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Abstract  

Antibodies play an essential role in the humoral component of the immune system. They are produced 

by Antibody Secreting Cells (ASCs) which are capable of secreting thousands of antibody molecules 

per second. To facilitate this function, ASCs undergo a dramatic upregulation of their biosynthetic 

pathway, and therefore represent a unique physiological model of constitutive secretion. 

In a previous study performed in the lab, a large number of poorly characterised genes were identified 

as highly upregulated in ASCs compared to naïve B-cells, suggesting that they may be novel factors 

involved in intracellular trafficking and antibody secretion. To investigate the role of these genes in 

ASC physiology we have first established a model of B cell differentiation and antibody secretion based 

on I.29 cells. These cells respond to LPS treatment, expand their biosynthetic capacity, and secrete 

antibodies. Importantly, they also upregulate the expression of many genes which were identified in 

the previous proteogenomic work (e.g., FNDC3B, SEC24D, CREB3L2, RRBP1, CRELD2 and TMEM214). 

To determine the function of these genes, we have developed a CRISPR/Cas9 based platform in I.29 

cells and have demonstrated the feasibility of this approach by disrupting the expression of several 

genes including the R-SNARE VAMP3, the transcription factor CREB3L2 and the coat protein 

SEC24D.  SEC24D, a component of the COPII coat, is one of the most differentially expressed genes in 

ASC and its expression is thought to be regulated by CREB3L2. Loss of SEC24D did not impact IgM 

secretion two days post LPS induction. However, its loss leads to a significant reduction in the levels 

of other COPII components. Surprisingly, the levels of FNDC3B are also perturbed in these cells. 

FNDC3B is an ER localised protein recently shown to have a role in ER proteostasis suggesting that ER 

proteostasis in cells with disrupted SEC24D function may be perturbed. Loss of CREB3L2 did not impact 

the production of antibodies or the expression levels of SEC24D suggesting that other members of this 

transcription factor family may regulate the levels of SEC24D expression. Finally, we investigated the 

role of the OASIS family of transcription factors including CREB3L2 in regulating the expression of 

SEC24D. We have observed that these transcription factors resulted in increased expression of SEC24D, 

increased cell size and an expanded staining of SEC24D structures in HeLa cells, making them 

interesting targets for secretory pathway engineering in non-professional secretory cells.   
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Chapter 1: Introduction    

1.1 Antibody Secreting Cells  

1.1.1 A Special Model of Constitutive Secretion  

Antibodies play crucial roles in immune protection. Their protective functions vary and include 

neutralisation of antigens, antibody-dependent cellular cytotoxicity, and lysis of pathogens via 

activation of complement (Forthal, 2015). It is estimated that humans can make 1018 (one million 

trillion) of unique antibodies (Briney et al., 2019). These antibodies are synthesised and secreted by 

plasma cells or plasma blasts, both referred to as Antibody Secreting Cells (ASCs), which are terminally 

differentiated B cells. It has been proposed that plasma cells are capable of secreting thousands of 

antibody molecules per second (Hibi & Dosch, 1986)(Bromage et al., 2009), while utilising the 

constitutive secretory pathway (Zagury et al., 1970). To achieve such high levels of secretion, activated 

B-cells undergo an impressive transformation during differentiation which includes a large expansion 

of their biosynthetic apparatus.  

1.1.2 TI and TD Antigens  

B-cells differentiate into ASCs upon encountering an antigen. Antigens are broadly defined as T-cell 

independent (TI) or T-cell dependent (TD) (Fairfax et al., 2008). TI antigens stimulate B-cells directly, 

without the need to be co-stimulated by helper T cells and typically include bacterial carbohydrate-

based components such as polysaccharides (LPS). TD antigens include soluble proteins which become 

processed and presented by the B-ŎŜƭƭΣ ŀƴŘ ǘƘŜ . ŎŜƭƭΩǎ ŀŎǘƛǾŀǘƛƻƴ ŘŜǇŜƴŘǎ ƻƴ ƛǘǎ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ /5пҌ 

helper T cells.  

1.1.3 B-Cell Types  

There are three types of mature B-cells which can respond to antigen, and they have distinct 

specialisation and anatomical location (Allman & Pillai, 2008) (Table 1.1). The localization of B1 and 

MZ B cells enable them to quickly respond to TI antigens, while follicular B cells, the most common 

subset, are more specialised for TD protein antigens.  
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Table 1.1: Mature B-Cell Subsets  

Cell Type B1 B Cells MZ B Cells Follicular Cells 

Location 
Peritoneal and pleural 
cavities and mucosal sites  

Marginal sinus of the 
spleen  

Lymphoid follicles of the 
spleen and lymph nodes.  

Location 
Specialisation 

Surveillance of tissues 
that are prone to 
pathogens.  

Encounter blood-
borne pathogens 

Undergo maturation and are 
more specialised for 
responding to protein 
antigens that also prompt 
CD4+ T helper cell activation.  

 

B1 B Cells & Marginal Zone B Cells  

B1 cells predominate during early development and produce poly-specific antibodies which can 

recognise multiple antigens (Baumgarth, 2010). Antibodies secreted by B1 cells tend to be of low 

affinity and broad specificity, and the cells can clear apoptotic/damaged cells and contribute to tissue 

homeostasis. B1 cells are a major source of natural IgM and IgA, mostly encoded by germline genes. 

Natural IgM plays multiple roles from protection from infections to regulating autoimmunity 

(Ehrenstein & Notley, 2010).  

Marginal Zone (MZ) B cells are predominantly present in the marginal zone of the spleen, which is a 

site of blood flow, and are therefore recognized to play an important role for mounting rapid defence 

against blood-borne pathogens. In addition to TI responses, they can also contribute to TD responses 

(Allman & Pillai, 2008).  

Both B1 cells and MZ B cells can quickly become ASCs and provide fast protection without T-cell help 

and their similarity in functional characteristics have been previously described (Martin et al., 2001). 

Expression of the ASC transcription factor BLIMP1 is higher in these cells than follicular B-cells. In 

addition, the levels of the B-cell transcription factors PAX5 and BCL6 are lower. This suggests that 

these cells are primed to allow them to rapidly differentiate and produce antibodies (Fairfax et al., 

2007). 

Follicular B Cells  

Follicular B cells are the most common type of B-cells residing in the spleen and lymph nodes. Despite 

being able to respond to TI antigens, they are mainly specialised to respond to TD antigens. Stimulation 

of follicular B cells through Toll Like Receptor ligands such as LPS (TI antigen), is less potent in inducing 

their differentiation unlike B1 and MZ B cells (Genestier et al., 2007).  

TD antigen responses occur in two steps. The first step is referred to as the extrafollicular response, 

where the B-cells recognize antigen and differentiate into plasmablasts that secrete antibodies for 
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early protection. The second step involves some of these activated cells to re-enter the follicle and 

with the help of T follicular helper cells form a Germinal Centre (GC) (Nutt & Tarlinton, 2011). The B 

cells in the GC activate a site directed hypermutation mechanism through activation-induced cytidine 

deaminase (AID) which introduces mutations in the rearranged variable regions of immunoglobulin 

(Bannard & Cyster, 2017). In the GC, B-cells with highest binding affinity to antigen are positively 

selected by CD4+ T cells and also follicular dendritic cells. This selection ultimately yields B-cells with 

high affinity antibodies. Some of the GC derived plasma cells migrate into the bone marrow and 

become long lived.  

1.2 The ASC Transcriptional Program  

ASCs have a distinct transcriptional profile compared to their B cell precursor (Trezise & Nutt, 2021). 

Its acquisition terminates the B cell specific program and allows the remodelling of the cell which 

includes a dramatic expansion of the endoplasmic reticulum (ER). The expression of ASC signature 

genes is shared between both plasmablasts and plasma cells, with 70% of their transcripts encoding 

for immunoglobulin (Ig) (Shi et al., 2015). Although many transcription factors participate in the 

differentiation process of ASCs, three major factors largely drive the differentiation program and have 

received most focus relating to their functions in ASC. These are IRF4, BLIMP1 and XBP1 (Figure 1.1).  

IRF4 is a transcription factor expressed in both B and ASCs, whose expression increases during 

differentiation (Ochiai et al., 2013). Varying concentrations of IRF4 allows it to regulate the mutually 

exclusive programs of B and ASCs. At low concentrations IRF4 binds, as a heterodimer with other 

transcription factors such as PU.1, to motifs of genes involved in B cell activation and functions. As the 

concentration of IRF4 increases during differentiation, it binds as a homodimer to interferon sequence 

response element (ISRE) motifs in plasma cell target genes. These include genes encoding for proteins 

involved in secretory functions and importantly for BLIMP1Σ ŀ ƳŀǎǘŜǊ ǊŜƎǳƭŀǘƻǊ ƻŦ !{/ǎΩ ŘŜǾŜƭƻǇƳŜƴǘ 

(Sciammas et al., 2006). The role of IRF4 is essential for initiating the differentiation of ASCs from B-

cells.  

Unlike IRF4, BLIMP1 is not required for the initial stages of differentiation of B cells, however, is 

required for the formation of ASCs and antibody secretion. It represses B cell specific genes such as 

BCL6 and PAX5 and upregulates the expression of ATF6 and indirectly of XBP1 (Lin et al., 2002)(Shaffer 

et al., 2002)(Tellier et al., 2016). BLIMP1 upregulates immunoglobulin gene expression and also 

promotes the transition of membrane bound antibody into its secreted form by activating expression 

of ELL2, a transcription elongation factor which directs this process (Minnich et al., 2016)(Tellier et al., 

2016).  
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Although not required for generation of ASCs, XBP1 is essential for enhancing the biosynthetic capacity 

in ASCs and enabling high levels of antibody secretion by inducing the expression of genes encoding a 

wide range of components involved in the secretory pathway (Shaffer et al., 2004) (see 1.4.2).  

In addition, other transcription factors include the antiapoptotic factors BCL-2 and MCL-1. Expression 

of MCL-1 is mediated by signalling through the BCMA receptor and is required for the survival of ASCs 

in the bone marrow (Peperzak et al., 2013). Notably, the BCMA pathway is of therapeutic interest for 

the treatment of multiple myeloma and an immune-conjugate against it is currently in clinical trials 

(Trudel et al., 2019) (GSK, 2022).   

 

Figure 1.1: The regulatory network of ASCs. Adapted from (Tellier & Nutt, 2019).  Illustration of the regulatory 

network between BLIMP1 and components of the unfolded protein response (UPR), mTORC1 and autophagy. 

Expression of BLIMP1 is induced by IRF4 during differentiation which enables the necessary expansion of the 

secretory machinery and antibody secretion. To modulate the UPR, BLIMP1 activates the expression of many 

genes including ATF6 and IRE1, which both lead to the expression and activation of XBP1. Active XBP1 then 

upregulates the expression of a wide range of proteins spanning the secretory pathway and coordinates the 

expansion of the ER. BLIMP1 also upregulates immunoglobulin gene expression and promotes its secreted form 

by upregulating ELL2, an elongation factor which drives the generation of the secreted form of immunoglobulin 

transcripts. pERp1, a co-chaperone for immunoglobulin folding, is directly transcriptionally upregulated by 

BLIMP1. A positive feedback loop between both proteins has been suggested. The proteosynthetic activity of 

mTORC1 in ASCs is sustained by BLIMP1 which directly enhances expression of the amino acid transporter CD98. 
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BLIMP1 also indirectly enhances mTORC1 activity by inhibiting Sestrin-1 and -3 which are negative regulators of 

mTORC1. Subsequently, the activity of mTORC1 supports the biosynthetic expansion and limits autophagy. 

Autophagy plays an important role in the ŎŜƭƭǎΩ ƘƻƳŜƻǎǘŀǎƛǎ ōȅ ƴŜƎŀǘƛǾŜƭȅ ǊŜƎǳƭŀǘƛƴƎ .[Latм ŀƴŘ ǘƘŜ ǎŜŎǊŜǘƻǊȅ 

apparatus expansion. Plasma cells have increased expression of GLUT1, a glucose transporter. Most of the 

glucose utilised by these cells is used for glycosylation of immunoglobulins. 

 

1.3 Antibody Folding at the ER  

Antibodies consist of two heavy and two light chains which are linked by disulphide bonds. The folding 

of antibodies happens co-translationally when the polypeptide is translocated into the ER lumen 

(Bergman & Kuehl, 1979). Nascent polypeptides are bound by BiP which facilitates their correct folding 

and prevents immature disulphide bond formation (Lee et al., 1999)(Vanhove et al., 2001)(Feige et al., 

2010). The interaction of the correctly folded light chain with the heavy chain releases BiP and allows 

the full folding and assembly of the antibody.  

Many proteins have been identified to assist the folding of antibody molecules (Feige et al., 2010). 

These include chaperones such as GRP94, co-chaperones of BiP such as ERdj3, and PDI which in 

addition to assisting folding acts as a disulphide isomerase. Expression of folding chaperones in ASCs 

may play more roles than just aiding antibody folding and secretion. Mzb1, encoding the ER localised 

co-chaperone pERp1, is transcriptionally activated by BLIMP1 (Minnich et al., 2016). pERp1 is a co-

chaperone for GRP94 and is required for high levels of antibody secretion. It acts through aiding 

immunoglobulin (Ig) folding by increasing the interactions of Ig with GRP94 (Van Anken et al., 

2009)(Rosenbaum et al., 2014). In addition to its requirement for antibody folding and secretion, it 

has been identified to be important for plasma cell differentiation where pERp1 deficient mice exhibit 

impaired generation of plasma cells post TI antigen induction (Andreani et al., 2018). Interestingly, 

loss of pERp1 results in the deregulation of some of .[LatмΩǎ target genes suggesting that it is a key 

ŜŦŦŜŎǘƻǊ ƛƴ .[LatмΩǎ ŦǳƴŎǘƛƻƴǎ ŀƴŘκƻǊ the presence of a potential positive feedback loop between 

these proteins.  

During protein folding, a core glycan precursor is added to Asn297 of the heavy chain (Jennewein & 

Alter, 2017). Post folding, the antibody is transported to the Golgi in COPII vesicles. In the Golgi, this 

glycan is processed by glycosidases and modified by glycosyltransferases to generate the final glycan 

structure on the antibody to be secreted. The variable addition of monosaccharides by 

glycosyltransferases can yield up to 36 unique glycans. The glycan content of the antibodies can 

influence their effector function by modulating their interactions with Fc receptors on other immune 

cells. For example, afucosylation of antibodies enhance antibody mediated cellular cytotoxicity by 

improving the carbohydrate-based interaction between the antibody which is coating a target cell and 
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the Fc receptor on the effector cell (e.g., natural killer cells) (Ferrara et al., 2011)(Nigro et al., 2019).  

These properties are useful and have been harnessed for the development of antibody therapeutics.  

Following the folding and assembling of antibodies, they are trafficked through the constitutive 

secretory pathway (Zagury et al., 1970), which is enhanced in ASCs. How these cells adapt to high 

biosynthetic load is discussed next. 

1.4 Protein Homeostasis in ASCs  

It is estimated that ~30% of newly synthesised proteins are defective and are rapidly degraded to 

prevent their toxic accumulation (Schubert et al., 2000). Enhanced folding capacity and clearance of 

unfolded protein is especially important for ASCs which synthesise and secrete large amounts of 

antibodies. To maintain the homeostasis of ASCs, the cells are dependent on a range of ER stress 

responses. Therefore, it is not surprising that many of the genes involved in the ER Associated 

Degradation (ERAD) and Unfolded Protein Response (UPR) are upregulated in ASCs (Shaffer et al., 

2004)(Shi et al., 2015)(Tellier et al., 2016)(Rahman, 2019). Previous Gene Ontology (GO) enrichment 

analysis of upregulated proteins in ASCs indicated that ER stress was highly enriched which included 

components of both the UPR and ERAD (Rahman, 2019).  

1.4.1 ERAD  

The ERAD system works to eliminate misfolded proteins from the ER and mark their degradation 

(Tannous et al., 2015)(Qi et al., 2017)(Shenkman & Lederkremer, 2019) (Ninagawa et al., 2021) (Figure 

1.2). To recognise unfolded proteins, the glycan group added to the asparagine serves to indicate 

maturation of the folding of the protein. Removing the terminal glucose happens right after the glycan 

is added and this state is short lived, however is recognised and bound by malectin. Malectin is a 

carbohydrate binding protein able to detect and mark misfolded proteins early shortly after their 

expression (Schallus et al., 2008). Removing the second glucose enables the binding of calnexin and 

calreticulin which can engage with oxidoreductases and isomerases to promote the correct folding of 

the protein (Tannous et al., 2015)(Shenkman & Lederkremer, 2019). This monoglucosylated state 

persists for a longer time to allow for the folding process. When the final glucose is removed, binding 

of these chaperons is terminated. However, if the protein is misfolded, UGGT1 senses it through the 

recognition of an exposed hydrophobic moiety and transfers a glucose back to it. The misfolded 

protein is monoglucosylated again and re-enters the calnexin binding cycle. Folded proteins are not a 

substrate of UGGT1 and concentrate at ER exit sites where they are trafficked to the Golgi through 

the secretory pathway.  
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During the calnexin binding cycle, misfolded or slow-to-fold proteins cycle between the ER and the ER-

derived quality control compartment (ERQC) (Shenkman & Lederkremer, 2019). The ERQC is referred 

ǘƻ ŀǎ ǘƘŜ άǎǘŀƎƛƴƎ ƎǊƻǳƴŘέ ŦƻǊ ǘŀǊƎŜǘƛƴƎ ƳƛǎŦƻƭŘŜŘ ǇǊƻǘŜƛƴs to ERAD. If the protein fails to fold, it is 

subjected to extensive mannose trimming by mannosidases which are compartmentalised in quality 

control vesicles. Proteins whose mannoses have been extensively trimmed (to Man6GlcNAc2 or 

Man5GlcNAc2) due to slow cycling or misfolding are then bound by the lectin OS-9 at the ERQC which 

targets the unfolded protein to the ERAD complex. The complex, containing the E3 ligase HRD1, is 

responsible for ubiquitinating and retro-translocating the misfolded protein to the cytoplasm where 

it is degraded by the proteasome machinery. Independent of glycosylation, proteins can still be 

targeted to the ERAD through binding of chaperones, for example BiP (Ushioda et al., 2013)(Ninagawa 

et al., 2015)(Ninagawa et al., 2021).  

When the biosynthetic load is too high and the accumulation of misfolded protein cannot be avoided 

through the ERAD, the UPR is typically activated.  

 

Figure 1.2: Schematic of the major steps of targeting misfolded glycosylated protein to ERAD. Adapted from 

(Shenkman & Lederkremer, 2019). N-linked glycosylation occurs at the rough endoplasmic reticulum (RER) co-

translationally. Glucosidases remove two glucoses from the glycan, which allows calnexin and calreticulin to bind 

the protein and promote its correct folding. Binding of the chaperones is terminated when the final glucose is 

removed. During the folding cycle, up to two mannose residues can be removed. UGGT senses misfolded 

proteins and therefore re-glucosylate the protein so that it can re-enter the calnexin folding cycle.  Correctly 

folded protein concentrates at ER exit sites (ERES) to be trafficked. For misfolded proteins, during the calnexin 

folding rounds, the protein cycles between the RER and the ER-derived quality control compartment (ERQC). 

During these cycles it becomes exposed to mannosidases sequestered in quality control vesicles (QCVs). 

Extensive mannose trimming (up to four mannose residues) releases the misfolded protein from the calnexin 

cycle, and it is then bound by the lectin OS-9 at the ERQC to target it to ERAD for degradation by the proteasomal 

machinery in the cytosol.  
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1.4.2 The Unfolded Protein Response in ASCs  

The Unfolded Protein Response (UPR) is a complex program which is initiated in response to 

physiological and pathological triggers (Ricci et al., 2021). The latter is mostly caused by an 

accumulation of unfolded protein which activates the three stress sensors involved in the UPR, while 

the former occurs as a normal part of the development of some cells.  Initially, it was mostly thought 

that the UPR is activated in response to unfolded protein stress hence the term UPR. However, it is 

now appreciated that components of the UPR can become upregulated as part of normal 

differentiation of cells prior to any secretory stress, such as during the differentiation of B-cells into 

ASCs.  

1.4.2.1 The Conventional UPR  

The UPR can be activated in three parallel pathways by the following transmembrane ER stress 

transducers: IRE1, PERK and ATF6 which are all normally inhibited by binding of BiP (Bertolotti et al., 

2000). BiP preferentially binds nascent or unfolded proteins, therefore in ER stress conditions the 

inhibition on the three transmembrane sensors is relieved.  

Activated IRE1 has RNase activity which cleaves 26 internal nucleotides from Xbp1 transcripts that are 

then spliced into an active form (XBP1s) (Yoshida et al., 2001). XBP1s behaves as a transcription factor 

which activates the transcription a large number of genes encoding proteins along the secretory 

pathway and components of the UPR and ERAD, drives the expansion of the ER and results in increased 

protein synthesis (Yoshida et al., 2001)(Shaffer et al., 2004). ATF6, in addition to being controlled by 

BiP binding, also has another layer of regulation where it is proteolytically cleaved at the Golgi (Haze 

et al., 1999)(see section 1.8.5). The released cytosolic domain then translocates to the nucleus where 

it acts as a transcription factor that promotes expression of XBP1, ER chaperones and ERAD proteins 

(Yoshida et al., 2001)(Yamamoto et al., 2007). Finally, activated PERK contributes to the UPR by 

reducing ǘƘŜ 9wΩǎ ōƛƻǎȅƴǘƘŜǘƛŎ ƭƻŀŘ ǘƘǊƻǳƎƘ ǇƘƻǎǇƘƻǊȅƭŀǘƛƴƎ ŜLCнʰ ǿƘƛŎƘ ǊŜǎǳƭǘǎ ƛƴ Ǝƭƻōŀƭ ƛƴƘƛōƛǘƛƻƴ 

ƻŦ ǇǊƻǘŜƛƴ ǘǊŀƴǎƭŀǘƛƻƴΦ tƘƻǎǇƘƻǊȅƭŀǘŜŘ 9LCнʰ Ŏŀƴ ŀƭǎƻ ǎŜƭŜŎǘƛǾŜƭȅ ǳǇǊŜƎǳƭŀǘŜǎ !¢Cп ŀƴŘ ƭŀǘŜǊ ƻƴ /Iht 

which is pro-apoptotic (Harding et al., 2000).  

Overall, the outcomes of the signalling from each branch are varied, except for ATF6 whose regulation 

is mainly pro-survival. Even though signalling by IRE1 via XBP1 splicing is generally viewed as positive 

to the cells through upregulation of genes to manage ER stress, it is also implicated to induce JNK 

signalling which is pro-apoptotic (Urano et al., 2000). IRE1 dependent decay (RIDD) is another 

mechanism that IRE1 performs to lower the load of nascent ER proteins by cleaving their RNAs 

reducing ER burden (Hollien & Weissman, 2006). However, high levels of RIDD have been shown to be 

pro-apoptotic (Ghosh et al., 2014).  PERK can also lead to pro-apoptotic responses through activation 
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of CHOP or through prolonged inhibition of protein translation. In summary, the three branches of 

UPR work to maintain the homeostasis in the cell in response to ER stress. If the stress persists and is 

not reversed, apoptosis is induced (Walter & Ron, 2011).   

1.4.2.2 The Physiological UPR  

Activation of the proteins involved in UPR can be triggered by signals beyond unfolded proteins 

(Rutkowski & Hegde, 2010). For example, IRE1 can be activated by Toll-like receptors in macrophages 

which subsequently activates XBP1. TLR activated XBP1 drives the production of inflammatory 

cytokines without inducing chaperone expression or ER expansion (Martinon et al., 2010), indicating 

that UPR signalling in response to different stimuli can vary. Moreover, the UPR has been shown to be 

strongly implicated in liver development (Reimold et al., 2000) and neurogenesis (Godin et al., 2016). 

Physiological functions and involvements of the UPR components in organ development are reviewed 

here (Cornejo et al., 2013). Therefore, it is evident that components of the UPR can be tailored to 

different cell types with specific biological processes. The UPR in ASCs is an example of this and is 

described next.  

1.4.2.3 ASCs May Undergo a Two-Step UPR  

ASCs benefit from a physiological UPR which enhances their secretory capacity and ensures the 

production, folding, and secretion of Immunoglobulin (Ig). The first hallmark of this specialised UPR is 

that it is anticipatory and occurs prior to increased synthetic load (Van Anken et al., 2003). Before 

increased Ig production, the ER expands, expression of ER chaperones such as BiP and GRP94 is 

increased and the activation of XBP1 and ATF6 into their active forms occurs (Gass et al., 2002)(Van 

Anken et al., 2003).   

As accumulated antibodies are not the trigger for the initial UPR in ASCs, alternative stimuli have been 

suggested (Ricci et al., 2021)(Trezise & Nutt, 2021). In response to induction by LPS, B-cells lacking 

XBP1, or BLIMP-1 do not upregulate the genes involved in the expansion of the secretory pathway 

(Shaffer et al., 2004). BLIMP1 acts upstream of XBP1 to increase its expression and activation, and is 

also able to directly activate components of the UPR (Tellier et al., 2016). Therefore, BLIMP1 has been 

ǇǊƻǇƻǎŜŘ ǘƻ ŘǊƛǾŜ ǘƘŜ ǎǇŜŎƛŀƭ ¦tw ǘƘŀǘ ƘŀǇǇŜƴǎ ŘǳǊƛƴƎ !{/ǎΩ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴΦ  

Upregulation of the biosynthetic machinery enables the biosynthesis and secretion of large quantities 

of antibodies. Once antibodies reach a level where they may start accumulating, a more common UPR 

is suggested to be triggered which drives further expansion of the ER that eventually leads to cell death 

(Van Anken et al., 2003).  
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1.4.2.4 Only XBP1 is Required  

Another hallmark of the UPR in ASCs is its partial nature. It is mainly driven by the IRE1 branch which 

ǊŜǎǳƭǘǎ ƛƴ ·.tмΩǎ ŀŎǘƛǾŀǘƛƻƴΦ !{/ǎ ƭŀŎƪƛƴƎ ·.tм ŜȄƘƛōƛǘ ǊŜŘǳŎǘƛƻƴ ƛƴ ŀƴǘƛōody expression and secretion 

as their ER is not remodelled appropriately (Taubenheim et al., 2012). In addition to activating the 

expression of a plethora of proteins involved in the secretory process, XBP1 also plays an important 

role in the expansion of the ER through the regulation of lipid biosynthesis (Shaffer et al., 2004)(Sriburi 

et al., 2007). Finally, XBP1 helps maintain Ig mRNA levels by regulating the RIDD function of IRE1 and 

reduction of Ig is partially rescued in IRE1/XBP1 double knockout cells. Taken together, the 

requirement for XBP1 to achieve high antibody synthesis and secretion relies on its transcriptional 

activation role and also its regulatory function on IRE1.  

In contrast to XBP1, ATF6 and PERK are not essential for biosynthetic pathway remodelling and 

antibody secretion. ATF6 does become activated early in ASCs differentiation (Gass et al., 

2002)(Aragon et al., 2012) and is able to drive ER expansion independently of XBP1 (Bommiasamy et 

al., 2009)(Maiuolo et al., 2011). However, the loss of ATF6 does not impact the formation of ASCs and 

antibody secretion (Aragon et al., 2012). !¢CсΩǎ ŘƛǎǇŜƴǎŀōƭŜ ǊƻƭŜ ƛƴ !{/ǎ Ƙŀǎ ōŜŜƴ ǎǳƎƎŜǎǘŜŘ ǘƻ ōŜ ŘǳŜ 

to compensatory mechanisms with other proteins performing its functions, such as XBP1 (which co-

regulates some genes with ATF6) and CREB3L2 (Ricci et al., 2021). Compensatory mechanisms relating 

to ATF6 can be exemplified here, where acute knockdown of ATF6 in pancreatic cells results in 

significantly reduced downstream gene expression while chronic knockdown had minor impacts 

possibly due to compensation (Sharma et al., 2020). PERK is not required for antibody secretion and 

is selectively inhibited during differentiation through ufmylation by Ufbp1 (Gass et al., 2008)(Ma et al., 

2010)(H. Zhu et al., 2019) 

In summary, ASCs benefit from a physiological UPR likely driven by BLIMP1, that precedes synthetic 

load and the functional adaptations of this UPR rely mostly on the IRE1 branch.  
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1.5 Autophagy in ASCs and Multiple Myeloma  

In addition to ERAD, autophagy plays a key role in the homeostasis of ASCs by safeguarding ER 

expansion and antibody synthesis to sustainable levels (Figure 1.1)(Pengo et al., 2013). Several 

autophagy genes are upregulated in ASCs and the loss of ATG5 results in elevated levels of BLIMP1, 

an expanded ER, and higher levels of antibody synthesis which ultimately results in lower ATP levels 

and increased cell death. In vivo work suggested that autophagy is also important for mounting 

effective immune responses and generating long lived immunity. The ER particularly seems to be a 

specific target of autophagy in ASCs, as ER proteins were significantly enriched in ATG5 deficient ASCs 

while mitochondrial and ribosomal proteins were not impacted.  

The autophagic receptor, p62, has been recognised for its ability to yield resistance to proteasome 

inhibitor based therapies in multiple myeloma (MM)(Milan et al., 2015)(Milan et al., 2016). Due to the 

high load of unfolded proteins on the ubiquitin-proteasome system (UPS) during Ig production, MM 

cells are very sensitive to proteasome inhibitors (PIs). However, MM cells can compensate for 

proteasome insufficiency in response to PI by increasing the de novo expression of P62 and by 

diverting the interaction of P62 from cellular signalling partners to ubiquitinated proteins. This 

enhances p62 dependent autophagy, thereby relieving the proteostatic load during proteasome 

inhibition. Consequently, P62 dependent autophagy poses an important therapeutic target to help 

overcome PI resistance (Marino et al., 2019). Combinatory treatment with an autophagic inhibitor and 

bortezomib (PI) was shown to be effective in bortezomib resistant cells (Hideshima et al., 2016), 

indicating that inhibition of autophagy can alleviate its protective role in MM cells in response to 

proteasome insufficiency.  

1.6 Metabolic Adaptations in ASCs 

In addition to enhancing the biosynthetic pathway and equipping ASCs with the necessary machinery 

for high rates of antibody production, metabolic adaptations enable the cells to cope with the 

energetic and metabolic demands of producing large amounts of Ig. Mitochondrial and cytosolic 

chaperons are highly upregulated during early differentiation in anticipation of bulk secretion of 

antibodies (Van Anken et al., 2003). Long lived plasma cells (LLPCs) have higher energetic needs due 

to prolonged antibody production. Mice lacking Ennp1, a nucleotide recycling enzyme whose 

expression is promoted by BLIMP1, have significantly reduced numbers of LLPCs (H. Wang et al., 2017). 

Cells lacking Ennp1 also show reduced glucose uptake and glycolysis.  

Glucose uptake is enhanced in plasma cells, and they have higher expression of the surface GLUT1 

glucose transporter compared to plasmablasts (Lam et al., 2016). 90% of glucose usage is directed to 
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antibody glycosylation through the hexosamine biosynthesis pathway which generates glycosylation 

precursors. XBP1 promotes the expression of several key enzymes of this pathway (Z. V. Wang et al., 

2014). The increased expression of glucose transporters is suggested to be due to post-transcriptional 

regulation, as the mRNA levels of the transporter between the plasma cells and plasmablasts are 

similar (Lam et al., 2016). Therefore, in addition to transcriptional level contributions, post-

transcriptional modifications likely play important roles in maintaining the metabolic networks of ASCs.  

The mTOR pathway which regulates protein synthesis and cell survival, is upregulated in ASCs. BLIMP1 

promotes mTOR activity by upregulating the amino acid transporter, CD98, an important modulator 

of mTOR (Figure 1.1). The suppression of Sestrin proteins which are negative regulators of mTOR is 

carried out by BLIMP1 thereby also indirectly promoting its activity (Tellier et al., 2016). Inhibition of 

mTORC1 results in decreased Ig synthesis and secretion (Jones et al., 2016). Activity of mTORC1 was 

also shown to be required for the upregulation of UPR genes anticipatory of antibody secretion 

ƛƴŘŜǇŜƴŘŜƴǘƭȅ ƻŦ ·.tм ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǘƘŜ άǇƘȅǎƛƻƭƻƎƛŎŀƭέ ¦tw όDŀǳŘŜǘǘŜ Ŝǘ ŀƭΦΣ нлнлύΦ 

Some functional overlap between XBP1 and mTOR has been reported (Benhamron et al., 2015). 

Activation of mTOR in XBP1 deficient mice helps to partially rescue the phenotype and enhances Ig 

synthesis. Following the increase in protein synthesis, mTOR signalling is downregulated at later stages 

of LPS activation in response to ER stress (Goldfinger et al., 2011). Therefore, it seems that the UPR 

and mTOR work closely together to enable a sustainable level of protein synthesis and antibody 

secretion without impacting cellular viability.  

1.7 Proteogenomic Identification of Membrane Trafficking Components in ASCs  

1.7.1 Why Study ASCs   

ASCs play a crucial role in the humoral component of the immune system by providing protection 

ŀƎŀƛƴǎǘ ƛƴŦŜŎǘƛƻƴǎΦ ¢ƘŜȅ ŀǊŜ ŀƭǎƻ ǘƘŜ ōŀǎƛǎ ƻŦ ǾŀŎŎƛƴŀǘƛƻƴ ǎǘǊŀǘŜƎƛŜǎΣ ǿƛǘƘ ǾŀŎŎƛƴŜǎΩ ǇǊƻǘŜŎǘƛƻƴ ōŜƛƴƎ 

mainly dependent on neutralising antibodies produced by plasma cells against the antigen 

(Zinkernagel & Hengartner, 2006). Beyond antibody secretion, they have been implicated in other 

functional processes such as regulating haematopoiesis and gut homeostasis (Pioli, 2019). ASCs are 

also the origin of several cancers including multiple myeloma which remains incurable. Therefore, 

studying and gaining a better understanding of the biology of ASCs can provide important therapeutic 

insights. To carry out their protective function, ASCs have an impressive biosynthetic ability and are 

able to secrete thousands of antibodies per second (Hibi & Dosch, 1986). Importantly, the cells utilise 

the classical secretory pathway and secrete antibodies constitutively (Zagury et al., 1970), which 

makes them a good model to understand the molecular processes which underpin the biosynthetic 

pathway. 
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1.7.2 Previous Proteogenomic Project  

To gain better understanding of ASCs, the lab has previously set out to identify novel factors involved 

ƛƴ ŀƴǘƛōƻŘȅ ǎŜŎǊŜǘƛƻƴ ŀƴŘ !{/ǎΩ ǇƘȅǎƛƻƭƻƎȅ ōȅ ƭƻƻƪƛƴƎ ŀǘ ǘǊŀƴǎŎǊƛǇǘƻƳƛŎ ŀƴŘ ǇǊƻǘŜƻƳƛŎ Řŀǘŀ ōŜǘǿŜŜƴ 

naïve B cells and differentiated antibody secreting cells (Rahman, 2019). Mass spectrometry analysis 

was performed on purified splenic mouse B cells which were used to generate antibody secreting 

plasmablasts sorted by using either CD138 or CD93 magnetic beads. In addition to the in-house 

generated proteomics data, the project also utilised published microarray and RNAseq datasets to 

generate a multi-omics and multi-species analysis of ASCs. The expression of mRNA/protein in ASCs 

across the cell types was analysed and compared to the levels in the naïve B-cell cells. The cell types 

used in the study are summarised in Table 1.2. Results from this multi-omics project have been made 

available through this user-friendly web resource (https://plasmacytomics.shinyapps.io/home/). As 

confirmation of the robustness of the analysis carried out by this project, we looked at a series of well-

characterised markers of naïve B cells and ASCs to confirm that their expression is as would be 

predicted (Figure 1.3). The B-cell identity transcription factors PAX5, BACH2, BCL-6 and IRF8 are 

consistently downregulated in ASCs. In contrast, IRF4, PRDM1 (BLIMP1) and XBP1 are all upregulated 

in ASCs verifying the integrity of the results. Data obtained from this project will be used throughout 

the thesis as plots generated through our web resource; PlasmacytOMICs.  
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Table 1.2: Brief Description of the Sources of ASC Types Used in the Proteogenomic Project 

Cell Type Description Source 

mSpIPC.array RNA extracted from in vivo generated mouse splenic 

plasma cells and hybridised to MG430.2A array  

(Kaji et al., 2012) 

(Luckey et al., 2006) 

mBMPC.array RNA extracted from in vivo generated mouse bone 

marrow plasma cells and hybridised to MG430.2A  

(Benson et al., 2012) 

hPB.array 

hPC.array 

hBMPC.array  

RNA extracted from human plasmablasts, and plasma 

cells generated in vitro from memory B-cells and RNA 

extracted from bone marrow plasma cells hybridised to 

the HG133A array.  

(Jourdan et al., 2009) 

(Jourdan et al., 2011) 

(Kassambara et al., 

2015) 

mPB.rSeq  RNA extracted from in vitro generated plasmablasts 

from mouse splenic B cells and sequencing carried out 

using Illumina HiSeq 2500  

(W. Shi et al., 2015) 

mSpIPC.rSeq 

mBMPC.rSeq 

RNA extracted from mouse spleen and bone marrow 

plasma cells and sequencing carried out using Illumina 

HiSeq 2500  

hPB.rSeq  

hBMPC.rSeq 

RNA extracted from patient human plasma blasts and 

bone marrow plasma cells and sequencing performed 

using Illumina HiSeq 2500   

(Lam et al., 2016) 

mPBCD93.protein 

mPBCD138.protein 

Lysates from in vitro generated plasmablasts isolated 

using either CD93 or CD138 magnetic beads were 

fractionated and analysed using the Orbitrap system 

(Thermofisher) 

In-house generated 

data 
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Figure 1.3: Differential regulation results of markers of naïve B cells and ASCs from the proteogenomic project.  

Fold change in mRNA and protein expression were plotted using the PlasmacytOMICs web resource which shows 

differential regulation of indicated markers between naïve B cells and ASCs. Literature shows that genes in the 

top panel of the figure are markers of naïve B cells and need to be downregulated when the cells differentiate 

to become ASCs, while the genes in the bottom panel are positive regulators of the ASC phenotype. In 

accordance with the literature, the results from the proteogenomic project show that the top genes are 

consistently downregulated in ASC and the bottom genes are upregulated compared to naïve B cells. Error bars 

indicate standard error of mean.  
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1.8 Identification of SEC24D as a Protein of Interest in ASCs  

Gene Ontology (GO) enrichment analysis of the upregulated ASCs components showed that 

membrane trafficking and ER stress were the most enriched biological processes (Rahman, 2019). The 

expansion of membrane trafficking components and apparatus that respond to ER stress is predicted 

to enhance the secretory capacity of the cells, therefore, these enrichment results are expected in 

ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ŎŜƭƭǎΩ ŦǳƴŎǘƛƻƴǎΦ ²ƛǘƘƛƴ ǘƘŜ ƳŜƳōǊŀƴŜ ǘǊŀŦŦƛŎƪƛƴƎ ŎŀǘŜƎƻǊȅΣ ǘǊŀƴǎǇƻǊǘ ōŜǘǿŜŜƴ 

the ER and Golgi was the most significantly enriched. Enrichment of GO cellular compartments showed 

that the upregulated proteins in ASCs were mostly localised to the ER. We were particularly interested 

in protein candidates early in the membrane trafficking pathway which have not been previously 

characterised in ASCs, specifically components of the COPII complex.  

1.8.1 COPII Vesicle Formation  

The first step in the secretory pathway involves the packaging of correctly folded cargo into vesicles 

which bud from the ER. The formation of these vesicles is mediated by the Coat Protein Complex II 

(COPII) which consists of a highly conserved set of proteins that form two structural layers of the coat 

(Zanetti et al., 2011). The layers constitute Sar1 GTPase, Sec23/24 heterodimer (forming the inner 

vesicle coat) and Sec13/31 heterotetramers (forming the outer vesicle coat).  

COPII subunits assemble on ribosome-free locations on the ER membrane called ER-exit sites (ERES) 

(Barlowe et al., 1994). The assembly of the coat starts with the recruitment of SAR1 GTPase. As with 

other small G- proteins, SAR1 cycles between an active and inactive state regulated by GTP hydrolysis. 

When SAR1 is GDP bound, it is cytosolic and inactive. SAR1 is activated and recruited to ER membranes 

by the action of SEC12, a guanine nucleotide exchange factor (GEF) which loads the protein with GTP 

(Weissman et al., 2001). More precisely, this occurs at specialised ER subdomains defined by the 

scaffolding protein, SEC16 and TFG (Watson et al., 2006)(Johnson et al., 2015). Through its carboxy-

terminal domain, SEC16 binds SEC12 and enriches SAR1-GTP at these sites initiating COPII coat 

formation (Montegna et al., 2012). TFG interacts with SEC23, a component of the inner layer of the 

COPII coat, in addition to SEC16 (Witte et al., 2011)(Hanna et al., 2017)(Hanna et al., 2018).  

Activated SAR1 exposes an N-terminal amphipathic alpha-helix that embeds into the ER membrane 

and initiates coat assembly (Lee et al., 2005) which was recently visualised utilising cryo-tomography 

(Hutchings et al., 2018). The membrane bound SAR1 can now recruit other COPII components and the 

SEC23-SEC24 heterodimer is recruited via direct binding between SAR1 and SEC23 (Bi et al., 2002). 

The recruitment of SEC23-SEC24 to SAR1 not only serves a structural function but also a catalytic 

function (Bi et al., 2002). Structurally, the SEC23-24 lattice has a positively charged surface which may 



18 

act to stabilise the curvature of the membrane. Catalytically, SEC23 plays a GTPase-activating role for 

SAR1 by providing a catalytic arginine to its active site. The SAR1-SEC23/24 complex can now be 

referred to as a pre-budding complex.  

The full GTPase activity of SAR1 is not reached until the complete assembly of COPII coat, and this is 

achieved by the recruitment of the outer coat made from SEC13-SEC31 (Bi et al., 2007). SEC31 directly 

interacts with SAR1 and SEC23. The SEC13-SEC31 heterotetramers polymerize, shaping the membrane 

to form a bud.  Activated SAR1 shows enhanced affinity for bent membranes and highly curved 

membranes have been shown to enhance the GTPase activity of SAR1 further (Hanna et al., 2016). 

Therefore, as membrane bending increases throughout the formation of the vesicle, SAR1 binding is 

increased and concentrated facilitating rapid fission upon GTP hydrolysis. There is also evidence that 

SEC31 promotes SEC23Ωǎ D¢tŀǎŜ ŀŎǘƛǾŀǘƛƴƎ ǊƻƭŜ ōȅ ŘƛǊŜŎǘ ƛƴǘŜǊŀŎǘƛƻƴ ό.ƛ Ŝǘ ŀƭΦΣ нллтύΣ ŦǳǊǘƘŜǊ ƛƴŎǊŜŀǎƛƴƎ 

GTP hydrolysis by SAR1, which is needed for vesicle uncoating after fission (Sato & Nakano, 2005). 

Therefore, in the current model, the outer coat is the main driver of membrane curvature. However 

recently, using N-terminal deletions of SEC31, it has been shown that the inner coat on its own can 

induce membrane remodelling in settings where membranes have less resistance to deform, such as 

lack of cargo (Hutchings et al., 2021).  

aǳƭǘƛǇƭŜ ƳŜŎƘŀƴƛǎƳǎ ƘŀǾŜ ōŜŜƴ ǇǊƻǇƻǎŜŘ ǘƻ ŀƛŘ /htLLΩǎ ŀōƛƭƛǘȅ ǘƻ ŀŎŎƻƳƳƻŘŀǘŜ ŀ ŘƛǾŜǊǎŜ ǇƭŜǘƘƻǊŀ ƻŦ 

cargo (McCaughey & Stephens, 2018) (Hutchings & Zanetti, 2019)(Peotter et al., 2019). These include 

posttranslational modifications such as ubiquitination, COPII organising factors such as SEC16 and TFG, 

and the use of receptors including TANGO1. The existence of COPII isoforms with distinct 

specialisations has also been proposed to aid in cargo selectivity.   

1.8.2 COPII Paralogues and Their Roles  

COPII cargoes are quite diverse and include a range of proteins from small cytokines to collagen and 

extracellular matrix proteins. One of the properties of COPII components which enables adaptation to 

this complexity is the existence of COPII paralogues (Zanetti et al., 2012). Even the GTPase involved in 

the budding process exist as two paralogues (A and B) which both need to be depleted to block 

secretion (Winslow et al., 2010)(Cutrona et al., 2013). Despite their apparent redundancy, they have 

been shown to exhibit different affinities to other COPII subunits (Fromme et al., 2007)(Fromme et al., 

2008) and Sar1B seems to be specifically required for formation of large COPII vesicles (Jones et al., 

2003). The inner coat complex which is most proximal to the ER membrane and acts as the cargo 

capture platform consists of SEC23 and SEC24. SEC23 acts as a GTPase activating protein for SAR1 

while SEC24 acts as the cargo selector. There are two paralogues (A/B) for SEC23 and four for SEC24 

(A/B/C/D).  
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SEC23A/B 

Mammals encode two SEC23 paralogues, SEC23A and SEC23B, which are ~85% identical and are 

reported to have similar functions (Khoriaty et al., 2018). However, their deficiencies cause different 

diseases. SEC23B is required for erythrocyte development with mutations in humans resulting in 

anaemia and hyperglycosylated proteins in erythrocytes (Bianchi et al., 2009). It is also suggested to 

be involved in the transport of the EGF-R from the ER to the Golgi (Scharaw et al., 2016). Mutations in 

SEC23A cause Cranio-lenticulo-sutural dysplasia and results in collagen accumulation in fibroblast 

cultures (Boyadjiev et al., 2006).  

The levels of SEC23A are regulated by the transcription factor, CREB3L2 and its disruption in mice leads 

to a similar phenotype as observed with SEC23A deficiency where collagen accumulates in the ER and 

chondrogenesis is impaired (Saito et al., 2009). This phenotype can be completely restored when 

SEC23A is re-introduced in the CREB3L2 KO chondrocytes suggesting that the loss of SEC23A is the 

main cause of the observed defect. The expression levels of SEC23B in chondrocytes is low, therefore 

it is possible that in other cell types which have higher levels of SEC23B, the loss of CREB3L2 woulŘƴΩǘ 

cause a significant phenotype. In CREB3L2 KO fibroblasts which have high expression levels of SEC23B, 

the distention in the ER is only slight. Therefore, it seems that the presence of either of paralogue may 

enable normal SEC23 function. Moreover, low levels of SEC23B expression in calvarial osteoblasts has 

been suggested to cause the phenotype seen in patients with SEC23A mutations (Fromme et al., 2007). 

SEC23A has also been recently reported to rescue phenotypes of erythroid defects in SEC23B deficient 

cells (King et al., 2021).  

Different phenotypes observed due to differential tissue expression can also be exemplified here 

where SEC23B deficient mice exhibit prenatal lethality due to pancreatic degeneration (Tao et al., 

2012), while humans exhibit anaemia (Bianchi et al., 2009). This could be explained by SEC23B being 

predominantly expressed in the mouse pancreas while in humans it is in the bone marrow (Khoriaty 

et al., 2018). The functional redundancy between both paralogues has been further investigated, 

where SEC23A could functionally replace SEC23B in mice (Khoriaty et al., 2018).  

Finally, to identify cytoskeletal related functional interactors with both paralogues, a study was carried 

out using a double siRNA screen of several cytoskeleton and Extracellular Matrix (ECM) proteins with 

either SEC23A or B and assaying for VSVG secretion (Jung et al., 2021)(Jung et al., 2022). The 

knockdown of either SEC23A or B individually results in no transport defect in VSVG supporting the 

idea that the paralogues are functionally redundant for its transport in this experimental context. 

Interestingly, knocking down a selection of SEC23 interactors which are involved in focal adhesions 

and plating cells on ECM resulted in downregulation of SEC23A. Given that SEC23A has been previously 
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implicated in collagen secretion and is suggested here to be regulated at a transcriptional level by ECM 

and adhesion signalling, a feedback mechanism hypothesis is presented. 

Taken together, the phenotypes and diseases associated with SEC23 components may be due to 

differences in their transcriptional regulation. However, the need of both SEC23A and SEC23B in 

zebrafish craniofacial development has been previously reported which suggested that they may not 

be able to compensate for each other in zebrafish (Lang et al., 2006). SEC23B deficiency in mice has 

also been reported not to cause defects in collagen secretion, while SEC23A deficiency does even in 

the presence of SEC23B (M. Zhu et al., 2015). It may be that sufficient SEC23 is needed regardless of 

the paralogue, and that in these tested conditions, not enough SEC23 was available to allow proper 

COPII formation in the absence of just one. Moreover, whether SEC23B can replace SEC23A is yet to 

be tested to determine if in fact SEC23A has a specific role for collagen secretion.  

SEC24 ς The Cargo Selector Component for COPII  

SEC24 is the cargo selector subunit of the COPII, and its paralogues are generally defined into groups 

of SEC24A/B and SEC24C/D based on their sequence homology which is ~60% within a group and ~25% 

across them (Tang et al., 1999) (Mancias & Goldberg, 2008). The selection of cargo between the 

different paralogues is broadly defined as exclusive, preferential, and redundant (Chatterjee et al., 

2021). The ability of SEC24 to select and bind cargo is mediated by direct interactions between binding 

sites present on SEC24 and sorting signals on the cargo proteins. Proteins without the signal sequence 

can still be included in the COPII vesicle by interacting with cargo receptors/adaptor proteins (Baines 

& Zhang, 2007) or by passive diffusion (Thor et al., 2009).  

14 sequence motifs have been identified so far to be involved in ER export of mammalian proteins 

(Chatterjee et al., 2021). These signal motifs can have exclusive binding abilities depending on the 

SEC24 paralogue. For example, the IxM signal motif found in Syntaxin 5 and membrin can bind to 

SEC24C/D but not A/B as the IxM binding site is obstructed by a polypeptide in SEC24A/B as shown by 

x-crystallography (Mancias & Goldberg, 2008). Other cargo examples include the GABA1 transporter 

which exhibits specificity to SEC24D (Farhan et al., 2007) and autoaxin which selectively utilises 

SEC24C (Lyu et al., 2017).  In addition to short peptide sequences directing ER export, some recognition 

sites are conformational. For example, the export motif of SEC22 is created by the folding of two 

elements of SEC22 to enable binding with SEC24A/B (Mancias & Goldberg, 2007), and Syntaxin 5 binds 

SEC24C in its open conformation where the N-terminal domain is not folded back onto the SNARE 

motif (Adolf et al., 2016). SILAC-based proteomics revealed heterogeneity and differences in 

compositions of COPII vesicles depending on which SEC24 paralogue was used which further 

illustrated the specificity in protein sorting depending on the SEC24 paralogue (Adolf et al., 2019). 
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When comparing the profile of SEC24A and C vesicles, the authors reported two types of proteins. The 

first type showed no preferential sorting with the tested paralogue, for example ERGIC53. The second 

type were proteins enriched with a specific paralogue. For example, CNHI4 with SEC24A and SURF4 

with SEC24C, however in general more proteins were enriched with SEC24C.  

The cargo specificity and selection by SEC24 paralogues may also be different among different cell 

typeǎΦ CƻǊ ŜȄŀƳǇƭŜΣ t/{YфΩǎ ǎŜŎǊŜǘƛƻƴ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ƳŜŘƛŀǘŜŘ ōȅ ƻǾŜǊŜȄǇǊŜǎǎƛƴƎ {9/нп! ŀƴŘ . ōǳǘ 

not C/D in 293T cells which express no endogenous PCSK9 (X. W. Chen et al., 2013), while knockdown 

of SEC24A/B and also C but not D in Huh7 cells significantly reduced the secretion of endogenous 

PCSK9 (Deng et al., 2020).  

In the case of mutations in the SEC24 paralogues, a number of diseases have been identified. This can 

be expected when a protein important for a certain function confers sorting specificity for a paralogue 

that has been mutated. For example, a loss of function mutation in SEC24B was reported to impact 

neural tube closure and cause embryonic lethality (Merte et al., 2010). Vangl2, a protein important 

for the process was discovered to be preferentially sorted by SEC24B using a vesicle budding assay. 

Therefore, in SEC24B mutant mice, Vangl2 is not trafficked from the ER to the plasma membrane. 

Another example is the hypocholesteraemia observed in SEC24A deficient mice due to impaired PCSK9 

secretion which is important for LDL receptor degradation (X. W. Chen et al., 2013).  

The distinct functions of SEC24 can also be strongly highlighted by the unique abnormalities in mouse 

embryonic development. SEC24D deficiency results in early embryonic lethality that cannot be 

rescued by any other paralogue (Baines et al., 2013) while SEC24C deficiency results in later embryonic 

lethality (Adams et al., 2014). Interestingly, knocking in the coding sequence of SEC24D into the 

SEC24C locus in SEC24C deficient mice rescues embryonic lethality however they do not survive after 

ōƛǊǘƘ ό!ŘŀƳǎ Ŝǘ ŀƭΦΣ нлнмύΣ ƛƴŘƛŎŀǘƛƴƎ ǇŀǊǘƛŀƭ ŦǳƴŎǘƛƻƴŀƭ ƻǾŜǊƭŀǇΣ ƘƻǿŜǾŜǊ ǘƘŀǘ ǘƘŜȅ ŎŀƴΩǘ Ŧǳƭƭȅ 

compensate for each other in this context.  

In humans, mutations in Sec24D have been reported to cause skeletal disorders and severe forms of 

osteogenesis imperfecta (Garbes et al., 2015). Fibroblasts of patients suffering from these mutations 

show a retention of procollagen in the ER and the dilation of the ER cisternae. Similar skeletal defects 

were also observed in medaka (Ohisa et al., 2010) and zebrafish mutants (Sarmah et al., 2010). These 

results suggest that SEC24D plays an important role in the trafficking of collagen and extracellular 

matrix proteins. However, SEC24D deficient mice show very early embryonic lethality which may 

suggest differences amongst species and/or differential tissue expression profiles.  
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In summary, SEC23 paralogues seem to largely be able to compensate for each other with major 

differences potentially being exhibited due to differential tissue expression while SEC24 paralogues 

exhibit more functional differences.  

1.8.3 SEC24D is Highly Upregulated in ASCs  

In a previous study looking at human B cell differentiation and COPII coat components as part of ER 

exit sites expansion, the authors reported an increase in the levels of SEC24C and SEC31A using qRT-

PCR (Kirk et al., 2010). Utilising our proteogenomic study which has RNA and protein data across 

human and mouse, we take a closer look at COPII vesicle components in ASCs (Rahman, 2019)(Figure 

1.4). Even though these genes do show upregulation in our data, the increase is relatively weaker 

compared to other components in the inner coat. Of note are SEC23B, SEC24A and SEC24D which have 

the most consistently upregulated data. SEC24D clearly stood out compared to the other components 

with significance and extent of the upregulation. Therefore, we hypothesised that our data may 

suggest that SEC24D plays an important role in IgM cargo selection at the ER.  

 

Figure 1.4: SEC24D is highly upregulated in ASCs.  Fold changes in mRNA and protein expression were plotted 

using the PlasmacytOMICs web resource which shows differential regulation of indicated markers between 

naïve B cells and ASCs. Plots are showing differential regulation of COPII components in ASCs. Error bars indicate 

standard error of mean. 

1.8.4 CREB3L2 Activates SEC24D  

Similarly to ASCs, hepatic stellate cells (HSCs) upregulate their ER and Golgi apparatus during their 

activation into myofibroblasts in response to liver injury and inflammatory cytokines (Tomoishi et al., 

2017). This biosynthetic enlargement enhances the synthesis and deposition of extracellular matrix 

components which includes collagen I. The expression of early secretory genes was analysed between 

precursor and activated states in HSCs, and SEC23A and SEC24D were shown to be upregulated by the 

transcription factor CREB3L2. The authors also showed using luciferase reporter assays that CREB3L2 

binds and activates the Sec24d promoter between 525bp and 205bp upstream of its transcription start 
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site. Importantly, CREB3L2 is highly upregulated in ASCs according to our proteogenomic data and has 

also been identified by others (Shi et al., 2015).  

CREB3L2 is a member of the basic leucine zipper (bZIP) transcription factor family and is upregulated 

in response to ER stress mildly at the transcriptional level and strongly at the translational level 

(Shinichi Kondo et al., 2007). In addition to its role in HSCs, CREB3L2 was previously implicated in 

chondrogenesis and identified as a transcriptional factor for SEC23A in chondrocytes (Saito et al., 

2009). Mouse chondrocytes lacking CREB3L2 show ER retention of collagen II indicating that its 

secretion was prevented in CREB3L2 deficient chondrocytes, a phenotype completely restored by 

introduction of SEC23A. In fish, CREB3L2 mutants also exhibit defects in collagen secretion (Melville 

et al., 2011)(Ishikawa et al., 2017).  

1.8.5 The OASIS Protein Family  

CREB3L2 is part of a protein group with other ER localised transcription factors referred to as the OASIS 

(old astrocyte specifically induced substance) family. These include CREB3L1, CREB-H, CREB4 and 

Luman in addition to CREB3L2, with CREB3L2 being most similar to CREB3L1 (51% amino acid identity) 

(Shinichi Kondo et al., 2007) (Shinichi Kondo et al., 2011). They exhibit tissue specific expression, for 

example CREB3L2 is predominantly expressed in chondrocytes (Saito et al., 2009), while CREB3L1 is 

mainly expressed in osteoblasts and astrocytes (Murakami et al., 2009) (Shinichi Kondo et al., 2005) 

and CREBH in liver cells (Omori et al., 2001). These proteins reside in the ER through their alpha helical 

transmembrane domain and have a transcriptional activation and bZIP motif in their cytoplasmic 

portion (Shinichi Kondo et al., 2011) (Figure 1.5). In their luminal portion, they contain consensus 

sequences for S1P and S2P cleavage which can undergo intramembrane proteolysis. The activated 

cleaved cytoplasmic domain then translocates into the nucleus where it activates transcription of 

target genes containing ER stress and cyclic AMP-responsive elements (Shinichi Kondo et al., 

2005)(Murakami et al., 2006).  
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Figure 1.5: Schematic showing domain structures of CREB3L1, CREB3L2 (OASIS family members) and ATF6 ς 

Figure adapted from (Shinichi Kondo et al., 2011). All three proteins have a transmembrane domain which 

enables their ER localization. Their cytoplasmic portion contains a transcriptional activating and bZIP domain. 

The luminal domains contain consensus sequences for cleavage by S1P and S2P proteases. The luminal domain 

is distinct between CREB3L1/2 and ATF6.  

Even though OASIS family members have a similar overall domain structure to ATF6 and a high 

sequence identity at the transmembrane domain (31%), they are distinguishable due to distinct 

luminal portions and activation in response to stimuli. For example, ATF6 is normally bound to BiP at 

the ER via its luminal domain. BiP binds misfolded proteins during ER stress allowing ATF6 to 

translocate to the Golgi apparatus for cleavage by the S1P and S2P proteases due to the presence of 

Golgi localization signals in its luminal portion (Shen et al., 2002)(X. Chen et al., 2002). This is unlike 

OASIS members which can translocate to the Golgi apparatus in absence of those signals (Murakami 

et al., 2006) and also that CREB3L1/2 do not bind BiP (S. Kondo et al., 2012), indicating the presence 

of a separate ER stress transduction and ER-Golgi apparatus translocation mechanism. In terms of ER 

stress transduction, it has been proposed that ER stress stabilises CREB3L1/2Ωǎ Ŧǳƭƭ ƭŜƴƎǘƘ ŀƴŘ ŀŎǘƛǾŀǘŜŘ 

protein forms (S. Kondo et al., 2012). These forms are otherwise sensitive to ubiquitin degradation 

through interaction at the transmembrane region with the E3 ubiquitin ligase HRD1. This interaction 

is not detected under ER stress conditions therefore during ER stress the degradation of CREB3L1/2 is 

prevented, enhancing their activation.  

 



25 

1.8.6 Potential Cargo Proteins of SEC24D Relevant to ASCs  

We have previously carried out transcription factor co-expression analysis on our multi-omics data to 

predict which transcription factors co-regulate with genes upregulated in ASCs. Of the analysed 

transcription factors, CREB3L2 stood out as having the highest number of co-expressed proteins 

related with membrane trafficking (Rahman, 2019). Of these is the cargo protein, CD59, which is a GPI 

anchored membrane protein. Interestingly, it has been found to be selectively exported from the ER 

by the SEC24 isoforms SEC24C and SEC24D (Bonnon et al., 2010). This study links a CREB3L2 co-

expressed cargo protein with SEC24D, a cargo selector which itself is regulated by CREB3L2.  

Another co-expressed protein with CREB3L2 and is of particular interest to us is FNDC3B. In a study 

focusing on FNDC3B as a poor prognostic marker of cervical cancer potentially via involvements with 

ER stress and the UPR, the authors report a list of the co-expressed genes with FNDC3B, which of 

noteworthy includes SEC24D (Han et al., 2020). This list contained 79 genes co-expressed positively 

with FNDC3B, 16 of which are also co-expressed with CREB3L2 in ASCs according to our analysis (Figure 

1.6). Taken together, this data may suggest a possible link between CREB3L2 regulated proteins and 

proteins co-expressed with FNDC3B. As exemplified by CD59 which is co-expressed with CREB3L2 and 

selectively exported by SEC24D (highly upregulated in ASCs), we predict that more proteins co-

expressed with CREB3L2 could be selectively trafficked by SEC24D in ASCs. Of these proteins, we pay 

special interest to FNDC3B which is a potential biomarker of ASCs with a co-expression profile that 

shares ~20% of its proteins with CREB3L2 co-expressed proteins in ASCs.  
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Figure 1.6: Positively co-expressed genes with FNDC3B (Source: Iŀƴ Ŝǘ ŀƭΦΣ нлнлύ ŀƴŘ /w9.о[нΩǎ predicted co-

expressed genes which are upregulated in ASCs (Source: (Rahman, 2019)) ς Venn Diagram Created on Canva. 

FNDC3B is an upregulated ASCs marker that is co-expressed with CREB3L2. ~20% of the co-expression profile of 

Cb5/о. ƛǎ ǎƘŀǊŜŘ ǿƛǘƘ /w9.о[нΩǎ ǇǊŜŘƛŎǘŜŘ Ŏƻ-expressed genes which are upregulated in ASCs. Gene names 

arranged in alphabetical order.  
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1.9 Aims of Thesis  

ASCs have remarkable biosynthetic and secretory capacity, and therefore present a unique model for 

studying constitutive secretion. A previous project in the lab identified a large number of genes which 

are differentially expressed when naïve B cells differentiate into ASCs using a multi species 

proteogenomic study (Rahman, 2019). As predicted, many of these proteins were involved in 

trafficking suggesting that this approach will be useful for identifying novel players which act on this 

pathway. We hypothesised that proteins which were consistently and significantly upregulated in 

ASCs likely play an important role in ASC physiology (e.g., differentiation, antibody synthesis/secretion, 

proteostasis). To investigate this, this thesis aims to:  

I. Characterise the I.29 B cell line to determine whether it is a suitable ASC model. 

II. Validate the upregulation of our identified proteins of interest in the I.29s cells. 

III. Develop a useful experimental platform in the I.29s to study the roles of our proteins of 

interest in ASCs through CRISPR/Cas9 and proximity labelling systems.  

IV. Investigate the role of SEC24D in ASCs by assessing antibody secretion and the regulation of 

differentiation markers.  

V. Explore the regulation of SEC24D by transcription factors of the OASIS family.  
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Chapter 2: Materials & Methods  

2.1 Molecular Biology  

2.1.1 sgRNA Cloning   

gRNAs against a gene of interest targeting the first exon were chosen using CHOPCHOP. The 

oligonucleotides comprising the gRNA and sticky ends compatible with a BbsI cut site were ordered 

from Sigma-Aldrich (Table 2.3).  8.5µl of each complementary oligonucleotide (100µM) were mixed 

with 2µl of ligase buffer in a 20µl reaction and annealed by heating at 95°C for 5 minutes then cooling 

down to room temperature (RT). The annealed oligos were then ligated into the gRNA expression 

plasmid overnight using 1µl of T4 ligase at 4°C. The modified gRNA expression vector (Addgene #50946, 

ŘŜǇƻǎƛǘŜŘ ōȅ 5ǊΦYƻǎǳƪŜ ¸ǳǎŀύ ǿŀǎ ƻōǘŀƛƴŜŘ ŦǊƻƳ tŀǳƭ [ŜƘƴŜǊΩǎ ƎǊƻǳǇΦ ¢ƻ ǇǊŜǇŀǊŜ ǘƘƛǎ ǾŜŎǘƻǊ ŦƻǊ 

cloning, 5µg of plasmid was cut with 1.5µl of BbsI enzyme (NEB) in a 30µl digestion reaction for 3 hours 

at 37°C.  

2.1.2 Genomic DNA Extraction, TOPO Cloning and Sequencing  

To purify genomic DNA, approximately 5x106 ŎŜƭƭǎ ǿŜǊŜ ƭȅǎŜŘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ 

(Quick-DNA isolation kit, Zymo Research, Cat #: D3024). To amplify the genomic region of interest, 

t/w ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǇǊƛƳŜǊǎ ŘŜǎƛƎƴŜŘ ǘƻ Ŧƭŀƴƪ {9/нп5Ωǎ ǘŀǊƎŜǘŜŘ ŜȄƻƴ όTable 2.2). Taq 

polymerase (Promega, Cat #: M3001) was used and the reaction is described below:  

DNA ~100ng  

5x Colorless GoTaq Flexi Buffer 10µl 

dNTPs (50mM) 0.5µl 

SEC24D Forward primer (10µM) 2.5µl 

SEC24D Reverse primer (10µM) 2.5µl 

MgCl2 (25mM) 4µl 

ddH2O To 49.75µl  

GoTaq  0.25µl  

 

Typical cycling parameters were used (35 cycles, annealing temperature at 60°C), however a 30-

ƳƛƴǳǘŜ ŜȄǘŜƴǎƛƻƴ ǎǘŜǇ ŀǘ тнϲ/ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜƴǎǳǊŜ оΩ ŀŘŜƴȅƭŀǘƛƻƴΦ млҡƭ ƻŦ ǘƘŜ t/w ǇǊƻŘǳŎǘ ǿŀǎ Ǌŀƴ 

on 1% agarose DNA gel to confirm the specificity of the amplified PCR product. The remaining product 

was purified using QIAquick PCR purification kit (Qiagen, Cat #:28104) and ligated using a TOPO cloning 

ƪƛǘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ όLƴǾƛǘǊƻƎŜƴΣ /ŀǘ #: 11533127). The ligated plasmids were 
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transformed into bacteria, purified and then sent for Sanger sequencing (Genewiz) using the M13R 

primer.  

2.1.3 Q5 Site-Directed Mutagenesis 

A mouse SEC24D expression construct was obtained from Sino Biological (MG5A4182-U). To make the 

construct resistant to Cas9 endonuclease, site directed mutagenesis was performed using the Q5 site-

directed mutagenesis kit (NEB, Cat #: E0554) (Figure 4.15) ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ 

Primers were designed using NEBaseChanger (Table 2.2). Post mutagenesis, the plasmid was 

transformed, purified, and sent for Sanger sequencing using the M13F primer.  

2.1.4 Generating Lentiviral Expression Constructs  

The lentiviral vectors pLVX-IRES-Neo (Takara Bio, Cat #: 632181) was used for the expression of the 

following genes:  

SEC24D  

CRISPR/Cas9 resistant SEC24D sequence was cloned into the PLVX-IRES-NEO vector using EcoRI and 

NotI. Post digestion, the reactions were run on a 1% agarose gel and the appropriate fragments were 

purified (Omega Bio-Tek: Cat #: D2500-01) then ligated overnight using 1µl of T4 ligase at 4°C.  

ER Membrane Tagged Ascorbate Peroxidase 2 (ERM-APEX2)   

Blunt-end cloning was performed to express ERM-APEX2 using the pLVX-IRES-Neo vector. Plasmids 

were linearised (BtsbI for the ERM APEX2 and EcoRI for the pLVX-IRES-Neo) then blunt ends generated 

using the Klenow polymerase. Blunt-ended linear DNA was then column purified (Qiagen: Cat #: 

28104). ERM-APEX2 was digested using NheI and the pLVX-IRES-Neo using SpeI. Post digestion, the 

reactions were run on a 1% agarose gel and the appropriate fragments were purified (Omega Bio-Tek: 

Cat #: D2500-01) then ligated overnight using 1µl of T4 ligase at 4°C.  

2.1.5 Transformations and Bacterial Culture  

All lentiviral plasmids were transformed into STBL3 cells, and any other type of plasmid were 

transformed into DH5alpha cells. Competent cells were thawed on ice and between 1-5µl of chilled 

DNA was added to the bacteria. The bacteria and DNA were gently mixed by taping and incubated on 

ice for 30 minutes. The bacteria were heat-shocked at 42 °C for 45 seconds and incubated on ice for 2 

minutes. 250µl of SOC media was then added to the bacteria and they were incubated at 37°C at 

220rpm for 1 hour. The bacteria were plated onto pre-warmed agar plates containing the appropriate 

antibiotic for selection (100µg/ml of ampicillin for all described plasmids in this thesis) and incubated 



30 

overnight at 37°C. Bacterial colonies were picked into 3ml of LB media containing antibiotics. For mini-

prep plasmid isolation, they were grown for 12-16 hours at 37°C (220rpm) and harvested. For maxi-

prep plasmid isolation, bacteria were initially incubated for 8 hours 37°C (220rpm). They were then 

diluted at 1:1000 in 250ml of LB media, incubated overnight at 37°C (220rpm) and harvested. 

2.1.5 Plasmid Isolation  

Plasmid DNA was isolated using GeneJet mini (Thermo Scientific, Cat #: K0502) or maxi prep (Thermo 

{ŎƛŜƴǘƛŦƛŎΣ /ŀǘ ІΥ Yлпфмύ ƪƛǘǎ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ 5b! ȅƛŜƭŘ ǿŀǎ ǘƘŜƴ ŘŜǘŜǊƳƛƴŜŘ 

using a nanodrop spectrophotometer and stored at -20°C.  

2.2 Mammalian Cell Culture  

2.2.1 Cell lines and Antibiotic Selection 

HeLa, HEK293T and MEF cells were grown in DMEM media supplemented with 10% Fetal Bovine 

Serum (FBS) and 1% Penicillin/Streptomycin (P/S). When cells reached 80-90% confluency they were 

passaged by aspirating the media, washing with PBS, and incubating at 37°C for 5 minutes with 1ml of 

trypsin. The cells were then resuspended in fresh media and routinely maintained by splitting at a 

ratio between 1:10 to 1:20 of cells to media. I.29 cells were grown in RMPI 1640 media (Gibco, Cat #: 

12004997) supplemented with 10% FBS (Gibco, Cat #: 16140071), 1% Penicillin/Streptomycin and 

рл˃a ʲ-mercaptoethanol. The cells were split every two days between 0.2-0.4x106 cells/ml 

(approximately a 1:10 dilution).  

For antibiotic selection of cells post transduction, HeLa cells were selected with 1µg/ml Puromycin, 

6µg/ml Blasticidin and 400µg/ml G418.  MEF cells were selected with 1µg/ml puromycin. I.29 cells 

were selected with 1µg/ml Puromycin, 12µg/ml Blasticidin and 1mg/ml G418. When indicated, cells 

were treated with 2µg/ml tunicamycin and 1µM MG132 for the specified times. For induction of tet-

inducible shRNAs, cells were incubated with 1µg/ml of doxycycline typically for 2 days before 

characterisation.  

2.2.2 Transient Transfection of Cells  

HeLa or HEK293T cells were seeded in 6 well, 12 well or 10cm plates depending on the scale of the 

transfection. The following transfection reagents were routinely used during this work: PEI, FuGENE 

HD (Promega, Cat #: E2311) and ViaFect (Promega, Cat #: E4981) at a 3:1 ratio of reagent to DNA. 

Transfection conditions and details used in this thesis are summarised below: 
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Table 2.1: Summary of Transfection Conditions and Purposes  

Culture 

Plate 

Culture 

Volume 

Transfection 

Reagent 

Optimem 

volume 

[DNA] Purpose of experiments 

10cm  6ml PEI  800 µl  11µg  Transfecting HEK293T cells as 

packaging cells for viral 

transductions (Figure 2.1) 

6 well  2 ml  ViaFect 200 µl  2µg   
Transfection of HeLa cells  

12-well  1 ml  ViaFect 100 µl  1µg  

 

For all transfections, media was replaced at least an hour before transfection with antibiotic free 

media. For PEI transfections, PEI was added to a tube of 400µl of OPTIMEM, and DNA was added to a 

second tube of 400µl OPTIMEM. They were incubated separately for 5 minutes, then mixed and 

incubated for 20 minutes at room temperature before being added drop wise to cells. For 

ǘǊŀƴǎŦŜŎǘƛƻƴǎ ǳǎƛƴƎ CǳƎŜƴŜ ŀƴŘ ±ƛŀCŜŎǘΣ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ǿŀǎ ŦƻƭƭƻǿŜŘ όtǊƻƳŜƎŀύΦ !ŦǘŜǊ 

transfection the cells were incubated at 37°C overnight.  

2.2.3 Viral Transduction of Cells  

To produce lentivirus, a triple transfection of HEK293T cells was performed (Figure 2.1). Cells were 

seeded in a 10cm dish at 60-70% confluency and transfected with a total of 11µg DNA using PEI. The 

next day, cells were washed, and media was replaced with the media of the cells to be transduced 

(e.g., RPMI for I.29s). The collected media was inactivated before discarding. 48 hours post changing 

media, viral-containing media was harvested and filtered through a 0.45µm syringe filter. The viral 

supernatant was then applied to the cells to be transduced (at 50% confluency) and centrifuged at 

2000rpm for 90 minutes. Post transduction, the cells were grown overnight at 37°C. The following day, 

cells were centrifuged and resuspended in fresh media. Discarded media is inactivated first. Cells were 

left in fresh media overnight and then antibiotic selection was started the next day.   
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2.2.4 LPS differentiation of I.29 cells  

To initiate differentiation in I.29 cells, 0.6x106 cells were seeded in 2ml of RPMI media containing LPS 

at 20µg/ml (Sigma, Cat #L2630) in a 6 well plate. Two days post induction, the cells were split to 

0.3x106 cells/ml while maintaining the LPS concentration at 20µg/ml.  

To measure IgM secretion, cells were collected (typically 2x106 cells) on the specified days, washed 

and resuspended in fresh media. 5 hours post incubation in fresh media, the supernatant was 

harvested by removing the cells with centrifugation at 1500rpm for 5 minutes, followed by filtering 

the supernatant using a 0.45µm syringe filter. 

2.3 Cell Biology  

2.3.1 Immunofluorescence Microscope   

HeLa or MEF cells were seeded on glass coverslips at approximately 70,000-100,000 cells per ml and 

grown overnight. To perform immunostaining on I.29 cells, cells were spun down onto coverslips pre-

coated with fibronectin (Sigma Aldrich, Cat #: F2006). To precoat the coverslips, they were incubated 

with 10µg/ml of fibronectin in media overnight at 37°C. The next day, fibronectin containing media 

was aspirated, and the coverslips were air dried in the hood for at least 45 minutes. 1x106 (for one 

well of a 24 well plate) or 2x106 I.29 cells (for one well of a 12 well plate) were collected and spun 

down onto the dried coverslips at 2000rpm for 15 minutes. 

Figure 2.1: Schematic showing steps followed for viral transduction of cells  
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Depending on the protein to be stained, cells were either fixed using 4% PFA (10 minutes at RT) or 

100% methanol for 5 minutes at -20°C (methanol had been prechilled for at least 1 hour at -20°C). If 

fixed by PFA, the reaction was quenched using 0.1M glycine (5 minutes at RT). Cells were 

permeabilized using 0.1% saponin or 0.1% triton (10 minutes), then blocked using 1% BSA for 30 

minutes. Primary antibodies were diluted in 1% BSA and incubated with the coverslips for 1 hour at 

RT. The unbound antibodies were removed by washing with 1% BSA. Cells were incubated with the 

secondary antibodies diluted in 1% BSA for one hour. The cells were then washed two times using the 

blocking solution and once using PBS. The coverslips were mounted onto glass slides using ProLong 

Gold Antifade Mounting Media (Invitrogen, Cat #: 11539306). Imaging was then performed using the 

Nikon Widefield Live-Cell system and the images processed using ImageJ. All solutions used were 

made up in PBS.  

2.3.2 Flow cytometry  

2.3.2.1 Intracellular Protein Labelling for HeLa Cells  

For the of OASIS proteins overexpression experiments, HeLa cells were harvested by trypsinization, 

washed and fixed using pre-chilled methanol (-20°C for 5 minutes). The cells were washed and 

resuspended in 0.1% Triton in PBS (10 minutes) and then blocked in 1% BSA for 30 minutes. The 

primary antibody was diluted in 1% BSA and incubated with the cells for 1 hour at RT. The cells were 

washed using 1% BSA and then resuspended with the secondary antibody diluted in 1% BSA for a 

further hour at RT. Cells were then washed twice using blocking solution and once using PBS. The 

fluorescent intensity of the cells was then measured using the BD LRSII flow cytometer. All solutions 

used were made up in PBS. Cells were spun down at 2000rpm between each step to resuspend in the 

described solutions.  

2.3.2.2 Cell Surface Staining  

For cell surface staining of MHC1 in HeLa cells, cells were harvested using the Gibco Cell Dissociation 

Buffer (Cat: 13151014) and resuspended in fresh media with the primary antibody for 1 hour on ice. 

Cells were then washed using ice cold media and resuspended in media with the secondary antibody 

for 1 hour on ice. To remove unbound antibodies, cells were washed three times using ice cold media 

and their fluorescent intensity measured using the BD FACSCalibur flow cytometer.  

2.3.2.3 Assaying GFP Expression in I.29 Cells  

I.29 cells were harvested, washed using media and resuspended in ~300µl of fresh media. 

Resuspended cells were then run on the BD FACSCalibur flow cytometer to measure GFP intensity.  
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2.3.2.4 Sample Acquisition and Data Analysis  

Live cells were manually gated using forward and side scatter and approximately 10,000 cells were 

collected. Analysis of the data acquired was performed using FlowJo software. For quantification, the 

geometric mean fluorescent intensity for the described channel and population was measured using 

FlowJo.  

2.3.2.5 Single Cell Sorting  

The population of cells to be sorted was collected in growth media, passed through a cell strainer and 

then sorted using the BD FACSMelody cell sorter into 96 well plates containing 200µl of media. The 

media used contained 20-30% of condition media which was collected from cells at sub-confluency 

and filtered through a 0.45µm filter.  

2.4 Protein Chemistry   

2.4.1 Cell lysis and Sample Preparation   

For ECL based immunoblotting, equal number of cells (typically ~2x106 of I.29s) were collected by 

centrifugation, washed in PBS, lysed in Laemmli sample buffer (BioRad, Cat #: 1610747) supplemented 

ǿƛǘƘ р҈ ʲ-mercaptoethanol and boiled for 10 minutes at 95°C. Lysates were then stored at -20°C.  

For immunoblotting which utilised secondary fluorescent antibodies, equal number of cells (typically 

~2x106 of I.29s) were collected, washed, and lysed on ice using 1ml of RIPA buffer (1% Triton, 0.1% 

SDS, 150mM NaCl and 50mM Tris Base) for 30 minutes. Lysates were then centrifuged at full speed at 

4°C and the supernatant was retained. Protein concentrations were determined using the Pierce Micro 

BCA kit (Thermo Scientific, Cat #: 23235). Laemmli buffer was added to the sample to a final 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ мȄ όǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ р҈ ʲ-mercaptoethanol) and then the samples boiled at 95°C 

for 10 minutes before storing at -20°C.  

For streptavidin pull down experiments, cells were lysed on ice for 30 minutes in 1ml of lysis buffer 

comprising 50 mM Tris-HCL at pH 8.0, 150mM NaCl, 1% Triton-X100, 0.1% SDS and 0.5% sodium 

deoxycholate. Lysates were then centrifuged at full speed at 4°C and the supernatant retained. Protein 

concentrations were determined using the Pierce Micro BCA kit (Thermo Scientific, Cat #: 23235).  
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2.4.2 SDS PAGE  

Cell lysates were separated using SDS-PAGE. Depending on the protein of interest 8%, 10% or 12% 

tris-glycine acrylamide gels were used. In general, for proteins above 100kDa, 8% gels were used and 

for proteins below 25kDa, 12% gels were used. For streptactin-HRP blots and medium sized proteins, 

10% gels were used. To separate the proteins, the lysates were run at 75V for 30 minutes then at 150V 

for 45 minutes to 1 hour in a gel running buffer (0.3% Tris base, 1.44% glycine and 0.1% SDS in H20).  

The recipe to make 2x of each gel is described below:   

Solutions 
Gels 

8%  10%  12%  Stacking  

ddH20 9.4ml 8.2ml 6.8ml 5.7ml 

Tris pH 8.8 (resolving) /6.8(stacking) 5.0ml 5.0ml 5.0ml 2.5ml 

30% Acrylamide 5.4ml 6.6ml 8.0ml 1.7ml 

10% SDS 200µl 200µl 200µl 100µl 

10% APS 100µl 100µl 100µl 50µl 

TEMED 10µl 10µl 10µl 10µl 

 

2.4.3 Immunoblotting   

Proteins separated by SDS-PAGE were transferred onto Polyvinylidene fluoride (PVDF) membrane 

(pre-activated by soaking in methanol) at 0.1 amps for 18 hours at 4°C in transfer buffer (0.6% Tris 

base, 0.3% glycine and 20% methanol). Post transfer, membranes were blocked in blocking solution 

(5% skimmed milk in PBS-T (PBS with 0.1% Tween-20)) for 1 hour at RT then probed with the primary 

antibody in fresh block solution overnight at 4°C. Membranes were washed 3 times for 5 minutes in 

PBS-T then probed with secondary antibodies in block solution for 1 hour at RT. Post 3 x 5 minutes 

washes with PBS-T, bands were visualised using Clarity ECL (Biorad, Cat #: 1705061) for secondary 

antibodies conjugated with horseradish peroxidase (HRP) and imaged using Licor C-DiGit scanner. 

When fluorescent secondary antibodies were used, the signal was visualised using the Licor Odyssey 

Sa. Quantification was performed using Image Studio Lite software.  

2.4.5 Enzyme-Linked Immunosorbent Assay (ELISA) for Measuring Secreted IgM 

ELISA plates (Corning, Cat #: 3590) were coated overnight at 4°C with 100µl of anti-mouse IgM 

antibody (Southern Biotech, Cat #: 1021-01) at 1:1000 dilution in PBS. Coated wells were then washed 

4 times using wash buffer (0.05% Tween-20 in PBS) then blocked for 1 hour at RT using 100µl of 

blocking buffer (5% BSA and 0.1% Tween-20 in PBS). The wells were washed a further 4 times before 



36 

being incubated with 50µl of the following material: the samples (diluted 1:20 with blocking solution), 

IgM standards (Invitrogen: Cat #: 39-50470-65) and negative controls (blocking buffer and media). IgM 

standards were used from 1 to 1:64 of standard to blocking buffer. The samples were incubated for 2 

hours at RT. The wells were washed 4 times, and 100µl of detection antibody (anti-mouse IgM 

conjugated to HRP at 1:2000) (Southern Biotech, Cat #: 1021-05) was added to the wells and incubated 

for 1 hour at RT. The wells were washed 4x with wash buffer and 1x with PBS, then 100µl of substrate 

solution (ThermoFisher Scientific, Cat #: 34028) was added for 20 minutes at RT in the dark. The 

Reaction was quenched using 50µl of 2M sulphuric acid. The plate was then read at 492nm using the 

FLUOstar Omega microplate reader.  

2.5 Proteomics 

2.5.1 Biotin Labelling of Proteins using TurboID 

I.29 cells were typically seeded at ~1x106 cells/ml in and incubated with 0.5mM of biotin (Sigma, Cat 

#: B4501) for 30 minutes at 37°C. Cells were washed 3x with cold PBS and the cell pellets collected for 

downstream processing.  

2.5.2 Biotin-Phenol Labelling of Proteins using APEX2  

I.29 cells were seeded at ~1x106 cells/ml in 3 wells of a 6-well plate and incubated with 2.5mM of 

biotin phenol (Sigma, Cat #: SML2135) for 2 hours and 15 minutes at 37°C. The labelling was initiated 

by adding 1mM of H2O2 for 1 minute and the reaction quenched by adding equal volume of 2x 

quenching solution (10mM Trolox, 20mM sodium azide and 20mM sodium ascorbate). The cells were 

washed 2 times using 1x quenching solution and 2 times using PBS. They were then collected by 

centrifugation for lysis and downstream processing.  

2.5.3 Streptavidin Magnetic Beads Pull Down  

50µl of streptavidin magnetic beads were washed 3 times with 0.5ml of cold lysis buffer. The cell lysate, 

whose protein content was pre-quantified using Micro BCA and normalised among samples, was 

added to the beads, and incubated overnight with end over end rotation at 4°C. The unbound protein 

was removed and retained for immunoblotting. The beads were then washed for 5 minutes with the 

following solutions with end over end rotation:  

1. 2% SDS and 50mM Tris pH7.4 in H20 (2ml per tube). 

2. 2% SDS in H20 (2ml per tube). 

3. 2M Urea and 50mM ammonium bicarbonate in H20 (2ml per tube). 

4. 50mM ammonium bicarbonate in H20 (2ml per tube).  



37 

All wash steps using the magnetic beads were performed by inserting the tubes in the magnetic rack 

holder, waiting till all the beads were collected at the bottom of the tubes then aspirating the 

solutions.  

Following the washes, the beads were finally resuspended in 100µl of 50mM ammonium bicarbonate. 

For immunoblotting, the proteins were collected by removing the ammonium bicarbonate and boiling 

the beads with sample buffer for 10 minutes at 95°C.  For mass spectrometry the beads were 

processed as outlined below. If the samples were to be used for both immunoblotting and mass 

spectrometry, 10ul of beads were aliquoted for immunoblotting and the remainder for mass 

spectrometry.  

2.6 Statistical Analysis  

Graphs and statistical analysis were performed using GraphPad Prism. Statistical comparisons used 

unpaired t-testing.  
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2.7 Materials  

2.7.1 Primer and Guide Sequences  

Table 2.2 Primers Sequences  

Primer  Sequence  

SEC24DF  GTCTTAAGCCATATTCAGGGGA 

SEC24DR  GAGATAAGTGCGTGTTTTGCTG 

M13R  CAGGAAACAGCTATGAC 

M13F  GTAAAACGACGGCCAG 

SEC24D_Q5_MutF gggcatttcccctCCTCACTACGGACACTATG 

SEC24D_Q5_MutR ataccgggttgtgaCTGAGAATAAGGGGGTGTC 
 

Table 2.3 Guide Sequences  

Target Gene  gRNA sequence  

ɰнa όIǳƳŀƴύ GGCCGAGATGTCTCGCTCCG  

VAMP3 1 CACCGCAGCGCGTCACTCACATTT 

VAMP3 2 CACCGCGCGTCACTCACATTTTGG 

VAMP3 3  CACCGTTTATACCTTTCAGGTCTAC 

SEC24D 1 CACCGCATGAGCCAACAAGGCTATG 

SEC24D 2 CACCGAGAGATACCCATTCCAGGC 

SEC24D 3  CACCGCCCCTCACTACGGACACTAT 

SEC24D 4 CACCGCCCCCTCACTACGGACACTA 

CREB3L2  CACCGCTGACAGCTCGCTCAGCTTG 

 

The guide against human ɰнa ǿŀǎ ŀƭǊŜŀŘȅ ŎƭƻƴŜŘ ƛƴǘƻ ǘƘŜ ǇY[± ǾŜŎǘƻǊ ŀƴŘ ǇǊƻǾƛŘŜŘ ōȅ tŀǳƭ [ŜƘƴŜǊΩǎ 

group. The remaining guide sequences were designed against mouse sequences. When designing the 

ƻƭƛƎƻǎΣ /!// ǿŀǎ ŀŘŘŜŘ ŀǘ ǘƘŜ рΩ ƻŦ ǘƘŜ ŦƻǊǿŀǊŘ ƻƭƛƎƻ ŀƴŘ !!!/ ǿŀǎ ŀŘŘŜŘ ŀǘ ǘƘŜ рΩ ƻŦ ǘƘŜ ǊŜǾŜǊǎŜ 

oligo so that they can ligate with the BbsI cut guide vector. If the guide sequence did not naturally 

start with a G, a G was added to promote high expression from the human U6 promoter.  

2.7.2 Enzymes  

Enzymes used for any described DNA work are from New England Biolabs (NEB) unless otherwise 

stated. 

2.7.3 Constructs  

The lentiCas9-Blast vector was a gift from Feng Zhang (Addgene plasmid #52962). The TurboID and 

the APEX2 expressing vectors were a gift from Alice Ting (Addgene plasmid #107175, #79055).  
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2.7.4 Antibodies  

Primary Antibodies  

The following antibodies were used for immunoblotting and immunofluorescence microscopy.  

Target  Host  Source 

ATF6 Rabbit  Cell Signalling Technology (CST), 65880S 

BIP Rabbit  CST, 3177 

CREB3L2 Rabbit Novus Biologicals, NBP1-88697 

CRELD2 Rabbit  Santa Cruz, SC-86110 

ERp72 Rabbit  CST, D70D12 

FLAG-tag Mouse  CST, 8146S 

FNDC3A Rabbit  Atlas Antibodies, HPA008927 

FNDC3B  Rabbit  Santa Cruz, SC-99895 

HA-tag Rabbit  Biolegend, 901502 

IRE1alpha Rabbit  CST, 3294 

IgM  Goat  Southern Biotech, 1021-05 

MHC1  Mouse BD Bioscience, 560169 

MIST1 Rabbit  CST, 14896 

NBAS Rabbit  Atlas Antibodies, HPA036817 

P62 Rabbit  CST, 5114  

P-P62 Rabbit  CST, 13121 

RRBP1 Rabbit  Atlas Antibodies, HPA009026 

SEC23A Rabbit  Kind gift from David Stephens  

SEC24D Rabbit  CST, 14687 

SEC31A Rabbit  CST, 13466 

TMEM214 Rabbit  Origene, TA360932 

TUBULIN Mouse Proteintech, 66240 

Ubiquitin  Rabbit  CST, 3933  

V5-tag Rabbit  CST, 13202S 

XBP1s Rabbit  CST, 12782 

 

Secondary Antibodies 

Immunoblotting:  Horseradish Peroxidase (HRP)-conjugated antibodies against mouse (115-035-008) 

and rabbit (111-035-008) antibody were obtained from Jackson ImmunoResearch. Streptactin-HRP 

(161-0380) was obtained from BioRad. Fluorescent secondary antibodies used are anti-rabbit AF 680 

(Invitrogen, Cat #: A21109) and anti-mouse IRDye 800CW (Licor, Cat #: 926-32212) 

Immunofluorescence Microscopy and Flow Cytometry: Alexa Fluor 488 and Alexa Fluor 594 

conjugated antibodies against rabbit (Invitrogen, Cat #: A32731, A32740). Alexa Fluor 488 and Alexa 

Fluor 594 conjugated antibodies against mouse (Invitrogen, Cat #: A32723, A32742). StrepTactin XT 

Conjugate DY-488 (IBA, Cat #: 2-1562-050)  
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Chapter 3: Characterisation of the I.29 Cell Model  

3.1 Introduction  

3.1.1 Background  

Previous work in the lab to attempt knockdown and overexpression of protein in primary cells proved 

to be problematic with inconsistent results. From detailed literature searches it became apparent that 

primary B-cells are difficult to transduce and not very well-suited for generating stable cell lines. The 

biggest potential caveat of using primary B cells for relevant tools such as CRISPR/Cas9 is the need to 

activate the B-cells to achieve high transduction efficiencies with the most common application being 

screening, not generation of stable lines (Chu et al., 2016)(Pinter et al., 2022)(Xiong et al., 2023).  

In addition to primary generated cells, B-cell lymphoma lines can be used as a differentiation model. 

A previous student from the group looked at B cell differentiation by LPS in the B cell lymphoma lines 

BCL1, WEHI 231 and I.29. His work showed that the I.29 cell model had the most efficient 

differentiation in which they increased in size and began expressing the ASC differentiation marker, 

CD138 (Simon Gilbert, Unpublished Data).  

3.1.2 I.29 Cell Model  

I.29µ+ is a monoclonal B cell lymphoma line that expresses IgM on the cell surface and differentiate 

in response to LPS to become IgM secreting cells (Alberini et al., 1987). The cell line was initially 

derived from the I.29 B cell mouse lymphoma which consisted of cells that express either membrane 

bound IgM or IgA, with a smaller proportion of cells expressing both at the surface (J Stavnezer et al., 

1982).  The IgM subline (I.29µ+) was purified from the I.29 lymphoma line by fluorescent-activating 

cell sorting and adapted for in vitro growth (Janet Stavnezer et al., 1985).  This cell line has been used 

since in many studies as a B-cell model that can differentiate into plasmablasts (Qiu & Stavnezer, 1998) 

(M. J. Shi & Stavnezer, 1998)(J Stavnezer et al., 1999) (Romijn et al., 2005) and (Ma et al., 2010). For 

ŜȄŀƳǇƭŜΣ ǘƻ ǎǘǳŘȅ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƛƳƳǳƴŜ ŘŀƳǇŜƴƛƴƎ ŜŦŦŜŎǘ ƻŦ ǘƘŜ YŀǇƻǎƛΩǎ ǎŀǊŎƻƳŀ-associated 

ƘŜǊǇŜǎǾƛǊǳǎΩ YпΦн ǇǊƻǘŜƛƴΦ  YпΦн ǿŀǎ ǎƘƻǿƴ ǘƻ ŎŀǳǎŜ ǊŜŘuction in IgM secretion in differentiated I.29 

cells potentially due to its inhibitory interaction with pERP1, a chaperone that enables efficient IgM 

folding, a discovery also made using the I.29s (Van Anken et al., 2009) (Wong et al., 2013). Notably, 

this cell line was also used in one of the first studies which suggested that activation of the Unfolded 

Protein Response (UPR) in ASCs preceded biosynthetic load (Van Anken et al., 2003)(section 1.4.2.3). 

Taken together, we decided to utilise the I.29 cell line for this project as they have been previously 

ǳǎŜŘ ǘƻ ƳƻŘŜƭ !{/ǎΩ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ŀƴŘ ŀǊŜ ŀƳŜƴŀōƭŜ ǘƻ ǾƛǊŀƭ ǘǊŀƴǎŘǳŎǘƛƻƴǎΦ  
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3.1.3 Chapter Aims:  

We have previously carried out a proteogenomic project on ASCs and identified novel differentially 

expressed genes (Rahman, 2019)(section 1.7-1.8). We hypothesised that genes that are consistently 

highly upregulated in ASCs are likely to be key factors required for ASCs physiology and/or antibody 

secretion. To directly test this hypothesis, we intend to specifically perturb proteins of interest in the 

I.29 cell model to investigate their potential functions.  

In this chapter, we aim to assess and characterise the I.29 cells as a model of B cell differentiation. We 

next aim to build the experimental platform needed to investigate the function of upregulated 

ǇǊƻǘŜƛƴǎ ƛƴ !{/ǎΩ ōƛƻƭƻƎȅΦ Ln particular we will: a) determine whether the I.29 cells appropriately 

upregulate and secrete IgM, and upregulate cellular markers known to be expressed in other models 

of B-cell differentiation by utilising our web-resource PlasmacytOMICs; b) optimise techniques to 

genetically manipulate these cells to develop approaches to deplete (shRNA) or disrupt (CRISPR/Cas9) 

protein functions, and introduce reporter systems which can be used for proximity based proteomic 

approaches (APEX and BiRA). 

3.2 Results 

3.2.1 Validation of the I.29 Cell Model  

Before setting out to study protein functions in the context of ASCs, we first aimed to validate the 

chosen cell line as a suitable model for ASC biology by inducing the differentiation of the cells and 

assessing whether they appropriately upregulate previously identified plasma cell machinery and 

secrete antibodies.  

3.2.1.1 LPS Can be Used to Induce Secretion of IgM 

Innate immune receptors are germline encoded and allow recognition of several molecules that are 

common among multiple infectious agents, commonly known as pathogen associated molecular 

patterns (PAMPs). One of the best characterised PAMPs is lipopolysaccharides (LPS), a structurally 

integral component of the outer membrane of gram-negative bacteria (Farhana & Khan, 2022). The 

main receptor of LPS in immune cells is Toll Like Receptor 4 (TL4), as initially shown by a mouse strain 

with a missense mutation in TL4 that exhibited resistance to endotoxin shock by LPS injection (Poltorak 

et al., 1998) (Hoshino et al., 1999). B cells have TL4 receptors and the use of LPS to induce 

differentiation of B-cells to ASCs in vitro is a well-established system that is commonly used (Gass et 

al., 2002(Shaffer et al., 2004).  
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To induce the I.29 cells to differentiate, the cells were seeded in a 6-well plate at a density of ~0.3x106 

cells/ml and incubated with 20µg/ml of LPS. To collect differentiated cells up to 4 days post induction, 

cells were subcultured back to the seeding density two days post induction to reduce cell death (Figure 

3.1A). Typically, standard differentiation induced by LPS of mouse B-cells result in significant cell death 

at day 3 post induction due to proteostatic stress. Subculturing the cells at day 2, enabled us to have 

~60% viable cells by day 4 post induction. To assay the levels of secreted IgM, 2x106 differentiated 

cells were collected, washed, and resuspended in fresh media. The cells were then incubated for a 

further 5 hours and the media and cells were collected for downstream immunoblotting processing. 

Following LPS induction, we observe that the cells increase in size (Figure 3.1B) and upregulate the 

expression and secretion of IgM (Figure 3.1C).  
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Figure 3.1: I.29 cells can be induced to synthesise and secrete IgM using LPS A) Diagram outlining the steps 

followed for differentiating I.29 cells. I.29 cells were seeded (0.3x106 cells/ml) in a 6 well plate and induced to 

differentiate using 20µg/ml of LPS (+). Two days post induction, the cells were sub-cultured while maintaining 

the concentration of LPS. B) Brightfield images showing I.29 cells two days post LPS induction (Nikon WideField 

System). Cells were induced to differentiate, collected on day 2 post induction, centrifuged on fibronectin coated 

coverslips and fixed with methanol. C) Immunoblots of intracellular and secreted IgM in un/differentiated I.29 

cells. 2x106 cells were washed and transferred into fresh media. Post 5 hours, cells were collected by 

centrifugation for lysis and media collected was filtered using a 0.45µm syringe filter.  

 

3.2.1.2 Expression of Transcription Factors in Response to Differentiation  

ASCs have a distinct transcriptional profile compared to their precursor B-cells (W. Shi et al., 2015) 

ŀƴŘ ǘƘŜ ŀŎǉǳƛǎƛǘƛƻƴ ƻŦ !{/ǎΩ ǎǇŜŎƛŦƛŎ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ŦŀŎǘƻǊǎ (TFs) terminates the B-cell specific 

transcriptional program. Importantly, differentiation of B-cells to either plasmablasts or plasma cells 

are driven by the same set of transcription factors (Nutt et al., 2015). Therefore, assessing the 

upregulation of some of these ASCs identity factors in differentiated I.29s can indicate their validity as 

an ASC model as these TFs modulate key pathways in ASC development. 

Following LPS induction in the I.29 cells, we assessed the levels of transcription factors known to be 

upregulated during differentiation by immunoblotting. These are XBP1, a key TF required for ER 

expansion and secretion of antibodies in ASCs (see 1.4.2.4) and has been previously shown to be 

upregulated in differentiated I.29s (Ma et al., 2010).  We also look at another mediator of the UPR, 

ATF6, and the ER stress transducer CREB3L2 (see 1.8.5). Finally, we look at MIST1, a specific marker of 

plasma cells that is induced during differentiation, which has recently been implicated in playing a 

regulatory role in ASCs through in vivo studies (Wöhner et al., 2022). Figure 3.2A shows the 

PlasmacytOMICs differential regulation of the described transcription factors. Following LPS induction 

in I.29 cells, these TFs show upregulation suggesting that the transcriptional program of the I.29s 

adopt the expected profile of ASCs (Figure 3.2B).  

3.2.1.3 Expression of Endoplasmic Reticulum Proteins in Response to Differentiation   

To determine if I.29 cells expand their ER and upregulate ER localised proteins when they differentiate, 

we used immunofluorescence microscopy and immunoblotting to analyse the expression of a 

selection of ER proteins. As predicted, proteins involved in protein folding such as BIP and ERP72 

(protein disulphide isomerase) are dramatically upregulated (Figure 3.3-3.4). BiP has previously been 

shown to be upregulated in differentiated I.29s (Van Anken et al., 2003)(Romijn et al., 2005)(Ma et al., 

2010). Immunofluorescence staining of ERP72 also suggests that most of the cytoplasmic portion of 

the cell is occupied by the ER compartment which is expected of a professional secretory cell type 

(Figure 3.3). In addition, NBAS, RBP1, TMEM214 and CRELD2 were confirmed to be upregulated in 
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differentiated I.29s as we have predicted (Rahman, 2019) (Figure 3.4B). Other ER localised proteins 

upregulated in I.29s are FNDC3B and FNDC3A, which have recently been implicated in ER proteostasis 

(Fucci et al., 2020). Finally, we confirmed the upregulation of IRE1alpha, a well characterised sensor 

of unfolded proteins which activates XBP1 (Chen & Brandizzi, 2013), and P115, a Golgi tethering factor 

whose upregulation may indicate enhanced vesicle transport to the Golgi. The PlasmacytOMICs 

profiles of these proteins are shown in Figure 3.4A and their upregulation during LPS induction in the 

I.29 model is shown in Figure 3.4B.  

 

Figure 3.2: The transcriptional profile of differentiated I.29s is similar to in vitro generated plasmablasts. To 

investigate whether I.29 cells behave in an expected manner as differentiating ASCs, we assessed the protein 

levels of transcription factor markers in un/differentiated cells. A) Fold change in mRNA and protein expression 

were plotted using the PlasmacytOMICs web resource which shows differential regulation of indicated markers 

between naïve B cells and ASCs. ATF6 and XBP1 are known mediators of the UPR which plays important roles in 

the development of ASCs. The fold changes in XBP1 in the mouse protein levels (green bars) are underestimated 

as the protein was not detected in the naïve B-cells samples and values were imputed. CREB3L2 is another 

regulator of the secretory apparatus that is consistently upregulated in ASCs. MIST1 is highly upregulated in ASCs 

which may play a regulatory role. The human gene chip used did not have a probe for this gene and the RNA-

sequencing depth for human data was lower than mouse hence the missing human microarray and RNA Seq 

data. Error bars indicate standard error of mean.  B)  Immunoblots probed for the indicated transcription factors 

using lysates of un/differentiated I.29 cells. I.29 B-cells were induced to differentiate using 20µg/ml of LPS (+) 

and collected for immunoblotting processing on the indicated days. 
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Figure 3.3: Upregulation of ER localised ERP72 in differentiated I.29 cells. I.29 cells were induced to 

differentiate using 20µg/ml of LPS. 2 days post induction, cells were collected, centrifuged on fibronectin coated 

coverslips, fixed by methanol, and processed for immunofluorescence staining of ERP72. Results show that 

undifferentiated B-cells have minimal staining of the ER localised protein which becomes dramatically 

upregulated in the differentiated cells.  



46 

 

Figure 3.4: I.29 cells upregulate a range of ER localised proteins during differentiation. To investigate whether 

I.29 cells behave in an expected manner as differentiating ASCs, we assessed the protein levels of ER localised 

markers in un/differentiated cells.  A) Fold changes in mRNA and protein expression were plotted using the 

PlasmacytOMICs web resource which shows differential regulation of indicated markers between naïve B cells 

and ASCs.  Proteins shown are ER localised (except P115 which resides in the Golgi). Plots show that FNDC3A, 

FNDC3B, NBAS, RRBP1, CRELD2, BIP, TMEM214 and P115 are upregulated in ASCs. Error bars indicate standard 

error of mean.  B) Immunoblots probed for the indicated ER markers using lysates of un/differentiated I.29 cells. 

I.29 B-cells were induced to differentiate using 20µg/ml LPS (+) and collected for immunoblotting processing on 

the indicated days.  
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3.2.1.4 Expression of SNAREs and COPII Components in Response to Differentiation  

We have previously observed an upregulation in COPII components in ASCs (Rahman, 2019)(3.5A). To 

determine whether I.29s upregulate these components in response to differentiation, we assessed 

the levels of SEC24D, SEC31A, SEC23A and SEC13 (Figure 3.5C). Differentiated I.29 cells show 

upregulation in all the mentioned components compared to undifferentiated samples, except for 

SEC13 whose levels seem to be comparable in both samples at days 3 and 4.  

SNAREs are key players in the fusion of transport vesicles with target compartments and, in 

accordance with upregulation of both COPII and trafficking components in ASCs, are expected to be 

upregulated. To determine if SNARE proteins are upregulated in ASCs, we assessed the levels of YKT6, 

SEC22B, STX5 and VAMP3. We observe a consistent upregulation in YKT6 and SEC22B according to the 

proteogenomic data (Figure 3.5B). They act as v-SNARES involved in anterograde transport of COPII 

vesicles (Daste et al., 2015). Both v-SNAREs are also involved in retrograde transport at the Golgi. The 

NRZ complex, whose components are upregulated in ASCs (Rahman, 2019), captures COPI vesicles at 

the ER via association with the ER SNARE SEC22B (Tagaya et al., 2014), while YKT6 mediates intra-Golgi 

retrograde transport (Daste et al., 2015). The upregulation of these SNAREs was confirmed in 

differentiated I.29s (Figure 3.5D). Finally, we also look at STX5, a t-SNARE which captures COPII vesicles 

at the Golgi and participates in intra-Golgi transport (Wang et al., 2017), which are both processes 

predicted to be enhanced in ASCs (Rahman, 2019), and VAMP3 which has been implicated in 

constitutive secretion (Gordon et al., 2010). These two SNAREs show less consistent upregulation 

according to the proteogenomic data (Figure 3.5B), however do seem to show an upregulation in the 

differentiated I.29 cells validating their upregulation in ASCs (Figure 3.5D). 

The data presented so far shows that the I.29 cells become bigger and upregulate and secrete IgM in 

response to LPS induction. They also appropriately upregulated markers of primary ASCs and 

components of membrane trafficking (chaperones, COPII and SNAREs), suggesting that they are 

correctly reflecting the differentiation process of primary cells in these aspects.  
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Figure 3.5: Upregulation of COPII proteins and SNAREs in differentiated I.29 cells. To investigate whether I.29 

cells behave in an expected manner as differentiating ASCs, we assessed the protein levels of COPII components 

and SNAREs in un/differentiated cells.  A) Fold changes in mRNA and protein expression were plotted using the 

PlasmacytOMICs web resource which shows differential regulation of indicated markers between naïve B cells 

and ASCs. Plots show that COPII inner coat components SEC24D and SEC23B are consistently upregulated in 

ASCs compared to their precursor naïve B-cells. Components of the outer coat, SEC31A and SEC13 also show 

upregulation albeit to a lesser extent compared to inner coat components. Error bars indicate standard error 

of mean. B) The R-SNAREs YKT6 and SEC22B show consistent upregulation in ASC types tested. STX5 also shows 

considerable upregulation importantly at the tested protein levels (green bars). VAMP3 generally shows 

inconsistent data. C) Immunoblots probed for the indicated COPII proteins and SNAREs (D) using lysates of 

un/differentiated I.29 cells. I.29 B-cells were induced to differentiate using 20µg/ml of LPS (+) and collected for 

processing on the indicated days. 
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3.2.2 Developing Tools to Genetically Manipulate I.29 Cells  

We have assessed and confirmed that differentiated I.29 cells show predicted behaviours of primary 

ASCs which suggests that they are a good model of B-cell differentiation and antibody secretion. We 

moved on next to building the experimental platform needed to assess the roles of consistently 

ǳǇǊŜƎǳƭŀǘŜŘ ǇǊƻǘŜƛƴ ƛƴ !{/ǎΩ ōƛƻƭƻƎȅΦ  

3.2.2.2 Creating an I.29 Cell Line Stably Expressing Cas9 

To study the function of genes in the I.29 cell model we decided to take a CRISPR/Cas9 based approach.  

I.29 cells have previously been shown to be amenable to viral transduction (Van Anken et al., 

2009)(Simon Gilbert, Unpublished Data), therefore they were transduced with a lentiviral construct 

encoding the Ca9 nuclease (Figure 3.6A). Two days post transduction, the cells were selected with 

blasticidin at 12µg/ml. By day 6, the non-transduced cells were dead, and the viability of the 

transduced cells was recovering indicating a successful transduction (Figure 3.6B). However, the Cas9 

protein was not detected by either immunoblotting or immunofluorescence microscopy even after 

weeks of selection (data not shown). The ability of the cells to survive Blasticidin selection suggested 

that they were expressing the Blasticidin S Deaminase (BSD). Given that the BSD and Cas9 

endonuclease genes were driven by two separate promoters, we suspected that the cells were 

silencing the promoter upstream of the Cas9 gene. A similar phenomenon was reported in embryonic 

stem cells (Xia et al., 2007). We hypothesised then that the SFFV (Spleen Focus-Forming Virus) 

promoter was being silenced in the cells, possibly via methylation (Herbst et al., 2012), and that PGK 

promoter was resisting this silencing resulting in BSD gene expression. To investigate this, I.29 cells 

were transduced with a lentiviral plasmid that expresses GFP and puromycin resistance from a PGK 

promoter (Figure 3.6C) and their fluorescence measured using flow cytometry 5 days post selection 

(Figure 3.6D). As predicted GFP fluorescence could be observed in these cells suggesting that we 

needed to obtain another viral vector that expresses both the antibiotic resistance and the Cas9 from 

the same promoter (Figure 3.7A). I.29 cells were transduced with the new vector and after one week 

of selection, the Cas9 protein expression was detected and the stable cell line expressing the 

endonuclease was generated (Figure 3.7B). This cell line was then tested for its ability to be induced 

by LPS for differentiation compared to the parental line (Figure 3.7C). No difference in upregulation 

and secretion of IgM could be detected between transduced and non-transduced cell lines, suggesting 

that Cas9 expression has no effect on the differentiation of I.29 cells.  
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Figure 3.6: Transduction of the I.29 cells.  A) Schematic of the initial lentiviral construct used for expressing 

Cas9. Expression of the Cas9 (SFFV) and the BSD (PGK) are driven by different promoters (LTR: Long-Terminal 

Repeat, WRPE: Woodchuck hepatitis virus posttranscriptional regulatory element). B) I.29 cells were transduced 

with the Cas9 construct. Two days post transduction, cells were selected using 12µg/ml of Blasticidin for at least 

10 days. Transduced cells survived and recovered post Blasticidin selection, however, did not show expression 

of the Cas9 possibly due to silencing of the SFFV promoter. C) Schematic of the lentiviral construct expressing 

eGFP and puromycin resistance from the same PGK promoter. D) I.29 cells were transduced with the eGFP 

construct. Two days post transduction, cells were selected using 1µg/ml of Puromycin. After 5 days of selection, 

cells were analysed on the BDFACsCalibur flow cytometer to assay for eGFP expression using the FL1 channel. 

Shift in signal intensities shows GFP protein expression. 
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Figure 3.7: Creating a Cas9 stable expressing I.29 cell line. A) Schematic of the lentiviral construct expressing 

FLAG-Cas9 and Blasticidin resistance from the same EFS promoter. B) I.29 cells were transduced with the new 

Cas9 construct. Two days post transduction, cells were selected using 12µg/ml of Blasticidin for at least 10 days. 

Post selection, cell lysates were processed for immunoblotting with an anti-FLAG antibody. Immunoblot results 

indicated FLAG-Cas9 expression in the transduced cell line. C) The Cas9 expressing cell line differentiates in 

response to LPS. Cells were taken out of selection for 2 days before induction for differentiation using 20µg/ml 

of LPS (+). On the specified days, 2x106 cells were pelleted for processing for immunoblotting of intracellular 

IgM. To measure IgM secretion, cells were washed and transferred into fresh media and incubated for 5 hours. 

The media was then collected by pelleting the cells, keeping the media, and filtering it using a 0.45µm syringe 

filter. 

 

3.2.2.3 Functional validation of Cas9  

In parallel to generating the Cas9 I.29 cells we also generated a Cas9 expressing HeLa cell line as it 

would allow this approach to be validated relatively easily. HeLa cells were transduced with a well 

ŎƘŀǊŀŎǘŜǊƛǎŜŘ ƎǳƛŘŜ ǿƘƛŎƘ ǘŀǊƎŜǘǎ ʲнaΣ ŀ Ŏƻmponent of MHC-1 (Figure 3.8A). This guide was 

ǇǊŜǾƛƻǳǎƭȅ ǳǎŜŘ ōȅ tŀǳƭ [ŜƘƴŜǊΩǎ ƎǊƻǳǇ ŀƴŘ ǊŜǇƻǊǘŜŘ ǘƻ ǊŜǎǳƭǘ ƛƴ Ϥфл҈ ǊŜŘǳŎǘƛƻƴ ƻŦ aI/-1. As 

predicted, a similar reduction of MHC-1 levels was achieved indicating that the Cas9 was active (Figure 

3.8B-C). To test its functionality in the I.29 system, we needed to choose another target to knock out 

as we lacked a good antibody against mouse MHC-1. Our lab is largely focused on studying membrane 

trafficking, so we have a good collection of SNARE antibodies and decided to proceed with VAMP3 as 

a target. VAMP3 is expressed at high levels in B-cells (Figure 3.5D), therefore assaying for its reduction 

would not require the induction/differentiation of the cells. CHOPCHOP was used to choose 3 guides 

against mouse VAMP3, and they were cloned into the lentiviral guide vector. Out of the three tested 

guides, only one guide resulted in a significant reduction in VAMP3 (Figure 3.9A-B). Our results 

indicated that the Cas9 is active and highlighted the importance of testing multiple guides for activity 

when targeting a protein.  
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Figure 3.8: Validating the Cas9 endonuclease functionally in HeLa cells. A) Schematic of the lentiviral construct 

encoding the gRNA.  The construct encodes a gRNA scaffold downstream the BbsI cloning site and also encodes 

puromycin resistance linked to blue fluorescent protein (BFP). Guides against the proteins of interest are 

designed to have compatible sticky ends with BbsI to allow for its cloning into the cut vector. HeLa cells 

expressing /ŀǎф ǿŜǊŜ ǘǊŀƴǎŘǳŎŜŘ ǿƛǘƘ ǘƘŜ ŎƻƴǎǘǊǳŎǘ ŜƴŎƻŘƛƴƎ ŀ Ǝwb! ŀƎŀƛƴǎǘ ʲнaΦ ¢ǿƻ Řŀȅǎ Ǉƻǎǘ ǘǊŀƴǎŘǳŎǘƛƻƴΣ 

cells were selected with 1µg/ml of Puromycin for at least 7 days.  Post selection, flow cytometry was performed 

by staining MHC-1. The Cas9 population transducŜŘ ǿƛǘƘ ǘƘŜ ƎǳƛŘŜ ŀƎŀƛƴǎǘ ʲнƳ ǎƘƻǿŜŘ Ϥфл҈ ǊŜŘǳŎǘƛƻƴ ƛƴ ǘƘŜ 

surface levels of the protein (B). C) Immunofluorescence (IF) imaging was also performed to stain for MHCI in 

ǘƘŜ ǇŀǊŜƴǘ ŎŜƭƭǎ ŀƴŘ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ ǘǊŀƴǎŘǳŎŜŘ ǿƛǘƘ ǘƘŜ ʲнƳ ƎǳƛŘŜ ǎƘƻǿƛƴƎ ŀ ƳŀǊƪŜŘ ǊŜŘǳction in MHC1 

staining.  
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Figure 3.9: Validating the Cas9 endonuclease functionally in I.29 cells. A) I.29 cells expressing Cas9 were 

transduced with three different guides against VAMP3 chosen using CHOPCHOP. 2 days post transduction, cells 

were selected using 1µg/ml of puromycin for at least 7 days. 9 days post selection, cells were collected for 

immunoblotting and probed with anti-VAMP3 antibody. The population transduced with guide 1 showed the 

greatest reduction in VAMP3 levels. B) Cells transduced with guide 1 were centrifuged on fibronectin coated 

coverslips for immunofluorescence staining with anti-VAMP3 antibody.  
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3.2.2.4 Investigating the Feasibility of Tet-Inducible shRNA System as a Backup Platform  

As a backup platform to CRISPR/Cas9 gene disruption, we decided to investigate the feasibility of using 

a tet-inducible shRNA lentiviral system to deplete the proteins of interest (Figure 3.10A). This system 

would make it possible to study the function of essential genes and without the issues of 

compensation. The described work was carried out in both the I.29 cells and Mouse Embryonic 

Fibroblasts (MEFs) with the latter used as an easier model. Both cell lines were successfully transduced 

with 3 plasmids expressing shRNAs against Syntaxin 5 (STX5). As expected, cells incubated with 

doxycycline expressed GFP (Figure 3.10B) suggesting that the shRNA was also being expressed. In the 

LΦнфǎΣ ǘƘŜ ǘǊŀƴǎŘǳŎŜŘ ŎŜƭƭǎΩ Ǿƛŀōƛƭƛǘȅ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƳǇŀŎǘŜŘ even in the absence of doxycycline 

(Figure 3.10C) making the results inconclusive. In the MEFs, the cells were tested for STX5 reduction 

using immunofluorescence microscopy (Figure 3.11). Only one population of cells showed reduced 

levels of STX5 after doxycycline incubation suggesting that this approach could potentially work. At 

that stage during the project, the CRISPR/Cas9 platform established in the I.29s already showed good 

efficacy. Therefore, we decided not to go ahead with further optimisations of the tet-inducible shRNA 

system and to proceed with the project utilising CRISPR. If we were to continue with this system, 

another set of plasmids with different shRNA targets would have needed to be tested in the I.29s. 

Doxycycline concentrations and incubation times would have also been needed to be optimised to 

potentially achieve stronger protein depletions.  
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Figure 3.10: Investigating utilisation of tet-inducible shRNA for protein studies in the I.29 cells. A) Schematic 

of the tet-inducible shRNA plasmid. Expression of the Tet-On 3G transactivator protein and puromycin resistance 

are under the control of the constitutive CMV promoter. In the presence of doxycycline, the Tet 3G promoter 

(TRE3G) is bound by the transactivator protein that is constitutively expressed, promoting the expression of the 

turboGFP (tGFP) and the shRNA in a controlled manner. (B) I.29 cells transduced with empty shRNA plasmid 

were incubated with doxycycline at 1µg/ml and were analysed for GFP expression by flow cytometry 2 days post 

incubation (C) I.29 cells transduced with tet-inducible shRNA plasmids against Syntaxin 5 were successfully 

ǎŜƭŜŎǘŜŘ ƘƻǿŜǾŜǊ ǎƘƻǊǘƭȅ ŀŦǘŜǊ ƘŀŘ ǎƛƎƴƛŦƛŎŀƴǘ Ǿƛŀōƛƭƛǘȅ ǊŜŘǳŎǘƛƻƴǎ ƳŜŀǎǳǊŜŘ ōȅ ƭƻƻƪƛƴƎ ŀǘ ǘƘŜ ŎŜƭƭǎΩ ŦƻǊǿŀǊŘ ŀƴŘ 

side scatter. 
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Figure 3.11: MEF cells were transduced with three different shRNAs against STX5 and selected with 1µg/ml of 

puromycin for at least 7 days. They were then seeded on coverslips in 12 well plates. Expression of the turboGFP 

and the shRNAs was induced by incubation with doxycycline (1µg/ml). Two days post doxycycline incubation, 

cells were assessed for STX5 expression by immunofluorescence microscopy. All three populations responded 

to doxycycline treatment by expressing GFP. Cells transduced with shRNA 1 showed reduction in STX5 staining 

in response to doxycycline.  
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3.2.2.5 Generating an I.29 Reporter Line for Studying Changes in the Proteome of the ER 

BioID is a well-recognised proximity labelling technique that is used to identify protein-protein 

interactions. It is based on fusing a protein of interest with the promiscuous E.coli protein ligase BirA 

and was first used to identify protein interactors with human lamin A protein (Roux et al., 2012). It 

was later developed to BioID2 which has better biotin sensitivity (Kim et al., 2016). These techniques 

amongst other proximity labelling methods are reviewed here (Li et al., 2017). One of the limitations 

of BioID2 is the biotin labelling time which is conventionally between 12-24 hours. Utilising yeast 

display directed evolution, TurboID was then developed which is capable of significantly faster 

proximity labelling of just 10 minutes (Branon et al., 2018) 

To study how the ER changes during B-cell differentiation post protein perturbation we decided it 

would be useful to look at the proteomic profile of the ER. One way to do this is to utilise the biotin 

ligase, Turbo-ID localised to the ER Membrane (ERM). We transduced the I.29 cells with a plasmid 

which expresses a V5-tagged Turbo-ID protein containing an ER localisation signal (amino acids 1-29 

of cytochrome P450). Post selection, the Turbo-ID expression was validated using 

immunofluorescence microscopy which showed that the construct was expressed and gave a labelling 

pattern consistent with its localisation at the ER (Figure 3.12A). Cells were then treated with biotin 

and the biotinylated proteins pulled down using magnetic streptavidin beads (Figure 3.12B). 

Streptavidin blot analysis was performed and surprisingly we detected a significant amount of 

biotinylation in the absence of added biotin. Unfortunately, RPMI media contains 0.2mg/ml biotin 

(Thermofisher website) and therefore the BiRA was constitutively biotinylating proteins. To validate 

this observation, the experiment was repeated, and the cells were stained with Streptactin DY-488 

and analysed by flow cytometry (Figure 3.12C). As expected, cells expressing the Turbo ID were 

constitutively biotinylating their proteins. This result highlights the importance of checking media 

formulation before performing these studies. To try and resolve this problem, we moved to another 

labelling technique referred to as APEX (3.2.2.6). 

We observed a large upregulation of ER proteins being biotinylated in the differentiated compared to 

undifferentiated cells (Figure 3.12B). Surprisingly, TurboID-V5 was also shown to be upregulated. As 

an exogenous protein, this was not expected. We investigated this further by looking if another 

exogenous protein (Cas9) showed a similar upregulation in response to differentiation which will be 

discussed later in section 3.2.2.7.  
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Figure 3.12: Proteins in I.29 cells expressing TurboID are constantly biotinylated. A) I.29 cells transduced with 

the TurboID construct were selected and centrifuged on fibronectin coated coverslips. The cells were fixed and 

stained with anti-V5 antibody and immunofluorescence microscopy performed. B) I.29 cells expressing TurboID 

were incubated with 0.5mM biotin for 30 minutes at 37°C. Cells were washed, lysed and the biotinylated proteins 

enriched using streptavidin beads. The input, elute and unbound samples were analysed by immunoblotting 

with streptavidin HRP. Results show biotinylation in absence of added biotin due to its presence in the RPMI 

media. Surprisingly, the V5-TurboID also showed upregulation in response to LPS. C) I.29 cells expressing Turbo-

ID were incubated with or without biotin then fixed, permeabilized and stained with streptactin DY-488. Samples 

were run on the Attune flow cytometer to measure the amount of streptactin staining. As predicted from the 

immunoblotting data, TurboID biotinylates the proteins in the absence of exogenous biotin due to its presence 

in culturing media.  
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3.2.2.6 APEX2 Labelling of the Endoplasmic Reticulum  

APEX is a 28kDa monomeric ascorbate peroxidase engineered from APX which is a class I cytosolic 

plant peroxidase (Martell et al., 2012), which was initially used in Electron Microscopy (EM). It was 

then shortly used for proteomic mapping to identify mitochondrial matrix proteins and their topology 

(Rhee et al., 2013).  Using yeast-display directed evolution, APEX2 was developed which has enhanced 

ability for proximal protein labelling and enrichment (Lam et al., 2014). To utilise APEX2 for proximal 

mapping, APEX2 is genetically targeted to the cellular organelle/protein of interest. Cells expressing 

the construct are then pre-incubated with Biotin Phenol (BP) and treated with H2O2 for 1 minute 

resulting in the oxidation of biotin phenol into short-lived biotin-phenol radicals. The radicals 

covalently biotinylate proximal proteins which allows their pull-down for enrichment with streptavidin 

beads and their analysis by mass spectrometry.  

At9·Ωǎ ǊŜƭƛŀƴŎŜ ƻƴ ōƛƻǘƛƴ-phenol and not biotin made it an excellent alternative for performing the 

proximity based biotinylation in I.29s which grow in biotin-containing media. We therefore obtained 

a plasmid encoding a V5 tagged APEX2 targeted to the cytosolic face of the ER via a localization 

sequence (amino acids 1-29 of cytochrome P450). Cells were transduced with the construct and its 

expression was validated post selection using immunofluorescence microscopy (Figure 3.13). 

Surprisingly, similarly to the TurboID construct, the levels of V5-APEX2 were dramatically upregulated 

in differentiated I.29 cells (Figure 3.13). This unexpected upregulation of exogenous proteins will be 

discussed in section 3.2.2.8.  

APEX2 is utilised by pre-incubating the cells with 0.5mM of BP for 30 minutes at 37ºC, treating the 

cells with H2O2 for 1 minute and then quenching the reaction (Lam et al., 2014) (Lee et al., 2016) (Hung 

et al., 2016). These conditions were initially followed for the I.29s, however they did not yield 

biotinylation. We note through the literature reports of poor membrane permeability of biotin phenol 

in some cells (Hwang & Espenshade, 2016)(Mannix et al., 2019)(Tan et al., 2020). To enable biotin 

phenol labelling in the I.29s, BP concentrations and incubation times were optimised (Figure 3.14A). 

Surprisingly, incubating with the suggested 0.5mM of BP up to 135 minutes still resulted in no 

apparent biotinylation. 2.5mM of BP resulted in better biotinylation at all tested time points with 

significantly higher levels at 135 minutes. We also tested 4mM and 5mM which were better than 

2.5mM in terms of biotinylation signal. The maximum solubility of biotin phenol in DMSO to make a 

stock solution is 250mM which means that a working concentration of 2.5mM results in 1% DMSO in 

solution. Therefore, we decided to look at the morphology of the cells (data not shown) and viability 

(Figure 3.14B) at each time point to check any obvious detrimental effects of DMSO for the tested 

period. Even though there was no signifiŎŀƴǘ ǊŜŘǳŎǘƛƻƴ ƛƴ ǘƘŜ ŎŜƭƭǎΩ ǾƛŀōƛƭƛǘƛŜǎ ŀǘ ŀƭƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŦƻǊ 
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the tested times, 2.5mM was used for 135 minutes moving forward to keep the DMSO concentration 

at a maximum of 1%.  

 

Figure 3.13: The APEX2 construct is upregulated in response to B cell differentiation. I.29 cells transduced with 

APEX2-V5 were induced to differentiate with 20µg/ml of LPS. Two days post inductions, cells were fixed and 

stained for immunofluorescence microscopy with an anti V5 antibody.  

 

 

 

Figure 3.14: Optimization of biotinylation in I.29 cells with biotin phenol. I.29 cells expressing APEX2 were 

incubated with biotin phenol at the described concentrations and times. At each time point, cells were treated 

with 1mM H2O2 for 1 minute and the reaction quenched. The cells were collected, washed and processed for 

immunoblotting. A) Streptactin immunoblotting show that increasing BP concentration increases efficiency of 

biotinylation. B) Trypan blue cell counting was performed using the BioRad TC20 automated cell counter at each 

tested time point.  

 

 

 

 



61 

3.2.2.7 Upregulation of Exogenous Proteins in Differentiated I.29s  

Following the transduction of TurboID and APEX2 in the I.29s, we were surprised to observe significant 

upregulation of the reporter proteins in differentiated cells. This is unexpected because the expression 

of these proteins is driven by exogenous promoters. To determine if this was a more general 

phenomena, we also looked at the expression of the Flag-Cas9 in our Cas9 expressing cell line to assess 

whether it also becomes upregulated during differentiation (day 2 post LPS treatment). We observed 

an approximate ~5-fold increase in protein level at day 2 post induction (Figure 3.15) (n1).  

 

Figure 3.15: Upregulation of Cas9 in transduced I.29 cells during differentiation. To examine whether the 

expression of the exogenous Cas9 was upregulated upon differentiation in the I.29 cells, cells were induced with 

20µg/ml of LPS (+) and collected on day 2 post induction. Collected lysates were processed for immunoblotting 

and probed with anti-FLAG antibody. A) Immunoblot results show an upregulation of the Cas9 expression in the 

differentiated cells. B) Western blot bands were quantified and normalised against tubulin showing a potential 

~5 fold at days 2 post LPS induction (n=1).   
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3.2.2.8 Are Changes in Exogenous Proteins Expression due to Changes in Transcription Factor 

Expression During I.29 Differentiation? 

We and others have shown that as B-cells differentiate there are significant changes in transcription 

factor expression (Figure 3.2)(Rahman, 2019)(W. Shi et al., 2015). We speculate that this could 

potentially lead to changes in the transcription of exogenous promoters. For example, some 

upregulated transcription factors could be binding to regulatory elements in the promoter regions. A 

transcription factor that we know is significantly upregulated in ASCs and has a defined conserved 

promoter element is CREB3L2. This TF binds to the cAMP response element which has the conserved 

ǎŜǉǳŜƴŎŜ ƻŦ рΩ-TGACGTCA-оΩ ό/ŀǊƭŜȊƻƴ Ŝǘ ŀƭΦΣ нллрύΦ .ƻǘƘ ǘƘŜ ¢ǳǊōƻL5 ŀƴŘ !t9·н ŎƻƴǎǘǊǳŎǘǎ ŀǊŜ ŘǊƛǾŜƴ 

by the CMV promoters, so as a very crude way to find out whether this hypothesis could stand, we 

ǎŜŀǊŎƘ ŦƻǊ ǘƘŜ ŎƻƴǎŜǊǾŜŘ ǊŜƎǳƭŀǘƻǊȅ ǎŜǉǳŜƴŎŜ ƛƴ ǘƘŜ ǇǊƻƳƻǘŜǊΩǎ ǊŜƎƛƻƴ όFigure 3.16A). We find that 

the sequence is matched 4 times, 3 of which are within the CMV enhancer region and 1 time within 

the CMV promoter region. These results suggest that the increased levels of CREB3L2 in differentiated 

I.29s can potentially bind to these sequences enhancing expression from the CMV promoter. If the 

binding site of a transcription factor is not readily available, JASPAR 2022 can be used to predict the 

binding sites of transcription factors (Figure 3.16B) (Castro-Mondragon et al., 2022).  

To enable further investigations of this phenomenon, we searched for a tool which can output which 

transcription factors are predicted to bind to an inputted DNA sequence, and found Ciiider (Castro-

Mondragon et al., 2022). We used this software to input the sequence of CMV, and it returned 280 

transcription factors predicted to bind sequences in the enhancer and promoter region. Exporting the 

results also importantly showed the sequence of the binding site and the number of times it is 

predicted to bind (Figure 3.17A-B). This list of transcription factors can then be inputted in 

PlasmacytOMICs to analyse whether they are upregulated/downregulated during differentiation. For 

example, MIST1, which is highly upregulated in ASCs and differentiated I.29 cells, was identified as a 

potential binding transcription factor for the CMV promoter. Taken together, the observed changes in 

reporter protein expression are likely to be driven by changes in the transcriptional profile of 

differentiated ASCs.  
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Figure 3.16: Investigating cAMP response elements in CMV enhancer and promoter regions and predicting 

/w9.о[нΩǎ binding sequence using JASPER. A) Screenshot is showing part of the CMV enhancer and promoter 

sequence from the APEX2 plasmid (Addgene #79055). To crudely assess whether CREB3L2, as an upregulated 

transcription factor in ASCs, could potentially bind the CMV region, we searched for the cAMP response element 

ǎŜǉǳŜƴŎŜ рΩ-TGACGTCA-оΩ ŀƴŘ ƴƻǘŜŘ that it was matched 4 times within the CMV region. B) In addition to well 

characterised and conserved binding sites easily available to find such as the cAMP response element, we also 

report that the JASPAR 2022 database can be used to predict potential binding sequences of transcription factors. 

The output is a position-specific sorting matrix which uses experimentally validated data of transcription factors 

binding to these sequences. The screenshot is showing the predicted nucleotide sequence binding site for 

CREB3L2.  

 

F

i

g

u

r

e 

3

.

1

7

: 

I

n

v

e

s

t

i

g

a

t

i

n

g 

c

A

M

P 

R

e

s

p

o

n



64 

 

Figure 3.17: Using CiiiDER to predict transcription factor binding sites in CMV promoter. To identify all 

transcription factors predicted to bind to the CMV region, CiiiDER software was used. A) The CMV sequence was 

inputted into the software and the output is a promoter panel showing visually the predicted binding sites of 

the transcription factors along the sequence. On the right side is the list of all predicted transcription factors. 

Hidden TFs can be dragged into the displayed window to visualize. B) Results can be exported as an excel 

worksheet. Excel sheet shows the predicted position of each TF binding site, a core match score (core region of 

most conserved 5 bases is matched against the model) and a matrix match score (full length of the transcription 

factor binding site is matched against the model). These scores must be below the selected deficit cut-off. Figure 

is only showing, as an example, the top 8 rows out of 983 rows of the excel sheet exported from the CMV region 

analysis.  
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3.3 Chapter Discussion & Summary   

The main aims of this chapter were to determine whether I.29 cells are a good model for: a) studying 

B-cell differentiation and antibody secretion and b) gene disruption studies. 

I.29 Cells Appropriately Express Genes Implicated in B-cell Differentiation and Antibody secretion  

I.29 cells have been previously used as a B-cell model that can differentiate into ASCs and showed 

expression of well-known ASCs markers such as XBP1 and BLIMP1 (Ma et al., 2010). They have proved 

a useful tool for the study of antibody secretion, class switching and CD138 expression (Qiu & 

Stavnezer, 1998)(Stavnezer et al., 1999)(Van Anken et al., 2003)(Romijn et al., 2005)(Van Anken et al., 

2009)(Ma et al., 2010a)(Wong et al., 2013). Their proteome has been profiled during differentiation 

(Van Anken et al., 2003)(Romijn et al., 2005), however the number of proteins detected was very small 

ŀƴŘ Ƴƻǎǘ ƻŦ ǘƘŜ !{/ǎΩ ƳŀǊƪŜǊǎ ǘƘŀǘ ǿŜ ƘŀǾŜ ŘŜǎŎǊƛōŜŘ ǘƘǊoughout this chapter were not identified in 

those studies.  

We have utilised what we know from the literature and the previously generated PlasmacytOMICs 

resource to directly assess the expression of proteins known to be upregulated in primary immune 

cells during I.29 differentiation (Figures 3.2-3.5). Most of the proteins that we looked at behave in a 

manner that one would expect based on the PlasmacytOMICs data confirming that I.29 cells are able 

to recapitulate many aspects of B-cell biology. In summary, we have shown that the I.29 cells express 

key ASCs transcription factors such as XBP1 which is necessary for development of antibody secretion 

and others; CREB3L2, ATF6 and MIST1. We have also shown the upregulation of biosynthetic pathway 

proteins which may be associated with functions of ASCs that include ER localised proteins, COPII 

components and SNAREs.  

We have previously hypothesised that ASCs mainly upregulate the v-SNAREs rather than the t-SNAREs 

in the early secretory pathway based on their differential regulation profile (Rahman, 2019). 

Upregulation of SEC22B and YKT6 in differentiated I.29s supports this hypothesis (Figure 3.5D). 

SEC22B shows the clearest upregulation in differentiated I.29s cells, which is interesting as it has been 

recently reported to be required for plasma cell maintenance, survival, and antibody secretion 

through more functions than just vesicular transport (Bonaud et al., 2023). This exemplifies how 

ǳǇǊŜƎǳƭŀǘŜŘ ǇǊƻǘŜƛƴǎ ƛƴ !{/ǎ ƭƛƪŜƭȅ ǊŜŦƭŜŎǘ ǘƘŜ ŎŜƭƭǎΩ ǊŜǉǳƛǊŜƳŜƴǘ ŦƻǊ ǘƘŜƳ ǘƻ ŎŀǊǊȅ ƻǳǘ ƛƳǇƻǊǘŀƴǘ 

biological processes in the differentiation process/state.  
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One limitation of the work presented is that only one biological repeat was performed for the 

immunoblotting time course experiments. To address this, we had initially planned to use mass-

spectrometry data. However, due to issues with the instrument this data has not been included here 

in the thesis. In the longer term it would be helpful to include the I.29 data in the PlasmacytOMICs 

resource so a more comprehensive comparison to primary cells can be performed.  

!ƴ ƛƴƛǘƛŀƭƭȅ ǳƴŜȄǇŜŎǘŜŘ ƻōǎŜǊǾŀǘƛƻƴ ƳŀŘŜ ŘǳǊƛƴƎ ǘƘŜ ǘƛƳŜ ŎƻǳǊǎŜ ŜȄǇŜǊƛƳŜƴǘǎ ǿŀǎ ǘƘŀǘ ǎƻƳŜ ǇǊƻǘŜƛƴǎΩ 

upregulation was not always linear. Expression of COPII components seemed to follow a linear trend, 

with the upregulation being linear until day 3 then dropping at day 4 (Figure 3.5C).  This is with the 

exception of SEC13 whose reduction was earlier at day 2, showing similar levels to undifferentiated 

cells at day 3 and 4. In addition to being a COPII component, SEC13 is also a part of the nuclear pore 

complex which enables trafficking of molecules between the nucleus and cytoplasm (Enninga et al., 

2003). The presence of SEC13 in a distinct complex other than COPII, unlike the remaining tested 

components, may potentially mask differences in its protein levels during differentiation. The 

dynamics of expression for some proteins were distinct. For example, the levels of CREB3L2 and XBP1s 

in differentiated cells seemed to rise at day 1, drop on day 2 and then peak at day 3 (Figure 3.2B). 

Even though initially unexpected, different expression kinetics of proteins during B-cell differentiation 

has been reported previously through proteomic profiling in I.29 cells (Romijn et al., 2005). Intriguingly, 

some proteins within a functionally similar group (i.e., ER-resident proteins), displayed different 

expression kinetics along the days post LPS induction. It would be interesting to confirm the dynamic 

changes in expression of the proteins examined here with further repeats, as these differences may 

reflect the fine tuning ƻŦ ǎƻƳŜ ǇǊƻǘŜƛƴǎΩ ŦǳƴŎǘƛƻƴǎ ƻǾŜǊ ǘƘŜ ǘƛƳŜ ŎƻǳǊǎŜ ƻŦ . ŎŜƭƭ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴΦ For 

example, the drop in XBP1s levels at day 2 may be reflecting the transition of the proposed two-step 

UPR model where it is initially upregulated as part of the early differentiation process and then as a 

response to accumulated immunoglobulins (see section 1.4.2.3) (Van Anken et al., 2003). Indeed, 

while studying the UPR in I.29 cells, slower dynamics of differentiation were observed compared with 

primary splenic B cells which the authors suggested as an advantage that may provide clearer 

observations of UPR activation (Ma et al., 2010).  

Challenges Faced While Genetically Manipulating the I.29 Cells  

We have faced several challenges while developing the I.29 cell model for this project including 

promoter silencing, unpredictable gene expression and issues impacting proximity based proteomic 

approaches. One of the most surprising observations which we have made during this work is the 

upregulation of exogenous proteins during differentiation.  
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5ǳǊƛƴƎ ǘƘŜ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ǇǊƻŎŜǎǎ ƻŦ LΦнф ŎŜƭƭǎ ǘƘŜǊŜ ƛǎ ŀ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ŎŜƭƭǎΩ ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ ǇǊƻŦƛƭŜ 

which is clearly impacting the expression of exogenous promoters. We have observed an upregulation 

of TurboID, APEX2 and Cas9 expression in differentiated cells (Figure 3.12B, 3.13, 3.15). Even though 

we have described in this thesis a few tools which can aid in exploring this hypothesis, this kind of 

analysis is not straightforward and outside the scope of this project. For example, to predict whether 

a promoterΩǎ ŜȄǇǊŜǎǎƛƻƴ may be enhanced during differentiation we would need to consider aspects 

such as a) the number of potential binding sites; b) the upregulation or actual expression level of the 

transcription factor in the differentiated vs the undifferentiated states; c) importantly the fact that 

these predictions do not necessary indicate that the transcription factors will actively bind these sites. 

Experimentally these observations could be confirmed by techniques such as chromatin 

immunoprecipitation and luciferase reporter assays in the specific biological context tested i.e., 

differentiated I.29 cells.  

This phenomenon presents us with two opportunities. The first is screening the effect of 

differentiation on different promoters through an easily assayable protein such as GFP by flow 

cytometry. This can provide important information to ourselves and researchers on what to expect 

when introducing exogenous proteins in B-cells during differentiation especially when the levels of 

the protein may influence a readout. For example, when using proximity labelling techniques, the 

levels of TurboID/APEX2 directly impact the amounts of labelled proteins. This would make comparing 

the labelled proteome of differentiated vs undifferentiated cell states challenging. However, it may 

potentially not be a problem when comparing just one state between different cell lines, assuming no 

significant difference in their differentiation ability (for example comparing a differentiated I.29 parent 

line versus a differentiated I.29 line where a protein of interest has been knocked out). The second 

exciting opportunity is exploiting this phenomenon to develop a tool which indicates the 

differentiation state of the cell.  For example, creating a stable cell line expressing GFP and using the 

changes of GFP expression in response to induction as a simple readout of differentiation.  

Other challenges faced during this work included potential promoter silencing which has been 

previously reported during use of viral transductions (Xia et al., 2007)(Herbst et al., 2012)(Zúñiga et 

al., 2019)(Cabrera et al., 2022). For future work it may be beneficial to screen the activity of different 

promoters in our system and have the selection marker and protein of interest expressed from the 

same promoter. More methods can be used in the design of constructs to prevent transgene silencing 

ǎǳŎƘ ŀǎ ǘŀǊƎŜǘƛƴƎ ǘƘŜ ǘǊŀƴǎƎŜƴŜ ƛƴ ƎŜƴƻƳƛŎ άǎŀŦŜ harboursέΣ ǎǳŎƘ ŀǎ the Rosa26 locus (Cabrera et al., 

2022). Later in the project we discovered that the expression of exogenous proteins is upregulated 

during differentiation. As we have assayed for FLAG-Cas9 expression of the initial plasmid in 

undifferentiated cells, it may be useful to rule out the possibility that the cell line was expressing the 
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protein at a very low level at the B-cell stage by inducing the cells to differentiate and assaying again 

for its expression.  

Summary 

We have validated the I.29 cell line as a useful model of ASCs which in response to a differentiation 

ǎǘƛƳǳƭǳǎΣ ǳǇǊŜƎǳƭŀǘŜǎ ŀƴŘ ǎŜŎǊŜǘŜǎ LƎaΣ ŜȄǇǊŜǎǎŜǎ !{/ǎΩ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ƛŘŜƴǘƛǘȅ ƳŀǊƪŜǊǎΣ ŀƴŘ ŜȄǇŀƴŘǎ 

its ER and secretory apparatus to aid antibody secretion. We have also generated and validated a Cas9 

based gene disruption platform which will be useful not only for our research, but other groups 

interested in plasma cell biology. In addition, the ER localised APEX2 expressing line could provide 

useful characterisation of the ER profile in response to protein perturbation. Finally, we have 

described a phenomenon where exogenous proteins are upregulated during differentiation of I.29s 

that needs to be considered during experimental design and provides an exciting potential 

opportunity for development of a tool to assay differentiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 



69 

Chapter 4: Perturbing and Characterising SEC24D in I.29 Cells  

4.1 Chapter Aims   

According to our previous data, SEC24D is the most highly upregulated COPII component in ASCs 

compared to precursor B cells (Rahman, 2019) (Figure 1.4), and we hypothesise that it may be playing 

an important role in the functions of ASCs. To test this hypothesis, we intend to a) use CRISPR/Cas9 to 

perturb SEC24D in I.29 cells and b) ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ {9/нп5Ωǎ ƭƻǎǎ ƻƴ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ŀƴŘ 

secretion of IgM utilising immunoblotting and ELISA.  

Additionally, SEC24D has been previously shown to be regulated by the transcription factor CREB3L2 

in hepatic stellate cells (Tomoishi et al., 2017). We aim to explore the regulation of SEC24D by CREB3L2 

by a) overexpressing OASIS transcription factor family members in HeLa cells and assessing the protein 

levels of SEC24D; b) knocking out CREB3L2 in I.29s and assessing the level of SEC24D post 

differentiation and c) investigating the protein levels of other proteins predicted to be regulated by 

CREB3L2 in the absence of SEC24D such as FNDC3B, SEC31A and SEC23A.  

4.2 Results  

4.2.1 Transduction of I.29s with guides against SEC24D  

The mRNA and protein levels of SEC24D are highly upregulated when naive B-cells differentiate into 

ASCs (Figure 1.4). Thus, to investigate its role in antibody secretion, four guides against SEC24D were 

chosen using CHOPCHOP and cloned into the guide plasmid. The four guides target the earliest 

conserved exon between all validated and predicted mouse sec24d transcripts (Figure 4.1). I.29 cells 

expressing Cas9 were then transduced with the guides and selected. Post selection, the generated 

four populations were differentiated using LPS and SEC24D levels were assayed by western blots. All 

populations showed significant levels of SEC24D, and it was unclear whether we had successfully 

disrupted the gene (data not shown). To investigate this, genomic DNA was obtained and purified 

from the parent population and the guides-transduced populations. The DNA was PCR amplified using 

primers that flanked the targeted SEC24D exon and TOPO-TA cloned for sequencing. The sequencing 

results showed that the populations did indeed have mutaǘƛƻƴǎ ƴŜŀǊ ǘƘŜ ƎǳƛŘŜǎΩ t!a ǎƛǘŜΦ IƻǿŜǾŜǊΣ 

many of the clones had the wild type sequence suggesting that the population was genotypically 

heterogeneous (Figure 4.2).  

4.2.2 Single-Cell Cloning to Screen for SEC24D  

The genomic PCR indicated that our CRISPR/Cas9 approach was resulting in successful gene editing.  

However, at a population level, no significant reduction in SEC24D was being achieved. To address this, 
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we proceeded to perform single cell cloning of the population transduced with the guide that resulted 

in the highest frequency of frameshift mutations. 11 clones were picked at random and induced to 

differentiate with 20µg/ml of LPS and SEC24D levels were screened by immunofluorescence 

microscopy (Figure 4.3). Clone 41 (C41) was chosen for further analysis as it showed a significant 

reduction in levels of SEC24D two days post LPS induction by immunofluorescence microscopy.   

 

 

 

Figure 4.1: The four guides against mouse SEC24D. Four guides against SEC24D were chosen using the web tool 

CHOPCHOP. They were chosen to target the earliest conserved exon between sec24d transcripts as predicted 

by NCBI. The guides are predicted to cut 3-4 base pairs upstream of the PAM sequences which are canonically 

рΩ-NGG-оΩΦ ¢ƘŜ ǇǊŜŘƛŎǘŜŘ Ŏǳǘ ƴǳŎƭŜƻǘƛŘŜ ƛǎ ŎƻƭƻǳǊŜŘ ƛƴ ǘƘŜ ǎŀƳŜ ŎƻƭƻǳǊ ǘƘŀǘ ǘƘŜ ƎǳƛŘŜ ǎŜǉǳence is highlighted 

with. 
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Figure 4.2: Populations transduced with guides are genotypically heterogeneous. Sequencing results from 

genomic PCR TOPO clones show that transduced and selected cell populations are heterogeneous. This example 

is showing SEC24DΩǎ ǘŀǊƎŜǘŜŘ ǊŜƎƛƻƴ ǎŜǉǳŜƴŎŜǎ ƻŦ ǘǿƻ ŎƭƻƴŜǎ ǇƛŎƪŜŘ ŦǊƻƳ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ ǘǊŀƴǎŘǳŎŜŘ ǿƛǘƘ ƎǳƛŘŜ 

4. Nucleotide circled in yellow is the predicted cut site. A) Sequence showing an unedited clone compared to 

ǘƘŜ ǇŀǊŜƴǘΩǎ ǎŜǉǳŜƴŎŜΦ B) Sequence showing a frameshift-resulting mutation of 5 nucleotide deletions compared 

to the parent sequence.  

4.2.3 SEC24D Levels are Significantly Reduced in Clone 41 up to 4 Days Post LPS Induction  

Clone 41 was induced by 20µg/ml LPS and collected at day 2 and 4 post induction to test SEC24D levels 

by IF and immunoblotting (Figure 4.4). Results show significant reduction in protein signal by both 

techniques.  

4.2.4 Genotyping Clone 41 

To investigate whether C41 is a SEC24D null, genomic PCR and sequencing from TOPO clones was 

performed. 15 colonies were picked, the plasmid isolated and prepped for sequencing. All sequencing 

results came back showing two types of edits, which would result in frameshift mutations indicating a 

potential successful creation of a knock out line (Figure 4.5). However, as the karyotype of I.29 cells is 

not known, C41 may be hypomorphic and will not be referred to as a null.  
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4.2.5 Does the Loss of SEC24D Impact IgM Secretion? 

Having confirmed that SEC24D is significantly reduced in clone C41, we proceeded to characterise the 

cell line. IgM secretion was the first aspect of ASCs biology to be looked at to determine whether 

SEC24D has an important role in IgM trafficking and/or secretion. Cells were induced by LPS for two 

days and anti-IgM ELISA performed on media collected from the cells (Figure 4.6C). In addition, the 

levels of intracellular IgM were determined by immunoblotting to determine whether disrupting the 

function of SEC24D could impact the levels of its synthesis (Figure 4.6A-B). Surprisingly, we observed 

no significant reduction in the amount of intracellular or secreted IgM suggesting that SEC24D is not 

required for its secretion, despite its upregulation in ASCs.  
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Figure 4.3: Screening clones for a SEC24D KO line:  I.29 cell population transduced with guide 2 against SEC24D 

was sorted on the Melody FACs machine to deposit single cell clones into 96 well plates. Clones were then grown 

and cultured for 2 to 3 weeks. 11 clones were then picked at random and induced by LPS to assay for SEC24D 

levels. Cells were collected at day 2 LPS induction, centrifuged on fibronectin coated coverslips, fixed by 

methanol and immunofluorescence staining was performed for SEC24D. Most clones seemed to have reduced 

levels of SEC24D compared to the parental population (not transduced with the guide). Clone 41 showed no 

clear SEC24D signal. Scale bar: 13µm  
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Figure 4.4: Clone 41 has dramatically reduced levels of SEC24D at day 4 post LPS induction. (A) Cells were 

collected at day 2 and 4 post LPS induction (+) and cell lysates were processed for immunoblotting and probed 

with anti-SEC24D antibody. Immunoblots show dramatic reduction of SEC24D for clone 41 at day 2 or 4 post 

differentiation. (B) Cells were collected at day 2 and 4 post LPS induction, centrifuged on fibronectin coated 

coverslips, fixed by methanol and immunofluorescence staining was performed for SEC24D. Results show 

induction of SEC24D in the parent line at day 2 and 4, with no clear staining observed for clone 41.  
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Figure 4.5: Genomic sequencing of C41. A) Genomic DNA sequence of the SEC24D exon targeted by the guide. 

Guide sequence is shown in the red arrow and the nucleotide predicted to be cut by the endonuclease is 

highlighted in red. (B) Sequencing results from 15 genomic PCR TOPO colonies show one of the two described 

frameshift causing edits: deletion at the predicted cut site (circled in red) and one base pair downstream it (top) 

and a mismatch mutation one base pair downstream the predicted cut site and an insertion (bottom).  

 

 

 

 

 

 

 



77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: SEC24D is not required for IgM secretion in differentiated I.29s at day 2 post induction. I.29 cells 
were differentiated using 20µg/ml of LPS (+) and collected 2 days post induction. They were washed and 
resuspended in fresh media for 5 hours to assess IgM secretion. A) Media and cells were collected post the 5 
hours and processed for immunoblotting. Lysates were probed for SEC24D and intracellular IgM, and media 
probed for secreted IgM. B) Immunoblots quantification of intracellular IgM normalised to tubulin. C) ELISA was 
performed on collected media and values were normalised against an IgM standard. Unpaired t-test performed 
on data from three biological replicates (n=3). ns; not significant. Error bar indicates standard deviation of the 
mean.  
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4.2.6 Is CREB3L2 Required for the Expression of SEC24D in I.29 Cells?  

Despite having identified SEC24D as a highly upregulated marker in ASCs, we did not observe 

significant perturbations in IgM biosynthesis and secretion in the SEC24D mutant clone (C41). Beyond 

antibody synthesis and secretion, we wondered if SEC24D has other roles in the functions of ASCs. We 

first wanted to investigate whether the knockout of CREB3L2, a transcription factor which has been 

shown to upregulate SEC24D, would impact the expression of SEC24D in I.29s. I.29 cells expressing 

the Cas9 were transduced with a guide RNA against CREB3L2. Post selection, single cell cloning was 

performed and screened using immunoblotting. Clones 36 and 38 showed the highest reduction of 

CREB3L2. These clones were induced to differentiate using LPS and collected four days post induction. 

No noticeable reductions in the levels of SEC24D were observed (Figure 4.7). We reasoned that this 

lack of effect is potentially due to redundancy with other OASIS family members expressed in I.29 cells. 

In parallel to this study, we were also investigating whether expression of other OASIS family members 

could induce the expression of SEC24D in HeLa cells.  

 

Figure 4.7: CREB3L2 mutant clones do not show reduced SEC24D protein levels. I.29 cells were differentiated 

using 20µg/ml of LPS (+) and collected 3 days post induction. Cell lysates were processed for immunoblotting 

and probed with anti-CREB3L2, SEC24D and IgM antibodies. Results showed no reduction in SEC24D protein for 

CREB3L2 mutant clones. 
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4.2.7 Validation of New CREB3L2 Antibody  

Due to the ability of OASIS family members to potentially manipulate the secretory capacity of cells, 

the lab has previously generated cDNA constructs encoding the activated cytosolic domains of 

CREB3L1, CREB3L2, CREBH and Luman with the purpose of transfection into Chinese Hamster Ovary 

(CHO) cells to assess whether they increase antibody production. For my project, we utilise these 

constructs in HeLa cells to assess whether they can drive the expression of SEC24D, which may explain 

why reduction of CREB3L2 alone in the I.29s results in no significant effect on SEC24D levels.  

To validate the CREB3L2 antibody for microscopy, we transfected the CREB3L2 construct in HeLa cells 

using ViaFect. ER stress was induced by treating the cells with 2µg/ml of tunicamycin one day post 

transfection and 16-18 hours before fixation to stabilise /w9.о[нΩǎ expression. Transfected cells 

showed nuclear staining which is the expected localization (Figure 4.8). Cells with higher expression 

levels predominantly showed nuclear expression with some staining in the cytoplasm. The tested 

antibody has previously shown bands at the right size using western blots that became enhanced in 

response to LPS induction in I.29 cells (Figures 3.2, 4.7) and has now shown expected localization of 

the activated protein in the nucleus using immunofluorescence microscopy, indicating that it is specific 

to CREB3L2. Finally, we note that cells expressing CREB3L2 may be exhibiting a larger nucleus or cell 

size compared to un-transfected cells.  
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Figure 4.8: The activated form of CREB3L2 is localised predominantly to the nucleus. HeLa cells were 

transfected with the activated form of CREB3L2 and left overnight. The next day the media was replaced with 

fresh media containing 2µg/ml of tunicamycin for 16-18 hours. The cells were fixed with methanol and stained 

with an anti-CREB3L2 antibody. Transfected cells show expression of the protein in the nucleus, with higher 

expressing cells showing some cytoplasmic expression.  
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4.2.8 CREB3L2 and Tunicamycin Treatment Increase Expression of SEC24D  

We next wanted to investigate whether CREB3L2 and tunicamycin increase the levels of SEC24D by 

immunofluorescence microscopy. HeLa cells were transfected with the CREB3L2 construct and treated 

with tunicamycin one day post-transfection and 16-18 hours before fixation. We observed that HeLa 

cells show a perinuclear staining pattern for SEC24D (Figure 4.9). When the cells are transfected with 

CREB3L2, cells show more dispersed, enlarged, and brighter SEC24D staining. We also note that 

untransfected cells treated with tunicamycin show brighter SEC24D staining compared to untreated 

ŎŜƭƭǎ ǿƘƛŎƘ ƘŀǾŜƴΩǘ ōŜŜƴ ǘǊŀƴǎŦŜŎǘŜŘΣ ƘƻǿŜǾŜǊ ǘƘŜ ǎǘŀƛƴƛƴƎ ƛǎ ǎǘƛƭƭ ŎƻƳǇŀŎǘ ŀƴŘ ƴƻǘ ŜȄǇŀƴŘŜŘ ƭƛƪŜ ƛƴ 

the transfected cells. Cells which have been transfected with CREB3L2 and treated with tunicamycin 

show brighter SEC24D staining which is more spread out than the transfected untreated cells. 

Therefore, the enlargement of the SEC24D structures seem to either depend on higher expression 

levels of SEC24D or on the expression CREB3L2, and not the ER stress caused by tunicamycin. Images 

were quantified and the data suggests a significant increase in SEC24D expression between 

untransfected and transfected cells (Figure 4.9B). However, as this data is from one biological replicate 

(n=1), further conclusions cannot be drawn. This increase is less significant with tunicamycin 

treatment where the untransfected cells already have increased SEC24D staining. The level of SEC24D 

in the transfected groups is not significant whether treated or untreated with tunicamycin suggesting 

that the level of SEC24D reached with CREB3L2 transfection is not further increased in response to 

further ER stress possibly as a regulatory mechanism in HeLa cells. Finally, as observed previously in 

Figure 4.8, the transfected cells appear larger.  
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Figure 4.9: Activated CREB3L2 and tunicamycin treatment increase SEC24D levels in HeLa cells. HeLa cells were 

transfected with active CREB3L2 using ViaFect. The next day, media was replaced with or without 2µg/ml of 

tunicamycin. 16-18 hours post treatment, cells were fixed using methanol for immunostaining using anti-HA and 

anti-SEC24D antibodies. A) HeLa cells show perinuclear like SEC24D staining while transfected cells with CREB3L2 

show more enlarged and dispersed staining. Cells treated with tunicamycin show brighter SEC24D staining in 

response to treatment. Cells transfected with CREB3L2 prior to tunicamycin treatment show more dispersed 

staining however do not show significantly more SEC24D staining compared to transfected but untreated cells. 

Scale bar: 17µm. B) Quantification (n=1) of SEC24D signal in untransfected and transfected cells using integrated 

density signals. Unpaired t-testing performed between the described groups. ns; not significant. **; p-ǾŀƭǳŜ Җ 

0.01. ****; p -ǾŀƭǳŜ Җ лΦлллмΦ Error bars indicate standard error of mean.  
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4.2.9 Investigating Regulation of Other OASIS Protein Members on SEC24D in HeLa  

We have observed that loss of CREB3L2 alone does not impact levels of SEC24D in I.29 cells and that 

overexpressing CREB3L2 in HeLa cells results in upregulation of SEC24D.  We next wanted to 

investigate whether this effect is shared by other OASIS family members which may support a 

hypothesis of possible redundancy. Cells were transfected with the activated forms of CREB3L1, CREB4 

and Luman in addition to CREB3L2. They were fixed one day post transfection for immunostaining 

with anti-HA and anti-SEC24D antibodies (Figure 4.10). As before, cells transfected with CREB3L2 

showed increased expression levels of SEC24D. A similar phenotype was also observed in cells 

overexpressing activated CREB3L1, and Luman. Cells transfected with CREB4 seemed to have the 

brightest and most enlarged SEC24D staining from the constructs tested in this experiment. To more 

easily investigate this, we developed a flow cytometry-based assay to measure the expression levels 

of SEC24D.  

4.2.10 Flow Cytometry Assay to Assess Impact on OASIS Family Members on SEC24D and Cell Size  

To quantify the impact of OASIS family members more effectively on SEC24D and cell size we 

performed intracellular staining and flow cytometry. Cells were transfected as previously described 

and fixed using methanol (Figure 4.11). Cells with CREB3L2 expression show higher SEC24D expression 

levels compared to untransfected cells (~2.6-fold increase). As previously observed, CREB4 is more 

effective at driving SEC24D expression possibly due to its greater stability (~4.2-fold increase). We 

then gated for HA-positive and HA-negative cells in the transfected population to quantify changes in 

cell size. As expected, cells expressing CREB3L2 and CREB4 appear to be larger than the non-

transfected controls (~1.1 and ~1.2-fold changes respectively). 
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Figure 4.10: Transfection of active CREB3L1/2, CREB4 and Luman in HeLa cells increases SEC24D protein levels. 

Cells were transfected with the mentioned constructs and fixed one day post transfection with methanol for 

immunostaining using anti-HA and SEC24D antibodies. Results indicate a potential upregulation of SEC24D in 

response to all transfected proteins. CREB3L2 and CREB4 seem to have the most pronounced impact on SEC24D 

levels.  
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Figure 4.11: CREB3L2 and CREB4 increase cell size and expression of SEC24D. HeLa cells were transfected with 

HA-CREB3L2 and HA-CREB4 with ViaFect. 2 days post transfection, cells were fixed with methanol and stained 

with anti-HA and SEC24D antibodies. Cells were then run on the LRSII flow cytometer and live cells were gated 

using forward and side scatter to analyse fluorescence intensities of stained cells. A) Dot plot showing SEC24D 

expression in response to the expression of activated CREB3L2 and CREB4. B) HA-positive and negative cells 

were gated in the transfected population to quantify the fluorescence signal of SEC24D, and the geometric mean 

of the forward scatter of the cells (indicating size) in the transfected and untransfected cells (C) (n=1).  

  

 

 

 

  




































































