1 cell 

line. Another study employed CRISPR screening to uncover significant regulators of invasion in 

PANC-1 cell line542. Two genes, MBNL3 and KANSL2, were validated, as their inhibition by a 

doxycycline-inducible shRNA system revealed them to be powerful drivers of invasive potential 

without affecting proliferation. A CRISPRko screening using a small library focused on genes 

implicated in metabolism enabled the identification of essential genes required for PDAC tumor 

progression in immunocompetent mice543. The in vivo susceptibility of heme synthesis was 

identified as a liability, which was attributed to the upregulation of the heme-degrading enzyme 

Hmox1, an effect independent of the tissue origin or immune system. Moreover, they performed 

an identical screening process in immunocompetent mice.  They found that autophagy, typically 

serving as a protective mechanism for cancer cells against CD8+ T cell killing through TNFα-

induced cell death, is a primary metabolic requirement for pancreatic immune escape mechanism. 

In conclusion, these unbiased CRISPR screens provide some crucial insights about novel genes 

that can drive PDAC proliferation, tumorigenesis or metastasis, such as HSPE1 mentioned in our 

study. 

 

Elucidation of drug resistance/sensitivity mechanisms of chemotherapy/radiotherapy in 

PDAC 
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A research group performed a CRISPR screening in PDAC to identify genes involved in resistance 

or sensitivity of NUC-1031, an analog of the gemcitabine chemotherapy agent currently used as a 

single-agent to treat PDAC patient432. They identified two genes, DCK and DCTPP1, which 

typically play roles in the pyrimidine metabolic pathway by regulating dCMP/dCTP levels. These 

genes were found to modulate sensitivity to NUC-1031. Moreover, a parallel screen from the same 

research team, carried out with gemcitabine, produced no consistent hits, highlighting a unique 

mechanism of the pyrimidine pathway related with NUC-1031 sensitivity. Another study with 

similar experimental design showed that SH3D21, a nuclear protein with unknown functions, acts 

as a gemcitabine sensitizer in highly resistant to chemotherapy PANC-1 cell line433. Another 

CRISPR screening in an orthotopic patient-derived xenograft (PDX) model was performed to 

identify gene targets whose inhibition sensitize cells to gemcitabine treatment434. The protein 

arginine methyltransferase gene 5 (PRMT5) was recognized as a promising target as its inhibition 

created a synergistic cytotoxic effect in PDAC cells exposed to gemcitabine through the depletion 

of replication protein A (RPA) and impaired HDR activity. A CRISPRact screening identified 

MTA3, a component of the nucleosome remodeling deacetylase transcriptional repression 

complex, as a mediator of  gemcitabine resistance acting through CRIP2 transcriptional 

repression544. Pharmacologically targeting of MTA3 by Colchicine effectively sensitized PDAC 

cells to gemcitabine treatment, emphasizing the therapeutic potential of MTA3. A dual CRISPRko 

and endogenous CRISPRact screening combined with RNA-seq and CHIP-seq was performed to 

assess the resistance mechanisms of four common chemotherapy agents currently used to treat 

PDAC patients (gemcitabine, 5-fluorouracil, irinotecan, and oxaliplatin)426. The screens facilitated 

the identification of two genes whose loss or gain-of-function modulated the sensitivity of 

chemotherapy drugs: ABCG2, a well-described efflux pump and served as a positive control and 

HDAC1, upon up-regulation, an increased promoter occupancy and expression of key EMT genes, 

as well as migration and invasion, highlighting its role in metastasis. A CRISPR screening using 

a library targeting the kinome identified CDK7 as a candidate for gemcitabine and paclitaxel 

sensitization in pancreatic cancer by analysis of depleted genes from a CRISPRko screen431. 

CRISPR-induced genetic depletion of CDK7 and pharmacological inhibition with THZ1, a CDK7 

inhibitor, induced both apoptosis and DNA damage upon chemotherapy treatment, through signal 

transduction decrease of STAT3-MCL1-CHK1 pathway. Furthermore, THZ1 synergized with 

gemcitabine and paclitaxel in preclinical models, showing promising therapeutic effects. A 
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CRISPRko Screen using a library targeting the kinome identified DYRK1A whose loss-of-function 

sensitized PDAC cell to radiotherapy545. This mechanism was therapeutically exploited through 

pharmacological suppression of DYRK1A by harmine which increased DSBs, impaired 

homologous repair and resulted in significant increased cell death. In conclusion, these CRISPR 

screenings were conducted to identify potential synthetic lethal targets in chemotherapy. These 

findings hold the potential for developing targeted therapies directed at specific chemotherapy 

resistance genes in PDAC. 

 

Screening of drug resistance/sensitivity factors of targeted therapy in PDAC 

A CRISPRko synthetic lethality screen was performed to identify genes implicated in sensitization 

of Farnesyl thiosalicylic acid (FTS), also known as Salirasib, which is a RAS inhibitor that 

demonstrated poor efficacy in PDAC patients430. In this context, the genetic inhibition of several 

genes implicated in endoplasmic reticulum-associated protein degradation (ERAD) pathway, such 

as HRD1 and SEL1L, was found to potentiate the cytotoxic effect of FTS. This mechanism of 

action was validated with the pharmacological inhibition of ERAD with Eeyarestatin I treatment, 

which induced the unfolded protein response and apoptosis in several human and mouse PDAC 

cell lines. CDK4/6 inhibition in PDAC, which restores CDKN2A activity, has shown limited 

efficacy in clinical trials of PDAC546. A CRISPRko screen with CDK4/6 inhibition (CDK4/6i) with 

palbociclib as a selection pressure was performed to identify drug-sensitivity mechanisms546. 

CDK2, a gene implicated in the progression of G1 cell cycle phase, was found to have the strongest 

synergistic shift in CDK4/6i EC50 value when silenced. Moreover, they found that treatment of 

PDAC by using as selective CDK2/4/6 inhibitor PF- 06873600547 led to an increased amount of 

apoptotic cells blocked in S-phase with increased DNA damage when compared to the dual 

CDK4/6i. Moreover, they observed an increase in ERK activation in triple CDK inhibition, which 

is also a well-known compensatory mechanism for CDK4/6i. This compensatory mechanism was 

exploited by combining CDK2/4/6i with ERKi which blocked pERK activation and further 

reduced cell viability in PDAC cell lines. These results support the clinical evaluation of 

combinatorial and pharmacological CDK2i and CDK4/6i for KRAS-mutant PDAC, which are also 

supported by two other research teams547,548. A CRISPRko screen using RNF43-mutant PDAC 

model demonstrated that the combined pharmacological inhibition of both PI3K/mTOR and WNT 

pathway resulted in a synergistic effect, suppressing cell proliferation ad glucose metabolism428. 
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As such, dual inhibition of both pathway with PORCN inhibitor ETC-159 and the pan-PI3K 

inhibitor GDC-0941 have therapeutic potential in the treatment of WNT-driven PDAC cancers. 

Another in vivo CRISPR screen performed from the same research team, utilizing PORCN 

inhibition to shutdown WNT pathways, identified drug resistance genes implicated in the 

regulation of β-Catenin levels, including APC, AXIN1, CTNNBIP1. Furthermore, their finding 

demonstrated that the depletion of histone acetyltransferase EP300 (p300) reduced GATA6 

expression, effectively suppressing the GATA6-regulated differentiation program. This signaling 

shift led to a phenotypic transition from the classical subtype to the dedifferentiated basal-

like/squamous subtype of pancreatic cancer. EP300 mutation and loss of GATA6 function 

bypassed the antidifferentiation activity of Wnt signaling, rendering these cancer cells resistant to 

Wnt inhibition424. Two different CRISPR screen performed in PDAC enabled the identification of 

mediators of sensitivity or resistance to MEK pharmacological inhibition422,423. A genome-wide 

CRISPR screen revealed that combining ERBB or mTOR inhibition with PI3K pharmacological 

inhibition by alpelisib and pictilisib in pancreatic cancer can drive drug-sensitivity 549. Moreover, 

the ribosomal S6 phosphorylation, a key step in PI3K signaling550, was correlated with PI3K 

inhibition sensitivity increase. This study highlights the therapeutic potential of a combinatorial 

therapy, even in the presence of KRAS, as PI3K pathway activity is a requirement for KRAS-

induced tumorigenesis. A study using high throughput genomic such as RNA-seq and chromatin 

immunoprecipitation (ChIP) sequencing complemented with CRISPR screening showed 

molecular dependencies of pancreatic cancer stem cells551. These included the nuclear hormone 

receptor retinoic-acid-receptor-related orphan receptor gamma (RORγ), which is implicated in 

inflammatory cytokine production and T-cell differentiation. RORγ upregulation was shown to 

increase pancreatic cell proliferation and RORγ pharmacological inhibition led to a significant 

reduction in cell fitness. This study suggests that pharmacological agents shutting down immune-

regulatory signals in pancreatic cancer could be exploited to treat this aggressive and untreatable 

cancer.  

All these CRISPR screenings exploit potential vulnerabilities to treat PDAC in a similar fashion 

as our study, which highlighted both HSPE1, through the dual complex HSPD1/HSPE1, as well 

as OPA1, as actionable targets to treat PDAC. In conclusion, the findings revealed in this thesis 

could be potentially applicated directly from the bench to the clinic, paving the way for new 

therapies in aggressive cancer such as metastatic melanoma and PDAC. 
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Conclusion and perspectives 

Chapter 2 of this thesis showed that TGFβ has a negative role in the self-renewal ability of 

melanoma cancer stem cells through SMAD3/4 signaling. Therefore, exploring the differential 

molecular mechanisms through which SMAD2 and SMAD3 contribute to stem cell maintenance 

in melanoma could be an intriguing avenue of investigation. Transcriptional profiling could be 

performed in experimental models expressing differential levels of SMAD2 and SMAD3 which 

could reveal specific stem cell-related genes implicated in melanoma progression. Moreover, 

differentiation therapy could be beneficial to remove the high tumor-initiating and metastatic 

potential of melanoma cancer stem cell through the activation of the TGFβ pathway in a SMAD3/4 

manner. 

Chapter 3 of this thesis demonstrated that MEN1 acts as a tumor suppressor in melanoma. Also, it 

was shown that novel mutations inactivating MEN1 can be reversed using either pharmacological 

approaches or gene-silencing techniques targeting proteasomal inhibition. Even if melanoma is a 

low-occurrence dysplasia in MEN1 patients, targeting the proteasomal machinery in those patients 

who exhibit aggressive melanoma phenotype could be beneficial for their treatment. Nevertheless, 

it may be meaningful to improve the specificity of proteasomal pharmacological agents, as their 

current clinical use often results in various side effects. This highlights the possibility of avoiding 

unintended targeting of multiple proteins or undesirable targets by employing pharmacological 

proteasome inhibition. 

Chapter 4 of this thesis revealed that HSPE1 is a novel and actionable oncogene in PDAC. Indeed, 

pharmacological inhibition of the HSPD1/HSPE1 complex or the direct downstream target of 

HPSE1, OPA1, demonstrated high anti-tumor response in our pre-clinical models. Thus, it could 

be interesting in evaluating a dual inhibition as a potential combining therapy to enhances its 

therapeutic efficacy. Moreover, the mechanism where HSPE1 enhances the cleavage of OPA1 by 

OMA1 is still unknown. It could be relevant to assess if other mitochondria proteins are implicated 

in this mechanism. 
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