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CHAPTER I 

INTRODUCTION 

Macrophages are among the first immune cells to encounter microorganisms, 

to initiate immune defense mechanism, and to phagocytose invading pathogens and 

dead cells. They possess ability to recognize and discriminate pathogens from self-

molecules through binding of the receptors, collectively known as pattern recognition 

receptors (PRRs) to components of pathogens, called pathogen-associated molecular 

patterns (PAMPs). After receptor-ligand engagement, macrophages are activated, 

through various adaptor proteins transducing signals such as nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB) and mitogen activated protein 

kinases (MAPKs), to turn on transcription factors (1, 2), leading to expression of 

target proteins essential for recruitment of other immune cells to assist pathogen 

clearance (3). This complex mechanism has to be tightly regulated, otherwise 

damages to the host cells may occur due to prolonged activation.  

  An evolutionarily conserved Notch signaling has been reported to regulate 

development and function of cells in the immune system (4, 5). Notch receptors 

comprise of transmembrane receptors (Notch1, 2, 3, and 4) and ligands (Jagged1 and 

2, Delta-like1, 3, and 4). After ligand-receptor binding, the receptor undergoes 

enzymatic cleavage, generating a Notch intracellular domain (NICD) that can 

translocate to the nucleus where it functions as a transcriptional co-activator by 

association with the transcription factor CSL (CBF1/Rbpjκ, Suppressor of Hairless, 

LAG-1) and other transcription co-activators, such as p300 and Mastermind-like 

(MAML), to regulate transcription of specific target genes. Several target genes have 

been identified, including transcription repressors of the HES family (Hes1, Hes2) (6). 

Previous studies from our group and others demonstrated that, upon stimulation, 

Notch signaling activates macrophage as the activation can be measured from 

increase production of pro-inflammatory cytokines, including TNFα, IL-6, IL-12p70. 

In contrast, when Notch signaling is disrupted by γ-secretase inhibitors and Notch1 

RNAi, the activation of macrophages is subsequently inhibited (7-9). 

 Furthermore, Notch signaling can be modulated by an inhibition of enzymes 

that target the cleavage sites located on the transmembrane region of the Notch 
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receptors. For instance, pharmacological inhibitors targeting enzymes such as furin 

convertase, disintegrin and metalloproteinase domain-containing protein (ADAM), 

orγ-secretase, can be used to inhibit enzymatic cleavage at these S1, S2, and S3 

cleavage sites, respectively. As a result, Notch signaling is interrupted after treatment 

(10-12). Moreover, Notch signaling can be modulated by proteasomal and lysosomal 

degradation of NICD. Negative regulators of Notch signaling, such as F-box and 

WD40 domain-containing protein 7 (Fbxw7), Itch and Numb, were discovered to 

promote proteasome-mediated degradation of NICD (13, 14). Furthermore, Notch 

signaling can be modulated through regulation of its ligands expressing on the surface 

of their own or of the adjacent cells. For instance, Jagged1 is rapidly expressed in 

macrophages upon TLR stimulation, resulting in an auto-amplification of Notch 

signaling (15). Taken together, various methods can be applied to modulate Notch 

signaling to achieve a desirable outcome.  

Numb is a membrane-associated protein composing of a N-terminal 

phosphotyrosine-binding domain (PTB), Src homology 3-binding sites, Eps 15 

homology (EH) regions, and a C-terminal proline-rich repeat region (16). Numb 

interacts with different intracellular molecules from many signaling pathways, thereby 

regulating multiple functions of the cells. For example, Numb can function as a cell 

fate determinant protein that is essential for maintenance of neuronal stem cells during 

fetal development (17, 18). In cancer cells, Numb can control p53 stability, protecting 

it from ubiquitin-mediated proteasomal degradation. Moreover, a loss of Numb is 

reported to correlate with bad prognosis of cancer (19-21). In the immune system, an 

in vivo study in Numb-/- mice revealed that Numb is dispensable for the development 

of hemopoiesis of myeloid cells and lymphopoiesis of lymphoid (22). Also, Numb is 

dispensable for proliferation and function of T cells (23). Although Numb is 

dispensable for the development of various immune cells, it has recently been shown 

to play a critical role in regulating asymmetric division of T cells and their 

differentiation in response to virus infection (24, 25). Taken together, these evidences 

demonstrate that Numb has multiple functions depending on the environmental 

contents. 

Another negative regulator of Notch signaling is Itch. It is an E3 ubiquitin 

ligase that belongs to the HECT (homologous to the E6-AP C-terminus) protein 
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family. It is composed of a C2 domain, four WW domains, and a HECT ligase 

domain (26). These WW domains are implicated for protein-protein interactions 

whereas the HECT domain helps in recruitment of E2 ubiquitin loading enzymes and 

transfers ubiquitin to their substrates (27). Itch-/- mice develop a skin-scratching 

“Itchy” phenotype and severe immune dysregulation, including lymphadenopathy, 

splenomegaly and inflammation in the lungs and digestive system (28, 29). Recent 

study reported that Itch was a key player in peripheral T-cell tolerance in which a 

disruption of Itch-mediated JunB ubiquitination promoted Th2 (T helper type 2 cells) 

response (30). Itch also functions as a negative regulator of hemopoietic stem cells 

homeostasis by regulating the Notch signaling pathway (31). 

Because both Numb and Itch can antagonize Notch signaling through 

degradation of the Notch receptors (32, 33), they may play a role in regulation of 

inflammation in macrophages wherein Notch signaling is involved. In this study, a 

novel role of Numb was uncovered and reported that it positively regulated 

production of pro-inflammatory cytokines TNFα, IL-6 and IL-12p70 partly through 

interaction with Itch which results in changes in the phosphorylation of p65 of NF-κB 

and p38 of MAPK signaling pathways. In addition, proteomics analysis revealed that 

Akt1 was upregulated in Numb-silenced macrophages upon LPS stimulation. This 

evidence further supported the hypothesis that Numb was a positive regulator of 

inflammation macrophages. Besides, the effect of Itch in LPS-activated macrophages 

was also studied. Silencing of Itch alone caused a reduction in pro-inflammatory 

cytokine production and the production was co-regulated via Notch signaling 

pathway. In conclusion, our study showed that Numb, by interacting with Itch, 

positively regulates pro-inflammatory cytokine production in macrophages. 
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Objectives 

1. To identify the roles of Itch and Numb in LPS-activated macrophages 

2. To investigate the molecular mechanism of Itch and Numb in regulating 

macrophage effector functions via Notch-dependent and -independent manner  

3. To identify novel target proteins of Numb in activated macrophages using 

proteomic approach 

 

Hypothesis 

Itch and Numb regulate pro-inflammatory cytokine production in 

macrophages in response to TLR4 activation via Notch signaling pathway. 

  



CHAPTER II 

LITERATURE REVIEW 

2.1 Macrophages 

Macrophages are cells of the innate immunity, originating from myeloid 

precursor cells in bone marrow, spleen, and fetal liver (34). They are characterized by 

the expression of several surface proteins such as F4/80, CD107 and CD68. These 

markers can be used to distinguish macrophages from other immune cells. 

Macrophages can be found residing in different tissues, having different appearances 

and functions: for example, Kuffer cells in liver, alveolar macrophages in lungs, 

microglia in brain and osteoclasts in bones (35).  

Macrophages function as a first line of defense against invading pathogens. 

They can sense components derived from pathogens through binding of pattern 

recognition receptors (PRRs) to initiate responses to infection. Once activated, they 

secrete chemokines and cytokines to attract other immune cells to the infection site to 

help in clearance of the pathogens. Another important function of macrophages is 

phagocytosis. The phagocytosed pathogens are later degraded into pieces of peptides 

and processed for antigen presentation to T cells through interaction between MHC 

and TCR (Figure 2.1). 
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Figure 2.1 Macrophages and their functions in the immune system 

 

A group of the PRRs that has been well-characterized is the Toll-like receptor 

(TLR) family. TLRs are characterized as type I transmembrane proteins comprising of 

an ectodomain, the transmembrane region, and the Toll-IL-1 receptor (TIR) domain. 

The ectodomain containing leucine rich repeats helps in recognition of antigens. The 

TIR domain located intracellularly functions by activating the downstream signaling 

pathways of TLR such as NF-κB and MAPK signaling pathways (36). To date, twelve 

TLRs are identified in mice. Each TLR can specifically detect specific molecular 

patterns derived from different microorganisms. Examples of these pathogenic 

antigens include lipopolysaccharide (LPS), lipoprotein, flagellin, double-stranded 

RNA (dsRNA), single-stranded RNA (ssRNA) and DNA. TLR-ligand binding 

activity allows macrophages to distinguish non-self from self-antigens and respond 

immunologically to the particular microorganisms (37). 

After binding of TLR and ligand, TLRs activate signaling pathways that 

orchestrate the immune responses to microbial infection. The signal is transduced 
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through various adaptor proteins, such as MyD88 (myeloid differentiation primary 

response 88), TIRAP (Toll-interleukine 1 receptor domain containing adaptor 

protein), TRIF (Toll-interleukine receptor domain-containing adaptor-inducing 

interferon beta) or TRAM (translocation-associated membrane protein). They are 

recruited to the TIR domain of TLRs for transmission of signals to activate cascades 

of protein kinases, including NF-κB and MAPK (Figure 2.2). 

 

 

Figure 2.2 Toll-like receptors, ligands, and adaptor proteins for TLR activation 

A model showing all TLRs in and their ligands that initiate transduction of signals 

through different adaptor proteins (adapted from Akira and Takeda, Nature Review 

Immunology, 2004 (38)). 

 

2.2 TLR4 signal transduction in macrophages 

Studies of TLR4 in macrophages revealed that a recruitment of multiple 

adaptor proteins occurs upon ligand binding and this interaction initiates two distinct 

signaling pathways: the MyD88-dependent and TRIF-dependent pathways (39). 

TIRAP is an adaptor protein recruited upon TLR4 binding to LPS and served as a 

bridge between MyD88 and TLR4. The complex, comprising of IRAK4 (IL-1 

receptor-associated kinase 4), TRAF6 (tumor necrosis factor receptor-associated 

factor 6) and TAK1, is formed after MyD88 activation, initiating the activation of NF-
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B and MAPKs. On the other hand, activation through TLR4 allows formation of 

TRAM-TRIF complex, following by a recruitment of TRAF6 and TAK1 to mediate 

the activation of NF-κB and MAPKs. Binding between TLR4 and LPS is required for 

a robust activation of both NF-κB and MAPK signaling pathways, resulting in 

transcription and translation of pro-inflammatory cytokines (Figure 2.3).  

Inflammatory macrophages are under a tight control by various negative 

regulators and immunosuppressive cytokines to prevent damages caused by excessive 

inflammation (40, 41). For example, IL-10 transiently activates several key signaling 

molecules that can dampen the transduction of TLR4 signaling. Resynthesis of IκB 

prevent nuclear translocalization of NF-κB, thus inhibiting transcriptional activation 

of downstream target genes (42). Moreover, phosphorylation of MAPKs can be 

inactivated by dual specificity phosphatase 1 (DUSP1), causing de-phosphorylation of 

MAPKs to prevent excessive cytokine production (43, 44). 

 

Figure 2.3 TLR4 signaling pathways in macrophages 

A schematic diagram showing signal transduction of TLR4 in macrophages (adapted 

from Kawai & Akira, Cell Death and Differentiation, 2006 (45)). 
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2.3 Notch signaling pathway 

2.3.1 Discovery of Notch Signaling 

Notch signaling pathway is one of the highly conserved pathways in 

mammals. It is described as a cell-cell communication system, in which Notch ligand 

on the signal-sending cell interacts with a Notch receptor on a juxtaposed cell, or the 

signal-receiving cell. As such, Notch signaling is well-known for the role in 

determination of cell fate development and differentiation (5, 6). Five ligands of 

Notch signaling have been reported so far in mammals (46, 47). They are categorized 

into two closely related subfamilies of Delta-like (Dll1, Dll3 and Dll4) and Jagged (J1 

and J2)). Four Notch receptors (N1 to N4) have been reported to be closely related 

(Figure 2.4). However, the specific effect of ligand and receptor binding and the 

function of individual receptors and ligands remain to be further explored. An 

engagement of Notch receptor with Jagged and Delta ligands generates cell context-

dependent responses. 

 

Figure 2.4 Structure of Notch receptors and Notch ligands 

A schematic diagram showing Notch receptors (N1-N4) on the signal-receiving cell 

and ligands (Jagged (J)1, J2, Delta-like (Dll)1, Dll3, Dll4) on the signal-sending cells 
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are composed of Notch extracellular domain (NECD) and Notch intracellular domain 

(NICD) (adapted from Radtke, Fasnacht & MacDonald, Immunity, 2010 (47)). 

 

2.3.2 Activation of Notch signaling: its mechanism 

Upon engagement of Notch receptor and ligand, the receptor is proteolytically 

processed at two different sites, generating canonical Notch signaling (Figure 2.5). 

Cleavage at site 1 (S1) by an enzyme furin convertase executes the S1 cleavage on the 

Notch receptor during protein synthesis. The S1 processing is required for productive 

ligand-receptor interaction (48). The second cleavage, or S2 cleavage, occurs after 

receptor-ligand binding. Once the binding occurs, the ligand causes a pulling force on 

the receptor, generating S2 cleavage site. Then, the ligand removes the extracellular 

domain of the Notch receptor and internalizes it into lysosomes of the ligand-

expressing cell (11, 49). Another enzyme called a disintegrin and metalloproteinase 

domain-containing protein 10 (ADAM10) or ADAM17 (also known as TACE (tumor 

necrosis factor alpha-converting enzyme)) immediately engages with the Notch 

receptor for S2 cleavage (50). At this point ADAM inhibitors can be used to inhibit 

Notch signaling because S2 cleavages is the rate-limiting step in activation of Notch 

signaling (12). However, using ADAM inhibitor can generate off-target effects 

because it do not only control the S2 cleavage but also control the processing of other 

proteins, including tumor necrosis factor and the interleukin-6 receptor (IL-6R). The 

S3 cleavage occurs via the γ-secretase complex. The γ-secretase cleaves Notch 

receptors at the plasma membrane, generating the NICD cleaved at Val1744 (51). 

Therefore, γ-secretase inhibitors (GSIs) can be used to effectively inhibit Notch 

activity. Once the cleavage at S3 is complete, NICD translocates to the nucleus and 

interacts with a transcriptional factor complex called CSL (CBF/Suppressor of 

hairless/Lag-1)/Rbpjκ (Recombination signal binding protein for immunoglobulin 

kappa J region) and MAML (Mastermind-like), forming a CSL/Rbpjκ-NICD-MAML 

complex that directs the expression target genes located downstream of Notch 

signaling. CSL/Rbpjκ functions as a transcriptional repressor by recruitment of 

CSL/Rbpjκ along with NICD to DNA-binding sites after activation of Notch signaling 

(52).  
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2.3.3 Regulation of Notch signaling by E3 ubiquitin ligases 

Because Notch signaling is a conserved signaling pathway that is also 

involved in regulation of many cellular processes, it has to be tightly regulated to 

prevent undesirable effects. Ubiquitin-mediated regulation of Notch signaling has 

been unrevealed previously. Notch intracellular domain can be ubiquitinated by a 

number of E3 ubiquitin ligases, including atrophin 1-interacting protein 4 (AIP4 or 

Itch) and F-box and WD40 domain-containing protein 7 (Fbxw7) (14). Particularly, 

PEST (proline-glutamic acid-serine-threonine) domain-containing Fbxw7 leads to 

ubiquitin-mediated degradation of NICD (53). Itch also promotes ubiquitination of 

NICD (33) and together with Numb targets the NICD for ubiquitin-mediated 

proteasomal degradation (13). In addition, Numb was reported to inhibit Notch 

signaling via binding with NICD and α-adaptin during formation of endocytic vesicle 

(54), thereby promoting the endocytosis of NICD and inhibiting Notch signaling. 

Furthermore, an E3 ubiquitin ligase MDM2 (mouse double min 2) with a dual action 

that promotes ubiquitination of NICD but degrades Numb, causing an increase of 

Notch signaling (55) (Figure 2.5).  

 



 12 

 

Figure 2.5 Processing of Notch receptor, activation of canonical Notch signaling, 

and inhibition of Notch signaling 

The S1 cleavage of Notch receptor is mediated by furin-like enzyme in the Golgi 

complex. The S2 cleavage occurs after receptor-ligand binding by ADAM enzyme. 

The γ-secretase enzyme mediates S3 cleavage at the cell membrane, allowing NICD 

to translocate to the nucleus and form a CSL/Rbpjκ-MAML-NICD complex that 

activates transcription of downstream target genes. Itch and Numb promote NICD 

degradation in cytoplasm whereas Fbxw7 promotes NICD degradation in nucleus.  

 

2.4 Numb 

2.4.1 Discovery of Numb protein 

Numb is an evolutionarily conserved membrane-associated protein that 

determine cell fates. It was originally found in Drosophila by antagonizing Notch 

signaling (32). In mice, Numb plays redundant roles in the maintenance of several 

types of neuronal stem cells during fetal development (17, 18), raising the possibility 
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that Numb may play a role in other cell lineages. Biochemical studies in vitro 

demonstrated that Numb interacted with several molecules and regulates multiple cell 

functions as a consequence. These Numb binding partners include Notch1, α-adaptin, 

E-cadherin, and integrin. In vivo studies using Numb-/- mice revealed that Numb is 

dispensable for development of hemopoiesis and lymphopoiesis (22) as well as 

proliferation and function of T cells (23). However, several studies showed that Numb 

plays critical roles in regulating asymmetric T-cell division occurred during 

development and differentiation (56) and in response to infection (25).  

 

2.4.2 Multiple functions of Numb 

There are four isoforms of mammalian Numb that are generated by 

alternatively spliced transcripts. Numb is a protein of 72 kDa in molecular weight, 

containing at N-terminal phosphotyrosine-binding domain (PTB) and at C-terminal 

proline-rich repeat region. Moreover, Eps15 homology (EH) regions (containing DPF 

(aspartic acid-proline-phenylalanine) and NPF (asparagine-proline-phenylalanine) 

have been characterized on Numb protein structure (57). The alternative splicing 

generates isoforms of Numb with modified PTB and proline-rich repeat domains: p71 

Numb isoform has alternative splicing of exon 6 on PTB region, p66 Numb isoform 

has alternative splicing on proline-rich repeat region, p65 Numb isoform has 

alternative splicing on both PTB and proline-rich repeat regions (Figure 2.6). 
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Figure 2.6 Mammalian Numb and its isoforms 

A model displaying Numb protein and its isoforms: p72, p71, p66, and p65. PTB 

indicates phosphotyrosine-binding domain at N-terminus. DPF and NPF motifs 

indicate Eps15 homology regions at C-terminus (adapted from Ntelios et al., Frontier 

in Neuroscience, 2012. (58)). 

 

A critical region for determining Numb function is the PTB domain that is 

often involved in cell membrane localization which contributes to the control of 

cellular endocytosis (59). While the PTB domain is responsible for cell membrane 

localization, the C-terminus of Numb interacts with several proteins components 

required for endocytosis. DPF and NPF motifs of all mammalian Numb isoforms are 

responsible for binding with α-adaptin and various proteins belongs to Eps15 

Homology (EH) Domain family involving clathrin-dependent and –independent 

endocytosis (60, 61). Moreover, Numb was reported to interact with NICD following 

a recruitment of Itch for ubiquitin-mediated proteasomal degradation of NICD (13). 

As a result, these binding motifs provide the function of Numb as an adaptor molecule 

for endocytic activity and as a regulator of number of signaling pathways including 

Notch signaling (Figure 2.7). 
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Figure 2.7 Multiple functions of Numb protein 

Binding ability of PTB, DPF and NPF domains of Numb contributes to multiple 

functions of Numb in ubiquitin-mediated trafficking and degradation, endocytosis, 

cell adhesion and migration. Ub, ubiquitin. (adapted from Gulino, Di Marcotullio and 

Screpanti, Experimental Cell Research, 2010. (57)). 

 

2.4.3 Numb in the immune system 

Because T cell development in the thymus is completely abrogated in T 

progenitors lacking Notch1 or Rbpjκ (62, 63) and Notch1 is necessary for the 

transition of DN3 T cells to the double-positive ones (64), Wilson et al. (22) 

hypothesized that negative regulators of Notch signaling Numb and its homologue 

Numb-like might affect hemopoiesis and lymphopoiesis in Notch dependent manner. 

To their surprise, both Numb and Numb-like were dispensable for the developmental 

process of hymopoiesis and lymphopoiesis in a combined Numb-/- and Numb-like-/- 

mice, despite the fact that Notch signaling was still activated. Although Numb does 

not affect development of the immune cells, it is reportedly essential in asymmetric 

division of T cells at the initiation of infection. The unequal distribution of Numb is 

during CD8+ T cell division caused the daughter cell with high amount of Numb to 

acquire markers of effect T cell while the other cell acquired memory T cell 

phenotypes (25). 
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2.5 Itch 

2.5.1 Discovery of Itch protein 

First discovery of Itch gene was in 1995 by Perry and his colleagues (29). 

They found that a specific mutation, a18H, on mouse chromosome 2 led to expression 

of a darker coat. Mice with this mutation had a skin scratching phenotype and also 

displayed symptoms of autoimmune disease. Eventually, the mice died at 6-8 months 

of age because of pulmonary inflammation caused by hypoxia. Hence, they named 

these a18H mice that displayed this distinct skin scratching phenotype as “Itchy mice”. 

And the gene responsible for it was later named as Itch.  

 

2.5.2 Itch as an E3 ubiquitin ligase 

A biological process for targeting a variety of proteins for degradation is 

known as ubiquitination. Particularly, it is a vital process that controls the turnover of 

intracellular proteins. Ubiquitination is carried out by three enzymes called E1, E2 

and E3 enzymes. The first enzyme, E1 or ubiquitin activating enzyme, catalyzes 

ubiquitin and the target protein, by transforming a ubiquitin molecule to become 

adenylated using ATP. Then, the adenylated ubiquitin is transferred to an E2 or 

ubiquitin-conjugating enzyme and that delivers it to an E3 or ubiquitin ligase. The E3 

ubiquitin ligase interacts with its substrate protein to catalyze the formation of the 

ubiquitin tag (27, 65). The length of this tag controls different fates of the 

ubiquitinated proteins. For instance, a chain of four or more ubiquitin residues is 

recognized by 26S proteasome, leading to proteasomal degradation of the 

polyubiquitinated proteins. In contrast, monoubiquitinated proteins tagging with only 

one ubiquitin residue are targeted for lysosomal degradation, which contains both 

proteases and lipases activity (66).  

E3 ubiquitin ligases have been extensively studied due to its ability to 

recognize a repertoire of substrates. Scientists categorized a thousand of recently 

discovered E3 ubiquitin ligases into two major classes: 1) the RING (Really 

Interesting New Gene)  class E3 ubiquitin ligases, which contain a cysteine-rich 

RING domain, and 2) the HECT class E3 ubiquitin ligases, containing C-terminal 

HECT ligase domain. The RING E3 ubiquitin ligases act as a scaffold protein to 
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catalyze ubiquitination between E2 and its substrate protein. On the other hand, 

HECT E3 ubiquitin ligases directly use their HECT domain to catalyze ubiquitination 

of their substrates (67, 68).  

Studies of the Itch discovered that it belongs to Nedd4 family of E3 ubiquitin 

ligase. It has 854 amino acids (aa) in length and has a relative molecular weight of 

113 kDa. Like other Nedd4 family members, Itch is a monomeric protein. It has N-

terminal C2 domain for membrane targeting, four WW domains at amino acid 

position 195-246 for recognition of proline rich sequences and C-terminal HECT 

ubiquitin ligase domain that is responsible for catalytic activity (26). Recently, a 

number of substrates of Itch have been identified. Examples of the substrates of Itch 

include transcription factors (e.g. Notch, p63, p73), transmembrane receptors (i.e. C-

X-C chemokine receptor 4) and protein kinases (i.e. protein kinase c-θ). They involve 

in many biological processes including signal transduction, cell differentiation, cell 

death and the immune response (Figure 2.8).  

 

Figure 2.8 Structure of Itch protein and its binding partners that involve in 

regulation of cellular processes 

Itch contains four WW domains and HECT domain at C-terminus. WW domains 

serve as a binding site for a number of proteins involved in regulation of cellular 

processes, including inflammation, TGFβR signaling, apoptosis, cell fate 
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determination and differentiation (adapted from (Y-C. Liu, Seminars in Immunology, 

2007; Ahmed et al., Nature Immunology, 2011.(69-71)). 

 

2.5.3 Itch and cells of the immune system 

Functions of Itch in T cell differentiation and immune response have been 

reported, recently. In vivo studies in Itch-/- mice showed that the mice develop skin 

inflammation phenotypes and subsequent immune dysregulation (72, 73). Disruption 

of Itch results in a break of T cell tolerance causing lymphoid hyperplasia due to 

accumulation JunB—a transcription factor regulated by Itch ubiquitination. Without 

Itch, JunB DNA-binding activity accumulated, resulting in an augment of IL-4 

production (30). Recently, Itch was identified as a negative regulator of hemopoietic 

stem cells, homeostasis and function by regulating the Notch signaling pathway (31). 

In addition, Itch was reported to function as a negative regulator of inflammation in 

macrophages. Itch can form a protein complex with deubiquitinase Cyld and promotes 

ubiquitin-mediated proteasomal degradation of TAK1. As a result, macrophages 

produces excessive amount of pro-inflammatory cytokines (70). Another group 

reported that Itch inhibited p38α MAPK signaling through ubiquitination of TAB1 in 

Itchy mice of skin inflammation model (71). Taken together, these findings 

emphasize the role of Itch in regulation of the cells of the immune system.  
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Rationale for this study 

 

From biochemical studies, both Itch and Numb function as enzymes to 

negatively regulate Notch signaling pathway. They target Notch receptors for 

proteasomal and endocytic degradation (33, 60). In vivo studies using Itch-/- and 

Numb-/- mice demonstrated that Itch played important role in development of Th2-

mediated autoimmune-like disease in mice (30) and Numb regulated asymmetric T 

cell division during T cell polarization (25), respectively. In addition, results from our 

groups and others suggested that, upon stimulation of macrophages, Notch signaling 

was activated and this activation, in turn, up-regulated gene expression patterns 

characterized by production of both pro- and anti-inflammatory cytokines such as 

TNFα, IL-6, and IL-10 and costimulatory molecules (9, 74). From these data, we 

hypothesized that Itch and Numb might negatively regulate phenotypes of LPS-

macrophages via Notch signaling pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER III 

MATERIALS AND METHODS 

3.1 Construction of pMKO.1-GFP (control) and pMKO.1-shNumb-GFP 

(shNumb) plasmids  

To construct pMKO.1-shNumb-GFP plasmid, the pMKO.1-GFP retroviral 

vector was used as a backbone plasmid (Addgene plasmid #10676, USA) and double-

stranded oligonucleotides containing Numb-specific sequence (5’-

AACCACTTTCACAAGAGAAGG -3’), targeting murine Numb gene, was inserted 

into pMKO.1-GFP. The plasmids obtained were called pMKO.1-shNumb-GFP 

plasmid, respectively. The presence of shNumb insert was confirmed by using 

restriction enzyme XhoI, which cut at the restriction found on the hairpin loop of the 

oligonucleotide insert and on the pMKO.1-shNumb-GFP backbone, resulting in a 

restriction fragment of 415 bps in size. In addition, DNA sequencing of the insert was 

performed to ensure that the shNumb sequence was not modified.  

 

3.2 Derivation of bone marrow-derived macrophages (BMMs) 

3.2.1 Preparation of L929-conditioned medium 

L929 cells (ATCC CCL1) were seeded at 5 x 105 cells and maintained in 

DMEM medium supplemented with 10% FBS at 37oC, 5% CO2 for three days. After 

the cell cultures reached 95% confluence, the culture supernatant was harvested, 

filtered through 0.22 μm filter and stored at -80oC until use.  

 

3.2.2 Derivation of bone marrow-derived macrophages 

C57BL/6 mice were purchased from the National Laboratory Animal Center 

(Mahidol University, Salaya, Thailand). All procedures involving laboratory animals 

were reviewed and carried out in accordance with the guidelines issued by 

Chulalongkorn University Institutional Animal Care and Use Committee (CU-IACC 

#001/2555-20/54). The mice were euthanized and their femurs were extracted. Bone 

marrows were harvested from the femurs by flooding with DMEM medium 
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supplemented with 10% FBS. The cell suspension were filtered through 70 μm nylon 

mesh and incubated in L929-conditioned medium at a density of 5 x 106 cells/mL in 

10-cm tissue culture dish and maintained in a 5% CO2 incubator at 37oC. Every three 

days, a volume of 3 mL of L929-conditioned medium was added. On day 7 the cell 

cultures were harvested using cold PBS, centrifuged at 1,500 rpm for 5 mins at room 

temperature, and the supernatant was discarded. Cells were resuspended in DMEM 

medium supplemented with 10% FBS and subject for subsequent experiments.  

 

3.3 Retroviral transduction of pMKO.1-GFP or pMKO.1-shNumb-GFP into 

BMMs 

3.3.1 Preparation of retroviral particles 

Human embryonic kidney 293T cells (ATCC CRL-3216) were cultured in 

DMEM supplemented with 10% FBS at a concentration of 4 x 105 cells/mL for 24 hrs 

prior to co-transfection with 2 μg of pCL-Eco (Addgene plasmid #12371) and 2 μg of 

pMKO.1-shNumb-GFP or pMKO.1-GFP using FuGENE HD transfection reagent 

(Promega, USA). Cells were maintained in DMEM media supplemented with 10% 

FBS in 5% CO2 incubator at 37oC. Two days later, cell culture supernatants were 

harvested and filtered through 0.45 μm filter and used for retroviral transduction.  

 

3.3.2 Retroviral transduction of BMMs 

Bone marrows were obtained from C57BL/6 mice as previously described and 

maintained in L929-conditioned medium. Two days later, the cells were harvested 

using cold PBS, seeded at 1 x 106 cells/well in 12-well plate and maintained in L929-

conditioned medium. A volume of 1.2 mL of 293T culture supernatant containing 

retroviral particles was mixed with 6 L of FuGENE HD transfection reagent 

(Promega, USA) prior to addition to the bone marrow cultures. After centrifugation at 

2,200 rpm for 1 hr at room temperature, the retroviral particles were allowed to adhere 

to bone marrows for 1 day at 37oC, 5% CO2. On the next day, the transduction step 

was repeated using freshly harvested 293T culture supernatant containing retroviral 

particles.  
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Three days later, the culture medium was replaced with L929-conditioned 

medium and the cells were maintained for another 5 days prior to subject for further 

experiments. Efficiency of retroviral transduction was 20-25% as indicated by GFP+ 

F4/80+ population determined by flow cytometry.  

 

3.3.3 Sorting of pMKO.1-GFP or pMKO.1-shNumb-GFP containing 

BMMs  

Ten days after the first retroviral transduction, the cells were harvested using 

cold PBS and resuspended in cold PBS containing 10% FBS. A population of GFP+ 

cells was sorted and collected using FACSAria II (BD Biosciences, USA). The sorted 

BMMs were resuspended and seeded at 1 x 105 cells/well in 12-well plate and 

maintained in L929-conditioned medium for 5 days for surface protein staining or 

intracellular cytokine staining assay. For Western blotting, cells were seeded at 5 x 

104 cells/well in 48-well plate. For qPCR assay, cells were seeded at 2 x 104 cells/well 

in 96-well plate.  

 

3.4 Overexpression of Numb in macrophage-like RAW264.7 cells 

RAW264.7 cells (ATCC TIB-71) were seeded at 1.5 x 105 cells/well in 24-well 

plate and maintained in DMEM media supplemented with 10% FBS at 37oC, 5% CO2.  

On the next day, cells were transfected with either control plasmid pCIneoOVA (75) or 

pCIneoHA mouse Numb (Addgene plasmid #37012) using FuGENE HD transfection 

reagent (Promega, USA) at a ratio of 3 (μL reagent) : 1 (μg plasmid). After 24 hrs of 

transfection, RAW264.7 cells were stimulated with 100 ng/mL E. coli LPS (Sigma 

Aldrich, USA). Culture supernatant were collected and  protein lysates were harvested 

using RIPA lysis buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% 

SDS, 50 mM Tris-CL pH 7.4) containing protease inhibitors (Roche, Germany)  and 

phosphatase inhibitor cocktail (Sigma-Aldrich, USA) at indicated time points. The 

protein lysates and culture supernatants were stored at -80oC until use. 
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3.5 Notch signaling inhibition using γ-secretase inhibitor  

A γ-secretase inhibitor, DAPT (Merck, Germany), was used to inhibit Notch 

signaling in BMMs as previously described (8). To inhibit Notch signaling, 25 μM of 

DAPT or an equal amount of DMSO was added to the cell cultures 1 hr prior to LPS 

stimulation.  

 

3.6 Depletion of proteins using siRNA 

For depletion of protein of interest in BMMs, the BMMs were seeded at 1.5 x 

105 cells/well in 12-well plate and maintained in L929-conditioned medium 

supplemented with 10% FBS at 37oC, 5% CO2 overnight. On the next day, cells were 

transfected with non-targeted or targeted siRNA (50 nM) using HiPerFect transfection 

reagent (Qiagen, Germany). After 24 hrs of incubation, the expression of protein and 

mRNA of the target gene was monitored by immunoblotting and qPCR, respectively.  

The oligonucleotide for depletion of Rbpj used in the experiments were 

predesigned and synthesized by the manufacturer (Qiagen, Germany) and included 

mouse RbpjκsiRNAs (Entrez gene ID:19664; catalog#SI05784121, SI05784114, 

SI05784107, SI05784100). The oligonucleotide for depletion of Itch used in the 

experiments were predesigned and synthesized by manufacturer (Qiagen, Germany) 

and included mouse Itch siRNAs (Entrez gene ID:16396; catalog#SI010788217, 

SI01078224, SI01078203, SI01078210) and scramble non-targeted siRNA (as a 

negative control, catalog#SI03650318). Silencing efficiency of the target gene and 

protein were determined for all samples, comparing with the expression of target 

protein in negative control transfected with scramble siRNA.  

 

3.7 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis 

3.7.1 Preparation of samples 

 The cells were harvested for protein lysates by using RIPA lysis buffer (50 L 

for 1.5 x 105 cells) containing protease inhibitor and phosphatase inhibitor cocktail. 

The cells were lysed by vigorous vortexing for 1 mins and the crude cell lysates were 
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centrifuged at 5,000 g at 4oC for 5 mins. The supernatants were collected and 

measured for protein concentration by using BCA Assay Protein Assay kit (Pierce, 

USA). Forty microgram of protein from each sample was prepared by resuspeding in 

gel loading buffer (50 mM Tri-Cl pH 6.8, 1% β-mercaptoethanol, 10% (v/v) glycerol 

and 0.1% bromophenol blue) and heating at 100oC for 10 mins prior to gel loading 

into the sample well.  

 

3.7.2 Preparation of separating and stacking gel 

SDS-PAGE was performed using 8 x 10 x 0.5 cm gel slab. To prepare gel 

slab, a 8 mL volume of 8% or 10% acrylamide gel were prepared as described in 

Table 3.1. The mixed solution was gently casted into the gel slab and allowed to 

polymerized at room temperature for 30 mins. For preparation of stacking gel, a 

solution of 2 mL volume containing 5% acrylamide was prepared as described in 

Table 3.1 and layered gently over the separating gel with a comb inserted on the top 

of the gel. The gel was allowed to polymerize for another 30 mins before use. 

 

3.7.3 Electrophoresis 

The electrophoresis chamber (Bio-Rad, USA) was used for electrophoresis. 

The electrophoresis was carried out using SDS-PAGE running buffer containing Tris, 

glycine, and SDS at room temperature with a constant current of 100 V and running 

time of 90 mins for 8% gel or 120 mins for 10% gel. 

 

3.8 Western Blot 

 When the separation of the proteins in gels was completed, they were 

equilibrated in transfer buffer containing Tris, glycine, SDS and methanol to remove 

electrophoresis buffer salts and detergents for 5 mins. Six sheets of blot paper 

(Whatman, USA) were soaked in transfer buffer. Three sheets of soaked blot paper 

were placed onto the platinum anode of a semi-dry transfer Trans-Blot SD (Bio-Rad). 

A sheet of PVDF membrane previously soaked in absolute methanol was placed on 

top of the wetted blot paper, following by an equilibrated gel placing on top of the 

PVDF membrane. Another three sheets of pre-wetted blot paper were placed on top of 
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the gel and air bubbles were removed. The transfer of protein to PVDF membranes 

(Millipore, Germany) was carried out by using SDS-PAGE semi-dry transfer (Bio-

Rad, USA) for 90 mins with a constant current of 80 mA for 1 gel or 150 mA for 2 

gels.  

Thereafter, the PVDF membrane was blocked with blocking solution (3% 

(w/v) skim milk in PBS containing 0.5% Tween-20 (PBST)) for 5 mins twice prior to 

incubation with antibody. Primary antibody specific to the protein of interest was 

prepared by diluting the antibody in blocking solution according to the ratio provided 

in Table 3.1. The membrane was incubated with the antibody at 4oC overnight. On the 

next day, it was washed for 5 mins twice, and for 10 mins three times. Secondary 

antibody was prepared according to Table 3.1 and incubated with the membranes for 

1 hr at room temperature. Following removal of secondary antibody, the washing 

steps were repeated and kept at 4oC until further use. 

 

3.9 Detecting signal on Western Blot using enhanced chemiluminescence (ECL) 

method 

 A volume of 5 mL of the substrate for horse-radish peroxidase (100 mM Tris-

HCl pH 8.5, 90 mM coumaric acid, 250 mM luminol, 30% (v/v) H2O2) was prepared 

and applied to the PVDF membrane for 1 mins. The membrane was wrapped by a 

plastic wrap, placed on a cassette and X-ray film was placed on the top of the 

membrane. The exposure time required for each protein of interest was listed in the 

Table 3.1. The X-ray film was developed in developer solution, washed with water, 

fixed in fixer solution, and washed again with water before allowing to air dry. 

 

3.10 Detection of pro- and anti-inflammatory cytokines by ELISA 

Cell culture supernatants were collected at indicated time point after 

stimulation with LPS and stored at -80oC until further use. The measurement for the 

amount of TNFα, IL-6, IL-12p70, and IL-10 cytokines was performed using 

LEGEND MAXTM mouse TNFα, IL-6, and IL-12p70 ELISA kits (BioLegend, USA). 

The procedure for measuring amount of cytokines was according to manufacturer’s 

instructions. In brief, capture antibody for each cytokine was diluted at the ratio 
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described in Table 3.2 in coating buffer. For coating, 96-well plate were coated with 

100 μL /well of diluted capture antibody, sealed and incubated at 4oC overnight. On 

the next day, the plate was washed with 150 μL/well of PBST, four times. Then, the 

plate was blocked with 100 μL/well of assay diluent (10% FBS in PBS) for 1 hr and 

washed again. Cytokine standards were prepared as described in manufacturer’s 

instruction. Culture supernatants were diluted at a dilution factor of 5 in assay diluent 

and a volume of 100 μL/well of each diluted samples was added to the plate and 

incubated at 4oC overnight. On the next day, the washing steps were repeated and 100 

μL/well of diluted detection antibody was added to the plate and allowed for 1 hr of 

incubation at room temperature. Thereafter, the washing steps were repeated and 100 

μL/well of diluted avidin-conjugated HRP antibody was added and incubated for 

another 30 mins at room temperature. After the final washing steps were done, a 

volume of 100 μL/well of substrate solution was added to each well and allowed for 

color development for 5-10 mins. A volume of 100 μL/well of stop solution (1M 

H2SO4) was added and the OD450 values were read using a microplate reader. 
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Table 3.1 List of antibodies and their dilutions used for Western blot 

Antibody Name Dilution Company Exposure time 

anti-Notch1(clone 

C-20) 

1:2,000 Santa Cruz Biotechnology, 

USA 

5 mins 

anti-GAPDH 1:4,000 Santa Cruz Biotechnology, 

USA 

5 seconds 

anti-cleaved 

Notch1 (Val1744) 

1:1,000 Cell Signaling Technology, 

USA 

30 mins 

anti-Numb 1:4,000 Cell Signaling Technology, 

USA 

10 seconds 

anti-phospho NF-

κB p65 

1:2,000 Cell Signaling Technology, 

USA 

5 mins 

anti-NF-κB p65 1:2,000 Cell Signaling Technology, 

USA 

2 mins 

anti-phospho-p38 1:2,000 Cell Signaling Technology, 

USA 

5 mins 

anti-p38 1:2,000 Cell Signaling Technology, 

USA 

2 mins 

anti-phospho-

ERK1/2 (p42/44) 

1:2,000 Cell Signaling Technology, 

USA 

1 min 

phospho-ERK1/2 

(p42/44) 

1:2,000 Cell Signaling Technology, 

USA 

30 seconds 
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anti-phospho-

SAP/JNK 

1:2,000 Cell Signaling Technology, 

USA 

1 min 

anti-SAP/JNK 1:2,000 Cell Signaling Technology, 

USA 

30 seconds 

anti-phospho Akt 

(Thr308) 

1:2,000 Cell Signaling Technology, 

USA 

5 mins 

anti-Akt 1:2,000 Cell Signaling Technology, 

USA 

2 mins 

anti-Akt1  1:2,000 Cell Signaling Technology, 

USA 

1 min 

anti-HA 1:4,000 Cell Signaling Technology, 

USA 

15 mins 

anti-Itch 1:2,000 Epitomics, USA 1 min 

HRP-conjugated 

donkey anti-rabbit 

IgG 

1:4,000 Amersham Bioscience, 

USA 

- 

HRP-conjugated 

sheep anti-mouse 

IgG 

1:5,000 Amersham Bioscience, 

USA 

- 
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Table 3.2 List of antibodies and their dilutions used for ELISA 

Name of antibody Dilution Company 

anti-mouse TNFα capture antibody 1:500 BioLegend, USA 

biotin-conjugated TNFα detection 

antibody 

1:500 BioLegend, USA 

anti-mouse IL-6 capture antibody 1:500 BioLegend, USA 

biotin-conjugated IL-6 detection 

antibody 

1:500 BioLegend, USA 

anti-mouse IL-12p70 capture antibody 1:1,000 BioLegend, USA 

biotin-conjugated IL-12p70 detection 

antibody 

1:1,000 BioLegend, USA 

anti-mouse IL-10 capture antibody 1:200 BioLegend, USA 

biotin-conjugated IL-10 detection 

antibody 

1:200 BioLegend, USA 

avidin-conjugated antibody-HRP 1:1,000 BioLegend, USA 
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3.11 Semi-quantitative real-time polymerase chain reaction (qPCR) assay 

 3.11.1 Total RNA extraction 

Total RNA from macrophages was extracted using TRIzol reagent (Invitrogen, 

UK) according to the manufacturer’s instructions. Briefly, the cells were lysed with 

500 μL/well of TRIzol reagent and allowed to stand for 5 mins at room temperature. 

A volume of 100 L of chloroform (Lab-Scan, Ireland) was added to each sample, 

mixed vigorously, and allowed to stand for 3 mins at room temperature. Then, the 

samples were centrifuged at 12,000 g at 4oC for 15 mins. The top aqueous phase was 

transferred to a new 1.5-mL tube and a volume of 250 μL of isopropanol (Merck, 

Germany) was added for RNA precipitation. After standing for 10 mins at room 

temperature, the samples were centrifuged at 12,000 g for 10 mins at 4oC to pellet 

RNA. The isopropanol was discarded and a volume of 500 μL of 75% Ethanol in 

0.01% diethylpyrocarbonate (DEPT)-treated water was added for washing the RNA 

pellet. The samples were centrifuged again at 7,500 g for 5 mins at 4oC. Once the 

supernatant was discarded, the RNA pellet was air dried and resuspended in 20 μL of 

DEPC-treated water, incubated at 55oC for 10 mins and stored at -80oC until further 

use.   

 

3.11.2 Quantitation of RNA 

Amount of RNA of each sample was measured using Quant-iT RNA assay kit 

(Invitrogen, UK) according to the manufacturer’s instruction. Briefly, the working 

solution was prepared by mixing Quant-iT RNA reagent at 1:200 dilution in Quant-iT 

RNA buffer. A volume of 190 μL of the working solution was transferred to each 1.0-

mL tube serving as RNA standard 1 and RNA standard 2 whereas a volume of 195-

199 μL of working solution was transferred to each 1.0-mL tube serving as sample. A 

volume of 10 μL of each RNA standard was added to the tube labeling as standard 

and mixed well. Meanwhile, a volume of 1-5 μL of RNA sample was added to the 

tube labeling as sample and mixed well. The mixtures were allowed to stand for 3 

mins at room temperature. Later, they were measured for the fluorescence using Qubit 

Fluorometer (Invitrogen, UK) and the concentration of RNA was calculated using the 

equation:  
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𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑄𝐹 𝑣𝑎𝑙𝑢𝑒 × (
200

𝑋
) 

where: 

QF value = the value given by the Qubit Fluorometer 

 X = the number of microliters of sample added to the assay tube 

 

 3.11.3 First-strand cDNA synthesis 

 An amount of 100 ng of total RNA was used to synthesize cDNA of 20 μL 

total volume, containing a mixture of 0.5 μl of 0.4 mg/mL of random hexamer 

(Qiagen, Germany), 2 μL of 10 mM dNTP (Fermentas, Germany), 0.5 μL of 

RiboLock RNase inhibitor (Fermentas, Germany), 1 μL of RevertAid reverse 

transcriptase (Fermentas, Germany), 4 μL of 5X Reaction Buffer (250 mM Tris-HCl 

(pH 8.3 at 25°C), 250 mM KCl, 20 mM MgCl2, 50 mM DTT) and remaining volume 

was filled with DEPC-treated water. The reaction was incubated at 42oC for 1 hr, 

70oC for 10 mins, and stored at -20oC until further use. 

 

 3.11.4 qPCR assay 

 The qPCR was performed after making 20 μL of master mixture volume 

containing 1 μL of cDNA suspension, 0.5 μL of 10 mM specific forward primer, 0.5 

μL of 10 mM specific reverse primer, 5 μL of 2X iQTM SYBR® Green Supermix (Bio-

Rad, USA), 3 μL of nuclease-free H2O. The nucleotide primers sequences used for 

qPCR were shown in Table 3.3. The amplification condition for a specific gene was 

shown in Table 3.4. The relative expression levels were calculated as described 

previously using the 2-ΔΔCT equation (76). 
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Table 3.3 List of nucleotide primer sequences used for qPCR 

Primer Forward primer Reverse primer Reference 

Numb act acg gca aag ctt cag ga tgc att cct ctt gac tca tca Designed in 

this study 

Numb-like tac ggt tga atg agc tgc ca agg cag aag tcc ctg ttg tg Designed in 

this study  

Itch cat gtg gtt ttg gca gtt tg ttg taa ggt ggg agg tcc ag Designed in 

this study  

Tnf cct gta gcc cac gtc gta gc ttg acc tca gcg ctg agt tg (77) 

Il6 cat gtt ctc tgg gaa atc gtg g aac gca cta ggt ttg ccg agt 

a 

(9) 

Il12p40 aac ctc acc tgt gac acg cc caa gtc cat gtt tct ttg cac c (78) 

Il10 tca aac aaa gga cca gct gga 

caa cat act gc 

ctg tct agg tcc tgg agt cca 

gca gac tca a 

(9) 

Hes1 ccg gtc tac acc agc aac agt cac atg gag tcc gaa gtg 

agc 

(9) 

Rbpj atg ccc tcc ggt ttt cct c gga caa gcc ctc cga gta gt Designed in 

this study 

Akt1 gcc tac cga gaa gag act ctg 

a 

gtc ttc atc agc tgg cat tgt (79) 

Akt2 taa aaa gtg gct ctg gtg tgt g ggc att ctg cta cag aga aat 

tg 

(79) 

Ticam cag agt tgt cta caa agt cg tgg atg acg tgg tgt tct gc (80) 
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Map3k10 agt tcc act ttg cag aag gag 

cga 

cat ctg cct ccg caa att ctt 

cca 

(81) 

GAPDH acc aca gtc cat gcc atc tcc acc acc ctg ttg ctg (82) 
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Table 3.4 List of conditions used to amplify specific gene by qPCR 

Gene 

name 

Denaturing 

temperature 

(oC) 

Annealing 

temperature 

(oC)  

Extending 

temperature 

(oC) 

Number of 

cycles 

Numb 95 60 72 40 

Numb-like 95 60 72 40 

Itch 95 58 72 40 

Tnfα 95 55 72 40 

Il6 95 52 72 40 

Il12p40 95 65 72 40 

Il10 95 58 72 40 

Hes1 95 60 72 50 

Rbpjκ 95 62 72 50 

Akt1 95 52 72 40 

Akt2 95 47 72 50 

Ticam 95 50 72 50 

Map3k10 95 48.6 72 50 

GAPDH 95 60 72 40 
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3.12 mRNA stability assay 

To assess mRNA stability, BMMs were seeded at 1 x 104 cells/well in 96-well 

plate and maintained in DMEM supplemented with 10% FBS in 5% CO2 incubator at 

37oC for 24 hrs. On the next day, the cells were stimulated with 100 ng/mL of E. coli 

LPS for 1 hr prior to the treatment of actinomycin D (Merck, Germany) at the final 

concentration of 20 μg/mL for indicated time. Total RNA was extracted, converted to 

cDNA, and subject to be analyzed using qPCR assay as previously described.  

The percentage of remaining mRNA was calculated as described in the 

equation below: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑅𝑁𝐴 =  
(𝐴𝑐𝑡𝐷 𝑎𝑛𝑑 𝐿𝑃𝑆)

(𝐿𝑃𝑆)
 × 100 

 where: 

ActD and LPS = the relative mRNA expression from BMMs treated with LPS 

and actinomycin D  

  LPS = the relative mRNA expression from BMMs treated with LPS 

 

 mRNA half-life was calculated from the linear regression of the mRNA levels 

at 0, 30 and 60 mins time points following addition of actinomycin D (83). 

 

3.13 Flow cytometry assay 

After an overnight incubation, the BMMs were treated with 1 μL of 

GolgiPlugTM (BD Biosciences, USA) to inhibit protein transportation, according to 

manufacturer’s instructions, just before stimulation with 100 ng/mL of E. coli LPS. At 

each indicated time point, the cells were harvested with cold PBS, washed, and 

incubated with 2.4G2 antibody (BD Biosciences, USA) to block FcγRII/III receptors. 

To assess the expression of biological markers on macrophages, the cells were stained 

with PE-labeled anti-F4/80 and biotin-conjugated anti-CD11b following by avidin-

conjugated PECy5 (BioLegend, USA). PE-labeled anti-MHC class II and biotin-

conjugated anti-CD86 (BioLegend, USA) following by avidin-conjugated ECD 

(Beckman Coulter, USA) were used to assess activation markers on macrophages. All 
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primary and secondary antibodies were diluted in assay diluent (10% FBS in PBS) at 

1:1,000 ratio.  

To assess the production of intracellular TNFα, IL-6, and IL-12p70 cytokines, 

BMMs were stained with PE-labeled anti-TNFα, PE-labeled anti-IL-6, and biotin-

conjugated IL-12p70, followed by avidin-conjugated PECy5 (BioLegend, USA) at a 

dilution of 1:1,000 in the assay diluent from BD Cytofix/CytopermTM kit (BD 

Biosciences, USA) according to manufacturer’s instructions. The acquired flow 

cytometry data were analyzed using FlowJo VX software (TreeStar, USA). 

 

3.14 Co-immunoprecipitation  

5 x 106 cells of macrophages were maintained in complete DMEM 

supplemented with 10% FBS. After overnight incubation, cells were stimulated with 

100 ng/mL E. coli LPS for 30 mins. After stimulation, cells were washed once and 

detached using 5 mL of cold PBS. Cell pellets were collected by centrifugation at 

2,500 rpm at room temperature. Then, they were lysed by vigorous vortex in 200 μl of 

0.5% NP-40 lysis buffer containing protease inhibitors and phosphatase inhibitor 

(Roche, Germany). The lysis step was continued on ice for 30 mins. Later, cells were 

centrifuged at 14,000 rpm at 4oC and protein lysates were transferred to each of new 

1.5-mL tubes. Protein concentration of each sample was determined using BCA 

Assay Protein Assay kit (Pierce, USA). Starting protein amount for co-

immunoprecipitation was 500 μg for each protein sample. Pre-clearing step was 

performed by adding 10 μL of Protein A agarose beads (Cell Signaling Technology, 

USA) to each tube and they were incubated on a rotating platform for 2 hrs at 4oC. 

After centrifugation at 5,000 g, the clear lysate of each sample was transferred to a 

new 1.5-mL tube and 250 ng of anti-rabbit IgG or anti-Numb antibody (Cell Signaling 

Technology, USA) was added. Then, the samples were incubated on a rotating 

platform overnight at 4oC. On the next day, 10 μL of Protein A agarose beads was 

added to each tube and the incubation was continued on a rotating platform for 

additional 4 hrs. After centrifugation of samples at 5,000 g, cell lysate of each sample 

was transfer to a new tube and mixed with 3X SDS sample loading buffer, heated at 
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100oC for 10 mins. After centrifugation at 10,000 g, protein samples were subjects for 

SDS-PAGE and Western blot analysis. 

 

3.15 Protein preparation and fractionation by SDS-PAGE for mass spectrometry 

analysis 

BMMs containing shRNA plasmids were prepared as previously described. 

The cells were seeded at 2.5 x 105 cells/well in 12-well plate in L929-containing 

media overnight at 37oC, 5% CO2. On the next day, the cells were stimulated with 100 

ng/mL of E. coli LPS for 30 mins and were harvested using RIPA lysis buffer. Cell 

lysate was stored at -80oC until use. Protein concentration of the samples were 

measured by Lowry method (84) and measured for absorbance at 750 nm (OD750). 

The protein concentration was calculated from the standard curve of bovine serum 

albumin with known concentrations. An SDS-PAGE mini slab gel (8 x 9 x 0.1 cm, 

AE-6530 mPAGE, ATTO, Japan) was used to separate proteins. Accordingly, the 

polyacrylamide gel was prepared as described previously in the standard method. The 

separating gel used for the fractionation of soluble proteins from mammalian cells 

contained 12.5% acrylamide. Fifteen was 15 μg of protein for each sample was used 

and mixed with 5 μL of 5X sample buffer (0.125 M Tris-HCl pH 6.8, 20% glycerol, 

5% SDS, 0.2 M DTT, 0.02% bromophenol blue), boiled at 95oC for 10 mins before 

loading onto the 12.5% SDS-PAGE.  Low molecular weight protein standard marker 

(Amersham Biosciences, UK) was used to estimate size of polypeptides. The 

electrophoresis was perform in SDS electrophoresis buffer (25 mM Tris-HCl pH 8.3, 

192 mM glycine, 0.1% SDS). Once the tracking dye reached the bottom of the gel, the 

electrophoresis was stopped.  And the gels were silver stained according to Blum et 

al. (85). 

 

3.16 In-gel digestion 

After excision of protein bands, the gel plugs were dehydrated with 100% 

acetonitrile (ACN), reduced with 10 mM DTT in 10 mM ammonium bicarbonate at 

room temperature for 1 hr and alkylated at room temperature for 1 hr in the dark in 

the presence of 100 mM iodoacetamide (IAA) in 10 mM ammonium bicarbonate.  
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After alkylation, the gel pieces were dehydrated twice with 100% ACN for 5 mins. In-

gel digestion of proteins was performed as described here: 10 μL of trypsin solution 

(10 ng/μL trypsin in 50% ACN/10 mM ammonium bicarbonate) was added to the gels 

and incubated at room temperature for 20 mins, and then 20 µL of 30% ACN was 

added to keep the gels immersed throughout digestion. The gels were incubated at 

37C for a few hrs or overnight. A volume of 30 µL of 50% ACN in 0.1% formic acid 

(FA) was added into the gels to extract peptide products from the digestion process. 

Later, the gels were incubated for 10 mins in a shaker at room temperature. The 

extracted peptides were collected and pooled together in the new tube.  The pool 

extracted peptides were dried by vacuum centrifuge and kept at -80C for further 

mass spectrometric analysis. 

 

3.17 HCTUltra LC-MS analysis 

Peptide solutions were analyzed using an HCTultra PTM Discovery System 

(Bruker Daltonics Ltd., U.K.) coupled to an UltiMate 3000 LC System (Dionex Ltd., 

U.K.). Peptides were separated on a nanocolumn (PepSwift monolithic column 100 

µm i.d. x 50 mm). Eluent A was 0.1% formic acid and eluent B was 80% acetonitrile 

in water containing 0.1% formic acid. Peptide separation was achieved with a linear 

gradient from 10% to 70% B for 13 min at a flow rate of 300 nL/mins, including a 

regeneration step at 90% B and an equilibration step at 10% B, one run took 20 mins. 

Peptide fragment mass spectra were acquired in data-dependent AutoMS (2) mode 

with a scan range of 300−1500 m/z, 3 averages, and up to 5 precursor ions selected 

from the MS scan 50−3000 m/z. 

Peptide peaks were detected and deconvoluted automatically using 

DataAnalysis version 4.0 (Bruker). Mass lists in the form of Mascot generic files were 

created automatically and used as the input for Mascot MS/MS Ions searches of the 

National Center for Biotechnology Information nonredundant (NCBI nr) database 

(www.matrixscience.com). Default search parameters used were the following: 

Enzyme = trypsin, max. missed cleavages =1; fixed modifications = carbamidomethyl 

(C); variable modifications = oxidation (M); peptide tolerance ±1.2 Da; MS/MS 

tolerance ±0.6 Da; peptide charge = 1+, 2+ and 3+; instrument = ESI-TRAP.  
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3.18 Proteins quantitation and identification 

For proteins quantitation, DeCyder MS Differential Analaysis software 

(DeCyderMS, GE Healthcare (86, 87) was used. The raw data acquired from LC-MS 

were converted and the PepDetect module was used for automated peptide detection, 

charge state assignments, and quantitation based on the peptide ions signal intensities 

in MS mode.  The analyzed MS/MS data from DeCyderMS were submitted to 

database search using the Mascot software (Matrix Science, London, UK, (88)). To 

identify the proteins, the data were searched against the NCBI database. Database 

interrogation was set as the followings; taxonomy (Mus musculus); enzyme (trypsin); 

variable modifications (carbamidomethyl, oxidation of methionine residues); mass 

values (monoisotopic); protein mass (unrestricted); peptide mass tolerance (1 Da); 

fragment mass tolerance (±0.4 Da), peptide charge state (1+, 2+ and 3+) and max 

missed cleavages (1).  Proteins considered as identified proteins had at least two 

peptides with an individual mascot score corresponding to p<0.05 and p<0.1, 

respectively. 

 

3.19 Phagocytic assay 

BMMs were seeded at 2 x 105 cells/well in 24-well plate containing L929-

medium supplemented with 10% FBS. After overnight incubation, the cultures were 

washed twice with 500 µl of complete DMEM. Alexa Fluor® 488-conjugated E. coli 

(K-12 strain) (Invitrogen, UK) diluted in 500 µl complete DMEM at MOI of 10 was 

added to each well. The cultures were incubated for 1 hr at 4oC or 37oC as indicated. 

After incubation, the cultures were washed twice with complete DMEM to remove E. 

coli that were not phagocytosed by BMMs. The BMMs were detached from the 

culture vessel using cold PBS and a rubber policeman. Then, they were stained with 

2.4G2 antibody to block FcγRII/III receptors and followed by staining with PE-

conjugated anti-F4/80 antibody as previously described. The cells were subjects for 

analysis of internalized E. coli by using flow cytometer (Beckman Coulter, USA). 
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The percentage of E. coli phagocytosis was calculated using the equation 

provided below: 

𝑃ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑜𝑠𝑖𝑠 (%) =  
𝑀𝑥𝑡=𝑖

𝑀𝑐𝑡=37
 × 100 

  

where: 

 Mx  = mean fluorescence intensity of the sample of interest 

 Mc = mean fluorescence intensity of the control sample 

 t  = temperature (oC) at which the culture was incubated with E. coli 

  

3.20 Statistical analysis 

All experimental data in this study were presented as the means ± SEM of 

three independent experiments or from a representative experiment of three 

independent experiments unless indicated otherwise. The statistical significances of 

the differences in the experimental data were valued by the Student’s t test. The 

statistical significance level was set as * p<0.05; **p<0.01; ***p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER IV 

RESULTS 

4.1 Expression of Numb is reduced in LPS-stimulated macrophages and silencing 

of Numb increases activation of downstream components of Notch signaling 

We began the investigation by exploring the expression of Numb in LPS-

stimulated macrophages. At the transcriptional level, we found that the expression 

level of Numb mRNA significantly decreased to approximately one-half after 

stimulation with LPS for 3 hrs, comparing with the unstimulated macrophages. This 

level was maintained up to 24 hrs (Figure 4.1A). However, when examining the level 

of Numb protein, we found that Numb protein was only slightly decreased after LPS 

stimulation (Figure 4.1B). These results suggested that the stability of Numb protein 

was enhanced by LPS treatment.  

 

Figure 4.1 Numb expression in macrophages in respose to LPS stimulation  

(A) Numb mRNA expression in BMMs treated with 100 ng/mL E. coli LPS for 

indicated time was examined by qPCR assay. Data are means ± SEM from 

representatives of two independent experiments. * p<0.05; **p<0.01; ***p<0.001. 

(B) Numb protein expression from BMMs treated with LPS for indicated time was 

examined using Western blot. Fold number indicates fold-change of the intensity of 

Numb protein from LPS-treated macrophages, compared with untreated cells. 

 

A loss-of-function approach using shRNA targeting Numb gene for silencing 

was employed to investigate the roles of Numb in macrophages. To test the silencing 
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function of our plasmids in macrophages, a retroviral transduction method was 

employed to introduce the pMKO.1-shNumb-GFP plasmid into BMMs and we 

examined its ability to silence Numb gene. We found that approximately 20-25% of 

total macrophages were successfully transduced containing either pMKO.1-GFP 

(control) or pMKO.1-shNumb-GFP (shNumb) plasmids as indicated by GFP 

expression (Figure 4.2A). We found that expression of Numb in the GFP+ population 

was decreased in macrophages containing pMKO.1-shNumb-GFP plasmids (Figure 

4.2B), comparing with that of the control macrophages. In addition, using 

immunofluorescence staining technique, we found that Numb expression in 

macrophages containing control plasmids remained unchanged (Figure 4.3A). In 

contrast, the expression of Numb in macrophages containing shNumb plasmids 

showed a reduction of Numb (Figure 4.3B). 

 

Figure 4.2 Numb expression in BMMs retrovirally transduced with pMKO.1-GFP 

or pMKO.1-shNumb-GFP plasmids 

(A) Flow cytometry analysis of macrophages containing pMKO.1-GFP (or pMKO.1-

empty) or pMKO.1-shNumb-GFP (pMKO.1-shNumb) plasmids as indicated by GFP+ 

population. (B) Overlay histrogram showing a reduction of Numb protein in GFP+ 
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macrophages transduced with pMKO.1-shNumb (red) vs. pMKO.1-empty (black) 

plasmid. Data are representatives of two independent experiments. 

 

 

Figure 4.3 Immunofluorescence staining of Numb protein in GFP+ macrophages 

Macrophages containing pMKO.1-empty (control) or pMKO.1-shNumb (shNumb) 

plasmids (GFP+ cells) were indicated by white arrows. Expression of Numb was 

indicated in red as the protein was stained with anti-Numb-Alexa 555 antibody. Data 

are representatives of two independent experiments.  

  

Next, we confirmed the specificity of our shNumb plasmids by performing a 

qPCR assay to examine the expression of Numb and Numb-like genes. Because 

Numb-like gene has approximately up to 80% homology to Numb gene and is reported 

as a Numb homolog. Furthermore, both Numb and Numb-like reportedly have 

functional redundancy in several cell types, such as neurons (89, 90). Therefore, it 

was important to ensure that the effect of our silencing strategy on Numb-like was 

excluded in our study. After GFP+ macrophage sorting using FACS to obtain a 

homogenous population (>90% as confirmed by flow cytometry) the expression level 

of Numb and Numb-like mRNA were examined. We found that the expression level of 

Numb mRNA significantly decreased comparing with the BMMs containing control 



 44 

vector, whereas the expression level of Numb-like mRNA showed no difference 

between macrophages containing shNumb plasmids or the ones containing control 

plasmids (Figure 4.4A and 4.4B). These results confirmed that our pMKO.1-shNumb 

plasmids specifically silenced Numb gene in macrophages. 

 

 

Figure 4.4 Specific silencing of Numb but not Numb-like by pMKO.1-shNumb-

GFP plasmid  

Numb mRNA (A) and Numb-like mRNA (B) expressions in GFP+ BMMs containing 

control or shNumb plasmids were examined by qPCR. Data are means ± SEM from 

representatives of two independent experiments. ***p<0.001. N.S. indicates no 

statistical significance. 

 

Because one of the functions of Numb is a negative regulator of Notch 

signaling, it was important to ensure that Numb still functioned as a regulator of 

Notch after an introduction of shNumb plasmids into the macrophages. Protein 

analysis by Western blot showed that there was an increase of cleaved Notch1 

(Val1744), an indicator of Notch signaling activation, in LPS-stimulated macrophages 

lacking Numb protein (Figure 4.5A). We also found the expression levels of Hes1 

mRNA—one of the target genes of Notch signaling—increased in LPS-stimulated 

macrophages lacking Numb protein (Figure 4.5B). From these results, we confirmed 

the role of Numb as a negative regulator of Notch signaling by targeting it for 

degradation in macrophages still operated as usual. 
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Figure 4.5 Numb functions as a negative regulator of Notch 

Activation of Notch signaling was detected by a higher expression of cleaved Notch1 

(Val1744) as shown by Western blot (A) and higher expression of Hes1 mRNA as 

shown by qPCR (B) in Numb-deficient macrophages. Data are means ± SEM from 

representatives of two independent experiments. * p<0.05. N.D. indicates not 

detectable. 

 

4.2 Numb is dispensable for development of macrophages in vitro 

The role of Numb in neuronal cell development has been intensively studied in 

Drosophila melanogaster and various murine models (18, 89). Studies of Numb in 

cells of the immune systems have been driven by the fact that Numb functions 

antagonistically to Notch signaling. Based on the discovery revealing that Notch 

signaling altered T cell development and together with the knockdown system we 
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used to silences Numb in bone marrow hematopoietic stem cells, it was essential for 

us to test whether the bone marrows would develop normally to become macrophages 

in the absence of Numb. Staining cells with macrophage-specific surface markers, 

F4/80 and CD11b, we found that percentages of macrophages with Numb silencing 

expressed both the F4/80 and CD11b were comparable to those of the control 

macrophages as shown by flow cytometry analysis (Figure 4.6A and 4.6B). In 

addition, the levels of mean fluorescence intensity (MFI) of F4/80 and CD11b in both 

cell types were no different (Figure 4.6C and 4.6D). These results indicated that 

Numb was dispensable for macrophage development at least in vitro which was 

consistent with the earlier findings (22). The functional study of Numb in 

macrophages was further characterized in this study. 
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Figure 4.6 Numb does not affect development from bone marrows to 

macrophages 

Macrophage-specific markers CD11b and F4/80 expressing on macrophages 

containing control (A) or shNumb (B) plasmids were measured by using flow 

cytometer and the mean fluorescence intensity of F4/80 and CD11b was calculated 

and represented as in (C) and (D), respectively. Data are means ± SEM from 

representatives of two independent experiments. N.S. indicates no statistical 

significance. 

 

4.3 Loss of Numb reduces pro-inflammatory cytokine secretion in macrophages 

Recently, the role of Notch signaling in macrophages have been reported, 

demonstrating that Notch signaling is required for optimal activation of macrophages 

and subsequent cytokine production upon stimulation by PAMP, such as LPS (7-9). 

Therefore, we hypothesized that macrophages with reduction of Numb protein might 

produce higher pro-inflammatory cytokines after LPS stimulation. To our surprises, 

Numb-knockdown macrophages secreted significantly less amount of TNFα, IL-6, 

and IL-12p70 after LPS stimulation as determined by ELISA (Figure 4.7A-C). In 

contrast, the amount of IL-10 (Figure 4.7D) in Numb-knockdown macrophages was 

higher significantly after 4 hrs of LPS stimulation. 
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Figure 4.7 Loss of Numb reduces production of pro-inflammatory cytokines in 

BMMs 

Amount of TNFα (A), IL-6 (B), IL-12p70 (C) and IL-10 (D) from LPS-stimulated 

BMMs containing control (white bar) or shNumb (black bar) plasmids were measured 

by ELISA. Data are means ± SEM from representatives of two independent 

experiments. * p<0.05; ***p<0.001. N.D. indicates not detectable. 

 

Also, we measured the mRNA level of these cytokines in shNumb and control 

macrophages in order to observe the effect of Numb on these cytokines at the 

transcriptional level. We found the levels of Il6 and Il12p40 mRNA were down-

regulated in Numb-silenced macrophages whereas the level of Tnfα mRNA remained 

comparable in both shNumb and control macrophages (Figure 4.8A-C). Beside the 

pro-inflammatory cytokines, anti-inflammatory cytokine Il10 increased in shNumb 
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macrophages after LPS stimulation, consistent with our previous cytokines results 

measured by ELISA (Figure 4.8D). These results suggested that the expressions of IL-

6 and IL-12p70, but not TNFα, were regulated by Numb at the transcriptional level. 

Furthermore, Numb might negatively regulate IL-10 directly or indirectly by the 

reduction of pro-inflammatory cytokines. 

 

Figure 4.8 The relative mRNA level of pro- and anti-inflammatory cytokines in 

shNumb macrophages after LPS stimulation 

Level of Tnfα(A), Il6 (B), Il12p40 (C) and Il10 (D) mRNA expression from LPS-

stimulated BMMs containing control (white bar) or shNumb (black bar) plasmid were 

measured by qPCR. Data are means ± SEM from representatives of two independent 

experiments. * p<0.05; **p<0.01; ***p<0.001. 
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In addition to the changes of the production of pro- and anti-inflammatory 

cytokines, the levels of costimulatory molecules CD86 in macrophages required for T 

cell activation (91) were measured. We found that the CD86 expression level 

decreased significantly on the surface of shNumb macrophages compared with those 

of the control macrophages (Figure 4.9A). On the other hand, we found that the 

expression levels of MHC-II molecules, which are important for presenting antigens 

to CD4+ T cells, remained unchanged on the surface of shNumb and control 

macrophages after stimulation with LPS (Figure 4.9B). Taken together, these results 

suggested that Numb played an important role in cytokine production and activation 

of macrophages through CD86 costimulatory molecules but not MHCII molecules in 

response to stimulation via TLR4.  

 

Figure 4.9 CD86 and MHC-II expression on shNumb macrophages  

MFI of CD86 (A) and MHC-II (B) on the surface of macrophages containing control 

(white bar) or shNumb (black bar) plasmid were detected by flow cytometer after LPS 

stimulation for 6 hrs. Data are means ± SEM from a representative of two 

independent experiments. * p<0.05. 

4.4 Effect of Numb silencing on TNFα production is not dependent on the Notch 

signaling  

Previously, we showed that Notch signaling was highly activated in shNumb 

macrophages after stimulation via TLR4. Evidence from our groups and others 

showed that Notch signaling was required for optimal activation of macrophages upon 
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LPS stimulation, resulting in a high production of pro-inflammatory cytokines and 

expression of other effector molecules (8, 9, 74, 92). Therefore, we hypothesized that 

Notch signaling might partially take a role in the regulation of pro-inflammatory 

cytokines by Numb in macrophages. In order to prove this hypothesis, we employed 

two different methods to inhibit Notch signaling, one method was to use a 

pharmacological approach by using -secretase inhibitor, called DAPT, to inhibit 

Notch signaling and the other method was to use a genetic approach by using siRNA 

specifically targeting Rbpjκ, a transcription factor target of Notch intracellular 

domain, to knockdown the transcriptional activity of the canonical Notch signaling 

pathway. As we expected, the amount of TNFα, IL-6, and IL-12p70 cytokines were 

decreased in macrophages after inhibition of Notch signaling using both methods, as 

determined by ELISA. These results indicated that the pro-inflammatory cytokines 

were partially under Notch signaling regulation. However, once we combined the 

silencing of Numb and inhibition of Notch signaling together, macrophages secreted 

IL-6 and IL-12p70 cytokines to a further lesser extent whereas the secretion of TNFα 

remained intact (Figure 4.10). Our results suggested that both IL-6 and IL-12p70 

cytokines were regulated by both Numb and Notch signaling. In contrast, TNFα 

cytokine was regulated by only Numb because the level of secreted TNF did not 

reduce further after Notch signaling was inhibited. Taken together, we demonstrated 

here that, despite the higher activation of the Notch signaling in shNumb 

macrophages, the expression of TNFα cytokine was largely under the influence of 

Numb in a Notch-independent manner. Furthermore, the IL-6 and IL-12p70 cytokines 

were under the influence of both Numb and Notch signaling. 
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Figure 4.10 Levels of pro-inflammatory cytokines in macrophages in which 

Numb and Notch signaling are inhibited  
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TNFα, IL-6 (B), and IL-12p70 (C) cytokines production in macrophages 

containing control (white bar) or shNumb (black bar) plasmids that were inhibited of 

Notch signaling using 50 µM of DAPT. Rbpjκ in macrophages were silenced using 

scramble siRNA (white bar) or siRbpjκ (black bar) and they were measured for 

TNFα(D), IL-6 (E), and IL-12p70 (F) cytokines by ELISA. Data are means ± SEM 

from representative of two independent experiments. * p<0.05; **p<0.01; 

***p<0.001. N.D. indicates not detectable. 

 

4.5 Numb regulates phosphorylation of p65 NF-κB and p38 MAPK upon LPS 

stimulation 

In the past decades, the upstream signaling pathways regulating the production 

of pro-inflammatory cytokines such as TNFα, IL-6, and IL-12p70 have been 

extensively studied (1, 2). Our previous results showed that pro-inflammatory 

cytokines production was reduced in macrophage when Numb was silenced. 

Therefore, we hypothesized that the upstream signaling pathways, including MAPK 

and NF-κB pathways, would be altered in macrophages when Numb was silenced. 

Western blot analysis revealed that the phosphorylation levels of both p65 of NF-κB 

and p38 of MAPK were reduced in Numb-deficient macrophages after LPS 

stimulation. Meanwhile, the phosphorylation levels of p44/42 (ERK1/2) and 

SAP/JNK were similar in both cell types (Figure 4.11A). To confirm that these 

phenomena was caused specifically by Numb, we overexpressed Numb protein in 

macrophage-like cell line, called RAW264.7, and found that the phosphorylation 

levels of p38 MAPK and p65 NF-κB were increased after LPS stimulation (Figure 

4.11B). Furthermore, we measured the level of TNFα and found that it significantly 

increased in Numb overexpressing RAW264.7 cells after LPS stimulation compared 

to those in the control cells (Figure 4.11C). Collectively, our result demonstrated that 

Numb regulated pro-inflammatory cytokine production by regulating phosphorylation 

of p38 of MAPK and p65 of NF-κB upon TLR4 stimulation and production of TNFα.  
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Figure 4.11 Numb regulates p65 NF-κB and p38 MAPK and downstream pro-

inflammatory cytokines in macrophages upon LPS stimulation   

Western blots of protein lysates from control or shNumb BMMs (A) and from 

RAW264.7 overexpressing control plasmid pCI-OVA or pCI-HA-Numb (B) after 
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LPS stimulation were performed. (C) RAW264.7 cells as in (B) were treated with 100 

ng/mL of LPS for 1 hr and TNFα cytokine was measured by ELISA. Data are 

representatives of two independent experiments. * p<0.05. 

 

4.6 Tnfα mRNA degrades at a faster rate in macrophages with Numb silencing 

Previously, our results showed that the mRNA levels of Tnfα were not altered 

in macrophages lacking of Numb protein, suggesting that Tnfα, unlike Il6 and 

Il12p40, was not regulated at the transcriptional level. Recent studies by other groups 

demonstrated that Tnfα mRNA stability was regulated by p38 MAPK at post-

transcriptional level (93, 94). Using Tnfα mRNA decay assay, we found that Tnfα 

mRNAs degraded at a faster rate (Figure 4.12A) and their half-life was significantly 

shorter (Figure 4.12B) in LPS-stimulated, Numb-silenced macrophages. Il6 mRNA 

stability, in contrast, was not altered (Figure 4.12C). These results, together with our 

previous finding that p38 MAPK phosphorylation level was reduced in Numb-

silenced macrophages, suggesting that Numb regulated TNFαproduction at the post-

transcriptional level possibly through p38 of MAPK signaling pathway.  
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Figure 4.12 Numb regulates TnfαmRNA stability but not other cytokines  

(A) Tnfα mRNA levels from control or shNumb BMMs pulsed with 100 ng/mL E. 

coli LPS and chased with 20 µg/mL of actinomycin D or vehicle control (DMSO) for 

indicated time points was quantified by qPCR. (B) Half-life of Tnfα mRNAs from 

each of the macrophage samples was calculated from linear regression equation 

obtained from (A).  (C) Il6 mRNA stability from control or shNumb BMMs as shown 
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in (A). Data are means ± SEM from a representative of two independent experiments. 

* p<0.05; **p<0.01; ***p<0.001. 

 

4.7 Numb interacts with Itch and the expression of Itch increases in 

macrophages when Numb was silenced 

Several groups previously demonstrated that Numb and Itch were required for 

degradation of various proteins, such as Notch receptors (13) and GLI1 protein (95) in 

various cell types. Itch is a negative regulator of inflammation in macrophages that 

have been demonstrated both in vitro and in vivo models (70, 71). Moreover, Itch can 

inhibit the activation of p38α of MAPK signaling pathway in skin inflammation (71). 

Therefore, we hypothesized that Numb might regulate p38 of MAPK signaling 

pathway through interaction with Itch. To elucidate the mechanism underlying 

regulation of p38 MAPK by Numb, we performed co-immunoprecipitation by using 

Numb-specific antibody to pull down the endogenous Numb and other protein 

binding partners from unstimulated or LPS-stimulated macrophages. Using anti-Itch 

antibody as a probe, we found that Itch bound to Numb in resting macrophages. After 

LPS stimulation, however, Itch dissociated from Numb (Figure 4.13A). We also 

observed a higher expression of Itch in shNumb macrophages after LPS activation, 

comparing with that that of the control cells (Figure 4.13B). To compliment this 

observation, we transiently overexpressed Numb in RAW264.7 cells and stimulated 

with LPS. As expected, we found that Itch expression was decreased, comparing with 

that of the control cells (Figure 4.13C). Taken together, these results suggested that 

Numb bound to Itch and, in turn, regulated its activity, possibly by preventing Itch 

from regulatory function that controls phosphorylation of p38 MAPK. Moreover, 

Numb also negatively regulated expression of Itch in macrophages after LPS 

stimulation. 
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Figure 4.13 Numb interacts with Itch and Itch expression increases in the absent 

of Numb in macrophages  

(A) Co-immunoprecipitation results showing interaction between Numb and Itch in 

BMMs. (B) Expression of Itch in control or shNumb BMMs after LPS stimulation. 

(C) Expression of Itch in RAW264.7 cell line transiently transfected with pCI-OVA 

or pCI-HA-Numb plasmids and stimulated with LPS. Data are representative of two 

independent experiments.   

 

4.8 Proteomics analysis reveals a global regulatory effect of Numb in 

macrophages 

Our results until now demonstrated that Numb can function as a positive 

regulator of TNFα, IL-6 and IL-12p70, and all of the cytokines required Notch 
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signaling for optimal expression in LPS-stimulated macrophages. In addition, we 

demonstrated that Numb interacted with Itch and possibly regulated p38 MAPK 

phosphorylation. However, whether Numb also regulates other proteins in 

macrophages remains to be discovered. To study the effect of Numb on other proteins 

important for effector functions in macrophages, we employed a proteomic approach 

by using label-free LC/MS/MS technique to uncover the changes of proteins from the 

samples collected from control or shNumb macrophages that were unstimulated or 

stimulated with LPS for 30 mins. The expression of Numb in our samples was 

examined prior to preparation of the protein samples for SDS-PAGE and trypsin 

digestion (Figure 4.14A). We found that Numb expression was decreased in shNumb 

both control and LPS-stimulated macrophages, comparing with those of the control 

cells. After LC/MS/MS analysis, we identified 758 proteins that were differentially 

expressed in all of our samples. Among them, 551 proteins were annotated for their 

names and functions (Figure 4.14B). We categorized the proteins into groups by 

focusing on the proteins whose function was related to inflammation as determined by 

Gene Ontology (GO) enrichments for biological processes, a feature provided in the 

web-based software STRING v9.1 (96). Proteins involved in regulation of MAPK and 

NF-κB signaling pathways and TNFα production were categorized and depicted as a 

heatmap (Figure 4.14C). It revealed that a number of the inflammation-related 

proteins were down-regulated in shNumb macrophages after LPS stimulation, which 

was consistent to our previous results demonstrating the reduction of pro-

inflammatory cytokines and phosphorylation of p38 MAPK and p65 NF-κB. To 

validate our data, we performed qPCR to examine the mRNA expression levels of 

some candidate proteins, including Akt1, Map3k10, and Ticam1. As a result, the 

mRNA levels of each protein correlated with its protein expression as quantitatively 

determined by proteomic analysis (Figure 4.14D-F). Moreover, we performed 

Western blot experiment and found that Akt1 expression was higher in LPS-

stimulated BMMs containing shNumb plasmid than that in the control cells. (Figure 

4.14G). Collectively, our results demonstrated that Numb exerted a global effects in 

macrophages, turning them to become less inflammatory macrophages, through 

negative regulation of Akt1 and positive regulation of p38 MAPK and p65 NF-κB 

signaling pathways. 
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Figure 4.14 Proteomics analysis reveals a regulatory effect of Numb in 

macrophages upon LPS stimulation  

(A) Western blot results showing Numb expression in untreated or LPS-stimulated 

BMMs containing control or shNumb plasmids prior to LC/MS/MS experiment. (B) 

A Venn-diagram representing the proteins that were differentially expressed in all 

BMM samples as described in (A). A heatmap representing amount of proteins 

identified in (B) whose function was related to regulation of MAPK and NF-κB 
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signaling pathways and TNF production. (D) mRNA levels of some candidate 

proteins chosen from the list in (C). (G) Expression of Akt1 in BMMs containing 

control or shNumb plasmid after LPS stimulation as determined by Western blot. 

Data are means ± SEM from a representative of two independent experiments. * 

p<0.05; **p<0.01.  

 

Because Numb is a multifunctional protein having various binding partners, 

this allows Numb to play different roles in a cellular context dependent manner (57). 

To determine which proteins from our proteomics data interacted with Numb, we 

generated a protein-protein interaction network using STRING v9.1 to find the 

proteins that potentially interact with Numb and also related to inflammation, based 

on a set of proteins identified in the Figure 4.14C. Unfortunately, no single protein 

from the list could potentially bind with Numb. However, the prediction network 

revealed Akt1 as a protein that potentially interacted with p65 NF-κB (RelA) and p38 

MAPK (MAPK14), suggesting that Akt1 may play a key role in regulation of pro-

inflammatory cytokines in macrophages (Figure 4.15).  
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Figure 4.15 A protein-protein interaction network 

A network of protein-protein interaction generated by STRING v9.1 showing the 

interaction of proteins from proteomics data whose function was related to 

inflammation. Each node represents one protein. Each edge between two nodes 

represents a relationship of the two proteins and the details were described in protein 

functions legend as shown in the figure. 

 

To further support our finding, we examined phosphorylation levels of Akt (at 

Thr308) in shNumb macrophages after LPS stimulation and found that its 

phosphorylation level of Akt (Thr308) was higher, comparing with that of the control 

cells. On the other hand, RAW264.7 cells overexpressing Numb exhibited lower Akt 

(Thr308) phosphorylation level (Figure 4.16), comparing with that of the control cells. 

Collectively, our results suggest a novel role of Numb as a regulator of pro-

inflammatory cytokine production in macrophages by interacting with Itch and 

regulating p38 MAPK, p65 NF-κB, and Akt signaling pathways. 
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Figure 4.16 Numb regulates Akt in macrophages after LPS stimulation  

(A) Western blot results of protein lysates from untreated or LPS-stimulated BMMs 

containing control or shNumb plasmids showing the different activation of Akt 

(Thr308) in each sample. (B) Lysates from RAW264.7 cells transiently transfected 

with the control pCI-OVA or pCI-HA-Numb were also analyzed for Akt activation 

(Thr308) by Western blot.   

 

4.8 Itch functions as a negative regulator of Notch signaling in macrophages 

Previously, Itch has been reported as a negative regulator of inflammation in 

macrophages and as a mediator of inflammation-related diseases (28, 70, 71). 

Although the role of Itch as a negative regulator of Notch signal in other cell types has 

been demonstrated (33, 72), its role in macrophages has not been addressed. Here, we 

began with an examination of the mRNA and protein expression level of Itch in 
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macrophages in response to LPS. We found that the levels of mRNA were reduced 

when macrophages were stimulated with LPS. However, its protein levels were barely 

changed (Figure 4.17A-B). These results suggested that Itch mRNA expression was 

down regulated in activated macrophages, but its protein might be stabilized or less 

prone to degradation after LPS stimulation.   

Because Itch is a negative regulator of Notch signaling, it was interesting to 

see whether silencing of Itch would impact Notch signaling in macrophages. We set 

the experiment using siRNA to transiently silence Itch, stimulated with LPS for 

indicated time points and observed the silencing effect of Itch on one of the Notch 

signaling receptors, Notch1, its target gene, Hes1 mRNA. The results showed that the 

level of Notch1 (Figure 4.17C) and Hes1 mRNA (Figure 4.17D) were increased in 

LPS-stimulated macrophages comparing to those of the control cells. Taken together, 

Itch functions as a negative regulator of Notch signaling pathway in macrophages.  

 

Figure 4.17 Itch expression in macrophages and it functions as a negative 

regulator of Notch signaling  

(A) Expression of Itch mRNA was measured by qPCR and (B) expression of Itch 

protein was measured by Western blot in BMMs after LPS stimulation. (C) 

Expression of Notch1 and (D) Hes1 mRNA in BMMs with scramble (white bar) or 
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siItch (black bar) siRNA and stimulated with LPS. Data are means ± SEM from a 

representative of two independent experiments. * p<0.05. 

 

4.9 Itch regulates pro-inflammatory cytokines through MAPK signaling 

pathways in macrophages 

Itch has been reported as a negative regulator of inflammation in macrophages 

and skin diseases (70, 71). Thus, we hypothesized that Itch might also negatively 

regulate the pro-inflammatory cytokines in LPS-stimulated macrophages. Although 

we could effectively silence Itch (approximately 70-80% silencing efficiency, as 

determined by Western blots (Figure 4.18A)), the results of Itch-silenced 

macrophages after LPS stimulation were quite surprising. We found a significant 

reduction of TNFα, IL-6 and IL-12p70 cytokines in Itch-silenced macrophages when 

comparing to those of the control cells (Figure 4.18B-D). Furthermore, we examined 

the regulatory signaling pathways located upstream of the pro-inflammatory 

cytokines, including MAPKs and NF-κB. There was no change in phosphorylation 

levels of p65 NF-κB and p44/42 MAPK in siItch macrophages comparing to those of 

the control cells. In contrast, the phosphorylation levels of p38 and JNK MAPKs were 

reduced in Itch-silenced macrophages after 1 hr of LPS stimulation (Figure 4.18E). 

Collectively, these results suggested that Itch might regulate the production of pro-

inflammatory cytokine through phosphorylation of p38 and JNK of the MAPK 

signaling pathways. 
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Figure 4.18 Itch regulates production of inflammatory cytokines through p38 and 

JNK MAPK signaling pathways in macrophages after LPS stimulation  
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(A) Expression of Itch proteins in BMMs treated with scramble (white bar) or siItch 

(black bar) siRNA. The culture supernatants from (A) were measured for amount of 

TNFα (B), IL-6 (C), and IL-12p70 (D) by ELISA. Data are means ± SEM from a 

representative of two independent experiments. **p<0.01; ***p<0.001. (E) 

Phosphorylation levels of NF-κB and MAPKs in BMMs treated with scramble or 

siItch siRNA were shown as Western blots. Data are representatives of two 

independent experiments. 

 

4.10 Itch modulates pro-inflammatory cytokines via Notch signaling pathways 

Our group and others reported that an inhibition of Notch signaling regulated 

production of pro-inflammatory cytokines through NF-κB and MAPKs signaling 

pathways in macrophages after LPS stimulation (9, 97), indicating that Notch 

signaling operates at upstream of these regulatory signaling pathways. In addition, we 

previously demonstrated that Itch also regulated the pro-inflammatory cytokines 

through p38 and JNK of MAPK signaling pathways. Therefore, we hypothesized that 

the reduction of phosphorylation levels of p38 and JNK MAPKs and the subsequent 

reduction of the pro-inflammatory cytokines were mainly influenced by Notch 

signaling. To investigate this hypothesis, we performed double silencing using two 

different siRNA targeting Itch and Rbpjκ, simultaneously. Although macrophages 

were successful in simultaneous silencing of both genes (Figure 4.19A), we found that 

production of TNFα after LPS stimulation was not further reduced, comparing with 

that of the macrophages silenced of Rbpjκ alone (Figure 4.19B). This result suggested 

that TNFα was rather dependent on Notch signaling than Itch. Meanwhile, the 

production of IL-6 and IL-12p70 were further reduced to a lesser extent in double 

knockdown macrophages after LPS stimulation comparing with those of the 

macrophages silenced of the Rbpjκ alone (Figure 4.19C-D), indicating that their 

production was under equal influence of Notch signaling and Itch. Taken together, we 

demonstrated that the Notch signaling was required for TNFα, IL-6 and IL-12p70 

production in Itch-silenced macrophages.  
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Figure 4.19 Itch and Notch regulated pro-inflammatory cytokines differently 

(A) Expression of Rbpjκ and Itch were shown in Western blots using protein lysates 

from BMMs that were silenced with siRNA targeting Rbpjκ or Itch or both. The 

BMMs were stimulated with 100 ng/mL E. coli LPS for 1 hr. Amounts of TNFα (B), 

IL-6 (C), and IL-12p70 (D) cytokines from BMMs simultaneously knocked down of  

Itch and Rbpjκ after stimulation with LPS for 6 hrs were measured by ELISA. Data 

are means ± SEM from a representative of two independent experiments. * p<0.05; 

**p<0.01; ***p<0.001. N.S. indicates no statistical significance. N.D. indicates data 

were not detectable.  

 

4.11 Itch does not alter phagocytosis of macrophages after LPS stimulation 

We previously demonstrated that Itch modulated pro-inflammatory cytokine 

production in macrophages. However, other macrophage functions additional to the 

production of pro-inflammatory cytokines remain to be investigated. Phagocytosis of 
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macrophages is a hallmark of their effector functions that is dependent on the 

activation of cells through different TLRs (98, 99). E. coli is a gram-negative bacteria 

whose cell wall is mainly composed of lipopolysaccharide (LPS) recognizable by 

TLR4. We tested the phagocytic ability of macrophages in the absence of Itch by co-

incubation with E. coli. The percentages of E. coli phagocytosis in Itch-silenced 

macrophages was comparable to that of the control macrophages (Figure 4.20), 

indicating that Itch deficiency did not alter macrophage phagocytosis.  
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Figure 4.20 Itch does not affect phagocytosis of E. coli 

F4/80+ BMMs with scramble or siIch siRNA were challenged with Alexa 488-labeled 

E. coli (K-12 strain) at MOI of 10 for 1 hr at indicated temperature. The number of 

BMMs containing engulfed E. coli were determined by using flow cytometer and 

converted to percentage of phagocytosis. White bars indicate BMMs treated with 

scramble siRNA and black bars indicate BMMs treated with siItch siRNA. 



CHAPTER V 

DISCUSSIONS 

To our knowledge, the function of Numb in activated macrophage has never 

been documented. The roles of Numb in activation of macrophages, as demonstrated 

in this study, were found to be Notch-dependent and Notch-independent. In other cell 

types, Numb exerts a diverse effect on many proteins regulating signaling pathways. 

Some of the signaling proteins may dictate the inflammation in macrophages. First of 

all, our data showed that the amount of cleaved Notch1 (V1744) and the mRNA level 

of Hes1 were higher in LPS-stimulated, Numb-silenced macrophages comparing to 

those of the control cells. These results confirm the role of Numb as a negative 

regulator of Notch signaling. They are also consistent with reports by others 

demonstrating that Numb is a negative regulator of Notch signaling in vitro and in 

vivo in other cell types (13, 100). Thus, we are the first to show that Numb is also a 

negative regulator of Notch signaling in macrophages.  

We found that an activation of Notch signaling after Numb silencing in bone 

marrows did not affect the differentiation from bone marrows to macrophages. This 

suggests a dispensable role of Numb in hemopoietic cell development. In agreement 

with our results, study by other groups showed that the combined knockout of Numb 

and Numb-like genes in vivo had no effect on phenotypes of the cell compartments, 

such as T cells, B cells, and macrophages which are normally developed from 

hematopoietic stem cells (22). Moreover, a transgenic overexpression of Numb in T 

cells results in a reduction of Notch1 target genes but does not alter T cell 

development, cell cycle, and survival (104). An unequal distribution of Numb in 

CD8+ T during virus infection causes the cell to divide asymmetrically in which one 

daughter cell becomes terminally differentiated effector CD8+ T cells and the other 

becomes memory CD8+ T cells (105). Collectively, our results and reports by others 

confirm that Numb is dispensable for development of hematopoietic cells including 

macrophages, and that the function of Numb is cell context-dependent.  

We demonstrated that silencing of Numb in macrophages resulted in a 

reduction of pro-inflammatory cytokines, including TNFα, IL-6, and IL-12p70, 

through p38 of MAPK and p65 of NF-κB signaling pathways, regardless of an 
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activation of Notch signaling. These results suggest a Notch-independent role of 

Numb in regulation of pro-inflammatory cytokines at the upstream of p38 MAPK and 

p65 NF-κB signaling pathways. To support our data, reports by other groups reveal 

that Itch is a negative regulator inflammation by inducing ubiquitin-mediated 

degradation of TAK1 and TAB1—adaptor proteins required for activation of NF-κB 

and MAPK signaling pathways (70, 71, 106). For example, a study in tumor-

associated macrophages showed that Itch and a deubiquitinated enzyme, called Cyld, 

formed a complex that mediated TAK1 proteasomal degradation, attenuating the 

production of pro-inflammatory cytokines as a result (70). Another study 

demonstrated that Itch directly interacted with TAB1, targeting it for proteasomal 

degradation and resulting in reduction of p38α MAPK phosphorylation in 

macrophages (71). Additionally, we showed here that Itch expression increased in 

Numb-silenced macrophages after LPS stimulation. Our data together with reports by 

other groups support the role of Itch as negative regulator of inflammation in 

macrophages.  

A number of substrates, including Notch and Numb, bind to the four WW 

domains of Itch (107). We demonstrated that Numb directly bound to Itch in resting 

macrophages. Our results are consistent with the study by McGill and McGlade (13) 

demonstrating that Numb and Itch directly interacted through WW1/2 domains of 

Itch. These evidences suggest that sequestering by Numb via WW1/2 of Itch may 

prevent Itch from functioning as a regulator of the pro-inflammatory cytokine 

production. Also, we found that the interaction between Numb and Itch was abolished 

after LPS stimulation in macrophages and that Itch expression was increased in 

Numb-silenced macrophages. They imply that after LPS stimulation, Numb is 

separated from Itch and it allows Itch to negatively regulate pro-inflammatory 

cytokine production in macrophages. However, a specific WW1 or WW2 domain of 

Itch serves as a docking site for Numb binding is unclear. Moreover, Cyld and TAB1 

also bind to WW domains of Itch, forming a protein complex that negatively 

regulated pro-inflammatory cytokines (70, 71). Whether Numb may competitively 

binds to Itch at the same binding site required for binding of Cyld and TAB1 requires 

further investigation. 
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From our proteomics data, we constructed a protein-protein interaction 

network based on the proteins that regulated pro-inflammatory cytokines and 

predicted that Akt1 might play a central role in regulation of p65 NF-κB and p38 

MAPK signaling pathways. The protein and mRNA results were validated showing 

that Akt1 and its phosphorylation levels were increased in Numb-deficient 

macrophages after LPS stimulation. This evidence suggests an important role of Akt1 

in regulation of pro-inflammatory cytokine production. Studies in Akt1-/- mice 

supports our data because they demonstrated that production of TNFα and IL-6 

increased in Akt1-/- macrophages after stimulation with LPS (108, 109). Akt has three 

isoforms and each of the Akt isoforms displays a distinct tissue distribution and 

function. Akt1 is required for induction of nitric oxide synthase and endothelial cell 

function whereas Akt2 is required for insulin-responsive signaling (110-112). On the 

other hand, Akt3 involves in brain development despites of its largely undefined 

functions (113, 114). In our study, we observed a high mRNA expression of Akt1 in 

Numb-deficient macrophages after LPS stimulation comparing with that of the control 

cells. However, the expression level of Akt2 remained unchanged in those cell types. 

Our observation is in agreement with the study by Arranz et al. (115) reporting that 

changes in Akt isoforms did not affect the phosphorylation of Akt in LPS-stimulated 

macrophages. Taken together, we demonstrate that Akt1 negatively regulates 

inflammation in macrophages possibly through MAPK and NF-κB signaling 

pathways. 

In B-cell lymphoma, loss of GLI1 reduces Akt1 expression, indicating that 

Akt1 is a direct target gene of a transcriptional factor GLI1 (116). Moreover, GLI1 is 

accumulated in medulloblastoma cell line overexpressing NumbΔPTB compared with 

the cells overexpression Numb, suggesting a negative effect of Numb in regulation of 

GLI1 (95). Collectively, our result showing that Akt1 increased in Numb-silenced 

macrophages and reports by others implicitly suggest that a high expression of Akt1 

may be a result of the accumulation of GLI1 Numb-silenced macrophages. 

In our study for the role of Itch in macrophages, we demonstrate that Itch is a 

negative regulator of Notch signaling because we detected higher expression of 

Notch1 and Hes1 mRNA in LPS-stimulated, Itch-silenced macrophages, comparing 

with those of the control cells. The results are consistent with the reports by other 
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groups showing that Notch signaling was activated in hematopoietic progenitor cells 

when Itch was absence (117). Surprisingly, the amounts of TNFα, IL-6, and IL-12p70 

cytokines were significantly reduced in macrophages treated with siItch siRNA and 

stimulated with LPS. These results are controversial to the fact that Itch is a negative 

regulator of pro-inflammatory cytokines by forming a complex with Cyld and TAK1 

(26, 70, 71). However, TAp73 is another Itch binding protein that is also degraded by 

ubiquitin-mediated proteasomal degradation (118). A study in TAp73-/- macrophages 

reported that TNFα and IL-6 cytokines were increased after LPS stimulation (119), 

demonstrating that TAp73 is required to maintain an anti-inflammatory stage in 

macrophages. The expression level of TAp73 in Itch-deficient macrophages needs to 

be further investigated. 

A reduction of p38 and JNK MAPK activation we observed in Itch-silenced 

macrophages after LPS stimulation is consistent with the finding by Tao et al. (120) 

who demonstrated that silencing of Itch caused differential effects on NOD2/RIP2-

mediated activation of NF-κB and MAPK signaling pathways. They also showed that 

the activations of p38 and JNK MAPKs but not NF-κB were reduced when Itch was 

silenced in vitro and in vivo in macrophages after challenging with Listeria 

monocytogenes. Taken together, these findings demonstrate that regulation of pro-

inflammatory cytokines by Itch depends on various protein binding partners and types 

of cells and stimuli. 

Silencing of Rbpjκ demonstrates that Notch signaling is required for pro-

inflammatory cytokines production in macrophages, especially the productions of IL-

6 and IL-12p70 that are mainly dependent on Notch signaling. Meanwhile, TNFα is 

dependent on Itch rather than on Notch signaling. Our observation is in agreement 

with reports by other groups confirming the role of Notch signaling that is optimally 

required for the production of pro-inflammatory cytokines in macrophages (8, 9, 92).  

  In summary, we report a novel role of Numb and its molecular mechanism in 

regulation of pro-inflammatory cytokine production in macrophages in response to 

activation through TLR4. Numb directly binds to Itch, forming a protein complex 

which controls production of TNFα, IL-6 and IL-12p70 cytokines possibly through 

the phosphorylation of p65 NF-κB and p38 MAPK signaling pathways (Figure 5.1). 

Furthermore, both Numb and Itch regulate the production of pro-inflammatory 
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cytokines IL-6 and IL-12p70 in Notch-dependent manner but not TNFα. This present 

study provides a deep insight to the complex and tight regulation of pro-inflammatory 

cytokine production in macrophages in response to LPS. 

 

 

Figure 5.1 The proposed model of Numb and Itch in regulation of pro-

inflammatory cytokine production in macrophages in response to TLR4 activation 



CHAPTER VI 

CONCLUSIONS 

 The expression of pro-inflammatory cytokines in macrophages are tightly 

regulated through different molecular mechanisms. We present here a novel 

regulatory mechanism that involves Numb and Itch that are very well-known 

inhibitors of Notch signaling. A novel role of Numb is characterized in this study. In 

macrophages, Numb positively regulates pro-inflammatory cytokine production, 

regardless of its ability to inhibit Notch signaling. In addition, the production of pro-

inflammatory cytokines occurs through p65 NF-κB and p38 MAPK signal pathways. 

Numb directly binds to Itch, forming a complex that inhibits Itch from function as a 

negative regulator of inflammation. Changes of Numb expression also alter Itch 

expression. Moreover, the proteomics data reveals that deletion of Numb causes a 

change of overall proteins in LPS-stimulated macrophages to become less pro-

inflammatory.  

 Finally, we demonstrate that Itch is a positive regulator of pro-inflammatory 

cytokine production which is controversial. Silencing of Itch leads to lower 

phosphorylation of p38 and JNK MAPK signaling pathways. Moreover, Notch 

signaling is still important for an optimal production of the pro-inflammatory 

cytokines, but it is less important for TNFα. In conclusion, this present study provides 

a deep insight to the complex and tight regulation of pro-inflammatory cytokine 

production in macrophages in response to LPS, yet it was an in vitro study. It is 

essential to further investigate whether similar results occur in in vivo models or 

humans with inflammatory-related diseases. 
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Reagents for tissue culture 

 

Complete DMEM medium (100 mL) 

1X DMEM medium supplemented with L-glutamine 100 mL 

Heat-inactivated FBS      10% 

Penicillin        10,000 U 

Streptomycin        400 mg 

Sodium pyruvate      1% 

HEPES       1% 

 

BMM medium (100 mL) 

L929 culture supernatant     20 mL 

Complete DMEM medium     70 mL 

Horse serum       10 mL 

 

FBS inactivation 

Commercial FBS kept at -20oC was thawed at 4oC overnight and heat 

inactivated at 56oC for 30 mins. 

 

Freezing medium A and B for BMM cryopreservation 

Freezine medium A (10 mL) 

DMEM       8 mL   

FBS        2 mL 

 

Freezine medium B (10 mL) 

DMEM       6 mL 

DMSO        2 mL 

FBS        2 mL 

Preparation is to mix A:B at 1:1 ratio. 
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Freezing medium for RAW264.7 cell line (10 mL) 

Complete DMEM      9.5 mL 

DMSO        0.5 mL 

 

Reagents for SDS-PAGE 

 

12.5% SDS-polyacrylamide gel (10 mL) 

Sterile water       4.197 mL 

40% acrylamide and Bis-acrylamide solution  3.125 mL 

1.5 M Tris-HCl pH 8.8     2.5 mL 

10% SDS       0.125 mL 

10% APS       0.05 mL 

TEMED       0.003 mL 

 

10% SDS-polyacrylamide gel (8 mL) 

Sterile water       3.8 mL 

40% acrylamide and Bis-acrylamide solution  2 mL 

1.5 M Tris-HCl pH 8.8     2 mL 

10% SDS       0.08 mL 

10% APS       0.08 mL 

TEMED       0.004 mL 

 

8% SDS-polyacrylamide gel (8 mL) 

Sterile water       4.2 mL 

40% acrylamide and Bis-acrylamide solution  4.2 mL 

1.5 M Tris-HCl pH 8.8     2 mL 

10% SDS       0.08 mL 

10% APS       0.08 mL 

TEMED       0.004 mL 
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5% stacking gel (2 mL) 

Sterile water       1.204 mL 

40% acrylamide and Bis-acrylamide solution  0.25 mL 

1.0 M Tris-HCl pH 6.8     0.504 mL 

10% SDS       0.02 mL 

10% APS       0.02 mL 

TEMED       0.002 mL 

 

5X LaemmLi buffer (20 mL) 

1.5 M Tris-Cl pH 6.8      4 mL 

Glycerol       10 mL 

-mercaptoethanol      5 mL 

SDS        2 g 

1% bromphenol blue      1 mL 

 

5X running buffer for SDS-PAGE (1 L) 

Trisma base       15.1 g 

Glycine       94 g 

SDS        5 g 

Sterile water       1,000 mL 

 

Transfer buffer for Western blot 

Trisma base       5.08 g 

Glycine       2.9 g 

SDS        0.37 g 

Sterile water       800 mL 

Absolute methanol      200 mL 

 

1X PBS pH 7.4 (1 L) 

NaCl        8 g 

KCl        0.2 g 

Na2HPO4       1.44 g 
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KH2PO4       0.24 g 

Sterile water       1,000 mL 

Autoclaved at 121oC, 15 psi for 15 mins. 

 

1X PBS-Tween Washing buffer (500 mL) 

1X PBS       500 mL   

Tween-20       0.05% 

 

Blocking solution for Western blot (200 mL) 

1X PBST       200 mL 

Non-fat dry milk      6 g 

 

Substrates for ECL 

 

Substrate A 

100 mM Tris-HCl pH 8.5     2.5 mL 

90 mM coumaric acid      11 L 

250 mM luminol      23 L 

 

Substrate B 

100 mM Tris-HCl pH 8.5     2.5 mL 

H2O2        1.5 mL   

   

Developer and fixer solution of X-ray film development 

Working developer solution is prepared by mixing developer solution : water at 1:1 

ratio. 

Working fixer solution is prepared by mixing fixer solution : water at 1:1 ratio. 

 

RIPA lysis buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% 

SDS, 50 mM Tris-CL pH 7.4) (10 ml) 

1 M Tris-HCl pH 7.4      0.5 mL 

0.5 M NaCl       3 mL 
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NP-40        0.5 mL 

10% (w/v) sodium deoxycholate    0.5 mL 

20% (w/v) SDS      0.05 mL 

Sterile water       fill up to 10 mL 

 

Reagents for RNA extraction 

 

DEPC water (100 mL) 

 A volume of 10 mL of DEPC (0.01% (v/v)) is added to 100 mL of HPLC-

grade water. The DEPC water is autoclaved at 121oC, 15 psi for 16 mins. 

 

75% Ethanol in DEPC water (50 mL) 

DEPC water       12.5 mL  

Absolute ethanol      37.5 mL 

 

Reagents for Lowry Protein Assay 

 

CTC reagent (100 mL) 

0.2% (w/v) CuSO4      0.2 g 

0.4% (w/v) Tatalic acid      0.4 g 

 

0.8 N NaOH (50 mL) 

NaOH        1.6 g 

HPLC-grade water      fill up to 50 mL 

 

5% SDS (50 mL) 

SDS        2.5 g 

HPLC-grade water      fill up to 50 mL 

 

20% Na2CO3 (50 mL) 

Na2CO3       10 g 

HPLC-grade water      fill up to 50 mL 
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Solution A (10 mL) 

CTC reagent       1.25 mL 

20% Na2CO3       1.25 mL 

0.8 N NaOH       2.5 mL 

5% SDS       5 mL 

 

Solution B (3 mL) 

Folin-ciocalteu’s phenol reagent    0.5 mL 

HPLC-grade water      2.5 mL 

Procedure for Lowry Protein Assay is perform as described below: 

1. Add 5 ml of sample in 96-well plate in triplicates. 

2. Add 200 ml of Solution A and incubate for 30 mins at room temperature. 

3. Add 50 ml of Solution B and incubate for 30 mins at room temperature. 

4. Measure light absorbance value at 750 nm.   

 

Reagents for silver staining 

 

Fixing solution (50% Methanol, 12% acetic acid, 0.05% Formatin (37% 

formaldehyde) (1 L) 

Methanol       500 mL 

Acetic acid       120 mL 

37% formaldehyde      500 L 

HPLC-grade water      fill up to 1,000 mL 

 

Washing solution (55% Ethanol) (1 L) 

Absolute ethanol       350 mL 

HPLC-grade water      fill up to 1,000 mL 

 

Sensitizing solution (0.02% sodium thiosulfate) (1 L) 

Sodium thiosulfate      0.2 g 

HPLC-grade water      1,000 mL 
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Silver staining solution (1 L) 

Silver nitrate       2 g 

HPLC-grade water      1,000 mL 

 

Developing solution (1 L) 

Sodium carbonate      60 g 

0.02% sodium thiosulfate     20 mL 

HPLC-grade water      fill up to 1,000 mL 

Stopping solution (1 L) 

Sodium EDTA      14.6 g 

HPLC-grade water      1,000 mL 

 

Reagents for trypsin digestion 

 

10 mM NH4HCO3 (40 mL) 

NH4HCO3        31.624 mg 

HPLC-grade water      40 mL 

 

10 mM dithiothreitol (DTT) (40 mL) 

DTT        61.7 mg 

10 mM NH4HCO3      40 mL 

 

100 mM iodoacetamide (IAA) (20 mL) 

IAA        370 mg 

10 mM NH4HCO3      20 mL 

 

30% acetonitrile (30 mL) 

100% Acetonitrile       12 mL 

HPLC-grade water       28 mL 
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Extract solution (50% acetonitrile, 0.1% formic acid) (20 mL) 

100% acetonitrile      20 mL 

Formic acid       40 L 

 

Trypsin solution (20 ng/mL in 10 mM sodium bicarbonate) 

Trypsin (10 ng/L)      2 L    

10 mM sodium bicarbonate     1 mL
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