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Abstract 

Colorectal cancer (CRC) is becoming one of the most prevalent cancers worldwide. This 

necessitates better understanding the molecular mechanisms behind its occurrence and 

identifying biomarkers allowing CRC early detection. In this thesis work, we focused our 

attention on one POFUT1-target protein, namely PAMR1 (Peptidase domain-containing 

Associated with Muscle Regeneration 1), which is frequently inactivated in breast and cervical 

cancers and since considered as protein tumor suppressor. We thus wondered if PAMR1 

could also exert a similar role in CRC. 

 

Our in silico analysis showed a significantly reduced quantity of PAMR1 in colorectal cancer 

tissues as early as stage I, indicating that PAMR1 might be an early biomarker of CRC. PAMR1 

was also not detected at the protein level in the secretome of CRC cell lines, consistent with 

the very low transcripts levels expressed by these cells, as determined by qPCR. To study 

the effect of a supply or an increased expression of PAMR1 in CRC lines, two experimental 

approaches  were carried out, namely exogenous treatments of CRC cell lines with addition 

of recombinant PAMR1 in growth medium and transient or  stable PAMR1 overexpression in 

HT29 cell line. Using these two approaches, a reduction in HT29 cell proliferation and 

migration was shown, correlated to a potential tumor suppressor role of PAMR1 in CRC.  

 

For the previous study, we had to use recombinant mouse PAMR1, stably produced by 

mammalian CHO cells, to treat the CRC lines. Indeed, we did not succeed in producing and 

purifying a sufficient quantity of recombinant human PAMR1, either in CHO cells or in the 

baculovirus-insect cell expression system. In the latter system, we showed the inability of 

POFUT1 from Sf9 cells to modify the single EGF-like domain of PAMR1 with O-fucose, which 

could be one of the reasons for its instability and its strong propensity to degradation. 

 

Keywords: PAMR1, colorectal cancer, Proliferation, Migration, POFUT1, Spodoptera 
frugiperda, EGF-like domain. 
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Résumé 

 

Le cancer colorectal (CCR) est en train de devenir l'un des cancers les plus répandus dans le 

monde. Cela nécessite de mieux comprendre les mécanismes moléculaires à l'origine de son 

apparition et d'identifier des biomarqueurs pour une détection précoce du CCR. Dans ce travail 

de thèse, nous avons porté notre attention sur PAMR1 (protéine à domaine protéase associée 

à la régénération musculaire 1), une protéine cible de POFUT1 qui est fréquemment inactivée 

dans les cancers du sein et du col de l'utérus et considérée depuis comme une protéine 

suppresseur de tumeur. Nous nous sommes donc demandé si PAMR1 pouvait également 

exercer un rôle similaire dans le CCR.  

 

Notre analyse in silico a montré une quantité significativement réduite de PAMR1 dans les 

tissus du cancer colorectal dès le stade I, indiquant que PAMR1 pourrait être un biomarqueur 

précoce du CCR. PAMR1 n'a pas été détecté non plus au niveau protéique dans le sécrétome 

de lignées cellulaires de CCR, ce qui est cohérent avec les très faibles niveaux de transcrits 

exprimés par ces cellules, tels que déterminés par qPCR. Pour étudier l’effet d’un apport ou 

d’une expression augmentée de PAMR1 dans les lignées CCR, deux approches 

expérimentales ont été menées, à savoir des traitements exogènes des lignées cellulaires 

CCR avec ajout de PAMR1 recombinant dans le milieu de croissance et la surexpression 

transitoire ou stable de PAMR1 dans la lignée cellulaire HT29. Par ces deux approches, une 

réduction de la prolifération et de la migration des cellules HT29 a été montrée, en adéquation 

avec un potentiel rôle suppresseur de tumeur de PAMR1 dans le CCR.  

 

Pour l’étude précédente, nous avons dû utiliser du PAMR1 recombinant de souris, produit de 

manière stable par des cellules de mammifères CHO, pour traiter les lignées CCR. En effet, 

nous n’avons pas réussi à produire et à purifier en quantité suffisante du PAMR1 humain 

recombinant, que ce soit dans les cellules CHO ou dans le système d’expression baculovirus-

cellules d’insectes. Dans ce dernier système, nous avons montré l’incapacité de POFUT1 des 

cellules Sf9 à O-fucosyler le domaine EGF-like unique de PAMR1, ce qui pourrait être une des 

raisons de son instabilité et de sa forte propension à la dégradation. 

 

Mots-clés: PAMR1, cancer colorectal, Prolifération, Migration, POFUT1, Spodoptera 
frugiperda, domaine de type EGF.  
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Chapter 1: Cancers 

I.1. General Overview of Cancer 

I.1.1. Cancer from the very beginning – up to date 

Cancer is not a recent malignancy. It has been born ever since the creation of humans. The 

first detected cancer case was breast cancer, found in the Edwin Smith Papyrus, in 3000 BC, 

around 1.7 million years ago (Dunning et al., 1999). Other types of cancers were also 

described, in 1500 BC, including stomach, uterus, rectum, and skin cancers. At that time, to 

explain this phenomenon, Egyptians used the term “incurable disease”, or “the curse of God” 

(Hajdu, 2011). After that, Hippocrates was the first who explained cancer from a scientific point 

of view, considering it occurs as a result of remarkable presence or increase in the quantity of 

black bile in the body. “Karkinos” is the first word used to refer to “cancer” by Hippocrate 

(Hippocrates, and Emile Littré 1839) (Weiss, 2000), who was considered the father of 

medicine. He thought that the tumor resembles the crab in the way breast cancer spreads to 

the skin (Mitrus et al., 2012). The physician Celsus, later translated this word into cancer, the 

Latin word for crab.  

Ancients back then considered that once cancer has spread, there is no curable treatment, 

and the intervention could be more harmful. Galen, a 2nd-century Greek doctor, discussed the 

resection of cancer in its early stages. However, surgeries were primitive and complicated. 

Major advances in cancer surgeries started in the 19th and early 20th centuries. William 

Arbuthnot-Lane is one of the colon cancer surgeons who practiced in London at the turn of the 

20th century. At that time, cancer started to be more scientifically understood. Several 

researchers conducted experiments to confirm that specific chemicals in the workplace and 

environment were linked to the carcinogenic process, demonstrating the multistage and 

multifactor nature of the tumorigenesis process. 

This investigation and explanation of cancer went through a long path up to a century ago, 

when Boveri’s referred to cancer as a genetic disease (Manchester, 1995). With the 

development of research, new visions are highlighted, especially nowadays with genetics 

analysis. These analyses keep open-ended questions that could be resolved only by research 

and more developed science. Hoping to come up with a clear overview of this devastating 

disease. 

 

  

 

Figure 1: Oldest evidence of human cancer osteocarcinoma. According to National geographic reports 
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I.1.2. Cancer Nowadays 

According to the World Health Organization (WHO), cancer is counted a leading cause of death 

worldwide, after cardiovascular disease (Bray et al., 2021), accounting for nearly 10 million 

deaths in 2020.   

 

By referring to the latest Global Cancer Statistics 2020 (WHO), the estimated occurring cancer 

cases in the world was 19 292 789 cases, where breast cancer ranks first place (Figure 2). 

Mortality occurred in 50% of the incident cases (9 958 133 cases), in both genders and all 

ages. Lung cancer ranks the first place in mortality cases (Figure 2). The distribution of cancer 

differs among population and countries due to various factors affecting it.  

 

 

 
 

 

Figure 2: Cancer today based on Globocan statistics 

Latest statistics estimating new cancer and new death cases worldwide for both sexes in 

2020. 
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I.1.3. Hallmarks of Cancer 

Cancer arises by the excessive proliferation of abnormal cells beyond its normal limit. These 

cells form a mass called tumor. Tumoral cells tend to break up from the tumor and evade to 

nearby tissues and can reach all body organs, through blood and lymphatic vessels, this is 

called metastasis. 

 

Neoplastic diseases occur as a result of genetic instability (Giacomini et al., 2005) that is 

considered one of the new hallmarks  of cancer that enable it to progress toward tumorigenicity 

and malignancy (Hanahan and Weinberg, 2011) (Figure 3). In addition to the other six 

hallmarks of cancers (Sustaining proliferative signaling, Evading growth suppressors, 

Resisting cell death, Enabling replicative immortality, Inducing angiogenesis, Activating 

invasion and metastasis) (Hanahan and Weinberg, 2000), reprogramming cellular 

metabolism and avoiding immune destruction are the two emerging hallmarks that were 

introduced among the acquired capabilities (Hanahan and Weinberg, 2011). “Tumor-promoting 

inflammation” besides “genome instability and mutation” are the enabling capabilities 

fundamental for the activation of the eight hallmarks of cancer.  

 

 
Figure 3: Cancer Hallmarks. According to (Hanahan and Weinberg, 2011) 

 

The eight hallmarks of cancer with the two enabling fundamental characteristics    
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I.1.4. Classification of cancer 

Cancer can be either liquid or solid cancer. Liquid tumors or blood cancer are either leukemias 

or lymphoma. Leukemia affects the blood and bone marrow whereases lymphomas (Hodgkin's 

and non-Hodgkin's lymphomas) affect the lymphatic system. Solid cancers are classified into 

carcinomas and sarcomas. The majority of human cancers (80%) are of epithelial origin, thus 

named carcinomas. Carcinomas are tumors arising from epithelial cell layer of the 

gastrointestinal tract (mouth, esophagus, stomach small and large intestine...) as well as skin, 

mammary gland, liver, pancreas, lung, ovaries, gallbladder, and urinary bladder. The other 

types of cancer are of mesenchymal origin, named sarcomas. In addition to the non-epithelial 

tumors. Colorectal cancer falls into adenocarcinoma category that reflects the epithelial 

functions associated with epithelial and not squamous cell carcinoma (The Biology of cancer 

by Robert A. Weinberg, n.d.). 

 

I.2. Colorectal Cancer 

I.2.1. Epidemiology of colorectal cancer 

Colorectal cancer is becoming the most prevalent cancer worldwide. According to the Global 

cancer statistics 2020, colorectal cancer counts for 10% of the occurring cancers (1931590 

cases), harboring/ranking the third place in terms of incidence, after breast (11.7%) and lung 

cancer (11.4%). Colorectal cancer (CRC) is the third most commonly occurring cancer in men 

and the second most commonly occurring cancer in women (Pitchumoni and Broder, 2020). 

Colorectal cancer is the second deadly cancer (935173 cases) (9.4%) after lung cancer (18%). 

(Figure 4) 

 

 

Figure 4: Estimated number of incident and mortality cases of cancers worldwide. 

 

Estimated number of incident and mortality cases of cancers worldwide, both sexes and all 

ages. According to GLOBOCAN 2020. World Health Organization (https://gco.iarc.fr) 
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I.2.2. Anatomy of colon and rectum 

I.2.2.1. Colon 

The colon or the large intestine, is the distant part of the digestive system. It follows the small 

intestine, having the cecum at its proximal part and the anal canal at its distal part. After food 

digestion, the non-digested/absorbed food arrive to the colon. The colon dehydrates food 

residues, absorbs electrolytes and vitamins and moves it towards the rectum before being 

eliminates outside the body through the anal canal in the form of solid waste. The wall of the 

colon is formed of several distinctive layers from the lumen outward as follows (Figure 5): 

• Mucosa: comprised of a lining epithelium, a layer of connective tissue known as the 

lamina propria, and a smooth muscle-filled muscularis mucosa. These structures vary 

in the various sections of the alimentary canal to accommodate their various roles. The 

mucosa comprises crypts of Lieberkühn which traverse all the colon. Protection, 

absorption, and secretion are the mucosa's three primary functions. 

• Submucosa: consists of irregular connective tissue. It is rich in blood and lymphatic 

vessels.  

• Muscularis propria: formed of two concentric layers of smooth muscles. The superficial 

layer is made up of longitudinal fibers in contrary to the underlying layer formed of 

circular ones. Contractions of the muscularis externa mix and propel the contents of 

the digestive tract. 

• Subserosa: It is an adipose and vascularized tissue that is encompassed by the serosa 

and the visceral peritoneum in the outer colon layer. It is covered in tiny fatty deposits 

known as omental appendages. 

This horse shoe shaped arc is of 150cm in length and it is subdivided into four main segments 

at the basis of its anatomic location: 

• Ascending Colon: it starts superiorly to the cecum and bends into 90 degrees 

forming right colic flexure (or hepatic flexure). It measures 8 to 15 cm in length. 

• Transverse segment: It is 50 cm segment that extends from the ascending colon 

and bends into another 90 degrees forming the Left colic flexure (or splenic flexure). 

• Descending colon: it is 12 cm segments that descends inferiorly to intersect with 

the sigmoid colon. 

• Sigmoid colon: it is the terminal part of the colon, of 40 cm in length. It descends to 

intersect with the rectum.  

 

I.2.2.2. Rectum 

The rectum, distal part of the colon. It starts by the rectosigmoid junction and ends by the anus. 

It is of about 13-15 cm. The pelvic diaphragm runs perpendicular to the rectal junction and the 

anal junction, constricting the solid wastes before being excreted outside on the body. This 

small cavity is divided into three or four parts segmented by valve of Houston. The external 

muscular sheath that surrounds the rectum allows it to be modified and shorten in length. It 

comprises the same four layers as the colon. (Figure 5)  
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Figure 5: Organization and histology of the distal part of alimentary canal 
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I.2.3. Development of CRC 

Colorectal cancer, or colon cancer, occurs in the colon or rectum. It is a major health problem 

that develops over a long period of time (5-10) years, starting as benign precancerous polyp 

(adenoma) (Figure 6a). These polyps are localized growths in the intestinal mucosa (Figure 

6b). Excessive cell division can be combined to accumulation of genetic mutations (KRAS, 

p53…) and/or epigenetic alterations resulting in cytological and histological dysplasia (Figure 

6c). If not diagnosed early and removed by surgery, they can acquire the ability to invade 

beyond the colon/colorectal wall and reach up different body organs such as lungs and liver, 

this is called metastasis. 

 

Figure 6: Colorectal neoplasia at different stages. According to (Kuipers et al., 2015) 

I.2.4. Classification of CRC 

I.2.4.1. Dukes Classification 

In 1932, an new classification of colorectal cancer (Bowel’s cancer) was devised by the 

British pathologist Cuthbert Dukes (Dukes, 1932). This classification has three main 

subgroups: 

 

• Dukes A: refers to the presence of the tumor on the inner bowels wall. 

• Dukes B: refers to the invasion of the tumor through the muscle layer.  

• Dukes C: refers to the migration and invasion into nearby/distant lymph nodes. 

• Dukes D: or advanced bowel cancer, refers to the invasion into other body organs or 

what is called metastasis. 

This classification has been modified by the Americans Astler and Coller in 1954 (Astler and 

Coller, 1954) into a more adapted classification, and more precise description especially for 

stages B and C. The tumor is: 

 

Stage A: Limited to mucosa 

Stage B1: Extending into muscularis layer but not penetrating through it. 

Stage B2: Penetrating through muscularis propria. 

Stage C1: Extending into muscularis propria but not penetrating through it. Nodes involved 

Stage C2: Penetrating through muscularis propria. Nodes involved 

Stage D: Distant metastatic spread 

 

 

https://en.wikipedia.org/wiki/Pathologist
https://en.wikipedia.org/wiki/Cuthbert_Dukes
https://en.wikipedia.org/wiki/Mucosa
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This system is now no longer of clinical interest for patients’ cancer characterization and it has 

been replaced by TNM classification.  

I.2.4.2. TNM classification 

The WHO classification made it possible distinguish group of patients according to their 

oncological or pathological situation, this provides clear view to establish better targeted 

treatment and appropriate patients care according to the stage of cancer. The TNM 

classification, established by AJCC, American Joint Committee on Cancer 

(cancerstaging.org), has been updates in 2018 to the newest Eighth edition (Amin et al., 2017), 

to a more “personalized” cancer patients classification. TNM is a topographic classification 

based on the three criteria represented by the acronym TNM: 

 

T: refers to the extent and the size of the primary tumor with values ranging from 0 to 4 (T1, 

T2, T3, and T4). T0 indicates the absence of primary tumor, whereas T4 indicates the invasion 

of the tumor of visceral peritoneum. 

 

N: refers to the invasion of tumoral cells to nearby and/or distant lymph nodes with values 

ranging from 0 to 2 (N0, N1, N2). N0 indicates the absence of tumoral cells in lymph nodes 

whereas N2 indicates the involvement of lymph nodes located nearby or distant from the tumor.  

 

M: refers to the presence of Metastasis. M0 represents the absence of metastases and M1 

represents one or more metastases. 

 

Based on TNM subclassification, colorectal cancer can be classified into 4 stages (I-IV) (Table 

Figure 7, Table 1)  

 

 

 

 

 

http://www.cancerstaging.org/
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Figure 7: Stages of development of CRC 

 

Colorectal cancer is developed in a localized organ, stage I, up to stage IV, the metastatic 

stage, where it spreads through the entire body. (https://www.nih.gov/research-

training/advances-colorectal-cancer-research) 
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Table 1: Colorectal cancer staging system AJCC/TNM, Dukes, and Astler-Coller 

 
 

It is the most modern and precise system for colorectal cancer. Numbers from 0 to 4 indicate 

cancer severity. According to (Centelles, 2012). 
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I.2.5. Risk Factors 

Several risk factors promote the occurrence and development of colorectal cancer. They can 

be grouped into modifiable and non-modifiable ones (Balchen and Simon, 2016) (Table 2 ): 

Table 2: Modifiable and non-modifiable risk factors of CRC 

 

 

Controlling the modifiable risk factors lead to a decrease in the chance of developing colorectal 

cancer contrary to the non-modifiable ones. 

 

The arise of COVID-19 epidemic three years ago (2019) was exhausting for the healthcare 

system. Covid-19 was linked with adverse effect on all especially old people and/or those with 

underlying/sensitive health conditions (hypertension, obesity, diabetes…) (Aboueshia et al., 

2021). Cancer patients were highly vulnerable for this disease due to their weak immune 

system as a result of therapies (chemotherapy, radiotherapy, …). However, a study showed 

there is no significant difference between cancer and non-cancer patients with Covid-19 in 

terms of complications and mortality, but cancer patients were hospitalized for a longer time 

(Aboueshia et al., 2021). Nevertheless, the management of colorectal cancer was affected by 

this pandemic. The reduction of primary care consultation led to a subsequent reduction of 

diagnosed colorectal cancer cases. As well as the challenging ability to deliver treatment to 

already diagnosed patients. Surgeries were limited too to reduce the risk of covid-19 

transmission. The high number diagnosed patients with high prognosis as well as the 

emergency-admitted operations of colorectal cancer reflect the worse outcome of Covid-19 

(late diagnosis and more progression of colorectal cancer) (Morris et al., 2021). Thus, several 

factors affect the development of this malignancy, despite the novel developed targeted 

therapies strategies. The necessity of designing early diagnosis methods is a major challenge 

nowadays. 

 

Modifiable Risk factors 

 

Non-modifiable Risk Factors 

Dietary pattern: low consumption of 

vegetables and fibers high meat intake 

(Angelo et al., 2015). 

Familial history of colorectal polyps: Familial 

Adenomatous Polyps (Jasperson et al., 

2010) and hereditary nonpolyposis colon 

cancer (HNPCC)(Jasperson et al., 2010; 

Sehgal et al., 2014). 

Obesity and overweight: mostly abdominal 

obesity among both males and females 

(Corley et al., 2008). 

Inflammatory Bowel Disease (IBD)        

(Kim, 2014). 

Cigarette smoking and excessive alcohol  

consumption (Cho et al., 2015). 

Diabetes type 2 

Lack of physical exercise (Shaw et al., 

2018). 

Age: Risk increases after age 50 years 

(Byrne, 2017). 
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I.2.6. Signs and Symptoms 

The occurrence of this disease is accompanied by several signs and symptoms (Astin et al., 

2011): 

 

• Change in bowel’s habit: prolonged diarrhea, constipation, blood in the stool 

• Loss of weight 

• Abdominal pain 

• Anemia 

• The feeling of fatigue and weakness 

Note that these signs and symptoms could also be present in patients with benign condition. 

However, they are critically more pronounced to be selected in high-risk patients. In addition, 

they can be diagnosed once the tumor has developed in neighboring tissue, thus making the 

screening and treatment much more difficult. Then, prevention is a must especially for high-

risk people without hesitating with periodical inspections.  

I.2.7. Prevention and Screening 

I.2.7.1. Prevention of CRC 

The incidence and mortality of colorectal cancer can be diminished by primary or secondary 

prevention (Roncucci and Mariani, 2015). Primary care is illustrated by 

reducing/modifying/inhibiting factors that make people susceptible to high-risk colorectal 

cancer. This can be done by changing the dietary pattern into high fiber - low meat (red meat) 

diet, and consumption of dietary micronutrients especially vitamins A, C, and E known to have 

an anti-oxidant and anti-cancer effect. In addition to increasing physical activity and 

limiting/reducing smoking and alcohol consumption (Chan and Giovannucci, 2010). Even 

though colorectal cancer is among the highest in terms of morbidity, but if screened early it 

has a high risk to be cured.  

I.2.7.2. Screening methods 

There are three different methods for early detection of CRC: stool-based, imaging, and 

endoscopic tests. Stool-based tests have the capability of detecting asymptomatic cancerous 

lesions despite of indicating many false-positive results. However, imaging and endoscopy 

tests detect precancerous lesions also that can be removed, thus being much more efficient 

(Hadjipetrou et al., 2017). These tests must be periodically made especially for people with a 

high risk of developing CRC, thus repressing its development when recognized in early stages. 

In the case of a positive result, the appropriate treatment will be given for the patient according 

to several factors. For colorectal cancer, there are blood-based screening methods or 

biomarkers detection for diagnosis of this cancer. 

I.2.8. Biomarkers of CRC 

Early detection can be also through the identification of biomarkers of CRC. These biomarkers 

can be used for personalized therapy and prognosis of CRC. However, there is no specific 

biomarkers marking CRC exclusively. Among these biomarkers used often to diagnose CRC, 

besides others, the glycoproteins CEA and CA-19-9.  Carcinoembryonic Antigen (CEA) is a 

blood-based biomarker commonly known to have high sensitivity and specificity for colorectal 

cancer (Tatsuta et al., 1989) (Tiernan et al., 2013). This cell-surface anchored glycoprotein is 

usually produced by mucosal cells during fetal development and involved in cell adhesion. 
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However, high serum levels of CEA could be seen in other cases such pancreatic, lung, breast, 

mucinous ovarian cancers, etc (Perkins et al., 2003) (Kankanala and Mukkamalla, 2022). The 

level of CEA is elevated as well in non-cancerous malignancies (Ruibal Morell, 1992) or even 

non-malignant cases such as in heavy smokers (Sajid et al., 2007). However, 20-30% of 

cancer patients show no pronounced increase in CEA despite of their advanced stages (Duffy 

et al., 2003). Another commonly known cell surface cancer biomarker, CA 19-9 (Carbohydrate 

Antigen or cancer antigen 19-9 or sialylated Lewis antigen) is used for CRC screening where 

in 55.4% of the cases could be associated with elevated CEA levels (Stiksma et al., 2014). 

Other serum biomarkers: CA 242, CA 72-4, CA 50, TPA (tissue polypeptide antigen), TPS 

(tissue polypeptide-specific antigen) and tissue inhibitor of metalloproteinase 1 (TIMP-1) are 

not limited for this malignancy (Duffy et al., 2003) (Table 3). Recently, Chabanais et al. 

demonstrated the overexpression of POFUT1 could be considered a novel CRC biomarker 

(Chabanais et al., 2018). All the above ensure the importance of determining an early specific 

CRC biomarker for early detection and targeted treatment.  

 

Table 3: List of biomarkers used for diagnosis. The table is adapted from (Lech, 2016) 
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I.2.9. Oncogenes and Tumor suppressor genes 

The initiation and progression of human tumor (tumorigenesis), from adenoma to carcinoma, 

is a multi-step process. Colorectal cancer arises as a result of oncogene mutational activation 

in combination with tumor suppressor gene mutational inactivation. The latter predominates 

since oncogenes mutation exerts an effect even in “recessive” state or heterozygous 

phenotype. Accumulation of mutation in at least four genes leads to the formation of malignant 

tumor. The order of occurrence of these mutations with respect to each other define the 

biological characteristics or feature of the tumor. 

I.2.9.1. Oncogene mutational activation 

Oncogenes are mutant genes that in their normal nonmutant/non-altered state direct synthesis 

of proteins that positively regulate proliferation. One important genetic alteration to be found in 

colorectal cancer is ras gene mutation. This mutation is found in about 50% of colorectal 

carcinomas and predicted to be the initiation step of colorectal tumor development (Bos et al., 

1987). In general, oncogenes are activated by point mutation resulting in amplification or 

oncogenes rearrangement. Among the first oncogenes identified to be amplified: neu, c-myc, 

c-myb in primary colorectal tumors (Finley et al., 1989).  

I.2.9.2. Tumor suppressor gene inactivation 

Tumor-suppressor genes encode proteins that in their normal state negatively regulate 

proliferation. Inactivation of tumor suppressor gene was first predicted to be linked to an allelic 

loss. The loss of 5q chromosome is associated with tumorigenesis of Familial Adenomatous 

Polyposis (FAP) as well as pronounced loss in APC loci in hereditary and sporadic colon 

cancer (Okamoto et al., 1990). The loss of large portion of chromosome 17p is commonly seen 

in colorectal cancer as well as brain, breast, lung, and bladder. This region is known to bear 

the tumor suppressor gene p53 (Baker et al., 1989). Another example is the loss of 

chromosome 18q containing DCC, a tumor suppressor gene codes for protein  involved in cell-

cell/extracellular matrix interactions (Fearon et al., 1990).  

 

Other ways of dysregulation of tumorigenesis-related genes are also present. The process of 

activation of some genes and inactivation of others can be referred to different mechanisms.  

I.2.10. Tumorigenesis process in CRC/ Carcinogenesis process   

Three known molecular mechanisms/ genetic instability mechanisms are behind the 

occurrence of, most if not all cases, colorectal cancer, whether independently or in a 

combination, namely: chromosomal instability (CIN), CpG island methylator phenotype 

(CIMP), and microsatellite instability (MSI). (Tariq and Ghias, 2016) 

I.2.10.1. Chromosomal instability (CIN) 

Chromosomal instability is a sequence of accumulative gene mutations that are predicted to 

occur in a specific order leading to changing adenoma into carcinoma. It occurs in 65-70% of 

sporadic CRC. This process comprises aneuploidy, an imbalance in gene copy number and 

Loss of Heterozygosity (LOH) (Pino and Chung, 2010). In this sequence, proto-oncogene 

KRAS and B-Raf proto-oncogene serine/threonine kinase (BRAF) are activated whereas tumor 

suppressor genes are inactivated including APC (Adenomatous Polyposis Coli), an important 

molecular actor in the regulation of Wnt signaling pathway, (loss of chromosome region 5q21), 

p53 (chromosome region 17p13), and DCC netrin 1 receptor (DCC), SMAD family member 

(SMAD2 and SMAD4) (chromosome region 18q). As predicted, this sequence/ process is 
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initiated by APC mutation followed by KRAS activation and suppression of p53 activity. Other 

alterations associated to carcinoma development were identified such as TGFBR and PIK3CA 

(Armaghany et al., 2012).  

 

I.2.10.2. CpG island methylator phenotype (CIMP) 

DNA methylation, whether it is global or localized to the promoter region, is common epigenetic 

alteration frequently observed in cancers and considered as a subgroup of CRC (about 30% 

of cases). This epigenetic modification is proposed to be the main tumorigenesis driver in CRC, 

over genetic alteration, to inactivate tumor suppressor genes. Many hypermethylated genes 

are of unknown function yet, whereas other are tumor suppressor genes (p16 coded by 

CDKN2A., etc) (Lao and Grady, 2011). In CRC context, hypermethylation of CXLC12, a 

chemokine ligand gene, can promote the metastatic ability of colon cancer cell lines (Lao and 

Grady, 2011). CpG islands hypermethylation targets miss match repair genes as well, such as 

MLH1, thus suppressing transcription (Ahuja et al., 1997). Recently, inactivation of tumor 

suppressor genes PAMR1 in breast cancer (Lo et al., 2015) and WIF1 in colorectal cancer 

(Zhu et al., 2018) as a result of promoter hypermethylation has been demonstrated.  

I.2.10.3. Microsatellite Instability (MSI) 

Microsatellite Instability is another type of genomic instability and it occurs in 15-20% of 

sporadic CRC. Microsatellites are DNA sequences with one to five base pairs tandem repeats. 

MSI or high frequency or replicative error within these sequences lead to the generation of 

longer or shorter alleles (Abdel‐Rahman and Peltomäki, 2004). This insertion or deletion 

mutations lead to frame shift and dysregulation of tumor associated and suppressor genes. 

Cancers can be classified based on the number of MSI within the 5 standard microsatellite 

markers: two mononucleotide (BAT26 and BAT25) and three dinucleotide (D2S123, D5S346, 

and D17S250) repeats, according to the Bethesda Guidelines (Boland et al., 1998). Several 

loci of microsatellite coding regions have been identified to be mutated in different genes within 

colorectal cancer context (Mori et al., 2001). These genes are listed in Table 4. Among 

which, TGFBR2, encoding a kinase receptor involved in transduction of the TGFB1/2/3 signal 

from the cell surface to the cytoplasm to inhibit cellular proliferation, is the most commonly 

affected gene. BAX is well known mutated pro-apoptotic gene in CRC as well (Boland and 

Goel, 2010). Several other genes affected by MSI were then identified that encoded regulators 

of cell proliferation (GRB1, TCF-4, WISP3, activin receptor-2, insulin-like growth factor-2 

receptor, axin-2, and CDX), the cell cycle or apoptosis (BAX, caspase-5, RIZ, BCL-10, PTEN, 

hG4-1, and FAS), and DNA repair (MBD-4, BLM, CHK1, MLH3, RAD50, MSH3, and MSH6) 

(Duval and Hamelin, 2002). 
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Table 4: The genetic targets of MSI in CRC. According to (Boland and Goel, 2010) 
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Figure 8: General representation of carcinogenesis process or adeno-carcinoma sequence. 

 

Adeno-carcinoma transformation as a result of three pathways: CIN, CIMP, and MSI. The 

scheme is adapted from (Nguyen and Duong, 2018) 

 

Tumorigenesis initiation and progression is not limited to the latter three mentioned pathways. 

Glycosylation is well known biomarker of tumor progression. Incomplete glycosylation due to 

dysregulation of one of the actors of glycosylation mechanism aids in the progression of 

oncogenesis. This mechanism is detailed in the next chapter. 
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Chapter II. Glycosylation 

II.1. Different glycosylation modifications 

Protein glycosylation is a post-translational modification (PTM) by which sugar moieties are 

attached to a specific peptide consensus sequence leading to the formation of glycoprotein. 

Different glycosidic linkages, including N-, O-, and C-linked glycosylation, and less frequent S-

glycosylation, define this PTM. All glycosylations are built, via glycosyltransferases in the 

presence of a donor substrate, from a single monosaccharide (fucose, mannose, galactose, 

N-acetylglucosamine, N-acetyl galactosamine, etc.) which can subsequently be extended by 

other sugars to give different glycan structures. Besides glycosyltransferases, glycosidases 

are crucial to complement the glycosylation process. Glycosidases are responsible for the 

hydrolysis of specific sugars and monosaccharide precursors during glycans maturation 

(Kötzler et al., 2014). The glycosylation process has been well preserved throughout evolution, 

as it is found in archaea, bacteria, and eukaryotes (Dell et al., 2010). In humans, over 70% of 

human proteins are known to be glycosylated (An et al., 2009). Glycosylation is essential to 

monitor protein folding, stability, transport, and activity of the protein  

With regard to protein modification, glycosylation is primarily of two types: N-linked 

glycosylation with the attachment of the reducing end of the glycan to an Asn residue, and O-

linked glycosylation with the attachment of the reducing end of the glycan to a hydroxyl side-

chain-containing amino acid, most commonly Ser or Thr and less commonly hydroxylysine or 

hydroxyproline. 

II.2. N-glycosylation 

N-glycosylation is known to be abundant and highly conserved during evolution, especially in 

eukaryotes. N-glycosylation is defined as the covalent attachment of an oligosaccharide to the 

nitrogen of an asparagine residue's amide group (N-glycosidic linkage). This ose/ sugar moiety 

would be added only to a specific consensus sequence, within the peptide sequence, where it 

is in most of the cases (96.5%) as follows: N-X-(S/T) (X is any amino acid except proline). In 

rare cases, this sequence could be N-X-C (1.3%), N-X-V, or N-G (Zielinska et al., 2010). Other 

non-canonical consensus sequences could be present too.  

Glycosyltransferases involved in the synthesis of the dolichol oligosaccharide precursor of N-

glycans are primarily found in the cytosol and the lumen of the ER whereas those involved in 

the maturation of N-glycans of glycoproteins are found in the Golgi apparatus. N-glycosylation 

is a two-step process: the formation/creation of a lipid-linked oligosaccharide (LLO) and its 

transfer to selected asparagine residues on the consensus sequence of the polypeptide 

chains. The assembly of lipid-linked oligosaccharide (LLO) occurs on both sides of the 

Endoplasmic Reticulum (ER) membrane, via various glycosyltransferases, with the 

involvement of a lipidic base, dolichol. The LLO is comprised of three major carbohydrate 

components: two N-acetylglucosamine (GlcNAc), nine mannose (Man), and three glucose 

(Glc) residues (GlcNAc2Man9Glc3). The formed LLO is then translocated via 

oligosaccharyltransferase (OST) to the asparagine of the polypeptide chain, thus forming the 

N-glycan linkage. Thanks to the glycosidases, some sugars are then trimmed by hydrolysis 

followed by the addition of others, in ER or Golgi apparatus, thus forming complex N-glycans 

(Bieberich, 2014). Nevertheless, all N-glycans retain the main structure composed of two N-

acetylglucosamine and three mannose residues. 

After the glycoprotein passes through the Golgi apparatus, it is modified by different 

glycosyltransferases, at the base of the pentasaccharide core (GlcNAc2Man3), resulting in 
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three main families of N-glycans (Figure 9): Oligo-mannosidic or paucimannose, hybrid and 

complex (Stanley et al., 2022). Oligomannosidic (or high mannose) N-glycans bear only 

mannose antennae extension. The antennae are initiated from GlcNAc and extend the core in 

complex N-glycans, whereas mannose extends through Manα1-6 arm and one or two GlcNAc-

initiated antennae extend the Manα1-3 arm. Paucimannose N-glycans are simple N-glycans 

with a core that could be modified by fucose or xylose. N-glycans are crucial for the 

glycoprotein biological function, folding, secretion, and modulation of signaling pathways, but 

also its involvement in immunological processes (such as activation of T lymphocytes, etc)… 

(Varki, 2017). 

In vitro, the three types of N-glycans can be removed by the bacterial enzyme peptide-N-

glycosidase F (PNGase F) or PNGase A (from almonds). (Stanley et al., 2022) 

 

 

                                                                           

Figure 9: The three main N-glycans families 

Representation showing the different forms of N-glycans with increasing complexity from left 

to right. The scheme is adapted  from (Lyons et al., 2015). 
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II.3. O-glycosylation 

Murine-like O-glycosylation is a posttranslational modification characterized by the conjugation 

of an ose on the hydroxyl side chain of serine or threonine amino acids, and less frequently to 

hydroxylysine or hydroxyproline (usually in plants). The most common type of O-glycosylation 

was O-acetylgalactosamine (O-GalNAc) which occurs in 80% of secreted proteins. However, 

further research recognized other classes of O-glycosylation initiated by the O-linkage of other 

sugar, other than acetylgalactosamine: mannose, fucose, glucose, galactose, N-

acetylglucosamine, and xylose (Wells and Feizi, 2019). The biosynthesis of O-linked 

glycosylation either starts in the ER and continues in the Golgi apparatus, or takes place 

exclusively in the Golgi Apparatus.  

II.3.1.  Different types of O-glycans  

Other than O-glycosylation (O-GlcNAc), O-glycosylation can be either protein-specific (O-

Man), or domain-specific ((O-Fuc, O-Glc, extracellular O-GlcNAc, and O-Gal) or Intracellular 

glycosylation modifying nuclear, cytosolic, and mitochondrial glycoproteins  (Wells and Feizi, 

2019) (Figure 10). These O-linked monosaccharides are capable of being elongated by 

different oses forming more complex glycans.  

 

The simplest form of mucin O-glycans is formed of attached GalNAc to the serine or threonine 

and named Tn (Thomsen Nouvelle). This O-GalNAc can be extended by various sugar 

moieties forming different “core” structures that are counted to be 8 cores (Brockhausen et al., 

2009) (Figure 11). An example: Galβ1-3GalNAc- is the most common O-GalNAc and is 

referred to as core 1.  

 

O-mannosylation is known to be conserved in bacteria and humans, it is mediated by protein 

O-mannosyltransferases (POMT). Dysregulation of these enzymes can lead to muscular 

dystrophy (MD). Dystrophin-Glycoprotein Complex (DGC) is a multimeric transmembrane 

protein found in skeletal muscle. It plays a role in maintaining the structural stability of 

sarcolemma during muscular contraction. Dystroglycan (αDG) is an integral membrane 

component of DCG where mannosylation is crucial for its activity. Defects in POMT1/2 leads 

to damage of muscle fibers, resulting in MD (Barresi and Campbell, 2006). Neurological 

disorders can be a result of these enzymes dysregulation as well. (Larsen et al., 2019). 

  

O-glucosylation is less familiar than most O-linked glycosylation, it refers to the attachment of 

O-glucose to Epidermal growth factors repeats (EGF-like) of proteins, especially NOTCH. It is 

mediated by O-glucosyltransferases, including POGLUT1 known to add O-glucose on serine 

of consensus sequence C1-X-S-X-(P/A)-C2 of EGF-like domain. O-glucosylation is crucial for 

the regulation of notch trafficking (Yu and Takeuchi, 2019). Recently it has been demonstrated 

that ER-resident POGLUT2/3 mediate the addition of O-Glc between C3 and C4 of the EGF-

like domain consensus sequence (Takeuchi et al., 2018) (Pennarubia et al., 2021). 

 

Another O-linked glycosylation restricted to the EGF-like domain of glycoprotein is O-N-

acetylglucosamine mediated by EOGT and OGT that differ by their cellular localization and 

protein targets. O-GlcNAc mediated by endoplasmic reticulum EGF-domain specific O-GlcNAc 

transferase (EOGT). In mammals, EOGT enhances Notch signaling pathway mediated by a 

Delta-like ligand by targeting EGF-like domain consensus sequence of secreted and 

membrane proteins implicated in this pathway (Ogawa and Okajima, 2019). On the other hand, 

OGT modifies nuclear and cytoplasmic proteins with O-GlcNAC (Kreppel et al., 1997). 
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O-Galactose glycan (O-Gal) is initiated in ER and catalyzed by galactosyltransferase on 

hydroxylysine residues on collagen-like domain. It can be extended by glucose (Hennet, 2019). 

 

We are especially interested in O-fucosylation. Fucose can also be added to the hydroxyl group 

of Serine or Threonine in a covalent O-linkage manner. It was first demonstrated in 1975 in 

glycopeptide isolated from human urine (Hallgren et al., 1975). O-fucose is added on 

consensus sequences of Epidermal Growth Factor-like (EGF-like) repeats and 

Thrombospondin Type 1 Repeats (TSRs) in properly folded proteins, catalyzed by Protein 

O-Fucosyltransferase 1 (POFUT1 or FUT12) and Protein O-Fucosyltransferase 2 (POFUT2 or 

FUT 13) (Hofsteenge et al., 2001) (Chen et al., 2012) respectively (Holdener and Haltiwanger, 

2019). By that POFUT1 and POFUT2 mediate the anchorage directly to the polypeptide. On 

the other hand, among 13 FUTs discovered in humans, there are Golgi apparatus localized-

Fucosyltransferases that modify N-linked glycans. FUT1 (H enzyme) and FUT2 (secretor 

enzyme) are α-1,2-fucosyltransferases responsible for the formation of ABH and Lewis blood 

group antigens. FUTs3–7 together with FUTs9–11 have α-1,3-fucosyltransferase activities. 

FUT3 and FUT5 have α-1,4-fucosyltransferase activity. FUT8 is an α-1,6-fucosyltransferase 

that is responsible for the N-glycan core fucosylation by adding fucose to asparagine-linked 

GlcNAc moieties. (Shan et al., 2019). 

 

 

 

 

 

 

Figure 10: Different O-glycosylations in mammals 

 

Various types of protein O-glycosylations in mammals with their initiating enzymes. The 

scheme is adapted from (Bennett et al., 2012). 

 

 

 

 

 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fut1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fut2
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/blood-group-lewis-system
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/blood-group-lewis-system
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fut8
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fucosylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fucose
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Figure 11: Core structures of O-glycans 

 

The eight different core structures of O-glycans attached to Serine or Threonine hydroxyl group 

of glycoproteins. These cores are then processed and extended. The figure is adapted from 

(Schedin-Weiss et al., 2014) 

 

 

II.3.2.  O-fucosylation mediated by POFUT1 and POFUT2  

The consensus sequence for O-fucosylation by POFUT1 and 2 are not identical. POFUT2 is 

able to recognize and target the two types of TSR domains (TSR1 and TSR2) or types 1 and 

2 despite the different positions where the three conserved disulfide bridges are formed. For 

TSR1, the disulfide bonds occur between C1-C5, C2-C6, and C3-C4 while these bonds are 

between the cysteines C1-C4, C2-C5, C3-C6 for type 2 of TSRs (Leonhard-Melief and 

Haltiwanger, 2010). As for POFUT1, O-fucosylation is established by POFUT2 on a specific 

consensus sequence of TSR: C1-X-X-(S/T)-C2 for TSR I, C2-X-X-(S/T)-C3 for TSR II (Holdener 

and Haltiwanger, 2019). For POFUT1, O-fucose is anchored to serine and threonine of the 

following consensus sequence C2-XXXX-(S/T)-C3, where C2 and C3 are the 2nd and 3rd 

conserved cysteine of EGF-like domain. The fact that POFUT1 and POFUT2 only modify 

properly folded modules and are ER localized has led to the hypothesis that both enzymes 

participate in quality control (Vasudevan and Haltiwanger 2014). The anchored O-fucose to 

EGF repeats of TSRs is capable of being elongated with different glycosyltransferases (Figure 

12). The crystal structures of both enzymes POFUT1 and POFUT2 are similar in a way and 

differ in another (Figure 13). Both enzymes harbor a huge substrate binding cavity for the 

binding of GDP-fucose as well as EGF and TSR in case of POFUT1 and POFUT2, 

respectively. Interestingly, POFUT2 has a second substrate binding cavity, by that POFUT2 

has the advantage of binding and modifying two adjacent TSRs simultaneously. (Vasudevan 

and Haltiwanger, 2014) 
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Figure 12: O-fucosylation of EGF repeat and TSR by POFUT1 and POFUT2 respectively. 

The O-fucose on TSRs is elongated by β3-glucosyltransferase (β3GlcT). O-Fucose on EGF 

repeats is extended by Fringe, β4-galactosyltransferase 1 (β4GalT-1) and α2-3/6-

sialytransferase (α3/6SiaT). According to (Vasudevan and Haltiwanger, 2014) 

 

 

Figure 13: Crystal structures of POFUT1 and POFUT2 binding their respective substrates 

A: POFUT1 has two Rossman-like folds large enough to hold GDP-fucose at first and EGF as 

well. The modification site on EGF12 (Thr466) is indicated, demonstrating it is in close 

proximity to the active site. B: POFUT2 has a large substrate binding pocket to hold both GDP-

fucose and TSR. It is characterized by having another pocket (red arrow) allowing binding to 

another adjacent TSR. According to (Vasudevan and Haltiwanger, 2014) 
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II.3.3.   POFUT1 mediated O-Fucosylation 

II.3.3.1.  Structure of POFUT1 

POFUT1, or OFUT1, is an ER-resident protein encoded by the 30778 bp POFUT gene located 

on 20q11.21. Five transcripts arise as a result of alternative splicing, identified by the 

ENSEMBL database, where only the first two of them encode for proteins. The first transcript 

encodes for the canonical isoform (isoform 1) of POFUT1 (388 amino acids). The second 

transcript encodes for a truncated isoform 2 of POFUT (194 amino acids) at the C-terminal 

with undetermined function yet (“The Status, Quality, and Expansion of the NIH Full-Length 

cDNA Project,” 2004). 

POFUT1 crystalized structure was first obtained in 2011 (Lira-Navarrete et al., 2011). This 

protein structure is conserved among CePOFUT1 (Caenorhabditis elegans POFUT1) and 

higher eukaryotes POFUT1, with about 41% of identity (Lira-Navarrete et al., 2011).  

 

POFUT1 is formed of two main domains N-terminal and C-terminal domains. The N-terminal 

domain contains 9 ⍺-helices and 8 β-strands. The C-terminal domain contains 10 ⍺-helices 

and 5 β-strands. Each of these domains adopts a Rossman folding composed of a β sheet 

surrounded by ⍺ helices on either side giving POFUT1 signature of GT-B fold. This structure 

is characterized by a formed pocket in which the acceptor substrate can be housed. This 

conformation is conserved between species (Lira-Navarrete et al., 2011). 

 

POFUT1 possess N-terminal signal peptide, three binding domains to GDP-fucose (donor 

substrate), two N-glycosylation sites, and an ER-retention KDEL-like sequence. The three 

conserved motifs (I, II, and III) of POFUT1, presenting a good correlation to ⍺1,2 and ⍺1,6 

fucosyltransferases, are involved in acceptor substrate recognition (motif I) as well as 

recognition and binding to donor substrate (motifs I and II) (Mollicone et al., 2009). In addition 

to DxD peptide sequence that has a crucial role for the enzyme catalytic activity, the N-

glycosylation sites (N62 and N160 in humans) are crucial for the enzyme activity in humans. The 

first N-glycosylation site is highly conserved among species (Spodoptera frugiperda, Homo 

sapiens, Mus musculus…). The second site is less conserved among species and found to be 

absent in Drosophila POFUT1 and CePOFUT1. 

II.3.3.2.    EGF like domains 

EGF like domains are conserved protein domains during the evolution, found in many secreted 

proteins or in the extracellular domain of membrane proteins such as NOTCH. EGF-like 

domains are composed of 30-40 amino acid sequence stabilized by three conserved disulfide 

bridges formed between C1-C3, C2-C4, and C5-C6. It is consisted of major N-terminal and minor 

C-terminal domain formed by two beta sheets. EGF like domains are  classified mainly into 

two large groups or types: human EGF like domain (hEGF) and complement C1r-like EGF 

(cEGF) that differ by the number of residues residing between cysteins 5 and 6. hEGFs have 

between 8 and 9 residues, while that cEGFs have more than 9 residues (Li et al., 2017). Rare 

EGF like domains laminin and integrin like domains characterized by having an additional 

interdomain disulfide bridge (Wouters et al., 2005).  

A hEGF-like domain can be modified by POFUT1 in addition to other modifications by 

POGLUTs and EOGT. Focusing on O-fucosylation, the interaction between POFUT1 and 

hEGF-like domain has been studied in vitro. The O-fucosylation of NOTCH receptor, WIF1 and 

POFUT1 is highlighted in the following part.  
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Figure 14: Representation of a single EGF-like domain modified by various glycosyltransferases 

 

Each circle represents amino acid of EGF like domain. The yellow circles are conserved 

cysteine residues forming disulfide bridges. O-fucosylation site in red, O-Glc and O-GlcNAc in 

blue. The enzymes implicated are indicated on the top of the arrows. (S) Serine; (T) Threonine; 

(G) Glycine; (W) Tryptophan; (X) any amino acid, (a) any aromatic amino acid. The figure is 

adapted from (Schneider et al., 2017). 

II.3.3.3. Malfunction of POFUT1 

POFUT1 is essential for regulation of defined signaling pathways. Homozygous deletion of 

POFUT1 in mice is lethal in the early stages of development with a severe defects In 

somitogenesis, vasculogenesis, cardiogenesis, and neurogenesis reflecting its crucial function 

in notch signaling pathway of mammals (Shi and Stanley, 2003). This reflects the indirect effect 

of POFUT1 through the O-fucosylation of core members of this pathway or other implicated 

ones. Consistently, homozygous missense mutation of pofut1 generated severe defects in 

development, cardiogenesis, vasculogenesis mild liver failure, and osteopenia (Takeuchi et 

al., 2018). An alteration of the expression of POFUT1 is associated with various diseases and 

malignancy. In humans, the knockout of POFUT1 in human keratinocytes led to the decrease 

of KRT5 expression, thus Dowling-Degos Disease, a rare autosomal dominant 

genodermatosis that leads to the loss of skin pigmentation (Li et al., 2013). This suggests that 

POFUT1 is essential for the synthesis of melanin in cells as well as melanocytes and 

keratinocytes differentiation, besides POGLUT1 and others (Stephan et al., 2021)  
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Chapter III.  POFUT1- target proteins 

III.1. Membrane and secreted glycoproteins O-fucosylated by POFUT1 

About 87 human proteins bore one or more EGF-like domains with O-fucose consensus 

sequence C2-X-X-X-X-(S/T)-C3 to be modified by POFUT1. Schneider et al., identified 

POFUT1 target proteins (Table 5); however, modifications are not confirmed for all of them. Of 

these proteins, 13 have been shown to carry an O-fucose (in blue and orange) and participate 

in the functional activity for 2 of them (orange) (Schneider et al., 2017). 

Table 5: Table listing the potential human target protein of POFUT1 

 

 

This table has been updated in our Laboratory listing target proteins and their number of EGF-

like domains targeted by glycosyltransferases: POGLUT1/2/3, POFUT1, EOGT of Mus 

musculus and Homo sapiens. Supplementary data (Pennarubia et al., 2021). 
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Among the above listed target protein, O-fucosylation of Notch receptor, WIF1 and PAMR1 will 

be highlighted.  

 

III.2. NOTCH receptors 

III.2.1. Notch signaling pathway 

The Notch signaling pathway is an ancient conserved evolutionary mechanism of cell-cell 

interaction in multicellular organisms. The notch pathway plays a role in cell fate determination 

and differentiation during development as well as regulation of homeostasis and cell 

proliferation in adult tissue. Notch is trans-activated by ligands expressed on adjacent cell 

surfaces namely: Delta/Serrate in Drosophila and Delta-like/jagged in Vertebrates. Receptor-

bound ligand undergoes conformational changes and is endocytosed by ligand expressing 

cells. This induces proteolytic cleavage and the release of the receptor intracellular domain 

that acts as a transcription factor/regulator in the nucleus after activation of the intracellular 

protein cascade. This ligand-dependent mechanism is referred to as the canonical Notch 

signaling pathway. Another ligand-independent mechanism is also present and referred to as 

noncanonical Notch signaling pathway. Here we will focus on the canonical pathway, detailed 

in Figure 15 (Steinbuck and Winandy, 2018). 
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Figure 15: Notch signaling pathway 

(1) After O-glycosylation of NOTCH, mainly O-fucosylation in the ER, it is translocated to Golgi 

Apparatus and lengthened by other glycosyltransferases. (2) It is cleaved in the Golgi 

apparatus by Furin-like protease generating heterodimeric mature receptor that is then 

translocated to the plasma membrane. (3) The receptor on the signal receiving cell interacts 

with the ligand (DLL or JAG) of the signal sending cell leading to receptor conformational 

changes and exposing its intracellular part to the action of ADAM/TACE protease (4). (5) The 

intracellular part is exposed to another cleavage by gamma-secretase and the release of Notch 

Intracellular Domain (NICD) (6). (7) The NICD is transported to the nucleus and interacts with 

other transcription factors (CSL, MAML1, p300…) (8). Transcription of Notch target genes is 

activated (Hes, Myc, p21…). The figure is adapted from https://www.news-medical.net/life-

sciences/Notch-Signaling-Pathway.aspx. 
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III.2.2. Structure of Notch 1 

Notch receptors are single-pass transmembrane proteins, belong to transmembrane family 

type-I, and consist of two domains: Notch extracellular and intracellular domains. Mammals 

possess four paralogs of Notch receptors: Notch1, Notch2, Notch3, and Notch4. 

Notch glycosylated extracellular domain (NECD) or subunit consists of 29 to 36 EGF-like 

tandem repeats depending on the paralog/type of notch receptor. These EGF-like domains are 

responsible for the interaction with the ligand. For example, in Drosophila, EGF-like domains 

11 and 12 mediate ligand binding to the receptor. The majority of EGF-like domains are 

involved in the binding of calcium thus participating in the binding capacity of the receptor with 

its ligand (Cordle et al., 2008). EGF-like repeats are followed by a negative regulatory region 

(NRR) consisting of three LNR (Lin-12/Notch repeat) repeats and a hydrophobic region crucial 

for heterodimerization (HD) of the receptor. LNR is rich in cysteine and mediates Ca2+ 

noncovalent binding of the extracellular and intracellular domains. NRR regions prevent ADAM 

metalloproteases (ADAM17/TACE, ADAM10) to access the S2 cleavage site (Sanchez-Irizarry 

et al., 2004). The transmembrane domain (TMD) ends with a "translocation stop" signal 

composed of 3 to 4 residues Arginine/Lysine. This domain also contains the S3 cleavage site 

targeted by γ-secretase leading to the release of the intracellular domain of NOTCH (NICD) 

(Fortini, 2009). The NICD consists of a RAM sequence of 12 to 20 amino acids. Near the RAM 

region, there are seven ankyrin repeats (ANK) limited by two Nuclear Localization Sequence 

(NLS), where both are involved in the interaction with CSL (CBF1, Suppressor of Hairless, 

Lag-1)(Yuan et al., 2012), followed by NOTCH cytokine response (NCR) region and a 

transactivation domain (TAD). Finally, NICD has a PEST sequence at the C-terminus that is 

associated with ubiquitin-mediated degradation (Mao and Ito, 2017). For ligands of Notch 

receptors, they are grouped into two families the Delta-like family (Dll1, 3, and 4) and the 

Jagged family (JAG1 and 2). (Figure 16) 

 

 

 

Figure 16: Structure of the four NOTCH receptor paralogs. According to (Arruga et al., 2018). 
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III.2.3. Notch and O-fucosylation 

Notch is the most O-fucosylated protein among other POFUT1 target proteins (Table 5). Thus, 

POFUT1 normal expression is crucial for normal notch activity. Dysregulation of POFUT1 

expression, whether silencing or overexpression, affects the notch signaling pathway. 

Okamura and saga showed that the knockout of POFUT1 is lethal for mice since it affects the 

notch signaling pathway among others (Okamura and Saga, 2008). On the other hand, Notch 

signaling is enhanced by the overexpression of POFUT1 and promotes tumorigenesis in 

cancers such as colorectal cancer (Deschuyter et al., 2020). 

The extracellular domain of Notch1 possesses EGF-like domains, many of which (20 repeats) 

contain a consensus sequence of O-fucosylation and 17 of them have been shown to be 

effectively occupied by O-fucose (Stahl et al., 2008) including three conserved O-fucosylated 

EGF-like domains among species: namely EGF 12, 26, and 27 known to play a major role in 

NOTCH interactions (Rampal et al., 2005). Mutations in the O-fucosylation sites of any of the 

latter EGFs mediated dysregulation of Delta-1 and Jagged-1 mediated Notch signaling 

pathways, whereas mutation with less conserved sites (EGFs 9, 16, 20, 24, and 30) resulted 

in no remarkable effect. Mutation of mouse EGF12 induced the activity of Notch signaling while 

that on EGF26 ameliorated this pathway (Rampal et al., 2005). 

In addition, an extension of O-fucose by other monosaccharide could be crucial for notch 

activity (Moloney et al., 2000). An example, the lengthening of O-fucose on EGF12 threonine 

466 of NOTCH by Lunatic Fringe increases the affinity of Jagged 1 and Delta1 ligands for 

NOTCH receptors (Taylor et al., 2014). 

 

III.3.  The Wnt signaling factor 1 (or WIF1) 

III.3.1.  Wnt signaling pathway 

The Wnt family belongs to secreted glycolipoproteins essential for the activation of canonical 

Wnt/ beta-catenin pathways as well as non-canonical Wnt pathways. Wnt/beta-catenin 

pathway is fundamental for directing cell proliferation, cell polarity during embryonic 

development, and tissue homeostasis (Logan and Nusse, 2004). Wnt ligands are known to be 

conserved among species. Mammals possess 19 Wnt ligands that bind to Wnt receptors 

Frizzled and LRP5/6 (MacDonald et al., 2009). This process activates the intracellular protein 

cascade leading to the accumulation of cytosolic beta-catenin. Beta-catenin acts as a co-

activator of the transcription factor TCF, thus initiating gene transcription. Wnt signaling 

antagonists are required to modulate and regulate its activity throughout a lifetime. Among 

secreted Wnt antagonists: WIF1 (Wnt Inhibitory Factor)(Hsieh et al., 1999) and sFRP (secreted 

Frizzled Related Protein) (Bovolenta et al., 2008). Deregulation of any of the Wnt signaling 

pathway proteins, including WIF1, has a positive correlation with diseases and cancers 

(references). Epigenetic promoter methylation of Wif1, leading to silencing of its transcription 

and concomitant up-regulation of Wnt signaling, is a common feature during cancer 

progression.  WIF1 is also considered one of the POFUT1 target proteins (Table 5) 
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Figure 17: Canonical Wnt/ beta-catenin pathway 

Inactivation of Wnt/beta-catenin signaling pathway (on the left): In the absence of Wnt 

signaling, β-catenin is degraded by protein complexes, including AXIN, APC, serine/threonine 

kinase GSK-3, and CK1 and E3 ubiquitin ligase β-TrCP. Activation of Wnt pathway (on the 

right): Wnt ligand binds to its receptor and activates Wnt pathway by inducing AXIN binding to 

LRP (phosphorylated lipoprotein receptor-related protein). Beta catenin is then stabilized, 

translocated to the nucleus and regulates transcription of target genes after binding with 

TCF/LEF. WIF1 is the antagonist of Wnt. GSK-3 glycogen synthase kinase-3, AXIN axis 

inhibition protein, CK1 casein kinase 1, APC adenomatous polyposis coli, TCF T cell factor, 

LEF lymphocyte enhancer factor-1. The scheme is adapted from (Liu et al., 2022). 

 

III.3.2. Structure of WIF1 

Human WIF1 (hWIF1) is constructed of 379 amino acids constituting the following domains: 

N- terminal signal peptide, a conserved WIF domain (WD), 5 EGF-like domains, and a 

hydrophilic C-terminal end (Figure 18A). Through its WD domain, WIF1 can bind to Wnts 3a, 

4, 5a, 7a, 9a, and 11 (Surmann-Schmitt et al., 2009). It was demonstrated that the binding of 

the EGF-like domains of WIF1 with glypican Heparan Sulfate ProteoGlycans (HSPG) is crucial 

for WIF1-mediated Wnt activity inhibition (Avanesov et al., 2012). In Drosophila, Shifted (Shf) 

is the ortholog of hWIF1. However, Shf is known to regulate Hedgehog signaling in the wing 

imaginal disc (Figure 18).  

WIF1 
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Figure 18: Structure of WIF1 and Shifted 

(A) Common domain structure of human WIF-1 (hWIF-1) and Shifted. Both proteins contain a 

signal sequence (SS), WIF domain (WD), and five EGF-like repeats. WD of hWIF-1 is sufficient 

for its function, whereas both WD and EGF-like repeats are essential for the activity of Shifted. 

(B) hWIF-1 antagonizes Wnt and inhibits it from binding to its receptors (Frizzled (Fz) and 

LRP5/6). (C) Shifted enhances Hh-HSPG interaction. The figure is  adapted from (Han and 

Lin, 2005). 

III.3.3. POFUT1-mediated O-fucosylation of mouse WIF1 by and its role in WIF1 

secretion 

Among the five EGF-like domains of WIF1 of different species, two conserved O-fucosylation 

consensus sites are located on EGF III (C2XNGGTC3) and EGF V (C2GX(H/Y)G(S/T)C3). Only 

EGFIII of mouse WIF bears O-fucose, where the formation of steric clashes by amino acids 

(H317 and Y78) side chains prevents EGFV O-fucosylation (Pennarubia et al., 2020). No data 

showed the effect of WIF1 O-fucosylation on its activity and its consequences, whereas only 

Pennarubia demonstrated that recombinant mouse WIF1 secretion was dependent on the 

occupation of the O-fucosylation site of EGFIII (Pennarubia et al., 2020). However, the 

presence of O-fucose on C2-C3 loop of EGFV was not detected. This is suggested to be due 

the steric clash as a result of presence of arginine at position C5+1 in the consensus sequence. 

Similar to that found in gnathostomes, the presence of H or Y at position C2+3 of the sequence 

C2GX(H/Y)G(S/T)C3 inhibited POFUT1 binding (Li et al., 2017). Assuming that hWIF1 has the 

same O-fucosylation site and effect as mouse WIF1, then the overexpression of POFUT1, as 

shown in cancers (Wan et al., 2017) (Chabanais et al., 2018), could lead to modification of 

WIF1 with O-fucose with high efficiency (100% molecules modified). Then, WIF1 could be 

highly secreted and active, thus efficiently inhibiting Wnt signaling pathways and degradation 

of cytosolic beta-catenin.  
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III.4.  PAMR1 

III.4.1. Structure and isoforms of PAMR1 

PAMR1 or Peptidase domain containing Associated with Muscle Regeneration 1, is a multi-

domain secreted protein formed of 5 domains: N-terminal Cubilin domain or CUB (Complement 

C1r/C1s, Uegf, Bmp1), a unique EGF-like domain (Epidermal growth factor-like domains or 

ELD), two SUSHI domains (SUSHI I and SUSHI II) and C-terminal Peptidase S1 domain 

(Figure 19).  

 

There are eight human PAMR1 transcripts coding for different isoforms (ENSEMBL database), 

some of which are well described, and others are predicted. By referring to the UniProt 

database, three human PAMR1 isoforms were described and obtained by alternative splicing 

(Figure 19):  

 

Isoform 1 (Iso 1) is considered the canonical form with a non-mature 720 amino acid (aa) 

sequence of molecular weight (MW) 80198.80 Da. After cleavage of the signal peptide (21 aa), 

Iso 1 does not have more than 699 amino acid residues and its theoretical MW is 77849.95 

Da. 

 

Isoform 2 (Iso 2) differs from Iso1 by the presence of 17 additional aa at position 274 (737 aa) 

following the EGF-like domain. Iso 2 is therefore composed of 716 aa after cleavage of its 

signal peptide and its theoretical MW is 79593.93 Da. 

 

Isoform 3 differs from isoform1 by lacking a CUB domain (Iso1 ∆CUB), it is of 609 aa and 

67541 Da of MW. 

 

Other described or potential isoforms exist, Iso 1 without signal peptide (Iso1 ∆SP) or with only 

the EGF-like domain called ELD (ISO 1 ELD). For Iso 2, there would also be an isoform without 

signal peptide (Iso2 ∆SP). Finally, there would be an isoform with only the Sushi2 and 

peptidase S1 domains (Iso ∆CES1). 

 

Mouse PAMR1 shares the same domains as the canonical isoform of human PAMR1. Mouse 

PAMR1 is 90.3% identical and 93.75% similar to human PAMR1 isoform 1. Pennarubia et al. 

have demonstrated recently the O-glycosylation of mouse PAMR1 by O-fucose, O-glucose 

and O-GlcNAc. (Figure 20). 
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Figure 19: Scheme representing the different isoforms of human PAMR1 

Based on UniProt (www.uniprot.org/) and Ensembl (www.ensembl.org/) databases. 

 

 

 

Figure 20: Representation of different domains of human and mouse PAMR1 

Based on PROSITE database (https://prosite.expasy.org/). 
 
 
 

http://www.ensembl.org/
https://prosite.expasy.org/
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III.4.2.  O-glycosylation of PAMR1 EGF-like domain 

Knowing that 16 mouse and 18 human proteins bore one EGF-like domain, or more, with the 

three glycosylation consensus sequences corresponding to O-Glc, O-Fuc, and O-GlcNAc 

modifications, PAMR1 was identified as one of them (Pennarubia et al., 2021). The single 

EGF-like domain of PAMR1 belongs to hEGF like domains. At first, Alfaro shows that the C5-

C6 consensus site in mouse PAMR1 (from the brain) can be occupied by O-GlcNAc at position 

T267 (Alfaro et al., 2012). Pennarubia was able to identify the ability of isolated EGF-like domain 

of mouse PAMR1 to be modified in vitro by the three recombinant glycosyltransferases: 

POGLUT, POFUT1, and EOGT enzymes at their corresponding consensus sites. The 

anchorage of the three sugars, at the identified site, simultaneously explains the distinct 

positions of the consensus site (C1–C2, C2–C3, and C5-C6), with no steric clashes that prevent 

one or more of these sites to be accessible- to the enzyme. Previous results were confirmed 

using full-length recombinant mouse PAMR1 protein that possesses the triple O-glycosylation 

consensus sites with at least EGF-like domains modified by O-Glc1 and O-Fuc (and/or O-

GlcNAc) (Pennarubia et al., 2021). These sugar modifications can be also elongated by other 

saccharides on full-length PAMR1 to form different glycoforms. O-GlcNAc can be elongated 

by two sugars (HexNAc + Hex), whereas O-Glc1 is predicted and not confirmed to be 

elongated with xylose in PAMR1. On the contrary, no PAMR1 O-fucosylglycans were detected 

by MS-MS. This could be explained by the low quantity of these glycoforms or initially, PAMR1 

O-fucose cannot be elongated by GlcNAc as in some cases of NOTCH1 (Kakuda and 

Haltiwanger, 2017). Up to now, the role of O-glycans modification in PAMR1 is unknown. It 

could be suggested that this modification aid in PAMR1 folding, secretion, activity, stability or 

even protein-protein interactions.  

III.4.3.  Biological role of PAMR1 

As its name suggests, the Peptidase domain containing Associated with Muscle Regeneration 

1 (PAMR1), is particularly expressed during muscle regeneration (Nakayama et al., 2004a). 

PAMR1 transcript is highly expressed in the skeletal muscle and the surrounding area of 

muscle regeneration, confirming its role in the muscle fiber repair mechanism. PAMR1 was 

shown to be significantly suppressed in muscle cells derived from patients with Duchenne 

Muscular Dystrophy (DMD). The authors speculate that this under-expression could lead to 

DMD progression due to the low efficiency of muscle regeneration. However, the exact 

mechanism of action of PAMR1 in the muscle context remains under investigation.  

Related to the cancer context, the PAMR1 transcript was shown to be downregulated among 

other phagocytosis-promoting genes in prostate cancer (Banerjee et al., 2019). The 

transformation of macrophages into tumor-associated macrophages (TAM) in prostate cancer 

is due to the secretion of regulatory molecules by cancer cells. This results in a decrease in 

transcripts of several genes involved in phagocytosis and of tumor suppressors genes in 

macrophages, including PAMR1, and an increase in proto-oncogenes transcripts. This 

suggests that PAMR1 could exert a tumor suppressor role in prostate cancer by enhancing the 

phagocytosis mechanism of macrophages against cancer cells. 

PAMR1 is differentially expressed based on the type of cancer. Also, its exact role is to be 

defined. However, by comparing it to other proteins sharing the same/similar domains, we can 

have an idea or predict its role in cancer and its mechanism of action. The expression of 

PAMR1 in cancers as well as its predicted functions are described later (Chapter IV).  
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III.5.  Expression of recombinant glycoproteins such as POFUT1 and its target proteins 

for biochemical analyses and structure-function studies 

The expression, production and purification of recombinant glycoproteins allows their 

biochemical characterization (structure, stability, solubility, function, presence of post-

translational modifications…) and also structure-function studies. There are various protein 

expression systems. The choice of one of them will depend on the properties of protein of 

interest and the considered use for the produced recombinant protein. Among the different 

expression systems available, procaryotes such as E.coli are not very relevant to produce 

recombinant human glycoproteins (POFUT1, PAMR1, WIF1…) contrary to mammalian 

expression systems or eventually some insect, yeast, and plants expression systems. Each 

has its respective advantages or drawbacks concerning cost of production, ease of use, and 

ability to perform some post-translational modifications. Relying on one of these systems will 

depend on its efficiency to produce stable, soluble and functional glycoproteins of interest at a 

low cost and a high yield. These recombinant glycoproteins are then often purified before their 

use for in vitro and in vivo experiments or in human healthcare (vaccines, drugs, or antibodies). 

 

III.5.1.  Expression of glycoproteins in mammalian expression systems 

The most relevant expression system to produce recombinant human glycoproteins at low 

scale could be the mammalian one. Transient transfection of mammalian cells became the 

main advantage to relying on it as a means of protein expression system in terms of ease and 

speed, mainly for secreted and cell glycoproteins. The short time frame for the production of 

recombinant proteins using various host mammalian cells allowing intrinsic genetic stability are 

the key features for selecting this system. In addition, this system is easy for construction of 

the transfection vector (plasmid-based, adenoviral or retroviral expression vectors) as well as 

for the suitability of much simultaneous processing (Khan, 2013).  

 

Among mammalian cells, Chinese hamster Ovary cells (CHO cells) are widely used for 

glycoproteins expression and production at the “lab” and industrial scales. The advantage of 

using these mammalian cells such as CHO cells is their ability to produce recombinant 

glycoproteins with N- and O-glycans close to those found in human glycoproteins and to 

perform most of posttranslational modifications as found in humans. In spite of all the 

advantages of using this system, it still has some limitations. Protein expression using 

mammalian expression system is considered highly expensive and often subjected to potential 

contamination (bacteria, fungi and mycoplasma), in addition to its low efficiency of large 

production of recombinant proteins compared to other systems. These limitations could be 

solved by another expression system used in the lab, namely the baculovirus-insect cell 

system.  
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III.5.2.  Expression of glycoproteins in the baculovirus insect cell system  

In the early 1980, the baculovirus-insect cell expression system  was used as protein 

expression vector (Smith et al., 1983) and now became one of the mostly used eukaryotic 

expression system (Scholz and Suppmann, 2017). Heterologous proteins are produced by this 

system used in basic and applied research, thanks to the two strong promoters of polyhedrin 

polH and p10 genes of Autographa californica multicapsid Nuclear Polyhedrosis Virus 

(AcMNPV). These latters drive high efficiency of protein production, besides the high 

proliferation capacity of lepidopteran cells (Spodoptera frugiperda (Sf21 and Sf9) and 

Trichoplusia ni (Hi5). 

 

These cells are capable of performing N-glycosylation of the recombinant glycoproteins at the 

same sites as those in mammalian cells (Harrison and Jarvis, 2006). The only difference is 

that insect cells produce simpler paucimannose-type N-glycans compared to complex-type N-

glycans (with frequent terminal sialylation) found in mammals. However, different strategies 

can be applied to “mammalianize” or “humanize” this system. These structural differences in 

N-glycans could affect half-life of glycoproteins but in general are not responsible of major 

differences in folding, trafficking and in vitro bioactivities of these glycoproteins. The 

O-glycosylation pathway in many lepidopteran insect cell lines produces glycoproteins 

containing GalNAcα-O-Ser/Thr and a subpopulation of these structures is further processed to 

produce the Galβ1,3GalNAcα-O-Ser/Thr core-1 structure (März et al., 1995). These structures 

are simpler than those found in mammals, exhibiting terminal sialic acids and sometimes bi-

antennary mucin-type O-glycans. Finally, rat NOTCH1 EGF11-13 expressed in the baculovirus 

insect cell system using Hi-Five (Invitrogen) cells from Trichoplusia ni exhibited both O-

Glucose (on EGF11,12 and 13) and O-Fucose (on EGF12 only) at expected sites and involved 

in interaction with Dll4, demonstrated that such insect cells can express functional POFUT1, 

POGLUT1 and POGLUT2/3 (Luca et al., 2015). In addition, this latter study showed elongation 

of O-fucose with GlcNAc revealing a Fringe activity (GlcNAc transferase) in Hi-Five cells. 

 

To conclude, this system is highly efficient, able to perform main post-translational 

modifications (even with some differences with mammalian systems) and less expensive but 

it is time-consuming regarding obtaining recombinant baculoviruses to allow expression of the 

recombinant proteins in insect cells.  
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Chapter IV.  PAMR1 in cancers 

IV.1. Expression of PAMR1  

Little is known about the expression of PAMR1 in normal and malignant/cancerous tissues, as 

well as its role in different tissues/cell lines. PAMR1 is a low-tissue-specific protein. It is known 

to be overexpressed in cervical and endocervical tissues at its mRNA level. It is recorded to 

be highly present in the serum and gallbladder at its protein level (Gene card database). The 

analysis of Lo et al., to 27 normal tissues, showed the highest expression of PAMR1 

transcriptome is found in brain, bladder, aorta, and colon tissues, with lower expression in 

breast and skeletal tissues of both isoforms 1 and 2. On the other hand, no data is available 

concerning PAMR1 expression in embryonic and stem cells.  

Concerning PAMR1 expression in cancers, in silico analysis of RNA Seq comparing the RNA 

expression of different genes between normal and tumoral tissue is reported in the Firebrowse 

database. PAMR1 is downregulated in tumoral tissues of several cancers including COAD 

(Colon Adenocarcinoma), READ (Rectal Adenocarcinoma), COADREAD (Colorectal 

Adenocarcinoma), CESC (Cervical and Endocervical carcinoma), confirming earlier research 

on cervical (Yang et al., 2021), breast (Lo et al., 2015), hepatocellular (Yin et al., 2016) and 

prostate (Makoukji et al., 2016) cancers as well as for cutaneous squamous cell carcinoma. 

PAMR1 could be, as well, overexpressed in some/exceptional tumoral tissues such as the 

case of KIRC (Kidney renal clear cell carcinoma), PCPG (Pheochromocytoma, and 

Paraganglioma), and SKCM (Skin Cutaneous Melanoma), and also meningioma as previously 

reported. On the other hand, data is missing for PAMR1’s expression in the following cancers: 

ACC (Adrenocortical Carcinoma), DLBC (Lymphoid Neoplasm Diffuse Large B-cell 

Lymphoma), LAML (Acute Myeloid Leukemia), LGG (Brain Lower Grade Glioma), MESO 

(Mesothelioma), OV (Ovarian Serous Cystadenocarcinoma), TGCT (Testicular Germ cell 

Tumors), UCS (Uterine Carcinosarcoma), and UVM (Uveal Melanoma). All these differences 

of PAMR1 expression according to the considered cancer type could be correlated to 

potentially different roles of this glycoprotein in normal different cell types before their malign 

transformation 

IV.2. PAMR1 in breast and cervical cancer 

Recent studies showed the downregulation of PAMR1 in breast and cervical cancers. 

However, based on database analysis, it was reported in 2016 that PAMR1 is suppressed in 

the Lebanese population and overexpressed in the western population in case of breast cancer 

(Makoukji et al., 2016). This could be due to several unidentified factors. Many tumor 

suppressor genes such as those in breast cancer (APC, BRCA1, p16, p21, TIMP3, but also 

PAMR1) have multiple CpG islands in their promoter regions. Due to promoter 

hypermethylation in breast cancer, PAMR1 is down-expressed through epigenetic silencing. 

PAMR1 expression can be restored through the use of demethylating agents, such as 5-aza-

2, deoxycytidine (Lo et al., 2015). In breast cancer cell lines, the overexpression of PAMR1 

isoforms 1 and 2 resulted in a notable inhibition of cell proliferation. As a result, as in the 

instance of cervical cancer  (Yang et al., 2021), PAMR1 is regarded as a tumor suppressor 

gene. Yang et al. showed that PAMR1 expression suppression through RNA interference 

increased cervical cancer cell proliferation, migration, and invasion. This confirms PAMR1 as 

a putative tumor suppressor in breast and cervical cancers.  
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IV.3. Mechanism of action of PAMR1 in cancer 

PAMR1 is a multi-domain protein that belongs to the family of S1 peptidases, which are 

predominately serine proteases and possesses a C-terminal "trypsin-like" domain. These 

proteolytic enzymes interact using a catalytic triad made up of a residue nucleophile (serine), 

a base similar to histidine, and an acid-like aspartate to cleave peptide bonds. Human PAMR1 

exhibits a threonine in place of the conserved serine of the catalytic triad at position 665. Thus 

C-terminal Peptidase S1 domain of PAMR1 is probably inactive since the threonine residue is 

known to be substantially less nucleophilic than a serine residue. However, no evidence in the 

literature supports this hypothesis. 

PAMR1 bears a CUB domain preceded by an EGF-like domain (EGF-LD). The CUB domain 

is among the sequence of many extracellular proteins, such as PAMR1 or proteins associated 

with the plasma membrane. It was demonstrated that the SCUBE2 protein, a protein with anti-

tumor activity toward breast cancer cells, specifically bears a CUB domain linked to EGF-LD 

domains, similar to those found in PAMR1 (Cheng et al., 2009). Similarly, to SCUBE2, PAMR1 

protein might interact with membrane proteins such as E-cadherin and proteins involved in 

intercellular adhesion via its CUB/ELD domains. The putative interactions of PAMR1 with 

protein partners have not yet been the subjected to any investigation. 

IV.4. Signaling pathways linked to PAMR1  

Cancer’s molecular alterations are intricate and induce alteration in numerous signaling 

pathways. Recently, it was revealed by Yang et al. that PAMR1 could be involved in the 

suppression of MYC and mTOR signaling pathways (Yang et al., 2021). MYC is a proto-

oncogene activated among others by the MAPK pathway, which plays a role in favoring 

proliferation, migration, apoptotic resistance, and angiogenesis. MYC has many properties: it 

can regulate the transcription of other genes and stabilize mRNA and proteins (Kress et al., 

2015). When it is positively deregulated, it will activate the transcription of target genes which 

will have a favorable effect on tumorigenesis and tumor progression (Lourenco et al., 2021). 

mTOR, a serine/threonine kinase protein, is activated by the PI3K/AKT pathway involved in 

the same biological processes as the MAPK pathway (Yang et al., 2021). mTOR is known also 

to activate the metastatic cascade in cancers. SIN1 and MLST8 are two subunits of mTORC1 

and mTORC2 that promote cell migration and invasion. The regulation of ULK1 by PAMR1, a 

mTORC1 negative regulator, as well as SIN1 and MLST8, could suppress cell migration and 

invasion in cervical cancer.   

By analogy with the SCUBE2 protein (Lin et al., 2011), PAMR1 could interact with a surface 

membrane protein such as E-cadherin and affect signaling pathways as mentioned above. 

However, the protein partners of PAMR1 are not known and remain to be discovered 

depending on the tumor context. 
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Chapter V. Objectives and Experimental Approaches 

 

Early screening of colorectal cancer, which is becoming prominent cancer worldwide, allows 

more targeted treatment, enhances the overall survival rate, and ameliorates its devastating 

progressive effects. Despite the various blood-based biomarkers, there is no defined, up to 

now, ideally specific and sensitive biomarker for colorectal cancer. Finding new biomarkers 

necessitates understanding the molecular mechanisms leading to the occurrence and 

development of CRC. Several proteomic analyses revealed dysregulation of many proteins in 

CRC context, whether by having upregulated or downregulated expression levels. Among of 

them, many proteins belong to glycoproteome. In addition to variations in the expression levels 

of these glycoproteins in cancer, the nature of their glycans can also vary in a cancerous cell.  

In our laboratory, we were interested in studying some dysregulated glycosyltransferases in 

CRC. Among these enzymes of glycosylation, the protein O-fucosyltransferase 1 (POFUT1). 

Chabanais et al. demonstrated in 2018 the overexpression of POFUT1 in colorectal cancer, 

as early as stage I, as the case in other cancers such as gliomas (Kroes et al., 2007) and oral 

carcinomas (Yokota et al., 2013). This suggested the ability of POFUT1 to be considered as a 

new early biomarker of CRC (Chabanais et al., 2018). POFUT1 overexpression can lead to 

hyper-O-fucosylation of its potentially targeted proteins such as NOTCH receptors thus 

potentially affecting their biological effects, function, activity, or even stability. Among one 

hundred of POFUT1 target glycoproteins, PAMR1 which has a single EGF-like domain 

(Pennarubia et al., 2021) was already shown to be involved in breast cancer in 2015 (Lo et al., 

2015). 

PAMR1, a secreted glycoprotein, is known to be dysregulated in cancer and was recently 

considered as a tumor suppressor. Indeed, in most of the cases, PAMR1 was shown to be 

downregulated as a consequence of epigenetic alteration by promoter hypermethylation as 

recently confirmed in cases of breast cancer (Lo et al., 2015) and cervical cancer (Yang et al., 

2021). In addition, PAMR1 suppression was accompanied by enhancement of cell 

proliferation, migration, and invasion in the previously mentioned cancers. In the context of 

CRC, PAMR1’s expression and role/effect on biological activities were unknown yet. Taking 

into account that PAMR1 possesses a single EGF-like domain harboring different O-linked 

monosaccharides (O-Glc, O-Fuc, and O-GlcNAc) (Pennarubia et al., 2021), potentially 

involved in protein-protein interactions, the O-glycosylation status of PAMR1 especially its 

O-fucosylation should be determined. 

The main goal of my thesis is to determine whether PAMR1 exerts a tumor suppressive 

activity in CRC, as in the case of other cancers. First, an in silico analysis was carried out to 

determine the expression level of PAMR1 in colorectal cancer patients compared to normal 

cases using RNASeq data found in the Firebowse database. Then, the quantity of PAMR1 was 

determined in CRC tissue samples as well as CRC cell lines at the RNA and protein levels. 

The CRC cell lines used are HCT116, HT29, and SW620 reflecting the three different stages 

of CRC in comparison to normal CCD841CoN colon cell line. Finally, two main experimental 

approaches were carried out to study the role of PAMR1 in these CRC cell lines, focusing, 

specifically, on cell proliferation and migration.  

- The first approach was to increase the quantity of PAMR1 in growth medium of CRC cells 

by adding “home-made” recombinant PAMR1. Murine PAMR1 was used for this exogenous 
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treatment instead of its human isoform 1 counterpart, which was much less efficiently 

produced by stable CHO cell lines. Since both mature proteins share a high percentage of 

identity (90,56%) and similarity (94.13%), we assumed that they could exert the same 

action. 

 

- The second approach was to overexpress human PAMR1 isoform 1 in CRC cell lines, 

whether by stable or transient transfection. HeLa cervical cancer cells, known to be 

sensitive to a dysregulation of PAMR1 quantity (Yang et al., 2021), were also transfected 

and studied in parallel.  

 

To perform exogenous treatments of CRC cell lines (first approach mentioned above), we tried 

before to produce recombinant PAMR1 in the most suitable expression system. For this 

purpose, we used CHO mammalian cells and Sf9 insect cells to produce PAMR1 focusing on 

production, protein stability and O-fucosylation of the protein of interest. Due to very low-level 

expression of recombinant human PAMR1 in stable CHO cell lines, we tried to produce this 

recombinant glycoprotein in another eukaryotic expression system to achieve a best 

production allowing exogenous treatments. Among the different expression systems, we 

focused on the baculovirus insect cell expression system, known for its high efficiency of 

production of recombinant glycoproteins compared to mammalian expression systems.  

 

A second part of my work concerns the biochemical characterization of Spodoptera 

frugiperda POFUT1 (SfPOFUT1) and determination of its ability to add O-fucose to any EGF-

like domain, including the single one of human PAMR1. As previously described (Pennarubia 

et al., 2018), in vitro POFUT1 O-fucosylation assays were performed with GDP-azido-fucose 

and a blot analysis with streptavidin was performed after copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) of biotin alkyne (or click chemistry). In this work, the efficiencies of 

mouse and Spodoptera frugiperda POFUT1 to add in vitro O-fucose to isolated EGF-like 

domains of different proteins (NOTCH1 EGF26, WIF1 EGF3 and PAMR1 EGF) were 

compared. 
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Chapter VI. Results 

VI.1. PAMR1 and Colorectal Cancer 
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Our laboratory is interested in the dysregulation of protein O-fucosyltransferase 1 (POFUT1) 

and its target proteins in the context of colorectal cancer. An overexpression of POFUT1 was 

seen in CRC as early as stage 1, mainly due to chromosomal amplification (Chabanais et al., 

2018) and was positively associated with colorectal tumor progression through activation of 

Notch signaling pathway (Chabanais et al., 2018) and (Du et al., 2018). POFUT1 might be a 

potential novel biomarker for CRC diagnosis. 

Among 100 target human proteins of POFUT1, comprising many membrane proteins such as 

NOTCH receptors 1-4 and ligands of Delta-like and Jagged families, secreted glycoproteins 

were also found such as PAMR1, our protein of interest. In addition of the presence of a single 

EGF-like domain bearing O-fucose (Pennarubia et al., 2021), PAMR1 is a multi-domain protein 

which possess a cubilin domain (CUB). The association of these two types of proteindomains, 

namely CUB and EGF-like domains, was also found in SCUBE2 and associated with the tumor 

suppressor activity of this secreted protein in breast cancer (Cheng et al., 2009). At the 

beginning of my thesis, the light was shed on PAMR1 in cancer where it was demonstrated to 

be down-expressed in breast cancer (Lo et al., 2015) and more recently in cervical cancer 

(Yang et al., 2021). In this latter study, PAMR1 was considered as a putative tumor suppressor: 

it was shown to exert anti-proliferation, anti-migration, and anti-invasion roles in cervical cancer 

cells (HeLa and Me180 cell lines). Nevertheless, up to now, there is no clear idea about the 

mechanism of action of PAMR1 in cancer.  

The paper below deals with investigation of the expression of PAMR1 in CRC as well as its 

role in proliferation and migration of CRC cell lines. The expression of PAMR1 was first 

assessed in silico using public data available in databases, ex vivo using CRC tissue samples 

from patients and in vitro with CRC cell lines at both RNA and protein levels. Upon realizing 

the suppression of PAMR1 in CRC, we looked forward to reversing its expression based on 

two complementary experimental approaches. The first approach was to increase the quantity 

of PAMR1 through exogenous treatment of CRC cell lines by adding “homemade” recombinant 

PAMR1 (purified or concentrated from supernatants of stable CHO cells) to growth medium of 

CRC cell lines. The second approach was to overexpress untagged human PAMR1 in CRC 

cell lines after transient or stable transfections of constructs harboring cDNA encoding the 

canonical isoform 1 of human PAMR1. The effects of both exogenous treatments and PAMR1 

overexpression were determined for different relevant cell properties, such as viability, cell 

proliferation and migration. In parallel to CRC cell lines, HeLa cervical carcinoma cells, which 

were known to respond to a dysregulation of PAMR1 expression (Yang et al., 2021) were 

treated in the same experimental conditions to validate the relevance of our treatments. 

Using both approaches, the effects of an increase of PAMR1 quantity on cell proliferation and 

migration were mainly assessed for the CRC cell line HT29. The increase of PAMR1 quantity 

was correlated with a reduction of HT29 cell proliferation and migration activities, suggesting 

the anti-proliferative and potential tumor suppressor effect of PAMR1 in CRC. As in breast and 

cervical cancers, PAMR1 might be considered as tumor suppressor protein in CRC. 

Tremendous efforts should be done to elucidate its mechanism of action. 
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ABSTRACT 

Colorectal cancer (CRC) is becoming one of the most prevalent cancers worldwide. Among 

cancers, it ranks the third place in terms of incidence and the second in terms of mortality. Even 

though immunological test allows fast and easy diagnostic method, there is no specific and reliable 

methods for early detection of CRC. Despite different treatments, high risk of re-occurrence is 

associated with advanced and metastatic CRC stages. An exhaustive knowledge on specific 

biomarkers or molecular actors involved in CRC could help to eradicate tumors or limit cancer 

recurrence. In this study, we focused on PAMR1 (Peptidase Domain Containing Associated with 

Muscle Regeneration 1), which is already considered as a tumor suppressor in breast and cervical 

cancers. In silico analysis of RNASeq data showed that PAMR1 was significantly downregulated 

in CRC tissues compared to their adjacent normal ones, as well as in cervical cancer. Our analysis 

showed that this downregulation, probably due to promoter hypermethylation, such as in breast 

cancer tissues, appeared in the four cancer stages as early as the first stage. In consistency with in 

silico analyses, the expression of PAMR1 was found to be lower at the transcript and protein levels 

in CRC tissue samples compared to normal ones, as well as in different CRC cell lines (HCT116, 

HT29, and SW620) compared to normal colon cell line (CCD841CoN). To understand the role of 

PAMR1 in CRC cancer, recombinant purified PAMR1 or concentrated secretome from CHO 

overexpressing PAMR1 were used to exogenously treat CRC cell lines with a focus on HT-29 

cells as well as Hela cervical cancer cell line known to be sensitive to PAMR1. Transient or stable 

transfections were also performed to determine the impact of PAMR1 overexpression in HT29 

and/or HeLa cells. In this study, we finally showed that presence of PAMR1 could reduce both 

cell proliferation and cell migration with a positive correlation between these biological effects 

and PAMR1’s quantity. This implies that PAMR1 expresses anti-proliferative and anti-migrative 

effects in CRC. Further studies to be done in order to confirm the tumor suppressive role of 

PAMR1 in CRC.   
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INTRODUCTION 
 

Cancer is becoming the most leading cause of death worldwide. Cancer diagnosis and patients’ 

treatment were impacted negatively with the Coronavirus disease 2019 (Covid-19) pandemic in 

Europe (Neamţiu et al., 2022) besides other factors that enhance its prevalence worldwide. 

According to the latest Global Cancer Observatory Statistics in 2020 (Globocan 2020), colorectal 

cancer (CRC) was classified the third cancer in terms of its incidence (1,931,590 cases), after lung 

and breast cancers, as well as the second leading cause of cancer death (935,173 cases), after lung 

cancer. In Europe, 4,398,443 new CRC cases (out of 19292789 cancer cases) were estimated in 

2020. Although the risk of developing CRC is more pronounced after the age of 50 years (Byrne, 

2017), environmental factors (Diergaarde et al., 2007) and genetic hereditary factors, such as 

Familial Adenomatous Polyps (Jasperson et al., 2010) and APC gene mutation (Valle, 2014), can 

be also incriminated in its occurrence and development. Screening of CRC can be assayed by stool-

based, imaging and endoscopic tests (Hadjipetrou et al., 2017); as well as detecting tumor 

biomarkers, Carcinoembryonic Antigen (CEA) or Carbohydrate Antigen 19-9 (CA19-9), that are 

more or less specific for CRC. Despite various treatment methods of this malignancy, especially 

surgery in early stages, high mortality rate is associated with more advanced/metastatic stages. 

Have more knowledge on different actors, such as oncogenes and tumor suppressor genes, 

involved in CRC is still a challenge. Especially the finding of an early specific biomarker of CRC 

is a crucial issue for its early diagnosis, more targeted treatment, and high survival rate.  

Peptidase Domain Containing Associated with Muscle Regeneration 1 (PAMR1) is a multi-

domain secreted glycoprotein, formed of five main domains: CUB domain (Complement C1r/C1s, 

Uegf, Bmp1), one EGF-like domain (Epidermal Growth factor – like domain), two SUSHI 

domains (SUSHI 1 and SUSHI 2), and a trypsin-like peptidase S1 domain. PAMR1 was first 

shown to be downregulated in Duchenne Muscular Dystrophy (DMD) (Nakayama et al., 2004), 

with no clear idea about its regenerative mechanism of action. It was also reported to be suppressed 

in some cancers including breast cancer (Lo et al., 2015), cervical cancer (Yang et al., 2021) and 

gynecologic cancer (Yu et al., 2021). Studies focusing on PAMR1 in breast cancer turned out to 

show that PAMR1 is downregulated by means of epigenetic silencing due to its promoter’s 

hypermethylation (Lo et al., 2015). Recovering PAMR1’s expression by an epigenetic drug was 

shown to inhibit DNA methylation such as 5-aza-2’-deoxycytidine, leading to diminishing the 

invasion and migration of breast cancer cells (Lo et al., 2015). In this last study, PAMR1 was 
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considered for the first time as a tumor suppressor. This role in cancer was recently confirmed by 

Yang et al. showing that PAMR1’s knockdown promoted proliferation, migration, and invasion of 

cervical cancer cells such as HeLa and Me180 cells (Yang et al., 2021). Despite these findings on 

PAMR1’s biological roles, the mechanism of action, including proteins partners, of this secreted 

glycoprotein is still unknown in skeletal muscle cells as well as in cancer cells. However, the 

presence of CUB and EGF-like domains in PAMR1 suggests its involvement in protein-protein 

interactions with other secreted proteins or cell-surface membrane proteins. Indeed, EGF-like 

domains are small protein domains (30-40 residues) stabilized by three disulfide bonds (Wouters 

et al., 2005) and known to regulate protein interactions such as those between Notch receptors and 

their Jagged and Delta-like ligands (Rand et al., 1997). In addition, The secreted protein SCUBE2 

(secreted Signal Peptidase CUB-EGF domain containing protein 2), which exerts a tumor 

suppressor activity in breast cancer (Cheng et al., 2009), has similarly to PAMR1 a CUB domain 

and a multi-repeat region composed of 9 EGF-like domains, both involved in its anti-tumor effect 

(Cheng et al., 2009),(Lin et al., 2013). In addition to this CUB/EGF-like domains combination, the 

presence of O-fucose, known to modulate NOTCH-ligands interactions (Okajima et al., 

2003)(Luther and Haltiwanger, 2009), on mouse PAMR1 was recently demonstrated in our lab 

(Pennarubia et al., 2020). However, the contribution of O-fucose in the function of PAMR1 has 

not yet been determined.   

In spite of the absence of a clear view of PAMR1’s mechanism of action in cancer, its effects on 

different signaling pathways related to cell proliferation and cell survival were investigated. 

Indeed, Yang et. al illustrated ability of PAMR1 to suppress MYC and mTORC1 signaling 

pathways in cervical cancer (Yang et al., 2021). However, the role of PAMR1 and its mechanism 

of action may be different depending on the type of cancer where PAMR1 exerts a tumor 

suppressor role. 

Starting with preliminary in silico analysis showing a reduced amount of PAMR1 transcripts in 

colorectal cancer tissues from patients than in normal controls, we were interested to investigate 

whether PAMR1 exhibited a tumor suppressor activity in CRC such as in breast and cervical 

cancers. In addition of public data obtained by RNASeq methods, we confirmed PAMR1 down 

expression (qPCR, western blots) in tissue samples from CRC patients and in three different CRC 

cell lines (HCT116, HT29, SW620) versus a normal colon cell line (CCD841CoN). To study the 

potential role of PAMR1 in colorectal cancer, two main strategies were carried out, namely 
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exogenous treatments of cancer cell lines with recombinant PAMR1 stably produced in 

mammalian CHO cells and transient (or stable) overexpression of the canonical isoform 1 of 

human PAMR1 in HT-29 cells as well as in cervical cancer HeLa cells. Since the production yield 

of human PAMR1 in stable CHO cells was too low for exogenous treatments, its murine 

counterpart exhibiting 90.3% identity with the mature human isoform 1 was used. To assess the 

relevance of the use of recombinant mouse PAMR1, cervical cancer HeLa cells were treated in 

parallel. The effects of PAMR1 treatment on cell viability, proliferation and migration were 

analyzed in both HT-29 and HeLa cancer cell lines.  

 

MATERIALS AND METHODS 

Database Analysis. RNA Seq data were extracted from the FireBrowse database 

(www.firebrowse.org), which examines various types of cancer by comparing tumor samples to 

normal ones. In this study, we focused on Colon Adenocarcinoma (COAD), Rectal 

Adenocarcinoma (READ), Colorectal Adenocarcinoma (COADREAD), and Cervical and 

Endocervical Cancers (CESC). PAMR1 expression levels were fused from 

COAD/READ/COADREAD or CESC.uncv2.mRNAs_normalized_log2.txt found in COAD or 

READ or COADREAD or CESC.mRNAs_Preprocess.level file. RNA Seq data were analyzed 

with PAST4 software. 

Clinical specimen. A panel of cancerous colorectal tissue samples with their corresponding 

cancer-adjacent tissues were retrieved from the archive of the CRB Limousin - CHU of Limoges. 

Ethics approval (CRB-CESSION-2021-008) was obtained from the “Comité médico-scientifique 

de la tumorothèque de l’Hôpital Dupuytren”, the bioethics committee of CHU of Limoges. Tissue 

samples used were classified either by colorectal cancer stages (I-IV) or by T classification of 

TNM staging. The clinicopathological information of the patients was also available. 

Cell Lines. Three human colorectal cancer cell lines were used in this study, namely HCT116 

(ATCC CCL-247), HT29 (ATCC HTB38) and SW620 (ATCC CCL-227). Only one human 

cervical cancer cell line was also used, HeLa cells (ATCC CCL-2). HCT116, HT29, HeLa or 

derived-stable cell lines were cultured in DMEM growth medium (Gibco, Thermofisher 

Scientific). However, the SW620 cell line was grown in RPMI growth medium (Gibco, 

Thermofisher Scientific). The normal colorectal cell line CCD814CoN (ATCC CRL-1790), grown 
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in EMEM growth medium (ATCC), was used with less than 15 passages. Flp-InTM CHO cells 

(Thermo Fisher Scientific, Waltham, MA, USA) stably overexpressing mouse PAMR1, previously 

obtained (Pennarubia et al., 2020), were cultured in F12 growth medium. All culture media were 

supplied with 10 % Fetal Bovine Serum (FBS) (S1810 biowest, South America) and 0.5 % 

penicillin/streptomycin antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin) (Gibco, 

USA). The cells were maintained at 37°C in a humidified atmosphere with 5 % CO2. 

Plasmid constructs. In order to produce the secreted forms of recombinant human PAMR1 

(isoforms 1 & 2) in Flp-InTM CHO- cells, we used the modified pSec-NtermHis6 vector containing 

secretory signal peptide (IgK Leader) as found originally in commercial vector pSecTag/FRT/V5-

His-TOPOR vector (Thermo Fisher Scientific, Waltham, MA, USA), but fused to six histidine 

residues (His6) and followed by Kpn I and BamH I cloning sites, as previously described 

(Pennarubia et al., 2018). This  modified pSec-NtermHis6 vector was digested by Kpn I and 

BamH I and using the same strategy of prehybridized overlapping oligonucleotides as in the 

previous study (Pennarubia et al., 2018), a new cassette was inserted containing the sequence of 

V5 epitope, downstream of His6 tag, and new cloning sites Hind III and Xho I to generate new 

vector referred to as pSecPSHisV5. The cDNA sequences of human PAMR1 isoform 1 

(NP_001001991.1) and isoform 2 (NM_001001991.3) without the signal peptides, were cloned 

between Hind III and Xho I restriction sites downstream of the sequence encoding N-terminal His6 

and V5 tags. Resulting constructs named pSecPSHisV5-hPAM1 and pSecPSHisV5-hPAM2 

harbored the sequence of human PAMR1 isoform 1 and human PAMR1 isoform 2, respectively. 

After nucleotide sequence verification, each plasmid construct was subjected to a cotransfection 

with pOG44 vector (Thermo Fisher Scientific, Waltham, MA, USA) expressing the Flp 

recombinase to produce stably transfected Flp-InTM CHO cells (Thermo Fisher Scientific, 

Waltham, MA, USA). In order to overexpress human PAMR1 isoform 1 in HT29 cells, the 

commercial pcDNA3.1(+) (Thermo Fisher Scientific, Waltham, MA, USA) was used. The cDNA 

sequence of human PAMR1 isoform 1 (NP_001001991.1) was amplified by PCR from HEK total 

cDNAs and inserted downstream of the cytomegalovirus promoter of the vector using Hind III and 

Xho I cloning sites. The obtained recombinant vector was named pcDNA3.1-hPAMR1. The 

nucleotide sequence was verified before cells transfection. 
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Cell culture and transfection. Recombinant human HisV5-PAMR1 isoforms 1 and 2 were 

produced by stable transfection of Flp-In CHO cells. Flp-In CHO cells were co-transfected with 

1 µg of either pSecPSHisV5-hPAM1 or pSecPSHisV5-hPAM2 construct and 4 µL of the 

transfectant X-tremeGENE™ DNA Transfection Reagent (Sigma-Aldrich, Saint Louis, MO, USA) 

according to the manufacturer’s protocol. The selection started 24h post-transfection by 

Hygromycin B (Thermofisher Scientific, Waltham, MA, USA) of final concentration 500 µg/mL 

in F-12 medium. The recombinant PAMR1 produced by hygromycin-resistant cells was assessed 

by Western blot. Stable HT-29 cells overexpressing untagged human PAMR1 isoform 1 as well 

as the Mock cells were co-transfected with pcDNA3.1-hPAMR1 construct and empty pcDNA3.1 

vector pcDNA3.1(+) (Thermo Fisher Scientific, Waltham, MA, USA) respectively, with 

transfectant X-tremeGENE™ DNA Transfection Reagent (Sigma-Aldrich, Saint Louis, MO, USA) 

according to the manufacturer’s protocol. The selection of transfected cells started 24h post 

transfection by changing DMEM growth medium containing 750 µg/mL of Geneticin (G-418). 

Different clones of Geneticin-resistant pool of cells overexpressing PAMR1 were selected and 

amplified. The level of PAMR1 expression in the Pool, Clones and Mock cells was assessed by 

qPCR.  

Real-Time quantitative PCR (qPCR). Total RNA from tissue samples (after being grinded in 

Liquid Nitrogen) and cell lines was extracted using RNeasy mini kit (QIAGEN) and reverse 

transcribed using High-Capacity cDNA Reverse Transcription Kit (Thermofisher Scientific) 

according to the manufacturers’ protocol. qPCR was performed using TaqMan gene expression 

Master Mix (Thermofisher Scientific, Lithuania).  

Protein production and purification. Recombinant PAMR1 protein was produced from stably 

transfected CHO cells. Post cell seeding by 24h, the cells with >80 % confluency were washed 

with PBS 1X and cultured in fresh warm F-12 medium supplemented with 10 % FBS for 96h 

(optimal protein production with least degradation). The supernatant was then collected and 

proteins were precipitated in ammonium sulfate to reach 50 % saturation at RT and then 

centrifuged at 10,000g RT for 15 min. The precipitated proteins were purified based on nickel 

affinity purification by AKTA Prime Plus automated purification system (GE Healthcare). The 

sample passed over a 1 mL Nickel-Sepharose (HisTrap HP) affinity column at a flow rate of 

1 mL/min according to a pre-recorded purification program. Using Buffer B (25 mM Tris-HCl, 
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500 mM NaCl, 500 mM Imidazole, pH 7.5), the sample was eluted by different imidazole 

concentrations. Different eluted fractions were established. The fractions that correspond to the 

peaks were tested by Coomassie blue staining and Western blot. The purest fractions containing 

PAMR1 were selected and concentrated in 10K Amicon (Sigma Aldrich, Ireland) by repeated 

centrifugation steps of 4500 G each at 4°C during 45 min each.  

Secretome concentration. Stable CHO-mPAMR1 cells that were already produced in the lab 

(Pennarubia et al., 2018), were seeded in 20 cm2 Petri dishes to become confluent after 24h. The 

culture media were aspirated and cells were washed twice with PBS 1X before adding 1 % FBS 

F-12 medium. After 48 h of incubation at 37°C, the supernatant was collected and centrifuged at 

2500 g for 5 minutes to discard any floating dead cells. The supernatant was then concentrated 

20 fold using Amicon 3K using several rounds of centrifugation, each was done at 4500 g, 4°C, 

for 45 minutes. 

Protein extraction and Western blot. Tissue samples were grinded in liquid nitrogen. Lysis buffer 

named RIPA (50 mM Tris-HCl, 150 mM NaCl, 1 % Triton X-100 (v/v), 0.5 % sodium 

deoxycholate (w/v), 0.1 % sodium dodecyl sulfate (v/v), pH 8) containing a cocktail of protease 

and phosphatase inhibitors (Roche Applied Science, Mannheim, Germany) was used to extract 

total proteins from tissue samples and CRC cell lines by its incubation with cell pellets for 1 h at 

4°C. The lysates were centrifuged at 14,000 g for 15 min at 4°C. The concentration of proteins, in 

the supernatant, was quantified using BCA protein Assay Kit (Thermofisher scientific, USA). 

Proteins were resolved by SDS-PAGE in 8 % polyacrylamide gel at 24 mA. Then, proteins were 

blotted on 0.45 µm nitrocellulose membrane for 2 h at 50 mA. The membranes were blocked by 

TBS-Tween20 0.1 % (50 mM Tris, 150 mM NaCl, pH 7.6, 0.1% Tween-20 (v/v)) supplemented 

in 5 % Bovine Serum Albumin (BSA) (Sigma Aldrich, USA) or 5 % half-fat milk for 1h at room 

temperature. The membranes were then incubated with sheep anti-PAMR1 antibody (AF6517, 

R&D systems) diluted at 1:1000 in TBST 0.1 % supplemented with 2.5 % BSA or with Goat anti-

GAPDH antibody (AF5718, R&D systems) diluted at in TBST-0.1 % supplemented with 2.5 % 

milk or anti-V5 HRP (Thermofisher scientific) overnight at 4°C. After washing the membrane 

with TBST-0.1 % three times, the corresponding secondary antibodies were added at 1:1000 for 

1 h at room temperature. The membranes were revealed after adding the chemiluminescent 

substrate using an Amersham Imager 600 device (GE Healthcare, Uppsala, Sweden). 
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Cell Viability Assay. Colorectal cancer cell lines were seeded to a cell density of 100,000 cells per 

well in 96-well plates. The cells were incubated for 24h in humidified condition at 37°C and 5% 

CO2. Different concentrations of purified recombinant PAMR1, diluted in growth medium, were 

added to cells, which were then incubated for 24 h, 48 h and 72 h. At each time point, 10 µL of 

cell counting kit (CCK8) (WST-8 CCK8, ab228554, abcam) was added in each well. The results 

were revealed by spectrometer at a wavelength of 460 nm 1 h post incubation with CCK8.  

Cell proliferation Assay. Cell lines were seeded at seeding density 500,000 cells per well in 

six-well plates. After 24 h, the medium was changed by adding different concentrations of purified 

PAMR1 or 20 folds concentrated stable CHO-mouse PAMR1 secretome. The cells were then 

incubated for 24 h, 48 h and 72 h. At each time point, cells were detached and added to the cells 

of the supernatant. Total cells were counted after being stained by Trypan blue using Malassez 

chambers. 

Cell Migration Assay. Cell migration assay was performed using two well-silicon inserts (Culture, 

Insert 2 well, Ibidi, Germany). Cells were put in the wells after being trypsinized and resuspended 

with growth medium supplemented with 10 % FBS. After the cells reached confluency, the inserts 

were removed, the cells were cultured in growth medium supplemented with 1% FBS. The closure 

of the cell-free gap was visualized daily and measured using Image J software.  

Statistical Analyses. All the experiments were performed independently at least three times. 

t-Student test found in GraphPad Prism 7 (GraphPad Software Inc, San Diego, CA, USA) was 

used to perform the statistical comparison. Results were considered as statistically significant if 

the p-value was less than 0.05. 

RESULTS AND DISCUSSION 

Low PAMR1 expression in colorectal cancer (CRC) and in many other cancers 

Based on RNA Seq public data available in FireBrowse database (http://firebrowse.org/), in silico 

analysis comparing mRNA expression encoding many proteins in tumoral versus normal tissues 

can be done. For PAMR1, a down-expression was seen in colorectal cancer (COADREAD) and 

in many other cancers (Figure 1A), confirming previous findings for cervical (Yang et al., 2021), 
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breast (Lo et al., 2015) and hepatocellular (Yin et al., 2016) cancers and also for cutaneous 

squamous cell carcinoma (Wei et al., 2018). 

In this study, we especially focused on rectal adenocarcinoma (READ) (normal tissues =10 

samples vs tumoral tissues = 166 samples) (Figure 1B) and colon adenocarcinoma (COAD) 

(normal tissues = 41 samples vs tumoral tissues = 457 samples) (Figure 1C) or on all compiled 

data available for colorectal adenocarcinoma (COADREAD) (normal tissues = 51 samples vs 

tumoral tissues = 623 samples) (Figure 1D). We were also interested in cervical cancer (CESC) 

(normal tissues = 3 samples vs tumoral tissues = 304 samples) (Figure 1E) exhibiting low quantity 

of PAMR1 and for which a tumor suppressor role was recently suggested (Yang et al., 2021). 

PAMR1 mRNA quantity was dramatically and significantly reduced in all these CRC tumoral 

tissues compared to their adjacent normal ones. Interestingly, this downregulation arose as early 

as stage I (or T stage according to TNM staging) and this low amount of PAMR1 mRNA was 

found in all the other stages analyzed. The stage-independent decrease of PAMR1 expression in 

cancer raises a question if PAMR1 could be considered as an early biomarker of colorectal cancer, 

such as in cervical cancer (Yang et al., 2021).  

Strikingly, PAMR1 could be overexpressed in a few tumoral tissues such as the case of KIRC 

(Kidney renal clear cell carcinoma) and PCPG (Pheochromocytoma and Paraganglioma). 

However, due to missing data on normal tissues, we unfortunately could not evaluate the 

expression level of PAMR1 in the following cancers: ACC (Adrenocortical Carcinoma), DLBC 

(Lymphoid Neoplasm Diffuse Large B-cell Lymphoma), LAML (Acute Myeloid Leukemia), LGG 

(Brain Lower Grade Glioma), MESO (Mesothelioma), OV (Ovarian Serous Cystadenocarcinoma), 

TGCT (Testicular Germ cell Tumors), UCS (Uterine Carcinosarcoma), and UVM (Uveal 

Melanoma).  

These very important differences in the expression of PAMR1 according to the type of cancer 

suggest that the role of this protein could differ according the cell type.  

Reduced expression of PAMR1 in CRC tissue samples from patients versus normal ones 

In collaboration with CRB Limousin – CHU of Limoges, the expression of PAMR1 was analyzed 

at the transcript and protein levels in a panel of specimen collected from CRC patients, classified 

by pathological stages (Figure 2). According to qPCR results, PAMR1 expression was 

dramatically reduced in tumoral tissues from CRC patients compared to their adjacent non-

cancerous ones (Figure 2A), confirming RNA seq data obtained from the FireBrowse database as 
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shown in Figure 1. Only for the stage T1 of tumoral samples, a non-significant downward trend at 

transcript level was seen. Total proteins were also extracted from normal and CRC tissue samples 

followed by Western Blot using the same anti-PAMR1 antibody as in a previous study (Lo et al., 

2015). The global analysis of three different sets of tissue samples showed a downward trend of 

PAMR1 quantity in tumoral samples for the four stages (Stages I-IV), as early as stage I 

(Figure 2B). However, PAMR1 was very difficult to quantify at the protein level, due to its low 

expression (even in healthy tissues), its instability and its propensity for degradation.  

To conclude, all of these results showed at least a downward trend of PAMR1 expression in 

colorectal cancer at all stages. PAMR1 might be considered as an early biomarker of colorectal 

cancer as in cervical and breast cancers. This finding could help to limit the number of CRC 

patients diagnosed with aggressive stages (III and IV), correlated with poor prognosis and short 

overall survival time (Kuo et al., 2003)(Mukai et al., 2018).  

PAMR1 expression was significantly reduced in different colorectal cancer cell lines  

The in vitro study was mainly based on the use of three colorectal cancer cell lines available in the 

lab, namely HCT116, HT-29 and SW620 cells, which represent colorectal cancer pathological 

stages I, II, and III, respectively. According to old Duke’s staging system, they are classified as 

Duke’s A, B, and C stages (Dukes, 1932) (Akkoca et al., 2014), respectively. Normal colon cell 

line CCD841CoN was used as normal control cells. In addition of these CRC cell lines, HeLa cells, 

representing the cervical cancer, were chosen in our study due to recent findings showing their 

sensitivity to a dysregulation of PAMR1 expression (Yang et al., 2021). 

After extraction of total RNA from all the cell lines mentioned above, PAMR1 transcripts were 

specifically quantified by RT-qPCR using Taqman technology. As shown in Figure 3, the quantity 

of PAMR1 transcripts was found to be extremely lower (CT values above 35) in the three 

colorectal cell lines than in normal colon cell line CCD841CoN. If considering these high CT 

values, we can assume that PAMR1 expression was totally abolished in the three CRC cell lines 

as it was the case for HeLa cells studied here, consistent with the previous study on cervical cancer 

(Yang et al., 2021). The failure of detection of PAMR1 protein signal by Western blot from the 

crude secretome or intracellular proteins of these cell lines (data not shown) confirms qPCR 

results. Surprisingly, we were also not able to detect PAMR1 in crude secretome of CCD841CoN, 

probably due to low sensitivity of the antibody used or a too low secretion of PAMR1 in spite of 

its good expression at the transcript level.  
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In compatibility with data from FireBrowse database, we thus ascertained the downregulated 

expression of PAMR1 in three colorectal cell lines of different stages and in HeLa cells, 

representing the cervical cancer. 

Production of recombinant PAMR1 for exogenous treatments of cancer cell lines 

In a first approach, we wanted to produce recombinant human PAMR1 in order to carry out 

exogenous treatments of the three available CRC lines. These exogenous treatments required to 

produce human PAMR1 in an expression system and to purify it in the view of its addition to 

culture medium of non–modified cancer cell lines. As in our previous study (Pennarubia et al., 

2020), stable CHO cell lines were generated to produce secreted forms of both isoforms 1 and 2 

for human PAMR1, with N-terminal Histidine and V5 tags. Unfortunately, the expression level of 

both isoforms was much lower than for mouse HisV5-PAMR1, even undetectable for the canonical 

isoform 1 of human PAMR1 (data not shown). Thus, we chose the baculovirus insect cell system 

to express human PAMR1 isoforms 1 and 2. However, human PAMR1 expressed in the 

baculovirus-insect cell expression system was not very stable, prone to form aggregates and 

subjected to degradation both during its production and its purification. For all these reasons, only 

small quantities of the recombinant human PAMR1 were produced (data not shown) but did not 

allow to perform exogenous treatments of cancer cell lines with doses up to 5 µg/mL. Taking into 

consideration that mouse recombinant PAMR1 exhibits 90.3 % identity with the isoform 1 of 

human PAMR1 and whose level rate of production in stable CHO cells was much better, as 

previously shown (Pennarubia et al., 2020), we chose to rely on mouse PAMR1 to perform 

exogenous treatments. As shown in Figure 4A, significant differences of production were not seen 

in complete or serum-free medium for recombinant mouse PAMR1, detected by Anti-V5-HRP 

antibody around 95 kDa. However, a specific signal also appeared at about 50 kDa at 96h, probably 

due to partial protein degradation. Recombinant mouse PAMR1 was thus produced in complete 

medium and harvested after 96 h maximum followed by its purification on nickel affinity column 

(Ni-NTA). The analysis of the eluted fraction was done by Coomassie blue staining and Western 

blot (Figure 4B). By comparison to Western blot, the most enriched fractions in purified monomer 

of PAMR1 were fractions 9 and 10. Bands with high MW (up to 130 kDa) were seen and could 

correspond to protein aggregates that were formed either by interaction of PAMR1 with other 

protein partners or due to PAMR1-PAMR1 dimer/complex formation. These aggregates were not 

detected by the anti-V5 antibody, contrary to monomeric recombinant mouse PAMR1 which 
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appeared at the expected size. The most enriched elution fractions in protein of interest (Figure 4B) 

were then pooled and concentrated before protein quantification using the BCA method. 

HT-29 was the most sensitive cell line to exogenous treatment with recombinant PAMR1 

Different concentrations of purified recombinant mouse PAMR1 (0, 1, 2.5, and 5 µg/mL) were 

added to culture medium of the three colorectal cancer cell lines, namely HCT116, HT29, and 

SW620 cells. To limit quantities of purified PAMR1 used, we chose to determine cell viability by 

using Cell Counting Assay 8 (CCK8) at different time points (0 h, 24 h, 48 h, and 72 h).  

Exogenous treatment with purified mouse PAMR1 had no real effect on HCT116 and SW620 cells 

viability despite different doses and at different time points. However, the percentage of cell 

viability of HT29 decreased 48h and 72h post-treatment with the highest dose of PAMR1, namely 

5 µg/mL. This suggests that PAMR1 either increased cell mortality and/or decreased cell 

proliferation. Compared to previous studies, it was tempting to think that PAMR1 exerted an anti-

proliferative role with respect to HT29 (Figure 5). Cell viability assays were repeated several 

times, but with different preparations of purified mouse PAMR1. Each time, the results obtained 

ensure the sensitivity of HT29 to PAMR1. However, this effect was seen at different 

concentrations of purified recombinant PAMR1 depending on its purity in different preparations.  

This could be explained by the fact that, after concentration of elution fractions, purified mouse 

PAMR1 did not exhibit the same purity between preparations. Nevertheless, taking into account 

all of these results, we therefore chose to stably overexpress PAMR1 isoform 1 only in the HT-29 

line, which exhibited a response to PAMR1 treatment. 

Stable overexpression of human PAMR1 did not affect HT29 cell proliferation and migration 

The priority of transfection went to HT29 that was found to be the most sensitive CRC cell line to 

exogenous treatment with recombinant PAMR1, compared to HCT116 and SW620. HT29 cells 

were first stably transfected with pCDNA3.1[hPAMR1 isoform1] or empty pCDNA3.1 vector. 

Hygromycin-resistant cells were selected and amplified to be analyzed by both RT-qPCR and 

Western blot (Figure 6). As expected, mock cells, represented hygromycin-resistant cells obtained 

after integration of empty vector, did not express PAMR1 at the transcript level (Figure 6A) and 

protein level using the anti-PAMR1 antibody (Figure 6B). However, the quantity of mRNA 

increased significantly for the pool and clone 2 (Figure 6A). The pool corresponded to a 

combination of several clones overexpressing different levels of PAMR1 whereas “Clone 2” from 
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the pool was selected for its highest overexpression of human PAMR1 among all selected 

hygromycin-resistant clones. This reflects the overall low expression of PAMR1 in the Pool, with 

different clones exhibiting a relatively low expression level. The anti-PAMR1 antibody used for 

Western blot allowed the specific detection of 20 X concentrated overexpressed human PAMR1 

isoform 1 at the expected size for the pool and clone 2 (Figure 6B). However, a strong specific 

band was also detected by anti-PAMR1 antibody at a higher apparent molecular weight around 

120 kDa for clone 2. This suggests that beyond a certain concentration in the culture medium, 

PAMR1 was unstable and probably prone to form protein aggregates as seen for mouse PAMR1 

purified after its ammonium sulfate precipitation (Figure 4B). This could also result from protein 

concentration of the secretome by ultrafiltration. 

The biological effects of PAMR1 overexpression were assessed for all stably transfected cell lines 

and for non-modified HT29. No significant change was observed for cell proliferation (Figure 7A) 

and cell viability (Figure 7B) in stable cell lines overexpressing PAMR1 (Pool, clone 2) compared 

to WT HT29 or to Mock. For cell migration, the gap closure was almost seen at 144h for WT 

HT29 but not for the Cl2 and Pool stable cell lines, where the gap remained unclosed (Figure 7C). 

Thus, the quantification of gap closure showed a significant difference between stable cell lines 

and HT29 but not between cells overexpressing PAMR1 and Mock (Figure 7D).  All these results 

could be explained by the insufficient quantity of PAMR1 expressed by stable cell lines compared 

to previous studies (Yang et al., 2021). 

The increase of PAMR1 quantity significantly reduced cell proliferation of HT29 cells 

Since HT29 cell line was shown to be sensitive to recombinant mouse PAMR1 when added in 

culture medium but not to in cellulo human PAMR1 stable overexpression, we decided to combine 

transfection and treatment to increase the quantity of PAMR1 in the culture medium. Same 

experiments were done in parallel with HeLa cells, which are cervical cancer cell lines sensitive 

to PAMR1 dysregulation (Yang et al., 2021). 

In a first approach, HT29 and HeLa cells were transiently transfected with the expression plasmid 

pCDNA3.1 bearing cDNA for human PAMR1 isoform 1 referred to as pCDNA-[hPAM iso1]. A 

second approach consisted on the overexpression of recombinant mouse PAMR1 in a stable CHO 

cell line already available in the lab (Pennarubia et al., 2020). The concentrated secretome of stable 

CHO cells was used instead of purified mouse PAMR1 to avoid protein degradation occurring 

during purification steps. 
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HeLa and HT29 were transiently transfected by pCDNA3.1-hPAMR1 iso1 construct, followed by 

detection of PAMR1 transcript by qPCR. The results showed a pronounced increase in PAMR1 

expression at RNA level compared to non-transiently transfected cells with pCDNA3.1 (Figure 8). 

HT29 and HeLa cells were transiently transfected by pCDNA3.1[hPAM iso1] and/or either treated 

with concentrated recombinant PAMR1 (or with growth medium only). Then, cell proliferation 

was assessed after 72h of incubation by cell counting assay (Figure 9). The presence of PAMR1 

whether being overexpressed by transient transfection or exogenous treatment provoked a 

significant decrease of cell number for HT29 (Figure 9A) but “slightly” reduced the cell 

proliferation of HeLa cells (Figure 9B). Consequently, the exogenous treatment of transfected cells 

by recombinant PAMR1 significantly reduced cells proliferation of both HeLa and HT29 cells. 

So, the combination of the two approaches highly increased the quantity of PAMR1, reflecting 

more efficient effect, thus more pronounced reduction of cell proliferation.  

Cell migration of transiently transfected HT29 and HeLa cells with their control (non-transfected 

cells) was assessed by wound-healing assay (Figures 9C and 9D). The gap closure started after 

48h for non-transfected HeLa and HT29 cells and became more pronounced after 144h hours, 

whereas less cell migration was observed for the transfected ones. The results obtained took more 

than 48h to be visualized and were not significant reflecting that PAMR1 expression level is low 

and not sufficient to exert a pronounced effect within a short time duration.  

To conclude, a significant increase of PAMR1 amount in the secretome of colorectal cancer cell 

lines, as well as in cervical cancer ones, significantly diminished cell proliferation but only a 

downward trend was observed for cell migration of both cell lines. These biological effects seem 

to be dependent of the level expression or quantity of PAMR1. This confirms the induction of 

HeLa and Me180 cells proliferation, migration and invasion as a result of PAMR1 knockdown. 

On the other hand, a huge PAMR1 overexpression in these cell lines reduced these effects.(Yang 

et al., 2021). 

Silencing PAMR1 expression in CRC might be due to promoter hypermethylation 

Molecular events leading to PAMR1 downregulation in colorectal cancer as early as in stage I is 

unidentified yet; however, recovering its expression could be through the use of drug treatments 

as the case in other cancers (Lo et al., 2015) and with other suppressed genes (Zhu et al., 2018). 

Recovering the tumor suppressor effect of PAMR1 in breast cancer was through treatment with 

demethylation agent, 5-aza2’deoxycytine2 (Lo et al., 2015). Since PAMR1 was inactivated due to 
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epigenetic silencing through promoter hypermethylation in breast cancer cells, 

5-aza2’deoxycytine2 led to PAMR1 re-expression, thus reduction of cancer cell growth. To assess 

whether PAMR1 downexpression in CRC is due to its epigenetic silencing, treatments with 

demethylation agents could be performed. However, this treatment is not specific of PAMR1 and 

other tumor suppressor genes might be re-expressed following the use of this non-specific 

demethylating agent.  

The precise mechanism action of PAMR1 remains to be elucidated 

The mechanism of action of PAMR1 is still unknown but PAMR1, which is a secreted multi-

domain protein, could interact with one or several proteins expressed on the cell surface or present 

in the extracellular space. We can hypothesize that its protein partners, potentially different 

according to the cell type, could modulate its action. In the physiological state, PAMR1 could 

participate to the maintenance of a normal proliferation rate of different cell types. However, the 

suppression of its expression, by epigenetic inactivation or by other molecular events, in cancer 

cells undoubtedly participates to their increased proliferation. PAMR1 was thus recently 

considered as a tumor suppressor gene (Yang et al., 2021). 

In conclusion, we confirmed the down expression of PAMR1 in colorectal cancer. The 

overexpression of PAMR1 is crucial for reduction of cell proliferation and migration of colorectal 

cancer cells. By that, PAMR1 could be predicted as an early biomarker and tumor suppressor of 

colorectal cancer. However, its mechanism of action is to be investigated. 
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Figure 1: PAMR1 is suppressed in most cancers including colorectal and cervical cancers in stage-independent 

manner. (A) Expression of PAMR1 in normal and tumoral cancer samples from TCGA Firebrowse database 

(http://firebrowse.org/). PAMR1’s expression is downregulated in Cervical and Endocervical Cancers (CESC), Colon 

Adenocarcinoma (COAD), Colorectal Adenocarcinoma (COADREAD) and Rectal Adenocarcinoma (READ) 

tumoral samples compared to normal ones. (B, C, D and E) RNA Seq data Analysis showed a significant PAMR1 

mRNA down expression in tumoral samples compared to normal samples in rectal, colon, colorectal adenocarcinomas 

and cervical cancer respectively. This downregulation is pronounced in all pathological stages (Stage I, Stage II, Stage 

III, Stage IV) and TNM stages, as early as stage I and T stage. The box plots represent the mean of Log2 

RSEM ± SEM. The RNA Seq database analysis was carried out by PAST software. *p < 0.05, **p < 0.01, 

***p < 0.001. 
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Figure 2: PAMR1 expression in CRC tissue specimen. (A) Bar graph showing PAMR1 relative expression level 

(ratio ± SEM for PAMR1/HSPA8) at transcriptomic level of three different sets of tissue samples classified by T 

stages (T1, T2, T3) of TNM classification. (B) Western blot analysis for PAMR1 expression in tumoral tissues from 

patients compared to their adjacent normal ones in the four CRC pathological stages. N: Normal. T: Tumoral. 

*p < 0.05, **p < 0.01, ***p < 0.001. 

 

 

 

 

 

Figure 3: PAMR1 expression level in colorectal and cervical cell lines. PAMR1 transcripts are significantly 

downregulated in colorectal cancer cell lines (HCT116, HT29, and SW620), compared to normal colon CCD841CoN 

cells. Similarly, to CRC cell lines, cervical cancer HeLa cells also exhibited very low PAMR1 expression with high 

CT values around 36 (normal cervix cell lines not available). The histogram represents mean ± SEM. *p < 0.05, 

**p < 0.01, ***p < 0.001. 
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Figure 4: Purification of recombinant mouse PAMR1 produced by stable Flp-InTM CHO cells. (A) Time course 

of production of recombinant mouse HisV5-PAMR1 in stable CHO cells in the presence and absence of FBS in 

Growth DMEM medium. (B) SDS-PAGE with Coomassie blue staining of polyacrylamide gel and Western blot 

analyses using anti-V5-HRP antibody of elution fractions following nickel-affinity purification using imidazole 

gradient of mouse HisV5-PAMR1, produced in secretome of stable CHO cells. 
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Figure 5: Cell viability assay (CCK8) for CRC cell lines. Representative histograms showing the percentage of cell 

viability ± SEM for HCT116 (A), HT29 (B) and SW620 (C) cell lines, exogenously treated with different doses of 

purified recombinant PAMR1 (0, 1, 2.5 and 5 µg/ml), added at time point 0 h. Then, cells were incubated for 24, 48 

or 72h before absorbance measurement of metabolized CCK8. 
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Figure 6: PAMR1 expression level in colorectal cancer HT29 cell line and derived stable cell lines. (A) PAMR1 

expression at transcriptomic level in HT29 in comparison to stably transfected cell lines (Mock, Pool, and Cl2). The 

mRNA data of each cell line is normalized to its corresponding GAPDH mRNA level. The bar graph represents 

mean ± SEM. *p < 0.01, ** p < 0.05, ***p < 0.001. (B) Western blot analysis for PAMR1 protein expression in the 

concentrated secretome of Mock, Pool and Clone 2 (Cl2) using anti-PAMR1 antibody.  
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Figure 7: PAMR1 overexpression has no effect on cell viability, proliferation, and migration of stable HT29 

hygromycin B-resistant cell lines. Cell proliferation (A) and cell viability (B) assays for HT29 stable cell lines 

(Mock, Pool, Cl2) compared to non-transfected HT29 cells, respectively. (C) Wound healing assays for HT29 and 

same stably transformed cell lines at different time points. (D) The bar graphs represent the mean of gap 

closure ± SEM.  *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 8: Overexpression of PAMR1 in transiently transfected cells. PAMR1 is overexpressed in transiently 

transfected cells by pCDNA- [hPAM iso 1] to a ratio 1:4 with respect to DNA transfection reagent. HT29 cells (left 

panel) and HeLa cells (right panel) compared to non-transfected ones.  
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Figure 9: PAMR1 reduces HT29 and HeLa cells proliferation and migration. Cell proliferation assay for HT29 

(A) and HeLa cells (B) in different conditions. Non treated: WT cells exogenously treated with concentrated CHO-

mPAMR1 secretome. “Treated” corresponds to exogenously treated HT29 with concentrated CHO-mPAMR1 

secretome. “Transfected” corresponds to transiently transfected cells by pCDNA3.1-hPAMR1. 

“Transfected + Treated” means that transfected cells were exogenously treated by concentrated CHO-mPAMR1 

secretome. The bar graph represents mean ± SEM. * p < 0.05, **p < 0.001. Wound healing assays for non-transfected 

HT29 and transiently transfected HT29 (C) and HeLa (D) cells at different time points. The bar graphs represent the 

mean of gap closure ± SEM.  *p < 0.05, **p < 0.01, ***p < 0.001.
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Supplementary Data: 

We were able to identify and confirm the downregulation of PAMR1 in CRC. However, the 

mechanism of PAMR1 inactivation in CRC is unknown yet. Taking into consideration that 

hypermethylation of the CpG islands of the tumor suppressor gene’s promoter region is the 

most driving cause of its inactivation in cancer, as the case in breast cancer (Yang et al., 2021), 

we wondered whether PAMR1’s suppression in CRC is due to promoter hypermethylation as 

well. We investigated the effect of demethylation drugs such Genistein and 

5-aza-2’-deoxycytidine on HT29 CRC cell line as well as stable HT29 cells overexpressing 

PAMR1 (namely Pool and Cl2) in comparison to the control stable HT29 (transfected with 

empty vector), Mock cell. Since treatment by 5-aza-2’-deoxycytidine recovered PAMR1 

expression in breast cancer cells, MCF-7 cells (available in our lab) were used as a control 

upon CRC – 5-aza-2’-deoxycytidine treatment. These cells were treated with different doses 

of the above mentioned drugs (Genistein: 0, 5, 10, 20, 40, 60 and 80 µmol.L-1 . 5-aza-2’-

deoxycytidine: 0, 1, 3 and 10 µM), at different time points (0, 24h, 48h, 72h) followed by cell 

viability assay using CCK8 (Cell Counting Kit 8). Unfortunately, treatment of CRC cells with 

demethylation drugs showed no effect on cell viability. This experiment was done only twice 

with the same result outcome. These preliminary results are discussed later in the General 

Discussion. 
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Figure S 1: Cell Viability assay of HT29 WT and stable HT29 cells (Pool, Cl2, and Mock) treated with 

demethylation drugs 

Representative histograms showing the percentage of cell viability of HT29 WT (A), Pool (B), 

Cl2 (C), Mock (D) treated with Genistein (0, 5, 10, 20, 40, 60, 80 µmol.L-1 ), added at time 0h. 

Representative histogram showing the percentage of cell viability of HT29 WT (E), Pool (F), 

Cl2 (G), Mock (H), and MCF-7 (I) treated with 5-aza-2’-deoxycytidine (0, 1, 30, 10 µM), added 

at time 0h. The absorbance of metabolized CCK8 (460nm) was measured after incubation 0h, 

24h, 48h, and 72h.   
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It was impossible to perform exogenous treatments of CRC cell lines with purified human 

PAMR1 isoforms 1 and 2 (instead of mouse PAMR1 used in the paper) produced by stable 

CHO cell lines because of a too low expression of human PAMR1 and thus too low amount of 

the recombinant protein in the secretome of CHO cells. We thus chose to produce both 

isoforms of human PAMR1 in the baculovirus insect cell system, known to provide high-level 

of expression of recombinant proteins and at a low cost. In spite of a good expression of human 

PAMR1 in complete growth medium, the production in serum-free medium combined with 

nickel-affinity purification led to protein degradation and aggregation of PAMR1.  

 

Figure S 2: Purification of recombinant human PAMR1 His6-Iso1 and His6-Iso2 in the baculovirus 

insect cell expression system 

S2.1: Western blot for detection of His6-hPAMR1 iso 1 (right panel) and Iso 2 (left panel) 

produced by the baculovirus-insect cell system. NI: Non-Infected Sf9 cells. WT V: WT 

baculoVirus. S2.2: The kinetics of production of His6-Iso2 by baculovirus-infected Sf9 cells in 

the complete medium (left panel) and serum-free medium (right panel) by Western blot and 

Ponceau red staining. S2.3: Detection by Western blot (left panel) and silver nitrate staining 

(right panel) of His-Iso2 in elution fractions after nickel affinity purification of the protein from 

secretome of infected Sf9 insect cells by recombinant baculovirus. Fractions 9 and 10 are the 

purest fractions. All fractions contain contaminating proteins. Higher MW band was seen 

probably as a result of protein aggregation. 
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Table S 1: The expected molecular weights (MW) of recombinant human PAMR1 isoforms 1 and 2 

with N-terminal histidine tags produced by baculovirus-infected Sf9 insect cells (named His6-Iso1 and 

His6-Iso2) and canonical isoform 1 of human PAMR1 overexpressed in HT29 colorectal cancer cell 

line after cleavage of signal peptide. Taking into consideration predictions of N-glycosylation and 

O-GalNAc glycosylation sites using online bioinformatic tools. 

 

The estimated molecular mass of paucimannose-type N-glycans ± fucose (on chitobiose) in 

Sf9 cells (GlcNAc2Man3) is about 1 kDa, whereas complex N-glycans in mammalian cells, 

namely bi-antennary complex-type N-glycans ± fucose (GlcNAc2Man3GlcNAc2Gal2Sia2), is 

about 2.5 kDa. 

Mucin-like O-glycans in Sf9 cells are predominantly O-GalNAc ± Gal type whereas in 

mammalian cells their structure is of O-GalNAc ± Gal ± Sia type or more complex 

(bi-antennary, etc.).  

Assuming that all predicted glycosylation sites are occupied, the molecular weights of 

His6-Iso1 and His6-Iso2 in Sf9 cells could be 90.1 kDa and 91.8 kDa respectively. The 

molecular weight of iso1 overexpressed in clone 2 of stable HT29 is about 100 kDa or even 

more. 

Bioinformatic tools used: 

• Protparam (https://web.expasy.org/protparam/) 

• NetNGlyc (https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0) 

• NetOGlyc (https://services.healthtech.dtu.dk/service.php?NetOGlyc-4.0) 

Molar masses of monosaccharides: Sialic acid (Sia): 309 g/mol, Fucose (Fuc): 164 g/mol, 

Galactose (Gal): 180 g/mol, Glucose (Glc): 180 g/mol, Mannose (Man): 180 g/mol, 

N-Acetylglucosamine (GlcNAc): 221 g/mol, N-Acetylgalactosamine (GalNAc): 221 g/mol. 
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VI.2.  POFUT1-mediated O-fucosylation in the baculovirus expression system  
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To perform exogenous treatments of CRC cell lines, we first chose to produce the secreted 

glycoprotein human PAMR1 (isoforms 1 and 2) in stable CHO cell lines, generated after 

targeted insertion of transgene using the Flp-InTM System (Thermo Fisher Scientific). This 

Flp-In System enabled the generation of stable mammalian expression CHO cell lines, after a 

site-specific recombination to allow integration of the gene of interest into a specific site in the 

genome of CHO cells. Contrary to recombinant mouse PAMR1, which was previously 

efficiently produced in the secretome of stable CHO cells (Pennarubia et al., 2021), both 

isoforms 1 and 2 of human PAMR1 were much more less expressed by stable CHO cell lines 

that I obtained. We thus decided to produce human PAMR1 in the Baculovirus insect cell 

expression system, known to allow high yield of production of recombinant proteins.  

 

Human PAMR1 isoforms 1 and 2 were efficiently produced and secreted in the supernatant of 

Sf9 insect cells infected with recombinant baculoviruses but the production of the protein in 

serum-free medium followed by its nickel-affinity purification led to protein aggregation and 

proteolytic degradation of PAMR1 (See Supplementary data). To understand the origin of this 

protein instability, we wondered if human PAMR1 was correctly glycosylated and especially 

modified with O-fucose when expressed in Sf9 insect cells. Indeed, its murine PAMR1 

counterpart produced in CHO cells and more stable was previously shown to be modified with 

O-fucose within its single EGF-like domain (Pennarubia et al., 2021). 

 

In the following paper, we focused on the biochemical characterization of Spodoptera 

frugiperda POFUT1 (SfPOFUT1) produced in Sf9 insect cells, namely on conservation and 

occupation of its N-glycosylation sites as well as its O-fucosyltransferase activity. More 

precisely, we determined its ability to add in vitro O-fucose to EGF-like domains of three 

POFUT1 target proteins, namely EGF26 of NOTCH1, EGF3 of WIF1 and the single EGF of 

our protein of interest PAMR1, as previously carried out in our lab with mouse POFUT1 

produced by CHO cells (Pennarubia et al., 2018) (Pennarubia et al., 2020) (Pennarubia et al., 

2021). For this purpose, glycosyltransferase assays were carried out with the purified 

SfPOFUT1, GDP-azido-fucose and isolated target EGF-like domains purified from E.coli. 

Copper-catalyzed azide-alkyne cycloaddition (CuAAC), also called click chemistry, was then 

used to covalently bind alkyne-biotin to azido O-fucose transferred to EGF-like domains. A 

blotting technique using streptavidin was finally used to reveal the modification by O-fucose. 

Contrary to recombinant mouse POFUT1 from CHO cell lines, which was able to specifically 

add in vitro O-fucose to isolated EGF-like domains of the three POFUT1 target proteins, 

SfPOFUT1 was totally unable to add O-fucose to the single EGF-like domain of PAMR1. 

Unfortunately, we were unable to demonstrate the presence or not of O-fucose on full-length 

PAMR1 isoforms produced in the baculovirus insect cell system due to their propension to 

proteolytic degradation during purification steps and protein concentration. However, by using 

targeted mass spectrometry (MRM-MS), we were able to show that full-length human WIF1 

was as expected modified by O-fucose on its EGF3 when expressed in Sf9 insect cells and 

with a high efficiency. 

Overall results confirmed ability of Sf9 POFUT1 to specifically modify some POFUT1 target 

proteins with O-fucose but this ability seems to depend on the protein of interest. 
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ABSTRACT  

Around 100 mouse or human proteins including Notch receptors and their Jagged and Delta-like ligands 

are proteins potentially targeted by the protein O-fucosyltransferase 1 (POFUT1). Such glycoproteins, 

having at least one EGF domain prone to be modified by O-fucose, were largely expressed in Drosophila 

cells and some in mammalian expression systems but till now very few have been expressed in the 

baculovirus-insect cell expression system. 

In this paper, recombinant Spodoptera frugiperda POFUT1 (SfHisV5Po), produced and purified from 

baculovirus-infected Sf9 insect cells, was biochemically characterized and compared to mouse POFUT1 

(MmHisV5Po) for its ability to add in vitro O-fucose to recombinant isolated mouse EGF domains of 

POFUT1 target proteins (NOTCH1, WIF1, PAMR1). In vitro POFUT1-mediated O-fucosylation 

experiments, followed by click chemistry and blot analyses, showed that recombinant purified 

SfHisV5Po was able to add in vitro O-fucose to mouse NOTCH1 EGF26 and WIF1 EGF3, similarly to 

MmHisV5Po produced by stable  CHO cells; however, with less efficiency. Consistent with this latter 

result, full-length human WIF1 expressed in Sf9 insect cells was also found with O-fucose on its EGF3, 

as proved by mass spectrometry. However, SfHisV5Po was unexpectedly shown to be incapable of 

modifying the single EGF domain of mouse PAMR1 with O-fucose, contrary to MmHisV5Po. 

All these results confirm that Sf9 insect cells can indeed perform POFUT1-mediated O-fucosylation of 

some EGF-containing glycoproteins, but POFUT1 efficiency can depend on the nature and properties 

of the recombinant protein of interest. This could be marked as a difference compared to mammalian 

expression system.  
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INTRODUCTION 

The baculovirus-insect cell system is a powerful tool for the production of recombinant foreign proteins 

(Jarvis 2009), allowing to perform biochemical analyses and structure-function studies. Many 

post-translational modifications such as protein glycosylation (N- and O-glycosylation) occur in 

lepidopteran cells but noticeable differences exist with those found in mammalian cells (Altmann, 

Staudacher et al. 1999). N-glycans are mostly complex-type and sialylated in mammalian cells, whereas 

paucimannose-type N-glycans with a pentasaccharide structure (Man3GlcNAc2) are often found in insect 

cells such as in Sf9 cells derived from the Lepidoptera Spodoptera frugiperda (Jarvis and Finn 1995, 

Tomiya, Narang et al. 2004, Legardinier, Klett et al. 2005). In addition, N-glycans of membrane 

glycoproteins in lepidopteran cells can bear alpha-linked fucose at the asparagine-linked GlcNAc 

residue (Kubelka, Altmann et al. 1994, Tomiya, Narang et al. 2004), as it was shown since a long time 

for recombinant glycoproteins expressed in the baculovirus-insect cell system (Wathen, Aeed et al. 

1991). Indeed, MB-0503 cells from Mamestra brassicae were shown to be able to transfer fucose into 

alpha 1-3 and alpha 1-6 linkage to the innermost GlcNAc of N-glycans but only alpha 1-6-fucoses were 

detected with BM-N cells from Bombyx mori and Sf9 lepidopteran cells (Staudacher, Kubelka et al. 

1992).  The cDNA of the gene encoding FUT8 allowing anchorage of alpha1-6-fucose to the innermost 

GlcNAc of N-glycans was indeed cloned from the Sf9 lepidopteran cell line (Juliant, Harduin-Lepers et 

al. 2014). 

Concerning O-glycosylation of insect cells, several studies reported the presence of mucin-type O-N-

acetylgalactosamine (GalNAc) glycans (Lopez, Tetaert et al. 1999, Nakamura, Katano et al. 2004), 

which are also the most abundant O-glycosylations found in mammalian cells (Brockhausen, Wandall 

et al. 2022). This O-GalNAc can be extended with galactose (Gal) to form the O-linked disaccharide 

Galβ1-3GalNAc as in Sf9 cells (Legardinier, Klett et al. 2005) and Drosophila melanogaster S2 cells 

(Schwientek, Mandel et al. 2007). Unlike mammals, this latter study reported that there was no 

sialyltransferase activity in Sf9 and Mb cells as well as in Trichoplusia ni cells. Therefore, no terminal 

sialic acid on mucin-type O-glycans produced in these three lepidopteran cell lines. 

 In Drosophila melanogaster, many O-linked monosaccharides are found such as mucin-type O-GalNAc 

and O-Mannose (O-Man) (Zhang and Ten Hagen 2019) but also O-glucose (O-Glc), O-fucose (O-Fuc) 
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and O-N-acetylglucosamine (O-GlcNAc) usually found in EGF-like domain (EGF) of membrane 

proteins such as NOTCH receptors (Harvey, Rana et al. 2016). However, few studies reported the 

characterization of EGF-containing glycoproteins and potentially modified by such O-linked 

monosaccharides in the baculovirus-insect cell system using lepidopteran cells.  Nevertheless, the X-ray 

structure of rat NOTCH1 EGF11-13, expressed in the baculovirus insect cell system using Hi-Five 

(Invitrogen) cells from Trichoplusia ni, exhibited O-Glucose in the loops C1-C2 or C3-C4 of different 

EGFs (EGF11, 12 or 13) and O-Fucose in the loop C2-C3 of EGF12 at the different expected sites. The 

presence of these O-linked monosaccharides revealed that such insect cells can express functional 

POFUT1, POGLUT1 (Luca et al., 2015), as well as POGLUT2/3 (Takeuchi, Schneider et al. 2018). In 

addition, this study of Luca et al. showed the elongation of O-fucose with GlcNAc also revealing a 

Fringe activity (GlcNAc transferase) in these Trichoplusia ni-derived cells. 

In Drosophila melanogaster and mammals, many studies showed that the homologous Notch receptors 

(one in fly and 4 in mammals), which contain 29-36 EGF repeats in their extracellular part, were highly 

modified with O-fucose, following the action of the protein O-fucosyltransferase 1 (POFUT1). 

POFUT1-mediated O-fucosylation is known to modulate interactions of NOTCH receptors with the 

DSL (Delta, Serrate, LAG-2) family ligands (Okajima, Xu et al. 2003, Luther and Haltiwanger 2009). 

In human and mouse, there are, for each, about 100 target proteins of POFUT1, including WIF1 and 

PAMR1. We recently showed that WIF1, an inhibitor of the Wnt signaling pathway, exhibited on its 

EGF3 an O-fucose required for its optimal secretion (Pennarubia, Pinault et al. 2020). We also showed 

that PAMR1, another secreted multidomain protein considered as tumor suppressor in breast cancer (Lo, 

Tanikawa et al. 2015), was also modified with O-fucose on its unique EGF (Pennarubia, Germot et al. 

2021). 

In this work, a secreted form of Spodoptera frugiperda POFUT1 with N-terminal polyhistidine and V5 

tags (named SfHisV5Po) was first purified from the supernatant of baculovirus-infected Sf9 cells and 

characterized for its N-glycosylation and its O-fucosyltranferase activity. According to our results of 

PNGase F deglycosylation, lectin blot and mass spectrometry, recombinant SfHisV5Po only exhibited 

only one N-glycan at the highly evolutionary conserved across Metazoa NRT site, whereas recombinant 

mouse POFUT1 (MmHisV5Po) from stable CHO cells exhibited an additional second N-glycan at N165 
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position. We then decided to compare the ability and efficiency of SfHisV5Po and MmHisV5Po to 

modify EGFs of different glycoproteins with O-fucose. Using copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) referred to as click chemistry, we demonstrated that purified SfHisV5Po was 

able to specifically add in vitro O-fucose to isolated EGFs of NOTCH1 EGF26 and WIF1 EGF3, but 

with  less efficiency compared to MmHisV5Po. This result was confirmed by using multiple reaction 

monitoring-mass spectrometry (MRM-MS) for recombinant full-length human WIF1 (HisWIF1) 

bearing an O-fucose on its EGF3 when expressed in baculovirus-infected Sf9 insect cells. However, 

SfHisV5Po was unexpectedly unable to add in vitro O-fucose to the single EGF domain of PAMR1 

contrary to MmHisV5Po. 

 

RESULTS 

Spodoptera frugiperda POFUT1 carries two potential N-glycosylation sites 

We chose to align the primary sequence of POFUT1 from Spodoptera frugiperda (Sf) with those of 

POFUT1, whose X-ray structures were known, namely those of Homo sapiens (McMillan, Zimmerman 

et al. 2017), Mus musculus (Li, Han et al. 2017) and the nematod Caenorhabditis elegans (Ce) (Lira-

Navarrete, Valero-Gonzalez et al. 2011). Regions involved in binding to GDP-fucose (called substrate 

binding) as well as the key residues of active site involved in binding to EGFs (M46, G47, N51, Y78, N151), 

as previously defined for mouse POFUT1 (Li, Han et al. 2017), were highly conserved among these 

species (Figure 1). The first N-glycosylation site NRT found at position 67 in mice was also found in 

SfPOFUT1 but not in CePOFUT1 whereas the second N-glycosylation site NKS at position 165 in mice 

was not present in both SfPOFUT1 and CePOFUT1. However, we can notice that POFUT1 from 

Spodoptera frugiperda bears a second potential N-glycosylation site, namely NMS site at position 219. 

When compared at the level of Protostomes, the NRT site was highly conserved (Figure 2A). 311 

database extracted homologous sequences of POFUT1 over 348 sequences encompassing the largest 

possible taxonomic diversity (supplemental Table I) shared this potential N-glycosylation site (or a NRS 

site for two dipteran species), i.e. an overall conservation of 89.4% (especially 97.8% for Hexapoda and 

65.7% for Nematoda). Concerning the NMS site, it was found in 55.9% of lepidopteran species, with a 

heterogeneous distribution among families. In Noctuidae, taxon of Spodoptera, 6 species over 8 shared 
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this potential N-glycosylation site, whereas in Pieridae, only one over 7. In protostome POFUT1, the 

number of potential N-glycosylation sites varied from 0 to 5, in most cases 1 to 2 sites, except for 

Collembola and Platyhelminthes where it is 4 and 5 respectively (Figure 2B). 

The analysis of the X-ray structure of murine POFUT1 clearly showed that the GDP-fucose was deeply 

buried in the active site (Figure 3A). Conserved residues involved in binding to GDP-fucose (in orange) 

were close to those involved in binding to acceptor substrates (in red), namely EGFs comprising a 

potential O-fucosylation site. The presence of GlcNAc residues on N67 and N165 showed that murine 

POFUT1 carried as predicted two N-glycans. The X-ray structure of Spodoptera frugiperda POFUT1 

was not known but an automatic structural model was obtained by using COACH-D server (Figure 3B). 

It allowed us to obtain a structural model for SfPOFUT1 by comparison with the X-ray structure of 

CePOFUT1 (PDB 3ZY5) (Lira-Navarrete, Valero-Gonzalez et al. 2011). To position the donor 

substrate, namely the GDP-fucose, in the cavity of the active site as seen in X-ray structure of 

MmPOFUT1 (Figure 3A), a docking was performed between the known structure of GDP-fucose and 

the structural model for SfPOFUT1 (Figure 3B). The GDP-fucose appeared to be correctly positioned 

and oriented in the active site when compared to murine POFUT1 as well as the conserved regions 

required for substrate binding. The location of the N-glycosylation site N53RT was also conserved at the 

back side of the enzyme. On the other hand, the N219MS site was seen on the same side as the EGF 

binding site. Due to a relative distance from the active site, the potential occupation of this site by an 

N-glycan is unlikely to prevent EGFs of target glycoproteins from binding to the active site. 

Recombinant SfHisV5Po only carries one N-glycan with terminal alpha-linked mannoses 

In order to characterize the N-glycosylation of Spodoptera frugiperda POFUT1, a recombinant 

counterpart named SfHisV5Po, with N-terminal histidine and V5 tags, was produced as a secreted form 

in culture media of baculovirus-infected Sf9 insect cells. Then, SfHisV5Po was purified and compared 

to recombinant mouse POFUT1 (MmHisV5Po) purified from the culture media of stable CHO cells and 

also used in our previous study (Pennarubia, Pinault et al. 2018). 

The analysis of 1 µg of each purified enzyme on a Coomassie blue-stained polyacrylamide gel showed 

that SfHisV5Po appeared at an apparent molecular weight (MW) of approximately 45 kDa, very close 
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to its predicted MW of 43601 Da (Figure 4A). Since N-glycans produced by Sf9 cells are generally small 

(about 1 kDa per N-glycan) with the pentasaccharide structure GlcNAc2-Man3 (± fucose), we could not 

determine if one or both potential N-glycosylation sites were occupied or not. On the contrary, the 

purified recombinant MmHisV5Po from mammalian CHO cells, whose predicted MW was 43434 Da, 

appeared at an apparent MW of about 50 kDa, consistently with occupation of its two N-glycosylation 

sites by complex-type N-glycans (2-3 kDa per N-glycan). Using anti-V5 antibody, Western blot analysis 

of SfHisV5Po, treated or not with PNGase F, revealed a slightly lower apparent MW for deglycosylated 

SfHisV5Po showing that SfHisV5Po was indeed N-glycosylated (Figure 4B). The analysis on a silver 

nitrate-stained polyacrylamide gel of both recombinant purified enzymes, treated or not by PNGase F, 

confirmed the slightly lower MW for deglycosylated SfHisV5Po consistently with occupation of only 

one N-glycosylation site (Figure 4C, upper panel). On the other hand, the treatment of MmHisV5Po with 

PNGase F led to a decreased apparent MW of about 5 kDa, related to the efficient elimination of its two 

N-glycans. Consistent with their predicted MW based on amino-acid sequences (43601 Da for 

SfHisV5Po versus 43434 Da for MmHisV5Po), the two recombinant enzymes exhibited the same 

apparent MW after PNGase F treatment.  Prior to analyses by lectin blot, commercial purified control 

glycoproteins, namely Carboxypeptidase Y (CPY) and Fetuin (F), were also subjected to PNGase F 

treatment in the same conditions and appeared at expected lower MW after PNGase F treatments, 

showing the efficient elimination of their N-glycans. An analysis of all these purified proteins by lectin 

blot was then performed using GNA lectin, recognizing terminal alpha-linked mannoses (Figure 4C, 

lower panel). Before PNGase F treatment, CPY, which bears high-mannose N-glycans and thus used as 

a positive control glycoprotein for GNA, strongly reacted with GNA whereas Fetuin (F), bearing 

complex type N-glycans and used as a negative control, was not recognized at all. As expected, the 

purified SfHisV5Po produced by Sf9 insect cells was also recognized by the lectin GNA, consistent with 

detection of terminal alpha-linked mannoses on N-glycans, such as those found in paucimannose 

structures. However, MmHisV5Po from CHO cells was as expected not recognized by GNA, due to 

presence of complex-type N-glycans as found in mammalian cells. Finally, CPY and SfHisV5Po were 

no longer detected by GNA after PNGase F treatment, thus consistent with their total deglycosylation 

by PGNase F in our experiments. 
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Finally, the MS-MS analysis of tryptic peptides from the digestion of purified SfHisV5Po first confirmed 

the identity of the purified protein (Figure 4E). In addition, the detection of the trypsin digested peptide 

containing the potential N-glycosylation site N219MS (NMSGGAFLGIHLRNGQDWVK) meant that 

this site was therefore mainly not occupied by an N-glycan. On the contrary, the one carrying the N53RT 

conserved N-glycosylation site remained not detected. All these results demonstrated that SfHisV5Po 

was indeed a glycoprotein bearing an N-glycan with terminal mannoses at position N53. 

Recombinant human HisWIF1 expressed in Sf9 cells was modified with O-fucose on its EGF3  

We previously demonstrated that mouse WIF1 produced in CHO cells exhibited an O-fucose on its 

EGF3 (Pennarubia, Pinault et al. 2020), we thus wondered if it was the case for its human counterpart 

when expressed in the baculovirus expression system. Recombinant full-length human WIF1, produced 

with an N-terminal histidine tag (HisWIF1) in the secretome of infected Sf9 insect cells, was then 

purified and analyzed by MRM-MS after thermolysin digestion. Figure 5A showed potential cleavage 

sites of thermolysin for human WIF1 EGF3. Resulting peptides were analyzed by micro-LC MRM-MS. 

This digestion generated a peptide of interest with the sequence FNGGT255CFYPGKC for human 

HisWIF1 EGF3 after a missed cleavage by thermolysin (Figure 5B). The non-modified peptide 

(Figure 5B, left panel) was almost not detected for EGF3 peptide with peak intensity of about 30 whereas 

EGF3 peptide modified with O-fucose (Figure 5B, right panel and supplemental Figure 1) was clearly 

mainly detected with a much higher peak intensity around 2200.  

Consistent with previous results concerning the Notch1-DLL4 complex produced in Hi-Five insect cells 

(Luca, Jude et al. 2015), the baculovirus express system allows the addition of O-fucose to different 

recombinant mammal proteins, such as human WIF1 produced here in Sf9 insect cells.  Interestingly, 

the expression level of endogenous POFUT1 in Sf9 insect cells was sufficient for addition of O-fucose 

to almost 100 % of HisWIF1 molecules produced and overexpressed after baculovirus infection. 

Recombinant purified SfHisV5Po efficiently added O-fucose to mouse WIF1 EGF3 and NOTCH1 

EGF26 but not to the single EGF of mouse PAMR1 

As in our previous work with mouse POFUT1 (Pennarubia, Pinault et al. 2018), the ability of SfHisV5Po 

to transfer in vitro O-fucose was determined by using purified isolated EGFs of different POFUT1 target 
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glycoproteins containing a potential O-fucosylation site with the consensus sequence C2XXXX(S/T)C3 

(Shao, Moloney et al. 2003). For this purpose, SfHisV5Po was incubated with an isolated EGF (WT and 

T/A mutated) as an acceptor substrate and GDP-azido-fucose as a donor substrate. After incubation, 

copper-assisted azide-alkyne cycloaddition (or CuAAC) referred to as click chemistry was performed 

to link covalently biotin-alkyne to azido-fucose, specifically transferred by the enzyme (Figure 6A). 

The in vitro ability of recombinant MmHisV5Po from CHO cells, to specifically transfer O-fucose to 

purified isolated EGFs was previously shown for mouse NOTCH1 EGF26 (Pennarubia, Pinault et al. 

2018), mouse WIF1 EGF3 (Pennarubia, Pinault et al. 2020) and the unique EGF of mouse PAMR1 

(Pennarubia, Germot et al. 2021).  New experiments were thus performed with same purified EGFs 

produced in E.Coli and the recombinant SfHisV5Po purified in this study from secretome of baculovirus-

infected Sf9 insect cells (Figure 6B). Before performing in vitro O-fucosylation experiments, purified 

WT and mutated EGFs were analyzed on Coomassie blue-stained polyacrylamide gels (Figure 6B, upper 

panels). Equal quantity and equivalent purity were seen between WT and T/A mutated EGFs for each 

murine glycoprotein. After 20 hours incubation of WT or T/A mutated EGFs for each glycoprotein of 

interest with purified SfHisV5Po and GDP-azido-fucose, click chemistry was performed followed by 

SDS-PAGE and blotting technique using streptavidin-HRP to reveal biotinylation of transferred 

O-fucose. Strong specific signals at expected sizes were obtained for the WT EGF of mouse NOTCH1 

and WIF1 but not for mutated EGFs counterparts (Figure 6B, middle panels). This demonstrates that 

azido-fucose was specifically and efficiently in vitro transferred to mouse NOTCH1 EGF26 and WIF1 

EGF3 in our experimental conditions. For PAMR1 EGF, no clear specific signal was obtained for its 

WT EGF even after long time exposure to chemiluminescent substrate indicating that this EGF was not 

recognized by recombinant SfHisV5Po. Western blot using the anti-V5 antibody, recognizing the 

transferred SfHisV5Po used in in vitro O-fucosyltransferase assays, revealed that similar quantities were 

indeed used for incubation with WT and T/A mutated EGFs of each mouse glycoprotein (Figure 6B, 

bottom panels). 

To check that preparations of purified EGFs were similar to those used in our previous studies, 

O-fucosyltransferase assays were repeated by incubating newly purified MmPOFUT1 with the same 

EGFs preparations as those used for SfHisV5Po over 20 h incubation time (Figure 6C). As expected 
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according to our previous studies, recombinant MmHisV5Po specifically and efficiently transferred 

O-fucose to mouse NOTCH1 EGF26, WIF1 EGF3 and even to mouse PAMR1 EGF. However, only the 

single EGF of mouse PAMR1 remained unmodified after only 1h incubation time with MmHisV5Po, 

showing much less efficiency of fucose transfer to this EGF compared to mouse NOTCH1 EGF26 and 

WIF1 EGF3 (Supplemental Figure 2). These results thus highlighted different efficiencies of both 

recombinant enzymes towards PAMR1 EGF, probably due to some structural differences between 

mouse and lepidopteran POFUT1 that affect EGF binding and/or fucose transfer mechanism. Moreover, 

contrary to NOTCH1 and WIF1 where orthologous sequences were found in Protostomes, no ortholog 

was identified for PAMR1.  

Finally, we can also notice that 1h incubation time was not sufficient to reveal the O-fucosyltransferase 

activity of SfHisV5Po, highlighting a less efficiency compared to MmHisV5Po (Supplemental 

Figure 2). 

DISCUSSION 

In this paper, we first focused on the characterization of Spodoptera frugiperda POFUT1 and its 

recombinant counterpart expressed in baculovirus-infected Sf9 insect cells. Similarly to CePOFUT1 

(Lira-Navarrete, Valero-Gonzalez et al. 2011), SfPOFUT1 is significantly divergent from its human and 

murine counterparts (43.63 % and 42.16 %, respectively) but the regions and key amino acid residues 

required for binding of the donor substrate GDP-fucose and the EGFs-containing glycoproteins, are 

highly conserved. This is also the case of the N-glycosylation site N53RT in SfPOFUT1, conserved in 

animals. The NRT site modified by N-glycan had been shown to be essential for the activity of bovine 

POFUT1 (Loriol, Audfray et al. 2007). However, SfPOFUT1 as other lepidopteran counterparts, 

exhibited a second potential N-glycosylation site NMS at position 219, which was not conserved 

elsewhere (except for one convergence in Coleoptera). The presence of N-glycan at the same face as the 

active site of the enzyme, might affect overall conformation and/or activity of POFUT1, but this is  not 

the case for recombinant SfHisV5Po produced in secretome of baculovirus-infected Sf9 cells. Indeed, 

we showed that this site, was not actually occupied by an N-glycan. 
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We then focused on the ability of the Sf9 insect cells to modify recombinant glycoproteins with 

O-fucose. Recombinant human HisWIF1 was shown to be fully modified on its EGF3 by endogenous 

POFUT1 expressed by Sf9 cells as shown by MRM-MS analyses. Thus, although we cannot compare 

quantitatively our previous results (Pennarubia, Pinault et al. 2020) to this present study due to the fact 

that the POFUT1 target protein (mouse WIF1) and the detected peptide were different (FNGGT255C3 vs 

FNGGT255C3FYPGKC4), both eukaryotic expression systems based on the use of CHO mammalian cells 

and Sf9 insect cells showed high efficiency in endogenously modifying an O-fucosylable protein, 

namely WIF1. Consistently with this result, we demonstrated that recombinant purified SfHisV5Po was 

able to add in vitro O-fucose to isolated EGF3 of mouse WIF1 and even to mouse NOTCH1 EGF26, 

but with a lower efficiency than recombinant MmHisV5Po from CHO cells. Surprisingly, only PAMR1 

EGF did not appear to be modified by SfHisV5Po contrary to MmHisV5Po. All these results highlight 

the limitations of the baculovirus insect cell system for the study of O-fucosylation of recombinant 

mammalian glycoproteins.  

Interestingly, the reduction of the O-fucosylation time by MmHisV5Po to 1h removed all signal for the 

EGF of PAMR1 (but not of other EGFs). This shows a lower affinity of MmHisV5Po to the EGF of 

PAMR1 compared to SfHisV5Po. Due to the low efficiency of SfHisV5Po, it seems unable to modify 

the latter unique EGF. The low affinity of these two Pofut1 to EGF of PAMR1 could be due to the 

presence of an aspartate residue (D) at the position C2+3  in the O-fucosylation consensus sequence 

(C2FHDGTC3) which can lead to steric clash as it has been shown for the EGF12 of NOTCH1 

(C2QNDATC3) (Li, Han et al. 2017). Differences in POFUT1 in vitro O-fucosylation capacity were seen 

for SfHisV5Po according to the isolated EGF of interest, the same might also be observed in cellulo with 

different full-length glycoproteins. Unfortunately, it was not possible to purify full-length human 

recombinant PAMR1 expressed in the baculovirus-insect cell system due to its protein instability and a 

strong propensity for degradation (data not shown).  

To conclude, the baculovirus-insect cell system may offer a good alternative to mammalian expression 

systems to produce POFUT1-targeted glycoproteins but the ability of insect cells to add O-fucose to 

recombinant proteins may depend on the nature of protein of interest. In addition to this ability of 

O-fucosylation, Sf9 insect cells might be able to extend O-fucoses with GlcNAc residues through 
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expression of lunatic Fringe, as the case in baculovirus-infected Hi-Five insect cells to O-fucose of 

EGF12 of recombinant NOTCH1 (EGF11-13)(Luca, Jude et al. 2015). In this latter study, it was 

additionally demonstrated an efficient POGLUT1s-mediated O-glucosylation, making the baculovirus 

expression system an efficient tool to study any EGF-containing glycoproteins.  

MATERIALS AND METHODS 

POFUT1 alignments and conserved potential N-glycosylation Sites. POFUT1 orthologs were retrieved 

from GenBank (https://www.ncbi.nlm.nih.gov) database using on-site tblastn and blastp facilities, with 

Spodoptera frugiperda sequence (A0A2H1WR48 in UniProt) as query. Only complete or almost 

complete protein sequences from species belonging to Protostomes were selected. 348 homologous 

POFUT1 sequences covering a large taxonomic diversity (supplemental Table I) were aligned with 

MUSCLE (Edgar 2004) implemented in SeaView v.4 (Gouy, Guindon et al. 2010). Multiple alignment 

portions, including conserved potential N-glycosylation sites, extracted from the entire dataset or only 

from Lepidoptera sequences were used to obtain logos at https://weblogo.threeplusone.com/ (Schneider 

and Stephens 1990, Crooks, Hon et al. 2004). Counting number of potential N-glycosylation sites was 

performed by the search in the 348 POFUT1 sequences of the canonical motif NX[S/T] with X any 

amino acid except proline. Potential sites included in the signal peptide sequence predicted by SignalP 

6.0 (https://services.healthtech.dtu.dk/service.php?SignalP) were excluded. Focuses on POFUT1 

sequence conservation for a selection of species were achieved using the Multalin server 

(http://multalin.toulouse.inra.fr) (Corpet 1988). 

Automatic molecular modelling. Docking experiments were made using the COACH-D server 

(https://yanglab.nankai.edu.cn/COACH-D/), based on the protein sequence of Spodoptera frugiperda 

POFUT1 and GDP-fucose as a donor substrate (in Sdf format file). The proposed model for SfPOFUT1 

interacting with GDP-fucose as a substrate was selected according the best C-score, in PoseU, and 

visualized using UCSF CHIMERA (http://www.rbvi.ucsf.edu/chimera)(Pettersen, Goddard et al. 2004). 

Construction of the baculovirus transfer vector pGmAc115T-SP-His-V5. The pGmAc115T 

baculovirus transfer vector contains the very late promoter and polyadenylation signal of the polyhedrin 

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://weblogo.threeplusone.com/
https://weblogo.threeplusone.com/
http://multalin.toulouse.inra.fr/
https://yanglab.nankai.edu.cn/COACH-D/
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protein (PH). A derived vector named pGmAc115T-SP-His was previously obtained by insertion of 

additional DNA sequence encoding the signal peptide (SP) of insect cell UDP-glucosyltransferase gene, 

six histidine residues (His x 6) and the new cloning site Xba I upstream of the cloning restriction site 

Asp718 I (Legardinier, Klett et al. 2005). Using the same strategy of prehybridized (A–F) overlapping 

primers as before, a new DNA sequence encoding V5 epitope and new cloning sites were inserted 

between XbaI and Asp718 I of pGmAc115T-SP-His to generate the new baculovirus transfer vector 

referred to as pGmAc115T-SP-His-V5 (Supplemental Figure 3). 

Cloning of Spodoptera frugiperda POFUT1 and human WIF1 into baculovirus transfer vectors. 

SfPOFUT1 (residues 20-374) cDNA, obtained from Sf9 insect cells and devoid of sequences encoding 

its endogenous signal peptide and KDEL-like motif, was cloned after PCR amplifications and 

sub-cloning into pGEM-T easy (Promega Corp., Madison, WI, USA) in the baculovirus transfer vector 

pGmAc115T-SP-His-V5 (Supplemental Figure 4). Human WIF1 (NP_009122.2, residues 29-379) 

cDNA from HEK was also cloned after PCR amplifications and sub-cloning into pGEM-T easy but in 

the previously obtained baculovirus transfer vector pGmAc115T-SP-His (Supplemental Figure 4). 

Cells and viral infection. Sf9 insect cells were maintained at 28°C in supplemented TC-100 growth medium 

(Sigma-Aldrich, Saint Louis, MO, USA) containing 5% heat-inactivated fetal bovine serum, 85 IU/mL 

penicillin and 50 µg/mL streptomycin. Sf9 cells were passed when confluency was almost reached and were 

subcultured three times a week. Baculoviruses were propagated in Sf9 insect cells and recovered as previously 

done (Legardinier, Duonor-Cerutti et al. 2005). To prepare viral inoculi, adherent Sf9 cells were infected with 

recombinant baculoviruses at a multiplicity of infection (MOI) ranging from 5 to 10 plaque forming units 

(Pfu) per cell. After 45 minutes incubation with viral particles, new culture medium was added and cells were 

incubated at 28°C until 5 days post-infection. The viral titers were determined by plaque assay. 

Cotransfection and purification of the recombinant baculoviruses. Sf9 cells were cotransfected with 5 

µg of transfer vector and 1 µg of purified viral DNA using a lipofection method (XtremeGene HP, 

Sigma-Aldrich, Saint Louis, MO, USA). Viral DNA extracted from the wild-type Autographa 

californica multiple nucleocapsid polyhedrosis virus (AcMNPV) was thus cotransfected with polyhedrin 

specific baculovirus transfer vectors bearing foreign genes such as pGmAc115T-SP-His[human WIF1] 
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or the construct pGmAc115T-SP-HisV5[SfPOFUT1]. In each case, recombinant baculoviruses were 

selected by plaque assay and distinguished from the wild-type progeny by their occlusion body-negative 

phenotype. The screening and purification of the recombinant baculoviruses NPV-SfHisV5Po and 

NPV-human HisWIF1 were carried out as previously described (Legardinier, Duonor-Cerutti et al. 

2005). 

Production and nickel affinity purification of recombinant SfHisV5Po and human HisWIF1. Sf9 

were seeded at a density of 1.106 cells/mL in 500 ml ErlenMeyer and grown at 28°C at a speed of 80 

rpm during 3 or 4 days in 50 mL of serum-free medium EX-CELL 420 (ref 14420C, Sigma-Aldrich, 

Saint Louis, MO, USA). When cell density reached 6 or 7.106 cells/mL, cells were infected with the 

recombinant baculovirus NPV-SfHisV5Po or NPV-human HisWIF1. Two days post-infection, 

supernatants were recovered by centrifugation at 100 g for 5 min, then 1000 g for 10 min and precipitated 

in 80% ammonium sulfate at 4°C. After centrifugation at 10000 g for 15 min at 4°C, pellets were 

resuspended in binding buffer (25 mM Tris-HCl, 500 mM NaCl, 5 mM CaCl2, 20 mM imidazole, 

pH 7.5) and purified on Ni-NTA column by imidazole gradient (from 20 to 500 mM imidazole) using 

AKTA prime system (GE Healthcare, Piscataway, NJ, USA). Recombinant purified proteins of elution 

fractions were then concentrated with Amicon ultra centrifugal filters 3K in a Tris-CaCl2 buffer (25 mM 

Tris, 5 mM CaCl2, pH 7.5) and quantified using a bicinchoninic acid (BCA) protein assay 

(Sigma-Aldrich, Saint Louis, MO, USA) with bovine serum albumin as a standard. 

Production and nickel affinity purification of recombinant MmHisV5Po and recombinant EGFs. 

Recombinant mouse POFUT1 named MmHisV5Po was produced in stable Flp-In CHO cell line as 

previously described (Pennarubia, Pinault et al. 2018). Recombinant isolated WT and mutated EGFs of 

mouse NOTCH1, WIF1 and PAMR1 were produced in E.coli BL21strain, as previously described 

(Pennarubia, Pinault et al. 2018, Pennarubia, Pinault et al. 2020, Pennarubia, Germot et al. 2021). All 

these recombinant proteins were purified on Ni-NTA column using imidazole gradient, as previously 

described (Pennarubia, Pinault et al. 2018). The eluted fractions were separated on SDS PAGE and 

blotted on nitrocellulose membrane (for detection of recombinant proteins by anti-V5-HRP 

(Thermofisher scientific, Waltham, MA, USA)) and/or stained by Coomassie blue or silver nitrate. The 
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purest fractions were collected and concentrated by ultrafiltration in Tris-CaCl2 buffer. Then, proteins 

were quantified by BCA protein dosage assay.  

SDS-PAGE, gel staining or blotting. Purified proteins were separated on 12 % polyacrylamide gels 

(enzymes) or 17% polyacrylamide gels (EGFs), stained with Coomassie blue or silver nitrate. After 

glycosyltransferase assay, CuAAC (see after), SDS-PAGE and blot transfer, nitrocellulose membranes 

were blocked with 10% fat free milk in TBS (50 mM Tris-HCl, 150 mM NaCl, 

pH 7.6) - 0.1% Tween 20 (TBST) for 10 min, washed three times for 5 min in TBST and incubated with 

streptavidin-HRP in TBST at 25 ng/mL overnight at 4°C. After 3 new washes for 5 min per wash, 

membranes were revealed using enhanced chemiluminescence peroxidase substrate. Signals were 

visualized and quantified using Amersham Imager 600 (GE Healthcare, Buckinghamshire, UK). For 

Western blot, the nitrocellulose membrane was blocked with 5% fat free milk – TBST 0.1% for 1 h at 

room temperature and incubated with anti-V5-HRP (Thermo Fisher Scientific, Waltham, MA, USA) 

diluted to ratio 1/2000 in 2.5% milk-TBST 0.1% overnight at 4°C. The membrane was washed 3 times, 

5 minutes each, with TBST 0.1% before being revealed as mentioned above. 

PNGase F deglycosylation experiments and lectin blot. Purified proteins (1 µg used), namely 

SfHisV5Po, MmHisV5Po and control glycoproteins provided in DIG Glycan Differentiation Kit (Sigma-

Aldrich, Saint Louis, MO, USA), were denatured by incubation with KP 10X buffer (100 mM KP, 

100 mM EDTA, 5% triton X-100, 2% SDS, 10% beta-mercaptoethanol, pH 8) at 100°C for 10 min, then 

at 37°C for 10 min. After that, 0.06 µg of PNGase F was added to the mixture and incubated for 20 h at 

37°C. Untreated or PNGase F-treated samples were separated by SDS-PAGE using 15% 

polyacrylamide gel and blotted on nitrocellulose membrane. For detection of SfHisV5Po, GNA lectin 

from commercial kit, used according to the manufacturer’s protocol, was chosen due to its strong 

reactivity with terminal alpha-linked mannoses of N-glycans, usually found in Sf9 insect cells as 

previously shown (Legardinier, Klett et al. 2005). Fetuin, bearing sialylated complex-type N-glycans, 

was thus used as a negative glycoprotein control for GNA and carboxypeptidase A, bearing only 

terminal alpha-linked mannoses, was used as a positive glycoprotein control for GNA. 
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In vitro O-fucosyltransferase reaction and click chemistry (CuAAC) experiments. In vitro 

O-fucosyltransferase reactions were carried out with 1 µg of pure MmHisV5Po or an equivalent quantity 

of SfHisV5Po mixed with 2 nmoles GDP-azido-fucose (R&D Systems Inc., Minneapolis, MN, USA), 

3 µg isolated purified WT or T/A mutated EGF in 25 µL reaction buffer (25 mM Tris, 5 mM CaCl2, 

10 mM MnCl2, pH 7.5) and incubated 1 h or 20 h at 37°C as previously described (Pennarubia, Pinault 

et al. 2018). Copper-assisted azide–alkyne cycloaddition (CuAAC) also named click chemistry was 

performed using 1.25 mM CuCl2, 2.5 mM ascorbic acid and 0.125 mM alkynyl biotin (R&D Systems 

Inc., Minneapolis, MN, USA), directly added to the O-fucosyltransfease reaction. The mixture was 

incubated in the dark for 1 h at room temperature and stopped by heating for 5 min in Laemmli buffer 

(Laemmli 1970). 

Protein digestion for mass spectrometry analyses. Human HisWIF1 samples were digested using the 

FASP method. Briefly, proteins were reduced in DTT 5 mM for 30 min at 56°C and alkylated in 

Iodoacetamide 10 mM for 30 min in the dark. After reduction/alkylation, proteins were transferred into 

the Amicon Ultra 10K filter (Millipore) and washed twice by centrifugation with 25 mM ammonium 

bicarbonate 0.5 mM CaCl2. Digestion was performed with 1 µg of thermolysin (Sigma-Aldrich, Saint 

Louis, MO, USA) at 37°C for a minimum of 16 h. SfHisV5Po sample was digested in solution. Briefly, 

proteins were reduced in DTT 5 mM for 30 min at 56°C and alkylated in Iodoacetamide 10 mM for 30 

min in the dark. Digestion was performed with 0.5 µg of trypsin (Promega) at 37°C for a minimum of 

16 h. For all samples, peptides were cleaned using 1CC 30 mg HLB cartridge following manufacturer’s 

protocols (Waters; Milford, MA), solubilized in loading solvent (water/ACN/TFA 98/2/0.05 (v/v)) at a 

concentration of 0.2 µg/µL for HisWIF1 and of 0.1 µg/µL for SfHisV5Po, and finally filtered on 

0.22 µm spin column (Agilent Technologies, Santa Clara, CA). 

MicroLC MS/MS analysis of protein tryptic digests. Resulting peptides were analysed by microLC-

MS/MS using a nanoLC 425 in micro-flow mode (Eksigent, Dublin, CA) system coupled with a 

TripleTOF 5600+ (SCIEX, Framingham, MA). 5 µL of each sample were trapped on C18 Pepmap100 

cartridge (300 µm ld x 5 mm, 5µm; Thermo Scientific), and desalting was carried out at 10 μL/min with 

Loading solvent for 5 minutes. The chromatographic separation was performed on a ChromXP C18 
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column (150 x 0.3 mm i.d., 120Å, 3 µm; SCIEX) at a flow rate of 3 µL/min. The mobile phase was a 

gradient of water/acetonitrile/formic acid 100/0/0.1% (A) and 5/95/0.1% (B) programmed as follows: 

initial, 5% B, increased to 25 % in 20 min, then increased to 95 % B in 2 min, maintained at 95 % for 4 

min, and finally, decreased to 5 % B for reequilibration. 

The TTOF 5600+ was operated in data-dependant acquisition (DDA) mode with Analyst 1.7TF software 

(SCIEX). MS and MS/MS data were continuously recorded with 1.3 s cycle time with up to 20 

precursors selected for fragmentation from each MS survey scan. Precursor selection was based upon 

ion intensity and whether or not the precursor has been previously selected for fragmentation (dynamic 

exclusion). Collision energies were automatically adjusted to the charge state and m/z value of the 

precursor ions. 

Data processing. All DDA mass spectrometer files were analyzed by Protein Pilot software (version 

5.0, SCIEX) to search in the recombinant protein sequence database via the Mascot software (version 

2.2, Matrix Science, UK) with the following criteria: 25 ppm and 0.05 Da tolerance respectively for 

precursor and fragment masses, a single or 5 missed cleavage site allowed during trypsin and 

thermolysin digestion respectively, and carbamidomethylation of cysteine residues as fix modification 

and oxidation of methionine as variable modification. Protein identification was manually validated. 

Creation of the targeted method for human HisWIF1. The data were acquired in high-Resolution 

MRM mode: product ion scans were collected for the m/z corresponding to O-fucosylated or non-

modified peptides during 30 min using the same parameters as previously described in the DDA method. 

Data were processed with MultiQuant Software 3.0.1 (SCIEX), considering the 6 most abundant 

fragments for each peptide with a resolution of 10000 (Supplemental Table II). When present, fragments 

corresponding to the peptide without the sugar moiety were added. 
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LEGENDS TO FIGURES 

Figure 1: Alignment of SfPOFUT1 protein sequence with those of crystallized POFUT1 enzymes. 

Using Multalin server, a multiple sequence alignment for POFUT1 was obtained for the four species 

Homo sapiens (Hs), Mus musculus (Mm), Caenorhabditis elegans (Ce) and Spodoptera frugiperda (Sf). 

The highly conserved N-glycosylation site N67RT in MmPOFUT1 was also found in SfPOFUT1. The 

second N-glycosylation site N165KS of MmPOFUT1, conserved in mammals, was missing in SfPOFUT1 

and CePOFUT1. Surprisingly, SfPOFUT1 exhibited a second N-glycosylation site at position 219 

(NMS). Key residues of mouse POFUT1 (M46, G47, N51 and N151), located in highly conserved regions 

(in red) and known to interact with EGFs, were also found in SfPOFUT1. Other residues such as Y78, 

known to induce a steric clash, are also point out. The conserved regions for binding to GDP-fucose are 

indicated with black arrows as well as the signal peptide and the KDEL-like ER (RDEF or HEEL or 

HIDL) retention signal. The first residue of mature POFUT1 is framed in pink for each species. 

Figure 2: Conservation and proportions of N-glycosylation sites in Protostome POFUT1 

sequences. (A) The upper inset corresponds to Logos for aligned POFUT1 orthologous sequences in 

Protostomes, from position 50 to 59 of Spodoptera frugiperda sequence, where the conserved 

N-glycosylation site was found (N53). The height of the letters represents the amino acid relative 

frequency at each position. The graphical representation was obtained by comparison of 348 sequences 

using the web-based application WebLogo 3.7.12. The lower inset corresponds to Logos for aligned 

POFUT1 orthologous sequences in Lepidoptera, from position 216 to 225 of Spodoptera frugiperda 

sequence, where the second potential N-glycosylation site is found (N219). 19 sequences over 34 have 

the conserved NMS glycosite. The graphical representation was obtained by comparison of 34 
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sequences. (B) Proportions of potential N-glycosylation sites in Protostome POFUT1 sequences. The 

categories are distinguished according to the absence or the presence of 1 to 5 potential N-glycosites, 

which match the canonical motif NX[S/T], with X any amino acid except proline. The curve represents 

the percentages of sequences where the NRT site is evolutionary conserved. Numbers between brackets 

correspond to numbers of considered POFUT1 sequences for each taxonomic group. Ectoprocta, 

Neuroptera and Priapula, taxa only represented by one species each and without the NRT site, are not 

included. For more details, refer to supplemental table I. 

Figure 3: Tridimensional structures of POFUT1. (A) X-ray structure of mouse POFUT1 with 

GDP-fucose (PDB 5KY3). The co-crystallized mouse Factor VII EGF1 mutant was here deleted. The 

conserved residues known to be involved, according to Li et al. (2017) in binding to GDP-fucose (in 

black) are shown in orange and those involved in binding to acceptor substrates, namely EGFs 

comprising a potential O-fucosylation site, are shown in red. The two occupied N-glycosylation sites 

N67RT and N165KS still bear the residual proximal GlcNAc of the chitobiose core of N-glycans. 

(B) Using COACH-D server, automatic molecular docking was performed using Spodoptera frugiperda 

POFUT1 as a template and GDP-fucose (in black) as a donor substrate. The same conserved key residues 

as for MmPOFUT1 were shown for this structural model. The location of the two N-glycosylation sites 

N53RT and N219MS was indicated with asparagines in blue. 

Figure 4: Characterization of N-glycosylation of recombinant SfHisV5Po from baculovirus-

infected Sf9 cells. (A) Coomassie blue staining of polyacrylamide gel showing 1 µg of purified 

recombinant SfHisV5Po and MmHisV5Po.  (B) Western blot revealed by anti-V5-HRP for SfHisV5Po 

after treatment or not with PNGase F. (C) Silver nitrate staining (upper panel) and Lectin Blot with 

GNA (lower panel) showing N-glycan deglycosylation of purified SfHisV5Po, MmHisV5Po from CHO 

cells and commercial purified glycoproteins, namely Fetuin (F) as negative control and 

Carboxypeptidase Y (CPY) as positive control, treated with PNGase F compared to non-treated ones. 

Asterisks indicated the presence of contaminating co-purified N-linked protein, well recognized by 

GNA. (D) Trypsin digestion followed by MS-MS analysis of full-length SfHisV5Po. 
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Figure 5: MRM-MS of thermolysin-digested human HisWIF1, produced by infected Sf9 cells. 

(A) The recombinant human WIF1 with its N-terminal polyhistidine tag is drawn with its different 

domains: the WIF domain (WD) and the following five EGF domains. Zoom on the amino acid sequence 

of its EGF3 including the potential O-fucosylation site T255 is boxed and shows the protease cleavage 

sites by thermolysin. (B) Full-length recombinant human HisWIF1, secreted in culture medium of Sf9 

cells, was purified, reduced, alkylated and finally digested by thermolysin. Resulting peptides were 

analyzed by micro-LC MRM-MS. The peptide of interest FNGGT255C3FYPGKC4 of EGF3 was almost 

100 % modified with O-fucose 

Figure 6: In vitro POFUT1-mediated O-fucosylation of recombinant isolated mouse EGFs by 

SfHisV5Po and MmHisV5Po, revealed by blotting technique after click chemistry. (A) Purified 

isolated WT or T/A mutated at the O-fucosylation site were incubated separately with recombinant 

purified SfHisV5Po in the presence of GDP-azido-fucose as a donor substrate. The ability of SfHisV5Po 

to transfer O-fucose to EGFs was determined by blotting technique after click chemistry (CuAAC), 

where biotin-alkyne covalently binds to the azido-fucose if transferred to EGF by the enzyme. 

(B) Coomassie blue staining showing equivalent quantities (3 µg) of WT or T/A mutated recombinant 

isolated EGFs for mouse NOTCH1 EGF26, WIF1 EGF3 and PAMR1 EGF (upper panel). After 20 h 

incubation at 37°C with 1 µg of SfHisV5Po in the presence of GDP-azido-fucose, followed by click 

chemistry, blotting was performed using streptavidin-HRP to reveal the ability of the enzyme to add 

O-fucose to WT EGFs (middle panel). The same membrane was then incubated with anti-V5-HRP to 

reflect for each sample the quantity of enzyme used to perform O-fucosyltransferase assays (lower 

panel). (C) The same experiments as in (B) was performed with same EGFs preparations for 

MmHisV5Po from CHO cells. After incubation of WT or T/A mutated EGFs with MmHisV5Po in 

presence of GDP-azido-fucose and click chemistry, blotting technique was performed using 

streptavidin-HRP (upper panel). The same membrane was re-incubated with anti-V5-HRP to reveal the 

relative quantity of the enzyme used (lower panel).  
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SUPPLEMENTARY DATA 

Figure 1: Representative MS/MS spectra of the O-fucosylated peptide from human HisWIF1 after thermolysin digestion. Spectra were acquired 

with a micro-LC TripleTOF system in DDA mode. Detected b/y fragments are annotated on the spectrum confirming the identified peptide sequence. The 

loss of fucose moiety led to the presence of non-fucosylated precursor b ions and y fragments (in italic). 
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Figure 2: Comparison of SfHisV5Po and MmHisV5Po abilities to transfer O-fucose to recombinant isolated EGFs of mouse glycoproteins. 

Blotting technique using streptavidin-HRP of the three recombinant WT EGFs after 1 h incubation at 37°C with SfHisV5Po or MmHisV5Po in the 

presence of GDP-azido-fucose (upper panels). Ponceau red staining (middle panel) revealed efficient membrane transfer of all EGFs.  
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Figure 3: Cloning of Spodoptera frugiperda POFUT1 in the baculovirus transfer vector pGmAc115T-SP-His-V5. The pGmAc115T baculovirus 

transfer vector contains the very late promoter and polyadenylation signal of the polyhedrin protein (PH). A derived vector named pGmAc115T-SP-His 

was previously obtained by insertion of additional DNA sequence encoding the signal peptide (SP) of insect cell UDP glucosyltransferase gene, six 

histidine residues (His x 6) and the new cloning site Xba I upstream of the cloning restriction site Asp718 I (Legardinier, Klett et al. 2005). Using the same 

strategy as before, a new DNA sequence encoding V5 epitope and new cloning sites were inserted, by using prehybridized overlapping primers (A–F),  

between XbaI and Asp718 I of pGmAc115T-SP-His to generate the new baculovirus transfer vector referred to as pGmAc115T-SP-His-V5. SfPOFUT1 

(residues 20-374) cDNA, obtained from Sf9 insect cells and devoid of sequences encoding its endogenous signal peptide and its KDEL-like motif HEEL, 

was cloned after PCR amplifications and sub-cloning into pGEM-T easy in the baculovirus transfer vector pGmAc115T-SP-His-V5. 
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Figure 4: Cloning of human WIF1 in the baculovirus transfer vector pGmAc115T-SP-His. The baculovirus transfer vector pGmAc115T-SP-His, 

harboring the very late promoter and polyadenylation signal of the polyhedrin gene (PH), was previously obtained by insertion of a signal peptide (SP), six 

histidine residues (His x 6) and the new cloning site Xba I upstream of the cloning restriction site Asp718 I (Legardinier, Klett et al. 2005). The human 

WIF1 (NP_009122.2, residues 29-379) cDNA from HEK was also cloned, after PCR amplifications and sub-cloning into pGEM-T easy, in the baculovirus 

transfer vector pGmAc115T-SP-His by using Xba I and Asp 718 I cloning restriction sites. 



SUPPLEMENTARY DATA 

Table I. Numbers of POFUT1 potential N-glycosylation sites found in our Protostome sequence database used for this work. They were categorized 

according to their taxonomic classification and for each, their mean, median and mode were calculated. A focus on the evolutionary conserved NRT glycosite 

was included and the few exceptions, 37 over 348 species, were listed together with their respective POFUT1 accession numbers in GenBank.   

Number of species Number of POFUT1 potential N -Glycosylation sites Mean Median Mode Presence N RT in the taxonomic group Exception for. No conserved N RT glycosite (in red, no N -glycosite) GenBank accession number

Coleoptera 16 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, 2, 3, 3, 3, 3, 5 2.13 2 2  Harmonia axyridis (Harlequin ladybird) XP_045472837

Collembola 2 4, 5 4.5 4.5 4, 5 
Dictyoptera 2 2, 4 3 3 2, 4 

Diptera 68
1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 2, 

2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 4
1.51 1 1 

Ephemeroptera 1 1 1 1 1 
Hemiptera 16 1, 1, 1, 1, 1, 1, 1, 1, 1, 2, 2, 2, 3, 3, 3, 3 1.69 1 1  Homalodisca vitripennis (glassy-winged sharpshooter) XP_046689005

Hymenoptera 83
1, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 3, 

3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 4, 4, 4, 4, 5, 5
2.54 2 2 

Solenopsis invicta (red imported fire ant)                                  

Temnothorax longispinosus

XP_011159102                 

TGZ42724

Lepidoptera 34 1, 1, 1, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 4 2.41 2 2, 3 
Neuroptera 1 2 2 2 2 Chrysoperla carnea (common green lacewing) XP_044737812

Orthoptera 2 2, 2 2 2 2 
Phasmatodea 3 1, 1, 1 1 1 1 
Phthiraptera 1 1 1 1 1 
Siphonaptera 1 2 2 2 2 
Thysanoptera 2 2, 2 2 2 2 

232

Amphipoda 2 2, 2 2 2 2  Hyalella azteca XP_018012864

Cirripedia 2 1, 1 1 1 1 
Cladocera 15 1, 1, 1, 1, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2 1.73 2 2 
Copepoda 4 1, 1, 1, 2 1.25 1 1  Eurytemora affinis XP_023327275

Decapoda 5 1, 1, 1, 1, 1 1 1 1 
28

Acari 12 1, 1, 1, 2, 2, 2, 2, 2, 2, 4, 4, 5 2.33 2 2 

Dermacentor silvarum                                                  

Dermatophagoides pteronyssinus (European house dust mite)              

Euroglyphus maynei (Mayne's house dust mite)                            

Galendromus occidentalis (Western predatory mite)                       

Rhipicephalus sanguineus (brown dog tick)                                

Sarcoptes scabiei (itch mite)                                             

Tetranychus urticae (red spider mite)

XP_037560472        

XP_027202576            

OTF71429                   

XP_003744035            

XP_037513014       

KAF7487857        

XP_015786037

Araneae 2 1, 1 1 1 1 
Pycnogonida 1 3 3 3 3 
Scorpiones 1 2 2 2 2 

16

Arthropoda 276

Tardigrada 2 1, 1 1 1 1 

35 0, 0, 0, 0, 0, 1, 1, 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 3, 3, 3, 3, 3, 4, 5, 5 1.89 2 2 

Ancylostoma ceylanicum                                                

Caenorhabditis elegans                                                 

Caenorhabditis latens                                                   

Caenorhabditis nigoni                                                  

Caenorhabditis remanei                                                

Enterobius vermicularis                                                 

Haemonchus contortus                                                 

Haemonchus placei                                                    

Nippostrongylus brasiliensis                                             

Pristionchus pacificus                                                   

Steinernema carpocapsae                                               

Strongyloides ratti

EYC08616                      

NP_741744                    

OZG24589                     

PIC17642                      

KAF1747582                

VDD87055                     

CDJ81541                      

VDO57055                    

VDL82439                      

KAF8384628                    

TKR70341              

XP_024509440

1 3 3 3 3 Priapulus caudatus XP_014662495

4 0, 1, 2, 2 1.25 1.5 2  Dimorphilus gyrociliatus CAD5118937

1 1 1 1 1 

Bivalvia 6 0, 1, 1, 1, 1, 1 0.83 1 1

Crassostrea gigas (giant Pacific oyster)                                   

Crassostrea virginica (Eastern oyster)                                     

Mercenaria mercenaria (Northern quahog)                               

Mizuhopecten yessoensis (Japanese scallop)                              

Ostrea edulis (European flat oyster)                                      

Pecten maximus (great scallop)

XP_011426565             

XP_022319972        

XP_045193039      

XP_021369617         

XP_048776581          

XP_033732474

Cephalopoda 3 1, 1, 2 1.33 1 1 
Gastropoda 7 1, 1, 1, 1, 1, 1, 2 1.14 1 1 

1 1 1 1 1 Bugula neritina KAF6027706

7 1, 1, 2, 2, 2, 2, 2 1.71 2 2  Brachionus calyciflorus CAF0970316

5 1, 4, 5, 5, 5 4 5 5  Macrostomum lignano PAA75767

72

Total 348

Other than Arthropoda

Protostome taxonomic groups

Nematoda

Priapulida

Annelida

Brachiopoda

Ectoprocta

Rotifera

Platyhelminthes

Hexapoda

Crustacea

Cheliceriforma

Mollusca



SUPPLEMENTARY DATA 

Table II. MRMHR parameters for the detection of HisWIF1 EGF3 peptide. The O-fucosylation site is indicated in bold and underlined. Each peptide is 

detected by a single charge state corresponding to a MS1 value (with optimized Declustering Potential (DP) and collision energy (CE)) recorded during the 

30 min analysis. Peak detection with MultiQuant was achieved with the six most abundant fragments (MS2) with a 10,000 resolution for modified peptide. 

Fragment corresponding to the loss of the sugar moiety was also added for modified peptide. Quantification fragment is indicated in bold. The other MS2 

were used as confirmation fragments.  

Targeted sequence MS1 MS1 DP (V) CE (V)

y4 461.2177 y4 461.2177

y5 624.2810 y5 624.2810

y3 364.1649 y3 364.1649

y10 1146.4707 y10-Fuc 1146.4707

y2 307.1435 y2 307.1435

b6 783.2978

FNGGTC[CAM]FYPGKC[CAM]

charge 

state

+2 704.2946

not detected

777.3236

detected at 

RT 16.38 min

82.5 36

Non-modified peptide Modified peptide

MS2 MS2
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Chapter VII. General Discussion 

 

The team that worked for a long time on myogenesis and then on colorectal cancer focused 

on PAMR1, which represents one of the POFUT1-target proteins. There are few publications 

on PAMR1 (<30) in the literature. When it was discovered in 2004, it was first named RAMP 

(Regenerative Associated Muscle Protease) because PAMR1 is a multi-domain protein 

composed of a peptidase S1 domain which might exert a role in muscle regeneration 

(Nakayama et al., 2004b) (Hara et al., 2005). Its downexpression could even be implicated in 

the progression of Duchenne Muscular Dystrophy (DMD) as previously suggested by authors. 

Since then, the exact function of this protein in the muscle context remains to be elucidated. 

Finally, the involvement of PAMR1 as a putative tumor suppressor was recently established 

(Lo et al., 2015).  

 

Expression of PAMR1 in cancer and mainly in CRC 

As seen in databases such as Firebrowse, PAMR1 is generally downregulated in cancer 

including CRC, consistent with previous studies/findings in breast cancer (Lo et al., 2015), 

cervical cancer (Yang et al., 2021), hepatocellular (Yin et al., 2016), and cutaneous squamous 

cell carcinoma (Wei et al., 2018). Using these public data, our in silico study has globally 

confirmed the suppressed expression of PAMR1 in the four CRC stages, where it appeared 

pronounced as early as stage I. However, based on RNASeq data, PAMR1 was also seen to 

be overexpressed in few cancers such as Kidney renal clear cell carcinoma, skin cutaneous 

melanoma etc. These various expression levels among cancer types suggest that PAMR1 

could exert different roles according to cell types. 

Overall results with samples from CRC patients confirm this reduction of PAMR1 quantity in 

tumors compared to normal tissue samples. However, in rare cases, PAMR1 appeared to be 

overexpressed in some tissue samples from CRC patients (two samples among 32 samples). 

For the moment, we have no explanations for these individual differences.  Anyway, the 

dysregulation of PAMR1 expression in cancer cells, whether by overexpression or 

downexpression, could help understanding its role or even its mechanism of action.  

 

Is PAMR1 downexpression in CRC due to an epigenetic silencing? 

Identifying and studying genes dysregulated in cancer allows a better understanding of the 

process of development of tumors within the carcinogenesis context. As known, one of the 

epigenetic processes driving the development of cancer is thought to be the DNA methylation 

of CpG islands in the promoter region of tumor suppressor genes (Patai et al., 2015), as the 

case of PAMR1 in breast cancer (Lo et al., 2015).Thus, demethylating drugs such as Genistein 

and 5-aza-2’deoxycytidine are often used to reverse such promoter hypermethylation.  

Genistein, a soy-derived isoflavone, is proposed as a potential therapeutic agent in anticancer 

research since many years. Besides in breast (Xie et al., 2014) and prostate cancers, Genistein 

can provoke DNA demethylation leading to an increased expression of tumor suppressor 

genes in many other cancers (esophageal, pancreatic, lymphoma…) (Javed et al., 2021), 

including the colorectal cancer (Zhu et al., 2018). Indeed, Genistein allowed recovered 

expression of the tumor suppressor gene WIF1 in HT29 colon cancer cells by promoting its 

promoter demethylation, thus resulting in reduced migration and invasion of HT29 cells (Zhu 

et al., 2018). Nothing was mentioned in this latter study about PAMR1 expression in HT29 cells 

following genistein treatment. However, Lo et al demonstrated that the epigenetic silencing of 
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PAMR1 in breast cancer was in fact due to its promoter hypermethylation, rather than mutation. 

Indeed, PAMR1’s suggested tumor suppressor activity was restored in breast cancer cells 

upon treatment with another demethylating agent, namely 5-aza-2’deoxycytidine (Lo et al., 

2015).    

Based on that, we wondered whether PAMR1 was also inactivated by promoter 

hypermethylation in colorectal cancer. We first confirmed that PAMR1 was indeed 

downexpressed in CRC cell lines available in the lab, especially in HT29 cells, compared to 

normal colon cells CCD841CoN (see chapter VI.I). We then investigated the effect of both 

demethylation agents, namely Genistein and 5-aza-2’deoxycytidine, on the expression of 

PAMR1 in HT29 cells and proliferation of these cells. In parallel, stable HT29 cells 

overexpressing PAMR1 (Cl2 and Pool) were even assayed as well as stable control cell lines 

(transfected with empty vector only) named control Mock (see supplemental data). The 

treatment of previously mentioned cell lines with Genistein or 5-aza-2’deoxycytidine drugs at 

different concentrations (Genistein: 0, 10, 20, 60 µmol.L-1.  5-aza-2’deoxycytidine: 1, 2, 3, 6, 8, 

10, 12 µM) showed no remarkable effect on mRNA expression level of PAMR1 (qPCR) as well 

as on cell proliferation. However, a slight reduction in Pool cell proliferation was seen upon 

treatment with the highest dose of 5-aza-2’deaoxycytidine. Taking into consideration that this 

demethylation drug is not PAMR1 specific, we can assume that it can exert its action on cell 

proliferation by inducing demethylation of other tumor suppressor genes.  

The same gene or tumor suppressor gene can be silenced or dysregulated in different cancers 

by different mechanisms. As an example, as it has been demonstrated within our team, the 

activity of POFUT1 enzyme is enhanced in CRC by two different mechanisms: by DNA 

fragment duplications leading to the increase in the pofut1 gene copy number (Chabanais et 

al., 2018), or by gain-of-function mutation within pofut1 gene (Deschuyter et al., 2020).  Another 

example, ADAM33 (A disintegrin and metalloproteinase domain 33), a transmembrane 

glycoprotein known to play a role in cell adhesion. Its downregulation was noted in colon cancer 

as a result of gene mutation (Fraile et al., 2013) whereas it was shown to be silenced by 

promoter hypermethylation in breast cancer and predicted as a potential tumor suppressor 

(Manica et al., 2017).  

Then, we concluded that the down-expression of PAMR1 was not a result of promoter 

hypermethylation. As exposed in the introduction, other events (mutations…) or epigenetic 

alterations (histone deacetylation) or microsatellite instability could lead to PAMR1 

downregulation. It could be interesting to discover the reasons of the reduced quantity of 

PAMR1 in CRC to know how to reverse this downexpression. 

 

Means to explore the action of PAMR1 in CRC cells  

Since PAMR1 was shown to be downexpressed in CRC patients and in available CRC cell 

lines, we chose to overexpress it to determine effects of an increased quantity on properties 

of tumoral cells. Since we failed to restore the expression of PAMR1 in CRC cells by using 

demethylation agents, only two experimental approaches were carried out, namely by 

producing stable cell line overexpressing PAMR1 and by exogenous treatment of CRC cells 

with recombinant PAMR1.  

PAMR1 expression was only dysregulated in HT29 showing the lowest PAMR1 expression 

among available CRC cell lines in the lab. Obtained stably modified HT29 cells (Pool and Cl2) 

indeed allowed us to constitutively enhance the quantity of expressed PAMR1 in intracellular 

cell compartment as well as in secretome. A second approach was to produce recombinant 

PAMR1 in different expression systems for exogenous treatments by adding it to the growth 
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medium of CRC cell lines in culture. Finally, the most efficient approach was to increase overall 

quantity of PAMR1 as much as possible, by combining the exogenous treatment (with CHO-

produced recombinant PAMR1) and transient transfection of CRC cell lines with constructs 

allowing overexpression of human PAMR1. 

The large use of mammalian systems such as CHO cells to express recombinant human 

proteins is mainly due to an efficient quality control of protein folding and to a large range of 

post-translational modifications necessary for production of a functional recombinant protein. 

This capabilities are suitable or applicable for all types of proteins whether intracellular, 

secreted (such as PAMR1) or membrane integrated proteins (Almo and Love, 2014). CHO 

cells were chosen for production of glycoproteins with similar complex-type N-glycans as those 

found in human glycoproteins. More than 50% of therapeutic proteins are glycosylated 

(example : monoclonal antibodies), it’s the reason why so many recombinant proteins are 

produced in CHO cells  (Durocher and Butler, 2009). 

Thanks to the advanced technologies and advantageous capacities of the mammalian 

expression system for production of recombinant proteins highly close to the native forms, we 

thus decided to create stable CHO cells to produce recombinant human PAMR1 isoforms, 

namely the canonical isoform 1 and its isoform 2 (having 17 additional residues between EGF-

like domain and Sushi1 domain). Flp-InTM CHO cells (Thermo Fisher scientific) were used for 

a site-specific integration of the construct harboring PAMR1 cDNA into the genome after Flp 

recombinase-mediated DNA recombination. 

In spite of successful generation of stable CHO cell lines harboring cDNA encoding isoforms 

1 and 2 of human PAMR1 with N-terminal histidine tags, the yield of production of these 

recombinant glycoproteins was unfortunately very low. It did not allow to produce and purify 

sufficient protein quantities to perform exogenous treatments. Based on that, we looked 

forward to produce recombinant both isoforms of human PAMR1 in the baculovirus insect cell 

expression system, known for high yield of production of recombinant proteins at a low cost. 

Despite a good expression and secretion of both isoforms of human PAMR1 by Sf9 insect cells 

infected with appropriate recombinant baculovirus, the recombinant proteins were subject to 

proteolytic degradation despite the addition of various protease inhibitors. In addition, their 

nickel-affinity purification after protein concentration accentuated their degradation and others 

form protein aggregates, leading to insufficient quantities of purified protein for exogenous 

treatments of CRC cell lines.  

Finally, we relied on mouse PAMR1 produced by stable CHO cells (previously obtained in the 

lab (Pennarubia et al., 2021) to perform exogenous treatment-based experiments. Taking into 

consideration the high percentage of similarity and identity (> 90 %) between the mouse 

PAMR1 and the canonical isoform 1 of human PAMR1, we assumed it may exert the same 

role despite minimal differences between the two sequences. Indeed, exogenous treatment 

with concentrated secretome of CHO cells expressing mouse PAMR1 showed an effect on 

both HT29 and HeLa cells proliferation and migration compared to non-treated cells. The HeLa 

cervical cancer cell line was used to confirm the relevance of the use of mouse PAMR1, since 

this cell line was already known to be sensitive to PAMR1 dysregulation (Yang et al., 2021). 

 

Origin of PAMR1 instability of recombinant human PAMR1?  

Despite of the advantages of the baculovirus insect cell expression system, the production of 

recombinant proteins is sometimes limited by the proteolytic activity of insect cells which affects 

the productivity and stability of the target proteins (Dumas and Robert, 2009). Recombinant 

isoforms 1 and 2 of human PAMR1 named His6-Iso1 and His6-Iso2 respectively in our study 
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(see Supp data) were both sensitive to protein degradation, probably due to the release of 

some proteases by infected Sf9 insect cells. Unfortunately, the addition of inhibitors such as 

leupeptin (inhibitor of serine, threonine and cysteine proteases) and pepstatin A (inhibitor of 

aspartate proteases) in production medium showed no effect, even though they have been 

shown to be effective in limiting the degradation of other proteins produced in the baculovirus-

insect cell system (Pyle et al., 1995). Despite of a low protein production in serum-free medium, 

we nevertheless chose to produce human PAMR1 with this medium to avoid that large 

quantities of contaminant serum albumin restrict the nickel-affinity purification of the 

polyhistidine tagged recombinant protein of interest. Unfortunately, protein concentration of 

production media by ultrafiltration or by ammonium sulfate precipitation prior to purification led 

to formation of protein aggregates or protein complexes and increased protein degradation. 

We then assumed that PAMR1 instability might be partially explained by the potential absence 

of O-fucosylation when expressed in the baculovirus insect cell system. 

Investigation of the ability of Sf9 insect cells to add O-fucose to human PAMR1? 

Most of the insect cells (including Sf9 cells) have the capability to perform most post-

translational modifications, such as N-glycosylation and O-glycosylation but with simple glycan 

structures compared complex glycans found in mammals (Ailor and Betenbaugh, 1999). 

POFUT1-mediated O-fucosylation can also occur in the baculovirus-insect cell system (Luca 

et al., 2015) but the efficiency of fucose transfer might depend of the protein of interest and 

insect cells used. 

Pennarubia et al, in our laboratory, demonstrated that mouse PAMR1 was modified with 

O-fucose within its single EGF-like domain when expressed in CHO cells (Pennarubia et al., 

2021) and the presence of O-fucose could influence its stability. This opened up the question 

whether PAMR1 could also modified by O-fucose, when expressed in another expression 

system producing functional POFUT1 such as the baculovirus–insect cell system. 

Unfortunately, we were unable to demonstrate the presence of O-fucose for full-length human 

PAMR1 expressed by infected Sf9 insect cells due to protein degradation during protein 

concentration and purification steps. To cope with this problem, Sf9POFUT1 was first 

produced, purified and characterized for its ability to add in vitro O-fucose to the E. coli-

produced single EGF-like domain of PAMR1 (see Paper 2). Following in vitro 

O-fucosyltransferase assay using Sf9POFUT1 and GDP-azido-fucose, click chemistry and 

blotting techniques were performed to show the ability of Sf9POFUT1 to specifically add 

O-fucose to NOCTH1 EGF26 and WIF1 EGF3, in accordance with previous reports of our lab 

(Pennarubia et al., 2018) (Pennarubia et al., 2021). Our experiments revealed that Sf9POFUT1 

exhibited a less efficient O-fucosyltransferase activity than mouse POFUT1.  

Unlike mouse POFUT1, Sf9POFUT1 strikingly failed to add O-fucose to isolated EGF-like 

domain of PAMR1. If the absence of O-fucose is confirmed for full-length human PAMR1, it 

could partially explain its instability and propension to degradation if considering that mouse 

PAMR1, produced by CHO cells and exhibiting more stability, was demonstrated to be 

modified by O-fucose.  

 

Propension of recombinant human PAMR1 to form aggregates or protein complexes 

The difference of complexity of glycans, between mammalian cells such as CHO cells and 

insect cells such as Sf9 cells, can explain differences of molecular weight (MW) of the 

expressed recombinant protein as well as differences in protein stability, in protein-protein 

interactions and in bioactivities. Nevertheless, the two isoforms of human PAMR1 (His6-Iso1 

and His6-Iso2) expressed in baculovirus-infected Sf9 insect cells were secreted as expected 
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and exhibited an apparent MW of about 90 kDa. The comparison of theoretical and apparent 

MW highlights the presence of post-translational modifications (O-glycans and/or N-glycans) 

for both secreted His6-Iso1 and His6-Iso2 (supplemental data of paper 1). The apparent MW 

of the recombinant proteins produced in Sf9 cells were close but slightly lower to those 

obtained for recombinant counterparts produced by CHO cells, indicating subtle differences of 

glycosylation between both expression systems.  

As a secreted multi-domain protein, PAMR1 can be assumed to interact with one or more 

secreted (extracellular) and/or membrane proteins. Human PAMR1 isoform 1 was detected in 

the supernatant of stable HT29 overexpressing human PAMR1 isoform 1 (pool and Cl2) at the 

expected size (between 90 and 100 kDa). However, a higher MW band was frequently seen 

above 130 kDa, even in the case of recombinant PAMR1 expressed by Sf9 insect cells (His6-

Iso2). The higher band suggests either the formation of soluble protein aggregates of PAMR1 

due to concentration by ultrafiltration or the presence of an undissociated protein complex, with 

other proteins, even under the denaturing and reduced conditions, which seems more unlikely. 

The precise molecular mechanism of action of PAMR1 remains to be elucidated 

The mechanism of action of PAMR1 is currently not known but as a secreted protein, several 

hypotheses can be put forward. PAMR1 could bind directly to the cell surface to exert its action, 

either by binding to a receptor or to another membrane protein. It could also bind to another 

secreted protein in the extracellular compartment to modulate its action. This is what is 

suggested for SCUBE2, an analogous protein which contains a CUB domain and EGF-like 

domains like PAMR1. In the case of SCUBE2, its C-terminal CUB domain interacts with BMP 

and antagonize it, thus suppressing breast cancer cell proliferation (Cheng et al., 2009); 

whereas N-terminal EGF-like domains have the ability to interact with E-cadherin and modulate 

beta catenin signaling pathway (Lin et al., 2011). This leads us to think that the antiproliferative 

and potential tumor suppressor role of PAMR1 could be through its interaction with proteins 

such as BMP and E-cadherin. 

Knowing the molecular interactions of PAMR1 could help to understand how PAMR1 could 

affect different signaling pathways. Indeed, Yang et al. (2021), were the first to show the 

suppression of mTORc and MYC signaling pathways in breast cancer upon the action of 

PAMR1. However, up to now, there is no clear view on protein-protein interactions induced by 

PAMR1 and on the exact link with the latter signaling pathways or even other pathways related 

to regulating cell proliferation, migration, invasion, or tumorigenesis in general.  
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Chapter VIII. Conclusion and Perspectives 

In the light of the above, we were able to validate PAMR1’s downexpression in colorectal 

cancer, in tumors from CRC patients as well as in CRC cell lines. However, the mechanism of 

PAMR1 downexpression in CRC is still unknown and seems to be not dependent of promoter 

hypermethylation. Other modifications (histone deacetylation…) could explain an epigenetic 

silencing of PAMR1 expression. Phenotypes might be partially reversed by using other 

inhibitors of methylation or inhibitors of histone deacetylation. Finally, other events such as 

mutations could also be involved in the loss of PAMR1’s expression in CRC. 

Recovering PAMR1’s expression whether by producing HT29 cells overexpressing PAMR1 or 

by performing exogenous treatment of CRC cells with recombinant PAMR1, or by combining 

the two approaches, allowed us to show PAMR1’s anti-proliferative and anti-migrative role in 

colorectal cancer. Thus, this leads us to think that PAMR1 could be considered as one of the 

early tumor suppressor biomarkers of CRC, as previously shown for breast and cervical 

cancers. Finally, other properties of tumoral cells such as invasion, apoptosis resistance, ability 

to form spheroids… could also be investigated after treatment with PAMR1. 

It is now established that PAMR1 plays a role in cancer, as evidenced by our study and 

previous studies (Lo et al., 2015) (Yang et al., 2021) but its mechanism of action is still 

unknown. No direct interaction of PAMR1, which is a glycoprotein found in the extracellular 

medium, with another protein partner has yet been shown. Protein-protein interaction studies 

should be conducted to identify protein partners of PAMR1. Since PAMR1’s quantity is very 

low in CRC, experiments should be carried out either with normal colon cell lines to identify 

PAMR1s’ protein partners in normal conditions or with CRC cell lines treated with recombinant 

PAMR1. Crosslinking experiments with formaldehyde or other molecules followed by mass 

spectrometry analyses could allow the identification of covalently bound proteins to PAMR1, 

corresponding to spatially close proteins and thus potential protein partners. 

Immunoprecipitation experiments could be performed to test the potential interaction of 

PAMR1 with putative protein partners such as E-cadherin. All these approaches could be also 

applied on breast cancer cells such as MCF7 or even cervical cancer cells such as HeLa cells. 

Besides protein-protein interactions studies, it would be also relevant to investigate the 

different players of signaling pathways (Wnt and mTOR signaling pathways…) involved in 

proliferation and migration. This could be done by qPCR and/or Western blot after treatment 

of CRC cells with recombinant PAMR1 or even within stable CRC cells overexpressing 

PAMR1. The overall results will be a clear view of PAMR1 mechanism of action in CRC cell 

lines or other cancer cell types. Moving to a higher level, in vivo experiments such as 

xenografts into nude mice could be applied. Stable HT29 cells over expressing PAMR1 (Pool 

or Cl2) can be introduced into these mice as well as control HT29 cells (transfected with empty 

vector) to investigate the tumor progression. 

The study of the effect of PAMR1 in CRC by exogenous treatments with recombinant human 

PAMR1 (instead of mouse PAMR1 used in this study) was impossible due to the difficulties in 

producing large quantities of this protein, in CHO mammalian cells as well as in Sf9 insect 

cells. Despite high structural identity between murine and human PAMR1 and the use of similar 

constructs to produce in the secretome of CHO cells recombinant PAMR1 proteins with 

N-terminal His and V5 tags, isoforms 1 and 2 of human PAMR1 were very low expressed by 

CHO cells unlike murine PAMR1.  
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In the baculovirus-insect cell system, it was possible to produce isoforms 1 and 2 but their 

production in serum-free media, followed by protein concentration (by ultrafiltration or 

ammonium sulfate precipitation) and Nickel-affinity purification led to their protein degradation 

and aggregation. So, the use of this baculovirus-cell system may not be appropriate to produce 

recombinant human PAMR1. Its instability and propensity to degradation may be related to the 

absence of O-fucose on its EGF-like domain, as suggested by our in vitro O-fucosyltransferase 

assays using purified Sf9POFUT1 and isolated PAMR1 EGF-like domain produced in E. coli 

(paper 2). Thus, the presence or absence of O-fucose on the single EGF-like domain of full-

length human PAMR1 should be confirmed. Nevertheless, tremendous efforts must be done 

to improve stability of these proteins and prevent them to form aggregates or to be degraded. 

This will allow to produce and purify enough quantities of proteins to perform further 

experiments as mentioned above. 
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Abstract 

Colorectal cancer (CRC) is becoming one of the most prevalent cancers worldwide. This necessitates 
better understanding the molecular mechanisms behind its occurrence and identifying biomarkers 
allowing CRC early detection. In this thesis work, we focused our attention on one POFUT1-target 
protein, namely PAMR1 (Peptidase domain-containing Associated with Muscle Regeneration 1), which 
is frequently inactivated in breast and cervical cancers and since considered as protein tumor 
suppressor. We thus wondered if PAMR1 could also exert a similar role in CRC. 
Our in silico analysis showed a significantly reduced quantity of PAMR1 in colorectal cancer tissues as 
early as stage I, indicating that PAMR1 might be an early biomarker of CRC. PAMR1 was also not 
detected at the protein level in the secretome of CRC cell lines, consistent with the very low transcripts 
levels expressed by these cells, as determined by qPCR. To study the effect of a supply or an 
increased expression of PAMR1 in CRC lines, two experimental approaches  were carried out, namely 
exogenous treatments of CRC cell lines with addition of recombinant PAMR1 in growth medium and 
transient or  stable PAMR1 overexpression in HT29 cell line. Using these two approaches, a reduction 
in HT29 cell proliferation and migration was shown, correlated to a potential tumor suppressor role of 
PAMR1 in CRC.  
For the previous study, we had to use recombinant mouse PAMR1, stably produced by mammalian 
CHO cells, to treat the CRC lines. Indeed, we did not succeed in producing and purifying a sufficient 
quantity of recombinant human PAMR1, either in CHO cells or in the baculovirus-insect cell expression 
system. In the latter system, we showed the inability of POFUT1 from Sf9 cells to modify the single EGF-
like domain of PAMR1 with O-fucose, which could be one of the reasons for its instability and its strong 
propensity to degradation. 

Keywords : PAMR1, colorectal cancer, Proliferation, Migration, POFUT1, Spodoptera 
frugiperda, EGF-like domain. 

Résumé 

Le cancer colorectal (CCR) est en train de devenir l'un des cancers les plus répandus dans le monde. 
Cela nécessite de mieux comprendre les mécanismes moléculaires à l'origine de son apparition et 
d'identifier des biomarqueurs pour une détection précoce du CCR. Dans ce travail de thèse, nous avons 
porté notre attention sur PAMR1 (protéine à domaine protéase associée à la régénération musculaire 
1), une protéine cible de POFUT1 qui est fréquemment inactivée dans les cancers du sein et du col de 
l'utérus et considérée depuis comme une protéine suppresseur de tumeur. Nous nous sommes donc 
demandé si PAMR1 pouvait également exercer un rôle similaire dans le CCR.  
Notre analyse in silico a montré une quantité significativement réduite de PAMR1 dans les tissus du 
cancer colorectal dès le stade I, indiquant que PAMR1 pourrait être un biomarqueur précoce du CCR. 
PAMR1 n'a pas été détecté non plus au niveau protéique dans le sécrétome de lignées cellulaires de 
CCR, ce qui est cohérent avec les très faibles niveaux de transcrits exprimés par ces cellules, tels que 
déterminés par qPCR. Pour étudier l’effet d’un apport ou d’une expression augmentée de PAMR1 dans 
les lignées CCR, deux approches expérimentales ont été menées, à savoir des traitements exogènes 
des lignées cellulaires CCR avec ajout de PAMR1 recombinant dans le milieu de croissance et la 
surexpression transitoire ou stable de PAMR1 dans la lignée cellulaire HT29. Par ces deux approches, 
une réduction de la prolifération et de la migration des cellules HT29 a été montrée, en adéquation avec 
un potentiel rôle suppresseur de tumeur de PAMR1 dans le CCR.  
Pour l’étude précédente, nous avons dû utiliser du PAMR1 recombinant de souris, produit de manière 
stable par des cellules de mammifères CHO, pour traiter les lignées CCR. En effet, nous n’avons pas 
réussi à produire et à purifier en quantité suffisante du PAMR1 humain recombinant, que ce soit dans 
les cellules CHO ou dans le système d’expression baculovirus-cellules d’insectes. Dans ce dernier 
système, nous avons montré l’incapacité de POFUT1 des cellules Sf9 à O-fucosyler le domaine EGF-
like unique de PAMR1, ce qui pourrait être une des raisons de son instabilité et de sa forte propension 
à la dégradation. 

Mots-clés: PAMR1, cancer colorectal, Prolifération, Migration, POFUT1, Spodoptera 
frugiperda, domaine de type EGF.  


