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ABSTRACT 
 

The role of lipid metabolism in cancer progression is currently being re-evaluated. 
Recent studies from our laboratory show that the metastatic potential of cancer cells is 
increased upon palmitic acid (PA) treatment in cell culture or a PA-enriched diet in mice. 
In contrast, the same experiments but using oleic acid (OA) appeared to decrease the 
metastatic capacity, suggesting that distinct dietary fatty acids (FAs) can have distinct 
effects on tumour cells. The pro-metastatic effects of PA appear to be mediated by an 
epigenetic memory, via unknown mechanisms. To characterize how PA primes cancer 
cells to a pro-metastatic state, we used proteomics-based methodologies to analyze the 
cellular signaling elicited by PA and OA. In cell culture, we observed that the proteome 
of oral squamous cell carcinoma (OSCC) cell lines changes in opposite directions when 
treated with PA or OA. In stark contrast, analyzing the proteome of tumour cells growing 
orthotopically in mice fed a palm oil-enriched (e.g., PA-enriched) or an olive oil-enriched 
(e.g., OA-enriched) diet revealed that both diets have similar effects, although the 
magnitude of the induced changes is more prominent in the PA-enriched diet. This could 
reflect the fact that the dietary oils (palm and olive) are composite of FAs, rather than 
pure FAs. Nonetheless, several distinctions are still present. One of the top categories 
specifically upregulated by a PA-enriched diet is the post-translational modification of 
protein S-palmitoylation: the DHHC protein acyl transferases are upregulated by the 
diet, and their gene expression is enhanced, by PA treatment in culture and in lymph 
node metastases as compared to primary tumours. The palmitoylome of a pro-
metastatic OSCC cell line is enriched in proteins involved in membrane functions such 
as cell motility or cell adhesion. Interestingly, cells treated with PA showed an increase 
in the palmitoylation state of the proteome as compared to those treated with OA or 
control. Of note, we found that histone H3 (master regulator of the epigenome) has 
increased levels of palmitoylation after PA treatment. We determined that histone H3.3 
is the predominantly palmitoylated variant in OSCC, while the H3.1 and H3.3 variants 
were palmitoylted to the same degree in melanoma cells, and we identified cysteine 110 
as the S-palmitoylated residue of histone H3.3. Subcellular fractionation and cell imaging 
experiments suggest that this residue is not involved in the incorporation of H3.3 into 
chromatin or in the tethering of the histone to the nuclear membrane; thus, the 
functionality of histone H3.3 palmitoylation remains to be elucidated. 



  



 

RESUMEN 
 

El papel que juega el metabolismo lipídico en la progresión del cáncer está siendo 
revisado. Estudios recientes de nuestro laboratorio demuestran que el tratamiento con 
ácido palmítico (AP) de células en cultivo o una dieta rica en AP en ratones incrementan 
la capacidad metastática de las células cancerosas. Sin embargo, los mismos 
experimentos realizados con ácido oleico (AO) disminuyen la capacidad metastática, lo 
cual sugiere que cada ácido graso (AG) de nuestra dieta tiene un efecto diferente en las 
células tumorales. El efecto pro-metastático del AP es mediado por una memoria 
epigenética, pero su mecanismo no se ha comprendido completamente todavía. Para 
caracterizar el mecanismo por el cual el AP induce un estado pro-metastático en las 
células, decidimos estudiar mediante análisis proteicos los cambios en la señalización 
celular provocados por el AP y el AO. Observamos que el proteoma de las líneas celulares 
de carcinoma oral de células escamosas (COCE) cambia en direcciones opuestas en 
respuesta a los tratamientos con AP o AO en cultivo. Por el contrario, el análisis del 
proteoma de células tumorales creciendo ortotópicamente en animales alimentados 
con dietas enriquecidas con aceite de palma (rico en AP) o aceite de oliva (rico en AO) 
mostró que ambas dietas inducen cambios similares, aunque la magnitud de dichas 
alteraciones es mayor en la dieta rica en AP. Esta diferencia podría ser causada por el 
hecho de que los aceites de la dieta (palmítico y oleico) están compuestos por diversos 
AG, no son AG puros. A pesar de ello, observamos ciertas diferencias en los cambios 
inducidos por cada dieta. Una de las principales categorías específicamente 
incrementadas con la dieta rica en AP fue la S-palmitoilación: las acil-proteina 
transferasas DHHC son aumentadas por esta dieta y su expresión génica incrementa con 
el tratamiento con AP en cultivo y en las metástasis en nódulos linfáticos en 
comparación con los tumores primarios. El estudio del palmitoiloma de células COCE 
pro-metastáticas, indicó que está enriquecido en proteínas involucradas en funciones 
de la membrana celular como movilidad o adhesión celular. Pudimos observar que las 
células tratadas con AP muestran un aumento en el nivel de palmitoilación de su 
proteoma comparadas con las tratadas con AO o las células control. Descubrimos la 
histona H3 entre las proteínas cuya palmitoilación aumenta con AP, lo cual podría ser 
un hecho de especial relevancia dado su papel en la regulación del epigenoma. 
Determinamos que la H3.3 es la variante predominantemente palmitoilada en COCE, 
mientras que las células de melanoma muestran una estequiometría de palmitoilación 
similar entre las variantes H3.1 y H3.3, e identificamos la cisteína 110 como el residuo 
S-palmitoilado en la histona H3.3. Experimentos de fraccionamiento celular y 
microscopía sugieren que este residuo no está implicado ni en la incorporación de la 
histona H3.3 a la cromatina ni en la interacción de la histona con la membrana nuclear, 
por lo que queda todavía por dilucidar cual es la función de la palmitoilación de la 
histona H3.3. 
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insol.: insoluble 
IP: immunoprecipitation 
IT: intra-tongue 
ITGA6: integrin subunit alpha 6 
ITGB1: integrin subunit beta 1 
ITGB4: integrin subunit beta 4 
ITGB6: integrin subunit beta 6 
JAK2: Janus kinase 2 
JNK: C-Jun N-terminal kinase 1 (also known as MAPK8) 
KD: knock down 
KEGG: Kyoto encyclopedia of genes and genomes 
KO: knock out 
KSFM: Keratinocyte Serum-Free growth medium 
L.: light 
LA: linoleic acid 
LAT: Linker for activation of T cells 
LC-MS: liquid chromatography - mass spectrometry 
LD: lipid droplets 
LDL: low density lipoproteins 
LFQ: label free quantification 
LGAL1: galectin 1 
LGAL3: galectin 3 
LGAL7: galectin 7 
LIPG: lipase G 
LN: lymph node 
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LPCAT1: lysophosphatidylcholine acyltransferase 1 
LSC: leukemic stem cell 
Luc: luciferase 
LYPLA1: lysophospholipase 1 
LYPLA 2: lysophospholipase 2 
M.: medium 
ma: malonylation 
MAFP: mehyl arachidonyl fluorophosphonate  
MAM: mitochondrial-associated membrane 
MAPK: mitogen activated protein kinase 
MBOAT: membrane bound O-acyl transferase 
MC1R: melanocortin-1 receptor 
MCAM: melanoma cell adhesion molecule 
MDSC: myeloid-derived suppressor cells 
me: methyl 
MET: mesenchymal to epithelial transition 
MHCI: major histocompatibility complex class I 
MIC: metastasis-initiating cell 
Microtub.: microtubules 
MITF: microphthalmia-associated transcription factor 
Mito.: mitochondria  
MMP14: matrix metallopeptidase 14 
MRD: minimal residual disease 
MS: mass spectrometry 
MUFA: Monounsaturated fatty acid 
NADH: nicotinamide adenine dinucleotide 
NADPH: nicotinamide adenine dinucleotide phosphate 
NANOG: nanog homeobox 
NAT10: N-acetyltransferase  
NEM: N-ethylmaleimide 
NET: neutrophil extracellular DNA-traps 
NF-κB: nuclear factor kappa B 
NK: natural killer 
NLRP: NOD-like receptor protein 
NMT: N-myristoyl transferase 
NSG: NOD Scid gamma (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) 
N-terminal: amino-terminal 
OA: oleic acid 
OAS1: 2’-5’-oligoadenylate synthetase 1 
OAS2: 2’-5’-oligoadenylate synthetase 2 
OAS3: 2’-5’-oligoadenylate synthetase 3 
OD: 17-ODYA 
OE: overexpression 
OECD: Organization for Economic Co-operation and Development 
ON: overnight 
OSCC. oral squamous cell carcinoma 
OXPHOS: oxidative phosphorylation 
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PA: palmitic acid  
PaCCT: palmitoyl transferase conserved C terminus 
PAGE: polyacrylamide gel electrophoresis 
PASEF: parallel accumulation serial fragmentation 
PAT: protein acyl transferase 
PBS: phosphate-buffered saline 
PC: phosphatidyl choline 
PCA: principal component analysis 
PD-1 :programmed cell death protein 1 
PDAC: pancreatic ductal adenocarcinoma 
PDEδ: phosphodiesterase 6D 
PD-L1: programmed cell death ligand 1 
PERK: protein kinase R-like endoplasmic reticulum kinase 
ph: phosphor 
PHD: double plant homeodomain 
PI: protease inhibitor 
PI3K: phosphatidylinositol-4,5-biphosphate 3 kinase 
PIP3: phosphatidylinositol-3,4,5-triphosphate 
PKC!:	protein kinase C delta 
PKP1: plakophilin-1 
PKP3. plakophilin-3 
PM: plasma membrane 
PMSF: phenylmethylsulphonyl fluoride 
pr: propionyl 
PRC1: polycomb repressive complex 1 
PRC 2: polycomb repressive complex 2 
PRDX2: peroxiredoxin 2 
PRDX5: peroxiredoxin 5 
P/S: penicillin-streptomycin 
PSD-95: postsynaptic density protein 95 
PSMB8: proteasome subunit beta type 8 
PSME1: proteasome activator subunit 1 
PSME2: proteasome activator subunit 2 
Porc. porcupine 
PPARβ: peroxisome proliferator activated receptor beta 
PPARδ: peroxisome proliferator activated receptor delta 
PPT1: palmitoyl-protein thioesterases 1 
PPT 2: palmitoyl-protein thioesterases 2 
PT: primary tumour 
PTEN: phosphatase and tensin homolog 
PTM: post-translational modification 
PUFA: polyunsaturated fatty acid 
PYCARD: PYD And CARD Domain Containing 
REAM: reduced expression associated with metastasis (ZDHHC2) 
RNS: reactive nitrogen species 
ROI: region of interest 
ROS: reactive oxygen species 



 11 

RPL10A: ribosomal protein L10A 
RSP14: ribosomal protein S 14A 
RT: room temperature 
RT-qPCR: real-time quantitative PCR 
RXRG: retinoid X receptor gamma 
SA: stearic acid 
SCD1: stearoyl-CoA desaturase 1 
SCRIB: scribble planar cell polarity protein 
SD: standard deviation 
Set1A: SET domain-containing protein 1   
SFA: saturated fatty acid 
SHH: Sonic hedgehog 
SILAC: Stable isotope labelling by amino acids in cell culture 
SIRT1: sirtuin 1 
SIRT2: sirtuin 2 
SIRT3: sirtuin 3 
SIRT5: sirtuin 5 
SIRT7: sirtuin 7 
SLBP: stem-loop binding protein 
SMARCA4: SWI/SNF related, matrix associated, actin dependent regulator of 
    chromatin, subfamily A member 4 
SNAP23: synaptosome associated protein 23 
SNAP25: synaptosome associated protein 25 
SOD1: Cu,Zn-superoxide dismutase 
SOD2: superoxide dismutase 2 
sol.: soluble 
SPF: specific-pathogen-free 
SSC: side scatter 
STAT3: signal transducer and activator of transcription 3 
STIM1: stromal interaction molecule 1 
STING: stimulator of interferon genes 
SYK: spleen tyrosine kinase 
T2DM: type 2 diabetes mellitus 
TAG: Triacylglycerol 
TAM: tumour associated macrophage  
TAMRA: 5-Carcoxytetramethylrhodamine 
TBST: Tris-buffered saline with Tween-20 
TBTA: Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine 
TCA: tricarboxylic acid 
TCEP: tris(2-carboxyethyl)phosphine 
TCR: T cell antigen receptor 
TEAD: TEA domain transcription factor  
Teff: effector T cells 
Tex: enhausted T cells 
TF: transcription factor 
TFA: trifluoroacetic acid 
TGFβ: transforming growth factor beta 
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TIL: tumour infiltrating lymphocyte  
TIMS: trapped ion mobility spectrometry 
TLR2: toll like receptor 2 
TLR4: toll like receptor 4 
TME: tumour microenvironment 
Tmem: T memory cells 
TMX: thioredoxin related transmembrane protein 1 
TNFα: tumour necrosis factor alpha 
Treg: T regulatory cells 
VAMP2: vesicle associated membrane protein 2 
VLDL: very-low-density lipoproteins 
VSV: vesicular stomatitis virus 
WB: western blot 
WHO: World Health Organization 
WT: wild type 
YAP: Yes1-associated transcriptional regulator 
ZEB: Zinc finger E-box binding homeobox 
 
 
α-amino acids are named using the trivial name or symbols accepted by the 
International Union of Pure and Applied Chemistry: 
 

Alanine: Ala, A * Leucine: Leu, L * 
Arginine: Arg, R * Lysine: Lys, K * 
Asparagine: Asn, N Methionine: Met, M * 
Aspartic acid: Asp, D * Phenylalanine: Phe, F 
Cysteine: Cys, C * Proline: Pro, P* 
Glutamic acid: Glu, E * Serine: Ser, S * 
Glutamine: Gln, Q* Threonine: Thr, T * 
Glycine: Gly, G * Tryptophan: Trp, W  
Histidine: His, H * Tyrosine:  Tyr, Y * 
Isoleucine: Ile, I* Valine: Val, V* 

 
 
* α-amino acids mentioned in the thesis.  
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1 Cancer & lipid metabolism 
 

The World Health Organization (WHO) defines cancer as a genetic disease based on 
the excessive and uncontrolled proliferation of some cells that can eventually spread to 
parts of the body different from their tissue of origin and form metastases. It is the 
second cause of death worldwide, after cardiovascular diseases, accounting for 9 million 
deaths in 2018; according to certain predictions, it will become the first one by 2060 
(Mattiuzzi and Lippi, 2019). Depending on the cell of origin, there are more than 100 
different types of cancer, which are often considered as independent diseases due to 
the disparities between each malignant tumour type in terms of incidence, etiology, 
biology or treatment. In this thesis, we used oral squamous cell carcinoma (OSCC) cell 
lines (a type of cancer included in the group of head and neck squamous cell carcinomas; 
HNSCC) for all experiments as a cancer model.  

 
1.1 Head and neck squamous cell carcinomas (HNSCC) 
 

HNSCCs comprise a variety of malignant tumours that arise within the cavities of 
these anatomical parts, which are usually grouped together due to their etiological, 
epidemiological and molecular similarities. It is estimated that more than 90% of head 
and neck cancers are HNSCC, arising from the cells of the squamous epithelium lining 
the mucosal surfaces of the oral cavity, pharynx, larynx and sinonasal tract (Johnson et 
al., 2020; Markopoulos, 2012). HNSCC is the 6th most common cancer group worldwide 
and, according to the global Cancer Observatory, its incidence continues to rise (Johnson 
et al., 2020). The prevalence of HNSCC varies between countries mainly due to its 
etiology and the geographical and cultural differences in the consumption of certain 
substances. The main common risk factors of HNSCC around the world are tobacco and 
alcohol consumption. Nevertheless, in countries of south east Asia, like India, where 
HNSCC accounts for around 45% of the diagnosed cancers, the disease is also associated 
to chewing areca nut products (Johnson et al., 2020). In the United States and western 
Europe, the incidence of this cancer is lower and only 1% to 4% of diagnosed cancers 
are HNSCC. Nonetheless, this incidence is worryingly increasing due to its association 
with certain oncogenic strains of human papilloma virus (HPV) and the expansion of this 
pathogen (Stein et al., 2016; Johnson et al., 2020).  
 
HNSCC are usually diagnosed in advanced stages due to the lack of clinical symptoms or 
wrong diagnosis (Markopoulos, 2012). Lymph node (LN) metastases are present in 80% 
of the patients with advanced disease (Markopoulos, 2012) and are associated to the 
size of primary tumour (PT) and the presence of distant metastases, mainly in the lungs 
(Farooq and Bugshan, 2020). The 5-year survival rate for those patients with an 
advanced HNSCC is 12% (Markopoulos, 2012). For HNSCC, as for most of cancers, there 
is still a need to develop effective treatments against the metastatic disease.  
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1.2 The hallmarks of cancer 
 

Cancer is an unquestionable complex disease, with great differences between 
cancer types and there is also tremendous heterogeneity within the malignant tumours 
of the same origin. The tumours of each cancer type are usually further subclassified in 
molecular subtypes depending on specific biomarkers or mutations that have an impact 
on the prognosis and treatment of the patients (Prat et al., 2015; Fontana et al., 2019; 
Rudin et al., 2019).  
 
In 2000, Douglas Hanahan and Robert A. Weinberg defined the hallmarks of cancer as 6 
principles common to most cancers to conciliate the complexity detected in the 
laboratories and clinics (Figure I1.1) (Hanahan and Weinberg, 2000). They observed that 
cancers, regardless of their cell of origin, mutations or molecular classification, share a 
few common and acquired functional capabilities. Cancer cells present self-sufficiency 
in growth signals that combined with the insensitivity to anti-growth signals and the 
limitless replicative potential, allow them to proliferate and form the PT ignoring all 

extracellular or intracellular signals that control the size of healthy tissues (Figure I1.1). 
On top of that, they develop mechanisms to evade apoptosis, which allows them to 
cope with the accumulation of mutations, the metabolic stress generated by the 
excessive proliferation, the response of the immune system or even the anti-tumour 
treatments. Once the tumour reaches certain size, the diffusion of nutrients and oxygen 
through the interstitial liquid is no longer sufficient and cancer cells need to induce 
angiogenesis or perform vessel co-option (Kuczynski et al., 2019). Finally, all malignant 

Figure I1.1. The hallmarks of cancer. From Hanahan and Weinberg, 2011 
The six hallmark capabilities of tumour cells exposed in 2000. 
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tumours acquire the capacity to invade the tissue and metastasize to distant organs 
(Figure I1.1). I will focus on this last hallmark, as it is the one responsible for the death 
of most cancer patients.  
 
1.2.1 Tissue invasion and metastasis 
 
Metastasis is the process by which cancer cells spread from the PT to a secondary site 
within the host’s body and is the cause of 90% of cancer deaths. While surgical resection 
and adjuvant therapy can cure localized PTs, once tumour cells have metastasize, cancer 
is considered a systemic disease and remains largely incurable (Gupta and Massagué, 
2006; Massagué and Ganesh, 2021). The vast majority of patients diagnosed with 
metastatic cancer die within the 5 years after diagnosis (Siegel et al., 2020). 
 
To metastasize, cancer cells need to go through a complex and highly challenging 
process via different steps and known as the metastatic cascade (Figure I1.2) (Lambert 
et al., 2017). This process is highly inefficient, and the vast majority of cells leaving the 
PT fail to colonize distant organs (Fares et al., 2020). To be able to perform all the 
different steps of the metastatic cascade, cancer cells need to acquire specific functions 
or phenotypes and adapt to new environmental stresses. The cells responsible for 
cancer dissemination and the most important processes occurring during the metastatic 
cascade are briefly described bellow. 
 
Metastasis–initiating cells (MICs) 
The cancer stem cell (CSC) hypothesis states that malignant tumours are generated by 
the accumulation of oncogenic mutations in normal adult stem or by transit-amplifying 
cells that become CSCs (Tan et al., 2006). These CSCs give rise to the rest of tumour cells 
and can regenerate the tumour after therapy or when transplanted into a secondary 
recipient (Tan et al., 2006). Metastatic colonization is driven by stem-like tumour cells, 
known as “metastasis–initiating cells” (MICs) that are not necessary CSCs. These MICs 
have the capacity to generate a secondary tumour but they present a phenotype similar 
to that of a regenerative adult stem cell, which enables them to disseminate (Ganesh et 
al., 2020). 
 
Invasion and migration 
Invasion is the first step of the metastatic cascade. MICs need to degrade the basal 
membrane surrounding the PT, remodel the ECM and migrate towards the blood or 
lymphatic vessels surrounding the tumour (Lambert et al., 2017). The conversion of an 
epithelial cell into a motile, individually infiltrating cell requires a massive phenotypic 
change that has been intensively studied (Paňková et al., 2010). There are two different 
types of migration: ameboid and mesenchymal; however, the second one is the more 
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general and has been deeply studied due to its implications in metastasis and 
chemotherapy resistance (Brabletz et al., 2018).  
 
The epithelial-to-mesenchymal transition (EMT) is a physiological process used by 
epithelial stem cells to move to distant locations during wound healing or gastrulation 
(Koike et al., 2020; Massagué and Ganesh, 2021).  In those situations, specific EMT-
related transcription factors (TFs) (mainly of the Snail, ZEB [Zinc finger E-box binding 
homeobox] or TWIST families) repress epithelial genes and upregulate the expression of 
mesenchymal components, inducing the phenotypic transformation of the cell (Paňková 
et al., 2010; Brabletz et al., 2018). Once the cell arrives at its destination, it returns to an 
epithelial state through the mesenchymal-to-epithelial transition (MET) (Ribatti et al., 
2020). Many malignant tumour cells hijack this transcriptional program which endows 
them with the required plasticity to follow and survive the metastatic cascade and still 
be able to reactivate proliferation in the distant organ for the outgrowth of the 
metastasis (Ribatti et al., 2020). 
 
Cellular stress during tumour cell dissemination  
During tumour formation, and especially in metastatic dissemination, cancer cells have 
to deal with many different stressors. Two metastasis-specific stresses particularly 
relevant for epithelial tumours are the loss of cell-cell and cell-ECM contact and the 
dissemination through an iron-rich environment. 
 
In healthy epithelial tissues, cells sense their location through interaction with the ECM 
and neighboring cells. Anoikis is the apoptotic process activated by specific signals that 
are triggered when those interactions are altered or lost (Gilmore, 2005). In later stages 
of cancer progression, metastatic cells detach from the PT and have to survive in 
suspension in the lumen of lymphatic or vascular vessels or in cavities such as the 
abdominal avoiding anoikis. 
 
The itinerary or route of dissemination (e.g., blood or lymphatic vessels, perineural, 
perivascular) that a tumour cell takes depends mainly on the tumour type, being the 
hematogenous and lymphatic circulations the most common tracks of dissemination 
(Massagué and Ganesh, 2021). Cells disseminating through blood are the ones facing 
the second metastasis-specific stress: a completely new environment particularly rich in 
free iron. This excess of iron can lead to the intracellular accumulation of massive 
amounts of ROS (reactive oxygen species) that if not properly quenched can induce 
ferroptosis. Ferroptosis is a recently described type of cell death characterized by the 
intracellular accumulation of iron that ultimately leads to membrane phospholipid 
peroxidation (Jiang et al., 2021). During dissemination, tumour cells need to be able to 
cope with the excess of ROS to avoid ferroptosis or to bypass the bloodstream.  
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Extravasation and organ tropism 
Circulating tumour cells (CTCs) are randomly trapped in the capillaries of distant organs 
within seconds or minutes of intravasation. Nevertheless, only a few cancer types (e.g., 
small cell lung cancer or melanoma) can generate metastases in multiple distant sites 
without showing an organ predilection. Most tumour types present which is known as 
metastatic organotropism, which is the preference to metastasize to particular organs. 
Organ tropism depends on two factors: the ability of the tumour cell to reach that tissue 
and the ability of the MIC to grow in that organ (Lambert et al., 2017; Massagué and 
Ganesh, 2021).  
 
Dormancy and the metastatic outgrowth 
Once MICs arrive to a distant site, they enter into an environment completely different 
from that of the PT. They need to be able to adapt to the new microenvironment and 
nutrients available before growing a metastasis; prior to this, they usually enter 

Figure I1.2. The metastatic cascade. From Fares et al., 2020. 
Tumour cells within the PT invade the surrounding tissue and intravasate into blood or lymph 
vessels. They are disseminated trough circulation and extravasate in distant organs. Upon 
extravasation, MICs have to adapt to the pre-metastatic niche to be able to grow first micro-
metastases. With time, these micro-metastases manage to modulate the immune response 
and induce angiogenesis or co-opt preexisting blood vessels to progress and generate macro-
metastases. During the whole process of tumour progression cancer cells interact with the 
cells that compose the tumour microenvironment. 
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dormancy. Metastatic dormancy can go through two different and complementary 
scenarios. On the one hand, disseminated MICs might exit temporary the cell cycle in a 
cell-autonomous manner. This quiescence can be stimulated by inhibitory signals within 
the metastatic microenvironment (Prunier et al., 2019) or it can even be initiated by 
MICs through inhibition of mitogenic signals (Malladi et al., 2016). Quiescence enables 
immune evasion, chemotherapy resistance and survival until an appropriate 
microenvironment is generated. On the other hand, dormancy can be induced by cell-
extrinsic limitations. A small secondary tumour mass can enter dormancy due to 
insufficient nutrient or oxygen diffusion and lack of angiogenesis (Risson et al., 2020). 
Also, the immune surveillance of the distant organ can detect the proliferative MICs and 
attack them generating a dynamic equilibrium of micro-metastasis growth and 
destruction (Risson et al., 2020). Immune evasion and the metabolic adaptation of MICs 
to the metastatic niche can elicit metastatic outgrowth. 
 
1.2.2 Deregulation of cellular energetics as an emerging hallmark of cancer 
 
In 2011, in light of new discoveries, the hallmarks of cancer were revisited, and two 
emerging functional capabilities were added: evading immune destruction and 
reprogramming energy metabolism (Hanahan and Weinberg, 2011). This last hallmark 
is of especial relevance since it implies a greater complexity of cancer biology but, at the 
same time, opens up a wide range of potential therapeutic targets.  Otto Warburg was 
the first scientist who realized that tumour cells presented an anomalous metabolism 
(Warburg, 1927, 1956). Even under aerobic conditions, proliferative cancer cells tend to 
direct their glucose metabolism towards glycolysis and lactic fermentation, in what he 
called “aerobic glycolysis” and is also known as “the Warburg effect” (Warburg, 1927, 
1956). Glucose fermentation is around 18-folds less efficient than mitochondrial 
oxidative phosphorylation (OXPHOS) in terms of energy production but in return it is 10- 
to 100- times faster (Liberti et al., 2016). To compensate this energetic loss, cancer cells 
dramatically increase glucose uptake (DeBerardinis et al., 2008). As a consequence of 
this metabolic switch, the cell gets different glycolytic intermediates that can be used in 
various biosynthetic pathways to sustain proliferation and, at the same time, it can 
survive even under hypoxic conditions (DeBerardinis et al., 2008; Liberti et al., 2016).  
 
In the last decade, different studies have revealed the importance of other metabolic 
pathways in the progression of the disease (Bergers and Fendt, 2021; Elia et al., 2018). 
During tuomur evolution, cancer cells cope with different metabolic challenges (e.g., 
hypoxia, oxidative stress, migration, metastatic colonization, chemotherapy) by 
adapting their metabolism to their needs and the nutrients available (Bergers and Fendt, 
2021; Elia et al., 2018).  Metabolic alterations associated with the progression of cancer 
have been described in the pyruvate and lactate metabolism (Caneba et al., 2012; 
Tasdogan et al., 2020), in the metabolism of different amino acids such as glutamine or 
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proline (Loayza-Puch et al., 2016; Yang et al., 2014), and in the lipid metabolism 
(Broadfield et al., 2021b; Pascual et al., 2017). In fact, lipid metabolism rewiring is one 
of the most common and worrying metabolic alterations in cancer, given that it is 
especially associated to tumour aggressiveness (Broadfield et al., 2021b; Martin-Perez 
et al., 2021). Additionally, changes in the lifestyle of modern societies are leading to 
higher consumption of fatty diets, reduced physical activity and an increasingly 
overweight/obese population, which could generate more aggressive tumours in the 
future.  
 
According to the Organization for Economic Co-operation and Development (OECD), 
25% of adults are clinically obese, and 60% of the population is considered overweight 
(OECD, 2017). Furthermore, the percentage of obese population is projected to rise 
even more in the next decade (Figure I1.3). Worryingly, obesity is associated with higher 
incidence of many different tumour types, including esophagus adenocarcinoma, CRC, 
pancreatic ductal adenocarcinoma (PDAC), and gastric cancer (Lauby-Secretan et al., 
2016), and it is also an independent risk factor for the development of distant 
metastasis, resistance to therapy and death in breast cancer (BC) (Ewertz et al., 2011). 
 

Lipid metabolism alterations can be observed even before the development of the PTs 
(Broadfield et al., 2021a; Marino et al., 2020) but they have been described to be 
particularly relevant in the latest stages of cancer. When tumour cells metastasize and 
become resistant to therapy, they tend to upregulate lipid uptake from the 
microenvironment, oxidation or synthesis (Broadfield, L. A. et al, 2021b; Martin-Perez 
et al., 2021).  
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Figure I1.3. Projected rates of obesity in the OECD countries. Figure taken form OECD obesity 
update 2017 (OECD, 2017). The percentage of obese population is predicted to increase in all 
the studied countries in the following ten years. 
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1.3 Lipid metabolism and cancer 
 
1.3.1 Lipids & lipid metabolism, a general view 
 
1.3.1.1 Lipids 
 
Lipids are a complex group of molecules insoluble in water but soluble in organic 
solvents that vary in their structure and function within the cell (Snaebjornsson et al., 
2020). There is a great variety of lipid molecules in eukaryotic cells but the most 
important categories for the purpose of this thesis are the following five (Fahy et al., 
2005): 
 

- Fatty acids (FAs) are the building blocks of mosidt lipids. They are formed by 
different number of concatenated methylene groups bound to a final carboxyl 
group. The saturation status of a FA determines its physicochemical properties 
and thus, its biological functions (Snaebjornsson et al., 2020). They can be 
subclassified as: 

o  Saturated FAs (SFAs), which have only single bonds between the carbon 
atoms of the hydrocarbon chain (e.g., palmitic acid (PA) (16:0)) (Figure 
I1.4). 

o  Monounsaturated FAs (MUFAs), which contain one double bond 
between carbon atoms (e.g., oleic acid (OA) (18:1)) (Figure I1.4). 

o  Polyunsaturated FAs (PUFAs), with more than one double bond (e.g., 
eicosapentaenoic acid (EPA) (22:5n3); arachidonic acid (20:4)) (Fahy et 
al., 2005).  
 

- Triacylglycerols (TAGs) or triglycerides are energy storage molecules formed by 
the esterification of three FAs to a glycerol moiety (Fahy, E. et al, 2005). They are 
packaged in lipid droplets (LD) inside the cell and used in periods of nutrient 
deprivation as a source of FAs for energy generation or membrane biosynthesis 
(Olzmann, J. A. et al, 2019).  
 

- Glycerophospholipids or phospholipids are the main amphipathic components 
of all the bilayer membranes in the cell. They are typically built by a glycerol 
molecule esterified with one or two FAs, the hydrophobic fraction of the 
molecule; and a phosphatidic acid, the hydrophilic part (Hishikawa et al., 2014). 
There are different types of glycerophospholipids depending on the particular 
FAs bound to the glycerol moiety and the different polar heads bound to the 
phosphatidic group (e.g., phosphatidyl choline (PC)) (Hishikawa et al., 2014).   

 
- Sphingolipids are a really complex family of lipids that share a common 

backbone molecular base, sphingosine, formed by a long-chain FA bound to a 
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serine amino acid (Fahy et al., 2005). They are structural components of 
membranes and act as bioactive regulatory lipids (Hannun et al., 2018).  

 
- Sterols. The main sterols in mammalian cells are cholesterol and its derivatives, 

formed by four hydrocarbon rings (Fahy et al., 2005). They can act as signaling 
molecules or hormones but also as important components of the cellular 
membranes (Snaebjornsson et al., 2020).  
 
 

 
1.3.1.2 Lipid metabolism 

 
What we term “lipid metabolism” in fact comprises many different pathways. Only the 
pathways most relevant to this thesis are described here. 
  

- Lipid uptake  
FAs can enter the cell by simple diffusion but transport by membrane fat 
receptors is predominant. The main FA transporters are the CD36 (cluster of 
differentiation 36), and FABP (fatty acid binding protein) and FATP (fatty acid 
transport proteins) families of proteins (Figure I1.5) (Houten and Wanders, 
2010). Apart from free lipid metabolites, these transporters can also bind low- 
and very-low-density lipoproteins (LDL and VLDL) that provide lipids to the 
cancer cell (Broadfield et al., 2021b). Upon entrance, FAs are esterified into acyl-
CoAs (acyl-coenzyme A) by FATPs, which also have acyl-CoA synthetase activity, 
or by ACSL (long-chain acyl-CoA synthetases) or ACSS2 (acetyl-CoA synthetase 
short chain 2), and then they can be used in biosynthetic pathways or oxidized 
through fatty acid β-oxidation (FAO) to obtain energy and generate other 
metabolites (Figure I1.5).  
 
 
 

Figure I1.4. PA and OA chemical structure. From Palomer et al., 2018. 
 Scheme of the molecular structure of saturated palmitic acid (C16:0) and monounsaturated oleic 
acid (OA) (C18:1). The carbon-carbon double bond of OA is located at the omega-9 (ω) position 
(C18:1 n-9). 
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- Fatty acid β-oxidation (FAO) 
FAO can occur in the mitochondria as well as in the peroxisome, although with 
important differences between both systems. Peroxisomal lipid oxidation is 
performed by different enzymes than the mitochondrial one and preferentially 
acts as a chain-shortening pathway that does not degrade FAs completely. Lipids 
oxidized in the peroxisome are mainly very-long-chain FAs (>20C) or more 
complex lipids like branched FAs or lipids derived from PUFAS (e.g., eicosanoids) 
(Poirier et al., 2006). In the mitochondria, FAO is coupled to OXPHOS, thus it is 
more energetically efficient. FAs are broken into acetyl-CoA molecules for their 
entrance into the tricarboxylic acid (TCA) cycle. As the mitochondrial membrane 
is not permeable to long-chain FAs, such as PA or OA, they have to be 
translocated by the carnitine shutter, formed by: CPT1 (carnitine palmitoyl 
transferase 1) the rate-limiting enzyme of FAO; CACT (carnitine acylcarnitine 
translocase); and CPT2 (carnitine palmitoyl transferase 2) (Figure I1.5) (Houten 
and Wanders, 2010). β-oxidation cycle consists on 4 consecutive enzymatic 
reactions. In each cycle, two carbons of the acyl-CoA carbon chain are released 
as acetyl-CoA and one NADH (nicotinamide adenine dinucleotide) and another 
FADH2 (flavin adenine dinucleotide) molecules are generated. The shortened 
acyl-CoA enters again the β-oxidation cycle until it is fully degraded. The 
generated acetyl-CoA molecules can enter the TCA cycle and the electron 
carriers NADH and FADH2 can deliver the electrons to the electron transport 
chain to produce energy in form of ATP (adenosine triphosphate) through 
OXPHOS (Houten and Wanders, 2010). 
 

- TCA cycle and OXPHOS 
The TCA cycle (or Krebs cycle) is an eight-reactions cycle in which three NADH, 
one FADH2, one GTP (guanosine triphosphate) or one ATP and two CO2 are 
generated from one acetyl-CoA molecule. NADH and FADH2 molecules can then 
transfer their electrons to the electron transport chain to generate up to 12 ATPs 
(Akram, 2014). The TCA cycle is not necessarily fed by acetyl-CoA, other 
metabolites might enter the cycle at different points to be oxidized. This cycle 
receives metabolic intermediates to be oxidized for energy production but at the 
same time has an important role in anabolic metabolism; thus, it is considered 
an amphibolic pathway (Da Poian and Castanho, 2016). Some of the metabolic 
intermediates might be withdrawn from the TCA cycle to be used as precursors 
in biosynthetic pathways. Citrate is used for lipogenesis (Figure I1.5), 
oxaloacetate is used for gluconeogenesis and it is the precursor of nucleotides 
and α-ketoglutarate and oxaloacetate are required for the synthesis of various 
amino acids (Da Poian and Castanho, 2016). α-ketoglutarate is a particularly 
relevant intermediate for the redox homeostasis of the cell. It is an antioxidant 
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molecule itself as well as a fundamental precursor of glutamic acid, one of the 
three amino acids that compose glutathione (GSH) (Liu et al., 2018).    
 
OXPHOS is the main mechanism for ATP synthesis in most human cells, and it 
occurs in the inner mitochondrial membrane. It comprises all the different steps 
in the transport of electrons, from the electron carrier coenzymes NADH and 
FADH2 to O2, which is reduced to H2O (Figure I1.5) (Da Poian and Castanho, 
2016). Electron transfer through the respiratory chain is coupled to proton 
pumping from the mitochondrial matrix into the intermembrane space. The 
proton gradient generated between the matrix and the intermembrane space is 

Figure I1.5. Overview of the major lipid metabolism pathways. Inspired by Broadfield et al., 2021b.  
FAs can enter the cell via passive diffusion or through translocases like CD36, FATPs and FABPs. 
Once inside the cell FAs are esterified to acyl-CoAs by FATPs, ACSL1 or ACSS2. CoA (Coenzyme A) is 
represented by a blue circle. Acyl-CoAs are transported into the mitochondria by the carnitine 
shutter (CPT1, CACT and CPT2) where they enter FAO. Acetyl-CoAs generated upon FAO are 
transferred to the TCA cycle. Electrons from NADH and FADH2 dinucleotides are used in OXPHOS 
for ATP generation and O2 reduction into H2O. Citrate generated during TCA cycle can exit the 
mitochondria as a first step in de novo lipogenesis. Acetyl-CoA, the main building-block for FA and 
cholesterol synthesis is generated from citrate by ACLY. Acetyl-CoA is then carboxylated by ACACA 
or ACACB generating malonyl-CoA, which is used by FASN for palmitate generation. Palmitate is 
then desaturated by SCD and FADS generating MUFAs. Palmitate or MUFAs can be elongated by 
ELOVL. Mevalonate is generated by HMGCR in the rate-limiting step of cholesterol synthesis. Acyl-
CoAs can also be used for TAG synthesis. DGAT is the enzyme responsible for the addition of the 
last FA to the DAG. TAGs are then stored in LDs. Essential FAs (LA and ALA) are elongated by ELOVL 
and desaturated by FADS for the generation of different PUFAs. Created with BioRender.com 
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the electrical potential that drives ATP synthesis from ADP (adenosine 
diphosphate) (Da Poian and Castanho, 2016). 
 

- De novo lipogenesis 
De novo lipogenesis usually occurs in hepatocytes and adipocytes, although all 
body cells are capable of synthesizing lipids. There are two essential FAs that 
cannot be synthesized by the cell and must be consumed in the diet: α-linolenic 
acid (ALA) (18:3) and linoleic acid (LA) (18:2). The rest of the FAs are synthesized 
in the cytosol (Da Poian and Castanho, 2016). Citrate from the TCA cycle can be 
exported to the cytosol via citrate transporter (Figure I1.5). Once in the cytosol, 
ACLY (ATP-citrate lyase) converts citrate into acetyl-CoA and oxaloacetate. 
Alternatively, acetyl-CoA can be generated from acetate. Cytosolic acetyl-CoA is 
carboxylated to malonyl-CoA, the main substrate of FA synthesis, by ACACA and 
ACACB (acetyl-CoA carboxylases 1 and 2 respectively) in the rate-limiting step of 
FA synthesis. From here, FA synthesis consists of the incorporation of acetyl units 
into malonyl-CoA to generate palmitate, a reaction catalyzed by FASN (fatty acid 
synthase) (Figure I1.5) (Da Poian and Castanho, 2016).  
 
PA is a saturated FA of 16 carbons (16:0) but it can be further modified to give 
longer or unsaturated FAs. ELOVLs (elongation of very long-chain fatty acids 
proteins) are the enzymes responsible for increasing the carbon chain length 
from PA to stearic acid (SA) (18:0) and so on (Broadfield et al., 2021b). On the 
other hand, desaturation to MUFAs can be driven by SCD1 (stearoyl-CoA 
desaturase), which gives palmitoleate (16:1n7) or oleate/OA from PA and SA, 
respectively; or by FADS2 (fatty acid desaturase 2), that generates sapienate 
(16:1Δ6) from PA (Figure I1.5) (Broadfield et al., 2021b). PUFAs synthesis 
requires the elongation and desaturation of essential LA and ALA but the rate of 
generation in normal conditions is very low (Broadfield et al., 2021b). 
 
Synthesized FAs can be then incorporated into phospholipids, sphingolipids or 
TAGs. The different phospholipids are synthesized from a diacylglycerol 
precursor through different pathways at the ER or mitochondria cytosolic 
membranes. From there, they are distributed to the cell membranes via lipid 
transfer proteins or vesicles (Vance, 2014). Sphingolipids are synthesized by 
several different enzymes located within the secretory pathway. First, serine is 
conjugated with a FA-CoA generating a sphingosine, which is further N-acylated 
with a second FA-CoA to produce a ceramide. Ceramides unergo specific 
modifications at the “head-group” and they finally travel towards the plasma 
membrane (PM) as sphingolipids (Breslow and Weissman, 2010). For the 
synthesis of TAGs, three different FAs are esterified to one glycerol molecule. 
The addition of the last FA is catalyzed by DGATs (diacylglycerol O-
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acyltransferases) and afterwards TAGs are stored in LD, phospholipid enveloped 
vesicles (Figure I1.5) (Broadfield et al., 2021b).   
 
Finally, cholesterol synthesis takes place in the cytosol and uses cytosolic acetyl-
CoA. HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase), is the rate-limiting 
enzyme in this pathway and produces mevalonate. Mevalonate, similar to what 
happens with palmitate, can undergo further modifications to produce different 
cholesterol derivates (Figure I1.5) (Broadfield et al., 2021b).   
 

1.3.2 Influence of the lipid metabolism in the metastatic cascade 
 
Cancer progression has been believed to be driven by accumulation of mutations that 
provide the tumour cells with different capabilities that eventually culminate in 
metastasis (Merlo et al., 2006). Nonetheless, epidemiologic studies have failed to 
identify metastasis-specific mutations. Genomes of metastatic lesions showed similar 
mutational landscape and driver mutations as their PTs (Reiter et al., 2018; Priestley et 
al., 2019). This suggests that cancer cells manage to adapt to the different challenges 
imposed by the metastatic cascade though non-mutational means, in other words, by 
epigenetic, transcriptional and metabolic alterations. Lipid metabolism is used by the 
tumour cells for adaptation in different moments of the metastatic cascade. 
 
Alterations of the lipid metabolism can happen within the tumour cell but also within 
the different cells of the tumour microenvironment (TME) and in all cases favor the 
aggressiveness of the tumour. The TME is composed by all the different nutrients, 
signaling molecules, ECM and non-tumour cells that are present in the tumour tissue 
and interact with the cancer cells. Tumour cells manage to manipulate the different cells 
of the TME for their own benefit by different means and one of them is upregulating 
their lipid metabolism. The main alterations of the lipid metabolism affecting the 
tumour cell or the cells of the TME are described in the following sections. 
 
1.3.2.1 Alterations of the lipid metabolism within the cancer cell 
 
Lipid metabolism can be used to favor all the different steps of the metastatic cascade, 
from MICs generation to metastatic outgrowth. 
 
MICs and lipid metabolism 
A few years ago, our laboratory described for the first time the cells responsible for the 
metastasis formation in OSCC, melanoma and BC (Pascual et al., 2017). These MICs were 
characterized by the presence of CD44 (cluster of differentiation 44)-stem cell marker 
and CD36 receptor in their PM. Interestingly, they also presented an enhanced lipid 
metabolism. CD36 is a scavenger receptor that can bind long-chain FAs, oxo-LDLs, 
thrombospondin-1 and pathogen-associated molecules, among others (Tian et al., 
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2020). In the context of MICs, CD36’s main function consists of internalizing long-chain 
FAs that boost the metastatic capacity of the cell (Pascual et al., 2017).  
 Cell culture treatment of different cancer cell lines with 
PA is able to enhance CD36 expression, and thus the 
metastatic capacity of the cells when injected in mice 
(Pascual et al., 2017) (Figure I1.6). In line with these 
results, mice bearing a PT and fed a HFD based on lard 
develope more and bigger metastases than those eating 
a control diet, due to the increase in the percentage of 
MICs (CD44bright, CD36+) within the PT (Pascual et al., 
2017). Strikingly, not all the FAs can boost the metastatic 
capacity of the cells. Upon cell culture treatment with OA 
or LA, tumour cells downregulate CD36 expression and 
when injected, the metastatic burden is decreased 
compared to controls. Indeed, PT-bearing animals fed 
with a fatty diet enriched in PA present a higher 
incidence of metastases than control mice, but this is not 
the case for those mice eating an OA-enriched fatty diet 
(Pascual et al., 2021).  
 
The influence of HFD on the CSC pool and the metastasis 
formation was also observed in CRC (Wang et al., 2019c). 
In a murine model of CRC, HFD induces the activation of 
PPARδ (peroxisome proliferator activated receptor 
delta), which in turn activates Nanog expression and thus, the CSC pool expansion in the 
PT (Figure I1.7). This CSC expansion leads to the induction of liver metastasis formation, 
probably due to the increase in the number of MICs within the PT (Wang et al., 2019c). 
 
Lipid metabolism in EMT, tumour cell migration and infiltration  
Different studies have shown the relevance of the lipid metabolism during tumour 
invasion and EMT. While migrating and invading, tumour cells upregulate FA uptake and 
oxidation. CD36 expression is associated with esophageal cell carcinoma aggressiveness 
and induces tumour cell migration in culture (Yoshida et al., 2021). In gastric cancer, 
CD36 expression in patient samples is associated with poor prognosis (Yang et al., 
2020b). In fact, CD36 can promote the nuclear localization of c-Myc, which in turn can 
activate the EMT program through GSK-3β/ β-catenin pathway (Wang et al., 
2021). Activation of FAO by CPT1A also enhances the expression of the EMT markers 
and activates gastric cancer cell invasion (Wang et al., 2020b). In HCC, the 
downregulation of STIM1 (stromal interaction molecule 1) leads to the activation of the 
CaMKII/AKT/GSK-3β and FAO pathways. As a consequence, Snail-1 is stabilized and the 

Figure I1.6. Only PA can 
boost the metastatic 
capacity of OSCC cells. 
From Pascual et al., 2021 
Frequency of developed LN 
metastases upon four days 
cell culture treatment of 
OSCC cells with 300 µM PA, 50 
µM OA or 50 µM LA. Two-
tailed Fisher’s exact test *p-
value<0.05, **p-value<0.01. 
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metastatic capacity is boosted (Zhao et al., 2020). CD36 expression has also been linked 
to EMT in this cancer type (Figure I1.7) (Nath et al., 2015). 
 

Upregulation of the FA synthesis can also be implicated in tumour cell invasion (Figure 
I1.7). In cervical cancer, induction of de novo lipogenesis is associated with LN metastasis 
and can induce migration and invasion of tumour cells in cell culture (Guo. et al., 2019; 
Xu et al., 2020). FASN and lipid metabolism upregulation also correlate with intrahepatic 
cholangiocarcinoma aggressiveness (Zhang et al., 2020). Similarly, ACLY (the rate-
limiting enzyme in lipid synthesis) favors migration and invasion of CRC cells (Wen et al., 
2019). 
  
Implication of the lipid metabolism in the survival to lethal stressors in dissemination 
and circulation 
Cancer cells have to deal with oncogenic signaling pathways, alterations in the 
metabolism and phenotype of the cell, and external stressors, such as changes in the 

Figure I1.7. Influence of lipid metabolism in the metastatic cascade.  
The figure represents a scheme of the five main steps of the metastatic cascade. The lipid 
metabolism pathways described in this thesis affecting each process are highlighted. MICs activate 
PPARδ, upregulate FA uptake via CD36 and FABP4 and enhance FAO. During EMT, migration and 
invasion, tumour cells can upregulate FA uptake and oxidation but also FA synthesis and LD 
accumulation. The lipids uptaken by cancer cells can be secreted by adipocytes, CAFs or aged 
fibroblasts within the TME. During dissemination and circulation tumour cells fight anoikis 
inducing EGFR signaling via ROS generation. The excess of ROS is quenched by FA synthesis and 
reductive carboxylation, by FAO activation or by LD formation. Ferroptosis is avoided via GPX4 
upregulation or PM composition alteration. Tumour cell extravasation can be boosted by NETs 
generated upon obesity-induced neutrophilia in the lungs. FA synthesis and uptake are 
upregulated for the metastatic outgrowth in certain organs. Created with BioRender.com. 
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microenvironment, immunity and therapy, all of which can lead to the accumulation of 
ROS. Increased lipid metabolism is necessary in metastatic cells for energy production 
and PM synthesis but it also has a role in stress tolerance. (Broadfield et al., 2021b). Lipid 
metabolism and cellular lipid composition can be regulated by the cancer cell for the 
maintenance of the redox homeostasis (Broadfield et al., 2021b).   
 
ROS lovels within the tumour cell increase massively in the two main stresses that 
tumour cells face during dissemination (i.e., anoikis due to loss of epithelial interactions 
and ferroptosis due to circulation in an iron-rich environment). Thus, the tumour cell 
needs to be able to adapt to these conditions or buffer their apparition in order to 
survive.  
 
The main survival mechanism used by malignant cells to escape anoikis is via ROS 
production, which is used for second messenger signaling that activates Src and EGFR 
(epidermal growth factor receptor) (Giannoni et al., 2008). In this situation, tumour cells 
use the lipid metabolism to properly modulate the amount of ROS in order avoid an 
excess of damage that could compromise their viability. Some cells upregulate FASN to 
produce the reductive power necessary to quench the excess of ROS via IDH (isocitrate 
deshydrogenase) dependent reductive carboxylation (Figure I1.7) (Bueno et al., 2019); 
others, activate FAO to gain that reductive power through intermediate metabolites 
(Qiao et al., 2020; Sawyer et al., 2020; Zhao et al., 2020). LDs can also be used to cope 
with oxidative stress. These organelles serve as lipid storage depots that can fuel the cell 
spreading (Rozeveld et al., 2020) but also have a function in ROS modulation (Figure 
I1.7) (Corbet et al., 2020). In fact, HFD can induce peritoneal and lung metastases in 
gastric cancer via upregulation of DGAT2, one of the enzymes in charge of TAG synthesis 
and LD expansion. DGAT2 silencing decreases LD formation, activates anoikis, and 
inhibits metastasis (Li et al., 2020).  
 
Ferroptosis-associated lipid peroxidation starts in the cell with the removal of a double 
bond between two carbons in a PUFA moiety of a phospholipid. This generates a 
phospholipid radical that, if not converted to an alcohol by GPX4 (glutathione 
peroxidase 4), can react with other PUFAS within the membrane and generate a chain 
reaction that ends up with the breakdown of the membrane integrity (Figure I1.7) (Jiang 
et al., 2021). Not all FA moieties within cell membranes are equally sensitive to lipid 
peroxidation, with SFA and MUFA being less reactive than PUFA; thus, cancer cells try 
to regulate their lipid composition to survive this type of cell death (Figure I1.7) (Jiang 
et al., 2021). Interestingly, melanoma cells that disseminate through the lymphatic 
system prior to accessing blood are less sensitive to ferroptosis thanks to the OA they 
uptake from the lymph (Ubellacker et al., 2020). On the other hand, certain lymphomas 
get protection from ferroptosis through the accumulation of squalene, an intermediate 
metabolite of the cholesterol synthesis. The accumulation of this polyunsaturated lipid 
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seems to protect membrane PUFAs from lipid peroxidation although the concrete 
mechanism remains to be elucidated (Garcia-Bermudez et al., 2019). 
 
Alterations in the plasma membrane composition during metastasis 
During metastasis, cancer cells tend to alter the lipid composition of their membranes 
in different ways. Melanoma cells with low MITF (microphthalmia-associated 
transcription factor) and more invasive phenotype downregulate the lipogenic enzyme 
SCD1. The inhibition of SCD1 causes an increase in the ratio SFA/MUFA in the 
membranes that favors EMT, inflammation and metastasis (Vivas-García et al., 2020). In 
CRC, an elevated arachidonic acid/eicosapentaenoic acid ratio can also induce 
inflammation and metastasis formation (Tutino et al., 2019). Alterations of the 
membrane lipid composition can impact oncogenic growth factor signaling pathways 
and even determine cell states. In glioblastoma, mutant EGFR signaling alters the lipid 
membrane composition of cancer cells via LPCAT1 (lysophosphatidylcholine 
acyltransferase 1). LPCAT1 activity increases the saturation of the membrane PCs, which 
favors EGFR signaling in a positive feedback loop (Bi et al., 2019). Puzzlingly, another 
study published at the same tipme showed that ELOVL2 and long-chain PUFAs are 
fundamental for EGFR signaling and glioblastoma CSC survival (Gimple et al., 2019). 
More studies will be required to elucidate if this striking difference is given by the state 
of differentiation of the cell or if both enzymes are required to compensate the 
biological effect of each other. Too many saturated FAs within the PM could lead to a 
rigid membrane, and this excess of saturation could be compensated by long-chain 
PUFAs.  
 
Lipid metabolism in the route of dissemination, organ tropism and metastatic 
outgrowth 
The capacity of tumour cells to adapt their lipid metabolism is important for the 
selection of the route of dissemination. While cancer cells that choose the 
hematogenous dissemination need to be ready to cope with ferroptosis, those that 
enter the lymphatic system have to adapt to the new microenvironment and upregulate 
FAO (Lee et al., 2019). Cancer cells that arrive to the LN undergo a YAP (Yes1-associated 
transcriptional regulator)-dependent metabolic shift towards FAO using the different 
lipids within the node microenvironment as substrates (Lee et al., 2019). 
 
On the other hand, lipid metabolic pathways are particularly relevant for the metastatic 
outgrowth in specific organs. Some recently published studies evidence the relevance 
of lipid metabolism for the metastatic outgrowth of BC cells specifically in the brain 
(Ferraro et al., 2021; Jin et al., 2020). Brain metastatic BC cells upregulate FA synthesis 
via FASN overexpression to compensate the decreased availability of lipid nutrients in 
this organ (Figure I1.7). This metabolic adaptation is specific of the brain metastasis and 
does not happen in liver or bone, where the metabolic requirements are others (Ferraro 
et al., 2021). In a different study, the biochemical composition of BC cells with bone or 



 32 

lung tropism was analyzed in cell culture. The study proved that the cells that 
preferentially colonize the lung present an enhanced lipid metabolism compared to 
those that metastasize to the bone (Figure I1.7) (Marro et al., 2018). Metastatic tumour 
cells in the different organs depend on lipid metabolism to different extent being the 
brain ones the more addicted to lipids followed by the lung ones.  
 
1.3.2.2 Alterations of the lipid metabolism within the main cells of the TME 
 
Cancer cells exploit the TME cells, for instance by hijacking the normal function of some 
cells (e.g., adipocytes), or by altering the physiological activity of others (e.g., with 
fibroblasts or many immune compartment cells). The metabolism of cancer cells alters 
the composition of the TME, which affects the cells living within that microenvironment. 
Apart from the signaling molecules that tumour cells may secrete, an excess of lipids 
within the PT or in circulation affects the stromal cells that compose the TME, and 
especially the immune compartment cells. Changes in the lipid metabolism can induce 
a switch of the cells in the stroma towards a pro-tumorigenic phenotype.  
 
Adipocytes 
Tumour cells uptake lipids present in the TME or that come in circulation. However, in 
some cases, the source of lipids for the cancer cell are the cells of the TME. In most 
occasions the donors of those lipids are the adipocytes surrounding the tumour (Figure 
I1.7). Lipid metabolism within the adipocytes is not altered but the cancer cell takes 
advantage of these natural fat reservoirs. Melanoma cells can directly take FAs from 
subcutaneous adipocytes via FATP1, which supports tumour growth and invasion (Zhang 
et al., 2018). In ovarian cancer, omental adipocytes can attract tumour cells via IL-8 
(interleukin 8). When the adipocytes contact the tumour cells, they activate lipolysis and 
secrete FAs that ovarian cancer cells take through CD36 (Ladanyi et al., 2018) or FABP4 
(Nieman et al., 2011) and use for further invasion (Ladanyi et al., 2018; Nieman et al., 
2011). Exactly the same happens in BC, CD36 (Zaoui et al., 2019) or FABP4 (Kim et al., 
2020) are upregulated upon interaction with adipocytes. The induction of these FA 
receptors upregulates lipid uptake, LD formation and the migratory and invasive 
capacity of these cells (Kim et al., 2020; Zaoui et al., 2019).  
 
Cancer-associated fibroblasts (CAFs) 
CAFs present an altered metabolism characterized by the storage (Nardi et al., 2018) 
and secretion of abundant lipids (Figure I1.7) (Auciello et al., 2019; Gong et al., 2020). In 
CRC, CAFs can undergo a lipidomic reprogramming, upregulate FASN and accumulate 
and secrete FAs and phospholipids. CRC cells in turn can uptake those lipids through 
CD36 and this enhances their aggressiveness (Gong et al., 2020). The same happens in 
PDAC where CAFs, derived from stellate cells, secrete lysophosphatidilcholines to 
support the tumour growth (Auciello et al., 2019). Worryingly, this metabolic rewiring 
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towards a lipogenic state is not specific of CAFs and can also happen in normal aged 
fibroblasts (Alicea et al, 2020). Aged dermal fibroblasts increase the secretion of lipids, 
especially ceramides, compared to young fibroblasts (Figure I1.7). These lipids can be 
taken by melanoma cells through FATP2 and used for targeted therapy resistance (Alicea 
et al., 2020). 
 
Immune compartment 
The immune compartment of the TME is particularly sensitive to changes in the lipid 
metabolism (Figure I1.8). Cancer cells manage to evade immune surveillance by 
different means and one of them is the dysfunction of immune cells as a consequence 
of changes in the metabolites of the TME.  
 
In normal conditions, metabolism can affect immune cells differentiation and function. 
Most anti-tumour cells of the immune compartment such as: effector T cells (Howie et 
al., 2018), natural killer cells (NKs) (Cong, 2020), M1 macrophages (Mehla and Singh, 
2019) or N1 neutrophils (Injarabian et al., 2020) (Figure I1.8); rely on glycolysis and 
OXPHOS for their proper maturation and functioning. On the other hand, 
immunomodulatory (pro-tumour) cells like T regulatory (Treg) cells (Kouidhi et al., 2017), 
M2 macrophages (Mehla and Singh, 2019) or myeloid-derived suppressor cells (MDSCs) 
(Hossain et al., 2015); are characterized by the upregulation of FAO (Figure I1.8). 
 
The metabolic activity of tumour cells within the PT, generates and environment 
depleted of glucose and with a high concentration of lipids, which favors the 
accumulation of immunomodulatory cells and dampens immune surveillance. An 
increased concertation of lipids within the TME induces CD36 upregulation in CD8+ T 
cells and oxoLDL and cholesterol uptake, which leads to lipid peroxidation and T cell 
dysfunction or even ferroptosis (Ma et al., 2021; Manzo et al., 2020; Xu et al., 2021). 
Dendritic cells (DCs) within the TME accumulate lipid peroxidation byproducts that 
induce ER stress response and TAG biosynthesis. This lipid accumulation leads to DC 
dysfunction, decreased antigen cross-presentation and lack of anti-tumour T cell 
activation (Cao et al., 2014; Cubillos-Ruiz et al., 2015; Veglia et al., 2017). Accumulation 
of lipids in NK cells upon PT removal surgery via CD36 upregulation also decreases their 
cytotoxic capacity and can induce metastases formation (Tai et al., 2013; Niavarani et 
al., 2019).  
 
On the other hand, intra-tumoural Treg cells induce CD36 and PPARβ to enhance lipid 
uptake and FAO (Wang et al., 2020). These cells can also upregulate SREBPs (sterol 
regulatory element-binding proteins) to coordinate lipid synthesis and inhibitory 
receptor signaling upregulating FASN and PD-1 (programmed cell death protein 1) 
expression (Lim et al., 2021). Tumour-associated macrophages (TAMs) are characterized 
by CD36 expression (Su et al., 2020), LD accumulation (Wu et al., 2019) and an enhanced 
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FAO (Su et al., 2020; Zhang et al., 2018b). Similarly, MDSCs within the PT upregulate 
FATP1/2 or CD36, which leads to lipid accumulation, FAO activation and prostaglandin 
E2 synthesis, increasing the immunosuppressive function of MDSCs and the tumour 
growth (Al-Khami et al., 2017; Veglia et al., 2019).  
 

Upon fatty diet feeding the amount of circulating fats increases dramatically, what 
further dampens immune surveillance. Worrying discoveries show that HFD itself can 
promote cancer development through exhaustion of CD8+ T cells (Kado et al., 2019). 
This type of diet can also inhibit CD4+ helper T cells activation (Guerrero-Ros et al., 2020) 
and induce DC dysfunction (Gao et al., 2015), while favoruring MDSCs accumulation in 
circulation and within the PT (Clements et al., 2018; Hale et al., 2015). On the other 
hand, high adiposity associated with obesity induces neutrophilia (i.e. higher neutrophil 
count than in normal reference range) specifically in the lungs (Quail et al., 2017). 
Neutrophils accumulated in the lungs produce ROS and neutrophil extracellular DNA-
traps (NETs), which generates vascular damage and favors BC cell extravasation and 
metastasis in the lung (Kaplan and Radic, 2012) (Figure I1.7).  
 
1.3.3 Lipid metabolism in the resistance to therapy 
 
Lipid metabolism underlies to a large extent how cancer cells cope with extreme 
stressors, such as therapy. Upregulation of lipid metabolism has been observed in both 

Figure I1.8. Influence of 
metabolism in the functionality 
of the immune cells within the 
TME. From Broadfield et al., 
2021b. M1 macrophages, 
activated DCs and NKs and 
effector T cells (Teff) rely on 
glycolysis for their proper 
functioning. Low glucose and 
high FA and cholesterol within 
the TME induce M2 
macrophages or TAMs, MDSCs, 
tolerogenic DCs, dysfunctional 
NKs, Tregs, T memory cells (Tmem) 
and exhausted T cells (Tex). In 
general, lipids within the TME 
induce a pro-tumour immune 
response.  
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chemotherapy and targeted therapy resistant cells. Chemotherapy-resistant acute 
myeloid leukemia (AML) cells display high levels of ROS and mitochondrial mass that 
correlate with enhanced OXPHOS. They also upregulate CD36 and increase FAO 
probably to get metabolic intermediates to modulate redox homeostasis (Farge et al., 
2017). The same upregulation of CD36 is observed in chronic myeloid leukemia upon 
tyrosine kinase inhibitors (Landberg et al., 2018).  
 
The mesenchymal state that cancer cells acquire through EMT is associated to treatment 
resistance (Staalduinen et al., 2018). Most mesenchymal resistant to therapy cells 
upregulate GPX4. ZEB1, one of the major EMT-TFs, controls uptake, accumulation and 
mobilization of lipids and regulates EMT-associated remodeling of PM. It is likely that 
there is a therapy resistance-associated upregulation of PM PUFA upon EMT. This excess 
of PUFA in the membranes would be compensated by GPX4 upregulation for ferroptosis 
prevention (Viswanathan et al., 2017).  
 
In many occasions, resistance is associated with CSCs. Classical chemotherapeutic 
treatments kill rapidly proliferating cells, thus quiescent CSC are not affected by them. 
However, modern targeted therapies also seem to exert less damage on CSCs. A less 
differentiated phenotype probably confers higher metabolic plasticity to adapt and cope 
with aggressive treatments. This adaptation usually relies on lipid metabolism 
alterations. Sorafenib-resistant HCC cells are enriched in stem-like markers such as 
NANOG (Nanog Homeobox) or Oct4, and present upregulation of FA uptake through 
CD36 and synthesis via FASN (Bort et al., 2020). MAPK (mitogen activated protein 
kinase)-targeted therapy resistant BRAF-mutant melanoma cells present a neural crest 
stem cell transcriptional program and express CD36 (Rambow et al., 2018). Indeed, CD36 
can be a good marker of the adaptation of melanoma cells to MAPK inhibitors and 
already resistant cells can present an enhanced FAO with PPARα and CPT1A 
upregulation (Aloia et al., 2019; Rambow et al., 2018). Mesenchymal stem cells within 
the TME of HER2+ BC tumours could favor trastuzumab resistance through stemness 
induction and FAO upregulation (Han et al., 2020). Similarly, lapatinib acquired 
resistance depends on exogenous FA uptake via CD36 and enhanced metabolic plasticity 
(Feng et al., 2019).  
 
Certain tumour types take advantage of other tissues or organs to gain resistance to 
therapy. In a murine model of chronic myeloid leukemia, leukemic stem cells (LSCs) 
invade gonadal adipose tissue. Within this niche, LSCs can induce adipose tissue lipolysis, 
upregulate CD36 and increase FA uptake and with this, therapy resistance (Ye et al., 
2016). Due to the disseminated nature of the disease, LSCs also invade other organs, 
such as the liver, where they favor hepatocytes lipolysis via LIPG (lipase G) upregulation. 
Liver-derived PUFAs induce LSC expansion and liver damage induced by LSC infiltration, 
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leads to the release of chemotherapy degrading enzymes, which enhances therapy 
resistance (Ye et al., 2021). 
 
1.3.4 Targeting lipid metabolism 
 
Lipids are beneficial for tumour cell survival and aggressiveness, yet dependency of 
cancer cells on lipid metabolism makes it a promising target to stop cancer progression. 
Some of the main lipid pathways and targets that could be therapeutically targeted are 
described below. 
 
FA uptake: CD36, FATPs, FABPs 
Induction of FA uptake seems to be a general mechanism used by cancer cells to fuel 
their dissemination or therapy resistance and CD36 is one of the main receptors 
upregulated. In fact, chemical inhibition of CD36 or downregulation of its expression via 
shRNA reverses the mesenchymal and invasive phenotype of tumour cells in culture 
(Nath et al., 2015; Yoshida et al., 2021). Strikingly, blockage of lipid entrance through 
CD36 with JC63.1 anti-CD36 antibody can inhibit metastasis formation or decrease the 
metastatic burden in immunocompromised models of OSCC (Pascual et al., 2017) or CRC 
(Gong et al., 2020). CD36 is also used by tumour cells to overcome therapy; therefore, 
combinations of an anti-cancer treatment with CD36 inhibition should boost the drug 
efficiency. Indeed, imatinib-resistant CD36+ cells can be killed with CD36 targeting 
antibodies (Landberg et al., 2018). This scavenger receptor is also expressed within the 
immune compartment of the TME; hence CD36 inhibition could also boost 
immunosurveillance. Indeed, genetic ablation of CD36 in CD8+ T cells (Ma et al., 2021) 
or Tregs (Wang et al., 2020) increases anti-tumour immunity. This immune surveillance is 
further boosted in both cases when CD36 ablation is combined with anti-PD-1 therapy 
(Ma et al., 2021; Wang et al., 2020). Luckily, CD36 expression is relevant for tumour 
infiltrating Treg cells but not for the circulating ones, thus its inhibition should not lead to 
autoimmune diseases (Wang et al., 2020).  
 
Other FA transporters, such as FATP1 (Zhang et al., 2018), FATP2 (Alicea et al., 2020) and 
FABP4 (Nieman et al., 2011), are associated to cancer progression and should be 
considered as promising therapeutic targets as well. Additionally, considering the 
importance of FA uptake and lipid transporters in cancer progression and therapy 
resistance, the design of FA-like prodrugs could be an effective strategy to facilitate drug 
entry specifically in the cells of interest, decreasing side effects and drug toxicity 
(Jayawardhana et al., 2020) 
 
FAO: CPT1A, ACSL1 
Cells that upregulate lipid uptake usually present an enhanced FAO, which could also be 
targeted to hamper cancer progression. CPT1A KD decreases EMT and invasion (Wang 
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et al., 2020b) and can even induce anoikis (Sawyer et al., 2020). ACSL1 KD also reduces 
FAO and LN metastatic capacity of OSCC cells (Pascual et al., 2017). In the immune 
compartment, inhibition of FAO specifically in MDSCs decreases their 
immunosuppressive function and delays tumour growth in a T cell dependent manner 
(Hossain et al., 2015). Further, etomoxir (CPT1A inhibitor) treatment could re-sensitize 
trastuzumab resistant cells by inhibiting FAO and reversing their stem phenotype (Han 
et al., 2020). Nevertheless, thanks to their metabolic plasticity, tumour cells can 
overcome FAO inhibition by glycolysis upregulation (Aloia et al., 2019). 
 
Lipid desaturation: SCD1 
SCD1 inhibition has been tested in some pre-clinical studies with promising results. 
Inhibition of SCD1 induces cell death by ER stress-induced apoptosis in glioblastoma 
(Pinkham et al., 2019) and by ferroptosis in ovarian cancer (Tesfay et al., 2016). SCD1 KD 
also decreases EMT, migration and invasion of CRC cells (Ran et al., 2018). However, 
targeting SCD1 can produce self-defeating results as observed in melanoma, where 
SCD1 inhibition decreases cancer cell proliferation but induces a pro-inflammatory 
phenotype and metastasis (Vivas-García et al., 2020). Moreover, SCD1 chemical 
inhibition can be bypassed by the cells through an alternative FA desaturation pathway 
involving FADS2 (Vriens et al., 2019). Further studies are needed to clarify the concrete 
cancer types and circumstances in which SCD1 inhibition can be beneficial. 
 
Ferroptosis: GPX4 
Ferroptosis might have evolved as an anti-tumour mechanism: many tumour 
suppressors, such as p53, sensitize cells to ferroptosis. Unlike the rest of the cells of the 
body, cancer cells are particularly sensitive to lipid peroxidation; thus, they often have 
upregulated GPX4 to avoid ferroptosis (Jiang et al., 2021). This specificity makes GPX4 a 
highly interesting therapeutic target. Indeed, GPX4 knock out (KO) significantly reduces 
the metastatic incidence in melanoma, although cancer cells disseminating through 
lymphatic vessels might not rely that much on this pathway (Ubellacker et al., 2020). 
Sensitization to ferroptosis can also be an interesting approach to overcome certain 
therapy resistances. Different mesenchymal cancer cells have an increased proportion 
of PUFAs within the PM that somehow helps them coping with therapy. This excess of 
PUFAs creates a dependency of those cells on targetable-GPX4 to avoid ferroptosis. 
Indeed, GPX4 genetic ablation leads to tumour regression (Viswanathan et al., 2017). 
However, contrary to what happens with CD36, GPX4 systemic inhibition might give 
conflicting responses. Upon lipid accumulation, over expression of GPX4 in CD8+ T cells 
can prevent the ferroptotic death and restore their anti-tumour immunity (Xu et al., 
2021). On the other hand, there are mechanisms independent of GPX4 that cancer cells 
can use to cope with lipid peroxidation upon GPX4 inhibition (Blomme et al., 2020; 
Garcia-Bermudez et al., 2019; Jiang et al., 2021). 
 



 38 

Lipid synthesis: FASN, HMGCR 
FASN also appears as an attractive target for cancer treatment given the implications of 
this enzyme in tumour progression. Chemical inhibition of FASN with G28UCM in a 
model of BC delays tumour apparition and infiltration (Bueno et al., 2019). Also, genetic 
ablation of FASN impairs BC metastatic outgrowth in the brain (Ferraro et al., 2021) and 
inhibition of this enzyme with orlistat in combination with cisplatin delays tumour 
growth in cisplatin-resistant ovarian cancer cells (Papaevangelou et al., 2018). Orlistat is 
an FDA (US Food and Drug Administration) and EMA (European Medicines Agency)-
approved FASN inhibitor already used in the clinic for obesity treatment. It has shown 
very promising effects in pre-clinical studies, decreasing melanoma (Seguin et al., 2012) 
and OSCC (Agostini et al., 2014) metastatic burden. Other FASN inhibitors such as TVB-
2640 have been developed and they are already being tested in clinical trials in 
combination with standard of care therapies (Broadfield et al., 2021b). Unfortunately, 
FASN inhibition can lead to CD36 upregulation as a compensatory mechanism. 
Combined FASN and CD36 inhibition might be required to overcome this resistance 
(Drury et al., 2020).  
 
Other lipid metabolism-related drugs already being tested in clinical trials against cancer 
are statins. Statins inhibit HMGCR, the rate-limiting enzyme for cholesterol synthesis (Di 
Bello et al., 2020) and have shown promising results in pre-clinical studies in decreasing 
both tumour growth (Chou et al., 2019; Yin et al., 2018) and metastasis (Yin et al., 2018), 
as well as in re-sensitizing resistant cancer cells to different treatments (Feng et al., 
2020; Yin et al., 2018). 
 
To sum up, recent discoveries have emphasized the extreme relevance of lipid 
metabolism in cancer progression. Cancer cells use lipid metabolism as a mechanism of 
adaptation to the different challenging environments faced during the metastatic 
cascade. FA uptake and lipid metabolism provides tumour cells with energy and 
molecules used for membranes biosynthesis but it also helps them to modulate redox 
homeostasis. Regulating lipid metabolism, cancer cells can adapt the lipid membrane 
composition and generate metabolic intermediates to better tolerate the excess of ROS 
generated in the different stressing moments of tumour progression. This dependency 
of the most aggressive cancer cells con lipid metabolism, shapes it as an attractive target 
to stop tumour progression. Nevertheless, metastatic cancer cells are characterized by 
their plasticity and their capacity to accommodate to changes in the environment. 
Combinatory and aggressive treatments will probably be necessary to kill these tumour 
cells before adaptation occurs.  
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2 Lipid modifications of proteins 
 
Of the many different types of lipid modifications of proteins, the most common one is 
protein acylation, which is the covalent modification of proteins with different acyl 
groups (usually FAs). Most acylated proteins are modified with the long-chain saturated 
FAs: myristate (14:0) and palmitate (16:0). However, shorter or unsaturated FAs can also 
be attached to proteins, such as propionic acid (3:0) and butyric acid (4:0) (Resh, 2016). 
At least five different types of acylation have been described depending on the site of 
modification and kind of linkage, summarized in Table I2.1. 
 
Protein N-myristoylation is the irreversible covalent addition of myristate (14:0) to the 
amino-terminal (N-terminal) glycine of the protein with an amide linkage. This 
modification usually occurs co-translationally, right after cleavage of the initial 
methionine, although it can also happen post-translationally after exposition of an 
internal glycine (Resh, 2013; Resh, 2016; Smotrys and Linder, 2004; Udenwobele et al., 
2017).  N-myristoylation is catalyzed by NMT (N-myristoyl transferase) and it affects 
more than 150 proteins, including eNOS (endothelial nitric oxide synthase), Src family of 
kinases, and the Giα family of protein signaling subunits (Udenwobele et al., 2017; 
Smotrys and Linder, 2014). 
 
N-palmitoylation is the post-translational addition of a PA moiety to the N-terminal 
cysteine of a protein with an amide linkage. This modification was first observed in SHH 
(Sonic hedgehog) protein which has to be dually modified by cholesterol on its C-
terminus and palmitate on its N-terminus in order to be properly secreted (Pepinsky et 
al., 1998; Resh, 2016). Hhat (Hedgehog acyltransferase) is a member of the MBOAT 
(membrane bound O-acyl transferase) family of proteins and is located in the ER. This 
enzyme is the responsible for N-palmitoylation of SHH as well as other members of the 
hedgehog family of proteins (Tukachinsky et al., 2012). Other proteins have been found 
to be N-palmitoylated in Drosophila melanogaster; however, to date, no further 
proteins have been described as N-palmitoylated in mammals (Resh, 2013; Resh, 2016).  
 
Acylation at the ε-amino group of lysine is present in other secreted proteins. TNFα 
(tumour necrosis factor alpha) and IL-1α (interleukin 1 alpha) precursors are 
myristoylated on lysines through an amide linkage probably to facilitate their traffic 
towards the PM (Stevenson et al., 1992; Stevenson et al., 1993). This post-translational 
modification (PTM) is not just present in secreted proteins. Histones are also acylated 
on their lysines by myristoyl groups or by shorter acyl groups, like propyl or butyryl (Chen 
et al., 2007; Kebede et al., 2017; Liu et al., 2009). The enzyme responsible for TNFα and 
IL-1α myristoylation has not yet been identified, but p300 can acylate histones (Chen et 
al., 2007; Liu et al., 2009). 
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Certain sirtuins (SIRT), known as NAD-dependent deacetylases, can efficiently remove 
long-chain fatty acids from acylated lysine residues. For instance, the SIRT6 
demyristoylates TNFα, allowing its secretion (Jiang et al., 2013). In vitro studies also 
show that interactions of SIRT6 with long-chain FAs enhances its low deacylase activity 
and that SIRT2 can also remove acylations from histone residues (Feldman et al., 2013; 
Liua et al., 2015; Teng et al., 2014). 
 
Proteins are O-acylated when the FA is attached to either a serine or a threonine 
through an oxyester linkage. Wnt proteins are O-acylated by a monosaturated form of 

Acyl modification Chemical structure Acyl 
transferases Erasers Substrate 

examples 

N-myristoylation 
(N-terminal Gly) 

 

NMT - 
(>150) 

eNOS, Src, Giα 

N-palmitoylation 
(N-terminal Cys) 

 

Hhat - SHH 

ε-amino acylation 
(Lys) 

 

p300 
 
- 
 
- 

SIRTs 
 

SIRT6 
 
- 

Histones 
 

TNFα 
 

IL1α 

O-acylation 
(Ser or Thr) 

 

Porcn 
 

GOAT 
 

Lpcat1 

Notum 
 
- 
 
- 

Wnt 
 

Ghrelin 
 

Histone H4 

S-acylation 
(Cys) 

 

DHHCs 

APT1/2 
PPT1 

ABHD17 
 

>4000* 
Ras, CAV, CD44, 

TEAD, STAT3, 
CD36, Histone H3 

Table I2.1. Summary of the different types of fatty-acylations that proteins can undergo.  
The chemical structure of ε-amino acylation corresponds to an ε-amino myristoylation, the 
representation of O-acylation is an O-palmitoylation and the one for S-acylation is a S-
palmitoylation, although different fatty acids can bind to proteins with these linkages. In the 
chemical representations: oxygen (O) atoms and their covalent bonds are pictured in red, 
nitrogen (N) atoms in blue and sulfur (S) ones in green. H represents hydrogen; C is carbon; AA 
represents the rest of the amino acids of the protein and R stands for “residue” that can differ 
depending on the amino acid of the linkage (Ser or Thr). Chemical structures were drawn using 
BioEddie tool from Chem Axon.  – appears in the table when the acyl transferase or the eraser 
is unknown or does not exist. *According to SwissPalm database (Blanc M et al., 2015). 
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palmitate, cis-Δ9 palmitoleate (16:1”9) (Resh, 2016). This modification is catalyzed by 
Porcn (Porcupine), another ER resident member of the MBOAT acyltransferase family of 
proteins. This acylation allows the Wnt protein to travel to the PM and to interact with 
Wntless for its secretion, as well as to interact with its receptor Frizzled (Janda et al., 
2012; Zeng et al., 2015). Palmitoleation of Wnt can be specifically removed by Notum, a 
conserved antagonist with carboxylesterase activity (Kakugawa et al., 2015). Ghrelin and 
histone H4 are other two examples of O-acylated proteins. Ghrelin is a secreted peptide 
hormone that can only bind its receptor when it is acylated. The enzyme in charge of 
Ghrelin’s acylation is GOAT (Ghrelin O-acyltransferase), another MBOAT protein, which 
catalyzes the binding of an octanoate (8:0) molecule to Ghrelin’s Ser3 (Yang et al., 2008). 
Although most circulating Ghrelin is not acylated, no deacylase has been described yet 
for it (Satou et al., 2012). Histone H4 can be O-palmitoylated by LPCAT1 on its Ser47. 
While its principal function of this cytoplasmic enzyme is the addition of saturated acyl-
CoAs (mainly palmitoyl-CoA groups) to PM lysophospholipids, LPCAT1 is quite 
promiscuous and it could acylate proteins as well. O-palmitoylation of histone H4 can 
activate RNA polymerase II and enhance genome-wide transcription (Zou et al., 2011). 
 
The last known type of protein acylation is S-acylation or thioacylation, which takes 
place on cysteine residues through a thioester linkage. Even though proteins can be S-
acylated with different FAs, regardless of their length (usually 14C or longer) or 
saturation, the traditional term used in the literature for this modification is S-
palmitoylation. As the traditional term states, palmitate (16:0) is the most common 
fatty acid present in S-acylated proteins, followed by palmitoleate (16:1), stearate (18:0) 
and oleate (18:1). (Smotrys and Linder, 2004; Tabaczar et al., 2017; Won et al., 2018).  
  
To date, only the SHH proteins family has been described to be N-palmitoylated, and 
very few proteins have been found to be O-palmitoylated. In sharp contrast, there are 
more than 13,000 proteins in the human proteome predicted to be S-palmitoylated, 
with more than 4,500 already validated or described at least in one palmitoylome study 
according to SwissPalm database (Blanc M et al., 2015). Thus, S-palmitoylation is by far 
the most common lipid-based PTM and it will be discussed in more detail in the next 
section. 
 
Although fatty acid acylations are the most common lipid modifications of proteins, 
other lipid PTMs such as prenylation or the attachment of the 
glycosylphosphatidylinositol (GPI) anchor, are fundamental for the biology of the cell. 
Protein prenylation consists of the covalent binding of farnesyl (15C) or geranylgeranyl 
(20C) isoprenoid groups to a cysteine at or near the C-terminus of the protein through 
a thio-ether linkage. Both types of prenylation enhance the interaction of the proteins 
with the membranes although farnesylation is not sufficiently hydrophobic to anchor 
the modified protein to the membrane. Farnesylated proteins such as H- or N-Ras 
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require a second lipid modification, such as palmitoylation, to form a stable membrane 
interaction (Resh M.D., 2013). The GPI anchor comprises a phosphatidylinositol, 1 
glucosamine, 3 mannoses and a phosphoethanolamine bound to the carboxy terminal 
of the protein through an amide linkage. GPI-anchored proteins are usually localized at 
the extracellular cell surface in specific domains of the PM. There are at least 150 GPI-
anchored proteins in humans (Resh M.D., 2013).  
  

2.1 Protein S-acylation (S-palmitoylation) 
 
S-apalmitoylation is the addition of a long-chain FA to a cysteine residue through a 
thioester linkage (traditionally known as palmitoylation), and thousands of proteins 
have been described with this PTM. S-palmitoylation is catalyzed by a family of protein 
acyl transferases (PATs) that contain zinc-finger and aspartate-histidine-histidine-
cysteine (Asp-His-His-Cys, DHHC) domains, although high concentrations of PA can 
induce the non-enzymatic palmitoylation of accessible cysteines (Won et al., 2018). S-
palmitoylation it is removed by different protein thioesterases (Tabaczar et al., 2017; 
Won et al., 2018; Korycka et al., 2012). Importantly, to date, S-palmitoylation is 
considered to be the only reversible lipid modification of proteins. It is true that certain 
erasers have been found for some specific acylated proteins like the ones previously 
mentioned. However, in the case of S-palmiotylation the mechanism of deacylation is 
more dynamic, general and less specific. Most S-palmitoylated proteins can undergo 
several rounds of palmitoylation and depalmitoylation during the protein’s lifetime, 
which is used by the cell as a mechanism to regulate protein function and cell signaling. 
(Smotrys et al., 2004).  
 

2.1.1 Protein acyl transferases (PATs) 
 
There are few described cases of proteins that can undergo auto-palmitoylation or self-
palmitoylation. Most of those proteins are the DHHC-PATs, in charge of the S-
palmitoylaiton of all the rest of palmitoylated proteins, but other proteins like TEAD (TEA 
domain transcription factor) (Chan et al., 2016) and Bet3 (Kümmel et al., 2006) can also 
get autopalmitoylated. All these auto S-palmitoylated proteins present a similar 
structure with a hydrophobic pocket where the FA locates and an accessible cysteine 
residue that generates the thioester linkage (Chan et al., 2016; Kim et al., 2005; Rana et 
al., 2018).  
 
There are 23 ZDHHC genes in the human genome (ZDHHC1–ZDHHC24, ZDHHC10 is 
omitted) that encode 23 different DHHC-PATs (Table I2.2). Although protein 
palmitoylation was discovered in 1979, the enzymes responsible for this modification 
were not identified in Saccharomyces cerevisiae until 2002 (Lobo et al., 2002; Roth et 
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al., 2002) and it was only in 2018 when the crystal structure of the human DHHC20 
(hDHHC20) was resolved (Rana et al., 2018).  
 

2.1.1.1 Protein structure 
 

All PATs share some commonalities in their sequence of amino acids, and presumably in 
their structure, important for their function. Figure I2.2 shows the phylogenetic tree of 
mouse DHHC-PATs based on the similarities of their catalytic domain. The first, and most 
important common feature is the active site. The catalytic domain of these 
transmembrane enzymes, is located at the interface between the cytoplasm and the 
membrane (Figure I2.1). It consists in the previously mentioned tetrapeptide:  Asp-His-
His-Cys (DHHC), surrounded by around 50 highly conserved amino acids rich in Cys and 
His. These two motives together form the DHHC cysteine rich domain (DHHC-CRD) and 
they are usually located between transmembrane domains 2 and 3 (Putilina et al., 1999; 
Rana et al., 2018; Stix et al., 2020; Tabaczar et al., 2017). This catalytic region contains 
two zinc-finger domains, which bind two Zn2+ ions that seem to have only a structural, 
and no catalytic, role (Gottlieb et al., 2015; Rana et al., 2018). Most DHHC enzymes also 
present a palmitoyl transferase conserved C terminus (PaCCT) that is fundamental for 
the enzymatic activity (González Montoro et al., 2009). All these enzymes also contain 4 
or more transmembrane helices that generate a closed cavity where the FA is located 
for catalysis (Figure I2.3) (Stix et al., 2020).  
 
PATs differ the most at their C- and N- termini, which are located in the cytosol. In these 
regions, some DHHCs contain protein-protein interaction domains that can affect the 
substrate recognition. DHHC13 and DHHC17 present an ankyrin repeat (ANK) domain at 
their N-terminus (Figure I2.1), while several other DHHC-PATs (DHHC3, 5, 7, 8, 14, 16, 
17, 20 and 21) have a PDZ-binding motif and DHHC6 is predicted to have a SH3 domain 

Figure I2.1. Examples of structures of DHHC-PATs.  Adopted from Stix et al., 2020. 
Human DHHC17 and DHHC3 and yeast Erf2 are represented. DHHC17 has six transmembrane 
domains and an ankyrin repeat domain at the N-terminal. DHHC3 only presents four 
transmembrane helixes and Erf2 needs to interact with Erf4 for its activity. In all cases the 
catalytic domain DHHC is located at the interface between PM and cytoplasm. 
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(Table I2.2) (Tabaczar et al., 2017; Stix et al., 2020). Some of these non-catalytic domains 
are important for the interaction with other non-substrate proteins that can regulate 
their activity. GPC19 (Golgi localized membrane protein 19) interacts with DHHC9 and is 
fundamental maintaining the activity and stability of the PAT (Swarthout et al., 2005). 
These non-catalytic domains can also be involved in the determination of the PAT 
location within the cellular organelles or in the regulation of the PAT activity (see the 
“Regulation of protein palmitoylation” section) (Gorleku et al., 2011).  
 

2.1.1.2 Substrate specificity 
 
The substrate specificity of PATs is one of the most controversial aspects of their biology. 
Some studies argue that different DHHCs have overlapping activities and that a 
substrate can be palmitoylated by different PATs. DHHC9 was described as the enzyme 
responsible for H-Ras palmitoylation (Swarthout et al., 2005). However, others showed 
that upon DHHC9 KD, H-Ras protein was still palmitoylated and functional (Rocks et al., 
2010). In fact, DHHC18 can also palmitoylate H-Ras in vivo (Fukata et al., 2004). Another 
example of protein palmitoylated by different PATs is PSD-95 (postsynaptic density 
protein 95), which can be palmitoylated by: DHHC2, 3, 7, 8, 15, and 17 (Fukata et al., 
2004; Huang et al., 2004; Mukai et al., 2008; Ohno et al., 2012). There does not seem to 
be a well-defined consensus sequence of amino acids in the palmitoylated motifs 
(Smotrys et al., 2004). Some authors suggest that the only requirements that any protein 
needs in order to be palmitoylated is having an accessible cysteine residue and being 
able to transiently locate at the Golgi membranes, where most PATs reside (Rocks et al., 
2010). 
 

Figure I2.2. Phylogenetic tree 
of DHHC-PATs. Adopted from 
Greaves and Chamberlain, 
2011. Tree showing the 
evolutionary relationships of 
mouse DHHC-PATs based on 
the amino acid sequence of 
their DHHC-CR domain.  
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In contrast, many studies claim that a specific DHHC is necessary for the S-palmitoylation 
of a particular protein, and when that enzyme is missing, the substrate is not longer 
palmiotylated. This is the case of STAT3 (signal transducer and activator of transcription 
3), which is specifically palmitoylated by DHHC7. In the absence of DHHC7, STAT3 is no 
longer acylated and cannot travel to the PM to interact with JAK2 (Janus kinase 2) and 
promote T helper 17 cell differentiation (Zhang et al., 2020b). Similarly, R-Ras is 
palmitoylated by DHHC19, which is not able to acylate N-Ras, H-Ras or RhoB (Baumgart 
et al., 2010). This specificity can be determined in part by the differential non-catalytic 
domains of the DHHC enzymes (Huang et al., 2004; Huang et al., 2009), but also by the 
substrate structure. A point mutation in the cysteine-rich domain of SNAP23, making it 
similar to one of DHHC15’s targets, is sufficient to induce its palmitoylation by DHHC15 
(Greaves et al., 2010).  
 
Thus, the specificity of DHHC-PATs for a particular substrate can depend on many 
different aspects. It is possible that some substrates are more promiscuous and can be 
acylated by many different enzymes, like PSD-95 (Fukata et al., 2004; Ohno et al., 2012), 
while others have a particular structure that can only be recognized by the PATs 
containing a specific protein-recognition domain (Huang et al., 2004). This specificity can 
also depend on the level of expression of each DHHC-PAT in a specific cell type as well 
as the intracellular location of that particular PAT. For example, PSD-95 can be 
palmitoylated by DHHC2, 15, 3, 7 and 17, all of them resident of the Golgi membrane. 
DHHC2 and 15 are phylogenetically very close and their structure is very similar (Figure 
I2.2), which can explain their shared affinity for PSD-95. The same happens with DHHC3 
and 7 (Table I2.2). However, PSD-95 is not a known substrate of DHHC13, even though 
DHHC13 is very similar to DHHC17 (Figure I2.2), probably because DHHC13 is located at 
the ER and not at the Golgi, which can prevent its interaction with the substrate. Further, 
it is important to emphasize that even if two DHHC-PATs palmitoylate the same 
substrate, they can still have complementary and non-redundant functions. This is the 
case of DHHC4 and DHHC5 enzymes and CD36 palmitoylation (Figure I2.4). Both PATs 
are necessary for the location of CD36 at the PM. This complementation in the function 
can be explained by the different subcellular location of both PATs (Table I2.2). DHHC4, 
located at the Golgi, palmitoylates CD36 and induces its traffic towards the PM. There, 
DHHC5 maintains the palmitoylated state of CD36 until the receptor binds a FA (Wang 
et al., 2019d). 
	
2.1.1.3 Acyl-CoA specificity 
 
DHHCs usually S-acylate their substrates with PA (16:0) but they can also use 
palmitoleate (16:1), stearate (18:0), oleate (18:1) or other less-abundant long-chain FAs. 
The specificity for the FA might rely largely on each particular DHHC structure (Greaves 
et al., 2017; Jennings et al., 2012; Stix et al., 2020).  Protein S-acylation occurs in a two-
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step mechanism. First, PATs are autoacylated and then transfer the FA to their substrate 
(Stix et al., 2020) (Figure I2.3). Different DHHCs present distinct acyl-CoA preference for 
autoacylation in vitro; for instance, DHHC2 can equally bind different FAs of 14C or 
longer, while DHHC3 is limited to FAs up to ≤16C. Further, autoacylation is the restrictive 
step that confers acyl-CoA specificity (Jennings et al., 2012).  
 
Other studies have discovered that the preference of each DHHC for a specific FA is 
mainly determined by its transmembrane domain structure, which creates a cavity in 
the PM where the FA is located during the catalytic reaction (Figure I2.3). The residues 
directly facing the cavity are the ones limiting the size and saturation state of the FA. 
This structural limitation explains why DHHC3 and DHHC7 present different acyl-CoA 
affinity, despite being in the same phylogenetic group (Figure I2.2). DHHC7 prefers 
longer chain-FAs like palmitate (16:0) or stearate (18:0), but DHHC3 presents an 
isoleucine residue in its transmembrane domain 3 that limits its binding capacity to 
myristate (14:0) or palmitate (16:0) (Greaves et al., 2017). These observations were 
confirmed when the crystal structure of hDHHC20 got resolved (Rana et al., 2018). 
 
Another source of complexity determining the specificity of DHHC-PATs for different 
FAs, can arise from the differential distribution of the diverse FA species within the 
membranes of the cell and the subcellular location of the PATs (Table I2.2) (Stix et al., 
2020). 
 

Figure I2.3. Detail of the S-acylation reaction. Adopted from Rana et al., 2018. 
The transmembrane helices of PATs generate a cavity within the PM where the acyl-CoAs are 
located. Then, S-palmitoylation occurs through a “ping-pong” kinetic reaction. First, the DHHC-
PAT gets autopalmitoylated and then, the enzyme transfers the FA to the substrate.  Cys156 and 
His154 are the residues responsible for the catalysis.       
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Enzyme Particular characteristic 
Subcellular 

location 
Examples of substrates and method of detection 

DHHC1 - ER/Cyt. Ncdn (in vitro) (Oku et al., 2013) 

DHHC2  
ER and Golgi/ 

PM 

PSD-95, GAP-43 (in vivo, OE) (Fukata et al., 2004) 
SNAP23, SNAP25b (in vivo, OE) (Greaves et al., 2010) 
eNOS (in vivo, OE) (Fernández-Hernando et al., 2006) 
CD9, CD151 (in vivo, OE) (Sharma et al., 2008) 
CKAP4 (P63) (in vivo, OE) (Zhang et al., 2008) 

DHHC3 
(GODZ) 

- PDZ domain Golgi/Golgi 

PSD-95, GAP-43 (in vivo, OE) (Fukata et al., 2004) 
SNAP25b (in vivo, OE)  
(Fukata et al., 2004; Greaves et al., 2010) 
SNAP23 (in vivo, OE) (Greaves et al., 2010) 
Ncdn (in vitro) (Oku et al., 2013) 
eNOS (in vivo, OE) (Fernández-Hernando et al., 2006) 
GABBAA-γ2, AMPA-GluR1/2 (in vivo, OE)  
(Huang. et al., 2009) 
Gα (in vivo, OE) (Tsutsumi et al., 2009) 
ITGα6, ITGβ4 (in vivo) (Sharma et al., 2012) 

DHHC4 
 
 

Golgi/ - CD36 (in vivo, animal model) (Wang et al., 2019d) 

DHHC5 
- PDZ domain 
- CCX7-13(S/T) domain 
- Regulated by: Fyn and Lyn 

PM/PM and 
nucleoplasm 

CD36 (in vivo, animal model) (Wang et al., 2019d) 
!-Catenin (in vivo, OE) (Brigidi et al., 2014) 

DHHC6 
- SH3 domain (interacts 
with Selk through SH3) 
- CCX7-13(S/T) domain 

ER/- 
Calnexin (in vivo) (Lakkaraju et al., 2012) 
TFR1 (in vivo) (Senyilmaz et al., 2015) 
IP3R (in vivo) (Fredericks et al., 2014) 

DHHC7 - PDZ domain Golgi/Golgi 

PSD-95, GAP-43, SNAP25b (in vivo, OE) (Fukata et al., 2004) 
STAT3 (in vivo, OE) (Zhang et al., 2020b) 
CAV1 (in vivo, OE) (Tonn et al., 2018) 
SNAP23 (in vivo, OE) (Greaves et al., 2010) 
Ncdn (in vitro) (Oku et al., 2013) 
eNOS (in vivo, OE) (Fernández-Hernando et al., 2006) 
Gα (in vivo, OE) (Tsutsumi et al., 2009) 
NCAM (in vivo, OE) (Ponimaskin et al., 2008) 
SCRIB (in vivo, OE) (Chen et al., 2016) 

DHHC8 
- PDZ domain 
- CCX7-13(S/T) domain 

Golgi/ 
Nucleoplasm 

and Cyt. 

PSD-93, PSD-95, SNAP25 (in vivo, OE) 
(Mukai et al., 2008) 
eNOS (in vivo, OE) (Fernández-Hernando et al., 2006) 
ABCA1 (in vivo, OE) (Singaraja et al., 2009) 

DHHC9 - Interacts with GPC19 
ER and Golgi/ 
ER, Golgi, Cyt. 

H-/N-Ras (in vitro) (Swarthout et al., 2005) 

DHHC11  ER/ Mito. Ncdn (in vitro) (Oku et al., 2013) 



 48 

  
 

Enzyme Particular characteristic Subcellular location Examples of substrates and method of detection 

DHHC12  
ER and Golgi/ 
Nucleoplasm CLND3 (in vivo, OE) (Yuan et al., 2020) 

DHHC13 
(HIP14L) 

ANK domain ER/Vesicles 
HTT (in vivo, OE) (Huang et al., 2009) 
CTNND1, MCAT, ACAA2 (in vivo, OE) (Shen et al., 
2017) 

DHHC14 PDZ domain ER/Nucleoli, Mito.  

DHHC15  
Golgi/Nuclear speckles 

and Cyt. 
PSD-95, GAP-43, SNAP25b (in vivo, OE) (Fukata et al., 
2004) 

DHHC16 PDZ domain 
ER/ 

Nucleoplasm and Cyt. 
 

DHHC17 
(HIP14) 

ANK domain Golgi/Golgi and vesicles 

PSD-95, HTT (in vitro) (Huang et al., 2004) 
Lck (in vivo, OE) (Fukata et al., 2004) 
SNAP25b (in vivo, OE)  
(Fukata et al., 2004; Greaves et al., 2010) 
SNAP23 (in vivo, OE) (Greaves et al., 2010) 
H-Ras (in vitro) (Ducker et al., 2004) 

DHHC18  Golgi/Microtub. 
H-Ras, Lck (in vivo, OE) (Fukata et al., 2004) 
VAMP7, LAT (in vitro) (Morrison et al., 2020) 

DHHC19  ER/- 
R-Ras (in vivo, OE) (Baumgart et al., 2010) 
PDE10A (in vivo, OE) (Charych et al., 2010) 

DHHC20 PDZ domain PM/PM and vesicles 
!-Catenin (in vivo, OE) (Brigidi et al., 2014) 
EGFR (in vivo) (Runkle. et al., 2016) 

DHHC21 PDZ domain PM/ Golgi and Cyt. 

eNOS (in vivo, OE) (Fernández-Hernando et al., 2006) 
CAV1 (in vivo, OE) (Tonn Eisinger et al., 2018) 
Lck (in vivo, OE) (Tsutsumi et al., 2009) 
Fyn (in vitro) (Mill et al., 2009) 

DHHC22  
ER and Golgi/ 

PM 
BK (in vitro) (Tian et al., 2012) 

DHHC23  
ER and PM/ 

Nucleoplasm 
BK (in vitro) (Tian et al., 2012) 

DHHC24  
ER and PM/ 

Vesicles and Cyt. 
Gp78 (in vivo, OE) (Fairbank et al., 2012) 
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2.1.2 Protein thioesterases 
 
As it has been mentioned, protein S-palmitoylation is a reversible lipid modification of 
proteins. Protein thioesterases, also known as protein depalmitoylases, are the enzymes 
responsible for the removal of the thioester-linked long-chain FAs from the Cys residues 
of S-palmitoylated proteins. To date, three different enzyme families have been 
described to have protein thioesterase activity: APTs (acyl-protein thioesterases), PPTs 
(palmitoyl-protein thioesterases) and ABHD17s (α/β hydrolase-domain containing 17 
proteins) (Won et al., 2018). 
 
2.1.2.1 APT1/2 
 
APT1 and 2 are also known as LYPLA1/2 (lysophospholipase 1 and 2). In addition to their 
protein thioesterase activity both enzymes can hydrolyze lysophospholipids (Sugimoto 
et al., 1996). On top of that, APT1 hydrolyzes other long-chain mono acyl-glycerol esters 
(Won et al., 2018) while APT2 hydrolyzes prostaglandin glycerol esters (Manna et al., 
2014).  Despite their protein structures being nearly identical, they show great specificity 
in the substrates they depalmitoylate and also have specific inhibitors: ML348 (APT1) 
and ML349 (APT2) (Table R2.3) (Adibekian et al., 2012). For example, APT2 is the enzyme 
responsible for SCRIB (scribble planar cell polarity protein) depalmitoylation (Chen et al., 
2016; Hernandez et al., 2017) while APT1 shows no activity against this protein. The 
opposite happens with CD36’s acylation, which is only removed by APT1 (Hao et al., 
2020). Nevertheless, APT1 and 2 also show certain redundancy in the depalmitoylation 
of some targets like HTT (huntingtin), whose deacylation is only abolished when both 
enzymes are inhibited at the same time (Lin et al., 2015). 
 
Both enzymes are mainly located at the cytoplasm although they can also localize to 
internal membranes (Vartak et al., 2014), the PM (Hirano et al., 2009; Kong et al., 2013) 
or even the mitochondria (Kathayat et al., 2018). Interestingly, APT1 and APT2 are both 
palmitoylated at their Cys2 residue, what allows their relocation to membranes, 

Table I2.2 A & B. Detail of the structural characteristics, location and examples of substrates 
of each DHHC-PAT. The names of the DHHC enzymes are colored based on their phylogenetic 
proximity, further detailed in figure I2.2. Those PATs written with the same color are very close 
and present a similar structure. The ones that remain in black are not closely related to any 
other DHHC enzyme. For some enzymes no particular structural characteristics or substrates 
have been described. As for the location, in black location described in Korycka et al., 2012 
based on NCBI database; in dark red, location accepted by The Human Protein Atlas (Thul et 
al., 2017). Cyt. = cytoplasm; Mito. = mitochondria; ER = endoplasmic reticulum; PM = plasma 
membrane; Mitrotub. = microtubules; OE = overexpression.  
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although the specific DHHC responsible for this palmitoylation is still unknown. APT1 is 
the enzyme responsible for its own depalmitoylation and that of APT2 as well. The 
implications of this dynamic cycle of acylation and de-acylation and the cytoplasm-
membrane trafficking of both proteins are still under discussion (Kong et al., 2013; 
Vartak et al., 2014).  
 
2.1.2.2 PPT1/2 
 
PPT1 and 2 are two long-chain FA hydrolases located at the lysosomes and late 
endosomes (Verkruyse et al., 1996). They probably play a role in autophagy and 
vesicular depalmitoylation prior to lysosomal degradation of S-acylated proteins but do 
not seem to affect PM proteins (Koster et al., 2019). Loss of function mutations in these 
enzymes have been related to neuronal lipoid lipofuscinosis (Gupta et al., 2001) 
therefore, most of the research involving PPT1/2 has focused on their influence in neural 
system development and function. They remove the S-acylation of synaptic proteins like 
SNAP25 (synaptosome associated protein 25) or VAMP2 (vesicle associated membrane 
protein 2) (Kim et al., 2008) but also interact with signaling proteins like Fyn (Sapir et al., 
2019).  
 
PPT1 is also palmitoylated on the Cys6 by DHHC3 and DHHC7. However, contrary to 
what happens with APT1/2, when the cysteine is mutated and the palmitoylation 
abolished, the location of the protein does not seem to be affected. Apparently, PPT1 
palmitoylation would regulate its enzymatic activity but not its location. The S-acylation 
inhibits the enzyme in an allosteric fashion (Segal-Salto et al., 2016). 
 
2.1.2.3 ABHD17 
 
Until recently, it was thought that APT1/2 and PPT1/2, were the only enzymes 
responsible for protein depalmitoylation. Nonetheless, a few years ago, Lin et al. 
realized that upon inhibition or silencing of APTs, N-Ras can still get deacylated by any 
of the three members of the ABHD17 (Abhydrolase domain containing protein 17A) 
family of Ser-hydrolases (ABHD17A, ABHD17B, ABHD17C) (Lin et al., 2015). Another 
study also identified PSD-95 as a substrate of these enzymes as well (Yokoi et al., 2016). 
 
ABHD17 enzymes also have a cysteine that can be palmitoylated at the N-terminal 
cysteine-rich cluster (Yokoi et al., 2016). This acylation is necessary for their membrane 
association at the PM or recycling endosomes (Yokoi et al., 2016), although is not 
directly implicated in the catalytic activity. The membrane localization in necessary for 
the activity of the enzymes on their substrates (Lin et al., 2015). Neither the PAT nor the 
thioesterase responsible for the palmitoylation/depalmitoylation of these enzymes 
have been described (Lin et al., 2015).  
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ABHD17 enzymes are not the unique ABHD enzymes with S-deacylase activity. Some 
years ago, it was shown in vitro that ABHD10 and ABHD13 have also a Ser-hydrolase 
activity with preference for lipid substrates (Martin et al., 2012). More recently, ABHD10 
was discovered to be a mitochondria resident protein with depalmitoylase activity 
against PRDX5 (peroxiredoxin 5) in vivo. One of the mechanisms of regulation of PRDX5 
activity seems to be the palmitoylation of its catalytic cysteine. Therefore, by deacylating 
that residue, ABHD10 can control the redox homeostasis of the mitochondria (Cao et 
al., 2019).  
 
 
Many studies suggest that the different depalmitoylases show specificity in their 
substrates. For example, ABHD17 can revert the palmitoylation of PSD-95 or N-Ras but 
it cannot depalmitoylate Fyn (Yokoi et al., 2016), while APT2, removes the S-acylation of 
SCRIB (Chen et al., 2016), APT-1 acts on CD36 acylation (Hao et al., 2020) and PPT1 
cleavages the palmitoylation of SNAP25 or VAMP2. However, some substrates can be 
deacylated by more than one enzyme from different families. This is the case of GAP-43 
(growth associated protein 43) that can be depalmitoylated by ABDH17 (Yokoi et al., 
2016), APT2 (Tomatis et al., 2010) and PPT1 (Koster et al., 2019). The same happens with 
H-Ras, which can be depalmitoylated by ABDH17 (Yokoi et al., 2016), APT1 or 2 (Kong et 
al., 2013) and even by PPT1 (in vitro) (Camp et al., 1993). Thus, similar to what happens 
with DHHC-PATs, part of this specificity can be given not just by the structure of the 
enzyme and the substrate, but also by the expression and subcellular location of the 
thioesterases and their substrates.  
 

2.1.3 Functions of protein palmitoylation 
 
As many other lipid modifications of proteins, palmitoylation main function is the 
membrane association of otherwise soluble proteins. Nevertheless, S-palmiotylation of 
proteins is a reversible PTM that can be tightly regulated by the cell which confers it 
more relevance due to its implications in cell signaling.  
 
2.1.3.1 Membrane association and protein trafficking 
 
Protein palmitoylation takes place mainly at the different membranes of the cell: PM, 
Golgi or ER membranes. In order to be palmitoylated, soluble proteins first need to 
interact with a membrane for a period of time long enough for the acyl-transferase 
activity to occur. For this interaction to happen, many DHHCs substrates are first 
modified with other lipids (prenyl or myristoyl groups) that trigger a transient 
translocation of the proteins to a cellular membrane (Smotrys and Linder, 2004). During 
these short interactions with the membranes, the substrates contact with the DHHC-
PATs, which are integral membrane proteins, and get palmitoylated (Smotrys and Linder 
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,2004). This would be the case of eNOS which needs to interact with the membrane 
through a N-myristoylation to further get S-palmiotylated and relocated to caveolae 
domains at the PM (Prabhakar et al., 2000). H-Ras for its part, needs a farnesylation and 
the interaction of its polybasic domain with the membrane in order to get S-
palmiotylated (Hancock et al., 1990). 
 
Palmitoylation does not just anchor soluble proteins to the cellular membranes, in fact, 
transmembrane proteins can also get palmitoylated. This PTM also helps in the 
trafficking of proteins through membranes and determines their particular location 
within specific organoids (Fukata et al., 2016). Calnexin and TMX (thioredoxin related 
transmembrane protein 1) transmembrane proteins, preferentially localize at the 
mitochondrial-associated membrane (MAM) of the ER thanks to their double 
palmitoylation. When their palmitoylated cysteine residues are mutated and cannot get 
palmitoylated, these two proteins relocate to other fractions of the ER membrane 
(Lynes et al., 2012). CD36 needs to be palmitoylated at its C- and N- termini in order to 
be transferred to the PM where it exerts its functions (Figure I2.4). The non-
palmitoylated mutant version of CD36 is unable to traffic towards the PM (Wang et al., 
2019d). The relevance of protein palmitoylation for the trafficking of proteins through 
membranes will be further discussed with Ras family and EGFR examples in the next 
section of the thesis. 
 
S-palmiotylation of proteins also helps in their location in particular specialized domains 
of membranes (Fukata et al., 2016). Although it is quite controversial, the lipid raft 
hypothesis states that within cell membranes, especially at the PM, lipids interact with 
each other and organize lateral areas of order-preferring lipids, like cholesterol or 
sphingolipids; or disordered lipids such as PUFAs or short lipids. Those tightly packaged 
areas full of saturated phospholipids, sphingolipids and cholesterol are the lipid-rafts, 
also called detergent-resistant membranes (DRM) (Levental et al., 2020). Palmitoylated 
proteins are predicted to have high affinity for lipid rafts. In fact, lipid raft composition 
shows an enrichment in extracellular proteins anchored to the membrane with lipids 
like GPI on the outer part or myristoylated and palmitoylated cytoplasmic proteins on 
the inner part (Levental et al., 2020; Smotrys and Linder, 2004). Proteins modified with 
unsaturated FA or prenyl groups tend to be excluded from these organized DRM 
domains (Levental et al., 2020). Therefore, lipid rafts are fundamental areas of the PM, 
given that they allow the colocalization of different proteins that can interact with each 
other. We can find a clear example of the importance of protein location at the lipid 
rafts in the activation of T cells (Kabouridis, 2006). LAT (Linker for activation of T cells) 
and Lck tyrosine kinase, are two well-known actors of the TCR (T cell antigen receptor) 
signaling, necessary for T-cell activation (Janes et al., 1999; Kabouridis, 2006; Tanimura 
et al., 2003). After TCR activation, LAT adaptor protein (Tanimura et al., 2003) and Lck 
kinase (Janes et al., 1999) get palmitoylated and recruited to lipid rafts where they 
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interact with TCR or ZAP-70 and trigger T cell activation signaling. The lipid raft structure 
is not only useful for the colocalization of the proteins, it also helps immobilizing and 
stabilizing LAT at that particular location (Tanimura et al., 2003). Inhibition of the 
palmitoylation of either LAT or Lck, leads to their miss-localization and inactivation of 
the TCR signaling (Janes et al., 1999; Tanimura et al., 2003). 
 
2.1.3.2 Signaling and regulation of protein function 
 
Protein palmitoylation, as other PTMs like phosphorylation, can be used by the cell to 
regulate different signaling cascades, for instance by membrane re-location of signaling 
proteins. The most studied example of signaling cascade regulated by palmitoylation is 
the Ras cascade. There are three human genes of Ras: H-Ras, N-Ras and K-Ras (K-RasA 
and K-RasB isoforms); and all of them are palmitoylated except K-RasB (Xiang et al., 
2017). Right after synthesis, these three hydrophilic globular proteins undergo several 
PTMs that lead to their farnesylation and interaction with ER membrane with modest 
affinity (Xiang et al., 2017). Then, Ras proteins are transferred to the Golgi where H-Ras, 
N-Ras and K-RasA get palmitoylated by DHHC9 (Swarthout et al., 2005). H-Ras is 
palmitoylated twice, in two different cysteines, and N-Ras and K-RasA are just 
palmitoylated once. Upon palmitoylation, the three enzymes travel to the PM where 
they locate at different micro-domains, get activated and interact with their substrates. 
Upon GTP binding and activation, H-Ras tends to be localized at lipid rafts while N-Ras is 
present preferentially in disordered areas of the membrane (Eisenberg et al., 2013), 
although this effect can be cell-type dependent (Agudo-Ibáñez et al., 2015). Few 
minutes later, they get depalmitoylated by APT-1 and travel back to the Golgi membrane 
to be re-acylated and start the cycle again (Xiang et al., 2017). It seems that GTP-bound 
forms of H-Ras and N-Ras have more affinity for APT1, which can be facilitated by 
conformational changes induced in the Ras proteins upon GTP binding (Baker et al., 
2003) or by the interaction with FKBP12 (FKBP prolyl isomerase 1A) (Ahearn et al., 2011). 
Thus, the cell can limit Ras signaling controling its presence in the membrane. Disruption 
of the S-palmitoylation/depalmitoylation cycle of Ras proteins by either palmitoylation 
or depalmitoylation inhibition, leads to their miss-localization in endomembranes and 
signaling alteration (Ahearn et al., 2011; Chandra et al., 2012; Xiang et al., 2017). 
 
Apart from regulating cell signaling, palmitoylation can directly alter the function of 
certain proteins. PRDX5, PPT1 and TEAD are good examples of proteins whose function 
is directly regulated by S-acylation. As previously mentioned, PRDX5 is a mitochondrial 
peroxiredoxin that is inhibited by palmitoylation of its catalytic cysteine (Cao et al., 
2019). PPT1, one of the few known depalmitoylases, also gets inhibited by the 
conformational change induced upon palmitoylation (Segal-Salto et al., 2016). On the 
contrary, in all members of TEAD TF family, the palmitoylation is necessary for their 
interaction with YAP and the transcription of YAP/TAZ target genes. The PA moiety is 
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introduced in a hydrophobic cavity of the protein altering its conformation and favoring 
the interaction with YAP (Chan et al., 2016).   
 
Palmitoylation-induced conformational alterations in the structure of proteins can also 
affect other PTMs that might regulate the proteins’ function. For instance, EGF 
(epidermal growth factor) binding to EGFR promotes the dimerization and activation of 
the receptor, which gets auto-phosphorylated at its C-terminal cytoplasmic tail. This 
phosphorylation favors the interaction and activation of downstream effectors 
(Sigismund et al., 2018). A few years ago, Runkle et al. described that the mechanism of 
control and termination of this signaling is based on EGFR palmitoylation by DHHC20. 
Upon activation of the receptor, DHHC20 palmitoylates EGFR at two independent 
cysteines present at the C-terminal domain. The S-acylation of the first cysteine attaches 
the C-tail to the PM preventing EGFR autophosphorylation and downstream signaling by 
hiding the tyrosine residue that should be phosphorylated. The second palmitoylation 
triggers the endocytosis and trafficking of the receptor to the lysosome to be degraded 
(Runkle et al., 2016). Interestingly, the palmitoylation of a third cysteine is necessary for 
the dimerization of the receptor and its activation (Bollu et al., 2015; Runkle et al., 2016). 
These results also show that, despite protein palmitoylation is normally thougth to 
increase protein stability by binding proteins to membranes such as in calnexin 
(Dallavilla et al., 2016), Fas receptor (Rossin et al., 2015) or PD-L1 (programmed cell 
death ligand 1) (Yao et al., 2019), it can also facilitate protein internalization and 
degradation as in EGFR (Runkle et al., 2016) or DHHC6 (Abrami et al., 2017). 
 

2.1.4 Regulation of protein palmitoylation 
 
DHHC-PATs and protein thioesterases activity is regulated in response to external or 
intracellular signals, which allows the cell to tightly control palmitoylation-dependent 
signaling. For instance, dynamic palmitoylation of CD36 to promote FA internalization is 
tightly regulated by kinases controlling the PAT’s function (Figure I2.4). CD36 needs to 
be palmitoylated by DHHC4 and DHHC5 in order to travel to the PM and remain there, 
at least in adipocytes. In basal conditions, APT-1 depalmitoylates CD36 but at the same 
time DHHC5 S-palmitoylates the receptor reaching a homeostatic equilibrium that 
maintains CD36 at the PM (Figure I2.4A) (Hao et al., 2020; Wang et al., 2019d). When a 
long-chain FA binds CD36, the scavenger receptor activates Lyn kinase, which in turn 
phosphorylates DHHC5 at Tyr91 and inactivates the enzyme. Without DHHC5 activity, 
CD36 is depalmitoylated by APT-1 (Figure I2.4B). Depalmitoylated CD36 recruits SYK 
(spleen tyrosine kinase), which phosphorylates VAV and JNK (C-Jun N-terminal kinase 1 
(also known as MAPK8)). VAV is an adapter of DNM1 (dynamin), which triggers the 
caveolar endocytosis of CD36 bound to the FA (Figure I2.4C) (Hao et al. 2020). After FA 
withdrawal, CD36 can get re-palmitoylated by DHHC4 at the Golgi and re-transported to 
the PM. Newly synthetized CD36 is also transported from the ER to the Golgi for DHHC4 
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 palmitoylation (Figure I2.4D) (Wang et al., 2019d). In other cases, PTMs on PATs can 
regulate their function by determining their location instead of their activity (Brigidi et 
al., 2015). 
 

Interestingly, PATs can interact with each other generating palmitoylation cascades that 
allow further dynamic and precise regulation of S-acylation. DHHC16 palmitoylates 
DHHC6 in three different Cys at its SH3 domain. The different combinations of those 3 

Figure I2.4.CD36 acylation/deacylation cycle. Adapted from the schemes at Wang et al., 
2019d and Hao et al., 2020. A) In basal condition, CD36 located at the PM gets palmitoylated 
by DHHC5 and depalmitoylated by APT-1. B) Upon long-chain FA binding Lyn phosphorylates 
and inhibits DHHC5. APT-1 continues depalmitoylating CD36. C) Depalmitoylated CD36 
activates SYK, which phosphorylates VAV and JNK and together with DNM1 they trigger the 
caveolar endocytosis of CD36 bound to the FA. D) CD36 is re-synthetized at the ER and 
palmitoylated at the Golgi by DHHC4 before trafficking to PM. Red zigzagging line represents 
PA moiety and the pink one any long-chain fatty acid.  
Created with BioRender.com 
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sites of palmitoylation determine the level of DHHC6 activity, but also its degradation 
rate, probably as a regulatory mechanism. APT2 can depalmitoylate DHHC6 controlling 
its level of S-acylation, thus generating a palmitoylation/depalmitoylation cascade with 
DHHC16 (Abrami et al., 2017). 
 
The function of the thioestereases can also be regulated by signaling mechanisms. 
Wnt5a signaling can control cell polarity through APT1 thioesterase and the 
depalmitoylation of specific cell adhesion molecules in melanoma cells (Wang, W. et al 
2015). Upon Wnt5a binding with its receptor, the inhibitory interaction of APT1 with 
Dvl2 (dishevelled segment polarity protein 2) is destroyed, enhancing therefore APT1 
thioesterase activity. This triggers the specific deacylation of MCAM (melanoma cell 
adhesion molecule) but not of other proteins like CAV1 (caveolin 1). Depalmitoylated 
MCAM loses its location at the PM inducing cell invasion (Wang, W. et al 2015).  
 

2.1.5 Protein palmitoylation and cancer 
 
Despite most protein palmitoylation mechanisms have been studied in the context of 
neural system development and functioning (Cho et al., 2016; Gupta et al., 2001; Kim et 
al., 2008; Koster et al., 2019; Sapir et al., 2019), palmitoylation dependent processes 
have also been related to cancer (Ko et al., 2018; Anderson et al., 2016; Chen et al., 
2017; Yamamoto et al., 2007; Ducker et al., 2004; Draper et al., 2010; Yuan et al., 2020).  
 
As above mentioned, well-known cancer-related proteins like Ras family of GTPases can 
be palmitoylated (Xiang et al., 2017). Furthermore, around 25% of 299 validated cancer 
driver genes can be palmitoylated according to a recent study (Ko et al., 2018), which 
highlights the importance of this PTM in cancer disease. Inhibition of palmitoylation of 
oncogenic N-RasG12D mutant at Cys181 induces miss localization of mutant N-Ras and 
inhibits downstream signaling, extending the life-expectancy of leukemia bearing 
animals up to 8 times (Cuiffo, B. et al. 2010).  
 
SCRIB oncogenic signaling cascade is also regulated by palmitoylation. SCRIB is a cell 
junction localized tumour suppressor protein that has a role in the regulation of cell 
polarity but also interacts with many different proteins and pathways. Through its PDZ 
domain, SCRIB interacts with PTEN (phosphatase and tensin homolog) and localizes it to 
the PM where PTEN dephosphorylates PIP3 (phosphatidylinositol-3,4,5-triphosphate) 
and stops Akt signaling (Feigin et al., 2014). SCRIB also interacts with a complex of 
proteins to activate the Hippo pathway (Mohseni et al., 2014). For its proper localization 
and function at the cell junctions, SCRIB has to be palmitoylated by DHHC7 at two 
different cysteines (Chen, B. et al. 2016). When these two acylations are not present, 
SCRIB miss-localizes to the cytoplasm, which leads to the loss of cell polarity and 
overactivation of pathways like PI3K (phosphatidylinositol-4,5-biphosphate 3 
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kinase)/Akt, MAPK or YAP, increasing the malignancy of the cell (Chen et al., 2016; Feigin 
et al., 2014; Mohseni et al., 2014). The palmitoylation state of SCRIB is particularly 
relevant in BC where ZDHHC7 is usually lost (Hungermann et al., 2011) and APT2 (SCRIB’s 
specific thioesterase) tends to be upregulated (Hernandez et al., 2017), underlining the 
anti-tumoural function of SCRIB palmitoylation.  
 
Another important cancer-related pathway in which palmitoylation plays a relevant role 
is EGF. EGF pathway overactivation is a common event in many cancers and some of the 
mutations that enhance the receptor’s activity can interfere with its palmitoylation 
cycle. EGFR palmitoylation is fundamental to prevent its autophosphorylation, 
provoking its internalization and the termination of the signaling cascade (Runkle et al., 
2016). Furthermore, deletion of EGFR exons 25-27, where the palmitoylated residue 
responsible for the control of the receptor phosphorylation is located (Runkle et al., 
2016), has been described in lung cancer and glioblastoma multiforme (Imielinski et al., 
2012; Cho et al., 2011). However, a few years ago, Ali et al. demonstrated that cells 
bearing different mutations in the tyrosine kinase domain of EGFR, but sensitive to 
kinase inhibitors, can acquire resistance by enhancing the palmitoylation of the 
receptor. Upon treatment with gefitinib or other tyrosine kinase inhibitors, the cells with 
acquired resistance enhance FASN activity and with it, the pool of free PA that acylates 
EGFR. They also showed that these mutants are more prone to be palmitoylated when 
compared to the WT version of the receptor probably as a consequence of alterations 
in the structure. On top of that, those palmitoylated mutant-EGFRs are more active and 
can relocate to the nucleus of the cell (Ali et al., 2018). This may be explained by a 
previous observation showing that the palmitoylation of EGFR dependent on FASN can 
enhance the ligand-independent homodimerization and activation of the receptor 
(Bollu et al., 2015). Thus, to date, the functional role of EGFR palmitoylation remains 
unclear. Different studies have found opposite functions for the acylation of the 
receptor (Ali et al., 2018; Bollu et al., 2015; Runkle et al., 2016). Further studies are 
needed to clarify the reason for these contradictory results although it seems that the 
reason behind might be the mutational status of EGFR and whether the receptor has 
undergone changes in its conformation that can affect its interaction with other 
proteins. 
 
Palmitoylation is even implicated in the functional regulation of p53, guardian of the 
genome and one of the most important tumor suppressor genes. Despite the extensive 
study of this protein over the years, its palmitoylation has not been described until 2021. 
Tang et al. observed that in those tumours where TP53 was not mutated, ZDHHC1 was 
always downregulated through hypermethylation of the promoter. Indeed, they found 
a correlation between TP53 mutational status and ZDHHC1 expression. They saw that 
p53 palmitoylation in several Cys by DHHC1 is fundamental for the later phosphorylation 
of p53 and nuclear translocation. p53 S-palmiotylation is fundamental for its function 
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and the inhibition of tumour growth. Furthermore, in p53 WT cancer cells, the 
palmitoylated tumour suppressor recruits DNMT3A (DNA methyltransferase 3 alpha) to 
the ZDHHC1 promoter for its hypermethylation and signaling in a negative feed-back 
loop (Tang et al., 2021). These results can explain the requirement of protein 
palmitoylation for a proper DNA damage response (Cao et al., 2016). 
 
Another evidence of the relevance of protein palmitoylation in cancer is the association 
that different DHHC-PATs and acyl-thioesterases show with the progression of the 
disease. Some PATs, like DHHC2 or DHHC13 can act as tumour suppressors. ZDHHC2 was 
first named REAM (reduced expression associated with metastasis) because it maps a 
region of chromosome 8 frequently deleted in several cancers such as non-small cell 
lung cancer (Fujiwara et al., 1994), CRC (Fujiwara et al., 1994), HCC (Emi et al., 1993; 
Fujiwara et al., 1994) or gastric cancer (Yan et al., 2013). DHHC2 is the PAT responsible 
for the palmitoylation of the tetraspanins CD9 and CD151, fundamental proteins for cell-
cell adhesion and motility (Sharma et al., 2008). DHHC13, in turn, palmitoylates MC1R 
(melanocortin-1 receptor), which is required for a proper protective response against 
UV irradiation and oncogenic mutations in MC1R reduce its palmitoylation (Chen et al., 
2017). Other PATs, such as DHHC11, DHHC12, DHHC17 and DHHC20, mainly act as 
oncogenes and are overexpressed or amplified in different tumours (Draper et al., 2010; 
Ducker et al., 2004; Yamamoto et al., 2007; Yuan et al., 2020). Nevertheless, in most 
cases, the different PATs can act both as oncogenes or as tumour suppressors depending 
on the cancer type (Ko et al., 2018). This could be explained by the different substrates 
that a DHHC has depending on the tissue. Concerning protein thioesterases, ABHD17A 
was identified as one of the main tumour suppressors in the microenvironment of lung 
metastasis in mice (Van Der Weyden et al., 2017). Full-body KO mice for ABHD17A have 
more lung metastases after intravenous injection of melanoma cells, suggesting a 
possible role of this protein in the immune surveillance against metastatic cells (Van Der 
Weyden et al., 2017). In contrast, elevated expression of PPT1 in tumours correlates 
with poor survival in a variety of cancers and its inhibition impairs tumour growth 
(Rebecca et al., 2019). 
 

2.1.6 Targeting protein palmitoylation 
 

As it has just been described, protein palmitoylation can directly affect the function of 
many oncogenes, tumour suppressors and cancer-associated signaling pathways. It is 
also true, that this PTM is fundamental for many vital processes like neural synapses 
function but certain studies suggest that normal tissues might be less sensitive to the 
inhibition of PATs than tumour cells (Ko et al., 2018). Certain DHHC-PATs and cofactors 
are essential for some of the most important oncogenic signaling pathways driving 
tumour growth and cancer progression, which creates in the tumour cells a non-
oncogene addiction to some of those enzymes and sensitizes them to PAT inhibition (Ko 
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et al., 2018). This is supported by the fact that various mouse models KO for specific 
ZDHHC genes or cofactors of these enzymes, present no developmental alterations 
while the incidence or aggressiveness of the tumours they develop is reduced (Liu et al., 
2016; Marciel et al., 2018). 
 
Specific inhibitors of DHHC enzymes are yet to be developed and preclinical studies 
using broad-spectrum DHHCs inhibitors like 2-BP show low specificity and numerous off-
target effects, making these drugs unsuitable candidates for therapy. The recent 
publication of hDHHC20 crystal structure (Rana et al., 2018) opens the possibility to the 
design of target-based drugs. New specific inhibitors can be designed targeting 
differential domains of the acyl transferases such as the ankyrin-repeat. Nonetheless, in 
many cases different DHHCs have overlapping functions and can palmitoylate the same 
substrate. The inhibition of a particular PAT can be compensated by the activity of other 
DHHCs. One approach that can solve this issue would be the discovery of compounds 
that prevent the palmitoylation of a specific substrate by blocking its cysteine residue 
(Haag et al., 2018). Another possible approach to discover specific inhibitors of DHHCs 
relies on the rational synthesis of competitive inhibitors. These competitive inhibitors 
would be small peptides containing the amino acid sequence that gets palmitoylated in 
the protein of interest and that can outcompete the endogenous protein (Yao et al., 
2019).  
 
Palmitoylation of certain proteins could be beneficial to fight the progression of specific 
cancers. In those circumstances, the use of protein thioesterase inhibitors would be 
beneficial to block tumour progression. Unlike for DHHCs, there are specific inhibitors 
for the main protein depalmitoylases APT1 and APT2 (Table I2.3). Inhibition of APT2, the 
specific depalmitoylase of SCRIB, either with the promiscuous inhibitor palmostatin B 
(Chen et al., 2016) or with the specific APT2 inhibitor ML349 (Hernandez et al., 2017), 
enhances SCRIB location at the PM and attenuates MAPK activation and cancer 
progression (Hernandez et al., 2017). Thus, inhibition of APT2 could represent a 
potential therapeutic approach to treat cancers in which SCRIB plays an important role, 
such as BC (Hungermann et al., 2011). Moreover, systemic inhibition of PPT1 could have 
a beneficial anti-tumour effect through alteration of MDSCs, M2 macrophages and 
exhausted CD8+ responses (Sharma et al., 2020). 
 
Regulation of protein palmitoylation can be particularly useful in combination with other 
treatments. As aforementioned, EGFR signaling is controlled by palmitoylation. Upon 
activation, WT EGFR gets acylated by DHHC20, inducing the internalization and 
degradation of the receptor (Runkle et al., 2016). In triple negative BC cells, broad 
inhibition of the PATs with 2-BP or KD of ZDHHC20 increases EGFR presence at the PM 
and EGF-induced activation of the downstream signaling (Runkle et al., 2016). In triple 
negative BC cells, broad inhibition of the PATs with 2-BP or KD of ZDHHC20 increases 
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EGFR presence at the PM and EGF-induced activation of the downstream signaling 
(Runkle et al., 2016). Nonetheless, this enhances the dependence of cancer cells on EGF 
signaling and sensitizes them to EGFR inhibitors such as gefitinib. Combination of 
gefitinib and 2-BP treatments double the percentage of death cells as compared to 
gefitinib alone (Runkle et al., 2016). However, EGFR is mutated in many tumours and its 
palmitoylation no longer stops the signaling cascade. Acylation of mutant-EGFR can even 
help the tumour cell by stabilizing the receptor in endomembranes, where it remains 
active (Ali et al., 2018), or by triggering the ligand-independent dimerization of EGFR 
(Bollu et al., 2015). In these cases, inhibition of FASN, which is activated by mutant EGFR, 
emerges as a good option to diminishing the availability of PA moieties that can be used 
to palmitoylate the receptor. FASN inhibition with orlistat, decreased tumour growth in 

mice bearing gefitinib resistant tumours (Ali et al., 2018). Moreover, the inhibition of 
EGFR activation with gefitinib can be synergistically enhanced by inhibiting FA and 
steroid synthesis with cerulenin or by broad inhibition of DHHCs with 2-BP (Bollu et al., 
2015). Thus, regardless of the mutational status of EGFR, the inhibition of its 
palmitoylation, either by blocking palmitate synthesis or the transference of the moiety 
to the protein, can synergize with current therapies using tyrosine kinase inhibitors. 
  
 
 

Inhibitor Enzyme References 
Hexadecylfluorophosphonate 
(HDFP) 

Non-selective lipase inhibitor Martin et al., 2012 

Mehyl arachidonyl 
fluorophosphonate (MAFP) 

Broad spectrum serine 
hydrolase inhibitor 

Zhang et al., 2010 

Phenylmethylsulphonyl 
fluoride  (PMSF) 

Broad spectrum serine 
hydrolase inhibitor with low 
PPT1 inhibition efficiency 

Zhang et al., 2010 

Palmostatin B APT1/2, ABHD17A-C Lin et al., 2015  
ML211 APT1/2 Hernandez et al., 2017 
ML378 APT1/2 Won et al., 2018 
AA401 APT1/2 Hernandez et al., 2017 
ML348 APT1 Hernandez et al., 2017 
ML349 APT2 Hernandez et al., 2017 
Chloroquines (CQ) Autophagy inhibitors, some 

inhibit PPT1 specifically 
Rebecca et al., 2019 

Table I2.3 Described inhibitors of protein thioesterases.  
The table shows the main used inhibitors in research, their specificity and references in which 
they were synthesized or used. 
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Although protein palmitoylation is an enzymatically regulated process, cellular 
availability of PA can also have a strong impact on S-acylation. An excess of PA through 
HFD or PA cell culture treatment can also boost the palmitoylation of certain proteins 
(Spinelli et al., 2017; Tang et al., 2021). However, if the cells do not have enough PA, 
they can still synthesize it through FASN upregulation. All the different approaches for 
the inhibition of FA uptake and synthesis can also affect protein palmitoylation. Further 
studies are required to elucidate the extent to which protein palmitoylation plays a role 
in cancer, and whether it can be therapeutically modulated.  
 



 62 

  



 63 

3 Histone H3 
 
3.1 Chromatin & epigenetics 
 
Chromatin is the complex of DNA and histones that can be found in the nucleus of 
eukaryotic cells.  Each one of our diploid cells contains approximately 2 meters of DNA 
packaged in the form of chromatin within the 10-20 μm diameter space of the nucleus. 
This feat is achieved through the compaction of DNA in different levels of condensation 
(Annunziato, 2008).  
 
Nucleosomes are the basic structural and functional 
units of chromatin (Figure I3.1). They are formed by 
146-7 base pairs of DNA wrapped around a histone 
octamer. Histones are a family of small and positively 
charged proteins that are fundamental for DNA 
compaction and the regulation of transcription. There 
are four core histones: H2A, H2B, H3 and H4; and one 
linker histone: H1 (Annunziato, 2008). The nucleosome 
core particle is formed by two of each one of the core 
histones. Electrostatic interactions favor the DNA 
(negatively charged) folding around the histone 
octamer (positively charged) leading to the nucleosome 
formation. The next level of condensation is the 
chromatosome and it is accomplished through the 
addition of the linker histone H1 to the 
internucleosomal space (Annunziato, 2008).  Chromatin 
is further coiled into a higher-order structure known as 
the “30 nanometer fiber” but to date, there is still a 
great deal of controversy over the manner in which 
chromatosomes are folded into that structure (figure 
I3.1) (Chen, P. et al, 2014).  
 
Although all the cells in our body contain virtually the same DNA sequence (except for 
somatic mutations), a massive phenotypic diversity of cells is generated during 
development and this is possible thanks to epigenetic mechanisms. The term 
epigenetics refers to those processes that can alter the activity of genes without 
changing the DNA sequence and these modifications can potentially be transferred to 
daughter cells (Weinhold, 2006).  
 
Processes such as RNA transcription or DNA repair and replication require the 
separation of the two DNA strands to allow the interaction between the DNA molecule 

Figure I3.1. Chromatin 
condensation. Adopted from 
Morgan, 2006. Representation 
of the nucleosome formation 
and chromatin condensation 
in the 30 nm fiber. 



 64 

and the different protein complexes in charge of those functions. Epigenetic 
modifications determine which parts of the genome remain condensed in the 30 
nanometer fiber form and which ones can be open to allow transcription or other 
functions. The main epigenetic modifications determining chromatin accessibility are 
DNA methylation (Moore et al., 2013) and histone PTMs (Bannister and Kouzarides, 
2011).  
 
The crystal structure of the nucleosome was first solved in 1997 and showed that the N-
terminal tails of the core histones can protrude from their own nucleosome and contact 
neighboring nucleosomes (Luger et al., 1997). It is within these highly basic N-terminal 
tails where most histone PTMs have been described to happen. Indeed, different PTMs 
in these tails can interact with those of other nucleosomes and alter overall chromatin 
structure (Bannister and Kouzarides, 2011). These modifications can also alter the 
accessibility of the chromatin by recruiting remodeling enzymes that re-locate 
nucleosomes. Certain histone PTMs will be further described in a separated section but 
first, the relevance of histone H3 and its variants, which can add another layer of 
complexity to epigenetics, will be discussed. 
 
3.2 Histone H3 
 
The nucleosome comprises a hetero-octamer constituted by two H3-H4 dimers forming 
a tetramer flanked by two H2A-H2B dimers. One of the factors modulating the stability 
of the nucleosome are the different histone variants incorporated. Histones H2A, H2B 
and H3 have different isoforms that differ in sequence and regulatory mechanisms. 
Some of those histone variants are canonical and present an expression peak coinciding 
with S phase of mitosis, while other isoforms are replacement histones and are 
expressed throughout the cell cycle, with no particular expression peak. 
 
3.2.1 Histone H3 variants 
 
Mammals have different histone H3 variants, two of which are canonical (H3.1 and H3.2) 
and the rest of which are replacement histones (H3.3, CENP-A [centromere-specific 
variant CenH3] and the testis specific H3t) (Szenker et al., 2011). In addition to these 
well-studied variants, there might be two more primate-specific H3 isoforms: H3.X (also 
called H3.Y2) and H3.Y (also called H3.Y1), which are especially expressed in some areas 
of the brain and in malignant tissues; and one hominid specific, H3.5 (Martire and 
Banaszynski, 2020; Wiedemann et al., 2010). The expression of non-canonical variants 
can be regulated in a time- and tissue-dependent manner, making them influencial 
during development and cell differentiation (Buschbeck and Hake, 2017). The canonical 
variants (H3.1 and H3.2) and the H3.3 replacement variant are the most broadly studied 
ones due to their general expression in all cell types and their implication in the 
regulation of the chromatin opening.  
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3.2.1.1 Genetic and proteomic characteristics of histone H3 canonical (H3.1, H3.2) and 
H3.3 variants 
 
Canonical histones present a particular genomic organization and transcription 
regulation that allow their massive production at S-phase but not at any other moment 
of the cycle. H3.1 and H3.2 are encoded by ten and three genes respectively. These 
genes have no introns and are located in tandem in the genome, enabling fast 
transcription when needed. On top of that, their translation is tightly regulated. Instead 
of a polyadenylated tail, their mRNAs present a stem loop that must be processed by 
SLBP (stem-loop binding protein) and U7 for the mRNA to be translated (Szenker et al., 
2011).   

 

In contrast, the genomic organization and regulation of replacement histones is like 
most other genes: they are encoded by a few genes scattered throughout the genome. 
For instance, there are two H3.3 genes: H3F3A and H3F3B, which encode the same 
amino acid sequence but differ in the nucleotide sequence and in their regulatory 
regions (Bramlage et al., 1997). These genes are transcribed throughout the cycle and 
their mRNAs are polyadenylated.  
 

Figure 3.2. Alignment of the amino acid sequences of human histone H3 variants. Adopted 
from (Szenker et al., 2011). 
The amino acids that differ between H3.3 and H3.1/2 are marked in purple (at positions: 31, 
87, 89, 90, 96). In grey, the differential amino acids between H3.3 and H3t. In yellow, specific 
amino acids of H3.X and H3.Y and in blue the ones of CENP-A. Histone fold domain refers to 
the domain named as globular or core throughout this thesis. 



 66 

H3.3 differs only by four amino acids from H3.2 and by five from H3.1 (Figure I3.2). 
Interestingly, the residues found at those positions vary between species but they 
always remain different in histone H3.3 vs H3.2 and H3.1. Those amino acids in the 
canonical histone H3 variants determine the DNA-synthesis dependent deposition of 
H3.1 and H3.2. They probably provide specificity to the interaction of those variants with 
S-phase chaperones and assembly machineries. Indeed, mutation of those residues in 
histone H3.3 allow the deposition of this variant in areas of the genome where H3.1 and 
H3.2 are usually located (Goldberg et al., 2011). Furthermore, those differential residues 
also have a role in the maintenance of nucleosome stability due to their relevance for 
histone-histone interactions (Szenker et al., 2011).   
 
3.2.1.2 Genomic location and function of histone H3 canonical (H3.1, H3.2) and H3.3 
variants 
 
Canonical histone H3 variants only differ at one amino acid and are both incorporated 
to the DNA during replication; thus, in many studies, they are grouped as a single variant. 
However, H3.1 and H3.2 are associated to different PTMs and genomic areas, which 
suggests that they have independent biological functions. While H3.2 is associated to 
silencing PTMs such as K27me2 and K27me3 and located in areas of facultative 
heterochromatin, H3.1 is enriched in PTMs associated to both gene silencing (K9me2) 
and activation (K14ac) modifications (Hake et al., 2006). In fact, H3.1 can be 
incorporated into chromatin out of S-phase, but still in a DNA synthesis-coupled manner, 
at sites of DNA repair upon UV-damage (Polo et al., 2006).  
 
Unlike canonical variants, H3.3 is mainly associated to transcriptionally active loci which 
is evidenced by its enrichment in active chromatin associated PTMs such as K36ac and 
K79me2 (Hake et al., 2006) It is preferentially located at the gene body and promoters 
of transcribed genes but also at poised promoters or genic and intergenic regulatory 
regions. Thus, H3.3 deposition can have a “passive” role that compensates for the 
eviction of nucleosomes during transcription as well as an “active” one that maintains 
the accessibility of regulatory elements (Chow et al., 2005; Goldberg et al., 2011). 
Although H3.3 is mostly located in active regions, H3.3 enrichment has also been 
observed in transcriptionally silent areas of the genome, such as telomers of embryonic 
cells and pericentromeric chromatin of somatic cells (Goldberg et al., 2011; Szenker et 
al., 2011).  
 
Deposition of the different histone H3 variants onto the chromatin is regulated not only 
by their expression and translation timing but also by the chaperones that interact with 
them and take them to the chromatin. The term “histone chaperone” comprises the 
diverse proteins that escort histones from their synthesis, modification and deposition 
to their eviction and recycling. They prevent unspecific interactions and aggregates 
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formation and they also determine the site and timing of deposition of a particular 
histone. Nucleosome formation involves the transfer of H3:H4 and H2A:H2B dimers by 
a complex network of histone chaperone partners. CAF-1 (chromatin assembly factor 1) 
is the only known replication-dependent histone chaperone able to bind H3.1/2:H4 
dimers onto DNA (Franklin et al., 2021; Tagami et al., 2004). Regulation of histone H3.3 
deposition shows higher complexity due to the different genomic areas where it can be 
found. Two different chaperone complexes are responsible for its deposition: HIRA 
(histone regulator A) and DAXX (death domain associated protein)-ATRX (alpha-
thalassemia/mental retardation X-linked syndrome protein) complexes. HIRA complex 
incorporates H3.3 containing dimers at active sites of transcription. DAXX-ATRX on their 
side, deposit H3.3:H4 dimers at repetitive elements such as telomeres, pericentromeric 
DNA, and retroviral elements (Franklin et al., 2021; Tagami et al., 2004). The 
homeostasis and regulation of the deposition of H3.1, H3.2 and H3.3 play fundamental 
roles in gametogenesis, development and cell differentiation, and alterations in these 
are associated to developmental diseases and cancer (Franklin et al., 2021; Hake et al., 
2006; Martire and Banaszynski, 2020). 
 
3.2.2 Histone H3 and cancer 
 
Metabolic plasticity, which is necessary for cancer cells to adapt to the particular 
metabolites and stressors they encounter during cancer progression, requires previous 
epigenetic plasticity. The epigenetic landscape of a cell determines its identity and 
phenotype by restricting or promoting the expression of specific genes. Thus, the 
capacity of a healthy differentiated normal cell to adapt to external signals or 
environmental changes is limited. In contrast, chromatin in cancer cells tends to be in a 
more permissive state, they tend to have epigenetic plasticity that enables the rapid 
activation or repression of different genes upon stimuli (Flavahan et al., 2017). Cancer 
cells acquire that plasticity through different mechanisms. On the one hand, the 
expression or function of epigenetic writers, erasers and readers can be altered. On the 
other hand, alterations can directly affect the nucleosomes by histone mutations or by 
modification of histone variants deposition. I will focus on the relevance of histone H3 
mutations and H3 variants on cancer progression. Note however that histone H2A 
variants can also have important roles in cancer (Buschbeck and Hake, 2017). 
 
3.2.2.1 Histone H3 mutations 
 
Classical oncohistone mutations are specific missense driver mutations affecting 
residues within the N-terminal tails of histones. They were first described in rare 
pediatric tumours (pontine gliomas, glioblastomas, sarcomas, diffuse large B-cell 
lymphomas and carcinosarcomas) (Schwartzentruber et al., 2012; Wu et al., 2012) 
where they happen with high frequency but they have also been observed in common 
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cancers (melanoma, AML, ovarian cancer, bladder cancer and CRC) with a lower 
frequency (Nacev et al., 2019). Nevertheless, very recent publications have discovered 
that those mutations can also affect the globular domain of histones with great impact 
on tumour progression as well (Bagert et al, 2021; Nacev et al., 2019). In fact, histone 
H3 is the most mutated histone, with histone H3.3 being the most affected variant, and 
the majority of its mutations affect the globular domain (Nacev et al., 2019). Mutations 
within the N-tail are located at or near key regulatory PTM-receiving residues, while 
those in the core domain affect the 3D structure of the nucleosome and usually enhance 
chromatin remodeling (Bagert et al., 2021; Nacev et al., 2019). 
 
Interestingly, mutation of just one of the many different genes encoding each variant of 
a particular histone is enough to generate an impact on the chromatin of the tumour 
cell. Histone mutants incorporated into chromatin present a dominant-negative effect 
and affect the non-mutated proteins altering all chromatin dependent processes such 
as translation, replication or DNA repair (Nacev et al., 2019). For example, mutated 
histone H3(K27M), common in pediatric brain cancers, inhibits the activity of PRC2 
(Polycomb repressive complex 2) leading to a decreased H3K27me3 incorporation 
genome-wide (Lewis et al., 2013). This mutation, H3(G34W/L) and H3(K36M) are the 
most common H3-tail mutations and the epigenetic rearrangements they generate are 
associated to undifferentiation of the cancer cells (Lu et al., 2016; Schwartzentruber et 
al., 2012). Within the globular domain, histone H3 mutation hotspots are E105 and E97. 
Core mutations have been described to induce alterations of the cell fate inhibiting cell 
differentiation as well (Bagert et al., 2021). 
 
Strikingly, a very recent study found out that histone H3 can be horizontally transferred 
between living mammalian cells under certain stresses. Starvation or hypoxia can induce 
the autophagy-dependent specific secretion of histone H3, which can enter the recipient 
cell in an autophagy- and cell contact-independent manner.  PTMs of the secreted-H3 
are not representative of the total pool of H3, with a bias towards hypermethylated and 
K14ac modified histones. Worryingly, H3K27M oncohistone is particularly enriched 
within the pool of secreted histone H3 (Sulkowski et al., 2021). Further studies are 
required to confirm these results and analyze to which extent that uptaken histone H3 
has an impact on the recipient cell.  
 
3.2.2.2 Alteration of histone H3 variants 
 
Although histone mutations are not really frequent in common adult cancers, tumour 
cells still acquire epigenetic plasticity through alteration of the deposition of the 
different variants. Incorporation of different histone variants can directly influence the 
nucleosome cohesion due to their differences in sequence and structure. Moreover, 
they can alter the nucleosome stability in an indirect manner. Each variant is associated 
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to specific PTMs due to its location within the genome but also due to differences in 
their sequence of amino acids. In fact, some readers recognize not just the PTM but also 
the variant structure (Buschbeck and Hake, 2017).  
 
The H3.3 and H2A.Z variants are frequently over expressed or over-represented in the 
chromatin of cancers (Buschbeck and Hake, 2017). Both variants are associated to 
nucleosome instability and chromatin opening, favoring epigenetic plasticity. H3.3 can 
even impair the binding of linker H1 to the DNA (Braunschweig et al., 2009). This 
overexpression can be achieved by H3F3 gene amplification (Park et al., 2016) or by 
regulation of its expression and deposition through alterations in the chaperone 
machinery (Martire and Banaszynski, 2020). EMT inducing signals can lead to a 
decreased presence of canonical histones within the chromatin and, as a consequence, 
an increase in H3.3 deposition via CAF-1 downregulation and HIRA overexpression 
(Gomes et al., 2019). The epigenetic rearrangement induced by CAF-1 downregulation 
triggers EMT program expression and boosts the metastatic capacity of the cells (Gomes 
et al., 2019).  Histone H3.3 amplification and its deposition in introns is also associated 
to lung cancer cell aggressiveness (Park et al., 2016). 
 
Nonetheless, in some tumours, H3.3 expression or chromatin incorporation is decreased 
and the protein can be seen as a tumour suppressor. In adult glioblastoma, H3.3 is 
involved in tumour cell differentiation and its expression correlates with increased 
overall survival (Gallo et al., 2015). In arsenic-induced lung cancer, the carcinogen can 
induce cell transformation by polyadenylation of H3.1 mRNA and H3.3 displacement 
from regulatory regions and telomeres, inducing chromosomal instability (Brocato et al., 
2014; Chen et al., 2020). Telomeric alterations are also given by DAXX-ATRX 
dysregulation (Buschbeck and Hake, 2017). Loss of function ATRX mutations impede 
deposition of H3.3 in the telomeric regions of the chromosomes. This lack of 
nucleosomic H3.3 is compensated by the incorporation of other histone variants 
(macroH2A1.1 and macroH2A1.2), which can induce the alternative lengthening of 
telomeres pathway, associated to telomere dysfunction (Kim et al., 2019; Martire and 
Banaszynski, 2020). 
 
3.3 Histone PTMs 
 
3.3.1 PTMs on the histone globular domain 
 
Although most histone PTMs occur on N-terminal tails, the core regions of histones can 
also be post-translationally modified with similar impact on transcription, replication 
and DNA repair (Lawrence et al., 2016). The globular domain of histones comprises three 
α-helices and two loops that are involved in the histone-histone and histone-DNA 
interactions (Luger et al., 1997). Histone modifications of the core region, unlike those 
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on tails, directly affect the nucleosome structure and therefore, gene expression, 
without recruitment of chromatin remodelers (Lawrence et al., 2016).  These core-
region specific PTMs of histones influence the nucleosome architecture through the 
modulation of histone interactions with other histones, DNA and/or chaperones.  
 
Many of these modifications occur in areas of direct histone-DNA contacts, usually at 
the entry/exit point of the DNA on the nucleosome (Tessarz and Kouzarides, 2014). For 
instance, this is the case of Lys56 and Lys64 in histone H3, which can be either acetylated 
or methylated. The acetylation of any of these residues decreases nucleosome stability 
and opens the chromatin, thus they are localized in highly transcribed areas of the 
genome (Lawrence et al., 2016; Tessarz and Kouzarides, 2014). Methylation of these 
residues has the opposite function and is associated with repressive chromatin like 
pericentromeric heterochromatin and repetitive areas of the genome (Lawrence et al., 
2016; Tessarz and Kouzarides, 2014).  
 
Other PTMs in the globular domain can affect histone-histone interactions. For 
example, Lys79 of H3, located at the C-terminal end of the α1-helix, can be methylated 
producing a subtle reorientation of H3 that generates the loss of a single hydrogen bond 
with H4 (Tessarz and Kouzarides, 2014). Methylation of this residue occurs mainly in 
active areas of the chromatin such as transcriptional start sites of active and poised 
genes and upon DNA damage in double-strand breaks, although it has also been 
described in telomeric silent regions (Lawrence et al., 2016).  
 
Finally, histone core modifications can also interfere in the interactions with the 
chaperones responsible for their deposition onto the chromatin. Acetylation of H3K56 
favors its interaction with CAF-1 and the nucleosome formation. The chaperone does 
not directly interact with the acetyl group, but H3K56ac alters the H3-H4 tetramer 
conformation, thereby inducing the interaction with CAF-1. On the other hand, 
H3K122ac can directly interact with the chaperone and boost the nucleosome formation 
(Tessarz and Kouzarides, 2014). 
 
To sum up, histone PTMs within the globular domain can affect nucleosome stability 
and with it, DNA accessibility. Transcription, DNA-damage repair or replication are also 
affected by these modifications and in many occasions tail and core PTMs colocalize and 
cooperate. In fact, H3K64me3 relies on H3K9me3 for its deposition onto specific regions 
of the genome (Lawrence et al., 2016). 
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3.3.2 Histone acylation 
 
Histones (as any other protein) can be acylated, for instance with the recently 
discovered short-chain Lys acylations. These modifications are similar to Lys acetylation 
(Kac), which occurs in the ε-amino group of Lys, but they differ in the length, 
hydrophobicity and charge of the hydrocarbon chains (Sabari et al., 2017). Functionally, 
Kac neutralizes the positive charge of the Lys amine group decreasing the formation of 
hydrogen bonds while increasing Van der Waals interactions, similar to the actions of 
histone acylations. Both, histone acetylation and acylation, are associated with active 
regulatory elements across the genome and promote gene expression. Eight different 
short-chain acyl groups have been described to modify histone Lys and they are 
classified based on their physicochemical characteristics in: hydrophobic, polar or acidic 
(Figure I3.3) (Sabari et al., 2017): 

- The hydrophobic acyl group comprises propionyl (Chen et al., 2007), butyryl 
(Chen et al., 2007) and crotonyl (Tan et al., 2011) moieties, which generate 
the modifications Kpr, Kbu and Kcr respectively. These acyl groups present a 
longer hydrocarbon chain that increases the hydrophobicity and bulk of the 
Lys. 

- The polar acyl group, includes 2-hydroxyisobutyryl (Dai et al., 2014) and β-
hydroxybutyryl (Xie et al., 2016) that produce Khib and Kbhb, respectively. 
These acyl groups contain hydroxyl groups that enable the formation of 
hydrogen bonds with other residues. 

- The acidic group contains acyl moieties that alter the charge of the Lys 
residue from +1 to –1, producing Lys malonylation (Kma) (Xie et al., 2012), 
succinylation (Ksucc) (Xie et al., 2012) and glutarylation (Kglu) (Tan et al., 
2014). 

 
In total, 246 different histone sites bearing these acylations have been discovered. 
Lysines within the tails or globular domains of H1, H2A, H2B, H3 and H4 can be modified 
by one or different acyl groups (Sabari et al, 2017).  
 
 

Figure I3.3. Classification of Lys acyl groups. From (Sabari et al., 2017). 
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3.3.2.1 Writers, erasers and readers of histone acylation 
 
Histone acylation is an enzymatic reaction driven by the same enzymes responsible for 
histone acetylation. Specific writers, erasers or readers for histone acylation have not 
been described yet. Within histone acetyltransferases (HAT), p300 is the most 
promiscuous acyltransferase, being able to catalyze the formation of Kpr and Kbu (Chen 
et al., 2007) as well as Kcr, Kbhb, Ksucc and Kglu (Sabari et al., 2017). However, the 
catalytic rate of p300 decreases with acyl-chain lengthening. Other HATs can acylate 
histones in vitro but with highly reduced kinetics.  
 
Only SIRTs have been studied as histone acylation erasers to date, which have deacylase 
as well as deacetylase activity. Specifically, SIRT5 has really high desuccinylase, 
demalonylase and deglutarylase activities but very little deacetylase activity (Sabari et 
al., 2017; Tan et al., 2014); SIRTs 1, 2 and 3 present broad-range deacylase function 
(Sabari et al., 2017) and SIRT7 prefers Ksucc deacylation, especially upon DNA damage 
(Li et al., 2016). 
 
There are three different families of Kac readers: proteins containing a bromodomain, a 
YEATS domain or a PHD (double plant homeodomain). Interestingly, both YEATS 
domain- and PHD- containing proteins prefer longer acyl-chains over acetyl groups, 
while bromodomain-containing proteins usually show affinity for Kac and Kpr (Sabari et 
al., 2017).  
 
3.3.2.2 Metabolic regulation of histone acylation 
 
The differential acylation of histones is probably driven by the competition of the various 
acyl-CoAs for promiscuous HATs. Thus, the ratio of acetyl/acyl-CoAs determines 
whether histones are acetylated or acylated and directly links the cell metabolism to the 
regulation of this PTM (Simithy et al., 2017). Most cell lines grow in high glucose media, 
which leads to the accumulation of cytoplasmic citrate, which is transformed to acetyl-
CoA by ACLY (Figure I1.4). Under these conditions, the ratio acetyl/acyl-CoA increases 
and most histones are acetylated. Nevertheless, in mice or upon glucose depletion in 
cell culture, the ratio is not that dramatically shifted towards acetyl-CoA and histone 
acylations can be easily detected (Sabari et al, 2017). Indeed low-nutrient conditions 
favor non-acetyl acylation of histones in promoters of metabolic genes associated with 
starvation-response (Xie et al., 2016). Furhtermore, treatment with short-chain FAs in 
cell culture also increases the deposition of those acyl groups on histones in a dose-
dependent manner (Jo et al., 2020; Simithy et al., 2017).  
 
To sum up, epigenetic plasticity is a fundamental trait of malignant tumour cells that is 
acquired through the regulation of the writers and erasers of the different PTMs 
affecting histone variants. PTMs can modify N-terminal histone tails but also the 
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globular domain, where they can regulate the nucleosome stability. The different 
histone variants present independent biological functions and are associated to distinct 
PTMs and regions of the genome. The focus has been set on the acyl or lipid 
modifications of histones in particular due to the relevance of these metabolites in 
cancer progression. Changes in the lipid metabolism of cancer cells have been suggested 
to have an indirect impact on the epigenetic landscape of the cell through the activation 
of different metabolic pathways (Reid et al., 2017), yet recent studies also suggest that 
lipid metabolites can alter epigenetics directly (Jo et al., 2020). Microenvironmental or 
newly synthesized FAs can directly modify histones, and therefore chromatin 
accessibility and gene transcription. Histones can be modified not only by short-chain 
Lys acylations but also by acylations at other residues and by longer FA moieties (e.g., 
H4 O-palmitoylation at Ser47 (Zou et al., 2011) and H3 S-palmitoylation at Cys110 
(Wilson et al., 2011)). The protein acylation field has not evolved as fast as others, 
probably due to the strong technical challenges that are inherent to working with lipids. 
More studies are needed to properly characterize the direct role that dietary lipids might 
play on epigenetic plasticity, especially in cancer progression. 
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The influence of lipid metabolism on cancer progression has been broadly studied in the 
past years. Two recent publications of our laboratory have further enhanced our 
knowledge on the possible mechanisms by which certain dietary FAs can induce the 
metastatic capacity of OSCC and melanoma cells (Pascual et al., 2017; Pascual et al., 
2021). MICs within PTs express the CD36 scavenger receptor on their PM and present 
an enhanced lipid metabolism, as compared to the rest of the PT cells. The metastatic 
capacity of these cells is fully dependent on CD36, and its abrogation by shRNA or by 
blocking antibodies decreases the metastatic burden of tumours and even leads to 
remission of already established LN or lung metastases. Lard-enriched HFD feeding of 
mice can increase the number of MICs within the PT and thus, the metastatic capacity 
of that tumour in a CD36-dependent manner (Pascual et al., 2017). However, not all the 
FAs present in our diet work the same: unlike PA, neither OA nor LA cell culture 
treatment induces CD36 expression or increases the metastatic capacity of the tumour 
cells when injected in mice. Similarly, feeding of PT-bearing mice with a PA-enriched HFD 
increases the number and size of the generated metastases, but this does not happen 
with an OA-enriched HFD (Pascual et al., 2021). Strickingly, dietary PA/CD36 axis can 
generate an epigenetic memory in cancer cells based on H3K4me3 deposition on 
promoters of neural genes, that maintains the increased metastatic capacity of the cells 
for months. Specifically, PA-based activation of CD36 induces EGR2 (early growth 
response 2) TF, which is responsible, at least in part, for the transcriptional changes that 
the metastatic cells undergo following PA exposure. These transcriptional changes are 
then epigenetically established by Set1A (SET domain-containing protein 1) which is an 
H3K4 methyl transferase. Galanin is among the neural genes induced by EGR2 and 
epigenetically modified by Set1A; it is a glial-inducing peptide that can be secreted by 
tumour cells and can promote tumour-associated Schwann cells accumulation within 
the PT. These tumour-associated Schwan cells present a regenerative phenotype and 
secrete a specialized ECM, called perineuronal net, that enhances the aggressiveness of 
tumours (Pascual et al., 2021).  
 
These studies have illuminated part of the mechanism by which dietary PA can boost 
the metastatic capacity of the cells, but there are still several open questions. Previous 
studies have mainly focused on the analysis of the changes induced by PA on the 
epigenome and transcriptome of cancer cells without considering the proteome 
alterations. Nonetheless, proteins, and not their transcripts, are usually the final 
effectors responsible for most structures and enzymatic reactions taking place within 
the cell.  In many occasions, transcriptional changes do not fully correlate with proteome 
alterations (Ghazalpour et al., 2011; Hoogendijk et al., 2019; Wang et al., 2019), and 
both should be studied to fully understand the phenotypic changes of the cell. Further, 
the exact functions of a PA molecule upon entering a cell is unknown. We know that 
CD36+ MICs present an enhanced FAO and that ACSL1 KD decreases the metastatic 
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capacity of the cells (Pascual et al., 2017); thus, it seems that at least some of the PA 
entering the cells are oxidized. Nevertheless, ACSL1 catalyzes the conversion of long-
chain FAs to their active form acyl-CoA, which can then be used for lipid synthesis and 
oxidation, but also for protein palmitoylation. It seems logic that cancer cells could use 
part of the PA entering the cell via CD36 for protein palmitoylation altering signaling 
pathways. Thus, protein palmitoylation could be responsible to some extent for the 
phenotypic rewiring observed in previous studies upon PA treatment (Pascual et al., 
2017; Pascual et al., 2021).  
 
Objectives 
 

1- Analyze the proteome alterations elicited by pro-metastatic PA and anti-
metastatic OA both in cell culture and in tumour cells growing in mice. 

2- Characterize the palmitoylome of metastatic OSCC cells and the changes induced 
by PA and OA treatments. 

3- Identify and characterize palmitoylated targets that could explain the pro-
metastatic phenotypic changes.  
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1 Cell culture  
 
All cell lines were cultured in standard conditions in a humidified incubator at 37ºC with 
5% CO2. Two human OSCC cell lines were used in this study: SCC-25 (ATCC ®, CRL-1628™) 
and VDH-15. This second cell line was stablished in our laboratory from the tumour of a 
Vall d’Hebron hospital’s OSCC patient (Pascual G. et al, 2021). Both lines were grown in 
KSFM (Keratinocyte Serum-Free growth medium) (17-005-034, Gibco) supplemented 
with 38 µg/ml bovine pituitary extract (BPE) (13028-014, Gibco), 0.218 ng/ml 
recombinant human EGF (hEGF) (10450-013, Gibco) and 1X penicillin-streptomycin (P/S) 
(100X, 15140122, Life Technologies). Human melanoma 501Mel (kindly provided by Dr. 
Claudia Wellbrock, Manchester Cancer Research Centre, The University of Manchester, 
UK) and HEK293T (human embryonic kidney 293, SV40 large T antigen) (ATCC ®, CRL-
3216™) cell lines were maintained in high-glucose Dulbecco’s Modified Eagle Medium 
(DMEM) (41965-039, Gibco) containing 10% fetal bovine serum (FBS) (10270106, Life 
Technologies) and 1X P/S. SCC-25, VDH-15 and 501Mel cell lines were infected with 
MSCV-IRES-Luciferase-GFP (green fluorescent protein) (pLuc-GFP) retrovirus, kindly 
provided by Dr. Johannes Zuber (Research Institute of Molecular Pathology (IMP), 
Vienna Biocenter, Austria). 
 

1.1 Stable isotope labelling by amino acids in cell culture (SILAC) 
 
Stable isotope labelling by amino acids in cell culture (SILAC) methodology is a time- and 
cost-efficient method that allows to directly quantify proteome changes between 
conditions in the same sample by mass spectrometry (MS), therefore reducing the 
intrinsic experimental variability. In this method, cells are first metabolically labelled by 
culturing them in media supplemented with different stable isotope containing amino 
acids (normally with 13C and/or 15N atoms) which are incorporated into their proteins. 
Cells are grown for enough cell divisions to make sure all proteins are fully labelled 
(normally ≥ 5 doublings). Then, distinct labelled cells are subjected to different 
experimental conditions (normally up to 3) and extracted protein or cells from the 
different conditions are equally combined in a 1:1 ratio. Thus, the same peptides coming 
from different conditions elute together but the stable-isotope containing amino acids 
produce a mass shift in the m/z ratio of each peptide derived MS spectra analyzed, 
allowing the discrimination of the peptides coming from each condition and their 
relative quantification (Ong et al., 2002) (Figure M&M1A). 
 
SILAC media was used for those experiments in which protein extracts from cell culture 
were analyzed by liquid chromatography-mass spectrometry (LC-MS). Three different 
SILAC flavors containing arginine (Arg) and lysine (Lys) amino acids labelled with 13C and 
15N isotopes were used (Table M&M1). L-Arg and L-Lys depleted KSFM (ME110229L3, 
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Gibco) was supplemented with “heavy” (H.) amino acids, L-arginine-13C6,15N4 
hydrochloride (Arg10)  and L-lysine 13C6, 15N2 hydrochloride (Lys8); “medium” (M.) amino 
acids, L-arginine 13C6 hydrochloride (Arg6) and L-lysine-4,4,5,5-d 4 hydrochloride (Lys4); 
or “light” (L.) amino acids, L-arginine hydrochloride (Arg0) and Lysine hydrochloride 
(Lys0) (Table M&M1). 
 
In all the conditions the final concentration of Arg in the medium was 2 mM and the 
concentration of Lys 0.7 mM. These mediums were supplemented as normal KSFM with 
38 µg/ml BPE, 0.218 ng/ml hEGF and 1X P/S.  Cells were grown in SILAC media for a 
minimum of 6 passages and the incorporation of the isotope labelled amino acids into 
proteins was analyzed prior to any large-scale experiment. The labelling efficiency was 
above 95% in all conditions (Figure M&M1B). 

 

Amino acid Isotope Formula Reference 

Arginine, Arg 
Arg0-HCl, light (L.) L-Arg 13C0,15N0 A6969, Silantes 
Arg6-HCl, medium (M.) L-Arg 13C6,15N0 201204102, Silantes 
Arg10-HCl, heavy (H.) L-Arg 13C6,15N4 201604102, Silantes 

Lysine, Lys 
Lys0-HCl, light (L.) L-Lys 13C0, 15N0 L8662, Silantes 
Lys4-HCl, medium (M.) L-Lys 13C4,15N0  211104113, Silantes 
Lys8-HCl, heavy (H.) L-Lys 13C6, 15N2 211604102, Silantes 

Table M&M1. Isotopes used for SILAC experiments. 

Figure M&M1. SILAC proteomics. 
A) Graphical scheme of a SILAC experiment. The different conditions are labelled in culture with 
diverse stable isotope amino acids and proteomic samples are then analyzed together by MS. 3 
different SILAC peaks are detected for each peptide allowing for the comparison of the relative 
amount (intensity) of the peptide in each condition. 3 SILAC conditions are used in our experiments: 
light (L.), Arg0 and Lys0; medium (M.), Arg6, Lys4; and heavy (H.), Arg10, Lys8. Created with 
BioRender.com B) Density plot showing the distribution of the % of light-, medium- and heavy-
labelled Lys incorporation within protein peptides. In all cases the labelling efficiency was over 95%  
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1.2 FA stimulation 
 
Prior to any experiment, cells were trypsinized with 0.05% trypsin (25300-054, Gibco), 
digestion was stopped with 10% FBS containing phosphate-buffered saline (PBS) and 
then they were centrifuged at 350g for 5 minutes at room temperature (RT). The pellet 
was resuspended in KSFM and the number of living cells was counted with a Neubauer 
chamber after 1:1 dilution in 0.4% Trypan blue stain (15250-061, Gibco). SCC-25 cells 
were plated at a density of 8,000 living cells per square centimeter and VDH15 at 6,000 
due to their increased proliferative capacity. Cells were always plated 24 hours before 
the beginning of the treatment and, once added, the treatment was not removed for 
the duration of the stimulation (6 hours – 4 days). After treatment, cells were trypsinized 
and analyzed by flow cytometry or pelleted, frozen in liquid nitrogen and stored at -80ºC 
for later processing. 
 

1.3 Retroviral particle generation and infection for histone H3.3 
overexpression  

 
Retroviral particles were generated in HEK293T cells by transient co-transfection of the 
cells with the retroviral H3.3 OE plasmid of interest, the envelope plasmid pCMV-VSVG 
and the packaging plasmid pBS-CMV-gagpol in a 2:1:1.5 ratio. Both envelope and 
packaging plasmids were purchased from AddGene. This transfection was performed 
using jetPRIME transfection reagent (114-01, Polyplus) and following manufacturer’s 
instructions. After transfection HEK293T cells were incubated with KSFM for viral 
particles generation. Retrovirus-containing supernatant was collected 24 hours after 
transfection and filtered through a 0.45 µm filter.	
 
SCC-25 cells were plated as previously described at 8,000 cells/cm2 24 hours prior to 
retroviral infection. Cells were incubated for 24 hours with the filtered-virus-containing 
supernatant after addition of 1 µg/ml polybrene to increase infection efficiency. 
Infected cells were selected with 25 µg/ml hygromycin B (ant-hg, InvivoGen) until 
negative control was dead. 
 

1.4 Cell viability  
 
Cell viability was measured using CellTiter-blue (G8080, Promega) as specified by the 
manufacturer. Briefly, after treatment cells were washed with PBS and incubated with 
20% CellTiter-Blue reagent in culture medium for 4 hours at 37ºC. After treatment 
fluorescence was measured at 560/590nm. 
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2 Treatments preparation 
 
Cells were treated with PA, OA, 17-ODYA (17-octadecynoic acid) or their vehicle, bovine 
serum albumin (BSA). Commercial FAs were saponified for proper dissolution in aqueous 
culture media. PA and OA were prepared at 5 mM stock concentration and diluted as 
required for experimental use. For the preparation of 45 ml of 5 mM stock solutions, 65 
mg of sodium palmitate (P9767, Sigma-Aldrich) or 68.5 mg of sodium oleate (O7501, 
Sigma-Aldrich) were dissolved in 5 ml of 0.1 M NaOH with an incubation of 15 minutes 
or until clear at 70ºC. Then, the solution with the FA was added drop by drop onto 40 
ml of 12.5% FA-free-BSA (A7030, Sigma-Aldrich) in NaCl 0.9% previously warmed at 45ºC 
and stirring. The mixture was left 15 more minutes in agitation for proper conjugation 
and then it was filtered through a 0.22 μm filter for sterilization, aliquoted and stored at 
-20ºC. The control BSA solution was prepared following the same protocol without the 
addition of any FA to the NaOH solution. 
 
17-ODYA (sc-200488A, Santa Cruz) stock preparation was similar to that of the other FAs 
but required ethanol addition for the full solubilization of the analog. 17-ODYA was 
resuspended in 100% ethanol at 50 mM and warmed at 70ºC. That ethanol solution was 
diluted to 70% ethanol with 70ºC pre-warmed 258 mM NaOH generating a mix of 34.9 
mM 17-ODYA in 77.5 mM NaOH and 70% ethanol. This mix was then added dropwise 
onto the 12.5% BSA in 0.9% NaCl solution warmed at 45ºC. The final 17-ODYA stock 
solution contained 5 mM 17-ODYA and 10% ethanol.  
 
2-Bromopalmitate (2-BP) (238422, Sigma-Aldrich) stock solution was prepared in DMSO 
(dimethyl sulfoxide) at 5 mM. 

3 Histone H3.3 overexpression construct design 
 
H3F3B cDNA sequence was obtained from NCBI CCDS database (CCDS 11729.1). That 
cDNA was fused to FLAG and HA tags at the 3’ terminal end and to a Kozak sequence at 
the 5’ end. FLAG tag was separated from the H3.3 protein sequence by three alanine 
and two glycine residues, and HA tag was separated from the FLAG by one serine, two 
alanine and two glycine residues. In the C110A mutant version of the construct, the 
codon codifying for Cys110 was interchanged by the alanine codifying codon: GCC. The 
construct was designed with SnapGene® software. DNA synthesis and cloning into 
pMSCV-hygromycin plasmid (Addgene, OneKendall, Cambridge, MA, USA) was 
performed by GENEWIZ (Azenta Life Sciences). 
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4 Animal studies 
 
NOD Scid gamma (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice housed in standard 12h 
light/12h dark cycles and specific-pathogen-free (SPF) conditions were used for this 
study. Mice were purchased from Charles Rivers and bred in-house. The Ethical  
Committee for Animal Experimentation of the Government of Cataluña evaluated and 
approved all the procedures. 
 
4.1 PT generation and follow up 
 
For PT generation, mice were anesthetized with 75 mg/kg ketamine and 1 mg/kg 
medetomidine intraperitoneal injection. 40,000 tumour cells resuspended in a volume 
of 30 μl of KSFM were injected orthotopically, intra-tongue, with a 30G syringe.  Once 
the procedure was done, mice were awakened with a 1 mg/kg atipemazol 
intraperitoneal injection and 0.1 mg/ml buprenorphine was subcutaneously injected for 
analgesia. The tumour size was measured immediately after injection by luminescence 
and followed weekly with Xenogen IVIS Imaging System-100 (Caliper Life Sciences).  
 
For the visualization of the tumour cells, mice were anesthetized with continuous 
administration of isoflurane gas and 50 μl of 5 mg/ml D-luciferin (115144-35-9, GoldBio) 
diluted in PBS were injected by retro-orbital injection. All the images were then analyzed 
with Living Image software version 4.5 (v.4.4; Caliper Life Sciences). The same 
measurement region of interest (ROI) was drawn on all the tumours of a specific 
timepoint. The background signal of each image was subtracted from the total photon 
flux coming from each tumour during the analysis.  
 
4.2 Metastasis quantification  
 
PTs were covered with a black strip in the late timepoints of the experiments in order to 
properly visualize and quantify the signal coming from the cervical LN metastases. In 
some experiments, mice were imaged post-mortem to increase the sensitivity and 
precision in the detection of the metastases. Briefly, they were anesthetized with 
isoflurane, injected with luciferin and euthanized by continuous CO2 administration. 
Upon sacrifice, PTs were removed and neck skin dissected for LN exposition prior to 
image acquisition. 
 
4.3 Dietary intervention 
 
 To address the changes in the proteome of the tumour cells induced by different diets, 
mice were fed with a modified Western HFD either with palm oil (TD.160620, ENVIGO) 
or olive oil (TD.09820, ENVIGO). In both HFDs lipids accounted for the 42% of the calories 



 86 

(table M&M2).  The standard chow diet used for maintenance of the mice was used as 
control diet (A40, SAFE). 
 
Palm and olive oil diets differed in the origin of the lipids (Table M&M3) and in the 
presence of 50 g/Kg maltodextrin in the olive oil diet, used to favor solidification of the 
diet pellets. Those 50 g of carbohydrates were compensated in the palm diet with corn 
starch. 
 
 

When the average PT signal of all the animals in the experiment was over 5x107 total 
photon flux, around week 4, mice were semi-randomized and changed to their specific 
diet.  For the semi-randomization, the tumour size, the sex of the animal and the number 
of metastases were taken into consideration. After 10 days of fatty diet feeding mice 
were euthanized by continuous CO2 administration and PTs were collected. 
 
 

 

 
 

 % Kcal from proteins % Kcal from 
carbohydrates 

% Kcal from lipids 

Palm oil (TD.160620) 15.2% 42.8% 42% 
Olive oil (TD.09820) 15.2% 42.9% 41.9% 
Maintenance chow 

diet (A40) 
18.2% 73.1% 8.6% 

 Palm oil 
(g/Kg) 

Olive oil 
(g/Kg) 

% of fat  
is PA 

% of fat is 
OA 

Reference 

Palm oil 
(TD.160620) 

210 g - 44% 40% Mancini et al., 2015 

Olive oil 
(TD.09820) 

- 210 g 7.5 - 20% 55 - 83% Boskou et al., 2006 

Maintenance 
chow diet 

(A40) 
- - 18.6% 16.5%  

Table M&M2. Protein, carbohydrate and lipid composition of each experimental diet. 

Table M&M3. Origin of the fat and percentage of PA and OA contained in each diet. 
The exact percentage of PA and OA within palm and olive oil enriched HFDs was not specified by 
the manufacturer. These percentages were calculated based on the average PA and OA 
composition of palm and olive oils according to the referenced papers.   



 87 

5 Single cell preparation from tumours 
 
Tumours were collected and pooled by diet and sex in groups of 4 to 6 for further 
processing. Samples were chopped and digested in 10 ml of digestion buffer containing 
2.5 mg/ml collagenase A (C0130, Sigma-Aldrich) and 0.75 mg/ml EDTA-free trypsin 
(15090-046, Gibco) in calcium-free Eagle’s Minimum Essential Medium (EMEM) (BE06-
174G, Lonza), for 90 minutes at 37ºC in a horizontal shaker. After digestion, samples 
were centrifuged at 350g for 10 minutes and the supernatant was further centrifuged 
at 400g for 5 more minutes. Pellets were resuspended in 2 ml of 37ºC pre-warmed 0.25% 
trypsin-EDTA (25200-056, Gibco) containing 0.1 mg/ml DNAse (DN25, Sigma-Aldrich) 
and pipetted up and down for one minute. This digestion was stopped by addition of 10 
ml calcium-free EMEM with 10% calcium-chelated-FBS and 1% glutamax (35050-038, 
Gibco). After another centrifugation at 400g and 4ºC for 10 minutes, samples were 
resuspended in 5 ml of ice-cold PBS, filtered sequentially through 100 μm and 40 μm 
cell strainers and transferred to FACS tubes for staining, analysis and sorting.  
 

6 Fluorescence activated cell sorting (FACS) 
 
Flow cytometry was used to test the cell culture treatment efficacy by CD36 induction 
analysis and to sort human tumour cells from mice experiments. Single cell suspensions 
were resuspended to 1x107 cells/ml in staining solution containing direct APC-
conjugated anti-CD36 antibody, in the case of the cell culture experiments, or a staining 
master mix containing biotin-conjugated anti-mouse H-2Kd (Mo MHC Class I) and biotin-
conjugated anti-mouse CD45 (lineage markers), if the samples were coming from mice, 
in 2% calcium-chelated FBS in PBS.  Upon 30 minutes incubation on ice, cells were 
washed with PBS and the samples from the animal experiments were resuspended in a 
second staining master mix with 1:200 BV605 streptavidin (563260, BD Horizon), 
incubated on ice for 30 more minutes and washed with PBS again. Before flow cytometry 
analysis all samples were resuspended in 2 µg/ml DAPI (32670, Sigma-Aldrich) in PBS to 
exclude dead cells. Samples for cell culture treatments were analyzed using Gallios 
(Beckman Coulter) instrument and a BD FACSAria™ Fusion flow cytometer (BD 
Biosciences) was used for the analysis and sorting of tumour cells coming from mice 
experiments. Cellular debris and cell doublets were excluded on the basis of cells 
forward and side scatter (FSC and SSC) parameters by FSC-A/SCC-A and FSC-W/FSC-A 
respectively and dead cells were omitted by DAPI+ staining. Data was processed using 
FlowJo™ 10 software (version 10.4.2). Details on the antibodies on table M&M4. 
 
70,000-120,000 tumour cells, negative for the mouse lineage markers-BV605 and 
positive for GFP, were sorted per replicate from the tumours in mice. Upon sorting 
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tuomour cells were pelleted by centrifugation at 400g and 4ºC for 15 minutes, frozen in 
liquid nitrogen and lyophilized.  
 

7 Immunofluorescence staining 
 
H3.3OEWT and H3.3OEC110A bearing SCC-25 cells plated on autoclaved coverslips (ECN 
631-1577, VWR) and treated for 4 days with 50 μM OA, 300 μM PA or BSA, were fixed 
with 4% PFA (paraformaldehyde) and 4% sucrose in PBS for 15 minutes at RT. Upon 
fixation cells were permeabilized with 0.25% Triton X-100 (T8787, Sigma-Aldrich) in PBS 
for 5 minutes at RT, blocked with 10% BSA in PBS for 30 minutes at 37ºC and stained 
with primary antibody anti-FLAG diluted in 3% BSA in PBS for 2 hours at 37ºC. Cells were 
washed 3 times with PBS before incubation with anti-mouse Alexa 568 in 3% BSA for 45 
minutes at 37ºC. Then, after three more washes with PBS and one with dH2O, coverslips 
were mounted on microscope slides (J1800AMNZ, Thermo Scientific) with DAPI 
containing mounting medium (H1200, Vector) (antibodies on table M&M4). 
 
Fluorescent pictures were acquired using a Leica SPE confocal microscope (63x/1.40 oil 
objective, 1024x1024 pixel resolution) and processed using Fiji 1.49b software (ImageJ) 
(Schindelin et al., 2012).  
 

8 Protein and peptide sample preparation 
 
8.1 Protein extraction 
 
For whole proteome analysis, cells from the three different treatments and SILAC 
flavors were mixed in a 1:1:1 ratio and resuspended in a urea lysis buffer (50 mM Tris-
HCl pH8.2, 8 M urea (BP169-212, Fisher BioReagents), 75 mM NaCl, 1X cOmplete, EDTA-
free protease inhibitor cocktail (PI) (05056489001, Roche)). Then, they were sonicated 
during 4 cycles of 10 seconds ON/1 minute OFF at 40% amplitude in a Vibra-Cell VCX750 
ultrasonic processor and debris were pelleted by centrifugation at 16,000g for 10 
minutes at 4ºC. 
 
Lyophilized cells sorted from tumours growing in mice were incubated in lysis buffer (50 
mM Tris-HCL pH8.2, 2 M urea, 5 U/μl benzonase (E1014, Sigma-Aldrich) and 1X PI) for 5 
minutes at RT shacking and sonicated during 20 cycles (15 seconds ON/ 30 seconds OFF) 
in a Bioruptor Pico (Diagenode). 
 
For the palmitoylome studies, the SILAC mixes were prepared at the protein level. 
Pelleted cells were resuspended in lysis buffer (50 mM HEPES pH7.9, 150 mM NaCl, 1 
mM PMSF (P7626, Sigma-Aldrich), 1X PI) and sonicated in a Bioruptor Pico (Diagenode) 
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during 20 cycles of 15 seconds ON/30 seconds OFF. Then, samples were ultracentrifuged 
at 100,000g for 50 minutes at 4ºC for the membrane compartment enrichment and 
pellets were resuspended in the previous lysis buffer with 0.25% SDS and further 
sonicated in a Vibra-Cell VCX750 during 10 seconds for proper resuspension. After 
protein measurement with Pierce BCA Protein Assay kit (23223, Thermo Scientific) 
following manufacturer’s instructions, SILAC mixes were prepared in a 1:1:1 ratio and 
the final amount of protein within each mix was 2 mg. In those experiments in which 
palmitoylated proteins were pulldown for western blot analysis, protein was extracted 
following this protocol but with the addition of 0.1% SDS to the lysis buffer. 
 
Nuclear protein extracts were used for the immunoprecipitation of histone H3. To 
obtain the nuclear extracts, treated cells were incubated 10 minutes on ice with in 
swelling buffer containing 10 mM KCL, 1.5 mM MgCl2, 0.1% NP-40 (18896, Sigma-
Aldrich), 25 mM HEPES pH7.9, 1X PI and 1 mM PMSF. Then, a Dounce homogenizer with 
a tight pestle was used to lyse the cells and isolate the nuclei (50 strokes). Nuclei were 
pelleted with 5 minutes 3,000g centrifugation at 4ºC and incubated in RIPA buffer: 50 
mM Tris-HCL pH7.4, 150 mM NaCl, 2 mM EDTA (E9884, Sigma-Aldrich), 0.5% sodium 
deoxycholate, 0.1% SDS, 1% NP-40, 1X PI, 1 mM PMSF. For proper nuclei lysis, samples 
were passed 15 times through a 26G syringe while the 15 minutes incubation in RIPA on 
ice. Nuclear extracts were cleared by a 15 minutes centrifugation at 14,000g and 4ºC 
and protein concentration was measured using Pierce BCA Protein Assay kit (23223, 
Thermo Scientific). 
 
For the cellular fractionation, arround 10 million H3.3OEWT and H3.3OEC110A bearing 
SCC-25 cells were resuspended in ice-cold buffer A (10 mM HEPES pH7.9, 10 mM KCl, 
1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1mM DL-Dithiothreitol (DTT) (D9779, 
Sigma-Aldrich), 1XPI). After homogeneization, Triton X-100 was added to a final 
concentration of 0.1% and samples were incubated for 30 minutes on ice. Upon 
centrifugation at 1,300g for 5 minutes at 4ºC, supernatant was collected and further 
centrifuged at 18,000g for 15 minutes at 4ºC; the supernatant of the second 
centrifugation was saved as the cytosolic fraction. The pellet of the first centrifugation 
was washed with buffer A, resuspended in buffer B (3 mM EDTA, 2 mM EGTA (E3889, 
Sigma-Aldrich), 1 mM DTT, 1X PI) and incubated 30 minutes on ice for nuclear lysis. After 
a 5 minutes centrifugation at 1,700g at 4ºC, supernatant was saved as the nuclear 
soluble fraction and pellet was washed with buffer B and further resuspended in urea 
lysis buffer with benzonase (4 M urea, 25 mM Tris-HCL pH8.2, 40 mM NaCl, 1 mM CaCl2 
and 2.5 U/μl benzonase). Upon 10 minutes incubation at 37ºC shacking, EGTA was 
added to 1mM final concentration and samples were centrifuged at 1,700g for 5 minutes 
at 4ºC. The supernatant contained the chromatin soluble fraction and the pellet 
(resuspended in urea lysis buffer) the chromatin insoluble one. 
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For the analysis of H3 and H3.3 protein abundance by Western blot, pelleted cells were 
resuspended in RIPA with 1X PI, incubated on ice for 15 minutes and sonicated in a 
Bioruptor Pico (Diagenode) (two rounds of 10 cycles 15 seconds ON/30 seconds OFF). 
Protein solution was cleared by 15 minutes centrifugation at maximum speed at 4ºC. 
 
8.2 Click-chemistry  
 
For palmitoylome studies click chemistry was performed right after SILAC protein mix 
preparation at 2 mg/ml protein concentration. The following reagents were added 
sequentially to the protein mix: 500 µM biotin-azide PEG3 (762024, Sigma-Aldrich) 
(stock at 100 mM in DMSO), 2 mM TCEP (tris(2-carboxyethyl)phosphine) (stock solution 
freshly prepared before each use at 50 mM in PBS) (C4706, Sigma-Aldrich), 2 mM TBTA 
(Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine) (678937, Sigma-Aldrich) and 2 mM 
CuCO4 (451657, Sigma-Aldrich) (stock solution freshly prepared before each use at 50 
mM in ddH2O). Samples were incubated for 1.5 hours rocking at RT in the dark. Then, 
after stopping the click chemistry reaction, protein was precipitated by a chloroform-
methanol precipitation to remove the reaction reagents. 
 
For the gel-based visualization of palmitoylated proteins the click chemistry was 
performed with TAMRA (5-Carcoxytetramethylrhodamine)-azide (760757, Sigma-
Aldrich) (instead of biotin-azide) at 200 µM final concentration and in the dark.  
 
In the immunoprecipitation experiment click chemistry was performed on the proteins 
enriched with the sepharose beads with biotin-azide in a final liquid volume of 50 µl (not 
considering the solid volume of the beads). The concentration of the click chemistry 
reagents was identical to the one used for the palmitoylome experiments and the 
reaction was performed for 1 hour at RT with gentle shacking for beads resuspension. 
Upon finalization of the click chemistry the beads of each sample were split in two and 
0.7 M NH2OH was added to one of the halves prior to the incubation with Laemmli 
buffer. 
 
Click chemistry reaction was always stopped by addition of EDTA to a final concentration 
of 10 mM.  

 
8.3 Chloroform-methanol precipitation of proteins 
 
For protein precipitation, four volumes of methanol, one of chloroform and three of 
ddH2O were added to the samples and upon mixing they were centrifuged at 14,000g 
for 5 minutes at 4ºC. After centrifugation, the upper aqueous phase was removed and 
four more volumes of methanol were added carefully to avoid protein disc disruption. 
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Upon a second centrifugation at maximum speed (>18,000g) for 10 minutes at 4ºC, the 
supernatant was removed and the protein pellets were air-dried.  
 
8.4 Enrichment of palmitoylated proteins 
 
Pelleted proteins for the palmitoylome analysis were resuspended in urea buffer (6 M 
urea, 1% SDS, 5 mM EDTA) and 50 μg of protein was separated from each mix as input. 
After alkylation and reduction of the proteins, samples were diluted with PBS to a final 
concentration of 1 mg/ml of protein in 1.6 M urea and 0.2% SDS and incubated with 
streptavidin beads (LSKMAGT, Millipore PureProteome) (25 μg of protein per μl of 
beads) for 1.5 hours rotating at RT. Prior to the incubation with the samples, streptavidin 
beads were equilibrated through three washes with 1.6 M urea and 0.2% SDS. After 
incubation with the samples, beads were washed three times with 1.6 M urea and 0.2% 
SDS buffer and another three times with 1.6 M urea. Finally, beads were resuspended 
in 1.6 M urea for on-beads tryptic digestion. 
 
8.5 Protein alkylation and reduction 
 
Prior to tryptic digestion (proteome studies) or streptavidin beads pulldown 
(palmitoylome studies), protein samples to be analyzed by mass spectrometry were 
reduced and alkylated. For the proteome studies, samples were incubated with 5 mM 
DTT for 30 minutes shacking at 55ºC. Then, after cool down, protein samples were 
alkylated with a 30 minutes incubation with 15 mM iodoacetamide (I1149, Sigma-
Aldrich) at RT shacking in the dark. After alkylation, more DTT was added to the samples, 
to a final concentration of 10 mM, and samples were incubated at RT for 15 minutes 
shacking. 
 
In the case of the palmitoylome experiments, the DTT was replaced by TCEP (C4706, 
Sigma-Aldrich). TCEP was added to the protein samples to a final concentration of 5 mM 
and they were incubated for 30 minutes at 37ºC. After alkylation with 15 mM 
iodoacetamide for 30 minutes in the dark at RT, more TCEP was added to a final 
concentration of 10 mM and samples were incubated for 15 minutes at RT.   
 
8.6 Tryptic digestion of protein 
 
For whole proteome analysis protein samples were diluted to 2 M urea and 1 μg/ml 
protein concentration and digested with 1:100 w/w trypsin (V5111, Promega) and 2 mM 
CaCl2 overnight (ON) at 37ºC shacking. Digestion was stopped by trifluoroacetic acid 
(TFA) addition until pH < 2 and samples were cleared by centrifugation at 16,000g for 10 
minutes at 4ºC. 
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For the palmitoylome analysis protein digestion was performed on beads upon 
enrichment of palmitoylated proteins. Streptavidin beads were resuspended in 
digestion buffer containing 50 mM Tris-HCL pH8.2, 1.6 M urea, 2 mM CaCl2 and 1:100 
v/v trypsin (V5111, Promega) and were incubated ON shacking at 37ºC. Digestion was 
stopped by TFA addition. 
 
8.7 Peptides desalting  
 
8.7.1 Sep-Pak columns  
 
Peptide samples with over 50 μg material that were to be analyzed by LC-MS, were 
desalted with Sep-Pak C18 (WAT054955, Waters) columns. Cartridges were equilibrated 
through sequential washes with 3 volumes 100% acetonitrile (ACN), 1 volume 70% 
ACN/0.25% acetic acid (AA), 1 volume 40% ACN/0.5% AA and 3 volumes of 0.1% TFA. 
After equilibration, peptide samples in 0.5% TFA were added to the column, collected 
upon filtration and re-filtered to maximize protein collection by the cartridge. Then, C18 
cartridges were washed with 3 volumes 0.1% TFA and 0.5 volumes 0.5% AA. Finally, 
peptides were eluted with 0.75 volumes 40% ACN/0.5% AA followed by 0.5 volumes 70% 
ACN/0.25% AA. The different solvents passed through the column by gravity flow. After 
desalting the solvent of the eluted peptides was evaporated with a SpeedVac vacuum 
concentrator and drought peptides were stored at -80ºC until mass spectrometry 
analysis. 
 
8.7.2 StageTip 
 
Peptide samples below 50 μg were desalted with 4 layers of C18 polymer (WAT054955, 
Waters) in StageTips. The polymer was equilibrated prior to sample addition with 2 
volumes 100% methanol, 1 volume of 100% ACN, 1 volume of 70% ACN/0.25% AA and 
2 volumes 0.1% TFA. Peptide samples in 1% TFA were then loaded on the StageTip twice 
and washed with 2 volumes 0.1% TFA and 1 volume 0.5% AA. Elution was performed in 
4% formic acid/3% ACN. Peptides were drought with SpeedVac and stored at 80ºC until 
mass spectrometry analysis. One-minute centrifugations at 200g were performed to 
favor solvents flow through the StageTip. 
 
8.8 Deep reverse-phase basic fractionation of the proteome 
 
The deep reverse-phase basic fractionation of the proteome was performed after 
peptide desalting. Four layers of SDB cartridge discs (2240, 3M) were placed in each 
StageTip for the fractionation of 60 μg peptides. The equilibration of the SDB cartridges 
was performed by sequential filtering of 2 volumes 100% methanol, 1 volume of 100% 
ACN, 1 volume of 70% ACN/0.25% AA, 1 volume 80% ACN/0.1% ammonium hydroxide, 
1 volume 40% ACN/0.5%AA and 2 volumes 0.1% TFA. Peptides, resuspended in 0.1% 
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TFA, were loaded twice in each StageTip to ensure their retention in the SDB cartridge 
and then, samples were washed with 3 volumes of 0.1% TFA. The basic fractionation of 
the proteome was done by sequential elutions in different tubes with 1 volume of 
diluents with increasing concentrations of ACN (6%, 12%, 18%, 80%) in 0.1% ammonium 
hydroxide. All samples were then acidified with 1/3 volume 10% TFA in 70% ACN, dried 
with SpeedVac and stored at -80ºC until MS analysis.   
 

9 Liquid chromatography-mass spectrometry (LC-MS) 
analysis  
 
All mass spectrometry analyses were performed by our collaborators Dr. David Gomez 
and Mr. Kieran Wynne at the University College Dublin. Proteomics experiments with 
cell culture using SILAC were analyzed on a Q-Exactive (ThermoFischer Scientific) mass-
spectrometer while the proteomic analyses of tumour samples coming from mice using 
label-free quantification (LFQ) were performed on a TiMS-TOF Pro (Bruker Daltonics) 
mass-spectrometer. 
 
9.1 In culture SILAC-based proteomic analysis (Thermo Scientific Q Exactive) 
 
9.1.1 LC-MS/MS method 
 
The samples were run on a Thermo Scientific Q Exactive mass spectrometer connected 
to a Dionex Ultimate 3000 (RSLCnano) chromatography system. Tryptic peptides were 
resuspended in 0.1% formic acid. Each sample was loaded onto a fused silica emitter (75 
μm ID, pulled using a laser puller (Sutter Instruments P2000)), packed with Reprocil Pur 
C18 (1.9 μm) reverse phase media and was separated by an increasing ACN gradient 
over 120 minutes at a flow rate of 200 nL/min. The mass spectrometer was operated in 
positive ion mode with a capillary temperature of 320 °C, and with a potential of 2300V 
applied to the frit. All data was acquired with the mass spectrometer operating in 
automatic data dependent switching mode. A high resolution (70,000) MS scan (350-
1600 m/z) was performed using the Q Exactive to select the 12 most intense ions prior 
to MS/MS analysis using HCD.  
 
9.1.2 MS data analysis 
 
The raw data was searched against the Homo sapiens subset of the Uniprot Swissprot 
database (reviewed) using the search engine Maxquant (release 1.6.17.0) for peptides 
cleaved with trypsin. Each peptide used for protein identification met specific Maxquant 
parameters, i.e., only peptide scores that corresponded to a false discovery rate (FDR) 
of 0.01 were accepted from the Maxquant database search. The “match between runs” 
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option was enabled with a time window of 0.7 min to match identifications between 
replicates. The “requant” option of MaxQuant was enabled for the quantification of 
SILAC pairs. 

 
9.2 In vivo LFQ-based proteomic analysis (Bruker timsTOF Pro) 
 
9.2.1 LC-MS/MS method 
 
Samples were run on a Bruker timsTof Pro mass spectrometer connected to a Bruker 
nanoElute nano-lc or to an Evosep One liquid chromatography system. Tryptic peptides 
were resuspended in 0.1% formic acid and each sample was loaded onto an Aurora 
UHPLC column (25 cm x 75 μm ID, C18, 1.6 μm) (Ionopticks) or onto an Evosep tip.  
The samples analyzed with Aurora UHPLC columns were separated with an increasing 
ACN gradient over 60 minutes or 90 minutes at a flow rate of 250 nl/min.  
 
Alternatively, samples were run on a Bruker timsTof Pro mass spectrometer connected 
to an Evosep One liquid chromatography system. Tryptic peptides were resuspended in 
0.1% formic acid and each sample was loaded on to an Evosep tip. The Evosep tips were 
placed in position on the Evosep One, in a 96-tip box. The autosampler was configured 
to pick up each tip, elute and separate the peptides using a set chromatography method 
(30 samples a day). 
 
In both cases, the chromatography buffers utilized were buffer A (99.9% H2O, 0.1% 
formic acid) and buffer B (99.9% ACN, 0.1% formic acid). All buffers used were LC-MS 
grade.  
 
The mass spectrometer was operated in positive ion mode with a capillary voltage of 
1500 V, dry gas flow of 3 l/min and a dry temperature of 180 °C. All data was acquired 
with the instrument operating in trapped ion mobility spectrometry (TIMS) mode. 
Trapped ions were selected for ms/ms using parallel accumulation serial fragmentation 
(PASEF). A scan range of (100-1700 m/z) was performed at a rate of 5 - 10 PASEF MS/MS 
frames to 1 MS scan with a cycle time between 1.03 - 1.89s. 
 
9.2.2 MS data analysis 
 
The raw data was searched against the Homo sapiens subset of the Uniprot Swissprot 
database (reviewed) using the search engine Maxquant (release 1.6.17.0) using specific 
parameters for trapped ion mobility spectra data dependent acquisition (TIMS DDA). 
Each peptide used for protein identification met specific Maxquant parameters, i.e., only 
peptide scores that corresponded to an FDR of 0.01 were accepted from the Maxquant 
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database search. The normalised protein intensity of each identified protein was used 
for label free quantitation (LFQ).  

10 Immunoprecipitation 
 
650 μg of nuclear protein extract in 800 μl RIPA was incubated ON at 4ºC and rotating 
with 4μg anti-Histone H3 or mock rabbit IgG (see table M&M4 for further details on the 
antibodies). Protein A sepharose beads (17528001, Cytiva) were used to capture IgGs. 
Upon equilibration through three washes with RIPA and blocking with 0.1% BSA in RIPA 
for 20 minutes at 4ºC rotating, 40 ul beads were added to the nuclear protein extract 
and incubated for 2 hours at 4ºC rotating. Beads were pelleted by 3 minutes 
centrifugation at 1,000g and washed two times with mild-RIPA buffer (50 mM Tris-HCL 
buffer pH7.4, 150 mM NaCl, 2 mM EDTA, 0.1% NP-40), another two times with mild-
HEPES buffer (50 mM HEPES pH7.9, 150 mM NaCl, 0.1%S DS) and two more times with 
PBS for unspecific protein binding removal prior to click chemistry on beads.  

11 In gel fluorescence detection and Western Blot 
 
11.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
 
Protein samples were boiled at 95ºC for 5 minutes in 1X Laemmli buffer (1610747, BIO-
RAD) and 2.5% β-mercaptoethanol and loaded in 15% SDS-PAGE gels or 4-15% Mini-
PROTEAN® TGX precast gels (4561085, BIO-RAD). Running buffer was prepared by 
dilution of 10X Tris/Glycine/SDS buffer (1610772, BIO-RAD) with dH2O and gels were run 
at 200V for in gel fluorescence detection and at 100V for western blot. 
 
11.2 In-gel fluorescence detection 
 
For the detection of TAMRA fluorophore, after running, gels were washed twice with 
dH2O and imaged with LI-COR Odyssey® Fc at 600nm. Then, they were incubated ON at 
RT with InstantBlue™ Coomassie (ab119211, Abcam) for loading control. Images of this 
Coomassie blue staining were acquired with Syngene™ GBox Chemi. 
 
11.3 Western blot 
 
In the case of the Western blots (WB), once the dye front was out of the gel, proteins 
were transferred to 0.45 μm PVDF (IPVH00010, Immobilon-P) membranes previously 
activated with 30 seconds methanol incubation. Transfer buffer was prepared as 
specified by the product: 10X Tris/Glycine buffer (1610771, BIO-RAD) was diluted in 20% 
methanol and dH2O. Transferences were done at continuous voltage of 100V for 90 
minutes. After transference, membranes were washed with dH2O and stained with 0.5% 
Ponceau (P3504, Sigma-Aldrich) in 5% AA for loading control. Then they were further 
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washed with dH2O and blocked for 1 hour at RT with 5% BSA in Tris-buffered saline 
(28358, Thermo Scientific) with 0.001% Tween-20 (P1379, Sigma-Aldrich) (TBST), for 
biotin detection, or 5% milk in TBST for protein detection. 
 
The different primary antibodies utilized for western blot and their dilutions are 
specified in table M&M4. They were all diluted in 3% BSA and incubated ON at 4ºC 
rotating. After primary antibody incubation membranes were washed 3 times for 5 
minutes with TBST and incubated for 1 hour at RT with the correspondent secondary-
HRP (Horseradish peroxidase) antibody diluted in 3% BSA in TBST rotating. Streptavidin-
HRP (S5512, Sigma-Aldrich) was also diluted at 1:200 in 3% BSA in TBST and incubated 
with the membrane for 1 hour at RT. After washing, membranes were incubated for 5 
mintutes with SuperSignal™ West Pico PLUS Chemiluminiscent substrate (34577, 
Thermo Scientific) and HRP signal was detected with LI-COR Odyssey® Fc. 
 
All LI-COR Odyssey® Fc images were analyzed and processed with Image Studio™ Lite 
quantification software. 
 
11.3.1 HRP inactivation 
 
Some membranes were incubated with more than one primary antibody. If both primary 
antibodies were from different animal origin, after the first protein detection the 
membrane was incubated for 30 minutes at 37ºC in 10% AA for denaturalization of the 
HRP. Then, after thorough washing with dH2O and TBST, membranes were blocked again 
prior to primary tumour incubation. 
 
11.3.2 Harsh stripping 
 
When the primary antibodies had the same origin and the same secondary antibody was 
to be used, a harsh stripping of the membrane was performed. The membrane was 
incubated for 45 minutes shacking at 50ºC in 2% SDS diluted in 62.5 mM Tris-HCL pH6.8 
and with 0.008% β-mercaptoethanol. Again, membrane was then profusely washed with 
dH2O and TBST and blocked for the second protein detection. 
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12 Real-time quantitative PCR (RT-qPCR) 
 
RNA was isolated using RNeasy Mini Kit (74104, Quiagen) followed by cDNA synthesis 
using the High capacity cDNA reverse transcription kit (4368814, Applied Biosystems), 
in both cases according to manufacturer’s instructions. TaqMan Master Mix (4369016, 
Applied Biosystems) and the following TaqMan probes were used for the RT-qPCR 
analysis according the manufacturer´s instructions:  
 

- PPIA: Hs.PT.39a.22214851 (Integrated DNA Technologies, IDT) 
- CD36: Hs01567185_m1 (Thermo Scientific) 
- H3F3B: Hs.PT.58.38701135.gs (Integrated DNA Technologies, IDT) 

 
A LightCycler® 480 instrument (Roche) was used for the analysis. The reference gene 
PPIA (peptidylprolyl isomerase A) was used for normalization and data was analyzed 
using the ΔΔCt method. 

13 Statistical analyses 
 
Statistical significance was analyzed utilizing Prism 8 (Graphpad) using two-tailed t-test 
for RT-qPCR analysis and Fisher’s exact test for the analysis of the metastasis incidence. 
Sample sizes are indicated in the figure legends. Data are generally shown as the mean 
± standard deviation (SD).  
 
Proteomic datasets were normality tested by using Kolmogorov-Smirnov test. Statistical 
comparisons were performed by t-test or nonparametric Mann-Whitney test depending 
on whether the data was normally distributed or not, respectively. Significant 
differences were established at the level of p-value < 0.05 in both cases. Boxplots 
represents 25 and 75 percentiles and whiskers 10 and 90 percentiles unless otherwise 
stated.  
 
PCAs, correlation plots, hierarchical clustering for heatmaps and 1D / 2D annotation 
enrichment analysis were performed in Perseus (Cox and Mann, 2012). 
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14 Antibodies  
 
 

 

  

Antibody/Streptavidin Company Reference Dilution Technique 

anti-BRG1 Abcam ab110641 1:5,000 WB 

anti-CAV1 Santa Cruz biotech. sc-53564 1:500 WB 

anti-CD9 Santa Cruz biotech. sc-13118 1:200 WB 
anti-DSP Santa Cruz biotech. sc-390975 1:500 WB 
anti-FLAG Sigma F1804 1:500 Immunofluor. 
anti-HA Abcam Ab9110 1:4,000 WB 

anti-Histone H3 Abcam ab1791 
1:2,000 
1:162 (w/w) 

WB 
IP 

anti-Histone H3.3 Abcam ab176840 1:1,000 WB 
anti-Histone H3.1 Sigma-Aldrich MABE952 1:100 WB 
anti-LPCAT1 Sigma-Aldrich HPA012501 1:500 WB 
anti-mouse Alexa Fluor 568 Invitrogen A10037 1:500 Immunofluor. 
anti-NAT10 Santa Cruz biotech. sc-271770 1:500 WB 
anti-rabbit IgG Abcam ab46540 1:162 (w/w) IP 
APC-conjugated anti-CD36 BD Pharmingen 550956 1:100 FACS 
biotin-conjugated anti-
mouse CD45 

Invitrogen 13-0451-85 1:100 FACS 

biotin-conjugated anti-
mouse H-2Kd 

Invitrogen 13-5957-82 1:100 FACS 

HRP anti-mouse IgG DAKO P0447 1:1,500 WB 
HRP anti-rabbit IgG Invitrogen 31466 1:5,000 WB 

Table M&M4. Antibodies used. 
References and dilutions of the antibodies used for each technique. Dilutions are given in 
volume, unless otherwise specified. w = weight; WB = western blot; IP = immunoprecipitation; 
FACS = fluorescence-activated cell sorting; Immunopluor. = immunofluorescence staining. 
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1 Changes in the proteome induced by dietary PA and OA in 
OSCC 
 
1.1 Changes in the proteome of OSCC cells induced by cell culture treatment 
with PA and OA 
 
1.1.1 Proteomic changes induced in SCC-25 
 
Our laboratory has previously demonstrated that some FAs present in our diet, like PA, 
boost CD36 scavenger receptor expression and the metastatic capacity of tumour cells, 
while others, like OA, decrease CD36 expression and may even reduce the 
aggressiveness of the cancer cells (Pascual et al., 2021). To gain new insights about the 
mechanisms behind the opposite phenotypic response of tumour cells to OA and PA, we 
decided to analyze the changes induced by these two FAs in the proteome of OSCC cells. 
 
We first analyzed the changes in the proteome of OSCC cells elicited by the two distinct 
FAs in cell culture using the SILAC quantitative proteomics method, in which isotope-
labeled amino acids are incorporated into proteins during translation in vivo (see 
Materials and Methods section for further details). We grew SCC-25 cells (a commercial 
human OSCC cell line) in different SILAC media (L., M. and H.) and stimulated them for 
four days with 50 µM OA, 300 µM PA or the FA vehicle (BSA) (herein named as control, 
CT). FA concentrations used in the treatments of our cell culture experiments were in 
the lower range of the physiological concentrations in plasma, as previously used 
(Pascual et al., 2021), since high concentrations of these FAs can affect cell viability. In 
humans, the plasma concentration of PA can range between 0.3 and 4.1 mM, while that 
of OA is always lower, with an average range of 0.03 to 3.2 mM (Abdelmagid et al., 
2015). Likewise, in mice OA levels are lower than the PA ones (Broadfield et al., 2021).  

Figure R1.1. CD36 changes induced by PA and OA in SCC-25 
A) Relative mRNA expression of CD36 upon 50 µM OA and 300 µM PA four days treatment in 
SCC-25, by RT-qPCR. *** p-value < 0.001 B) Representative histograms of the FACS analysis of 
CD36 membrane expression in SCC-25 upon four days 50 µM OA, 300 µM PA or control (CT) 
treatments. Analyzed by FACS.  
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We first checked the effectiveness of the treatment by measuring the CD36 transcript 
levels by RT-qPCR, and protein expression in membrane by FACS. Indeed, PA treatment 
enhanced both the CD36 mRNA expression and protein levels in membrane, while OA 
treatment reduced them (Figure R1.1). We then collected cells from each condition in 
four biological replicates (n = 4), prepared whole cell lysates and mixed the proteins in 
a 1:1:1 SILAC ratio. After tryptic digestion, we performed a deep reverse-phase basic 
fractionation of the peptides prior to LC-MS analysis, to increase the proteome 
coverage.   

 

 
 

Figure R1.2. PA and OA treatments induce an opposite proteomic response in SCC-25. 
A) Principal component analysis (PCA) plot of the log2 SILAC ratios indicating protein 
abundance differences induced by 50 µM OA or 300 µM PA treatments in SCC-25. Each 
treatment was analyzed in 4 biological replicates (n = 4). B) Correlation matrix depicting the 
Pearson’s correlation coefficients between protein expression changes in the different 
experimental replicates. C) 2D annotation enrichment analysis of the proteomic changes 
induced by OA and PA treatments using KEGG (Kyoto encyclopedia of genes and genomes) 
annotation database (FDR q-value < 0.05). D) 2D annotation enrichment analysis of the 
proteomic changes induced by OA and PA treatments using the GOBP slim (gene ontology 
biological process slim) annotation database (FDR q-value < 0.05).  
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We quantified a total of 3941 proteins with high reproducibility as evidence by the 
principal component analysis (PCA) of the SILAC ratios for the proteins detected in all 
replicates, where all comparisons clustered apart (Figure R1.2A). Strikingly, the matrix 
of Pearson’s correlation coefficients among biological replicates showed that PA and OA 
treatments exerted opposite responses at the proteome level as compared to the 
control group (Figure R1.2B). We then performed a 2D annotation enrichment analysis, 
which compares the proteomic changes in the context of categorical annotation of the 
proteins, and observed the same opposite trend among the biological terms significantly 
changed upon PA or OA treatment. Among the categories upregulated by PA (and 
downregulated by OA) were lipid metabolism and various other metabolic pathways 
(e.g., glycolysis, TCA cycle, OXPHOS), together with terms related to oxidative stress and 
drug resistance (e.g., cytochrome P450, xenobiotic metabolism, response to oxidative 
stress) and categories related to metastasis like cell motility or cell adhesion (Figure 
R1.2C, D). On the other hand, the biological processes downregulated by PA (and 
upregulated by OA) were mainly involved in cell cycle processes (e.g., DNA packaging, 
cell division), ribosome biogenesis, RNA splicing and protein turnover (Figure R1.2C and 
D). 
  

 

To test whether the observed proteome changes induced by PA were transcriptionally 
regulated, we compared the proteomic changes induced by PA in our experiment with 
previous transcriptomic data from the laboratory under the same experimental 
conditions (Pascual et al., 2021). Interestingly, we found a significant correlation (r = 
0.45, ANOVA test significance < 0.0001) between the proteomic and transcriptomic 
(mRNA) changes induced by a four-day PA treatment of SCC-25 cells (Figure R1.3A), in 

Figure R1.3. Proteome and transcriptome changes correlate in PA treated cells 
A) Correlation plot of the differentially expressed proteins and transcripts upon four days 300 
µM PA treatment in SCC-25. Fold change expression is represented in log2 scale. Dashed line 
indicates the identity function (x=y) and Pearson’s correlation coefficient (r) is indicated. 
prot=protein B) 2D annotation enrichment analysis of the transcriptomic and proteomic changes 
induced by PA treatment using KEGG annotation database (FDR q-value < 0.05).  
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line with previous studies comparing proteomic and transcriptomic responses in human 
cells (Jovanovic et al., 2015; Lindhout et al., 2020). 2D annotation enrichment analysis 
between mRNA and protein changes showed that most categories directly correlated, 
suggesting that proteomic responses to PA, such as the enhancement of lipid 
metabolism and the downregulation of cell cycle-related processes, were largely 
regulated at the transcription level (Figure R1.3B). Interestingly, we found that several 
metabolic categories (mostly mitochondrial, such as TCA cycle and OXPHOS, but also 
glycolysis) as well as those related to drug resistance, were upregulated at the proteome 
but not at the transcriptome level, suggesting transcription-independent regulatory 
mechanisms for those processes (Figure R1.3B). 
 
1.1.2 Comparison of the response induced by PA and OA in two different OSCC cell 
lines: SCC-25 and VDH-15 
 
We next tested whether the distinct proteomic changes upon PA or OA treatment was 
observed for other OSCC cells closer to a clinical situation. For this, we performed the 
same SILAC experiment using the VDH-15 cell line, which was previously established in 
our laboratory from a patient with OSCC from the Vall d’Hebron hospital (Pascual G. et 
al, 2021). Indeed, treating VDH-15 cells with the same protocol as used for the SCC-25 
cell line (i.e., 50 µM OA and 300 µM PA, for four days) led to an increase or a decrease 
of CD36 membrane expression after PA or OA treatment, respectively (Figure R1.4A). 
The proteomic analysis from four independent biological replicates (n = 4) (chemically 
fractioned as before to increase proteome coverage) gave a total of 3719 proteins that 
quantified with good reproducibility from VDH-15 cells (Figure R1.4B). Correlation 
analysis showed again an inverse relationship between OA and PA treatments response. 
Direct comparison of the proteomic changes between PA and OA treatments in both 
OSCC cell lines resulted in a similar proteomic response, both at the individual protein 
level (Pearson’s correlation coefficient = 0.55, ANOVA test significance < 0.0001) (Figure 
R1.4C) and at the level of biological processes (Figure R1.4D). Of note, PA induced the 
same changes in VDH-15 cells as in SCC-25: increased expression of genes involved in 
metabolic pathways (e.g., lipid metabolism, TCA cycle, OXPHOS), cell adhesion and 
categories related to immunity or drug resistance, and decreased expression of genes 
involved in cell proliferation, protein synthesis and degradation pathways and mRNA 
splicing processes (Figure R1.4D). 
 
These experiments extended our understanding of the mechanisms of action of 
different FA in cancer, showing that PA or OA treatment in cell culture reshapes the 
proteome of OSCC cells in opposite directions, which correlates with their influence on 
CD36 expression and the metastatic potential observed in previous studies from the 
laboratory (Pascual G. et al, 2021) (Figure I1.5).  
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1.2 Changes in the proteome of SCC-25 induced by PA- and OA-enriched 
diets in mice 
 
To study the relevance of these proteomic alterations observed in cell culture in a more 
physiological context, we analyzed the changes in the proteome of OSCC cells 
orthotopically grown in mice fed HFDs enriched with either PA or OA. Previous studies 
from our laboratory showed that feeding tumour-bearing animals with a HFD rich in PA 

Figure R1.4. Similar results are obtained with a second OSCC cell line: VDH-15 
A) Representative histograms of the FACS analysis of CD36 presence in the PM of VDH-15 cells 
upon four days of 50 µM OA or 300 µM PA treatment. B) PCA plot of log2 SILAC ratios showing 
the proteomic changes induced by 50 µM OA or 300 µM PA treatments in VDH-15. n = 4 C) 
Correlation of the proteomic changes induced by PA and OA treatments in SCC-25 versus VDH-
15 cell lines. Fold change expression is represented in log2 scale. Dashed line indicates the 
identity function (x = y) and Pearson’s correlation coefficient (r) is indicated. Upregulated (fold 
change > 2) and downregulated (fold change < 1.66) proteins are colored in red and blue 
respectively. Some names representative of specific pathways are indicated. D) 2D annotation 
enrichment analysis of the GOBP categories of the proteins altered by PA treatment compared 
to OA in SCC-25 and VDH-15 cell lines (FDR q-value < 0.05). 
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can boost the metastatic capacity of the tumour cells in secondary recipients that are 
only ever fed a (non-HFD) control diet; in contrast, this effect is not observed from 
primary animals fed an OA-enriched HFD. This enhanced aggressiveness induced by the 
PA diet is epigenetically codified in the cell (Pascual G. et al, 2021). We used a similar 
experimental design to analyze the proteomic alterations induced by diet; briefly, pLuc-
GFP-expressing SCC-25 cells were orthotopically injected, intra-tongue (IT) into NOD 
SCID gamma (NSG) mice fed a control diet (Figure R1.5A). Tumour growth was 
monitored weekly by bioluminescence and, when the average bioluminescence signal 
of the PTs was above 5 x 107 total photon flux (approximately 4 weeks after injection), 
mice were divided in three dietary groups. The tumour size, number of developed 
metastases and sex of animals were considered for the semi-randomization of the mice. 
One group was kept on the same control diet, while the other two were switched to an 
OA- or PA-enriched HFD (see Materials and Methods for further details on the diet 
compositions) (Figure R1.5A). After ten days under each dietary condition, mice were 
sacrificed, PTs were pooled based on mouse sex and processed to single-cell 
suspensions for FACS sorting. The bioluminescence threshold used to determine the 
moment of the dietary change (i.e., 5 x 107 total photon flux) was established 
considering previous animal experiments performed with the same cell line. Based on 
the PT growth dynamics of SCC-25, the harvesting time was a few days before the 
tumour size reached the humane endpoint (when animals stop eating). 
 
Human cells were sorted based on GFP-positive labelling and mouse lineage-negative 
expression and further processed for proteomic analysis by label-free protein 
quantification (Figure R1.5B). A minimum number of cells (around 100,000) was 
required for optimal low-input sample processing and protein quantification, which 
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A 

Figure R1.5. Mouse OSCC dietary model scheme and sorting strategy. 
A) Graphical depiction of the mouse experiment performed to analyze the changes in the 
proteome induced by different fatty diets. SCC-25 cells were orthotopically injected, IT, in NSG 
mice fed with CT diet. After 4 weeks tumour bearing mice were randomized in three groups and 
two of those groups were changed to OA-enriched (OA-diet) or PA-enriched (PA-diet) HFDs. 
After ten days of fatty diet feeding, mice were sacrificed and tumours were processed to single 
cell suspension for FACS sorting. B) Representative FACS plot of the cells sorted for proteome 
analysis. Only mouse lineage (H-2Kd, CD45)-/GFP+ cells were sorted for protein extraction. 
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restricted the analysis to two biological replicates per group (n = 2). A total number of 
4,307 proteins were quantified and the PCA analysis showed that the samples of each 
diet clustered apart, although the difference was not as striking as in the cell culture 
treatment experiment. This reduced distinction was due in part to the variability 
between sexes (Figure R1.6A) and to the less pure lipid component of the diets (as 
opposed to treatments in culture), which is in fact a mix of FAs. Specifically, the PA-
enriched diet fat was palm oil, which however contains 40% OA; likewise, the OA-
enriched diet fat was olive oil, which contains 7.5% to 20% PA. In fact, the main PCA 
component differentiated animals on a HFD from the CT diet group (Figure R1.6A) and 
the 2D annotation enrichment analysis showed that OA- and PA-enriched HFDs induced 
a similar proteomic response in the tumour cells (Figure R1.6B) 
 
Tumour cells exposed to either diet upregulated certain metabolic categories, such as 
FA metabolism and degradation of valine, leucine and isoleucine, while they 
downregulated others related to the protein turnover (e.g., ribosome, chaperones and 
folding catalysis), splicing, exosome and the antigen presentation (Figure R1.6B). 
However, the effect on the upregulation of FA metabolic processes (FA metabolism, FA 
degradation, adipocytokine signaling) was stronger in the PA-enriched diet group than 
in the OA-enriched one (Figure R1.6B). The only two categories with an opposite 
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Figure R1.6. PA- and OA-enriched HFDs do not induce opposite responses. 
A) PCA plot of the different proteome samples obtained from tumour cells sorted from mice 
fed a control (CT), OA-enriched (OA) or PA-enriched (PA) HFDs. n = 2. F stands for female and 
M for male. B) 2D annotation enrichment analysis of KEGG terms on the proteomic changes 
induced by OA and PA enriched diets. In red, categories upregulated by PA diet; in blue, 
downregulated categories. (FDR q-value < 0.2; p-value < 0.01). The size of the circle determines 
the significance of that category (p-value). Dashed line indicates identity function (x = y).   
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response were the TCA cycle and sulfur metabolism, both of which were induced by the 
PA-enriched diet and downregulated by the OA-enriched one (Figure R1.6B).  

 

Direct analysis of the proteomic changes upon PA-enriched diet showed two categories 
involved in protein palmitoylation among the most upregulated: L-cysteine S-
palmitoylation (DHHC3, DHHC4, DHHC20) and protein cysteine S-palmitoyl transferase 
activity (DHHC3, DHHC4, DHHC20, YKT6, GLUL (glutamine synthetase)) (Figure R1.7A). 
Global protein expression changes of the palmitoyl transferase family (DHHC-PATs) 
corroborated that tumours in mice fed with a PA-enriched diet had higher expression of 
DHHCs (Figure R1.7B). To further explore the effects of PA on this family of proteins, we 
analyzed the transcriptomic data from previous studies (Pascual et al., 2017 and Pascual 
et al., 2021) and found that a four-day PA treatment in cell culture upregulated most 
ZDHHC genes expression in SCC-25 cells: specifically, ZDHHC1, -3, -5, -7, -13, -14, -20 and 
-24 were significantly upregulated (p-value < 0.05), while only ZDHHC6 and -16 were 
significantly downregulated (p-value < 0.01) (Figure R1.8A). Interestingly, the expression 
of most ZDHHCs genes also seemed to be upregulated in LN metastases compared to PT 

Figure R1.7. Protein palmitoylation and DHHC-PATs are upregulated in SCC-25 upon PA-
enriched diet mice feeding.  
A) Bar plot showing representative GO categories significantly changing (1D annotation 
enrichment analysis, p-value < 0.05) based on the proteomic changes induced by PA-enriched 
HFD in SCC-25. In red and with a positive score, the categories upregulated. In blue and with a 
negative score the downregulated ones. P-values of each category are indicated at the end of 
each bar. B) Violin plot of z-score normalized abundance values of the different DHHC-PATs 
identified in the tumor proteomes coming from each dietary group. CT stands for proteins in the 
control group; OA are proteins in the OA-enriched HFD fed group; PA represents proteins in the 
PA-enriched HFD group (p-value = 0.0017). 
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with no previous treatment. In particular, expression levels of ZDHHC8, -11, - 14 and- 18 
(q-value ≤ 0.1) and ZDHHC2 and -23 (p-value < 0.05) were significantly upregulated 
(Figure R1.8B).   

 

In sum, these results show that the PA-enriched diet enhanced the lipid metabolism and 
protein palmitoylation in tumour cells. Also, previous transcriptomic results showed that 
protein palmitoylation could have a role in the spontaneous LN metastases of OSCC as 
well as in the metastatic phenotype induced by PA. Since alterations in protein 
palmitoylation can have a strong impact on the biology and signaling of tumour cells, we 
next studied the palmitoylome of OSCC cells and its possible implications in metastasis. 
 
 

Figure R1.8. ZDHHCs gene expression is upregulated by PA cell culture treatment and in the 
LN metastases in mice. 
A) Heat map of differential transcriptomic expression of the ZDHHC genes upon 4 days of 300 
µM PA treatment of SCC-25 in cell culture (n = 3; p-values:  *< 0.05; **< 0.01; ***< 0.001). B) 
Scatter plot showing differences in ZDHHCs expression between SCC-25 cells coming from 
lymph node metastases (MET) and primary tumor (PT) lesions, dashed line represents 
statistical p-value = 0.05. Fold change expression is represented in log2 scale.  
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2 Palmitoylome studies 
 
To study the palmitoylome of OSCC cells, we used a metabolic labelling strategy based 
on the addition of the PA analogue 17-ODYA in the culture media (Figure R2.1A). 17-
ODYA can be metabolically incorporated into proteins using the cellular 
palmitoylation/depalmitoylation machinery but, unlike PA, it has an alkyne group on the 
omega end that can react with an azide group in a Huisgen’s cycloaddition reaction, also 
known as click chemistry (Martin et al., 2012) (Figure R2.1B). Upon treatment with the 
analog, 17-ODYA-tagged (i.e., palmitoylated proteins) can be isolated and coupled to 
azide-reporter tags, such as biotin-azide or TAMRA-azide using click-chemistry (Figure 
R2.1B). Coupling of 17-ODYA-acylated proteins with fluorescent azide-tags such as 
TAMRA allows for their gel-based visualization, while the biotin-azide tag enables their 
visualization by Western blot or the enrichment of acylated proteins with streptavidin 
beads pulldown for downstream LC-MS analysis (Martin et al., 2012). This methodology, 
unlike others based on ex-vivo chemical labelling like acyl-biotin exchange (ABE) (Drisdel 

Figure R2.1. 17-ODYA and the metabolic labelling of palmitoylated proteins. 
A) Chemical structure of PA and the PA analog 17-ODYA. Oxygen (O) atoms and their covalent 
bonds are colored in red. H represents hydrogen and C carbon. Chemical structures were 
drawn using BioEddie tool from Chem Axon. B) Graphical description of the metabolic 
labelling of an S-palmitoylated protein with 17-ODYA. Proteins that can be palmitoylated are 
enzymatically acylated with 17-ODYA within the cell. After extraction, proteins are submitted 
to click chemistry and biotin or a fluorescent dye (TAMRA) are attached to the 17-ODYA 
moiety. Upon hydroxylamine (NH2OH) treatment, only the thioester bonds between the S-
palmitoylated proteins and 17-ODYA are broken and the signal of those proteins is lost. O- 
and N-palmitoylated proteins remain acylated upon NH2OH treatment. Created with 
BioRender.com   
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and Green, 2004; Wan et al., 2007), is not restricted to S-palmitoylation but rather 
allows the whole palmitoylome (including N- and O- palmitoylation) to be studied (see 
also Discussion section for differences between these two methods). 
 
2.1 Phenotypic characterization of 17-ODYA in OSCC 
 
2.1.1 Incorporation of 17-ODYA into proteins 
 
Palmitoylation events can exhibit markedly different turnover rates in cells (Martin et 
al., 2012). Thus, we decided to characterized the incorporation of 17-ODYA into proteins 
of SCC-25 cells to optimize the treatment concentrations and timings for maximizing the 
labelling of palmitoylated proteins.  First, we observed that the incorporation of 17-
ODYA into proteins was dose- and time- dependent (Figure R2.2). We treated SCC-25 
cells with different concentrations of 17-ODYA (0.4 - 50 µM) for 1 hour and, after click 
chemistry with TAMRA fluorophore, SDS-PAGE and in-gel fluorescent scanning at 600 
nm, we observed specific fluorescent bands with an intensity that positively correlated 
with an increasing 17-ODYA dose (red arrows in Figure R2.2A). In parallel, we treated 
the cells with 10 µM 17-ODYA for different periods of time (15 minutes to 2 hours); 
similarly, we observed a time-dependent incorporation of the PA analog into proteins 
(Figure R2.2B). In both experiments, most of this specific signal was lost upon treatment 
with 0.7 M NH2OH (hydroxylamine). NH2OH breaks the thioester linkage between 
palmitoylated Cys and the PA moiety in S-palmitoylated proteins but does not affect the 
amide nor the oxyester chemical bonds of N- or O-palmitoylated proteins (Figure R2.1B). 
This result showed that most palmitoylated proteins were S-palmitoylated, as previously 
observed by others (Martin and Cravatt, 2009) (Figure R2.2).  
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To confirm that 17-ODYA was metabolically incorporated into the proteins (and not just 
chemically bound to them), we inhibited the enzymatic machinery responsible for its 
incorporation. Given that most of the specific signal detected in-gel came from S-
palmitoylated proteins, we used 2-BP to inhibit all DHHC-PATs. SCC-25 cells were treated 
with 10 µM 17-ODYA and increasing doses of 2-BP (3-300 µM) for 2 hours. Indeed, the 
same bands that disappeared after NH2OH treatment were not present in the 300 µM 
2-BP condition, confirming that DHHC-PATs were responsible for the S-palmitoylation of 
proteins with 17-ODYA (Figure R2.3A). Finally, we tested whether 17-ODYA modified the 
same proteins as PA in a competition assay. We treated SCC-25 cells with a constant 
dose of 10 µM of 17-ODYA and increasing doses of PA (3-300 µM) for 2 hours. Of note, 
PA treatment outcompeted 17-ODYA protein S-palmitoylation, shown by the specific 
fluorescent signal loss with increasing doses of PA (Figure R2.3B).  

Figure R2.2. 17-ODYA is incorporated into proteins in a dose and time dependent manner.  
Upper panels in A) and B) are fluorescent images of gels taken at 600nm for TAMRA detection. 
SCC-25 cells were treated with 17-ODYA at different concentrations for 1 hour A), or with the 
same 17-ODYA concentration (10 µM) for different times B). After treatment protein was 
extracted and click chemistry was performed with TAMRA. Half of the protein of each sample 
was treated with 0.7 M NH2OH for the detection of S-palmitoylated proteins. The red arrows 
mark clear specific S-palmitoylated protein bands. Lower panels show the Coomassie staining 
of the gels in A and B for protein loading control. Numbers on the left mark different molecular 
weights.  
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Thus, we concluded that 17-ODYA was enzymatically incorporated into proteins in OSCC 
cells (at least in the case of S-palmitoylated proteins, which made the majority of these 
proteins), in a dose- and time-dependent manner and that it modified the same proteins 
affected by PA. 

 

  
2.1.2 Metastatic phenotype induced by 17-ODYA treatment 
 
Once we knew 17-ODYA could be used by the cell to palmitoylate proteins in the same 
way that PA, we wondered whether the analog could have the same impact on the 
metastatic phenotype of the cells. Previous studies of our laboratory showed that a four-
day treatment of OSCC cells in culture with PA enhances their CD36 membrane 

Figure R2.3. 17-ODYA is incorporated into proteins by the same enzymatic machinery than PA 
and can compete with it.  
Upper panels in A and B show fluorescent images of gels at 600 nm for TAMRA detection. A) 
SCC-25 cells were treated with 10 µM 17-ODYA and different doses of the DHHC-PAT inhibitor 
2-BP. B) Competitive experiment. SCC-25 cells were treated with 17-ODYA and increasing doses 
of PA. In both cases A) and B) half of the sample was treated with 0.7 M NH2OH for the specific 
detection of S-palmitoylated proteins. The red arrows mark clear specific bands of S-
palmitoylated proteins. The lower panels in A and B show the Coomassie staining of the gels as 
protein loading control. The numbers on the left the different molecular weights.  
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expression, boosts their metastatic potential and increases the incidence of metastasis 
when those cells are orthotopically injected in mice (Pascual G. et al, 2017; Pascual G. et 
al, 2021). We decided to assess if 17-ODYA treatment could induce the same phenotypic 
changes.  
 
First, we tested the toxicity of long-term treatments with 17-ODYA.  We observed that 
the viability of SCC-25 cells decreased (by 92%) at 75 µM 17-ODYA treatment (Figure 
R2.4A), a lower concentration than in PA treatment. Despite their similarity, PA and 17-
ODYA can produce a different molecular response. Indeed, 17-ODYA is considered an 
inhibitor of cytochrome P450 (Zou, A. P. et al, 1994), which may increase its toxicity as 
compared to PA. We chose a 50 µM dose for the next experiments as a compromise 
between cell viability and a dose high enough to induce a phenotypic change.  
 

We then tested the metastatic capacity of OSCC cells treated with 17-ODYA in two 
independent experiments. In both experiments, pLuc-GFP-expressing SCC-25 cells were 
treated for four days with either 50 µM PA or 50 µM 17-ODYA before being orthotopically 
injected IT in NSG mice. Prior to IT injection, we observed by FACS that 17-ODYA and PA 
treatments induced CD36 membrane expression to similar extents (Figure R2.4B). We 
monitored PT growth weekly by bioluminescence and determined that there was no 
difference in the tumour growth rate between groups (Figure R2.5A and C). At the end 

Figure R2.4. 17-ODYA toxicity and CD36 induction capacity.  
A) Viability curve of SCC-25 cell line upon PA and 17-ODYA treatment. Cells were treated for 2 
days with increasing doses of PA or 17-ODYA. B) Representative histograms of the FACS analysis 
of CD36 presence in the PM of SCC-25 cells upon 4 days of treatment with 50 µM 17-ODYA, 50 
µM PA or CT.  
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of each experiment, we analyzed the incidence of developed LN metastases per group. 
We observed that both 17-ODYA and PA treatments tended to increase the incidence of 
metastases in each experiment (Figure R2.5 B and D). This difference was significant for 
17-ODYA (p-value < 0.05) when combining the results of both experiments. In the first 
experiment, the metastases were quantified while the animals were still alive, as 
previously done (Pascual et al., 2017; Pascual et al., 2021), but in the second one, mice 
were sacrificed for PT removal and neck dissection prior to bioluminescence detection. 
This is the reason for the difference in the frequency of metastases observed between 
both experiments (see Materials and Methods for further clarification of the metastasis 
quantification). In conclusion, we observed that 17-ODYA and PA induced a similar 
metastatic phenotype in SCC-25 cells, with no differences in the PT growth. 
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Figure R2.5. PA and 17-ODYA induce tumour cell aggressiveness to similar extent.  
A) Bioluminescent PT growth quantification of mice inoculated with pLucGFP expressing SCC-
25 cells previously treated for four days with 50 µM 17-ODYA, 50 µM PA or CT. n = 10 B) 
Frequency of developed LN metastases from animals in A. C) Bioluminescent PT growth 
quantification of mice in an independent experiment performed using the same conditions as 
in A. n = 9 D) Frequency of developed LN metastases from animals in C. D) PT growth curve of 
the combination of the independent experiments in A and C. E) Frequency of developed LN 
metastases from animals in both experiments. In A, C and E The total photon flux signal of each 
tumour at the different monitoring timepoints is normalized by the bioluminescent signal of 
that particular tumour at week 1 post-injection. Data is given as the mean ± SD. The frequency 
of metastases in B, D and F is expressed as the percentage of total animals included in the 
study that developed a metastasis. Two-tailed Fisher’s exact test was used for the statistical 
analysis. p = p-value. 
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2.1.3 Proteomic changes induced by 17-ODYA 
 
To better characterize the pro-metastatic molecular responses induced by 17-ODYA and 
PA, and to test if they were similar, we compared the proteome alterations generated 
by both treatments using SILAC in four independent replicates (n = 4) (Figure R2.6A). A 
four-day treatment with 50 µM dose of 17-ODYA or PA produced a similar response, as 
evidenced by the significant correlation (r = 0.56; ANOVA test significance < 0.0001) 
observed between the protein expression changes induced by both treatments with 

Figure R2.6. PA and 17-ODYA generate similar proteomic response.  
A) PCA plot of the log2 SILAC ratios idicating the proteomic changes induced by four days 50 
µM PA or 50 µM 17-ODYA treatments in SCC-25. n = 4. B) Correlation plot of the changes in 
the proteome of SCC-25 induced PA or 17-ODYA (OD) treatments in A. Dashed line indicates 
the identity function (x = y) and Pearson’s correlation coefficient (r) is indicated.  C) Bar plot 
showing representative GO categories significantly changing upon a 1D annotation enrichment 
analysis (p-value < 0.05) on the proteomic changes induced by PA or 17-ODYA (OD) treatments 
in SCC-25 in A. In light green, categories up- or downregulated by 17-ODYA (OD) treatment and 
in dark green the ones altered by PA. The categories upregulated have a positive score and the 
downregulated ones a negative score. p-values of each category are indicated at the end of 
each bar. 

-5 0 5

-5

0

5

log2 PAvsCT

lo
g 2 O

D
vs

C
T

r = 0.56

A B 

C 

0.009

0.009

0.045

0.033

0.044

0.019

0.017

0.012

0.019

0.002

0.026

0.010

0.008

0.033

0.048

0.001

0.015

0.013

0.017

0.005

0.008

0.025

0.019

0.013

0.023

0.005

0.049

0.025

0.024

0.012

0.045

0.006

0.013

0.008

0.002

0.022

-1.5 -1 -0.5 0 0.5 1 1.5

phosphopyruvate hydratase complex (GOCC)
neg.reg. of lipid catabolic process

pos.reg. of proteolysis
actin nucleation

pos.reg. of NO biosynthetic process
mitotic spindle organization

basement membrane (GOCC)
proteolysis

mitosis
neg.reg. of apoptotic process

fatty acid beta-oxidation
fatty acid catabolic process

TGFB receptor signaling pathway
activation of MAPKK activity

pentose biosynthetic process
pos.reg. of Wnt signaling pathway

nBAF complex (GOCC)
pentose-phosphate shunt

pos.reg. of synapse assembly

score

ODvsCT
PAvsCT



 119 

respect to control (Figure R2.6B). Both treatments upregulated the Wnt, TGFβ 
(transforming growth factor beta) and MAPK pathways, FA catabolism, FAO and the 
pentose-phosphate pathway (Figure R2.6C); similarly, they both downregulated the 
proteolysis, NO biosynthesis and actin nucleation categories among others (Figure 
R2.6C).  The main differences between treatments are observed in the mitosis and 
proteolysis GOBP categories, which are both downregulated only by PA. Nevertheless, 
as both treatments downregulated the mitotic spindle organization and the positive 
regulation of proteolysis, they probably both affected the cell cycle and protein 
degradation biological processes through different proteomic alterations (Figure 2.6C).  
 
These results showed that 17-ODYA modified the proteome to a similar extent as PA, 
suggesting a comparable phenotypic switch in OSCC cells towards a more aggressive 
phenotype by inducing CD36 PM expression and LN metastasis.  
  
2.2 Palmitoylome of metastatic SCC-25 
 
As both PA and its analog 17-ODYA increased the metastatic potential of SCC-25 cells 
and can be used indistinctly by the cell to palmitoylate proteins, we next analyzed the 
palmitoylome of OSCC cells after a four-day treatment with 17-ODYA, to identify 
palmitoylated proteins that could have a role in metastasis. First, we compared the 
palmitoylome profiles, by in-gel fluorescence detection, of SCC-25 cells treated with 50 
µM 17-ODYA for up to four days to test whether longer labelling periods can alter the 
set of labelled proteins due to the metabolization of the analog. Of note, we did not find 
differences in protein labelling after the long-term treatment (Figure R2.7).  In fact, many 

Figure R2.7. Four days 17-ODYA treatment palmitoylates the same proteins with higher 
intensity. 
SCC-25 cells were treated with 50 µM 17-ODYA for different periods of time. Protein was 
extracted and click chemistry was performed with TAMRA. Half of each simple was treated with 
NH2OH for the specific detection of S-palmitoylated proteins. The picture on the left shows a 
fluorescent image taken at 600 nm for TAMRA detection.  The red arrows indicate clear bands 
of S-palmitoylated proteins. Image on the right shows the Coomassie staining of the gel for 
protein loading control. h = hour. 
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S-palmitoylated protein bands (i.e., detected with TAMRA and that disappeared upon 
NH2OH treatment) showed a markedly higher intensity after 4 days of treatment, 
suggesting a slow palmitoylation turnover.  
 
To analyze the palmitoylome of metastatic SCC-25 cells, we combined the 17-ODYA 
treatment with SILAC proteomics (Figure R2.8A). Briefly, differently SILAC-labelled SCC-
25 cells were treated for four days with 50 µM 17-ODYA, PA or control (BSA) in four 
independent replicates (n = 4), and protein from each condition was collected and mixed 
in a 1:1:1 ratio for further processing (Figure R2.8A). Then, we performed click chemistry 
on the SILAC protein mix with biotin-azide to conjugate a biotin molecule to those 
proteins modified with 17-ODYA (i.e., palmitoylated). Finally, we enriched for the 
palmitoylated proteins with a streptavidin bead pulldown and analyzed them by LC-MS 
(Figure R2.8A). Proteins from the CT or PA conditions should not react or bind to biotin-
azide during the click chemistry, thus they were used as negative controls of enrichment, 
to detect unspecific binding as well as endogenously biotinylated proteins. The median 
enrichment ratio comparing protein enrichment abundances between CT and PA 
conditions in log2 scale was around 0, while practically all protein enrichment ratios 
between 17-ODYA (OD) and both controls gave positive values with a median log2 ratio 
around 1.5 (i.e., 3-fold change (fc)) (Figure R2.8C). This result indicated that we 
specifically enriched for palmitoylated proteins coming from the 17-ODYA treatment 
condition.  
 
Out of the 1,200 proteins quantified in this experiment, only 327 proteins with a positive 
and statistically significant enrichment (p-value < 0.05 and FDR q-value < 0.05) as 
compared to PA condition were considered as palmitoylated. We used the PA condition 
as a reference as the proteome changes elicited by PA and 17-ODYA were equivalent. 
Almost all proteins (90%) that we considered to be palmitoylated in SCC-25 cells with a 
certain level of confidence (p-value < 0.05; indicated in red in Figure R2.8D) are included 
in SwissPalm repository for palmitoylated proteins (Blanc et al., 2015), which 
corroborates the robustness of our approach to identify palmitoylated proteins. We 
identified well-known palmitoylated proteins among the most enriched ones, such as: 
caveolin 1 (CAV1), IFITM1 (interferon induced transmembrane protein 1), CD44, CD9, 
ITGA6 (integrin subunit alpha 6) and ITGB4 (integrin subunit beta 4) (Figure R2.8D). 
Some of these proteins were further validated (see section 2.3 Validation of 
palmitoylated proteins).  
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Figure R2.8. Enrichment of palmitoylated proteins in metastatic SCC-25. 
A) Scheme of the steps followed for the enrichment of the palmitoylated proteins. SCC-25 
cells were treated with 50 µM PA, cells in medium (M.) SILAC media (orange); 17-ODYA, to 
cells in heavy (H.) media (green); or BSA (CT), cells in light (L.) media (grey); for four days. 
Protein from the 3 conditions was collected and mixed 1:1:1. Click chemistry was performed 
with biotin-azide (pink dots) and palmitoylated proteins were enriched with streptavidin 
beads for LC-MS analysis. Only proteins acylated with 17-ODYA can be specifically enriched. 
Created with BioRender.com B) PCA plot of log2 SILAC ratios indicating protein abundance 
differences between conditions in the enriched samples (n = 4). C) Global density plot of log2 

SILAC ratios between conditions indicating the relative enrichment of proteins of each 
treatment. Ratios from all mixes are included in the distributions (n = 4). Red and green curves 
display the positive enrichment of proteins from 17-ODYA treatment with respect to CT and 
PA samples. The blue curve shows no enrichment of proteins from PA and CT treatments. D) 
Volcano plot of all the palmitoylated proteins (regardless of their quality of detection) 
specifically enriched after four days of 17-ODYA treatment versus PA. In red all the proteins 
significantly enriched p-value < 0.05. In purple proteins of interest not significantly enriched. 
Proteins of interest are named. Fold-change enrichment is expressed in log2 scale. The plot 
also shows a pie chart with the percentage of significantly enriched proteins (p-value < 0.05) 
present in SwissPalm (Blanc et al., 2015).  
 

p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05p = 0.05

p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01p = 0.01

RSL1D1

AP2A1

KRAS

SLC25A5

HNRNPC

ABHD2

IFITM1
F3

DSP

CD44

ITGB4

VDAC1

CD9
ITGA6

CFL1

CANX

VDAC2

SMARCA4

HIST2H3A

CAV1

CKAP4

DSG2

KIAA0100

SPCS2

SLC1A5

GOLGA7

LPCAT1

PHB2

PI4K2A

ZDHHC5

NAT10

TMX1

COL17A1

AUP1

0

2

4

6

-2.5 0.0 2.5 5.0
log2 fold-change ODvsPA

-lo
g 

p-
va

lu
e

0.00

0.25

0.50

0.75

1.00

-5.0 -2.5 0.0 2.5 5.0
log2 SILAC ratio

de
ns

ity

ODvsCT
ODvsPA
PAvsCT

A B 

D C 
90%

10%

SwissPalm
not present



 122 

 
Next, we performed a 1D annotation enrichment analysis on the palmitoylome of SCC-
25 cells and found a significant enrichment in categories associated with membranes, as 
expected considering that the main function of protein lipidation is anchoring proteins 
to membranes. The most enriched GO terms relating to cellular components (GOCC) 
were membrane, membranous organelles (such as ER, Golgi and vesicles), and 
membrane-associated structures (such as hemidesmosomes, cell junctions and 
synapses) (Figure R2.9A).  Regarding the GO categories involved in biological processes 
(GOBP slim), we found mostly enriched membrane-associated functions, such as cell 
adhesion, vesicle transport and motility (Figure R2.9B). Interestingly, we found 
“palmitate” or “transmembrane” among the significantly enriched keywords, as well as 
other membrane-related terms, underscoring that we successfully enriched for 
palmitoylated proteins (Figure R2.9C).  
 

Figure R2.9. Enriched categories within 
the palmitoylated proteins. 
Positively enriched categories from 1D 
annotation enrichment analysis of the 
17-ODYAvsPA comparison in figure R2.8. 
A)  GOCC (gene ontology cellular 
component). B) GOBP slim (Gene 
ontology biological process slim). C) 
Keywords. In all cases the size of the 
circumference determines the number 
of proteins within that particular 
category.  
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In conclusion, we identified a specific set of palmitoylated proteins in OSCC cells with 
increased metastatic capacity. These proteins were mostly associated to membrane 
functions, which could be implicated in the metastatic phenotype, such as cell adhesion 
and motility.  
 
2.3 Validation of palmitoylated proteins 

 
We followed the protocol depicted in Figure R2.10A to validate some of the proteins 
found to be palmitoylated in our previous large-scale experiment using mass-
spectrometry. Briefly, SCC-25 cells were treated with 50 µM 17-ODYA for four days and 
after protein extraction, each sample was split into two (with keeping 5 µg of protein 
from each half kept as input). Both protein samples were incubated with the click 

Figure R2.10. Western blot validation of palmitoylated proteins. 
A) Depiction of the steps followed for the validation of the palmitoylated candidates. SCC-25 cells 
were treated for four days with 50 µM 17-ODYA. Protein was extracted and divided in two 
samples. Both samples were submitted to click chemistry but in one of the samples biotin-azide 
was not added to the reaction. Palmitoylated proteins were enriched with streptavidin beads 
pulldown, eluted and run in an SDS-PAGE WB for their detection. Those proteins detected in both 
conditions are unspecifically enriched by streptavidin beads. Only those proteins specifically 
enriched in the condition with biotin-azide can be considered palmitoylated proteins. Created 
with BioRender.com B) Immunoblot images of the proteins tested for validation. Input samples (5 
µg) were separated before click chemistry. Numbers on the left mark the closest molecular weight 
size marker. CAV1 = caveolin-1; DSP = desmoplakin; LPCAT1 = lysophosphatidylcholine 
acyltransferase 1; Nat10 = N-acetyltransferase 10; BRG1 = SMARCA4; H3 = histone H3.  
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chemistry reagents but biotin-azide was only added to one of them, while the other one 
remained as a negative control. Then, palmitoylated proteins were enriched by 
pulldown with streptavidin beads and analyzed by western blot. Only proteins 
specifically enriched upon click chemistry with biotin-azide were considered as validated 
palmitoylated proteins (Figure R2.10A). 
 
First, we proved that our validation method worked by detecting CAV1 and CD9 (Figure 
R2.10B), two of the most studied and validated palmitoylated proteins. We then focused 
on proteins that, due to their location or function, could well be palmitoylated. DSP 
(desmoplakin) is a critical component of the desmosome structure in epithelial cells. 
Although some components of desmosomes, such as desmoglein-2 or plakophilin-3, had 
been previously validated as palmitoylated proteins (Woodley and Collins, 2019), we did 
not validate DSP palmitoylation (Figure R2.10B) and concluded that the enrichment of 
this protein prior to LC-MS analysis was probably unspecific. On the other hand, we 
validated the palmitoylation of LPCAT1 (Figure R2.10B), which is an acyl transferase 
implicated in phospholipid metabolism that has also been described as the enzyme 
responsible for histone H4 palmitoylation. According to SwissPalm database (Blanc et 
al., 2015), this protein had been described in other palmitoylome studies but had never 
been validated before.  
 
We next tested the palmitoylation of key regulatory proteins, as any PTM regulating the 
activity of these proteins would have a strong impact on the cell biology and could 
explain the vast molecular rewiring and the pro-metastatic phenotype observed upon 
PA treatment. We tested: i) SMARCA4 (SWI/SNF related, matrix associated, actin 
dependent regulator of chromatin, subfamily A member 4) (also known as BRG1 
[Brahma related gene-1]), as a promising candidate, as it is a member of the SWI/SNF 
family of proteins and is required for the ATP-dependent chromatin remodeling and 
transcriptional activation of previously repressed genes (Mittal and Roberts, 2020); and 
ii) NAT10 (N-acetyltransferase 10), which is an RNA cytidine acetyltransferase that 
modifies mRNAs, tRNAs and ribosomal RNAs and thereby increases their stability 
(Arango et al., 2018). Further, it could also have a role in protein acetylation (Liu et al., 
2016b). Both BRG1 and NAT10 are included in SwissPalm database, as they had been 
previously described in other large-scale palmitoylome studies (Blanc et al., 2015). 
However, we were not able to validate the palmitoylation of either BRG1 or NAT10 
(Figure R2.10B). Finally, we tested whether histone H3 was palmitoylated in SCC-25 as 
it could have a massive impact on the whole biology of the cell given its master role in 
the regulation of gene expression via epigenetic mechanisms. Histone H3 appears in 
three out of the 17 large-scale palmitoylome studies performed in human cells (Blanc et 
al., 2015) and had been previuosly validated as a palmitoylated protein in Jukart T cells 
(Wilson et al., 2011). Indeed, we were able to validate histone H3 palmitoylation in SCC-
25 cells (Figure R2.10B). 
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2.4 Changes in protein palmitoylation induced by PA and OA treatments 
 
We next addressed if any of the proteins that we identified to be palmitoylated in a pro-
metastatic cell were specifically palmitoylated in that particular phenotype, in other 
words, if any proteins showed changes in their palmitoylation state upon PA (pro-
metastatic) and/or OA (anti-metastatic) treatments. To address this question, we 
followed a strategy inspired by other lipidomic studies (Niphakis et al., 2015), based on 
the competition between 17-ODYA and PA for the modification of a particular protein 
combined with SILAC proteomics (Figure R2.11A). We first treated SCC-25 cells for four 
days with 50 µM OA, 300 µM PA or control (BSA) to achieve the different metastatic 
phenotypes. We washed out the treatments and then incubated all conditions with 100 

Figure R2.11. Analysis of the palmitoylome of SCC-25 upon PA and OA treatments. 
A) Graphical scheme of the protocol followed for the analysis of the changes in the palmitoylome 
induced by OA and PA treatments. SCC-25 cells were treated for four days with BSA (CT) in light 
(L.) SILAC media; 50 µM OA, cells in medium (M.) media; or 300 µM PA, in heavy (H.) media. Then, 
treatments were removed and all the conditions were treated with 100 µM 17-ODYA in their 
correspondent SILAC media for 6 hours. Protein was collected from four biological replicates (n = 
4), SILAC mixes 1:1:1 were prepared and click chemistry performed with biotin-azide. 
Palmitoylated proteins were enriched by pulldown with streptavidin beads and analyzed by LC-
MS. Created with BioRender.com B) PCA plot of log2 SILAC ratios indicating protein abundance 
differences between conditions in the enriched samples (n = 4). C) Global density plot of log2 SILAC 
ratios between conditions indicating the relative enrichment of proteins of each treatment. Ratios 
from all mixes are included in the distributions (n = 4). The red curve displays the positive 
enrichment of proteins from OA treatment with respect to CT; the green one the negative 
enrichment of proteins from PA with respect to CT and the blue curve shows the negative 
enrichment of proteins from PA with respect to OA. 

-0.1

0.0

0.1

0.2

0.3

0.4

-0.4 -0.2 0.0 0.2
PC1 (32.4%)

P
C

2 
(2

6.
9%

)

OAvsCT
PAvsCT
PAvsOA

0.00

0.25

0.50

0.75

1.00

-2 0 2
log2 SILAC ratio

de
ns

ity

OAvsCT
PAvsCT
PAvsOA

A 

B C 



 126 

µM 17-ODYA for 6 hours (Figure R2.11A), a period long enough to label most 
palmitoylated proteins without altering the phenotype and proteome of the cell too 
much. For the analysis, we extracted the proteins, mixed them in a 1:1:1 SILAC ratio, and 
performed click chemistry with biotin-azide and pulldown enrichment of palmitoylated 
proteins with streptavidin beads. Palmitoylated proteins were analyzed by mass 
spectrometry (Figure R2.11A). With this experimental setup, we expected to saturate 
the palmitoylation sites of proteins after four-day PA treatment but not after the other 
treatments. We presumed a negative read-out whereby proteins that were already 
palmitoylated before the short-term (6-hour) 17-ODYA treatment, had less 
incorporation of the analog and were less abundant in the MS analysis. Higher 
enrichment of a particular protein in the control condition than in the PA treatment 
would probably indicate that that protein was more palmitoylated in the PA condition 
after four days treatment, thus less 17-ODYA was bound to it. Of course, this method 
has its limitations (further analyzed in the Discussion section), as proteins with very fast 
palmitoylation turnover may show similar 17-ODYA incorporation in all conditions after 
the 6-hour treatment, blurring previous differences, while proteins with very slow 
palmitoylation turnover may not be captured by the relatively short analog treatment. 
 
We quantified 732 proteins with good reproducibility according to the PCA analysis 
(Figure R2.11B). As expected, PA was the condition with the lowest incorporation of 17-
ODYA and therefore the lowest abundance in the pulldown samples (i.e., lower SILAC 
ratio) (Figure R2.11C). In contrast, proteins from cells treated with OA had a slight 
increase in 17-ODYA incorporation as compared to the control group (Figure R2.11C). 
These results indicated that proteins from cells treated with PA for four days are globally 
more palmitoylated than in the other conditions prior to the 17-ODYA treatment (p-
value < 0.0001), whereas OA treatment seemed to reduce protein palmitoylation as 
compared to control (p-value = 0.013) (Figure R2.11C). This agrees with the observed 
enhancement of the protein palmitoylation machinery (DHHC-PATs) that we observed 
after a four-day PA treatment.  
 
Most of the proteins quantified in this experiment (569; 78%), were in the set of proteins 
identified in our previous long-term (four-day) 17-ODYA experiment (Figure R2.12A), 
and were thus considered as high-confidence palmitoylated proteins. Interestingly, the 
vast majority of these 569 proteins, had a negative enrichment in the PA versus OA 
treatments comparison (i.e., SILAC ratio), indicating higher level of palmitoylation after 
four-day PA treatment (Figure R1.12B). To our surprise, a 1D annotation enrichment  
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 analysis on the high confidence palmitoylated proteins showed that they were enriched 
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Figure R2.12. Proteins more palmitoylated upon PA treatment. 
A) Venn diagram of the proteins identified in the two large-scale palmitoylome studies. In the 
“treatments expt.” (blue) SCC-25 cells were treated with 50 µM OA, 300 µM PA or BSA (CT) for 
four days and then they were incubated with 100 µM 17-ODYA for 6 hours. Protein was 
extracted, click chemistry performed with biotin-azide and palmitoylated proteins were 
enriched by pulldown with streptavidin beads. 732 proteins were identified by LC-MS. In the 
“long-term expt.”, (yellow), SCC-25 cells were treated with 50 µM 17-ODYA for four days. Upon 
click chemistry and enrichment with streptavidin beads 1,200 proteins were identified by LC-
MS. B) Volcano plot of the 569 palmitoylated proteins identified in both large-scale 
palmitoylome studies in A. The plot shows the enrichment SILAC ratio of these proteins upon 
50 µM OA or 300 µM PA treatments in the “treatments expt.”. Fold-change enrichment is 
expressed in log2 scale. In red all the proteins significantly more enriched in upon OA treatment 
(p-value < 0.05). C) and D) show the positively enriched categories from 1D annotation 
enrichment analysis of the 569 palmitoylated proteins identified in both large-scale 
experiments in A. C) KEGG (Kyoto encyclopedia of genes and genomes). D) GOBPslim (Gene 
ontology biological process slim). In C and D the size of the circumference determines the 
number of proteins within that particular category. 
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in categories related to membranes (membrane invagination, focal adhesion) but also 
in transcription and translation (mRNA metabolism, RNA transport, ribosome 
biogenesis), as well as cell cycle and nuclear organization processes (Figure R2.12C and 
D).  
 
The categories related to transcription and translation included proteins involved in 
mRNA stability (e.g., ELAVL1 [ELAV like RNA binding protein 1]) and translation initiation 
(e.g., EIF4A3 [eukaryotic translation initiation factor 4A3]), as well as different ribosomal 
protein components of the 40S subunit, such as RSP14 (ribosomal protein S 14A) and 
the 60S subunit, such as RPL10A (ribosomal protein L10A). Palmitoylation of RPL10A was 
already validated and is involved in the lipid raft localization of the protein (Yang et al., 
2010). Considering that the main function of these proteins is performed in the 
cytoplasm, and that the PA moiety probably binds them to the cell membranes, protein 
palmitoylation could be involved in inhibition of protein synthesis. This result could 
further support the decrease in protein translation observed in the proteome of OSCC 
cells upon PA treatment and might be involved in the cell cycle arrest.  
 
Interestingly, histone H3 appeared as one of the high confidence palmitoylated proteins 
that was significantly (p-value < 0.05) more palmitoylated upon PA treatment (Figure 
R2.12B). Histone H3 palmitoylation was previously validated; however, no functional 
implications were determined for its palmitoylation (Wilson et al., 2011). Other histone 
lipidations, such as the Lys acylations, alter the epigenetic state of the cell and are 
associated to open areas of the genome (Sabari et al., 2017). Furthermore, histone H4 
O-palmitoylation can induce genome-wide transcription through RNA polymerase II 
activation (Zou et al., 2011). As our results showed that histone H3 palmitoylation 
increased in the pro-metastatic phenotype of OSCC cells, we hypothesized that it could 
be implicated in the epigenetic rewiring necessary for metastatic induction and further 
characterize histone H3 palmitoylation.  
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3 Characterization of histone H3 palmitoylation 
 
3.1 Validation of the palmitoylation of histone H3 variants 
 
Given the profound implications that histone H3 palmitoylation could have on the 
biology of cancer cells, we decided to further characterize this modification. First, we 
used an orthogonal method to validate that the H3 was palmitoylated. For this, we 
treated SCC-25 cells overnight with 50 µM 17-ODYA or PA, extracted the nuclear protein 
fraction and immunoprecipitated histone H3 in both conditions. We then performed 
click chemistry on the immunoprecipitated protein to add a biotin-tag to those H3 
molecules that had incorporated 17-ODYA during the overnight treatment. Next, we 
split the sample in two and treated one half with NH2OH (which would remove the 

palmitic analog moiety if H3 was S-palmitoylated by selectively cleaving the thioester 
bond). Finally, we blotted the immunoprecipitated samples against biotin using 
streptavidin-HRP to find palmitoylated proteins. Of note, a biotin band of the same mass 
of histone H3 only appeared in the lane of the 17-ODYA treated sample, indicating that 

Figure R3.1. Validation of histone H3 variants palmitoylation. 
A) Immunoblot images of the IP of histone H3. SCC-25 cells were treated overnight with 50 µM 
17-ODYA or 50 µM PA. Protein was collected, inputs separated (5 µg) and each sample was split 
in two for immunoprecipitation with anti-histone H3 (anti-H3) antibody or unspecific IgG mock 
antibody. Click chemistry with biotin-azide was performed on the immunoprecipitated proteins. 
After click part of the 17-ODYA anti-histone H3 simple was treated with NH2OH for the specific 
removal of S-palmitoylation signal. B) Immunoblot images of the validation of histone H3.1 and 
H3.3 palmitoylation with specific antibodies. SCC-25 and 501Mel cells were treated for four 
days and VDH15 cells were treated overnight all of them with 50 µM 17-ODYA. Samples were 
processed following the protocol described in figure R2.10A. Numbers on the left mark the 
closest molecular weight size marker.   
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histone H3 was indeed palmitoylated (Figure R3.1A). Furthermore, incubation with 
NH2OH completely abolished the biotin signal, thereby confirming that histone H3 was 
S-palmitoylated (Figure R3.1A). 
 
We next addressed whether this palmitoylation event is common for all or only some of 
the different histone H3 variants. This is particularly important given that each variant 
has a particular regulation and localization in specific areas of the genome, which leads 
to different functions. Looking at the proteomics data, we were not able to distinguish 
between H3 variants, since their amino acid sequence is highly conserved and the 
peptides identified in the MS were common for all variants. Therefore, we used specific 
antibodies to discriminate between the palmitoylation of the different variants 
following the protocol described in Figure R2.10A. We intended to focus our attention 
on the most broadly expressed histone H3 variants: the canonical H3.1 and H3.2 and the 
replacement variant H3.3; however, there is no commercial antibody specific for histone 
H3.2 detection, so we could only test histone H3.1 and H3.3 palmitoylation.  
 
We found that histone H3.3 was palmitoylated in SCC-25 but histone H3.1 was not, or 
at least had a much lower palmitoylation stoichiometry (Figure R3.1B). We repeated the 
experiment with two other cell lines: VDH-15 (a non-commercial OSCC cell line 
stablished in our laboratory) and 501Mel (a melanoma cell line). The VDH-15 cell line 
had a higher sensitivity to 17-ODYA and could not be treated for four days, so we 
performed an overnight treatment with 50 µM 17-ODYA. We corroborated that H3.3 
was palmitoylated and that H3.1 palmitoylation showed a much lower stoichiometry 
(Figure R3.1B). We were able to confirm histone H3 palmitoylation in other tumour 
types using 501Mel cells, which were treated for four days with 50 µM 17-ODYA. 
Unexpectedly, both histone H3 variants were enriched to a similar extent in these cells 
(Figure R3.1B). 
 
Overall, we showed with an orthogonal method that histone H3 was S-palmitoylated 
and that the replacement histone H3.3 was palmitoylated in all cell lines tested, while 
palmitoylation of the canonical histone H3.1 variant might be tumour-type dependent.  
 
3.2 Identification of the S-palmitoylated Cys residue 
 
Next, we addressed which residue of the histone H3.3 variant was palmitoylated; as 
histone H3 was S-palmitoylated, the palmitoylated residue had to be a Cys. Since histone 
H3.3 protein has only one Cys residue (Cys110), we overexpressed a mutant version of 
the protein lacking that Cys residue to test the ability of the cell to palmitoylate the 
mutant protein.  
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Before generating the H3.3 overexpression (OE) construct, we checked in previous RNA 
sequencing data from the laboratory (published in Pascual et al., 2017) which of the two 
H3F3 genes in humans was most highly expressed in SCC-25 cells, since depending on 
the tissue or cell line, both genes can be equally transcribed or one can present higher 
expression (Frank et al., 2003). Both genes encode the same amino acid sequence but 
vary in their nucleotide sequence and regulatory regions (Bramlage et al., 1997). H3F3B 
gene is preferentially expressed over H3F3A in SCC-25; thus, we used H3F3B nucleotide 
sequence for the generation of the overexpression construct (Figure R3.2A). We 
synthesized two different constructs: i) the WT version of the gene (H3.3OEWT) and ii) 
a mutant version in which we replaced Cys110 with an alanine (A) (H3.3OEC110A) 
(Figure R3.2B). In both constructs, two different tags (FLAG and HA) were added at the 
C-terminal side of the protein (Figure R3.2B), following a previously reported strategy in 
which they demonstrated that a C-terminal HA-tagged histone H3.3 is functional and 
showed that a mouse strain with both H3F3 genes tagged is viable (Bachu et al., 2019).  
 
The H3.3OEWT and H3.3OEC110A constructs were synthesized in the retroviral pMSCV 
plasmid under a strong ubiquitous promoter and stable SCC-25 cells lines expressing 
these constructs were generated through retroviral infection. However, the constructs 
were not strongly expressed by the cells. By RT-qPCR, we could see that the gene H3F3B 
was similarly expressed in non-infected (WT) SCC-25 and H3.3OEWT or H3.3OEC110A 
bearing cell lines (Figure R3.2C); by Western blot we observed that the exogenously 
expressed H3.3 was barely detected compared to the endogenous histone H3 (Figure 
R3.2D). The addition of FLAG and HA tags increased the molecular weight of the 
overexpressed H3.3 proteins (20 kDa), what allowed us to distinguish them from the 
endogenous protein (17 kDa) (Figure R3.2D). Although the amount of exogenous 
histone H3.3 was negligible compared to total endogenous histone H3 protein, we 
observed that the exogenous histone H3.3 was expressed at similar levels to 
endogenous histone H3.3 (Figure R3.2E). This result is in line with previous studies that 
showed that, in highly proliferative tumour cells, the relative abundance of histone H3.3 
in the total H3 pool is around 1.5% (Tvardovskiy et al., 2017). 
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To determine whether Cys110 was the palmitoylated residue, we treated H3.3OEWT 
and H3.3OEC110A cell lines with 50 µM 17-ODYA for four days. Then, we performed the 
click chemistry with biotin-azide, enriched via streptavidin beads and tested the 
enrichment of each H3.3OE protein by Western blot against HA tag (Figure R3.3A). We 
observed a much higher enrichment of the H3.3OEWT protein than of the H3.3OEC110A 
in the streptavidin beads eluant fraction, indicating that the PA analog 17-ODYA was 
preferentially bound at Cys110 in H3.3, thus proving that Cys110 was S-palmitoylated 
(Figure R3.3A). However, we still detected a faint band in the H3.3OEC110A eluant lane, 
indicating that the analog was being specifically incorporated into the mutant H3.3 
protein but in a different position and at a much lower stoichiometry. To elucidate 
whether the enrichment of mutant H3.3 was due to a secondary acylation on the protein 

Figure R3.2. Expression of exogenous histone H3.3. 
A) Bar plot showing the mRNA expression levels of the two histone H3.3 genes: H3F3A and 
H3F3B in SCC-25. TMM normalized values extracted from an RNA sequencing experiment 
published in Pascual et al., 2017. Data given as the mean and SD. B) Illustration of the construct 
used for the overexpression (OE) of H3F3B gene. The sequence of the gene was maintained in 
the wild type (WT) version of the construct and Cys 110 was mutated to an alanine (C110A) in 
the mutant version. In both cases FLAG and HA tags were added at the C-terminal of the protein. 
Created with BioRender.com C) Relative H3F3B expression in non-infected SCC-25 cells (WT 
SCC-25) or SCC-25 cells bearing the OE WT construct (H3.3OEWT) or the OE mutant construct 
(H3.3OEC110A), by RT-qPCR. Data given as the mean and the SD. D) Histone H3 immunoblot 
image of WT SCC-25 cells, H3.3OEWT and H3.3OEC110A cells. The over expressed exogenous 
(exo.) histone H3 was heavier than the endogenous (endo.) histone H3. E) Histone H3.3 
immunoblot of H3.3OEWT and H3.3OEC110A bearing cells. Numbers on the left in D and E mark 
the closest molecular weight size marker. 
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result of the metabolization of 17-ODYA during the long-term incubation, we tested a 
shorter treatment. We incubated the cells overnight (around 16 hours) with 17-ODYA 
and performed the same experiment. After this short treatment, we had again a higher 
enrichment of H3.3OEWT in the streptavidin beads eluant fraction, but we could still 
detect a faint band corresponding to the H3.3OEC110A protein (Figure R3.3B). We 
concluded that histone H3.3 was S-palmitoylated at Cys110, given that mutation of that 
residue decreased the enrichment of the protein upon click chemistry. Nevertheless, 17-
ODYA could also be used for other acylations on H3.3 independent of Cys110 that have 
a fast turnover of less than 16 hours, similar to Cys110 palmitoylation. 
 

  

 
3.3 Function of histone H3.3 palmitoylation at Cys110 
 
3.3.1 Cys110 of histone H3.3 is not implicated in its chromatin incorporation  
 
The Cys110 residue (that we identified as the main palmitoylation site) is located within 
the α2-helix domain of histone H3.3, at the globular part of the protein (Luger et al., 
1997) (Figure R3.2B). PTMs in the core domain of histones can affect the stability of the 
nucleosome, by altering histone-histone and histone-DNA interactions, and can be 
involved in the chaperone-histone recognition for histone deposition into chromatin 
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Figure R3.3. Cys110 is the palmitoylated residue in histone H3.3. 
SCC-25 H3.3OEWT and H3.3OEC110A cells were incubated with 50 µM 17-ODYA for four days 
A) or overnight (16 hours) B). Then, samples were processed as described in figure R2.10A and 
palmitoylated proteins were enriched. Upper immunoblot images in A) and B) compare the 
differential enrichment upon click chemistry of overexpressed H3.3OEWT and H3.3OEC110A 
with an anti-HA tag antibody. Lower images in A) and B) show the endogenous (endo.) histone 
H3 pool as a loading control of the amount of protein pulldown with the streptavidin beads. The 
exogenous histone H3.3 is undetectable at that exposition time due to its low expression 
compared to the global amount of histone H3. Numbers on the left in all immunoblots mark the 
closest molecular weight size marker. 
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(Tessarz and Kouzarides, 2014 ). To test the relevance of Cys110 in the incorporation of 
histone H3.3 into chromatin, we overexpressed H3.3OEWT or H3.3OEC110A, performed 
a cellular fractionation and analyzed the localization of overexpressed H3.3 in the 
different cellular fractions (cytoplasm, nuclear soluble, chromatin soluble and chromatin 
insoluble) by immunoblotting using the HA tag. Interestingly, we observed that, 
regardless of the mutational status of the protein, the exogenous H3.3 was almost 
exclusively enriched in the chromatin soluble and insoluble fractions (which contain 

proteins loosely or tightly bound to the chromatin, respectively) (Figure R3.4B). A very 
small percentage of H3.3OEWT and H3.3OEC110A were detected in the nuclear soluble 
fraction (which contains molecules within the nuclear envelope but not bound to 
chromatin) (Figure R3.4B). Endogenous histone H3 was also enriched in chromatin 
soluble and insoluble fractions (Figure R3.4C). Thus, despite the lack of genomic 
regulatory elements and the presence of HA and FLAG tags, exogenous histone H3.3 was 
physiologically used by the cell and incorporated into the chromatin, which validated 
the use of this tool for studying the biology of the histone variant. Importantly, both 
H3.3OEWT and H3.3OEC110A were equally incorporated into chromatin; thus, Cy110 
and any possible PTMs affecting this residue, such as palmitoylation, should not affect 
incorporation of H3.3 into chromatin.  
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Figure R3.4. Cy110 does not interfere with and it is not necessary for histone H3.3 chromatin 
incorporation. 
A cellular fractionation was performed upon lysis of SCC-25 H3.3OEWT and H3.3OEC110A cell 
lines. The content of the different fractions was ran in an SDS-PAGE followed by Western blot 
for further analysis. The four fractions are: cytosolic; nuclear soluble (sol.), proteins within the 
nuclear envelope but not bound to the chromatin; chromatin soluble (sol.), proteins loosely 
bound to chromatin; and chromatin insoluble (insol.), proteins tightly bound to the chromatin. 
A) Scan of the ponceau staining of the Western blot membrane as a loading control. B) 
Immunoblot of the detection of exogenous histone H3.3 through HA tag. C) Immunoblot of pan-
histone H3. The detected band is the endogenous (endo.) histone H3. Exogenous histone H3.3 
can be barely detected with that exposition time. Numbers on the left mark the closest 
molecular weight size marker of interest in each image. 
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3.3.2 Cys110 in not implicated in the intranuclear localization of histone H3.3 
 
Next, we wondered whether the palmitoylation of Cys110 could be involved in the 
perinuclear tethering of chromatin to the nuclear envelope, since protein palmitoylation 
is usually implicated in the association of proteins to membranes. Even though the 
nuclear periphery is in general a repressive environment invaded by heterochromatin, 
certain areas of euchromatin also interact with the nuclear pore complexes within the 
nuclear envelope (Briand and Collas, 2020). We speculated that histone H3.3 
palmitoylation could have a role in the formation of that interaction. To test this 
hypothesis, we assessed the location of H3.3OEWT and H3.3OEC110A in the nucleus by 
immunofluorescence staining.  
 
In basal conditions, both H3.3OEWT and H3.3OEC110A were localized throughout the 
intranuclear space, with the exception of the nucleoli (detected by areas of low DAPI 
staining) (Figure R3.5). To assess whether we were missing any difference due to low 
palmitoylation stoichiometry, we challenged the cells by a four-day tretment of 50 µM 
OA or 300 µM PA, to produce a low or high protein palmitoylation state, respectively. 
Notably, we did not observe any alteration in the cellular localization in either condition 
for the WT or the C110A mutant H3.3 (Figure R3.5). These results indicated that the 
palmitoylation of Cys110 is not involved in the intranuclear localization of histone H3.3. 
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Figure R3.5. Cys110 is not implicated in histone H3.3 intranuclear localization. 
Representative immunofluorescence images of H3.3OEWT and H3.3OEC110A bearing SCC-25 cells 
treated with 50 µM OA or 300 µM PA for four days. FLAG tag is shown in red for exogenous H3.3 
detection. DAPI is shown in blue for DNA detection. Merged images are composed by FLAG (red) 
and DAPI (blue) staining. A unique confocal stack is shown in each image for proper detection of 
H3.3 localization within the nucleus. White scale bar on merged images represents 10 µm. 
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1 Changes in the proteome induced by dietary PA and OA in 
OSCC 

 
 
1.1 Dietary PA vs OA in healthy and cancer cells 
 
PA and OA are the most abundant dietary and plasmatic FAs (Palomer et al., 2018); both 
serve as energy reservoirs as well as being fundamental structural components of cell 
membranes and participate in signaling processes. However, the molecular differences 
between saturated PA and monounsaturated OA (Figure I1.4) confer them specific 
biological functions that in some occasions can even be opposite (Palomer et al., 2018). 
In fact, the proteomic characterization of PA and OA treatments on the OSCC cell lines 
showed a strikingly opposite effect, which correlated well with the metastatic capacity 
shown by PA, but not OA, in previous studies performed in our laboratory (Pascual et 
al., 2021). Indeed, the opposite effects of PA and OA have also been deeply documented 
for type 2 diabetes mellitus (T2DM). In this context, a diet rich in SFAs (such as PA) 
potentiates insulin resistance, while increasing the MUFA intake improves insulin 
sensitivity (Vessby et al., 2001). Some of the cellular responses observed in our study 
are comparable to those previously analyzed in healthy cells, although there are clear 
molecular differences as well, as discussed below.  
 
In this study, we observed an upregulation of FAO, the TCA cycle and OXPHOS of cells in 
culture upon PA treatment. Interestingly, the treatment with PA induced glycolysis and 
carbohydrate metabolism as well. A recent publication suggests that the lipotoxicity 
induced by PA and the excess of ROS generated in the mitochondria could signal and 
induce glycolysis activation (Kakimoto et al., 2021). The intracellular accumulation of an 
excess of PA can exceed the mitochondrial oxidation and induce conversion of the FA 
into deleterious complex lipids, such as diacylglycerols (DAGs) or ceramides (Palomer et 
al., 2018). Ceramides can affect mitochondrial function, which combined with the 
oversupply of FAs into the mitochondria can lead to incomplete FAO and increased ROS 
generation (Chaurasia and Summers, 2015). Indeed, PA treatment probably induced a 
redox imbalance in OSCC cells, as seen by the upregulation of the response to oxidative 
stress category, composed by different ROS detoxifying enzymes, such as SOD2 
(superoxide dismutase 2) and PRDX2 (peroxiredoxin 2).  
 
The proteomic response induced by OA was less predictable. In sharp contrast to PA, OA 
treatment decreased FAO, TCA cycle and OXPHOS as compared to controls in our 
experiment. This result is in apparent contrast to previous studies performed with 
healthy cells or even some cancer cells, which showed that OA promotes FAO even to a 
higher extent than PA (Henique et al., 2010; Palomer et al., 2018). Regarding redox 
homeostasis, the response to oxidative stress in our study is downregulated upon OA 
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treatment as compared to control, which is consistent with the lower expression of 
mitochondrial OXPHOS enzymes and could also be related to the promotion of LD 
formation and detoxification of basal ROS (Corbet et al., 2020). Unlike PA, the excess of 
intracellular OA in healthy cells is usually incorporated into TAG and accumulated in LDs 
(Listenberger et al., 2003), avoiding the conversion into complex lipids that could affect 
the mitochondrial function. This difference in the direction that the excess of each FA 
takes is based on the downregulation by PA of DGAT2, an enzyme responsible of the 
synthesis of TAG from DAG, and the upregulation of DEGS1 (dihydroceramide 
desaturase 1), which is involved in the synthesis of ceramides (Henique et al., 2010). In 
fact, in our experiment, DEGS1 was upregulated by PA treatment and downregulated by 
OA. 
 
Other biological processes enhanced by PA treatment were related to immunity, such 
as specific subunits of the immunoproteasome, including PSME1, PSME2 (proteasome 
activator subunit 1 and 2), PSMB8 (proteasome subunit beta type 8), and several 
proteins involved in the MHCI (class I major histocompatibility complex), including HLA-
A and HLA-C (class I histocompatibility antigen, A and C alpha chain) and B2M (beta-2-
microglobulin). T2DM studies have shown that the accumulation DAGs and ceramides 
upon PA treatment attenuate insulin signaling and stimulate the inflammasome 
(Chaurasia and Summers, 2015; Wen et al., 2011). Nevertheless, did not see an 
upregulation in IL-1β (interleukin 1 beta) or inflammasome-related proteins such as 
PYCARD (PYD And CARD Domain Containing), or any proteins of the NLRP (NOD-like 
receptor protein) family, although we did observe IFI16 (interferon gamma induced 
protein 16) induction (Latz et al., 2013). In fact, what PA stimulation induced in OSCC 
cell lines was a type I IFN (interferon) signaling and the antiviral response, as evidenced 
by the upregulation of: i) several members of the oligoadenylate synthetase family 
(OAS1, OAS2, OAS3); ii) interferon gamma-induced proteins (IFI16, IFI30, IFI35) or 
interferon-induced protein with tetratricopeptide repeats (IFIT1, IFIT2, IFIT3) families, 
whose production is stimulated by interferon; and iii) MHCI. Several studies suggest that 
PA could act as a TLR2/4 (toll-like receptor 2/4) ligand activating different 
proinflammatory pathways (Nicholas et al., 2017; Tse et al., 2015), although the antiviral 
response induced by PA might not be effective (Tse et al., 2015).  
 
In contrast to PA, we observed that OA stimulation downregulated the IFN mediated 
immune response. This result is in line with a recent study that showed that MUFAs are 
involved in the negative control of type I IFN response via STING (stimulator of interferon 
genes) inactivation in Th1 cells (Kanno et al., 2021). Indeed, T2DM studies have shown 
that SFA-enriched HFDs induce systemic inflammation and insulin resistance through 
inflammasome activation in adipose tissue and IL-1β secretion (Finucane et al., 2015; 
Wen et al., 2011), while a MUFA-enriched HFD decreases inflammasome activation and 
IL-1β secretion even in obese mice (Finucane et al., 2015; Wen et al., 2011).  



 141 

 
The final set of GO categories upregulated by PA treatment in our study were related to 
cell motility and cell adhesion, which could be associated to the induction of the 
metastatic phenotype previously observed (Pascual et al., 2021). PA treatment 
upregulated numerous proteins, including: i) different members of the galectin family 
(LGAL1, LGAL3, LGAL7); ii) actin-related protein 2/3 complex (ARPC1A/B, ARPC2, ARPC4) 
family of proteins; iii) integrins (ITGB1, ITGB4, ITGB6); iv) members of the desmosome, 
such as DSP, PKP1, PKP3 (plakophilin-1 and 3) and DSC3 (desmocollin-3); and v) MMP14 
(matrix metalloproteinase 14). PA uptake has also been described to increase the 
motility and metastatic capacity of ovarian cancer cells (Yu et al., 2020), PDAC cells 
(Binker-Cosen et al. 2017) and gastric cancer cells (Pan et al., 2019). On the other hand, 
OA treatment downregulated all these categories and proteins that were upregulated 
by PA (mentioned above); likewise, OA treatment downregulated the metastatic 
capacity of OSCC cells (Pascual et al., 2021). However, the influence of OA on tumour 
aggressiveness remains controversial. Several studies show that OA acts as an anti-
cancer agent, preventing tumour progression by being more toxic to tumour cells than 
to healthy cells. In an HCC model, OA treatment can reduce autophagy and induce 
tumour cell death without affecting the viability of healthy hepatocytes (Giulitti et al., 
2021). Indeed, OA-embedded nanoliposomes show specific toxicity to breast and lung 
cancer cells, but not to healthy cells; thus, they could be used as anticancer therapy 
(Jung et al., 2016). Moreover, in BC, OA suppresses Her-2/neu (erbB-2) expression and 
synergizes with already existing therapies such as trastuzumab to enhance tumour 
growth inhibition (Menendez et al., 2005). Nevertheless, other studies suggest that OA 
boosts the metastatic capacity of tumour cells by increasing MMPs secretion and cell 
invasion (Shen et al., 2020; Soto-Guzman et al., 2010), or by protecting them from 
ferroptosis upon extravasation into blood circulation (Ubellacker et al., 2020). 
 
Regarding the biological processes downregulated by PA, we observed a clear reduction 
in protein translation. Many different cytoplasmic and mitochondrial ribosomal 
proteins, as well as proteins involved in translation initiation or the tRNA biology 
appeared to be downregulated. This decrease in the protein synthesis could be a 
consequence of a possible ER stress induced by the lipid dysregulation, as some studies 
on the effect of PA treatment on healthy cells suggest (Peng et al., 2011). However, after 
PA treatment, we did not detect the canonical markers of ER stress or the unfolded 
protein response (e.g., PERK [protein kinase R-like endoplasmic reticulum kinase]; ATF6 
[activating transcription factor 6] or ERN1 [Endoplasmic Reticulum to Nucleus Signaling 
1]); or their downstream effectors (e.g., HSPA5 [Heat Shock Protein Family A Member 
5] or ERP72 [endoplasmic reticulum resident protein 72]) (Kennedy et al., 2015). 
Although we detected a slight upregulation of other proteins related to ER stress, such 
as ERP29 and ERP44, we believe that the reduction in protein synthesis could be 
associated to other pathways, such as a decreased cell proliferation or biological 



 142 

processes still to be defined. Indeed, cell cycle was the other main category 
downregulated by PA. A previous investigation of our laboratory already showed that 
PA treatment results in a slow-down of the cell cycle and a G1-phase arrest (Pascual et 
al., 2021). Nevertheless, upon PA withdrawal, tumour cells resumed their proliferation 
and no differences in PT growth were observed upon injection in mice (Pascual et al., 
2021). Initial studies identified the MICs as slow-cycling CD44bright CD36+ cells with an 
enhanced lipid metabolism (Pascual et al., 2017). Thus, PA treatment can induce a MIC-
like phenotype by enhancing CD36 and FAO, slowing down the cell cycle and boosting 
the metastatic capacity of the cells. Conversely, cell cycle and protein synthesis were the 
main biological categories upregulated by OA treatment. Other studies have also seen 
an increase in the tumour cell proliferation upon OA treatment in BC (Hardy et al., 2000), 
HCC (Seo et al., 2020), prostate cancer (Liotti et al., 2018) and cervical cancer (Yang et 
al., 2018). Although this induction in proliferation has also been observed upon PA 
stimulation in CRC (Fatima et al., 2019) and ovarian cancer (Yu et al., 2020). 
 
1.2 Cell culture vs animal studies  
 
The opposite responses induced by PA or OA treatment in cell culture was not observed 
in mice fed with PA- or OA-enriched diets. As detailed in Materials and Methods, the fat 
of these HFDs comes from olive oil or palm oil, and both oils comprise a mix of FAs. Palm 
oil contains 44% of PA but also 40% of OA (Mancini et al., 2015). The composition of 
olive oil is more variable and depends on the culture conditions and the process of oil 
extraction. The range of OA within olive oil is 55%-83%, and the amount of PA 7.5%-20% 
(Boskou et al., 2006). Given that both diets contain both PA and OA, we did not expect 
a difference as striking as the one observed for cell treatment with the pure PA or OA.  
 
The results we obtained after PA- and OA-enriched dietary feeding of mice suggested 
that PA exerted a stronger influence on tumour cells than OA. In other words, even 
under conditions with a high OA/PA ratio (OA-enriched diet), the proteomic response 
was more similar to the one induced by PA in cell culture, rather to the one induced by 
OA. This suggests that the amount of PA provided in the OA-enriched diet is enough to 
trigger a metabolic response that cannot be neutralized by OA. Indeed, based on 
previous studies, we knew that the beneficial effect of OA treatment in cell culture does 
not counteract the enhanced metastatic potential of OSCC cells previously treated with 
PA (Pascual et al., 2021). Nevertheless, while the response induced by OA-enriched diet 
in tumour cells growing in mice was in the same direction as the response to PA-enriched 
diet, it was not enough to induce the metastatic capacity of the tumour cells (Pascual et 
al., 2021), suggesting that there is a threshold in the PA/OA ratio availability for 
triggering the metastatic response. 
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The only two GO categories that had an opposite direction in the response to PA and OA 
were TCA cycle and sulfur metabolism: both were upregulated by the PA-enriched diet 
and downregulated by the OA diet. Little is known about the interaction of a HFD with 
the sulfur metabolism, but the downregulation of the TCA cycle in the tumour cells 
growing in mice fed an OA-enriched diet agreed with the response observed in cell 
culture upon OA stimulation. The results obtained in this study upon OA treatment or 
OA-enriched HFD feeding were unanticipated. They suggest that the biological reaction 
to OA in OSCC cells is not comparable to the one induced in healthy cells, based on T2DM 
studies. This difference, also observed by others (Giulitti et al., 2021; Jung et al., 2016), 
opens the door to the use of OA as an anti-tumour therapy, at least in certain tumour 
types.  
 
The dietary intervention in mice and posterior proteome analysis has several limitations 
that need to be addresses in the future. For instance, it was performed with a low 
number of biological replicates (n = 2) due to the high basal protein requirements for 
the analysis; thus, this experiment should be repeated to fully confirm the alterations 
induced by both diets. Additionally, although we can deduce the concentration of both 
FAs in the diet, we did not directly measure the changes in the plasma concentration of 
PA and OA induced by each diet. Thus, we do not know how the animals metabolized 
these diets, nor the amount of each FA that arrived to the cancer cells through 
circulation.  
 
1.3 Dietary interventions in cancer 
 
To date, different nutritional interventions are being explored to improve treatment 
efficacy or reduce morbidity of cancer patients (Lévesque et al., 2019). Many of these 
interventions are related to fasting or calorie intake reduction, with the hope that this 
depletes the amount of carbohydrates and fats available for the tumour, and limits 
tumour growth while enhancing therapy efficacy (Groot et al., 2020). This caloric 
restriction or the intake of caloric restriction mimetics can also induce autophagy in the 
tumour cells, boosting their immunogenicity and can even protect non-tumoural cells 
from therapy side effects (Klement and Champ, 2014; Pietrocola et al., 2016).  
 
Other clinical trials explore the benefits of lowering the intake of a particular nutrient 
category, such as fat. There are various ongoing clinical trials testing the effects of a low-
fat diet in cancer progression with or without further treatment (published at 
ClinicalTrials.gov). Some finished studies show that the reduction of the percentage of 
calories coming from fat can be beneficial for cancer patients. A low-fat diet can 
decrease tumour cell proliferation in prostate cancer (Aronson et al., 2010) or improve 
the relapse-free survival and even the overall survival in BC (Chlebowski et al., 2006; 
Chlebowski et al., 2018). However, this dietary intervention might have no impact on BC 



 144 

incidence, supporting the idea of the implication of the lipid metabolism especially in 
later stages of tumour progression (Martin et al., 2011).  
 
Nevertheless, based on other’s and our results, it might be worth considering controlling 
the SFA/MUFA ratio in cancer patients diet rather than lowering the total amount of fat 
consumption. Dietary OA could have a beneficial, anti-tumour, effect itself and on top 
of that, counteract the detrimental, pro-tumor, effects of PA. More studies are required 
to fully characterize and understand the influence of each dietary FA on tumour cells 
and cancer progression. 
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2 Palmitoylome studies 
 
Traditional methods of studying protein palmitoylation rely on the metabolic 
incorporation of radiolabelled FAs into proteins, followed by immunoprecipitation (IP) 
and detection of the target palmitoylated protein. Those methods lacked sensitivity and 
did not allow large-scale analysis of the palmitoylome. The apparition of non-radioactive 
click-chemistry-based chemical probes for the detection of palmitoylated proteins 
boosted the field of protein acylation and the identification of new palmitoylated 
proteins. Different chain-length alkynyl-FAs have been designed (C10, C11, C13, C14, 
C16, C18) to study protein acylation. Alk-C13 (12-tridecynoic acid) and Alk-C14 (13-
tetradecynoic acid) label sites of protein myristoylation, while Alk-C16 (15-hexadecynoic 
acid) and Alk-C18 (17-octadecynoic acid, 17-ODYA) label palmitoylated proteins 
(Hannoush and Arenas-Ramirez, 2009). Alk-C16 (also known as Alk-14) and 17-ODYA can 
generate slightly different results (Wilson et al, 2011) but both are alternatively used. 
Of the two, 17-ODYA is the main FA analog utilized for the study of protein 
palmitoylation (Cao et al., 2019; Lin and Conibear, 2015; Martin and Cravatt, 2009; 
Martin et al., 2012; Segal-Salto et al., 2016). In our experiments, we have validated 17-
ODYA as an alkynyl-FA capable of modifying the same proteins acylated by PA in OSCC 
cells, in a dose and time dependent manner and through the same cellular enzymatic 
machinery.  
 
Importantly, we have generated the first list of palmitoylated proteins in OSCC cells, 
which is quite reliable as evidenced by the enrichment in membrane-related categories 
and lipid modification terms (lipidation, palmitate) as well as by the presence of 
canonical palmitoylated proteins (caveolin, calnexin, cofilin, flotillin, CD molecules). We 
validated some of the palmitoylated proteins in this list (e.g., CAV1, CD9, LPCAT1) but 
not others (e.g., NAT10, BRG1), which could be consequence of false discovery events 
from the mass-spectrometry analysis. Different studies using alkynyl- FAs to enrich 
palmitoylated proteins use diverse criteria to determine which proteins are considered 
to be palmitoylated and which ones are considered as unspecific enrichment from 
streptavidin beads. For example, the pioneering work of Martin and Cravatt in 2009 
identified a total of 125 high-confidence predicted proteins with a fc enrichment of ≥ 5 
for 17-ODYA treated versus control, and 200 medium-confidence palmitoylated proteins 
with a fc enrichment of ≥ 2 (Martin and Cravatt, 2009). Nevertheless, in 2012, the same 
group used a less restringent analysis and accepted an enrichment of 50% (fc ≥ 1.5), 
identifying 400 proteins (Martin et al., 2012). In our study we used a rather permissive 
criteria (enrichment fc ≥ 1.5 and p-value < 0.05), to detect a wider spectrum of 
palmitoylated proteins (327 proteins), from those with a high stoichiometry of 
palmitoylation to those with a low one. This criterion of analysis probably led to more 
false positive results (NAT10, BRG1) but also allowed us to detect proteins with a lower 
enrichment score like histone H3, compared with well-known palmitoylated proteins 
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such as CAV1 with higher palmitoylation stoichiometry. In any case, the targets of our 
interest were always validated by Western blot to discard false positives.   
 
The main drawback of the use of alkynyl-FA for the study of the basal palmitoylome of 
a particular cell line is precisely that the cells must be incubated with a modified FA, 
which could alter their metabolism and phenotype, as we have observed. Most 
palmitoylome studies utilizing alkynyl-FA probes treat the cells with the analog for 
periods of time ranging from 2 to 15 hours (overnight) (Zhang et al., 2010; Martin and 
Cravatt, 2009). These short treatments aim to label as many proteins as possible while 
minimizing the response that the incubation with an alkynyl-FA could induce on the cell. 
According to pulse-chase experiments using FA analogs, the half-life of protein 
palmitoylation is in the order of minutes to hours (Zhang et al., 2010). However, these 
pulse-chase experiments are also performed with short treatments (2 to 15 hours), thus 
stably palmitoylated proteins can never be labelled with these protocols (Yang et al., 
2020). If the palmitate half-life on a particular protein is of five hours yet the cells are 
only treated for two hours with the alkynyl-FA, only a very low amount of the protein 
would be labelled limiting its fc enrichment signal respect to control; thus, it would 
probably be discarded during analysis. Despite the existence of fast turnover 
palmitoylation events, a large-scale experiment on palmitoylation turnover showed that 
palmitoylation is a rather stable PTM in many proteins (Martin et al., 2012). Therefore, 
we decided to use a long-term labelling (4 days) to include very stable palmitoylated 
proteins and to capture the palmitoylome in a pro-metastatic cellular state 
 
In our experiments, we observed that 17-ODYA binds to proteins in a time-dependent 
manner. The longer the treatment, the higher the intensity we detected by in-gel 
fluorescent scanning (Figures R2.2B and R2.7). Furthermore, after four days of 
treatment, we detected bands that could not be detected with shorter treatments, 
although the intensity of others decreases (Figure R2.7). To our knowledge, this is the 
first time in which a large-scale palmitoylome study has been performed with such long 
treatment. Of note, as different biochemical processes could affect the result, it should 
be interpreted with caution. For instance, the four-day 17-ODYA treatment altered the 
phenotype of the cell and induced several proteome alterations. Therefore, we are 
unable to know whether those new bands observed are stably palmitoylated proteins 
that can only be labelled upon very long treatments or proteins upregulated and 
palmitoylated upon FA exposure. Similarly, the proteins of the bands that are lost upon 
long treatment can be downregulated or no longer palmitoylated. Another difficulty for 
the interpretation of long-term alkynyl-FA treatment results is that we do not know how 
the FA analog has been metabolized by the cell. 17-ODYA can enter in any FA metabolic 
pathway of the cell (Thiele et al., 2012). It could be completely consumed by the cell in 
the β-oxidation (Thiele et al., 2012) or shortened to 13-tridecynoic acid or 15-
pentadecynoic acid, which can then be incorporated to N-myristoylation sites (Won et 
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al., 2018). Also, longer incubation times lead to incorporation of the alkynyl-FA into 
phospholipids or LDs, which is a considerable drawback for pulse-chase experiments but 
might not be that relevant for our experiments (Thiele et al., 2012). Thus, we can 
conclude that, in our long-term 17-ODYA treatment experiment, we could identify a set 
of acylated proteins in an OSCC cell with a metastatic phenotype. We cannot be sure 
about the length of the FA modifying each protein, but this is a common unanswered 
question in palmitoylome studies, since any alkynyl-FA can be metabolized within 
minutes.   
 
Among the palmitoylated proteins in the pro-metastatic OSCC cell, we validated CAV1, 
CD9 and LPCAT1 palmitoylation. CAV1 is the main structural component of caveolae, 
which are microdomains within the PM with diverse functions such as exo- and endo-
cytosis or regulation of different signaling pathways. CAV1 palmitoylation is not required 
for its PM localization (Eisinger et al., 2018) but is fundamental for the proper 
functioning of the protein, maybe by alteration of its localization within the PM (Koh et 
al., 2021). Further, CAV1 palmitoylation is necessary for very diverse functions, such as 
synaptic vesicle exocytosis (Koh et al., 2021) and the regulation of steroid hormone 
receptor (Eisinger et al., 2018) or Src kinase (Lee et al., 2001) signaling pathways. On the 
other hand, CD9 palmitoylation prevents its lysosomal degradation and affects the 
interaction of CD9 with other tetraspanins (Sharma et al., 2008), although there is 
certain controversy on the later function. Some studies have observed that CD9 
palmitoylation can potentiate its homodimerization (Yang et al., 2006) while others 
indicate that it could favor CD9 interaction with CD151 (Sharma et al., 2008) or EWI-F 
(Glu-Trp-Ile (EWI) motif-containing protein) (Neviani et al., 2020). In any case, CD9 has 
been associated to CSCs and tumour progression, and palmitoylation can increase its 
stability (Wang et al., 2019b). Finally, we have been able to validate the palmitoylation 
of LPCAT1 for the first time. As previously described, this enzyme is responsible for 
histone H4 O-palmitoylation and is also involved in the transference of acyl-CoA 
moieties to phospholipids within membranes. Its palmitoylation could be an 
intermediate state in the process of PA transference to the H4 or phospholipids. The 
palmitoylation of other proteins detected after a four-day 17-ODYA stimulation but not 
validated in our study such as ITGA6 and ITGB4, has also been described to affect their 
stability and function and could have a role in metastasis (Sharma et al., 2012).  
 
In our second large-scale experiment with 17-ODYA, we compared differences in the 
palmitoylome of cells treated for four days with PA or OA. We observed that the four-
day PA treatment increased the palmitoylation state of most proteins. This result is in 
line with other studies, which showed that providing PA to cells also increases the 
palmitoylation of some proteins (Tang et al., 2021). Of note, analyzing with alkynyl-FAs 
the changes in palmitoylation induced by treatments with different FAs is not straight 
forward, and neither it is the interpretation of the results.  We used a long-term (four 
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days) treatment of the cells with PA and OA followed by a short pulse (6 hours) 
incubation with 17-ODYA to reduce the phenotypic alteration induced by the incubation 
with the analog (Figure R2.10A). It is important to note that right before the incubation 
with the analog, the metabolism of the cells in the three experimental groups was most 
likely completely different, as they had been incubated for four days with different 
treatments. Thus, if PA treatment induced an increased rate of palmitoylation but OA or 
the control treatments did not, 17-ODYA was probably incorporated into proteins faster 
in this condition. However, this was not the case, as the PA trated samples showed the 
lowest enrichment, which suggested that protein palmitoylation is a rather stable PTM. 
Nevertheless, the excess of PA from the four-day treatment was probably stored in 
phospholipids or LDs and could still compete with 17-ODYA after treatment washout. 
Thus, these results should be carefully interpreted and further validated with 
orthologous methods, such as chemical labelling. 
 
2.1 Variability within palmitoylome studies  
 
Comparisons of palmitoylome studies from different groups normally show low overlap 
in terms of palmitoylated proteins identified, even when the same alkynyl-FA probe is 
used. For instance, the comparison of two studies using the same cell line, same probe 
(17-ODYA) and same time of labelling (8 hours) showed an overlap of just 17%-28% of 
proteins identified using IPI numbers or gene symbols (Martin and Cravatt, 2009; Wilson 
et al., 2011). Of course, if any variations existed in the cell line, the time or dose of 
treatment or the alkynyl-FA used, the disparities are even higher. The two main 
differences between our palmitoylome studies and others using alkynyl-FAs were the 
duration of treatment and the analysis. 
 
Not surprisingly, the overlap of the results obtained with other techniques used for 
large-scale palmitoylome studies, such as the chemical labelling, is even lower than 
when comparing two metabolic labelling experiments. In fact, a comparison of 18 
different palmitoylome studies using one or the other method showed that 61.7% of the 
palmitoylated proteins identified at high confidence in each study were not replicated 
in any other study (Edmonds et al., 2017). 
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2.1.1 Metabolic labelling vs chemical labelling 
 
Similar to alkynylated-FAs and the metabolic labelling approach, the chemical labelling 
or ABE method was developed to overcome the limitations of previous radioactive 
assays (Drisdel and Green, 2004). ABE protocol is based on the three in vitro chemical 
steps described in Figure D2.1B. First, free thiols within proteins are blocked with NEM 
(N-ethylmaleimide) and then proteins are incubated with NH2OH. This incubation breaks 
the thioester bonds between S-palmitoylated proteins and the PA moieties and 
generates new, unblocked, free thiols. Those free thiols can then virtually react with any 
sulfhydryl reactive reagent. In the case of ABE, the compound used to label those free 
thiols is biotin-HPDP (N-[6-(Biotinamido)hexyl]-3′-(2′-pyridyldithio)propionamide) 

(Drisdel and Green, 2004; Wan et al., 2007). Biotin labelled proteins can then be 
visualized in a WB or enriched with streptavidin beads and analyzed by LC-MS. The main 
advantage of this method with respect to the metabolic labelling is that there is no need 
to incubate cells with any FA, thus palmitoylation can be analyzed in native cells and 
tissues. As previously discussed, treatment with alkynyl-FAs can change the phenotype 

Metabolic labelling A 

Chemical labelling B 

Figure D2.1 Metabolic labelling vs chemical labelling. 
Graphical schemes of the two main methods used for large-scale studies of the cell 
palmitoylome. A) Description of the metabolic labelling of an S-palmitoylated protein with 17-
ODYA. 17-ODYA is enzymatically incorporated into palmitoylated proteins inside the cells and 
upon extraction, proteins are submitted to click chemistry and biotin or a fluorescent dye are 
attached to the 17-ODYA moiety. Upon hydroxylamine (NH2OH) treatment, only the thioester 
bonds between the S-palmitoylated proteins and 17-ODYA are broken and the signal of those 
proteins is lost. O- and N-palmitoylated proteins remain acylated upon NH2OH treatment with 
this method. B) In the chemical labelling, upon protein extraction sulfhydryl groups within 
proteins are blocked with NEM (N-ethylmaleimide). Then, NH2OH incubation breaks the 
thioester bonds between S-palmitoylated proteins and the PA moieties and the newly 
generated sulfhydryl groups are labelled with biotin-HPDP. Only S-palmitoylated proteins can 
be detected with this method. Created with BioRender.com 
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and metabolism of the cell and only those proteins palmitoylated during the metabolic 
labelling pulse will be detected. Furthermore, the addition of the clickable FA in the 
metabolic labelling experiments can increase the acyl-CoA pool of the cell and promote 
non-enzymatic palmitoylation of accessible Cys residues (Won et al., 2018).  
 
On the other hand, ABE assay also presents several limitations. First of all, the method 
is only useful for the detection of S-palmitoylated proteins, while N- and O-
palmitoylation remains invisible with this protocol. Also, the method relies especially on 
two chemical reactions that should be carried out with high efficiency to avoid false 
positive results. All pre-existing sulfhydryl groups have to be perfectly blocked and the 
NH2OH treatment has to be strong enough to break all thioester bonds yet avoid protein 
degradation. Another source of false positives in this method are those proteins that 
use the thioester linkage to bind non-acyl groups. In an ABE study in Saccharomyces 
cerevisiae, 1/3 of the proteins with higher confidence were later discarded as false 
positives with orthogonal validations, proving the main limitation of the method (Roth 
et al., 2006). Moreover, this assay can identify the palmitoylome of a cell in a particular 
moment but cannot be used to study palmitoylation dynamics. Finally, in the metabolic 
labelling the chain-length of the alkynyl-FA used is known and depending on the analog 
used, the result can vary. Some proteins are preferentially acylated with longer moieties 
than others. In the case of ABE, it is impossible to know which is the FA modifying each 
protein.  
 
Palmitoylome studies and their analyses are complex and still have not been unified. 
Slight differences in the protocol can generate diverse results. Each technique has 
advantages and disadvantages that should be analyzed prior to any experimental design 
and in consideration of the scientific question to be addressed. We decided to use the 
metabolic labelling with 17-ODYA because we were interested in analyzing the 
palmitoylome of the metastatic cell. In our study, the phenotypic changes induced by 
the long-treatment with the FA analog were beneficial and sought. Then, to investigate 
which of those palmitoylated proteins were specific of the metastatic phenotype, we 
continued using the metabolic labelling for the seek of comparison between both 
experiments. These experiments, as any other palmitoylome assays, present certain 
limitations that have been discussed and should be considered prior to the 
interpretation of the results. In any case, we have been able to identify a set of proteins 
differentially palmitoylated upon OA and PA treatments and the palmitoylation of the 
main target of interest was validated by orthogonal methods. 
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3 Histone H3 palmitoylation 
 
3.1 Palmitoylation of the different histone H3 variants 
 
This is not the first study in which histone H3 is described to be palmitoylated. In 2011, 
a large-scale analysis of protein acylation using Jurkat T cells (human T lymphoma cells) 
and different-length FA reporters (myristic, palmitic and stearic analogs) enriched and 
detect (by LC-MS) the three different histone H3 variants (H3.1, H3.2, H3.3) using 
palmitic and, to a lower extent, stearic acid analogs (Wilson et al., 2011). The 
palmitoylation of the three variants was validated with the transient overexpression of 
the proteins and CyS110 was identified as the acylated residue with histone H3.2 C110A 
mutant (Wilson et al., 2011). 
 
In our study, we have shown that the palmitoylation of endogenous histone H3.3 and 
H3.1 has a variable stoichiometry depending on the cell line. In the OSCC cell lines SCC-
25 and VDH-15, H3.3 was clearly more palmitoylated than H3.1 (Figure R3.1B). We also 
know that after four days of PA treatment, histone H3 was more palmitoylated in SCC-
25 cells, but we have not tested yet whether all variants are more palmitoylated or if 
that increase in palmitoylation only occurred in the H3.3 variant. In the 501Mel cell line, 
both H3.1 and H3.3 variants seem to be equally palmitoylated, and the stoichiometry of 
palmitoylated histone H3.3 appears to be lower than in SCC-25 (Figure R3.1B). The 
melanoma cell line received the same four-day treatment as SCC-25 cells, thus the 
differential palmitoylation of H3.1 and H3.3 variants might be tumour-type dependent. 
Nevertheless, it is important to consider that 501Mel cell line grows in a medium 
supplemented with 10% FBS, which also contains PA and other FAs that could compete 
to some extent with the 17-ODYA treatment or alter the activity of the 
palmitoylation/depalmitoylation machinery (Else, 2020).  
 
Wilson and co-authors found the three different histone H3 variants (H3.1, H3.2 and 
H3.3) equally palmitoylated in their MS data and in their validations, unlike what we 
observed in OSCC cells (Wilson et al., 2011). This disparity could be explained by the fact 
that they used Jukart T cells, which would suggest a cell-type dependent palmitoylation 
stoichiometry of H3 variants, as we observed for melanoma, or by differences due to 
the growing conditions, as Jukart cells are also grown in FBS-containing media. Further 
studies are required to determine the palmitoylation status of H3.1, H3.2 and H3.3 and 
the influence that a PA rich environment could have on the S-acylation of each variant. 
 
3.2 S-palmitoylation of Cysteine 110 
 
Cysteines are one of the most rarely found amino acids in proteins (1.9% of the amino 
acids in proteins), which suggests that they might have specialized functions within 
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proteins that contain them (Hake and Allis, 2006). We have proven that H3.3 Cys110 is 
palmitoylated using stable SCC-25 cell lines expressing H3.3WT or H3.3C110A 
constructs. The main drawbacks of exogenous protein expression experiments are that 
usually the physiological enzyme/substrate stoichiometry is disrupted and that the 
exogenously expressed protein can be mislocalized, which can generate misleading 
results (Hou et al., 2009). Nonetheless, different controls have shown that both 
exogenous versions of histone H3.3 were expressed at similar levels to the endogenous 
histone H3.3 and were also incorporated into chromatin. Thus, the cells used the 
exogenous proteins in a physiological manner, conferring more reliability to the results 
obtained using these cell lines. As mentioned in the Results section, H3.3OEWT 
enrichment after 17-ODYA treatment was higher than that of H3.3OEC110A at different 
incubation times (four days and overnight treatment, Figure R3.3), indicating that H3.3 
is specifically S-palmitoylated at Cys110.  
 
However, H3.3OEC110A was also enriched upon click chemistry, although at a much 
lower level, pointing to a secondary acylation of H3.3 in a different residue. This may 
reflect a compensatory mechanism induced upon C110 mutation, since endogenous 
histone H3 seems to be exclusively S-palmitoylated according to the complete loss of 
metabolic labelling when treated with NH2OH (Figure R3.1A). This secondary acylation 
was not previously observed by Wilson et al. when mutating Cys110 in histone H3.2 
(H3.2C110A); however, they used a transient overexpression (18 hours) and cells shortly 
overexpressing the mutant version might not have adapted to compensate for the lack 
of Cys at position 110 (Wilson, J. P. et al, 2011). SCC-25 cells use exogenous histone H3.3 
and incorporate it into the chromatin, regardless of their mutational status; thus, if H3.3 
palmitoylation is required to regulate the epigenome of the cell but Cys110 is no longer 
there, cells might compensate somehow with other acylations. Alternative histone 
acylations, such as O-palmitoylation occurring in Ser and Thr residues (Zou et al., 2011), 
or the short-chain fatty acylations of Lys residues (Sabari et al., 2017), could occur at the 
Ser, Thr and Lys residues in the proximity of Cys110 (+/-5 residues). The occurrence of 
this compensatory mechanism would support the relevance of histone H3.3 
palmitoylation for the cell. 
 
Although a compensatory acylation seems the most likely explanation for the 
enrichment of H3.3OEC110A, we cannot fully discard that 17-ODYA is used by the cell 
for other physiological acylations in the endogenous or WT version of H3.3. In other 
words, the PA analog could be metabolized by the cell and used for other protein 
acylations such as the short-chain Lys acylation of histone H3. Nevertheless, we were 
not able to detect those acylations upon NH2OH treatment (see Figure R3.1A). Further, 
the enrichment of H3.3OEC110A is very low compared to H3.3OEWT; thus, if it 
happened, these acylations are probably minimally labelled with 17-ODYA as compared 
to the S-palmitoylation of Cys110.  
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3.3 Functions of histone H3 Cys110 and possible roles of its palmitoylation 
 
3.3.1 Structural functions of Cys110 
 
Cys110 is an evolutionary conserved residue present in almost every histone H3 variant, 
namely, in H3.1, H3.2, H3.3, H3t, H3.Y1 and H3.Y2. Cys110 is the only cysteine present 
except in Histone H3.1 and H3t, which present a second Cys in their residue 96 (Figure 
I3.2) (Szenker et al., 2011). Cys110 is located at the end of the α2-helix (Luger et al., 
1997) and forms hydrogen bonds with aspartic acid 107 (Asp107), within α2-helix, and 
Asp124, located at α3-helix (Figure D3.1) that could help stabilizing the tertiary structure 
of the protein.  
 

 Within the nucleosome, both Cys110 residues lie buried in the centre of the H3-H3’ four 
helix bundle and do not contact DNA (Figure D3.2A) (Luger et al., 1997). Located at the 
interface between homotypic H3 dimers, Cys110 residues are fundamental for histone-
histone interactions and nucleosome formation. In fact, replacement of C110 with a 
glutamic acid (C110E) alters the charges within the helix bundle and impedes (H3-H4)2 
tetramer formation without altering H3-H4 dimerization (Banks and Gloss, 2004). 
Cys110 sulfhydryl grups from H3 and H3’ feace each other with a separation of 6 Å or 7 
Å, depending on the oxidized level of the histone (Figure D3.2B) (Luger et al., 1997; 

Figure D3.1. Histone H3.3 structure 
Ribbon diagrams of histone H3.3 protein structure prediction generated with AlphaFold 
software (Jumper et al., 2021). The different structural domains have been named based on 
Luger et al. description (Luger et al., 1997). Cys110 and its surrounding residues have been 
highlighted with ball-and-stick model. Grey balls represent carbons; yellow, sulfur; red, 
oxygen; and blue, nitrogen. Dotted lines represent hydrogen bonds A) Illustration of the whole 
protein. B) Detail of Cys110 area and interactions with Asp107 in α2-helix and Asp124 in α3-
helix through hydrogen bonds, represented by blue dotted lines. 
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Wood et al., 2006). This distance is too large for a	disulfide formation without distorting 
the tetramer conformation (Luger et al., 1997). Indeed, the H3-H3’ disulfide bond 
formation might be incompatible with the tetramer conformation (Wood et al., 2006), 
although some authors argue that it could happen in areas of dense heterochromatin 
(Hake and Allis, 2006).  
 

Cys110 are completely protected in native chromatin (Luger et al., 1997). Access to 
these residues would require an alteration in the conformation of Lys126 side chain, 
which is sterically posible and could happen in vivo (Luger et al., 1997). In fact, it was 
shown that hyperacetyated histones (Johnson et al., 1987) or areas of trasncriptionally 
active genes (Ferrari et al., 1987) are preferentialy labelled with sulfhydryl reagents, 
suggesting that in these areas, the nucleosome changes its conformation and exposes 
Cys110. Further, these areas of euchromatin are where fibroblasts tend to accumulate 
mercury, probably via Cys110 (Bryan et al., 1974). These studies align with our findings 
showing that histone H3.3 (i.e., the replacement variant enriched in genomic areas of 
active transcription) is the H3 variant that is preferentialy palmitoylated. Similar to other 
core histone PTMs described in the Introduction, modifications of the expossed Cys110, 
regardless of their size, allow the tetramer formation but destabilize the nucleosome 
(Lewis and Chiu,1980; García-Giménez et al., 2013), all of which could further favour the 
chromatin opening.  
 

Figure D3.2. Histone H3 Cys110 within the nucleosome. 
Cartoon representation of the crystal structure of a human nucleosome visualized with PyMol 
(2.3.4). PDB ID: 2CV5. Salmon pink and green structures represent histone H3 and H3’; white 
and light blue are histone H4 and H4’; dark blue and pink are H2A and H2A’; and orange and 
yellow represent H2B and H2B’. Surrounding the histone octamer, the DNA sugar phosphate 
backbone is represented in orange with the complementary base pairs in blue. A) Structure of 
the whole nucleosome. The area where Cys110 from H3 and H3’ are located is highlighted with 
a white square. B) Detail of the area highlighted in A. Cys110 in both histone H3 are represented 
with balls-and-sticks and pointed with red arrows. The yellow stick represents the sulfhydryl 
group.   
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In addition, we have oberved that the C110A mutant is normally incorporated into the 
chromatin, meaning that this residue is most likely not important for the chaperone 
recognition, and that palmitoylation may not be necessary for histone H3.3 
incorporation into chromatin. Furthermore, based on the localization of H3.3OEWT and 
H3.3OEC110A within the nucleus, it seems that histone H3.3 palmitoylation does not 
favor chromatin tethering to the nuclear envelope.  
 
Considering our results and previous data on the consequences of Cys110 modification, 
we speculate that histone H3 S-palmitoylation could induce nucleosome destabilization 
and chromatin opening. In this sense, histone H3 palmitoylation would have similar 
function to other short-chain histone acylations that are also associated to open areas 
of the chromatin (Sabari et al., 2017) or to histone H4 O-palmitoylation, which is also 
associated to the activation of gene transcription (Zou et al., 2011). In the case of short-
chain Lys acylations of histone H3, cell culture treatment with those specific FA moieties 
increases their depostition at H3 in a dose-dependent manner (Jo et al., 2020; Simithy 
et al., 2017). The same seems to happen with H3 palmitoylation, as we have observed 
an increment of histone H3 S-palmitoylation when cells are treated with PA. 
 
Interestingly, mutations within histone H3 105-118 residues can abrogate the need for 
the SWI/SNF remodeling complex for regulating gene expression in yeast (Kruger et al., 
1995). Indeed, in human cancers, some of those residues such as H3E105 are commonly 
mutated. Based on cBioPortal modeling method annotation, they might be three-
dimensional hotspot mutations (Bagert et al., 2021). These studies confirm the 
relevance of that particular area of the globular domain of histone H3 for maintaining 
the nucleosome stability and also indicate that tumour cells tend to prefer unstable 
nucleosomes that favor chromatin opening. In fact, histone H3.3, the main H3 variant 
associated to euchromatin, is commonly amplified in several tumours (Martire and 
Banaszynski, 2020). 
 
3.3.2 Implication of Cys110 in the intranuclear redox homeostasis 
 
The unique chemistry of the thiol group is what confers especial functions to cysteines 
within proteins. Thiol groups are particularly reactive to electrophiles and oxidants and 
have high affinity for metals. Further, cysteines hold reduction potential and can donate 
electrons to different molecules and then, in most cases, become regenerated by other 
cellular reductants, such as NADH or NADPH (nicotinamide adenine dinucleotide 
phosphate) (Poole, 2015). The relevance that cysteines have on cellular redox 
homeostasis is well exemplified by GSH. GSH is the most abundant low molecular weight 
thiol compound synthesized in cells. This tripeptide (L- γ-glutamyl-L-cysteinyl-glycine) 
plays critical roles in maintaining redox homeostasis and in protecting cells from 
oxidative damage and xenobiotic electrophiles. Through the active thiol group of its 
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cysteine, it acts as antioxidant directly interacting with reactive oxygen and nitrogen 
species (ROS and RNS) or as a cofactor of different enzymes (Lushchak, 2012).  
 
Redox homeostasis is fundamental for the correct functioning of the cell metabolism 
and can also be implicated in processes occurring within the nucleus. In fact, we can find 
different important TFs regulated by redox-sensing mechanisms. For example, both p53 
and NF-κB (nuclear factor kappa B) require reduction of their DNA-interacting Cys 
residues for proper DNA binding and transcription (Hainaut and Mann, 2001; Matthews 
et al., 1992). Others, like HoxB5 TF, can only bind DNA upon oxidation of their Cys 
residues (Galang and Hauser, 1993). In fact, different histone PTMs are affected by 
oxidative stress (García-Giménez et al, 2021). For many years, different studies have 
tried to elucidate the capacity of histone H3 cysteines to sense redox changes within the 
nucleus (Hake and Allis, 2006). Strikingly, a recent study shows that Cys110 could not 
only sense but also play an active role in redox homeostasis acting as a copper 
reductase. Attar N. and co-authors observed that Cys110 and Hist113, which are 
localized within the dimerization interface of histone H3 at the nucleosome, are 
arranged in a conformation typical of Cu2+ binding sites; indeed, the H3-H4 tetramer can 
bind and catalyze the reduction of Cu2+ to Cu1+ (Attar et al., 2020). Both residues are 
necessary for the metal binding and catalytic activity, but Cys110 is not the electron 
donor. In fact, the electron donor used by H3-H4 tetramer in vivo is still unknown 
although NADPH is used by the tetramer in vitro for the reduction of Cu2+ (Attar et al., 
2020). Interestingly, this study also showed that the Cu1+ generated by H3-H4 tetramer 
is relevant for processes happening within the nucleus such as Cup2 TF activation and 
can also affect enzymes within other compartments of the cell such as mitochondrial 
cytochrome C oxidase or ubiquitous SOD1 (Cu, Zn-superoxide dismutase). 
 
On the other hand, histone H3 can also be modified by GSH on Cys110. This S-
glutathionylation of histone H3 seems to especially affect H3.2 and H3.3 variants and, 
as expected based on previous literature, the modification of Cys110 decreases the 
nucleosome stability (García-Giménez et al., 2013b). This histone H3 PTM is 
proliferation-dependent, given that proliferative cells present higher levels of 
glutathionylated histone H3. This could be explained by the variations in GSH 
concentration and location occurred during the cell cycle. During S/G2/M phases of the 
cell cycle, GSH is mainly localized at the nucleus of the cells but upon confluency, it is 
redistributed throughout the cell (Markovic et al., 2007). Thus, nuclear GSH could 
provide the appropriate reduced environment for DNA replication. Moreover, oxidation 
of the cytoplasm accompanied by certain increase in the ROS levels are required for 
EGFR cascade activation and this would be achieved by GSH relocation to the nucleus 
(García-Giménez et al., 2013).  
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The connection between the copper reductase activity of H3-H4 tetramer and H3 S-
glutathionylation is unknown. GSH plays a well-documented role in the metabolism of 
copper ion. It is involved in cooper ion mobilization for the formation of mature proteins 
but also in the reduction of the ion from Cu2+ to Cu1+. In fact, Cu1+-GSH complex is used 
for copper incorporation into SOD1 (Lushchak, 2012). Thus, it can be argued that GSH 
could be used by the H3-H4 tetramer as the electron donor for cooper reduction. Upon 
reduction, oxidized glutathione could react with Cys110 and generate the S-
glutathionylation of histone H3. Nevertheless, GSH and histones have been shown to 
have a distinct role in copper metabolism (Attar et al., 2020), although it is important to 
consider that this study was performed in Saccharomyces cerevisiae, while the study 
described in the previous paragraph was done with mouse and human fibroblasts and 
human cancer cell lines (García-Giménez et al., 2013b).  
 
S-palmitoylation of Cys110 could interfere with both processes. It could probably 
hamper the copper-reductase activity of H3-H4 tetramer, which would alter the function 
of copper-dependent enzymes and consequently the detoxifying capacity of the cell via 
SOD1 and the energy production ability via OXPHOS. Nevertheless, S-palmitoylation 
could also probably prevent or displace S-glutathionylation from histone H3, which 
might liberate GSH that could be used in other compartments of the cell for redox 
homeostasis. Liberated GSH could be used for copper metabolism, and this would 
mitigate the need for the copper-reductase activity of the H3-H4 tetramer. 
    

Overall, histone H3 Cys110 seems to be a particularly relevant residue within the 
nucleosome. Any modification affecting this residue could have an impact in the cell 
epigenome, as any other histone PTM, but in this case, it would also alter the 
nucleosome structure and even the redox homeostasis in the nucleus and in the cell. 
Thus, it is especially worrying to assume that such an important residue can be modified 
by a dietary FA so closely associated to metastasis. Further studies are required to 
characterize in detail the functions and consequences of histone H3 S-palmitoylation in 
different tumour types. The next step is to identify the enzyme is responsible for H3 
palmitoylation, which could set the stage for finding potential inhibitors that could 
prevent it if needed. 
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• PA and OA treatments induce opposite proteomic responses in OSCC cultured 

cells. These responses are characterized by the upregulation via PA (and 
downregulation via OA) of the lipid metabolism, oxidative stress, drug resistance 
and cell motility processes and the downregulation via PA (and upregulation via 
OA) of the cell cycle, mRNA processing and protein turnover.  
 

• Most proteomic changes induced by PA are regulated at the transcription level, 
with the exception of some metabolic pathways such as the TCA cycle, OXPHOS 
or glycolysis. 
 

• PA- and OA-enriched HFDs, unlike cell culture treatments, do not induce an 
opposite proteomic response in OSCC cells orthotopically injected in mice. Both 
fatty diets upregulate the FA metabolism and downregulate protein synthesis, 
mRNA splicing and antigen presentation processes, although the responses are 
stronger for the PA-enriched diet. 

 
• The protein palmitoylation machinery (i.e., the DHHC protein acyl transferase 

family of proteins) is upregulated in SCC-25 cells growing in mice fed a PA-
enriched HFD. The gene expression of most DHHCs is also upregulated upon PA 
treatment in cell culture and in the LN metastasis lesions in mice. 
 

• The PA analog 17-ODYA increases the metastatic potential of SCC-25 to a similar 
extent than PA and induces a similar proteomic response. Both moieties (PA and 
17-ODYA) can be used indistinctly by the cell to palmitoylate proteins. 
 

• The palmitoylome of pro-metastatic SCC-25 cells is enriched in proteins related 
to membrane functions, such as cell adhesion or motility, which could be 
implicated in the metastatic phenotype (e.g., CD44, CD9). 

 
• PA treatment enhances global protein palmitoylation while OA treatment 

reduces it. Proteins that are more palmitoylated upon PA treatment are enriched 
in membrane categories such as focal adhesion, as well as in processes related 
to RNA processing, and protein translation. 
 

• Histone H3 is palmitoylated in OSCC cells, and its palmitoylation increases upon 
PA treatment. 
 

• Histone H3.3 is preferentially palmitoylated over the H3.1 variant in OSCC cells, 
whereas melanoma cells show similar palmitoylation stoichiometry in both 
variants, suggesting a tumour-type dependent stoichiometry. 
 

• Histone H3.3 is S-palmitoylated at the Cys110 residue. 
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• H3.3 Cys110 and its distinct PTMs (including palmitoylation) are not implicated 
in the incorporation of the variant into chromatin or in the intranuclear 
localization of the H3.3. 
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