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Abstract 

Natural Killer (NK) cells are the founding members of the innate lymphoid cell family. 

They are bone marrow derived effector lymphocytes that have cytotoxic and regulatory capacities 

which provide protection against viral infection and tumor formation. Following an N-ethyl-N-

nitrosourea (ENU) induced mutagenesis screen in mice, we identified a pedigree with severe 

susceptibility to murine cytomegalovirus (MCMV) infection due to a loss-of-function mutation in 

the gene, Guanine nucleotide-binding protein-like 1 (Gnl1). The mutation introduces a premature 

stop codon at amino acid position 365 (mutant = Gnl1C365X), resulting in an NK cell deficiency.  

The overall objective of this study is to understand the mechanism by which mutation of 

GNL1 leads to NK cell deficiency. Based on the close sequence homology of GNL1 to other YRG 

family proteins and reports on the function of human GNL1, we hypothesize that the Gnl1C365X 

mutation perturbs ribosomal protein and cell cycle gene expression, p53 activation and cell 

survival in NK cells.  

In order to address the hypothesis, we performed RNA-sequencing to identify differentially 

expressed genes (DEGs) between Gnl1+/+ and Gnl1C365X NK cells. A total of 143 DEGs were 

identified. Gene ontology highlighted terms associated with cell cycle, and cell cycle checkpoints. 

A gene set enrichment analysis (GSEA) using immunological or KEGG gene sets demonstrated a 

positive enrichment in cell cycle and a negative enrichment in ribosome signatures in Gnl1C365X 

NK cells.  Bub1, Bub1b and Plk1 were three cell cycle genes among the 143 DEGs leading the 

enrichment of the KEGG cell cycle pathway. Bub1, Bub1b and Plk1 contain p53 responsive 

elements and have been shown to interact with p53. Ribosomal transcripts were reduced in the 

Gnl1C365X NK cells which could be inducing ribosomal stress to activate p53 pathways.  

By knocking out the cell fate gate keeper p53, we were able to rescue the MCMV 

susceptibility observed in Gnl1C365X mice. Moreover, the Gnl1C365X NK cell deficiency, caspase 3 

levels, and receptor expression (KLRG1, NKG2D, Ly49H, Ly49G2 and CD122) were restored to 

wild-type levels. In this study, we highlight that Gnl1C365X  NK cells are undergoing p53-dependent 

apoptotic cell death and the NK cell deficiency is underlying the susceptibility to MCMV infection. 

Furthermore, our data suggests that a downregulation in ribosomal protein transcription induces 

p53 activation resulting in abnormal NK cell cycle, proliferation and survival.  
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Résumé 

 Les cellules de type NK sont les membres fondateurs de la famille des cellules 

lymphoïdes innées. Elles sont regroupées auprès des lymphocytes effecteurs formés dans la moelle 

osseuse, mais se distinguent par leurs capacités cytotoxiques et régulatrices qui leur permettent de 

combattre les infections virales et d’empêcher la formation de tumeurs. En utilisant une plateforme 

de mutagenèse N-ethyl-N-nitrosourea (ENU) chez la souris, nous avons identifié une mutation 

dans le gène Guanine nucleotide-binding protein-like 1 (Gnl1) entraînant une perte de fonction et 

menant à la susceptibilité à l’infection au cytomégalovirus murin (MCMV). La mutation introduit 

de façon prématurée un codon-stop à la position 365 de la séquence d’acide aminée de Gnl1 

(mutant = Gnl1C365X), ce qui provoque une déficience dans les cellules de types NK.  

 L’objectif général de cette étude est de comprendre le mécanisme par lequel la mutation 

de Gnl1 pourrait conduire à une déficience en cellules NK. En tenant compte de la très forte 

homologie entre Gnl1 et les autres membres de la famille de protéine YRG, et des quelques études 

ayant établies des fonctions moléculaires pour le gène GNL1 humain, nous formulons l’hypothèse 

que dans les cellules NK, la mutation Gnl1C365X perturbe l’expression de gènes ribosomaux, 

l’expression de gènes liés au cycle cellulaire, l’activation de p53, et la survie cellulaire.  

 Afin de vérifier cette hypothèse, l’emploie du séquençage de l’ARN nous a permis 

d’identifier un total de 143 gènes exprimés de façon différentielle entre les cellules NK Gnl1+/+ et 

Gnl1C365X. Une analyse « Gene Ontology » nous a d’abord permis de regrouper ces gènes par 

catégories fonctionnelles, et de constater que de nombreux gènes étaient étroitement liés au 

contrôle et au fonctionnement du cycle cellulaire. Au nombre de ces gènes exprimés, nous avons 

évaluer à l’aide d’une analyse GSEA la représentation de divers ensembles de gènes appartenant 

à des voies moléculaire (KEGG) ou à des voies immunitaires, et avons identifié, auprès des cellules 

NK Gnl1C365X, la surreprésentation de fonctions liées au cycle cellulaire, et la sous-représentation 

de fonctions ribosomales. Parmi nos gènes exprimés différemment, les gènes Bub1, Bub1b et Plk1 

se sont démarqués par leur rôle au sein des voies p53. D’autre part, de nombreux transcrits d’ARN 

de protéines ribosomiales étaient réduits dans les cellules NK mutantes, ce qui pourraient 

promouvoir l’activation de voies p53.  

 Par conséquent, l’élimination de p53 par « knock-out » nous a permis de surmonter la 

susceptibilité des souris Gnl1C365X face au virus MCMV, en plus de corriger la déficience en 
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cellules NK, les niveaux d’expression de caspase 3 et l’expression de récepteurs NK (KLRG1, 

NKG2D, Ly49H, Ly49G2 and CD122), pour rejoindre l’état normal des souris Gnl1+/+.  

 Dans la présente étude, nous démontrons que les cellules NK Gnl1C365X sont plus 

vulnérables à la mort cellulaire par les voies p53 et celle de l’apoptose, ce qui contribue à une 

déficience en cellules NK et entraîne une susceptibilité à l'infection MCMV. De plus, nous 

suggérons qu’une transcription diminuée de gènes ribosomaux, et l'activation subséquente de p53, 

pourrait mener à de profonds défauts au niveau de l’induction du cycle cellulaire, de la prolifération 

des cellules NK, et de leur survie. 
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Chapter 1 – Introduction & Literature Review  

1.1 NK cell identity, development and maturation 

1.1.1 NK cell discovery 

In 1970, it was believed that the only two categories of lymphocytes that existed were T or 

B cells and therefore, much of the research was focused on characterizing these cell types (1). 

While studying T cell-mediated cytotoxicity, investigators identified a subset of large agranular 

lymphocytes originating from the bone marrow (BM) which were not T or B cells (2). Over a 

period of 5 years, researchers identified that these cells were cytotoxic and had the remarkable 

capacity to kill tumor cells without prior sensitization (1). Based on these features, Rolf Keissling 

termed these cells Natural Killer (NK) cells  in 1975 (1). Since then, a significant amount of 

research has been focused on identifying the role of these cells. Today, it is known that NK cells 

are members of the family of innate lymphoid cells. Furthermore, NK cells distinguish themselves 

as effector lymphocytes of the innate immune system endowed with both cytotoxic and regulatory 

capacities that provide anti-tumor and anti-viral responses (3).  

1.1.2 Cell surface phenotype for identifying NK cells  

In humans, NK cells are identified based on the expression of the surface markers CD56+ 

CD3- and more recently NKp46+ (4). They are further divided into CD56bright and CD56dim NK 

cells. While in C57BL/6 mice, NK cells are identified by the presence of NK1.1+ (NKR-P1C), 

NKp46+ (NCR1), CD49b+ (DX5) surface receptors and the absence of CD3 expression (2, 4).    

1.1.3 NK cell development  

In order for an NK cell to develop, a cell differentiation process must occur. At the origin 

of hematopoiesis; production of all the cells of the blood, are the multipotent hematopoietic stem 

cells (HSCs) (5). In mice, hematopoietic activity begins in the yolk sac. Cells can then undergo 

extensive cell division in the fetal liver prior to being shuttled through the blood to the BM and 

other tissues (6). In the BM, HSCs develop into long-term (LT) HSC progenitors which can then 

give rise to short-term (ST) HSCs (7, 8). ST HSCs further differentiate into multipotent progenitors 

(MPPs) (5, 7, 9). MPPs can either differentiate into common myeloid progenitors (CMP) or 

common lymphoid progenitors (CLP) (5, 10, 11). CMPs further differentiate into the 

megakaryocyte/erythrocyte progenitor (MEPs) or into granulocyte/macrophage progenitors 
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(GMPs) (5). CLPs give rise to all lymphocytes, including small lymphocytes such as T cells, B 

cells or large granular lymphocytes such as NK cells and other ILCs (5). A definite model 

regarding NK cell development remains to be determined (12). At this point, the earliest lineage 

resulting in NK/ILCs is the early innate lymphoid progenitor (EILP) (13). The common innate 

lymphoid (CILP/LP) progenitor has also been identified; it develops from the CLPs to give rise 

to all ILCs (14). The relationship between EILPs and CILPs has yet to be characterized, however, 

it is known that the CILP gives origin to the pre-NK precursor (pre-NKP/pre-proNKP) (15). The 

pre-NKP cells then develops into NK cell precursors (NKP) cells which then become immature 

NK cells (iNK) that develop into mature NK (mNK) cells (16).  Mature NK cells exit the BM and 

re-circulate in the blood to survey the environment and respond to viruses and tumors (15, 17). 

Transcription factors (TFs) regulating the developmental program as well as the typical surface 

markers for each population are shown in Figure 1.  
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Figure 1: Cellular stages of NK cell development 

NK cell development in the mouse BM requires a diverse profile of transcription factors. Surface 

markers used to identify each population stemming back to the HSCs is shown and based 

predominantly from (12, 18) but also inspired from (19-21).Developmental order and TFs 

presented are based and inspired by figures and studies discussed/shown in (5, 12, 13, 15, 16, 18, 

22). TFs positions are shown based on where earliest effect has been reported, however it is known 

that the TFs can be present at different concentrations throughout the developmental process.   

 

1.1.4 NK cell maturation  

The presence of a fully functional and mature (m)NK cell compartment is crucial for proper 

expression and NK cell effector functions against viral infections and tumor formation (23). mNK 

cells are not uniform; once NK cells reach the final stage in NK cell development and become 

mNKs, they undergo a maturation program consisting of 4 stages which depend on the differential 

expression of CD27 and CD11b (Mac-1) in mice (23). These populations are the double negative 

(DN), CD27 single positive (SP), double positive (DP) and the CD11b SP NK cell populations; 

whereby the DN are the least mature mNKs and CD11b SP NK cells are the most mature mNKs. 

In studies performed on other lymphocytes, maturation programs have been associated with 
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different functions. In NK cells, it was identified that the maturation program was associated with 

proliferative capacity and effector function. More specifically, the less mature CD27 SP mNKs 

were found to have a higher proliferative capacity and the most mature CD11b SP mNK cells were 

found to have the highest effector (cytotoxic) potential (23). Moreover, the CD27 SP mNK cells 

were found to be enriched for transcripts encoding cyclin, cyclin dependent kinase genes, 

chromosome condensation and microtubule-based movement proteins; all proteins associated with 

cell cycle when compared to the more mature CD11b SP mNKs (23).  

1.1.5 NK cells as ILCs  

In terms of frequency, NK cells are one of the three major lymphocyte populations which 

are further classified as innate lymphoid cells (ILCs) (24, 25). By analogy with T helper cells, 

ILCs are divided into four groups according to differential effector cytokine expression and 

developmental requirement for transcription factors:  ILC1; ILC2; ILC3, which includes ILC3s 

and lymphoid tissue inducer (LTi) cells; and ILC4 (25, 26). Key characteristics of ILCs include; 

(i) ILCs have a lymphoid morphology. (ii) ILCs do not undergo Rag-dependent rearrangement of 

antigen receptors and (iii) ILCs lack myeloid phenotypic markers (25). Group 1 ILCs consist of 

NK cells and ILC1s which are capable of producing IFN- and TNF- and depend on the 

transcription factor T-bet for their development (25, 26). However only NK cells require EOMES 

while ILC1s do not (25, 26). Moreover, unlike ILC1s, NK cells are cytotoxic (2). Group 2 ILCs 

include ILC2s which secrete IL-5, IL-13, IL-6 and IL-9 and they require GATA-3 for their 

development (25, 26). Group 3 ILCs include ILC3s and LTis which secrete IL-17 and/or IL-22 

and depend on the transcription factor RORT for development (25, 26). The ILC4 group include 

NK17/NK1 cells which produce IFN- and IL-17 and depend on TFs RORT and T-bet during 

development (25, 26). ILCs have been suggested to act as the innate counterpart of adaptive 

immune cells. For example, Group 1 ILCs have transcription/cytokine profiles similar to those 

found in a type 1 immune response while Group 2 ILCs are more similar to type 2 responses (25). 

Group 3 ILCs are similar to Th17/Th22 cells (25, 26).  

1.1.6 NK cell sub-types  

NK cells are distributed in many tissues/organs of the body including the BM, spleen, 

peripheral blood, liver, thymus, lymph node, uterus and the skin (27, 28). Two categories of NK 

cells that exist include conventional/circulatory NK (cNK) cells and tissue-resident NK (trNK) 
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cells. The main site of NK cell development is the BM (29). NK cells which follow traditional 

development/maturation/education begin in the BM and then migrate towards different sites for 

both homeostatic immune surveillance and in response to infection/invasion. However, NK cells 

can develop in the fetal liver or the thymus (30). Liver NK cells originate when HSCs migrate to 

the fetal liver during embryonic development and remain there instead of migrating and colonizing 

the BM (31). Two distinct NK cell subsets can be identified in the liver based on the differential 

expression of CD49a and CD49b; CD49a+CD49b- and CD49a-CD49b+ (28). CD49a+CD49b- are 

liver-resident NK cells (trNKs) while CD49a-CD49b+ are cNK cells (28).  CD49a+CD49b- express 

high levels of the cytotoxic molecule TRAIL (TRAIL+) (28). Recently, it was found that 

CD49a+CD49b- staining can also be used to identify trNK cells in the uterus and skin (28, 32). 

Thymic NK cells originate from pro-T progenitors which migrate from the bone marrow to the 

thymus; they are characterized by the expression of CD127 (IL-7R) and GATA-3 and (29, 33).   

1.2 Regulation of NK cell activity 

1.2.1 Target cell recognition  

NK cells unlike other immune cells do not require prior immunization to function (34-36). 

Rather, they receive activating and inhibitory signals via the interaction of their activating (NKar) 

and inhibitory (NKir) receptors with cellular stress ligands, major histocompatibility complex 1 

(MHC-I) or MHC-I like molecules which allow them to determine whether they will initiate target 

cell killing (37). Healthy cells express a high level of MHC-I which can bind to NKirs of NK cells 

thereby inducing self-recognition and inhibiting NK cell activation and killing from occurring (38). 

However, virus-infected and/or tumor cells (target cells) downregulate the expression of MHC-I 

on their surface which results in a killing signal to be induced (missing-self hypothesis) (38, 39). 

The missing self-hypothesis was further proven by the fact that in the absence the light chain of 

MHC-I (2m) which is required for MHC-I surface expression was removed, cells became 

susceptible to NK cell killing (39, 40).  

1.2.2 NK cell receptors  

The major role of NK cells is to provide efficient anti-tumor and anti-viral responses. In 

order to do so, NK cells must express a variety of receptors. One receptor family that NK cells 
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express in both mice and humans is the activating natural cytotoxicity receptor (NCR) family (41). 

This family consists of NKp46 (NCR1/CD335), NKp44 (NCR2, CD336) and NKp30 (NCR3, 

CD337) (41). Humans express all three receptors while mouse NK cells only express NKp46 (42). 

These receptors are able to recognize both virally infected and tumorigenic cells (41). Both NKp46 

and NKp44 can recognize influenza virus and Sendai virus (41, 43). Recognition/killing of target 

cells infected with influenza virus or Sendai virus is initiated upon binding of viral proteins. NKp44 

binds the viral protein hemagglutinin of either influenza virus or Sendai virus to recognize the 

viruses while NKp46 binds the hemagglutinin of influenza virus or the hemagluttinin-

neuraminadase of Sendai virus to initiate target cell killing (41). Interestingly, human NK cells can 

induce neutrophil apoptosis via a NKp46-/Fas-dependent mechanism (44).   

As previously mentioned, mouse NK cells express Ly49 family of receptors which can be 

activating or inhibitory (39). They are homodimeric type II glycoproteins of the C-type lectin 

superfamily (39). mNK cells can randomly express one or more of these receptors (45). In mice, 

the genes encoding the Ly49 family are found in the natural killer gene complex (NKC) on 

chromosome 6 (41). Ly49H and Ly49D are NKars while Ly49A, C, E, F, G, I, J and Q are 

inhibitory (39). Inhibitory Ly49s are generally characterized for their role in NK cell education 

and preventing autoimmunity while the activating receptors promote NK cell cytotoxicity and 

cytokine production (39). Ly49H (NKar) directly interacts with the m157 protein of mouse 

cytomegalovirus to provide resistance against MCMV (46). This is further illustrated by the fact 

that 129 and BALB/c mice which lack Ly49H are highly susceptible to MCMV infection (39). 

Human NK cells do not express Ly49 receptor genes but express KIR genes and receptors which 

are located in the Leucocyte Receptor Complex (LRC) on chromosome 19q13.4 (47, 48). They are 

the major receptors recognizing MHC-I in NK cells. Activating KIRS found on human NK cells 

include; KIR2DL4, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5 and KIR3DS1 (39). 

Inhibitory KIRs found on NK cells include KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL5, 

KIR3DL1 and KIR3DL2 (39).  

NK cells also express the C-type lectin receptor CD94 in combination with NKG2A/C/E. 

NKG2A/CD94 can bind MHC-I molecule Qa-1b in mice or HLA-E in humans on target cells to 

prevent activation (49). This occurs using immunoreceptor tyrosine-based inhibition motif (ITIM) 

signaling via ITIMs in the cytoplasmic tail of NKG2A (50). CD94 can also interact with NKG2C/E 
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to activate NK cell signalling (48, 51). NKG2D is a type II transmembrane glycoprotein with a C-

type lectin-like domain (52). It does not interact with CD94 and has a low sequence homology to 

NKG2A/C/E (48). NKG2D can bind a variety of ligands to promote its activation in both humans 

and mice (52). In mice, it can bind Rae-1 like proteins and H-60 (51). NKG2D is important for 

control of MCMV/HCMV infections and many tumor types (52, 53). NKG2, NKG2A/C/E as well 

as NKG2D are all found within the NKC of mice and humans (48).  

Two other important receptors are CD69 and KLRG1. The C-type lectin CD69, also 

referred to as the very early activation antigen is not expressed on resting NK cells but is 

upregulated following NK cell activation (54, 55). The killer cell lectin-like receptor G1 (KLRG1) 

is a C-type lectin which contains an ITIM in its cytoplasmic domain and is found on 30-40% 

resting NK cells (54, 56). It is a marker of terminal maturation in NK cells (2). KLRG1 can bind 

to E-, N- and R- cadherin (57). Since KLRG1 is expressed on phenotypically mature NK cells, it 

can also be used as a marker to identify this NK cell population (58). NK cells expressing KLRG1 

are less proliferative in response to IL-15, secrete reduced levels of IFN- and undergo increased 

apoptotic cell death (57, 59, 60). Following MCMV infection, a large expansion of KLRG1+ cells 

occurs; however, these cells undergo apoptosis during NK cell contraction (54, 60, 61).  

1.2.3 Signalling pathway of NK cell receptors  

 In their cytoplasmic tail, inhibitory receptors involved in target cell recognition have 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (48). Activating receptors either have 

the immunoreceptor tyrosine-based activation motifs (ITAMs) in their cytoplasmic tail or can non-

covalently associate with adaptor proteins such as DAP10, DAP12 to provide activating signals 

(62).  ITAMs are the antagonists of ITIMS and vice-versa. Following antigen-inhibitory receptor 

binding in NK cells, the ITIM becomes phosphorylated on its tyrosine residues (39). Once 

phosphorylated it can recruit the src homology 2 (SH2) domain containing tyrosine phosphatases 

SHP-1 and SHP-2 which can inhibit activating signals to prevent killing of normal cells expressing 

MHC-I (39). However, when the activating receptors bind antigens, ITAMs can become 

phosphorylated to recruit Syk and Zap70 via their SH2 domains which promotes NK cell cytotoxic 

degranulation and transcription of cytokine/chemokine genes to kill target cells (62). 
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1.2.4 NK cell education  

NK cell receptor-ligand interactions mediate a process essential for NK cells to attain 

functional maturation and self-tolerance: NK cell education. Three main forms of education have 

been reported which include; (a) classical NK cell education (licensing), (b) non-classical MHC-I 

dependent NK cell education, (c) MHC-I independent NK cell education.  

(a) NK cell activation is mainly regulated by interactions with self MHC-I molecules. The 

best characterized receptors that specifically bind MHC-I molecules are the inhibitory Ly49s in 

mice and KIRs in humans (Killer cell immunoglobulin like receptors) (63). Only NK cells whose 

inhibitory receptors have been engaged will be fully competent; this process is termed classical 

NK cell education or NK cell licensing (63). This has been highlighted by the fact that MHC-I 

deficient mice and Ly49 deficient mice poorly reject target cells lacking MHC-I expression (63-

65). Licensed NK cells can efficiently recognize target cells void of MHC-I and do not target 

MHC-I hosts (63). However, unlicensed NK cells are hypo-responsive; they cannot recognize 

missing MHC-I target cells and they can attack MHC-I expressing cells (63).  

(b, c) Aside from the classical inhibitory Ly49s and KIRs, other inhibitory MHC-I specific 

receptors can be used to educate NK cells. Non-classical MHC-I dependent education can occur 

when MHC-Ib (HLA-E in humans, Qa-1 in mice) interacts the inhibitory receptor CD94/NKG2A 

(49, 63). Moreover, MHC-I independent NK cell education can occur. For example, 2B4 receptors   

bind the CD48 ligand to promote NK cell education; 2B4 and CD48 knock out mice were incapable 

of rejecting CD48-deficient tumor cells (63, 66, 67). Other MHC-I independent interactions which 

educate NK cells include; SLAMF6/SLFMF6, NKRP1-B/Clr-b, TIGIT/CD155 (63). Regardless 

of the pathway utilized, educating NK cells is crucial to obtain functional mature and tolerant NK 

cells.  

1.2.5 NK cell regulation by inflammatory cytokines and cross-talk with DCs and Neutrophils 

Aside from being activated through activating receptors, NK cells can be activated by 

cytokines. These cytokines include; type I IFNs, IL-2, IL-12, IL-15 and IL-18 (68). Cross-talk 

between NK cells and immune cells such as Dendritic cells (DCs) or neutrophils is important for 

the release of the inflammatory/NK cell activating cytokines.  

DCs are the predominant antigen presenting cell (APC) of the immune system. NK cells 

are capable of promoting DC maturation to promote Th1 priming through the release of IFN- 
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(69). In humans, activated NK cells were also capable of killing DCs which have not undergone 

normal DC-editing (DC maturation) via interactions with the NK activating receptor NKp30 (70, 

71). However, through direct interactions and cytokine secretion DCs are also capable of 

promoting NK cell activation, proliferation, cytokine production and cytolytic activity (72). IL-12 

can induce the secretion/production of IFN- from NK cells by binding the IL-12R. DCs have the 

ability to secrete IL-12 and IL-18 to directly promote IFN- production and to increase IL-12R 

expression on the surface of NK cells (70, 73). DCs also secrete the crucial NK cell cytokine IL-

15 to promote NK cell proliferation, survival and activation (70). Plasmacytoid DCs (pDCs) play 

a crucial role in inducing NK cell cytotoxicity by producing high levels of IFN/ (type 1 IFN) 

(70, 74). The IFN- produced by the pDCs has also been reported to promote DC and NK cell 

secretion of IL-15 which is either trans-presented by DCs or cis-presented by NK cells to promote 

NK cell activation (70, 75, 76).   

Neutrophils are the most abundant leucocytes in the body (77). They have a crucial role in 

combatting bacterial and fungal infections as well as for maintaining homeostasis and shaping host 

responses (78). A study by Jaegar et al. showed that neutrophil deletion impairs NK cell 

maturation, function and homeostasis (79). In addition, Riise et al. demonstrated that TLR-

stimulated neutrophils instruct NK cells to respond to IL-12 and in so doing, promote DC 

maturation and adaptive T cell responses.(80). Neutrophils can also induce NK cell licensing and 

cytokine production (81, 82).  

1.2.6 NK cell regulation by homeostatic IL-2/IL-15 cytokines  

Several studies have been performed to identify the roles of IL-2 and IL-15 on NK cell 

development, maturation, activation and effector function. When the receptors IL-2R or IL-2Rc 

which are shared by the IL-2 and IL-15 were knocked out in mice, an important reduction of NK 

cells was observed in peripheral tissues (83-87). Similarly, IL-15-/- or IL-15R-/-  had a significant 

reduction in NK cells but IL-2-/- and IL-2R-/- did not demonstrating that IL-15 is critical for NK 

development but IL-2 was not (83, 88, 89). Although not important in development, IL-2 promotes 

IFN-, cytotoxicity and NK cell proliferation demonstrating its important during inflammatory 

immune responses (83). IL-2 and IL-15 are both important for NK cell survival (90). IL-15 is also 

important for NK cell homeostasis, survival, activation, proliferation and cytotoxicity (83, 89, 91).  
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1.2.7 Signaling pathways downstream of IL-2/IL-15 

 The IL-2R and IL-15R share the same - (CD122) and  -chains which are constitutively 

expressed on the surface of NK cells (92, 93). However, upon cytokine binding, each recruits a 

specific -chain (CD25 for IL-2, CD125 for IL-15) which promotes receptor specificity for the 

designated cytokine (93, 94). Upon receptor binding by either IL-2/IL-15, three downstream 

signalling cascades can be activated including the (a) JAK1-3/STAT5 pathway, (b) Ras-Ref-

MEK-ERK (MAPK/ERK) pathway or the (c) PI3K-AKT-mTOR pathway (30). Signalling 

cascades and associated outcomes are depicted in Figure 2.  

(a) Following IL-15/IL-15R or IL-2/IL-2R interaction, the receptor dimerizes inducing 

recruitment of JAK1 and JAK3 which auto-/trans-phosphorylate each other on their tyrosine 

residues (95). Once activated, the JAKs phosphorylate tyrosine residues on the receptor leading to 

the recruitment of STAT5 molecules via their SH2 domains (95, 96). The STATs are then tyrosine-

phosphorylated by the JAKS leading to their activation (95, 96). Once activated the STAT5 

molecules can dimerize and translocate to the nucleus to induce gene transcription (96). This 

pathway has an important role for NK cells as knock out of STAT5A resulted in a loss of NK cells 

in the periphery and a block in maturation in the NKP stage (97). STAT5 is also important for NK 

survival via its interaction with the anti-apoptotic factor MCL1 following IL-15 stimulation (98). 

Knock out of JAK1 reduced NK cell numbers, impaired NK cell development and resulted in 

complete ablation of NK cells in the peripheral lymphoid organs and impaired tumor surveillance 

(95). Patients with a mutation in STAT5B had a severe reduction in NK cells present (99). 

Altogether, these observations support the view that the JAK/STAT signalling pathway is crucial 

for the development and survival of NK cells.  

(b)   Following IL-15R/IL-2R receptor binding by IL-15 or IL-2, the receptor becomes 

phosphorylated and recruits Grb2 (93). Grb2 can bind to the guanine nucleotide exchange factor 

SOS which recruits and induces the Ras GTPase to exchange GDP for GTP (100). Once active, 

Ras can phosphorylate and thereby activate the serine/threonine kinase Raf (101). Active Raf 

kinase can then phosphorylate the serine/threonine/tyrosine kinase MEK to its active form which 

then phosphorylates the serine/threonine kinase Erk1/2 which can translocate to the nucleus and 

activates transcription factors to promote transcription (101). The Ras-Ref-MEK-ERK pathway is 

important for NK cell survival, as signalling downstream of IL-15 results in the activation of 
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Erk1/2, which phosphorylates the pro-apoptotic factor Bim targeting it for proteasomal 

degradation (102, 103). IL-2 activated human NK cells were shown to use the ERK pathway to 

secrete IFN- and to express CD25 and CD69 (104). In mice, it has been reported that the Ras-

Ref-MEK-ERK induces cytotoxicity and cytokine release (105).  

(c) Similar to the JAK/STAT and Ras-Ref-MEK-ERK pathway, binding of the cytokine to 

the receptor induces receptor phosphorylation which recruits and phosphorylates PI3K activating 

it. Once active, PI3K phosphorylates AKT which phosphorylates mammalian target of rapamycin 

(mTOR) (106). mTOR is sub-divided into two complexes; mTOR complex 1 (mTORC1) and 

mTOR complex 2 (mTORC2) (107). When phosphorylated, mTORC1 can phosphorylate/activate 

S6K and 4EBP1 and in so doing, controls translation (106). Specifically, S6K phosphorylates the 

ribosomal protein S6 (p-S6) which is part of the 40S subunit of the ribosome to promote ribosome 

biogenesis and protein synthesis (106). Phosphorylation of the translation initiation factor 4EBP1 

allows it to bind eIF4e to increase RNA translation and ribosomal activity (106). mTORC1 also 

has roles in (i) upregulating nutrient transporters, (ii) lipid biosynthesis, (iii) autophagy and (iv) 

promoting expression of c-MYC and HIF- (106, 108, 109). While less studied across all fields, 

mTORC2 has been highlighted for its roles in controlling cytoskeletal organization as well as for 

phosphorylating AKT to promote export of FOXO family transcription factors (106, 110). Using 

mTOR NK cell KO models, Marçais et al. have shown that following IL-15 stimulation, mTOR is 

required for NK cell maturation, proliferation, activation, reactivity as well as for effector function 

and killing (106). Moreover, they have shown that as NK cells mature, mTOR activity decreases 

but that as NK cells become activated mTOR activity increases (106). mTOR is also shown to 

become activated only at higher doses of IL-15 while the JAK1-3/STAT5 pathway is activated at 

lower doses of IL-15 (106). The immunosuppressive cytokine TGF- which maintains 

homeostasis and prevents autoimmunity was shown to reduce NK cell development, metabolic 

activity, proliferation and NK cell cytotoxicity (111). Altogether, these studies demonstrate that 

mTOR integrates both pro/anti-inflammatory signalling in NK cells.  
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Figure 2 – IL-15 signaling pathways in NK cells  

Under low doses of IL-15 such as in the context of homing, NK cells use the JAK/STAT and the 

Ras-Ref-MEK-ERK pathway. During development or in the context of infection, increased levels 

of IL-15 will be present and will also induce the activation of the mTOR pathway. Arrow from the 

receptor illustrates that there are steps in between receptor binding and downstream signalling. 

Figure was developed using the following publication (83, 106, 112-115).  

 

1.3 NK cell responses  

1.3.1 Cytotoxicity 

NK cells are known for both their cytotoxic and regulatory properties. When activated, NK 

cells can exert these functions to target aberrant cells; virally infected or tumorigenic cells. They 

release cytolytic molecules such as granzyme B and perforin to directly kill infected cells (116). 

NK cells are one of the major producers of granzyme B and perforin (117). Following target cell 

recognition, a lytic synapse is formed between the NK cell allowing for directed secretion towards 

the target cell without impact neighboring cells (117). Formation of synapse is associated with 

changes in the NK cell structure and organization of organelles. Microtubules, the Golgi and 

cytolytic granules are translocated to the synapse (116, 118, 119). At the synapse, cytoplasmic 

granules containing perforin and granzyme B are released (116). Perforin is a glycoprotein which 

induces pore formation in the cell membrane of target cells thereby allowing for passive, non-

selective entry of enzymes, ions, water and small-molecules which results in destruction of cell 



 24 

integrity (116, 120).  The serine protease, Granzyme B is a primary mediator of target cell death 

(121). Following perforin pore formation, Granzyme B enters the targets cell cytoplasm, initiates 

caspase cleavage which in turn causes apoptosis (121, 122).  

1.3.2 Cytokine secretion 

NK cells have the ability to interact with other immune cells to induce inflammation and 

immune responses by cell-cell contacts or the release of soluble factors. Activated NK cells are 

major producers of IFN- and TNF-; pro-inflammatory cytokines which are secreted into the 

environment to promote activation/maturation of dendritic cells, neutrophils, macrophages and T 

cells (72, 123). Early production of IFN-  by NK cells is necessary for proper Th1 polarization 

(124). Moreover, studies showed that in vitro, NK cells were able to promote DC maturation due 

to cell-cell contact and the production of IFN- and TNF- which ultimately allows for indirect 

Th1 polarization (69). NK cells have also been reported to produce GM-CSF, IL-5, IL-13, IL-19, 

IL-22 which modulate immune responses (72, 123).  In vitro, activated NK cells regulated 

neutrophil survival and activation by secreting GM-CSF and IFN- (72, 125). In murine models, 

NK cells producing IL-22 stimulated the recruitment of neutrophils to the site of infection with 

MCMV (70, 72). Human/mouse NK cells are also known for producing chemokines. Specifically, 

human NK cells have been shown to produce chemokines such as XCL1, CCL1, CCL3, CCL4, 

CCL5, CCL22, CXCL8 when activated to recruit other effector cells to the site of 

infection/inflammation (126).  

1.3.3 NK cell memory  

In the past, it was believed that only adaptive immune cells (T and B cells) could generate 

memory cells which were antigen specific and produced amplified responses upon re-exposure. 

However, innate immune cells such as NK cells were thought to respond quickly and consistently 

despite having been previously exposed to the antigen. However, in recent years, it was identified 

that NK cells with a memory-like phenotype can develop (a) in response to viral infection, (b) in 

response to haptens and (c) cytokine-induced cell memory.  

(a) NK cell memory in response to viral infection: In response to viral infection, NK 

cells can develop into memory NK cells. One of the best studied models is using MCMV. Memory 

NK cells can develop in response to MCMV due to the interaction of m157 viral protein with 

Ly49H (127-129). This was confirmed by the observation that MCMV lacking m157 did not 
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produce memory NK cells (127, 129). Following adoptive transfer of Ly49H+ NK cells into 

Ly49H-/- mice, the mice were infected MCMV; they observed an expansion of  Ly49H+ NK cells 

to control the infection (127). Once the infection was cleared, the cells underwent a contraction 

phase. A portion of NK cells survived the contraction and established a pool of long-lived memory 

cells which could undergo secondary expansion, had enhanced effector function, provided 

increased protection against virus challenge and had a distinct transcriptional signature from naïve 

NK cells (127). It is believed that like for T cells three signals are required for the generation of 

memory NK cells. The three signals consist of (i) antigen-receptor engagement, (ii) co-stimulatory 

signalling and (iii) pro-inflammatory cytokine signalling (127). During MCMV infection the 

signals which would induce NK cell memory include; (i) Ly49H-m157 interaction, (ii) DNAM-1 

and (iii) IL-12, IL-33, IL-18, STAT4, MyD88 and Zbtb32 (127). During the contraction phase, 

NK cells down regulate the anti-apoptotic molecule BCL-2 and use Bim-mediated signalling to 

control the quantity of memory NK cells (127). NK cell memory formation has also been 

elucidated for herpes simplex virus 2 (HSV-2) and vaccinia virus as with both infections, re-

challenge promoted enhanced IFN- production and viral protection (127). Transfer of NK cells 

previously exposed to influenza infection injected into naïve mice display a memory like 

phenotype and clear the new infection (127). Therefore, NK cell memory formation can occur in 

response to viral infection.  

(b) NK cell memory in response to haptens: A hapten is a small molecule that when 

coupled with a carrier protein (hapten specific antibodies) is referred to as a conjugate (130). When 

conjugated, the hapten and the carrier protein become immunogenic and can elicit a directed 

immune response (130). Haptens were the first molecules identified to induce a form of memory 

NK cells (127). A contact hypersensitivity (CHS) response is an adaptive immune-mediated 

delayed type of hypersensitivity reaction. In the absence of T and B cells (Rag2-deficient mice or 

SCID mice), hepatic but not spleen NK cells could mediate a hapten specific CHS response which 

disappeared in Rag2-deficient, γc-deficient mice lacking T, B and NK cells (45, 127, 131). More 

interesting is the fact that CD45+ liver NK cells expressing CXCR6 and Thy-1 mediated the 

response (45). When the receptor CXCR6 or its ligand were altered, the hapten recall response did 

not occur as the NK cells could not persist (45). Moreover, the hapten monobenzone can induce 

hepatic NK cell memory but it requires NLRP3 inflammasome in tissue-resident macrophages 
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(132). Some studies have shown that liver NK cells expressing Ly49C-I were important to mediate 

long-lived, antigen-specific recall responses (131).  

(c)  Cytokine induced NK cell memory: Cytokines alone are capable of inducing NK cell 

memory-like phenotypes. In both mice and humans, NK cells cultured with IL-15, IL-12 and IL-

18 responded better to cytokine or activating receptor stimulation when adoptively transferred into 

Rag-deficient mice (17, 127, 133). Moreover, they displayed increased IFN- production but did 

not express increased cytotoxic potential (17, 127, 133). The memory NK cells produced in a 

cytokine induced setting have been shown to be different than those produced from a viral 

response. Studies have shown that pre-stimulating the NK cells with the cytokine cocktail depicted 

above can play an important in anti-tumor responses (127). During viral infections, cytokine-

induced NK cell memory-like cells can be produced. Cytokines will activate NK cells in the bone 

marrow prior to going to the site of injury/inflammation (134). Although the cells were activated 

in the context of an influenza infection, the NK cells were able to more effectively respond to 

respiratory syncytial than naïve cells (127, 134).  

1.4 The mouse model of cytomegalovirus infection to understand NK cell biology  

1.4.1 Cytomegalovirus  

Cytomegalovirus (CMV) is a double stranded DNA virus in the Herpesviridae family (19, 

135). The viral structure consists of a core with the genome, an icosahedral capsid, an amorphous 

protein coat (tegument), and an envelope (19). The capsid is made of capsomers and the envelope 

is made of a glycoprotein lipid bilayer (19).   

The Herpesviridae is divided into 3 groups (, ,  Herpesviruses) of which CMV is a 

member of the -group (19). In people, human cytomegalovirus (HCMV) causes primary infection 

and then remains as a life-long latent infection in immunocompetent hosts (19, 135). 

Immunocompromised hosts can have severe infections with CMV (19). HCMV typically causes 

infection in the salivary glands (19, 135).  

Mice can be infected by the mouse cytomegalovirus (MCMV). In 1954, Margaret Smith 

isolated MCMV from the salivary glands of infected laboratory mice which is now termed the 

Smith strain (136). MCMV mouse infection is a well-established model to study the role of NK 

cells in virus control (137). Acute infection with MCMV is controlled by NK cells and CD8+ T 
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cells, however, the importance of each cell type depends on the mouse model (138). B6 mice have 

the Ly49H receptor allowing the NK cells to bind the m157 viral protein thereby controlling the 

viral infection however, BALB/c and 129/J mice lack the Ly49H receptor on NK cells therefore, 

antiviral responses are predominantly provided by CD8+ T cells (39, 138). BALB/c and 129/J mice 

are susceptible to MCMV infection (39, 138). In B6 mice, MCMV infection will result in non-

selective and selective NK cell activation (54, 139, 140). During the non-selective activation phase, 

pro-inflammatory cytokines, IL-12 and IL-15 will be produced to stimulate both Ly49H- and 

Ly49H+ NK cells to proliferate and produce IFN- (54, 139, 140). However, selective activation 

of Ly49H+ NK cells occurs when Ly49H binds m157 to drive Ly49H+ NK cells to proliferate and 

release cytolytic molecules that control MCMV infection (54, 139). 

1.4.2 Gnl1365X mutation results in an NK cell deficiency   

Our laboratory has used random chemical mutagenesis in mice and challenge with MCMV 

to identify novel regulators of NK cells. Following an N-ethyl-N-nitrosourea (ENU) induced 

mutagenesis screen, we identified a pedigree with severe susceptibility to MCMV infection due to 

a loss of function mutation in the gene, Guanine nucleotide binding protein like 1 (Gnl1) (18). A 

T-A mutation in the 8th exon of Gnl1 changes the amino acid cysteine to a premature stop codon 

at position 365 (mutant = Gnl1C365X/C365X , short-hand = Gnl1C365X), truncating the functional GNL1 

polypeptide (18). GNL1 consists of 607 amino acids and is expressed both in the nucleus and 

cytoplasm of cells (141). The sequence of Gnl1 is highly conserved across evolution making 

mouse models a relevant way to study Gnl1 as a proxy for humans. The Gnl1C365X mice are 

leukopenic however the mutation results in an NK cell specific deficiency as CD4+ T cells, CD8+ 

T cells, B cells, ILCs and myeloid cell (monocytes and macrophages) proportions remain 

unchanged (18). The mutation is recessive as heterozygous mice display wild type proportions of 

NK cells. Furthermore, when challenged with Herpes simplex virus 1 (HSV-1), Gnl1C365X mice 

were not susceptible further displaying that the mice do not have a generalized immunodeficiency 

(18). We identified that their inability to provide sufficient protection against MCMV was not a 

result of their inability to produce cytokines (IFN-) or proliferate in response to infection but a 

result of not having enough NK cells to control the infection (18). Next, we identified that 

Gnl1C365X mice had a higher proportion of immature NK cells and underwent increased apoptotic 

cell death via caspase 3 (18). The mutant NK cells were incapable of efficiently responding to 
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stimulation from their lineage determining, homeostatic and activating cytokine IL-15. In addition, 

following IL-15 stimulation for 2, 4 and 6 days, Gnl1C365X NK cell numbers were reduced and 

associated with decreased survival and Ki67 expression further highlighting their inability to 

effectively respond to IL-15, increased cell death and reduced proliferative capacity. 

1.5 The GNL1 gene family   

GNL1 is a part of the YawG/YlqF/HSR1-MMRI large GTPase family (142). This family 

of GTPases is conserved across evolution from prokaryotes to mammals (141, 142). The members 

include GNL1, GNL2, GNL3 and GNL3L (141, 143). They are circularly permutated GTPases 

with the guanine nucleotide motifs arranged as G5-G4-G1-G2-G3 instead of the typical G1-G2-

G3-G4-G5 arrangement found in classical GTPases (141, 144). Recently, Krishnan et al. 

demonstrated that the interaction of human Gnl1 with small ribosomal unit 20 (RPS20) was 

important to promote cell proliferation and survival (141).  

Although mouse Gnl1 is not well defined, other species encode homologs; GNL1 related 

proteins have been highlighted for their role in ribosome biogenesis, controlling cell cycle, stem 

cell biology and embryonic development (142, 143). The ribosome is a complex structure 

composed of numerous proteins and nucleic acids which are involved in mediating translation of 

messenger RNA into proteins (145). Ribosome biogenesis is the tightly regulated process that 

requires the cooperation of a multitude of factors for the synthesis and assembly of the ribosome 

and its two main components, the large and small ribosomal subunits (145). Defects in ribosome 

biogenesis trigger a p53-activating checkpoint signaling pathway, often referred to as the 

ribosomal stress checkpoint pathway (146, 147). Activation of the tumor suppressor p53 induces 

transcription as well as a number of downstream effects including cell cycle arrest and/or apoptosis 

(148).  

In Bacillus subtilis, the ribosome biogenesis GTPase A (RbgA) is required for the later 

steps of the large ribosomal subunit assembly in bacteria (149). In yeast, it was observed that large 

60S subunit nuclear export GTPase 1  (LSG1) is required for nuclear export and further maturation 

in the cytoplasm of the large ribosomal subunit (150). In the retina of zebrafish, the absence of 

GNL2 or GNL3 inhibits cells from exiting the cell cycle as a result of aberrant expression of cell 

cycle regulators (151, 152). GNL3 (nucleostemin) or GNL3L disruption causes an increase in p53-

dependent cell cycle blockage (G2/M arrest) via the inhibition of MDM2 in a L5/L11 dependent 
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manner (151). These findings support the study by Morgado-Palacin et al. which demonstrated 

that ribosomal stress can specifically induce p53-dependent apoptosis (147). 
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Chapter 2 – Rationale and Objectives 

2.1 Rationale and Hypothesis 

In our laboratory, we observed that Gnl1C365X NK cells had increased active caspase 3 

expression. Although the mechanism of GNL1 in NK cell survival is not completely understood, 

there exists a link between ribosomal stress, p53 and cell cycle/cell death that may underlie the 

NK cell deficiency in Gnl1C365X mice. Therefore, we hypothesize that the Gnl1C365X mutation 

perturbs p53 activation as well as cell cycle and ribosomal protein gene expression in NK cells. 

2.2 Objective and aims  

The overall objective is to understand the mechanism by which mutation of GNL1 leads to the NK 

cell deficiency observed. To test our hypothesis, we have designed two experimental aims;  

Aim 1: To identify differentially expressed ribosomal protein genes which result in Gnl1C365X NK 

cell deficiency. This aim will first require the development of a method to sort Gnl1+/+ and 

Gnl1C365X NK cells. We will perform several quality control steps to confirm the RNA obtained is 

of good quality. Next, we will perform RNA sequencing to obtain a dataset which will then be 

analyzed using an RNA-sequencing pipeline to identify differentially expressed genes. Gene 

ontology and Gene set enrichment analysis (GSEA) will be performed to identify terms and 

signatures respectively. Moreover, we will highlight the genes underlying the enriched signatures 

to identify gene candidates associated with the NK cell deficiency.  

Aim 2: To characterize the impact of p53 ablation in the impaired NK cell response observed in 

Gnl1C365X mice. For this, we will generate Gnl1C365XTrp53-/- mice and compare how they respond 

to MCMV infection relative to Gnl1+/+, Gnl1C365X, and Gnl1+/+Trp53-/- mice. We will also validate 

preliminary experiments performed in the laboratory demonstrating the rescue of the NK cell 

deficiency and caspase 3 levels. We will further validate whether Trp53-/- can overcome the 

maturation and receptor defects identified in Gnl1C365X mice.  
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Chapter 3 – Materials & Methods  

3.1 Experimental animal and ethics statement  

C57BL/6J and C57BL/10J mice were purchased from Jackson laboratories (Bar Harbor, 

Maine, USA). Gnl1C365X mice were identified in an ENU chemical mutagenesis screen on a mixed 

B6/B10 background, and back-crossed at least 4 times to a B6 background (93.5% homozygous 

B6). Littermate wild-type (Gnl1+/+) and homozygous mutant Gnl1C365X mice, ranging from 7 to 14 

weeks of age, and including both male and females, were used in all subsequent experiments. p53 

heterozygous mice, which had been maintained in a B6 background, were kindly provided by Dr. 

N. Sonnenberg. Breeding was done to generate Gnl1+/+Trp53-/- or Gnl1C365XTrp53-/- mice. All 

animals were housed and maintained at McGill University. All animal procedures were carried out 

in accordance with the Canadian Council on Animal Care and were approved under protocol 

number 4792 by the McGill University Animal Care Committee.  

3.2 Viral stock and mouse infection 

A mouse cytomegalovirus (MCMV) smith strain was purchased from the American Type 

Culture Collection (ATCC VR-1399, lot 1698918). The strain was propagated as described (153).  

A survival study using mice 8 to 12 weeks in age were infected with 4,000 PFU i.v. of MCMV 

and monitored daily up to day 14 post-infection. Mice were euthanized at clinical end point (15% 

weight loss or body correction score less than 2 or piloerection or ungroomed appearance or 

hunched posture or anti-social behaviour or lethargy).   

3.3 Genotyping  

 Ear punches obtained from mice were digested in DNA digestion buffer with Proteinase K 

for a minimum of 2 hours at 55C. The samples were placed at 98C for 10 minutes to deactivate 

the Proteinase K.  

3.3.1 Gnl1 genotyping - To determine the genotype of Gnl1+/+, Gnl1+/C365X and Gnl1C365X 

mice, PCRs are run using the forward primer 5’-GGGTGGTGACTATTGGCTGT-3’ (GNL1_F1) 

for wild-type or 5’- GGGTGGTGACTATTGGCTGA-3’ (GNL1_F2) for mutant mice with the 

reverse primer 5’- GCCACAGCTCACCTCCATCT-3’ (GNL1_R) ordered from BioCorp. The 

master mix consists of 10X buffer, dNTPs, forward and reverse primers, 50% glycerol, miliQ H2O 

and Taq polymerase. 2L of the digested sample is used for genotyping. PCR reactions are then 
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run on a 1% agarose gel containing ethidium bromide in TAE buffer in gel chambers. Bands were 

visualized on the Molecular Imager® Gel DocTM XR system (Bio-rad). PCR run: 95C for 2 min, 

30 cycles of 95C for 30 sec, 66C for 20 sec, 72C for 30 sec followed by a cycle at 72C for 3 

min. A band 320 bp in size observed in the wild-type gel signifies that the mouse has a wild-type 

allele. A band 320 bp in size observed in mutant gel signifies that the mouse has a mutant allele. 

If the sample has bands in both the wild type and the mutant PCRs, the mouse is heterozygous for 

Gnl1, if the mouse has a wild type band but no mutant band it is homozygous wild type for Gnl1 

and if the mouse has a mutant band but not a wild type band it a Gnl1 homozygous mutant.  

3.3.2 P53 genotyping – To determine if mice are p53+/+, p53-/+ or p53-/-, a PCR was run 

using three primers; 5’- ACA CAC CTG TAG CTC CAG CAC-3’ (P5314F), 5’- AGC GTC TCA 

CGA CCT CCG TC-3’ (P53E5R) and 5’- GTG TTC CGG CTG TCA GCG CA-3’ (OPT-21) 

ordered from BioCorp. The master mix consists of; 10X buffer, dNTPs, the primers mentioned 

above, miliQ H2O and Taq polymerase. 2L of the digested sample is used for genotyping. PCR 

is run on a gel and visualized as for Gnl1. PCR run; 95C for 3 min, 30 cycles of 95C for 20 sec, 

66C for 20 sec, 72C for 1 min followed by a cycle at 72C for 5min. p53+/+ mice have a 520 bp 

band, p53-/- have a band 730 bp in size while p53-/+ mice have both the 520 bp and 730 bp band. 

3.4 Splenocyte preparation  

To obtain single cell spleen suspensions, spleens from Gnl1+/+ and Gnl1C365X mice were 

harvested in complete RPMI (cRPMI); RPMI media (Wisent Inc., 350-000-CL) supplemented 

with 10% heat-inactivated (HI) FBS (GE health line, SH30396.03), 1x HyClone Non-Essential 

Amino Acids (ThermoFisher, SH30238.0), 50 μM 2-mercaptoethanol (ThermoFisher, 21985-

023), 1mM HyClone
TM sodium pyruvate (GE Health Line, SH30239) and 1% Penicillin and 

Streptomycin (Wisent Inc., 450-201-EL). Spleens were macerated through 70 μm cell strainers 

and they were treated with Red Blood Cell Lysis Buffer Hybri-Max
TM (Sigma, R7757). The cell 

suspensions were then filtered through a 70 μm cell strainer to obtain single cell suspensions.  

3.5 Ex-vivo treatment with actinomycin D  

 4x106 spleen cells were plated per well in a 24 well plate in a final volume of 2mL (cRPMI 

+/- treatments). The cells were subjected to one of six treatments; (1) no treatment, (2) 10ng/mL 

of actinomycin D (ThermoFisher, 11805017), (3) 200ng/mL of actinomycin D, (4) 2ng/mL of IL-
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15 (PeproTech, 210-15), (5) 2ng/mL of IL-15 with 10ng/mL of actinomycin D and (6) 2ng/mL of 

IL- 15 with 200ng/mL of actinomycin D. Cells were maintained for 24 hours or 48 hours at 37°C 

with 5% CO2. Cells were then stained and processed on the BD FACSCanto II (BD Biosciences) 

as described in the splenocyte preparation, flow cytometry and cell sorting section.  

3.6 Flow cytometry and cell sorting  

For flow cytometric analysis, single cell spleen suspensions were resuspended at 25 x 106 

cells/mL in cRPMI. 5 x 106 cells were seeded per well of a 96 well round bottom plate and washed 

using FACS buffer (PBS containing 2% HI FBS and 2mM EDTA). Extracellular staining was 

performed in FACS buffer for 20 minutes at 4C followed by viability staining using fixable 

viability dye eFluor 506 (eBioscience) for 15 minutes at 4C. Fixed samples were prepared by 

incubating cells at 4C for 20 minutes with 2% paraformaldehyde (PFA) (16% PFA stock solution, 

Cedarlane, 15710EM). For detection of apoptosis, fixed cells were additionally stained with 

CaspGLOW fluorescein active Caspase-3 Staining Kit (eBioscience, 88-7004-42) following 

manufacturer’s protocol. Moreover, non-fixed cells were stained with AnnexinV/PI kit (BD 

Bioscience) following the manufacturer’s instructions. Samples and compensation controls were 

run on the BD FACSCanto II (BD Biosciences) and analyzed using FlowJo software. Antibodies 

used for staining are outlined in Table A1.  

For cell sorting, single cell spleen suspensions were stained at a concentration of 5x106 

cells/50 μL using antibodies specific to NK1.1, NKp46, DX5, CD3, CD19 (Table A2). 5 minutes 

prior to sorting, the cells were stained with DAPI (Sigma, D9542) at a concentration of 1g/mL to 

differentiate viable cells from dead cells. Cells were sorted on the BD FACSAriaTM III (BD 

Biosciences) using a 70 μM nozzle with a pressure of 70 psi. Compensations were performed 

directly on the machines during the sort. Sorting gating strategy used to sort singlet viable NK 

cells selected were DAPI- NK1.1+ NKp46+ DX5+ CD3- CD19- similar to Quatrini et al. (154). 

Gating strategy; Lymphocytes (FSC-A by SSC-A), Singlets (FSC-A by FSC-H), Live cells (FSC-

A by DAPI-), NK cells (NK1.1+ by CD3-CD19- → NK1.1+ by NKp46+ → CD3-CD19- by DX5+) 

(Fig. A2).  
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3.7 RNA preparation and extraction 

Cells were sorted to purity as described in the flow cytometry and cell sorting section and 

collected in PBS containing 20% HI FBS and 1x NEAA. Cells were pelleted and washed with 

PBS. Cells were then re-pelleted and resuspended in lysis binding solution as per the 

manufacturer’s protocol, vortexed for 30 seconds and left to sit for 4 min 30 seconds at room 

temperature prior to quick freeze on dry ice and storage at -80C (ThermoFisher, AM1830). RNA 

was then extracted as per manufacturer’s protocol using the kit along with the DynaMagTM-2 (Life 

Technologies, 12321D) and the EppendorfTM MixmateTM (Thermo Fischer, 2137900) set a speed 

of 1650 rpm for the entire experiment. RNA was collected in 20 L of elution buffer; 1.2 L was 

set aside for quality control; the rest was kept for sequencing. 

3.8 Quality control, cDNA library preparation and sequencing  

The aliquot of RNA stored for quality control was sent to the Molecular Biology platform 

located at the Montreal Clinical Research Institute (IRCM). Samples were run on a Bioanalyzer 

(Agilent Technologies) to obtain an RNA integrity score (RIN) which allows for the determination 

of the quality of RNA and the presence of contamination (e.g. genomic DNA). To be considered 

for RNA-sequencing, samples needed to have a minimum RIN score of 7.5. The RIN scores for 

the selected samples (Gnl1+/+ 1-3 and Gnl1C365X 1-3) can be found in Table A3. Selected samples 

were rRNA depleted prior to the production of the cDNA library. The KAPA stranded RNA-seq 

kit was used to produce the cDNA library. Approximately 20 ng of RNA was used to produce the 

libraries. 11 cycles of PCR enrichment were performed. Illumina HiSeq 4000 paired-end 50 

(PE50) sequencing was used to produce the data set. RNA-sequencing results and experimental 

set up are further depicted in Table A4.  

3.9 RNA-sequencing pipeline  

FASTQ files obtained following sequencing were provided to the Canadian Centre for 

Computational Genomics (C3G) and run on the workflow management system GenPipes. 

Specifically, the RNA-sequencing pipeline was used. Adaptor sequences and low-quality reads 

were trimmed using Trimmomatic; samples required a minimum phred score of 30 and a minimum 

read length of 32 in order to be kept for further downstream analysis. Moreover, any sample 

containing adaptor sequences were removed. The trimmed readset for each sample was aligned to 

the Mus_musculus genome assembly GRCm38 using the splice-aware aligner STAR. A threshold 
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of greater than or equal to 9 CPM to the sum of 3 samples for one group (wild type or mutant) was 

set. Next, EdgeR and DeSeq2 Bioconductor packages were used to assess differential gene 

expression statistically. 

3.10 Analysis of dataset 

Genes were identified as differently expressed (DEG) in the dataset if they had a Log2FC 

cut-off of > |1.5| and an adjusted p-value <0.05 in both EdgeR and Deseq2 Bioconductor packages. 

Gene ontology (GO) was performed using the bioinformatics tool DAVID (FDR  0.05) (155, 

156). GSEA analysis was performed on the GSEA desktop version 3.0. software from the BROAD 

institute (157, 158). Requires Java8 to run. A dataset file (.txt), phenotype labels file (.cls) and an 

annotation file (.chip) were generated and loaded into the application. All 10871 expressed genes 

having met a sum of 9 CPM or higher in either Gnl1C365X or Gnl1+/+ sample groups were queried 

for enriched gene sets, against two available GSEA gene set collections (C7.all.v6.2.symbols.gmt 

immunological signatures, C2.cp.kegg.v6.symbols.gmt KEGG pathways), and with 1000 

permutations on gene sets. The immunological signatures collection contains 4872 gene sets and 

the KEGG pathway collection contains 186 gene sets. Gene sets that met an adjusted p-value cut-

off of < 0.01 were identified as being significantly enriched, and the top 25 highest-ranking 

leading-edge genes that drove enriched signatures were identified. Gene expression for DEG and 

leading-edge genes were visualized with heatmaps created with the “gplots” package in R, as 

further described in each the figure legend. Gene tracks showing the abundance of mapped paired-

end reads were visualized using IGV (159-161).   

3.11 Statistics  

Data were analyzed using the GraphPad Prism Software version 6.0 or statistical packages 

specified for DEG or GSEA analysis. P-values lower than 0.05 were considered as statistically 

significant, or as indicated in each figure legend. (*p<0.05, **p <0.01, ***p<0.001, ****p 

<0.0001).  
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Chapter 4 – Results 

4.1 Gnl1C365X NK cells undergo increased apoptotic cell death  

Our laboratory has previously reported that Gnl1C365X mice are susceptible to MCMV as a 

result of a reduction in the proportion and number of NK cells and not due to their ability to initiate 

a cytotoxic/regulatory response (18). Moreover, the NK cell specific deficiency is associated with 

increased active caspase 3 expression; a caspase involved in the execution of apoptotic cell death 

downstream of intrinsic triggers such as activation of p53. Our first goal was to validate the NK 

cell deficiency and the cell death phenotype observed in the Gnl1C365X mice. For this, we used flow 

cytometric analysis to study NK cells, gating for singlet, lymphocyte and viable cells, which were 

subsequently gated using the three canonical C57BL/6 NK cell markers: CD49b, NK1.1 and 

NKp46 (Fig. A1-A). We confirmed that there was a significant decrease in the proportion of 

CD49b+CD3- , NK1.1+CD3- and NKp46+CD3- Gnl1C365X splenic NK cells as compared to Gnl1+/+ 

NK cells (Fig. 3A and B). NK cell numbers were also significantly decreased in mutant mice 

compared to wild-type littermates (not shown). Moreover, we confirmed that there was increased 

active caspase 3 expression in the Gnl1C365X NK cells (Fig. 3C). Of note, no difference in cell 

percentage or caspase 3 expression was observed in B, CD4+ or CD8+ T cells as previously 

reported further demonstrating the deficiency is NK cell specific (data not shown). To further 

confirm the apoptotic phenotype, observed via caspase 3 we performed annexin V (AnnV) – 

Propidium Iodide (PI) staining. We observed no difference in the percentage of total viable cells 

(AnnV-PI-) nor in the percentage of dead cells (AnnV+PI+) however, we did observe an increase 

in apoptotic cell death (AnnV+PI-) in the Gnl1C365X NK cells as compared to the wild-type (Fig 

3D). Thus, at steady state, Gnl1C365X mice have an NK cell deficiency associated with increased 

apoptotic cell death.   
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Figure 3: Gnl1C365X NK cells undergo increased apoptotic cell death 

Flow cytometric analysis was performed on Gnl1+/+ and Gnl1C365X splenocytes. (A) Graphic 

representations of the proportion of CD49b+CD3-, NK1.1+CD3-, NKp46+CD3- splenic NK cells. 

(n = 5 mice/genotype). (B) representative flow plots for Gnl1+/+ and Gnl1C365X NK cells stained 

with the NK cell markers described in (A). (C) Graphic and representative flow plots for the 

expression of active caspase 3 on NK1.1+CD3- spleen cells. Fluorescence minus one (FMO) plot 

is also shown. Two-tailed unpaired Student’s t-test (n = 6 mice/genotype). (D) Graphic and 

representative plots of Gnl1+/+ and Gnl1C365X splenic NK cells (NK1.1+CD3-) stained for annexin 

V and PI. AnnV-PI- (live cells), AnnV+PI- (apoptotic cells) and AnnV+PI+ (dead cells). Two-way 

ANOVA with Sidak’s multiple comparisons. (n = 4 mice/genotype). (A-D) All data shown as 

mean  SD. P-values; *p<0.05, **p<0.01.  
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4.2 GNL1-dependent pathways in NK cells 

To obtain a better understanding of the molecular mechanisms underlying the NK cell 

deficiency seen in Gn1lC365X NK cells, we performed RNA-sequencing to identify differentially 

expressed genes (DEGs). The first step was to obtain a pure population of NK cells. Similar to 

Quatrini et al. (154), we used flow cytometric staining to sort conventional NK cells from the 

spleen of C57BL/6 mice expressing NK1.1, NKp46 and DX5 (Fig. A2, Table A2). Using these 

three murine NK cell markers together excludes ILCs from the population being sorted since ILCs 

do not express DX5 and NKp46/NK1.1 expression is dependent on the ILC type (27, 162). We 

also gated for CD3-CD19- cells to exclude T and B cells from being included in the analysis. 

Finally, we used the DNA stain DAPI to select live cells, in order to yield good quality RNA for 

downstream analysis (Fig. A2). Using the staining depicted above, we were able to obtain between 

85-91% NK cell purity for the samples with the exception of Gnl1C365X sample 1 which had a purity 

of 77.9% (Table A3). Purified cells were subsequently used to prepare RNA for the synthesis of a 

cDNA library; each cDNA fragment was used for the sequencing of 50 bp from each end (50 bp-

paired end) using the HiSeq 4000 technology. We obtained a total of 323,178,640 PE total reads, 

which represents between 47-62 million paired end reads per sample (Table A4, A5). The samples 

were analyzed by the C3G core using an established pipeline for sequence quality control, genome 

mapping and transcript counting and identification of DEGs. Briefly, the reads had very good 

sequence quality as indicated by a Phred quality scores of 38. The raw reads needed to be trimmed 

to remove low quality reads/bases and adaptor sequences. Between 90.7-97.7 % of the reads 

survived trimming. Using the splice aware aligner STAR, the surviving reads were mapped to the 

mouse genome. Between 55-73.7 % of reads aligned of which 68.9-78.6 % aligned to exons (Table 

A5). All steps performed yielded results in ranges accepted within the field (163).  

4.3 Gene ontology on 143 DEGs highlights differences in cell cycle processes  

In order to identify differentially expressed genes which could be altered as a result of the 

Gnl1C365X NK cells, the C3G pipeline uses the EdgeR and Deseq2 bioconductor packages. First, 

we had to define a minimum count per million (CPM) reads that would define an expressed gene 

to determine the total number of genes expressed. Using a filter of a sum CPM of 9 in either the 

wild-type or the mutant group, a total of 10,857 genes were identified in NK cells. Next, we defined 

a DEG as a gene showing a fold change of greater than the absolute value of 1.5 and a p-value of 
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<0.05. When this filter was applied, 209 DEGs were identified using EdgeR and 156 DEGs were 

identified using Deseq2, of which 143 DEGs were identified by both programs (Fig. 4A). Of the 

143 DEGs, 84 genes (red) were upregulated 59 genes (blue) were identified as downregulated in 

Gnl1C365X NK cells as compared to Gnl1+/+ control while all the remaining 10,714 genes (black) 

were not considered as differentially expressed based on the selected cut-offs (Fig. 4B). This is 

further illustrated using a heat map demonstrating expression of genes in Gnl1C365X as compared 

to wild-type (Fig. 2C). To determine whether the 143 DEGs belong to shared pathways, we used 

DAVID to obtain Gene Ontology (GO) annotations. Using an FDR <0.05, 50 GO terms were 

identified of which 10 were selected to represent annotations associated with the DEGs. The terms 

were associated with cell cycle processes and cell division which highlighted a role for cell cycle 

(Fig. 4D). In addition, it is important to note that Gnl1 was the gene with the most statistically 

significant difference between wild-type and mutant NK cells (Fig. 4B). There was a 1.5-fold 

reduction in gene expression in Gnl1C365X NK cells as compared to wild-type which further 

validates that Gnl1 expression is altered in the mutant NK cells (Fig. 4E).  
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Figure 4: Gnl1C365X NK cells differentially express 143 genes 

(A) Venn diagram representing the number of significant DEGs, that met a threshold of FC > 1.5 

or < -1.5 and Benjamini-Hochberg adjusted p-value < 0.05, obtained by comparing Gnl1C365X to 

Gnl1+/+ samples in either DESeq2 or EdgeR packages, or in both. (B) Volcano plot identifying 

upregulated DEGs in red and downregulated DEGs in blue, for DEGs that were significant in both 

DESeq2 and EdgeR analysis. -log10-transformed exact p-values are plotted on the y-axis and log2-

transformed FC on the x-axis. All other remaining expressed genes are shown in black. (C) 

Heatmap of the 143 DEGs having met a Benjamini-Hochberg adjusted p-value of <0.05 in both 

EdgeR and DESeq2, and a FC > 1.5 or -1.5. Values are Log2-transformed FC (CPM of each sample 

divided by the mean CPM of wild-type samples). Hierarchal clustering of genes with average 

Euclidean distances. (D) 10 representative GO terms (FDR < 0.05) obtained from GO analysis on 

DAVID using the 143 DEG genes. (E) Tracks of Gnl1 gene expression for Gnl1+/+ 1-3 and 

Gnl1C365X 1-3 NK cells was visualized using IGV. Gnl1 gene with 12 exons shown below.  
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4.4 GSEA analysis identifies cell cycle and ribosome signatures  

To further characterize the gene signatures in our set of DEGs, we performed Gene Set 

enrichment analysis (GSEA). Online, the Broad institute has made several libraries containing 

published collections of gene sets which are known to vary in response to different biological 

conditions (for example in response to infection, different developmental stages, different cell 

types) available. The goal was to compare our dataset to the library of gene sets to determine if 

our abundant genes matched abundant genes in these gene sets; this process is known as GSEA.  

In order to perform the GSEA, all 10,857 genes which we identified to be expressed in the 

NK cells were used. This dataset was compared against a total of 4872 gene sets for immunological 

signatures; of the several enriched gene sets identified we selected the 20 most significant, of which 

15 gene sets were enriched in the Gnl1C365X NK cells and 5 genes sets were enriched in the Gnl1+/+ 

NK cells (Fig. 5A). The enriched gene-sets in the Gnl1C365X NK cells had signatures associated 

with an activation signature (group I), effector cells (group II), developing/resting cells (group III). 

While the gene sets enriched in Gnl1+/+ NK cells also had an activated signature (group IV). For 

each gene set, an enrichment plot was generated. Representative gene plots for each group are 

illustrated in Fig. 5B. The gene rank demonstrates where all 10,871 genes fall under the curve. The 

genes leading the enrichment are found under the highest peak of the curve. The genes leading the 

enrichment in cluster/group I-III were pulled out and their expression in the Gnl1C365X NK cells 

was compared to Gnl1+/+. All the genes were shown to have increased expression in the mutant as 

compared to wild-type (Fig. 5C). However, when we compared the genes leading the enrichment 

to our DEGs, we noted that not all genes fell within the category. In order to gain a more global/less 

stringent understanding of genes, we also considered genes which were identified as differentially 

expressed using EdgeR or Deseq2 alone.  

Next, among the signatures selected (15 in Gnl1C365X and 5 in Gnl1+/+), we pulled out the 

top 21 leading genes which were leading the enriched signatures in the Gnl1C365X (Fig. 5D) and 

the enriched signature enriched in Gnl1+/+ NK cells (Fig 5E). The vast majority of the genes 

leading the enrichment were among our differentially expressed genes in both wild-type and 

mutant NK cells. The DEGs which were enriched in mutant had increased expression when 

compared to wild-type and were predominantly associated with cell cycle and division (Fig. 5D). 

While the DEGs shown to be enriched in wild-type, had reduced expression in the mutant and the 
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genes are associated with processes including proliferation, stress responses and immune 

signalling (Fig. 5E). Therefore, using a GSEA for immunological signatures we identified a cell 

cycle signature driven by a significant portion of the 143 DEGs in our dataset. 
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Figure 5: Cell cycle genes are leading the enrichment of immunological signatures in 

Gnl1C365X NK cells 

All 10,871 expressed genes in the NK cell dataset, having met a sum of 9 CPM or higher in either 

Gnl1C365X or Gnl1+/+ sample groups, were queried for enrichment against a gene-set collection 

(Immunological Signatures) in GSEA. Significantly enriched gene-sets met a FWER adjusted p-

value cut-off of p < 0.01. (A) 15 enriched gene-sets in Gnl1C365X NK cells, and 5 enriched gene-

sets in Gnl1+/+ NK cells, were coupled in thematic groups (I-IV) and plotted against their 

respective normalized enrichment scores (NES). (B) Enrichment plots for 3 representative gene-

sets enriched in Gnl1C365X NK cells, and 1 representative gene-set enriched in Gnl1+/+ NK cells. 

Enrichment scores (ES) are plotted versus the rank of each gene in the gene-list (all 10,871 

expressed genes). The normalized enrichment scores and the adjusted p-value are indicated for 

each plot. (C-E) Heatmaps; values represent Log2-transformed FC (CPM/mean CP of Gnl1+/+ 

samples). The DEG column; a black cell signifies that the leading gene is among the 143 DEGs. 

A grey cell signifies the leading gene meets a fold change of cut-off of 1.5, and an adjusted p-value 

cut-off of <0.05 in either EdgeR or Deseq2, and but not in both. A white cell signifies that the 

leading gene is not a DEG or significant in one analysis or the other. Genes are sorted by adjusted 

p-value in DESeq2. (C) Heatmaps of the leading genes unique to each group of enriched gene sets 

in (correspond to groups I-III). (D)  Heatmap of 21 leading genes that are common to groups I-III 

of enriched gene sets in the Gnl1C365X samples. (E) Heat map of the 24 leading genes that are 

common to at least three enriched gene sets in Gnl1+/+ (group IV).  

 

A second GSEA was performed on the KEGG pathway collection of 186 gene sets to obtain 

further information on molecular pathways enriched and driven by DEGs in our data set. We 

identified that one signature enriched in the Gnl1C365X NK cells was the cell cycle as depicted in 

the enrichment plot cell cycle (Fig. 6A). Genes leading the enrichment were selected. All genes 

were shown to have increased expression in the Gnl1C365X NK cells as compared to Gnl1+/+ (Fig. 

6B).  Bub1b, Bub1 and Plk1 were three genes leading that were among our DEGs. Bub1b and 

Bub1 are associated with the mitotic spindle checkpoint and Plk1-Bub1 form a kinase complex 

spindle checkpoint signalling (164-166). Investigating the role of these genes, we identified several 

studies highlighting an interplay between p53 and Bub1, Bub1b and Plk1 (167, 168). From the 

literature and using the p53FamTag database, we also noted that these three DEGs all contain 

potential binding sites for p53-mediated transcription (169, 170). To better visualize the 

relationship of cell cycle and p53 we mapped the DEGs identified here in a KEGG cell cycle 

pathway containing 112 genes associated with cell cycle (Fig 6D). As can be seen, the DEGs Bub1, 

Bub1, and Plk1 (in red) were within the pathway further highlighting their role in cell cycle and 

the role for p53. Other genes identified as differentially expressed using EdgeR or Deseq and 

leading the cell cycle signatures included CycA/Ccna2, Esp1, DP1,2 and could be associated with 
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the Gnl1C365X phenotype of some are also associated with p53 (20, 171). Overall the analysis of 

DEGs in Gnl1C365X NK cells show a signature suggesting aberrant cell cycle downstream of p53 

activation. 

Notably, a signature enriched in Gnl1+/+ NK cells was the ribosome (Fig. 6A). This 

signature raised our interest since Gnl1 homologs as well as human GNL1 have been shown to 

associate with ribosomal proteins and, under contexts of abrogated ribosome biogenesis or 

nucleolar, ribosomal proteins can induce p53-dependent cell cycle arrest or apoptosis. Using the 

less stringent approach (EdgeR or Deseq2) differentially expressed ribosomal protein (RP) genes 

associated with the large (RPL) or the small (RPS) subunit had reduced expression in Gnl1C365X 

NK cells (Fig 6C). Among these genes Rpl5, Rpl3, Rpl3a, Rps3 have been previously reported to 

result in p53-dependent cell cycle arrest and apoptosis or were shown to have responsive elements 

for p53 binding (170, 172-174). Although the genes leading the enrichment were not among our 

143 DEGs, they were all shown to be downregulated in Gnl1C365X NK cells (Fig 6C). Overall, the 

GSEA results presented here suggest that there are two potential pathways leading to NK cell death 

1) cell cycle and 2) ribosomal protein genes, which both may lead to p53 activation and subsequent 

NK cell death ultimately leading to NK cell deficiency. Moreover, it highlights potential candidate 

genes which are dysregulated and therefore, contributing to the phenotype observed in Gnl1C365X 

NK cells.  
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Figure 6: Altered cell cycle and ribosomal protein gene expression in the KEGG pathway 

All 10,871 expressed genes in the NK cell dataset, having met a sum of 9 CPM or higher in either 

Gnl1C365X or Gnl1+/+ sample groups, were queried for enrichment against a gene-set collection 

(KEGG pathways) in GSEA. Significantly enriched gene-sets met a FWER adjusted p-value cut-

off of p < 0.01. (A) Selected GSEA enrichment plots for 1 gene-set enriched in Gnl1C365X NK cells 

(Cell cycle), and 1 gene-set enriched in Gnl1+/+ NK cells (ribosome). Enrichment scores (ES) are 

plotted versus the rank of each gene in the gene-list (all 10,871 expressed genes). The normalized 

enrichment scores and the adjusted p-value are indicated for each plot. (B, C) Heatmaps; values 

are Log2-transformed FC (CPM/mean CP of Gnl1+/+ samples). The DEG column; a black cell 

signifies that the leading gene is among the 143 DEGs. A grey cell signifies the leading gene meets 

a fold change of cut-off of 1.5, and an adjusted p-value cut-off of <0.05 in either EdgeR or Deseq2, 

and but not in both.  (B) Heatmap of the 20 leading genes that drive the Cell cycle signature. (C) 

Heat map of the 20 leading genes that drive the ribosome signature. (D) KEGG_Cell_Cycle 

pathways map, representing 112 genes that are included within the KEGG_Cell_Cycle gene set 

(adapted from (175)).   

 

4.5 Gnl1C365X NK cells have increased susceptibility to p53-dependent cell death  

P53 (encoded by Trp53) is a master regulator of numerous biological processes. P53 can 

function in both a transcription-dependent and in a transcription-independent manner (176). Under 

normal conditions, p53 is expressed at low levels in cells. However, in response to hypoxia, -

irradiation, UV, nutrition deprivation and stress signals (such as ribosomal/nucleolar stress), p53 

can be phosphorylated to produce its active form (176). Once activated it can use its transcription-

dependent and independent functions to inhibit angiogenesis or induce cell cycle arrest, DNA 

repair and apoptosis (176).  

 We previously reported that there was increased apoptotic cell death in Gnl1C365X NK cells. 

Moreover, using the RNA-sequencing we identified DEGs which have been associated with p53. 

Since apoptosis can occur through p53-dependent pathways and we see signatures and DEGs 

associated with p53 we wanted to further identify a link between the cell death phenotype and p53. 

We treated splenocytes ex vivo with Actinomycin (Act D). Act D activates p53 through different 

cell stress mechanisms based on the concentration administered. Choong et al. have shown that 

using 10ng/mL of Act D activates the p53 pathway via ribosomal stress by inhibiting ribosomal 

RNA synthesis while using 200ng/mL activates the p53 pathway via the DNA-damage pathway 

(177). Ultimately, treatment with Act D should activate p53 to promote cell cycle arrest and/or 

apoptosis. Total splenocytes were cultured with(out) 2ng/mL of IL-15 (homeostatic concentration) 

for 24hr and 48hr periods with varying concentrations of Act D (0, 10, 200ng/mL). Flow cytometry 
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was performed to assess NK cell viability (Fig. A1-B). Low concentrations of IL-15 are required 

to maintain NK cell viability ex vivo. In the absence of IL-15, NK cell viability was approximately 

10-20% at 24hrs, while no viable NK cells were observed at 48 hrs which was consistent with 

previously reported studies demonstrating IL-15 is a cytokine crucial for NK cell survival (Fig. 

7A and B). When treated with IL-15 or varying doses of Act D, no differences in cell viability 

were observed between wild-type and mutant NK cells at 24 hrs (Fig. 7A). However, at 48 hrs, 

Gnl1C365X NK cell viability was reduced in the absence of Act D and with 10ng/mL of IL-15 (Fig. 

7B). When comparing the Gnl1C365X NK cells at 0 and 10 ng/mL of Act D in the presence of IL-

15, Act D treatment further reduced viability (Fig. 7B). This reduction in viability was not observed 

when wild-types were compared (Fig. 7B). No differences could be reported using the 200 ng/mL 

of Act D at 48hrs as all cells were found to be non-viable (Fig. 7B). Taken together the data 

demonstrates that cell death is further promoted following p53 activation in Gnl1C365X NK cells. 

 

 

Figure 7: Actinomycin D further promotes Gnl1C365X NK cell death via p53 

(A, B) Splenocytes were cultured with or without 2ng/mL of IL-15 and varying concentrations of 

actinomycin D (0,10 and 200ng/mL) for (A) 24 hours (B) 48 hours at 37°C and 5% CO2. NK cell 

viability was assessed using fixable viability dye. Graphic representation of results. Gating strategy 

is as follows; singlets (FSC-A by FSC-H), lymphocytes (FSC-A by SSC-A), NK cells 

(NK1.1+CD3-) and viable cells (FSC-A by Viability). Two-way ANOVA with Sidak’s multiple 

comparisons (n= 5-6 mice/genotype). (A, B) All data shown as mean  SD. P-values; *p<0.05, 

**p<0.01.  
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4.6 Knock out of Trp53 rescues MCMV susceptibility and NK cell deficiency  

In order to determine the role of p53 in mediating characteristic phenotypes of Gnl1C365X, 

Gnl1+/+Trp53-/- and Gnl1C365XTrp53-/- were generated and used. Since the Gnl1 mutation was 

identified in an MCMV susceptibility screen, we wanted to determine the effects of p53 on MCMV 

susceptibility in Gnl1C365X mice. We performed a 14-day survival experiment. Gnl1+/+, Gnl1C365X 

mice, Gnl1+/+Trp53-/- and Gnl1C365XTrp53-/- mice were injected intravenously with 4,000 PFU of 

MCMV. As expected, Gnl1C365X mice were susceptible to the infection however, Gnl1C365XTrp53-

/- mice were capable of overcoming the MCMV susceptibility (Fig. 8A). Another phenotype 

associated with Gnl1C365X mice is their reduced weight at steady state. Here, as in the past, we 

observed that Gnl1C365X mice had reduced weight compared to wild-type. However, when weighed, 

Gnl1C365XTrp53-/- mice had significantly higher weight than Gnl1C365X mice (Fig. 8B). Next, to 

confirm the ability of p53 to rescue the NK cell deficiency we again stained for CD49b+CD3-, 

NK1.1+CD3- and NKp46+CD3- NK cells. In terms of both proportion and cell number, we observed 

that the Gnl1C365X NK cell deficiency was restored to wild-type levels in the Gnl1C365XTrp53-/- mice 

(Fig. 8C-H). Moreover, we observed that the C365X mutation in Gnl1 underlies the NK cell 

deficiency as Gnl1+/+Trp53-/- did not portray this phenotype. The knock out was also capable of 

restoring the increased caspase 3 levels observed in Gnl1C365X NK cells to wild-type levels in 

Gnl1C365XTrp53-/- NK cells which suggests that the apoptosis is occurring through p53-dependent 

apoptosis (Fig 8I). Overall, p53-dependent mechanisms are involved in overcoming Gnl1C365X 

susceptibility to MCMV, NK cell deficiency and caspase 3 expression.  
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Figure 8: Trp53 KO overcomes MCMV susceptibility and NK cell deficiency while restoring 

normal caspase 3 expression in Gnl1C365X NK cells 

(A) MCMV survival graph. Gnl1+/+, Gnl1C365X, Gnl1+/+Trp53-/- and Gnl1C365XTrp53-/- mice were 

administered a dose of 104 PFU of MCMV i.v. (n = 6 - 7 mice/genotype) (B) Weight of male mice 

11 to 12 weeks in age. (C-E) NK cell proportions were quantified by FACS using (C) 

CD49b+CD3- (D) NK1.1+CD3- or (E) NKp46+CD3- staining. (C- E) Graphic representation and 

representative dot plots for each genotype are depicted for each NK cell marker. NK cell gating 

strategy is depicted in the appendix. (F-H) Total spleen NK cell count was determined using 

splenocyte counts and NK cell percentages from staining described in C, D, and E respectively. 

(I) Graphic and representative flow plots for the expression of active caspase 3 on NK1.1+CD3- 

spleen cells. Fluorescence minus one (FMO) plot is also shown. (B-I) mean  SD shown. Ordinary 

one-way ANOVA with Tukey’s multiple comparisons test, n= 4-5 mice/genotype, *p<0.05, 

**p<0.01, ***p<0.01, ****p<0.0001.  

 

4.7 Trp53 KO restores NK cell maturation and receptor expression 

As previously mentioned, conventional NK cells undergo a 4-stage maturational program 

in order to attain functional maturity. In the Gnl1C365X mice, we identified that the NK cells were 

less mature than those observed in Gnl1+/+ mice. In order to determine if there was a role for p53 

in modulating this maturation program we performed flow cytometric analysis. As before, we 

observed that there was an increase in DN a decrease in DP and CD11b SP NK cell populations in 

Gnl1C365X mice. The proportions were restored to wild type levels when Trp53-/- was knocked out 

in Gnl1C365X mice (Fig. 9A) demonstrating a role for p53 in modulating NK cell maturation.  

In order for NK cells to provide an effective cytotoxic response they require the ability to 

recognize activating and inhibitory ligands on target cells. Previously, in Gnl1C365X mice, we 

observed that the proportion of inhibitory receptors, KLRG1 and Ly49G2 and the activating 

receptors NKG2D and Ly49H were reduced. To determine if there was a role for p53 in mediating 

their expression we monitored receptor expression in Gnl1C365XTrp53-/- NK cells. In all cases, 

absence of p53 in Gnl1C365X NK cells was capable of restoring receptor expression (Fig. 9B-D).  

Moreover, a preliminary experiment identified that CD122 (IL-2R/IL-15R) cytokine 

receptor which is reduced in Gnl1C365X mice is restored to wild-type levels in Gnl1C365XTrp53-/- 

NK cells (18). Due to the importance of IL-15 for NK cells we wanted to validate this finding. As 

before, the MFI of CD122 was reduced in Gnl1C365X while Gnl1C365XTrp53-/- had a CD122 MFI 

similar to wild-type (Fig. 9F). Altogether the data demonstrates that while Gnl1C365X mutation is 

required to alter NK cell maturation and receptor expression and p53 has a role in mediating these 

phenotypes. 
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Figure 9: Trp53 KO in Gnl1C365X mice restores NK cell maturational program and receptor 

expression 

Flow cytometric analysis was performed on Gnl1+/+, Gnl1C365X, Gnl1+/+ Trp53-/- and Gnl1C365X 

Trp53-/- splenic NK1.1+CD3- NK cells. (A) Graphic and representative flow plots of the 4-stage 

maturation program (CD27 and CD11b). (B-E) Proportion of the activating and inhibitory NK cell 

receptors (B) KLRG1, (C) NKG2D, (D) Ly49H and (E) Ly49G2. (F) CD122 mean fluorescent 

intensity (MFI). (A-F) Ordinary one-way ANOVA with Dunnett’s multiple comparisons test. All 

data shown as mean  SD, n = 4-5 mice/genotype, *p<0.05, **p<0.01, ***p<0.01, ****p<0.0001. 
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Chapter 5 – Discussion 

The overall objective of this study was to identify genes and pathways which are impacted 

following the mutation of GNL1 that lead to the NK cell deficiency. We hypothesized that the 

Gnl1C365X mutation perturbs p53 activation as well as cell cycle and ribosomal protein gene 

expression in NK cells. To address this hypothesis, we sought to better characterize genes that 

were differentially expressed between Gnl1+/+ and Gnl1C365X NK cells as well as to determine the 

impact of knocking out Trp53. In the present study we validated that Gnl1C365X mice have an NK 

cell deficiency associated with increased apoptotic cell death. We developed a platform to sort NK 

cells and we performed RNA-sequencing in which we identified that; (a) there are 143 DEGs 

between Gnl1+/+ and Gnl1C365X NK cells, (b) The Deseq2 and EdgeR p-values were the most 

different between Gnl1+/+ and Gnl1C365X NK cells, (c) 1.5 fold reduced expression of Gnl1 in the 

Gnl1C365X NK cells, (d) using the 143 DEGs, gene ontology highlighted terms associated with cell 

cycle processes, (e) using a GSEA for immunological signatures and KEGG pathways, we 

identified enriched cell cycle signatures in Gnl1C365X NK cells, (f) the KEGG cell cycle pathway 

had the DEGs Bub1, Bub1b and Plk1 which are associated with p53 leading the enrichment, (g) 

the KEGG ribosome pathway was enriched in Gnl1+/+ NK cells; genes leading the enrichment 

were ribosomal protein genes which were not among our 143 DEGs but were identified as 

differentially expressed using EdgeR or Deseq2 and a portion had a relationship with p53. Using 

Actinomycin D treatment, we showed ribosomal stress induced p53 activation resulted in a small 

but significant decrease in Gnl1C365X NK cell viability. Next using Gnl1C365XTrp53-/- mice, we 

demonstrated that in the absence of p53, Gnl1C365X mice can overcome MCMV susceptibility and 

the NK cell deficiency. Moreover, Trp53 KO restores caspase 3 expression, maturation and NK 

cell receptor expression to wild-type levels in Gnl1C365X NK cells. 

For the RNA-sequencing experiment, we specifically choose to use male mice as to omit 

cyclic female variation and because males, being larger, tended to have larger numbers of NK 

cells. However, we do not think that having used male mice skewed our results as we have not 

previously seen any differences in phenotype in male and female mice. In the future, we are 

interested in performing another RNA-sequencing using female mice. For all other experiments, 

the choice of using male or female mice was based on availability of mice in the colony which 

were within the same age range and the same sex for a given experiment.  
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When sorting was performed, we needed to select for viable NK cells; selecting for dying 

NK cells would result in the samples containing degraded RNA which would not allow us to pass 

the quality control step (RIN) to produce the cDNA libraries (178). However, despite this 

limitation, we were still able to pull out genes and signatures associated with cell cycle and the 

ribosome that could be inducing increased cell death.  

Approximately 20 ng of RNA was used to prepare the cDNA libraries that were sequenced. 

In a typical RNA-sequencing experiment 400 ng of RNA is used. Due to the low amounts of RNA 

used, we had to perform 11 cycles of PCR enrichment instead of 8. Therefore, for us it was crucial 

to confirm that our data set had results within the expected ranges. A phred score of 30 has a 

probability of incorrect base calling of 1 in 1000 and a phred score of 40 has a probability of 1 in 

10,000. With our score of 38 this demonstrated our base calling accuracy was between 99.9% and 

99.99% which is relatively high. When the trimmed reads were aligned to exonic regions, the 

exonic rate was between 0.698 and 0.786. Overall, our data set was comparable to other studies 

even though it required extra amplification and it followed the guiding principles discussed in the 

literature (163, 178).  

Bub1, Bub1b and Plk1 were three DEGs leading the enrichment of the KEGG cell cycle 

pathway. These genes were upregulated in the Gnl1C365X NK cells. Since we observed DEGs 

involved in cell cycle and we saw increased apoptotic cell death this led us to consider the role of 

p53. A study by McKenzie et al. demonstrated that Plk1 is downregulated by p53 by direct 

repression in response to DNA damage (167). They also discuss that Plk1 has 2 sites within its 

promoter which can bind p53 (167). Another study by Ando et al. found that Plk1 binds p53 to 

inhibit pro-apoptotic function and transactivation activity (179). Repression of Bub1 can activate 

p53-dependent premature senescence response (168). As previously mentioned, Bub1, Bub1b and 

Plk1 were all identified to have p53 responsive elements using the p53FamTag database and shown 

to be involved in the spindle checkpoint (also known as M checkpoint) (164, 165, 170). The 

importance of these genes was further highlighted by the fact that GO terms specifically 

highlighted spindle checkpoint and mitotic nuclear division. Therefore, there is strong evidence 

that GNL1 is involved with the spindle checkpoint in mice. This also highlighted a potential 

relation between the dysregulation of these genes in Gnl1C365X NK cells and p53. 
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Using an EdgeR and Deseq2 p-value cut off of less than 0.05, we identified ribosomal 

protein genes that were leading the enrichment of the ribosome KEGG pathway in Gnl1+/+ NK 

cells. Moreover, we identified that these genes were downregulated in Gnl1C365X NK cells. The 

ribosome is very important as it is required for the production of proteins. If the ribosome 

biogenesis process is altered in any way this can induce ribosomal stress which ultimately results 

in the activation of p53. Ribosome biogenesis consists of production of ribosomal RNA and 

ribosomal proteins, export of 40S and 60S ribosome, assembly and protein synthesis of the 80S 

(172). Ribosomal stress can be induced when this process is abrogated; free ribosomal proteins 

can interact with the E3 ubiquitin ligase MDM2 thereby inhibiting it from interacting with P53 

and so, p53 is free to become activated (151, 172). However, ribosomal stress can also be induced 

when ribosomal proteins are missing as shown in several studies (172, 180-183). Since ribosomal 

protein transcripts seem to be downregulated in the mutant, the latter model seems to be the 

mechanism by which p53 is being induced. We also did see that a portion of the ribosomal protein 

genes did have p53 responsive elements. Moreover, a study by Šulić et al. demonstrated that in T 

cells, deletion of ribosomal protein S6 inhibits ribosome biogenesis which induces p53-dependent 

checkpoint response to inhibit cell division and increase apoptosis (180). There is a role for p21 

induced block of the G1/S pathway in this study (180). In humans GNL1 has been shown to 

modulate the G1/S transition by interacting with RPS20 to induce phosphorylation of 

retinoblastoma (141). Therefore, aside from controlling M checkpoint, in mice NK cells Gnl1 may 

also be modulating G1/S transition however, further studies will be required to confirm these 

hypotheses. 

 Only one studied from Collin et al. have demonstrated an association between p53 and NK 

cells (184). In our study, Trp53 knock out in Gnl1+/+ mice had no impact on NK cell proportion 

or number. This finding was consistent with the finding from Collin et al. which showed that 

knocking out Trp53 in B6 mice did not affect NK cell number (184). Our data demonstrates that 

the deficiency in NK cells is a consequence of the Gnl1C365X mutation which is perturbing p53 

pathways. By knocking out Trp53, we are able to restore the increased caspase 3 expression 

observed in Gnl1C365X NK cells to wild-type levels. Initially we knew that the Gnl1C365X NK cells 

were undergoing increased apoptotic cell death (18). However, here we demonstrate that apoptosis 

is being induced via a p53-dependent mechanism. Moreover, MCMV susceptibility observed in 

the Gnl1C365X mice was overcome in Gnl1C365XTrp53-/- mice. This can be explained by the fact that 
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NK cell percentages and numbers were restored to wild-type levels. In addition, it further validates 

our previous findings that the inability to provide protection against MCMV infection is not a 

result of their ability to initiate responses but rather their inability to have a strong response due to 

cell number.  

IL-15 is essential for the production of a functional NK cell compartment (83). We 

previously demonstrated that the Gnl1C365X NK cells do not effectively respond to IL-15 and 

undergo increased apoptosis and reduced proliferation (18). One reason why the Gnl1C365X NK 

cells have reduced survival could be associated with their inability to respond to IL-15 as a result 

of reduced receptor expression of CD122 therefore, without CD122, IL-15 cannot efficiently 

signal to JAK/STAT, Ras-Raf-Mek-Erk or the mTOR pathway. In preliminary studies, we did 

observe reduced STAT5 and mTOR activation in the Gnl1C365X NK cells. STAT5 signalling is 

known to promote transcription of cell survival and proliferative genes (83). Therefore, without 

efficient signalling, levels of transcription of these genes could be reduced and thus the p53-

depedent cell death/cell cycle pathways can be altered. Here we validated previous findings, that 

KO of Trp53 in Gnl1C365X NK cells restore CD122 receptor expression. However, it is still an open 

question as to how p53 is associated with CD122 expression; it may be that p53 directly or 

indirectly regulates CD122 expression, but further studies are needed to address the relationship.  

A small but significant decrease in NK cell viability was observed when we compared 

Gnl1C365X NK cells treated with 0 ng/mL of Act D with 10ng/mL of Act D in the presence of IL-

15. This finding was consistent with what we expected and with our RNA-sequencing and flow 

cytometry data. Only 5-6 mice were used in the study. In order to further see the effect of Act D 

on NK cell viability as a result of induction of p53 due to ribosomal stress, more mice would be 

required. Although small, we do believe that cell death is further promoted following p53 

activation in Gnl1C365X NK cells.  

We have previously observed that NK development is altered in Gnl1C365X NK cells. We 

have also seen that the deficiency stems all the way back to the HSCs. Therefore, to obtain a better 

understanding of the role of p53 it would be important to perform similar experiments using BM 

cells. The NK cells may be less mature in Gnl1C365X mice because they cannot follow the normal 

developmental pathway, and this may be associated with p53 activation.   
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Our current working model is that in Gnl1+/+ NK cells, the cells are growing normally; 

transcription of ribosomal protein genes and the assembly of functional ribosome occurs therefore, 

the p53 pathway (transcription dependent/independent) is not activated so normal cell cycle, 

proliferation and survival occurs. However, in the context of Gnl1C365X NK cells, ribosomal 

transcripts are not being transcribed as efficiently therefore inducing p53-dependent checkpoint 

responses to promote abnormal cell cycle, proliferation and survival.  

 

 

Figure 10 – Working model  

Normal levels of transcription of ribosomal protein genes occurs in Gnl1+/+ NK cells which allows 

for proper assembly and function of the ribosome. Under these circumstances p53 will remain 

inactive so normal cellular processes occur. In the context of Gnl1C365X NK cells, there is reduced 

transcription of ribosomal protein genes therefore, there is improper assembly and function of the 

ribosome which induces ribosomal stress to activate p53 which induces abnormal cellular 

processes. References (172, 176) 

 

Based on the work that has been done thus far, there are several future directions for the 

project. A study from Pelletier et al. demonstrated that when the MHC locus (locus containing 

Gnl1) is impacted on chromosome 17 in mice, it results in an NK cell deficiency in terms of both 

proportion and number which is what we have seen (185). This study further highlights the 

relationship between the mutation in Gnl1 and the NK cell deficiency. However, to confirm that 
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Gnl1 is the gene resulting in the NK cell deficiency and other associated phenotypes, Gnl1 knock 

out mice can be generated using CRISPR-cas9. Once generated we would need to validate (a) 

MCMV susceptibility, (b) NK cell deficiency, (c) maturational defects, (d) reduced receptor 

expression, (e) inability to proliferate, (f) increased cell death is a result of alterations in 

Gnl1/GNL1.    

Further analyses using the RNA-sequencing data will be performed. Using ingenuity 

pathway analysis (IPA) and/or STRING, we will look for upstream regulators. We will also use 

the Data Browser ImmGen which contains microarray and RNA-seq data to see if we can better 

define the developmental stage in which Gnl1C365X NK cells are arrested. We will also look for 

databases containing p53 targets and networks in order to see if we obtain a better understanding 

of the relationship of our 143 DEGs and p53.  

Droplet digital polymerase chain reaction (ddPCR) is a digital PCR method which will 

allow us to compare relative expression levels of target genes. We will use this method for several 

purposes. First, we will validate that Bub1, Bub1b, Plk1 are upregulated in Gnl1C365X NK cells as 

compared to Gnl1+/+ NK cells at steady state. It may also be of interest, to perform the ddPCR on 

the ribosomal protein genes Rpl5, Rpl3, Rpl13a, Rps3, Rps18, Rpl22l1 to identify if their 

expression is reduced in Gnl1C365X NK cells as compared to Gnl1+/+ NK cells. Since they were 

only identified using EdgeR or Deseq2 it would be beneficial to take sorted NK cells and stimulate 

them with high levels of IL-15 as done by Marçais et al. to induce the mTOR pathway which 

induces translation. It would also be of interest to do ddPCR on Gnl1+/+, Gnl1C365X, Gnl1+/+Trp53-

/-, Gnl1C365XTrp53-/- for the genes validated as differentially expressed to identify if there is a role 

for p53.   

In order to identify if GNL1 interacts directly with the ribosome, ribosome profiling could 

be performed. Gnl1+/+ and Gnl1C365X splenic NK cells will be sorted and then stimulated for several 

days with IL-15 to promote ribosome biogenesis/function. Lysates will be run on a 10-25% sucrose 

gradient. The gradient will be fractionated and collected while monitoring for an optical density 

(OD) of 254nm. Via Western blot, the expression 40S ribosomal proteins and the 60S ribosomal 

proteins and GNL1 will be probed and aligned to identify if GNL1 is found within the same 

fractions as the ribosomal proteins suggesting that the GNL1 and the ribosomal proteins are 

interacting. A ribosome profile depicting the small (40S) and large (60S) ribosomal subunits and 



 58 

the 80S ribosome which were separated based on their Svedberg coefficients on the sucrose 

gradient is also generated. It would be of interest to compare the profiles of wild-type and mutant 

NK cells.  

BioID could also be used to identify Gnl1 binding partners. Here, Gnl1 would be attached 

to a biotin-ligase which can biotinylate proteins based on proximity. This study would further our 

understanding about proteins and pathways which could be altered when Gnl1 harbors the C365X 

mutation. 

Chapter 6 - Final conclusions & summary 

The goal of the current study was to understand the mechanism by which mutation of 

GNL1 leads to an NK cell deficiency. To do so, we performed RNA-sequencing on Gnl1+/+ and 

Gnl1C365X NK cells in which we identified 143 DEGs. Gene ontology highlighted terms associated 

with cell cycle processes. GSEA on KEGG pathways indicated that Gnl1C365X NK cells had a cell 

cycle signature which was being led by several genes of which Bub1, Bub1b and Plk1 were among 

the 143 DEGs. Using a less stringent selection process, we also observed that ribosomal protein 

gene expression was reduced in Gnl1C365X NK cells. The ribosomal protein genes and the cell cycle 

genes were associated with p53 in other models; this prompted us to produce Gnl1C365XTrp53-/- 

mice in which we observed that the mice overcame MCMV susceptibility as well as the NK cell 

deficiency. The mice also had restored caspase 3 and receptor expression. Therefore, here we 

demonstrated that the NK cells are dying via a p53-dependent apoptotic pathway. Moreover, based 

on the signatures we identified using the KEGG GSEAs, we propose that cell death may be 

occurring due to ribosomal stress which is due to reduced transcription of ribosomal protein genes. 

The ribosomal stress is inducing p53 activation which is ultimately resulting cell cycle blockades 

which are occurring at the spindle checkpoint (Bub1, Bub1b) as well as at the G1/S stage. The 

findings of this study are significant for several reasons. For one, the study allowed us to gain a 

further understanding of p53; a protein which is crucial in many cells but whose 

functions/pathways still remain unknown. Moreover, studying the Gnl1 mutation can help reveal 

novel and conserved pathways important for NK cell homeostasis downstream of IL-15; 

understanding these pathways could serve to enhance the potential therapeutic applications of NK 

cells, currently pursued by several companies. 
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Appendix  

Table A1: Flow cytometry antibodies   

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A2: Cell sorting antibody panel  

Marker Color Dilution Clone Company  Catalogue #  

NK1.1 PE 1:150 PK136 eBioscience  12-5941-83 

NKp46 PerCP 710 1:150 29A1.4  eBioscience  46-3351-82  

CD49b FITC 1:150 DX5 Biolegend 108906  

CD3 APC 1:200 17A2 eBioscience 17-0032-82 

CD19 APC 1:300  1D3 eBioscience  17-0193-80 

 

 

 

 

 

 

 

Marker Color Dilution Clone Company  Catalogue #  

CD3 APC-780 1:200 17A2 eBioscience  47-0032-82 

NK1.1 FITC 1:150 PK136  eBioscience 11-5941-85 

CD27 PE-Cy7 1:100 LG.3A10 Biolegend 124215 

CD11b EF-450 1:300 M1/70 invitrogen 48-0112-82 

KLRG1 PE  1:200  2F1 eBioscence  12-5893-82 

NK1.1 PE 1:150 PK136 eBioscience  12-5941-83 

NKp46 EF-450 1:150 29A1.4  invitrogen 48-3351-82 

Ly49H APC 1:200 3D10 eBioscience 17-5886-82 

Ly49G2 PerCP 710 1:200 4D11 eBioscience 46-5781-82 

CD122 FITC 1:200 TM-b1 invitrogen 11-1222-82 
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Table A3: NK cell purity and RNA quality     

 

Sample Sex Age Total 

lymphocyte # 

NK cell #  % 

purity 

RIN 

score  

Total 

ng 

RNA  

Gnl1+/+ 1 Male 10.86 94 x 106 6.25 x 105 87.1 8.8 191 

Gnl1+/+ 2 Male 8.43 73.5 x 106 5.18 x 105 87.8 8.9 46.6 

Gnl1+/+ 3 Male 8.29 115.5 x 106 5.18 x 105 91.1 9.0 78.5 

Gnl1C365X 1 Male 7.43 38 x 106 1.07 x 105 77.9 9.3 22.3 

Gnl1C365X 2 Male 7.86 57.7 x 106 1.41 x 105 88.8 9.4 15.3 

Gnl1C365X 3 Male 7.71 55.6 x 106 1.77 x 105 85.9 9.5  19.2 

 

 

Table A4: RNA-sequencing set-up and quality control  

 

Sample Run-

type 

Library 

Type 

Type of 

Sequencing 

Raw paired 

end reads #  

Average 

Quality  

% 
Duplicates  

Gnl1+/+ 1  

Paired 

end 50 

 

rRNA 

depleted 

 

Illumina 

HiSeq 4000 

62,900,352  

38 

59.4 

Gnl1+/+ 2 47,005,859 47.501 

Gnl1+/+ 3 54,226,719 45.887 

Gnl1C365X 1 49,350,943 48.616 

Gnl1C365X 2 59,680,954 50.182 

Gnl1C365X 3 50,013,813 42.84 

 

 

Table A5: Sequencing alignment results  

 

Sample Raw PE 

reads #   

Surviving 

PE reads #  

(trimming) 

%  

Surviving 

Mapped PE 

reads  

% 

aligned  

Exonic 

rate 

Gnl1+/+ 1 62,900,352 58,914,533  93.7 34,392,525 55.0 0.698 

Gnl1+/+ 2 47,005,859 43,902,148 93.4 30,196,832 68.8 0.750 

Gnl1+/+ 3 54,227,219 52,989,810 97.7 37,395,778 70.6 0.779 

Gnl1C365X 1 49,350,943 47,735,509 96.7  31,209,087 65.4 0.689 

Gnl1C365X 2 59,680,954 54,106,085 90.7 38,421,277 71.0 0.780  

Gnl1C365X 3 50,001,813 48,125,291 96.2 35,468,277 73.7  0.786 
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Figure A1: Flow cytometry gating strategies 

Flow cytometry gating strategy for identification of (A) NK cells or (B) in the actinomycin D 

experiment. (A) Singlets (FSC-A by FSC-H), Lymphocytes (FSC-A by SSC-A), Viability 

(Viability by SSC-A), NK cells (CD49b+CD3-) or (NK1.1+CD3-) or (NKp46+CD3-). (B) Singlets 

(FSC-A by FSC-H), Singlets (FSC-A by SSC-A), NK cells (NK1.1+CD3-) and Viability (FSC-A 

by Viability). 
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Figure A2: NK cell sorting gating strategy  

NK cell gating strategy used to sort Gnl1+/+ and Gnl1C365X splenic NK cells. Gating strategy used 

to sort pure NK cells; Lymphocytes (FSC-A by SSC-A), Singlets (FSC-A by FSC-H), Live cells 

(FSC-A by DAPI-), NK cells [(NK1.1+CD3-CD19-), (NK1.1+NKp46+) and (CD3-CD19-DX5+)].  

 


