
 

 

 

Roles of TMP21 in Alzheimer’s Disease 
by 

 

Xiaojie Zhang 

 

B. Medicine, Xiangya Medical School, Central South University, 2008 

M. Medicine, The Xiangya Second Hospital, Central South University, 2011 

 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

 

DOCTOR OF PHILOSOPHY 

in 

THE FACULTY OF GRADUATE AND POSTDOCTORAL STUDIES 

(Neuroscience) 

 

THE UNIVERSITY OF BRITISH COLUMBIA 

(Vancouver)  

 

September 2014 

 

© Xiaojie Zhang, 2014 



 

ii 

 

Abstract 
 

Deposition of amyloid β protein (Aβ) to form neuritic plaques in the brain is the unique 

pathological feature of Alzheimer’s disease (AD).  Aβ is derived from the cleavages of amyloid 

β precursor protein (APP) by β-secretase at Asp-1 site and by γ-secretase. Beta-site APP cleaving 

enzyme 1 (BACE1) is the β-secretase. It mainly cleaves APP within the Aβ region at the Glu-11 

site to generate truncated Aβ species. Twenty-one kilodalton transmembrane trafficking protein, 

TMP21 (also named TMED10, p23) is a vesicular trafficking protein and a member of p24 

family proteins. TMP21 mediates protein endoplasmic reticulum (ER)/Golgi transport and 

selectively guides the glycosylphosphatidylinositol-anchored proteins into lipid rafts. It is also 

essential for forming Golgi structural organization. Recent studies show that the downregulation 

of TMP21 increases Aβ generation by affecting APP trafficking and selectively modulating γ-

cleavage on APP. However, the precise roles of TMP21 in AD pathogenesis remain unknown. 

 

In this thesis, we reported the discovery of a novel AD-associated single nucleotide 

polymorphism (SNP) in the intron 4 of Tmp21. This SNP significantly increases TMP21 

transcript splicing efficiency in vitro, resulting in upregulation of TMP21 gene expression. 

Furthermore, we found that overexpression of TMP21 shifts APP processing from the non-

amyloidogenic to the amyloidogenic pathway by specifically increasing the BACE1 activity at 

Asp-1 site. Downregulation of TMP21 also facilitates amyloidogenic cleavage. The interaction 

between TMP21 and BACE1 is essential for BACE1’s ER export, and TMP21 enhances 

APP/BACE1 co-residency and might guide both APP and immature BACE1 in lipid rafts-like 

structures. 

 

In summary, this study defined the roles of TMP21 in AD pathogenesis. It demonstrated for the 

first time the genetic association between TMP21 and AD. The study also found that TMP21 

facilitates APP amyloidogenic processing by modulating BACE1 maturation and trafficking, 

leading to increased BACE1 cleavage at Asp-1 site to generate Aβ. Therefore, interrupting the 
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interaction between TMP21 and BACE1 to reduce Aβ production could be potential strategy to 

develop drugs for treating AD. 
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Chapter 1: General Introduction 
 

1.1 Alzheimer’s disease pathogenesis 

1.1.1 An overview of Alzheimer’s disease 

Alzheimer’s disease (AD) is the most common type of dementia. It is a syndrome that starts with 

gradual memory loss followed by impairment of thinking, behavior and ability to perform daily 

activities. As the population has been aging, the number of the AD cases has risen rapidly. 

According to the World Alzheimer Report in 2013 (ADI, 2013) and the World Health 

Organization (WHO) dementia report (Wortmann, 2012), nearly 35.6 million people worldwide 

live with dementia and that number is expected to be doubled by 2030 (65.7 million) and more 

than tripled by 2050 (from 101 to 277 million). It currently costs the world more than US$ 604 

billion per year to treat and care for people with dementia (Abbott, 2011). Among those 

dementia patients, around two-thirds are affected with AD (ADI, 2010). These facts make AD as 

a global health and social care priority, as well as a forefront of biomedical research.  

 

1.1.2 Genetic factors predisposing to Alzheimer’s disease 

AD is a complex neurological disorder that occurs as a result of interactions among multiple risk 

factors, such as aging, family history, genetic factors and environmental factors. There is very 

strong evidence that genetic factors greatly contribute to the etiology of AD. Three genes, 

encoding amyloid β precursor protein (APP), presenilin1 (PS1) and presenilin2 (PS2), are 

identified as causal genes associated with familial early-onset AD (FAD), or autosomal dominant 

AD (ADAD) (Goate, et al., 1991; Rogaev, et al., 1995; Sherrington, et al., 1995). So far, 33 

pathogenic mutations have been identified in APP gene and they have been estimated to be 

involved in up to 10% of the reported cases of FAD. 185 mutations in PS1 and 13 mutations in 

PS2 have been identified and they are estimated to account for up to 70% of FAD (see the 

complete list at http://www.molgen.ua.ac.be/ADMutations). However, FAD is less than 5% of 

all AD cases, and the majority of AD cases being sporadic. The late-onset AD (LOAD) with the 

symptoms generally begins after 65-70 years of age (Palotas & Kalman, 2006). LOAD has a 
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more complex etiology with multiple genetic and environmental risk factors acting together 

(Pedersen, Gatz, Berg, & Johansson, 2004). For years, intensive genetic analyses have focused 

on identifying susceptibility or risk genes linked to AD. However, so far, APOE4 is the only 

verified risk gene and it contributes to up to 30% LOAD cases (Chartier-Harlin, et al., 1994; 

Corder, et al., 1993), and no more APOE4-like signals have emerged. Additionally, the APOE4 

allele is neither necessary nor sufficient for all AD cases. About 50% of sporadic AD cases have 

no APOE4 alleles and many AD cases exist with no mutation in any of the known genes. 

Recently, genome-wide linkage studies suggest that the multiple genetic loci on chromosome 19, 

11, 8 and 1, associate with LOAD (Harold, et al., 2009; Hollingworth, et al., 2011; J. C. Lambert, 

et al., 2009; Naj, et al., 2011; Seshadri, et al., 2010). The identifications of these genes implicate 

the additional biological mechanisms for AD pathogenesis, such as lipid processing, the immune 

system and synaptic cell functions. 

 

1.1.3 The amyloid hypothesis of Alzheimer’s disease 

Neuritic plaques and neurofibrillary tangle (NFT) are two major pathological changes in AD 

brains. Neuritic plaque is unique to AD whereas the profound NFT is also detected in 

frontotemporal dementia with Parkinsonism (Hutton, et al., 1998). The core protein of neuritic 

plaques is amyloid β protein (Aβ) (Glenner & Wong, 1984; Masters, et al., 1985), which is 

derived from amyloid β precursor protein (APP) (Goldgaber, Lerman, McBride, Saffiotti, & 

Gajdusek, 1987; Kang, et al., 1987; Robakis, Ramakrishna, Wolfe, & Wisniewski, 1987; Tanzi, 

et al., 1987) following sequential proteolytic cleavage by β-secretase and γ-secretase (Sun, 

Bromley-Brits, & Song, 2012). The primary role of Aβ deposition in AD pathogenesis has been 

greatly bolstered by genetic studies. Most of the FAD-associated mutations in APP are at or near 

the cleavage sites and favor the proteolytic processing of APP by β- or γ-secretase (Citron, et al., 

1992; Mullan, Crawford, et al., 1992). Pathogenesis mutations in PS1 and PS2 increases Aβ 

generation by directly affecting γ-secretase cleavage (Borchelt, et al., 1996; Citron, et al., 1997; 

Scheuner, et al., 1996). APOE4, the major genetic risk factor for LOAD, contributes to 

production, clearance and aggregation of Aβ (Bu, 2009). However, the plaques formation does 
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not well correlate with the severity of cognitive decline in AD patients, and the synaptic and 

behavioral changes are documented before plaque formation in AD mice (Hsia, et al., 1999; 

Mucke, et al., 2000). Detailed investigations show that the diffusible, soluble oligomer of Aβ 

species are neurotoxic, they disrupt hippocampal LTP and impair the memory in rats (M. P. 

Lambert, et al., 1998; Selkoe, 2008; Walsh, et al., 2002). Treatments that reducing β- or γ-

cleavage of APP and Aβ generation could significantly improve the memory deficits in AD 

mice, and some of these drugs are currently being tested in clinical trials (Ly, et al., 2012; 

Martone, et al., 2009; Siemers, et al., 2006). Thus, although the precise mechanistic relationship 

of Aβ deposition and AD pathogenesis requires to be clarified, the anti-Aβ therapeutics remains 

the most promising drug target for AD treatment. 

 

1.1.4 APP amyloidogenic and non-amyloidogenic processing 

The APP gene, located on chromosome 21, encodes three major isoforms for the APP protein 

with 770, 751 and 695 amino acids by alternative splicing (Cheng, et al., 1988; de Sauvage & 

Octave, 1989; Kitaguchi, Takahashi, Tokushima, Shiojiri, & Ito, 1988). APP695, lacking an 

extracellular Kunitz Protease Inhibitor domain, is predominantly expressed in neurons (Kang, et 

al., 1987), while APP770 and APP751 are expressed in most tissues and cells (Arai, et al., 1991; 

Konig, Beyreuther, Masters, Schmitt, & Salbaum, 1989; Tanzi, et al., 1987).  

 

In the amyloidogenic pathway, APP is first cleaved by β-secretase at the amino terminal end of 

Aβ (Asp-1 site, β-site), producing a secreted form of APP (sAPPβ) and membrane-bound C99 

(CTFβ). C99 is subsequently cleaved by γ-secretase to generate Aβ and intracellular carboxyl-

terminal fragment (CTFγ). Beta-site APP cleaving enzyme 1 (BACE1) is β-secretase in vivo 

(Hussain, et al., 1999; Sinha, et al., 1999; Vassar, et al., 1999; Yan, et al., 1999). In BACE1-

knockout neurons culture (H. Cai, et al., 2001) and BACE1-knockout mice, there is no Aβ or 

C99 could be detected (Y. Luo, et al., 2001; Roberds, et al., 2001). Notably, knockout BACE1  

in AD transgenic mice reduces the Aβ production and rescues the memory deficits (Ohno, et al., 

2004). BACE1 expression is very low due to its weak promoter activity and the low efficiency of 
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translation initiation. It leads to only a minority of APP undergoes amyloidogenic processing (Y. 

Li, Zhou, Tong, He, & Song, 2006; Zhou & Song, 2006). 

 

Under physiological conditions, most of APP undergoes a non-amyloidogenic cleavage process. 

In this pathway, APP is cleaved by α-secretase at Lys-16 site within the Aβ domain to produce a 

secreted form of APP (sAPPα) and membrane-bound C83 (CTFα) (Esch, et al., 1990; Sisodia, 

Koo, Beyreuther, Unterbeck, & Price, 1990). C83 is further cleaved by γ-secretase, producing 

extracellular fragment p3 and intracellular CTFγ (Haass, et al., 1993). The activity of α-secretase 

is carried out by several members of the a distintergrin and metalloproteinase (ADAM) family, 

including ADAM9, ADAM10, and tumour necrosis factor-α convertase (TACE, also named 

ADAM17), though other proteases may also contribute to α-secretase activity (Allinson, et al., 

2004; Asai, et al., 2003; Parvathy, Karran, Turner, & Hooper, 1998; Slack, Ma, & Seah, 2001). 

Moreover, the major BCAE1 cleavage site on APP is within the Aβ region (Glu-11 site, β’-site) 

(Deng, et al., 2013) to produce C89 (CTFβ’) and truncated amyloid species (H. Cai, et al., 2001; 

Chen, et al., 2000; Creemers, et al., 2001; Vassar, et al., 1999). BACE2, which is considered to 

be a homolog of BACE1, cleaves APP at the θ-site (Phe-19 site) within the Aβ region to produce 

C80 (CTFθ), as such precludes Aβ generation (Sun, He, & Song, 2006; Sun, et al., 2005) 

(Fig.1.1). All the CTFs are further cleaved by γ-secretase complex. The components of γ-

secretase complex are Presenilin (PS)1/PS2, Nicastrin (NCT), Presenilin Enhance 2 (Pen-2) and 

Anterior Pharynx-defective 1 (Aph-1) (Bart De Strooper, 2003; Bart De Strooper, et al., 1998; 

Kimberly, et al., 2003; Sastre, et al., 2001; Takasugi, et al., 2003; Wolfe, et al., 1999). 

 

As an overall result, the majority of APP is cleaved within the Aβ domain undergoes non-

amyloidogenic processing. To be processed in amyloidogenic pathway, APP has to encounter 

BACE1 and BACE1 preferentially cleaves APP at Asp-1 site. 
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Figure 1.1 The APP non-amyloidogenic and amyloidogenic processing. 

APP can be cleaved in two pathways: non-amyloidogenic pathway (Upper, green) or amyloidogenic pathway (Low, 

red). Under physiological conditions, the majority of APP is cleaved within the Aβ domain by α-secretase to 

produce sAPPα and membrane-bound C83. C83 can be further cleaved by γ-secretase, producing extracellular 

fragment p3 and intracellular CTFγ. APP also can be cleaved at the β’ site by BACE1 or at the θ site by BACE2 

within the Aβ domain to produce truncated Aβ species. In the amyloidogenic pathway, APP is first cleaved by β-

secretase to produce sAPPβ and membrane-bound C99. Cleavage of C99 by γ-secretase yields intact Aβ and 

intracellular CTFγ. γ-secretase cleaves APP at multiple sites close to the inner membrane leaflet to produce variants 

of Aβ peptide with different length. The 40 amino acid Aβ peptide, Aβ40, as the γ-cleavage site indicated in the 

figure, is the most abundant Aβ species. Insoluble Aβ deposits and aggregates to form the core of neuritic plaque in 

the brains, the pathological hallmark of AD (Slightly modified figure that originally published (X. Zhang & Song, 

2013). 
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1.2 APP and BACE1 trafficking in pathogenesis of Alzheimer’s disease  

1.2.1 The intracellular localization of APP and BACE1. 

The nascent APP molecule matures through the constitutive secretory pathway from the 

endoplasmic reticulum (ER) to Golgi complex and then plasma membrane (PM). The majority of 

APP localizes in the Golgi complex (Caporaso, et al., 1994). Only a small proportion of APP can 

be detected at the cell-surface and over 50% is internalized within 10 minutes (Koo, Squazzo, 

Selkoe, & Koo, 1996; Perez, et al., 1999) and sorted into early endosomes (Haass, Koo, Mellon, 

Hung, & Selkoe, 1992; Koo & Squazzo, 1994; Lai, Sisodia, & Trowbridge, 1995), where some 

of APP is recycled back to the PM and others are sorted to the lysosome for degradation 

(Nordstedt, Caporaso, Thyberg, Gandy, & Greengard, 1993; Yamazaki, Koo, & Selkoe, 1996). 

The newly synthesized BACE1 also follows the classic transmembrane protein synthesis and 

trafficking pathway. It is transported from ER to Golgi, undergoes N-glycosylation and O-

glycosylation and pro-peptide removal and finally maturing in the late Golgi or trans-Golgi 

network (TGN). As such, the BACE1 molecular mass increases from the immature form in the 

ER (~66KDa) to the fully glycosylated form (~75KDa) (Benjannet, et al., 2001; Capell, et al., 

2000; Creemers, et al., 2001; Huse, Pijak, Leslie, Lee, & Doms, 2000). BACE1 transport from 

the ER occurs rapidly and efficiently, a minority immature BACE1 could be detected while the 

fully matured BACE1 is a highly stable protein with a half-life of ~16 hours (Huse, et al., 2000). 

BACE1 is internalized from the cell surface via its C-terminal dileucine motif (Huse, et al., 2000; 

Pastorino, Ikin, Nairn, Pursnani, & Buxbaum, 2002) and predominantly localized to the TGN 

and endosomes (Huse, et al., 2000; Vassar, et al., 1999). These acidic endosomal compartments 

provide a low pH environment, which is more favorable for BACE1 activity (Hook, et al., 2002). 

α-secretase is particularly enriched at the cell surface where it competes with BACE1 for APP 

processing (Parvathy, Hussain, Karran, Turner, & Hooper, 1999).  

 

1.2.2 Subcellular localizations for Aβ generation. 

Based on the distinct subcellular localizations of the BACE1 and α-secretase, it is likely that the 

majority of cell surface APP is processed through the non-amyloidogenic pathway, whereas 
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intracellular APP processing would predominantly undergo the amyloidogenic pathway (Haass, 

et al., 1992; Koo & Squazzo, 1994). However, the active γ-secretase is suggested to broadly exist 

among the ER, Golgi, TGN, endosome, lysosome and cell surface (Bart De Strooper, 2003; Kim, 

Yin, Li, & Sisodia, 2004). Subcellular location for Aβ generation has been extensively studied. 

Multiple lines of evidence have demonstrated that Aβ is mainly produced in the 

endosomal/lysosome system. Impairing APP trafficking to the cell surface or enhancing APP 

internalization increases BACE1-mediated processing (Cataldo, Barnett, Pieroni, & Nixon, 1997; 

Haass, et al., 1992), while enhancing APP routing to, or reducing its internalization from the cell 

surface facilitates its α-secretase-mediated processing (Haass, Koo, Capell, Teplow, & Selkoe, 

1995). APP is internalized to early endosomes via clathrin-coated vesicles; the endocytosis motif 

(YENPTY), located at the carboxyl terminus of APP, is responsible for its efficient 

internalization (Lai, et al., 1995). Deletion or mutation of this motif leads to the endocytosis-

deficient APP and significantly reduces Aβ production (Perez, et al., 1999; Selkoe, et al., 1996). 

Consistently, abnormalities in the endocytotic pathway are evident in the early stage of sporadic 

AD brains, Down syndrome patients’ brains and AD animal models, and the abnormal 

endocytotic pathway might contribute to AD pathogenesis by altering the trafficking of APP and 

BACE1. The Swedish double mutant (KM/NL) APP produced significantly more Aβ than wild 

type APP (X. D. Cai, Golde, & Younkin, 1993; Citron, et al., 1992; Mullan, Crawford, et al., 

1992; Scheuner, et al., 1996); however, abolishing the endocytotic process of Swedish APP by 

removing its endocytotic motif still resulted in substantially more Aβ than with normal APP. 

This result indicates that β-cleavage on Swedish APP does not require an intact cytoplasmic 

domain and Aβ can be also produced in Golgi during its biosynthetic transport (Haass, Lemere, 

et al., 1995). What’s more, inhibition of protein transport from ER to Golgi and redistributing 

Golgi proteins into ER by brefeldin A (BFA) treatment, or retention of APP in the ER with ER-

retrieval signal, significantly reduced but not abolished intracellular Aβ production over 24 hours 

(A. S. Chyung, Greenberg, Cook, Doms, & Lee, 1997; Cook, et al., 1997). Additionally, by 

retaining C99 in the ER with KKQN motif or co-expression with dominant-negative mutant of 

the rab1B GTPas to prevent the C99 from exiting ER, Aβ production is almost eliminated. In 
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contrast, when C99 is allowed to leave ER or targeted into Golgi and other digital compartments 

with QLQN motif, it normally gives a rise to substantial amounts of Aβ (Maltese, et al., 2001). 

The intracellular Aβ production from C99-KK can be partially restored by addition of brefeldin 

A (Cupers, et al., 2001). Likewise, C99-GFP accumulates in the early endosome after inhibition 

of γ-secretase activity (Kaether, Schmitt, Willem, & Haass, 2006). Furthermore, inhibiting the 

excytosis of constitutively secretory vesicles, rather than inhibiting the clathrin-mediated 

endocytosis, causes the accumulation of C99-GFP in numerous small vesicles beneath PM 

(Cirrito, et al., 2008; Kaether, et al., 2006). These data suggest that Aβ production depends on 

the APP encounters both or sequentially β-secreatse and active γ-secretase. So far, it is reported 

that Aβ could generate in multiple subcellular organelles, including ER/ER-Golgi intermediate 

compartment, the Golgi during its biosynthetic transport pathway and endosome/lysosome after 

endocytosis from plasma membrane (Fig 1.2.).  
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Figure 1.2 APP trafficking. 

APP matures through the constitutive secretory pathway from the ER to the plasma membrane (PM). The majority 

of APP is then quickly internalized into early endosomes, where APP is recycled back to the PM or targeted to the 

lysosomal degradation pathway. Non-amyloidogenic processing (green) mainly occurs at the cell surface where α-

secretase is particularly enriched. Amyloidogenic processing (red) involves APP trafficking through the secretory 

and recycling pathways where APP interacts with BACE1 and γ-secretases. Aβ is mainly generated in the 

subcellular compartments where the active γ-secretase complex exists (X. Zhang & Song, 2013). 
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1.2.3 Co-residency of APP and BACE1 increases Aβ production 

BACE1 acts as a switch for APP amyloidogenic processing and it cleaves APP to generate C99, 

which is the direct precursor for Aβ production. The close proximity and interaction between 

APP and BACE1 is the prerequisite for Aβ production. However, in control samples from 

cultured hippocampus primary neurons, mice and human hippocampus region, the APP and 

BACE1 rarely associate in the same membrane environment (Jose Abad-Rodriguez, et al., 2004; 

Sakurai, et al., 2008). It has also been reported that APP and BACE1 do not co-localize at the 

plasma membrane where APP is generally cleaved by α-secretase (Haass, et al., 1992; Sisodia, 

1992). Moreover, along the transportation from TGN to plasma membrane, and then 

internalization into the endosomal-lysome system, APP and BACE1 are distinctly regulated. The 

internalization of APP occurs via recruitment of the adaptor-protein complex AP-2 and Dab2 for 

clathrin-mediated endocytosis (J. Lee, et al., 2008; Nordstedt, et al., 1993). It has been reported 

that AP-4 also involves in the sorting and outward transport of APP from TGN to PM (Burgos, et 

al., 2010; King & Scott Turner, 2004). In contrast to APP, BACE1 is internalized and sorted into 

rab GTPase 5-positive early endosome via a route controlled by ADP-ribosylation factor-6 

(ARF6) (Sannerud, et al., 2011). The short acidic cluster-dileucine motif (DISLL) in the 

cytosolicdomain of BACE1 specifically binds to the Golgi-localized γ-ear-containing ARF-

binding proteins (GGAs), which mediate the recycling of BACE1 between TGN and early 

endosome (He, Chang, Koelsch, & Tang, 2002; He, Li, Chang, & Tang, 2005; He, et al., 2003; 

Shiba, et al., 2004; von Arnim, et al., 2004; Wahle, et al., 2005). An elegant study further proves 

that APP and BACE1 is not co-residency (Sakurai, et al., 2008). Mint/X11 proteins bind to 

munc18/syntaxin complex and contribute to synaptic vesicle transport of APP from TGN 

(Shrivastava-Ranjan, et al., 2008). However, BACE1 is absent from these APP-X11/munc18-

syntaxin vesicles (Sakurai, et al., 2008). (Fig 1.3.). 
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Figure 1.3 Distinctly regulated APP and BACE1 trafficking. 

APP and BACE1 trafficking is differentially regulated from the site of TGN exit, internalization and further sorting 

into different compartments. The internalization of APP through recruitment of the adaptor-protein complex AP-2 

and Dab2 for clathrin-mediated endocytosis;Mint/X11-munc18/syntaxin complex and AP-4 involve in the outward 

transport of APP from TGN to PM. The recycling of BACE1 from endosome is mediated by Golgi-localized γ-ear-

containing ARF-binding proteins (GGAs). ARF6 mediates sorting of newly internalized BACE1 into rab5-positive 

early endosome and GGA3 could modulate BACE1 turnover and stability while sorting it into lysosome (X. Zhang 

& Song, 2013).  
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Studies in AD patients and transgenic mice model consistently show that higher APP and 

BACE1 co-localization could be detected in the hippocampus region (Jose Abad-Rodriguez, et 

al., 2004) where Aβ mainly deposits. In cells models, facilitating the co-residency and/or the 

interaction between APP and BACE1 leads to increased BACE1 cleavage of APP through a 

regulated transport mechanism (A. Kinoshita, et al., 2003; Yan, Han, Miao, Greengard, & Xu, 

2001). When both APP and BACE1 are sorted into a rab GTPase 5-positive early endosome by 

endocytosis induction (Rajendran, et al., 2006; Sannerud, et al., 2011), the production of sAPPβ 

and Aβ are increased (Golde, Estus, Younkin, Selkoe, & Younkin, 1992; Haass, et al., 1992). 

The residence time of APP and/or BACE in early endosomes is essential for BACE1 cleavage. It 

is known that rab4 regulates sorting and cycling of early endosomes (van der Sluijs, et al., 1992). 

Stimulation of the recycling of cargo from the early endosome back to the PM decreases Aβ 

secretion (Rajendran, et al., 2006). Additionally, phosphorylation of munc18 facilitates APP-

BACE1 interaction and shifts APP to the BACE1-associated vesicles, resulting in increased 

cleavage of APP by BACE1 and Aβ production (Sakurai, et al., 2008). Thus, enhancing the 

interaction between APP and BACE1, and/or increasing the co-residency of APP and BACE1 

could facilitate the cleavage of APP by BACE1 and Aβ production.  

 

1.2.4 BACE1 cleaves APP at two sites 

BACE1 can cleave APP at two different sites to produce a 99 or 89-residue membrane-

associated CTF (C99, or C89 respectively). β-cleavage at the site between Met596 and Asp597 

of APP (Asp-1 cleavage site, or β site) (Lin, et al., 2000; Sinha, et al., 1999; Vassar, et al., 1999; 

Yan, et al., 1999) results in the release of C99 and then Aβ. In addition to Asp-1 site, BACE1 

can also cleave APP within the Aβ domain between Tyr606 and Glu607 (Glu-11 cleavage site, or 

β’ site), releasing C89 and then N-terminally truncated Aβ (H. Cai, et al., 2001; Creemers, et al., 

2001; Huse, et al., 2002; Vassar, et al., 1999). Under physiological condition, the Glu-11 

cleavage site is the major β-cleavage site (Deng, et al., 2013). Both truncated Aβ and p3 can be 

found in cerebrospinal fluid and media conditioned by cultured cells (Creemers, et al., 2001; 

Gouras, et al., 1998; Schenk, 1992; Seubert, et al., 1992; Vassar, et al., 1999).   
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Preferential cleavage of APP by BACE1 at Asp-1 or Glu-11 site is strongly dependent on the 

APP sequence close to β-cleavage sites (Deng, et al., 2013) and BACE1 subcellular localization 

(Cordy, Hussain, Dingwall, Hooper, & Turner, 2003; Huse, et al., 2002; Vetrivel, et al., 2011). It 

is not simply due to the organelle’s pH, oligosaccharide modification, or the amount of APP 

substrate. When BACE1 being tagged by an ER retrieval motif on its cytoplasmic tail, most of 

BACE1 is retained in the ER and expressed as the immature form, it predominately cleaves APP 

at Asp-1 site (Huse, et al., 2002; Vetrivel, et al., 2011). Replacing the BACE1 cytoplasmic tail 

with the intracellular domain of murine furin effectively causes BACE1 to be retained in the 

TGN, resulting in preferential generation of C89 rather than C99. Wild type BACE1 primarily 

exists in TGN and endosomal system, where more C89 than C99 is generated (Huse, et al., 

2002). Guiding BACE1 to lipid rafts via addition of glycophosphatidylinositol (GPI) anchor 

results in the preferential cleavage of APP at Asp-1 site and secretion of more Aβ, and lack of 

cleavage at Glu-11 site (Cordy, et al., 2003; Vetrivel, et al., 2011). This shift of the β-cleavage 

sites is independent of the subcellular localization of APP or the pathogenic KM/NL mutation 

(Vetrivel, et al., 2011). Furthermore, C99 can be cleaved by BACE1 on its Glu-11 site to 

produce C89 (Creemers, et al., 2001; K. Liu, Doms, & Lee, 2002). However, when the APP-C99 

fragment is targeted to the ER by KK motif, less C89 is processed compared to the wild type 

APP-C99 fragment (Cupers, et al., 2001). This data demonstrates that the C99 and C89 are 

processed in distinct subcellular organelles. C99 is more likely to be produced in the ER by 

immature BACE1 whereas C89 is predominantly processed in downstream apparatus of ER, the 

TGN and lysosome system.  

 

1.2.5 Lipid rafts---platform for APP amyloidogenic processing 

Lipid raft is a highly dynamic membrane structure, with a small size of 10 to 200nm. It enriches 

cholesterol and sphingolipids, and forms stable and ordered platforms by protein-protein and 

protein-lipid interaction (Pike, 2006). It could promote the interaction of APP with BACE1 and 

γ-secretase complex, thus facilitating the amyloidogenic cleavage of APP and contributing to Aβ 
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production. It has been reported that BACE1, but not α-secretase, interacts with GPI-anchored 

proteins in lipid rafts (Sakurai, et al., 2008; Tun, Marlow, Pinnix, Kinsey, & Sambamurti, 2002). 

Addition of a GPI-anchor targets BACE1 into lipid raft, preferentially increasing β-site cleavage 

on APP and Aβ production (Cordy, et al., 2003; Vetrivel, et al., 2011) while targeting ADAM10 

to lipid rafts competes with β-cleavage and reduces amyloidogenic APP processing (Harris, 

Pereira, & Parkin, 2009). Evidence also appears to support that the dynamic interaction of APP 

with lipid raft is critically important for APP processing. Antibody-induced co-patching of cell 

surface APP and BACE1 segregates them away from non-raft marker and dramatically increases 

Aβ generation, suggesting that APP is cleaved by BACE1 when it is inside raft clusters and 

cleaved by α-secretase when it is outside rafts (Ehehalt, Keller, Haass, Thiele, & Simons, 2003). 

These pieces of evidence consistently point out the important role of lipid rafts in facilitating β-

cleavage of APP. Recently, a sterol-linked BACE1 transit-state inhibitor shows more effective 

inhibition in β-cleavage and Aβ production than free inhibitors (Rajendran, et al., 2008). This is 

not only because this inhibitor is internalized into endosome, where the β-cleavage occurred, but 

also because it is enriched in lipid rafts where the interaction between the inhibitors and BACE1 

is enhanced. Moreover, all four γ-secretase complex components associate with lipid rafts 

(Vetrivel, et al., 2004). Removing the GPI proteins significantly reduces the level of Aβ 

(Sambamurti, et al., 1999). It is also shown that the PS1, PS2 and the active γ-secretase complex 

are located predominantly in a specialized sub-compartment called ER-MAM. ER-MAM is the 

extended ER compartment that is physically and biochemically connected to mitochondria 

(Estela Area-Gomez, et al., 2009), and it is an intracellular lipid raft-like structure intimately 

involved in cholesterol and phospholipid lipid metabolism, in Ca2+ homeostasis, and in 

mitochondrial function and dynamics (E. Area-Gomez, et al.). Additionally, it is reported that γ-

secretase and APP CTFs, rather than CTFs derived from Notch, Jagged2, and N-cadherin, are co-

reside in lipid rafts. It limits the processing of other γ-secretase substrate (Vetrivel, et al., 2005). 

This spatial segregation indicates that γ-secretase might specifically cleave APP in lipid rafts. 

Thus, lipid raft provide a specific platform for APP-BACE1 interaction and Aβ generation, as 

well as clustering the active γ-secretase complex, leading to the significantly enhanced APP 
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amyloidogenic process, while outside the rafts, APP accesses α-secretase and undergoes non-

amyloidogenic pathway.  

 

Cholesterol depletion such as statins is used as a therapeutic approach to lower Aβ production. 

However, concerns arise when there are contradictory results showed in clinic studies. Wolozin 

et al report that statins reduced the prevalence of AD (Wolozin, Kellman, Ruosseau, Celesia, & 

Siegel, 2000). Tokuda et al. report that the Aβ level in plasma is not reduced in those statins-

taking patients (Tokuda, et al., 2001). Further, the statins increased sAPPβ, Aβ and plaques in 

female AD mice model (Park, et al., 2003). Moderate reduction of membrane cholesterol in AD 

patients and transgenic mice increases Aβ production, and this elevated production is associated 

with higher levels of BACE1-APP co-localization in hippocampus membrane (J. Abad-

Rodriguez, et al., 2004). Additionally, cholesterol depletion affects Golgi morphology and apical 

membrane trafficking (Hansen, Niels-Christiansen, Thorsen, Immerdal, & Danielsen, 2000). 

Taken together, rather than reduction of membrane cholesterol level, disassociation of APP or 

BACE1 from lipid rafts might be better approaches for lowering Aβ generation.   

 

In summary, APP and BACE1 trafficking are critical for APP processing. Enhancing their 

interaction and/or increasing their chance of co-residence in the same compartment or in close 

proximity to each other facilitates β-cleavage of APP. BACE1 cleaves APP at two different sites, 

the β-site or β’-site, to produce C99 or C89, respectively, and the regulation of β-cleavage site 

selectively depends on the subcellular localization of BACE1. Retaining BACE1 in the ER or 

guiding it into lipid raft results in the preferential cleavage of APP at β-site to generate C99. 

However, C99 has to be further transferred into places with a mature and active γ-secretase 

complex and then be cleaved by γ-secretase to generate Aβ. The trafficking of APP and its 

processing enzymes, especially BACE1, plays an important role in APP processing and Aβ 

production. Understanding how APP and these enzymes are trafficked through their secretory 

pathways and how the substrates encounter these enzymes with preferential activities in distinct 

locations will provide important insights into the development of therapeutical drugs in future. 
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Valid strategies could be to prevent the Aβ production by altering the trafficking of APP and 

BACE1, or to use small molecules to block the accessibility and interaction between substrates 

and enzymes. 

 

1.3 Transmembrane emp24 domain-containing protein (TMED) /P24 family proteins 

P24 family proteins are small integral membrane proteins around 22-24KD. The p24 proteins 

play important but yet to be demonstrated roles in the early secretory transport pathway in fungi, 

plants and animals (G Emery, Gruenberg, & Rojo, 1999; Langhans, et al., 2008; Stamnes, et al., 

1995). In agreement with their role in trafficking, p24 proteins are highly abundant in the 

interface between ER and Golgi (Belden & Barlowe, 1996; Blum, et al., 1999; Dominguez, 

Dejgaard, Fullekrug, et al., 1998; Rojo, et al., 1997b). The p24 family consists of four 

subfamilies (α, β, γ, and δ), whereby the exact composition varies among species. In mammals, 

ten p24 family proteins are identified while 6 of them are well studied: p23 (also named TMP21, 

TMED10, p24δ1), p24 (also named p24a, TMED2, p24β1), p25 (also named GMP25, TMED9, 

p24α2), p26 (also named p24b, TMED3, p24γ4) p27 (also named gp27, TMED7, p24γ3), and 

tp24 (also named T1/ST2, TMED1, p24γ1) (Strating & Martens, 2009; Strating, van Bakel, 

Leunissen, & Martens, 2009). P24 proteins share similar domain architecture: a large luminal 

domain of about 20KD, a single-span transmembrane domain and a highly conserved 

cytoplasmic domain of 12-18 amino acids. The luminal domain contains a GOLD (Golgi 

dynamic) domain that acts as cargo receptor between ER and Golgi (Anantharaman & Aravind, 

2002), followed by a characteristic heptad repeats in coiled coils (Stamnes, et al., 1995) that 

interacts with other p24 family proteins (G. Emery, Rojo, & Gruenberg, 2000). The short 

cytoplasmic domain has binding motifs for vesicle coat complexes COPI and COPII (William J 

Belden & Charles Barlowe, 2001; Dominguez, Dejgaard, Fullekrug, et al., 1998; Harter & 

Wieland, 1998; Sohn, et al., 1996a; Weidler, Reinhard, Friedrich, Wieland, & Rosch, 2000). 

Mutual dependences exist among the family members. They always form heteromeric 

complexes, which is required for their stability, correct localization and functional expression. 

For example, the localization of TMP21 fully depends on heteromerization with p24a. Co-
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expression of the exogenous p24a and exogenous tagged TMP21 is both necessary and sufficient 

for cis-Golgi/Golgi localization of each protein (G. Emery, et al., 2000). The deletions of each 

member individually, especially knockdown of TMP21 leads to a general decrease of other p24 

family proteins and loss of p24 complex function, but does not affect the RNA levels of other 

p24 family proteins (Fullekrug, et al., 1999; Jenne, Frey, Brugger, & Wieland, 2002; Marzioch, 

et al., 1999).  

 

1.4 Transmembrane protein TMP21 

TMP21 (Transmembrane protein, 21KD) is identified by Blum et al., they isolate this protein 

from rat pancreatic acinar cells. They find that TMP21 is a type I transmembrane protein and 

belongs to p24 family (Blum, et al., 1996c). TMP21 also named TMED10 (Transmembrane 

emp24 domain-containing protein 10), p23, p24δ1 and named Erv25p in yeast. It is encoded by 

the Tmp21 gene located on Chromosome14q24.3, spanning 45179bp genomic DNA from 75.6 to 

75.64Mb and including 5 exons and 4 introns. TMP21 has 219 amino acids. Similar to other p25 

family proteins, TMP21 is a vesicle trafficking protein found in eukaryotes from yeast to 

mammals (Belden & Barlowe, 1996; Blum, et al., 1996b, 1996c; Schimmoller, et al., 1995; 

Stamnes, et al., 1995). In addition to its main function in protein transport between ER and 

Golgi, TMP21 is a major component of tubulovesicular membranes at the cis-Golgi network 

(CGN) (Rojo, et al., 1997b) and is essential for the integrity and proper organization of Golgi 

structure (Rojo, Emery, Marjomaki, et al., 2000). It mediates unfolded proteins response and 

quality control in the ER (W. J. Belden & C. Barlowe, 2001; Wen & Greenwald, 1999). TMP21 

also selectively interacts with glycosylphosphatidylinositol-anchored proteins and contributes to 

their ER export and lipid rafts translocation (M. Fujita, et al., 2011; Takida, Maeda, & Kinoshita, 

2008). Moreover, homozygous deletion of TMP21 results in embryonic lethality at very early 

stage and no homozygous embryo can be produced, indicating the fundamental role of TMP21 in 

the early embryonic development of mammals (Denzel, et al., 2000b). 
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1.4.1 TMP21 facilitates protein transport between ER and Golgi 

Protein transport between ER and Golgi is mediated by COPI- and COPII-coated vesicles (Pierre 

Cosson & Letourneur, 1997; Kuehn & Schekman, 1997). COPI-coated vesicles mediate the 

retrograde transport of Golgi-to-ER while COPII-coated vesicles mediate the anterograde 

transport from ER to Golgi (M. C. Lee, Miller, Goldberg, Orci, & Schekman, 2004). However, 

COPI vesicles in mammalian cells are also found to participate in the anterograde transport from 

the ER Golgi intermediate compartment (ERGIC) to the Golgi (Bethune, Wieland, & Moelleken, 

2006; Lowe & Kreis, 1998). TMP21 serves as bifunctional receptor that mediates retrograde and 

anterograde transport between ER and Golgi (Dominguez, Dejgaard, Fullekrug, et al., 1998; 

Rojo, et al., 1997b). Its luminal domain is responsible for uptaking cargos into COP vesicles, and 

its cytoplasmic domain interacts with COPI and COPII subunits that form transport vesicles 

(Blum, et al., 1996c). The TMP21/p24a heteromeric complex acts as a cargo receptor in vesicle 

biogenesis from ER and recruits proteins in ER-derived vesicles (D. Gommel, et al., 1999; 

Muniz, Nuoffer, Hauri, & Riezman, 2000). TMP21 is widely implicated as an ARF-GTP 

receptor and/or cargo receptor for COPI-coated vesicles that bud on cis-Golgi (Letourneur, 

Gaynor, Hennecke, Demolliere, et al., 1994; Sohn, et al., 1996a), and it also interacts with Sec23 

for COPII-coated vesicles that bud on the ER (Barlowe, et al., 1994; Belden & Barlowe, 1996; 

Schimmoller, et al., 1995). The budding of COPI-coated vesicles is initiated by ARF1-GDP 

binding to TMP21 (D. U. Gommel, et al., 2001; Sohn, et al., 1996a), and this step requires both 

the dilysine and diphenylalanine motifs in the cytoplasmic domain of TMP21 (P. Cosson & 

Letourneur, 1994a; Sohn, et al., 1996a). Binding with TMP21 leads to a conformational change 

in ARF1 and establishes a stable association of ARF1 with the phospholipid bilayer. The 

diphenylalanines motif is conserved in all p24 family members and mediates binding of Sec23 

(Barlowe, 1998; Dominguez, Dejgaard, Fullekrug, et al., 1998) (Fig.1.4). Mutations of the C-

terminal KKLE to SSLE on full length TMP21 significantly diminish its co-localization with 

COPI and interfere with the ER-Golgi trafficking of TMP21 (Blum & Lepier, 2008). Human 

TMP21 is ubiquitously expressed and highly expressed in the pancreas (Blum, et al., 1996c), an 

organ whose main task is the proteins synthesis, packaging, transport, and exocytosis.  
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Figure 1.4 TMP21 (p23) mediates both anterograde and retrograde transport in early secretory pathway. 

TMP21 belongs to the p24 ER/Golgi cargo family and plays critical roles in protein transport and organization of 

membrane structure. It mediates both anterograde and retrograde transport between ER and Golgi. TMP21 is widely 

implicated as an ARF-GTP receptor and/or cargo receptor for COPI-coated vesicle that bud on cis-Golgi, efficiency 

binding between p23 and COPI-coated vesicles required both the dilysine motif and a C-terminal diphenylalanine 

motif. The core machinery of COPI recruitment of coating proteins is initiated by ARF-GDP binding to p23, upon 

nucleotide exchange, ARF-GTP dissociates from p23 homoligomers and p24 homoligomers, this causes a 

conformational change in ARF and exposes a hydrophobic alpha-helix, resulting in a stable association with the 

membrane lipids, then multiple cycles of GTP hydrolysis and GDP to GTP are likely to occur, possibly causing 

rearrangement of p23/p24 hetero-oligomers. Cytosolic coatmoer can bind in a bimodal fashion, via its β-COP and γ-

COP subunits, to both ARF-GTP and p23/p24 hetero-oligomer, enhancing polymerization of the COPI vesicle coat. 

COPI vesicles in mammalian cells are found to participate in both the anterograde transport and retrograde transport. 
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TMP21 also interacts with Sec23 for COPII-coated vesicles that bud on the ER. The diphenylalanines motif 

conserves in all five p24 family members and mediates binding of Sec23. 
 

1.4.2 TMP21 contributes to the organization of Golgi apparatus 

TMP21 is highly expressed in the membranes of cis-Golgi network (CGN) and accounts for up 

to 30% of all integral membrane proteins in CGN. These TMP21-rich membranes make the 

major contribution to the CGN structure (Rojo, et al., 1997b). Further evidence shows the 

morphogenic function of TMP21 and its contribution in generation and/or maintenance of the 

CGN and Golgi morphology (Denzel, et al., 2000b; Rojo, Emery, Marjomaki, et al., 2000). 

Maintenance of ribbon-like Golgi structure requires an optimal level of TMP21 expression. Both 

the overexpression and deficit of TMP21 will influence the integrity and proper organization of 

Golgi structure. TMP21-deficient mice show the formation of dilated saccules in the Golgi 

cisternae and the increased number of vacuoles surrounding the Golgi apparatus (Denzel, et al., 

2000b). Overexpression of exogenous TMP21 leads to the specific relocalization of endogenous 

TMP21 from cis-Golgi to specific membrane subdomains. This TMP21 enriched-subdomains are 

identified as the dynamic expansion of ER structure because of their accessibility to other ER 

proteins, like ER marker calnexin and Bip (Rojo, Emery, Marjomaki, et al., 2000). Using 

immunoeletron microscopy, it is observed that this expression-dependent TMP21 depletion leads 

to the expansion and clustering of the smooth ER membranes and fragmentation of Golgi ribbon 

(Blum, et al., 1999; D. Gommel, et al., 1999; Gong, et al., 2011). Interestingly, the relocalization 

of TMP21 modifies the ultra-structure of the CGN and Golgi without affecting the localization of 

COPI and COPII as well as the anterograde and retrograde transport reactions to any significant 

extent in vivo (Rojo, Emery, Marjomaki, et al., 2000). This indicates that the function of TMP21 

in vesicular trafficking is independent from its morphogenic activity. It has been noted that the 

major morphological changes do not affect trafficking between subcellular compartments during 

the biosynthetic pathway (Gahmberg, Pettersson, & Kaanainen, 1986; Sandoval & Carrasco, 

1997). Thus, overexpression of TMP21-induced ER/Golgi morphological change might not 

affect the ER/Golgi trafficking of proteins. Also, overexpression of TMP21 retains exogenous 

TMP21, but not other ER proteins in these specialized ER-derived membrane, indicating this 
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effect is specific to TMP21. It is reasonable that the exogenous TMP21 does not exit ER because 

this process also requires the participation of other p24 family proteins. The p24 family proteins 

can exit ER when co-expression of five different p24 family proteins (Dominguez, Dejgaard, 

Fullekrug, et al., 1998). 

 

1.4.3 The roles of TMP21 in ER quality control and unfolded protein response (UPR) 

The ER plays an essential role in the folding and maturation in the secretory pathway. Quality 

control in the ER ensures that unfolded or misfolded proteins are retained before their export to 

ER and eventually targeted for ER-associated degradation (ERAD) by the ubiquitin/proteasome 

pathway (Lord, Davey, Frigerio, & Roberts, 2000). Only correctly folded, assembled and 

modified proteins can escape the clutches of the quality control system and can be sorted into 

anterograde transport vesicles (Ellgaard & Helenius, 2001, 2003). Half or more of newly 

synthesized wild type protein molecules fail to mature and are quickly degraded in ER at the 

level of nascent chains (Schubert, et al., 2000). The Unfolded Protein Response (UPR) signaling 

pathway is activated by ER stress, which can be induced by disturbances in the function or loss 

of integrity of the ER, such as the accumulation of unfolded proteins and alternations in calcium 

homeostasis (Lindholm, Wootz, & Korhonen, 2006; Xu, Bailly-Maitre, & Reed, 2005; Yoshida, 

2007). It has been reported that the deletion of p24 proteins activates UPR in yeast and leads to 

increased Kar2/Bip expression (W. J. Belden & C. Barlowe, 2001). Loss of function of p24 

heteromeric complex delays the transport of secretory proteins, like Gas1p and invertase, and 

accumulates them in ER. In contrast, ER resident proteins, as Kar2 and Bip containing an HDEL 

retrieval sequence, escape the ER and are secreted into the extracellular medium (W. J. Belden & 

C. Barlowe, 2001). Kar2/Bip are upregulated by UPR (Okamura, Kimata, Higashio, Tsuru, & 

Kohno, 2000). Mutants of the C.elegans p24 proteins facilitate the transport of proteins to cell 

surface via a quality control mechanism for ER/Golgi transport (Wen & Greenwald, 1999). 

Interestingly, the overexpression of TMP21 in cells and animal models does not significantly 

alter the cellular level of Kar2p/Bip/grp78, ATF4 and CHOP (Gong, et al., 2011; Rojo, Emery, 

Marjomaki, et al., 2000), which are all UPR marker and increase upon the induction of unfolded 
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protein response with the glycosylation inhibitor tunicamycin (Kozutsumi, Segal, Normington, 

Gething, & Sambrook, 1988). It indicates that the overexpression of TMP21, even thought 

accumulates TMP21 in the ER, does not active the UPR signaling pathways.  

 

1.4.4 TMP21 facilitates the ER export of GPI-anchored proteins and guides them into 

lipid rafts 

In eukaryotic cells, glycosylphosphatidylinositol (GPI) anchoring of proteins is a highly 

conserved posttranslational modification. In mammalian cells, more than 150 proteins are 

modified by GPI. The biosynthesis of glycosylphosphatidylinositol (GPI) precursors occurs in 

the ER. The GPI anchoring to newly synthesized proteins is also processed in the lumen of the 

ER (Ikezawa, 2002; Taroh Kinoshita, Fujita, & Maeda, 2008; T. Kinoshita & Inoue, 2000). After 

attachment to proteins, the lipid and glycan parts of GPI are structurally remodeled (Morihisa 

Fujita & Jigami, 2008; Morihisa Fujita & Kinoshita, 2008). Both reactions are required for the 

efficient transport of GPI-anchored proteins from ER to Golgi (M. Fujita, et al., 2011). Upon 

exiting from the ER, the GPI-anchored proteins are sorted into COPII-coated vesicles 

(Morsomme, Prescianotto-Baschong, & Riezman, 2003; Morsomme & Riezman, 2002). 

However, GPI proteins are localized in the lumen and lack the cytosolic domains, so that they 

cannot directly interact with cytosolic COPII components and must either use membrane-

spanning cargo receptors or alternative mechanism for ER export. Further studies find that 

TMP21 forms a hetero-oligomer with p24a and recognizes the remodeled-GPI anchors signal, 

and the TMP21-p24a complex mediates the specific sorting of the correctly remodeled GPI 

proteins into the COPII-coated vesicle, thus facilitating the ER export of these GPI-anchored 

proteins (Bonnon, Wendeler, Paccaud, & Hauri, 2010; M. Fujita, et al., 2011). This process 

depends on the GOLD domain in the luminal of p24 family proteins (Anantharaman & Aravind, 

2002). TMP21 and p24 family proteins are co-precipitated with GPI-anchored proteins. 

Knockdown of TMP21 impairs the packaging of GPI-anchored proteins into COPII-coated 

vesicles and delays their transit from ER to Golgi (M. Fujita, et al., 2011). It greatly slows down 

the maturation process of GPI-anchored proteins, without affecting non-GPI-linked proteins 
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(Bonnon, et al., 2010; Takida, et al., 2008). Association of p24 family proteins with GPI-

anchored proteins is pH dependent; neutral pH promotes interactions while acidic pH induces the 

disassociation of cargo and p24 family proteins. This fact suggests that these proteins bind in the 

ER and disassociate in acidic compartments, such as ERGIC or cis-Golgi (M. Fujita, et al., 

2011). Furthermore, it has been reported that early lipid-raft-like structures can be observed in 

the ER (Browman, Resek, Zajchowski, & Robbins, 2006; Sevlever, et al., 1999), where sterols 

and sphingolipids are expressed at low concentrations (van Meer & Lisman, 2002). TMP21-p24a 

complex co-partitions with GPI-anchored proteins into this biosynthetically early raft-like 

structures (Bonnon, et al., 2010). 

 

1.5 TMP21 and Alzheimer’s disease 

The Tmp21 gene is located on chromosome 14q24.3, from 75.6 to 75.64Mb. By linkage studies 

in 1992, Chr14q24.3 is defined as a minimal cosegragating region that containing the major gene 

predisposing to early onset AD (Mullan, Houlden, et al., 1992; Schellenberg, et al., 1992; St 

George-Hyslop, et al., 1992; Van Broeckhoven, et al., 1992). At least 19 different transcripts are 

isolated from this region. One of these transcripts, PS1, encoded by the gene PS1 from 73.6 to 

73.69Mb (R.F. Clark, 1995; Sherrington, et al., 1995), is identified as the core member of the γ-

secretase complex and responsible for proteolytic cleavage of APP (Bergmans & De Strooper; 

Bart De Strooper, 2003). PS1 knockout mice showed a markedly reduced activity in γ-secretase 

cleavage of APP and Aβ production (B. De Strooper, et al., 1998). Tmp21, located in the region 

highlighted by AD linkage studies and close to the PS1 gene, is possibly involved in the etiology 

of AD. However, the genetic association between Tmp21 and AD remains elusive. 

 

 

TMP21 is widely expressed in the brain and highly expressed in the neocortex and hippocampus 

(Vetrivel, et al., 2008). These brain regions are crucial for learning and memory and are most 

severely affected in AD as observed by the high number of plaques deposited (Braak & Braak, 

1991; Braak, Braak, & Bohl, 1993; Dolcini, et al., 2008). TMP21 level is at its highest during 
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embryonic development and declines with age. Aging is the greatest risk factor for AD. Patients 

with AD show a reduced level of TMP21 in the frontal cortex and hippocampus, but not in the 

cerebellum, which is less affected by AD (Vetrivel, et al., 2008). Our lab has recently 

characterized the promoter of human Tmp21 gene and found that it contains an NFAT1 response 

element (S. Liu, et al., 2011), which activation is briefly increased early in the early stage of 

cognitive decline and falls under normal levels as the disease progresses (Abdul, et al., 2009) et 

al., 2009). These results imply the potential relevant between TMP21 and AD pathogenesis. It is 

known that endogenous TMP21 is highly expressed during the embryonic development stage and 

shortly after birth but declines with age, which indicates a high demand of TMP21 at early stage 

in life and suggests it is indispensible to early stage development (Denzel, et al., 2000b; Vetrivel, 

et al., 2008). However, while transgenic mice expressing human TMP21 display a sustained high 

level of TMP21 expression during post-natal development, they begin to show complex 

neurological problems when endogenous TMP21 begins to decline (Gong, et al., 2011). This 

evidence suggests that tightly controlling TMP21 expression level is critically important for 

facilitating mammalian development and maintaining proper neuronal function.  

 

Recently, by using a higher-dimension analytic method (LA) to investigate the dynamic nature of 

genes co-expression at the genome-wide scale, Li et al found the positive co-expression of 

TMP21 and APP. In the same system, they observed the positive co-expression of PS1 and APP, 

as well as the negative co-expression of BACE2 and APP (K.-C. Li, Liu, Sun, Yuan, & Yu, 

2004). Following this study, TMP21 was found to play a pivotal role as a regulator of the γ-

secretase complex. TMP21 could co-precipitate with other members of the γ-secretase complex, 

PS1/PS2, NCT, Pen -2 and Aph-1 (F. S. Chen, et al., 2006). More importantly, TMP21 is co-

localized with PS1 in human brain (Vetrivel, et al., 2008). Similar to the components of the γ-

secretase complex and BACE1, TMP21 can be degraded by the ubiquitin-proteasome pathway 

(S. C. Liu, et al., 2008). TMP21 can be pulled down by a high affinity compound biotin-linked-γ-

secretase inhibitor (Teranishi, et al., 2009) and is identified as one of the γ-secretase-associated 

proteins (GSAPs) in detergent resistant membrane from rat brains; those GSAPs regulate APP 
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and Notch processing differently (Hur, et al., 2012). TMP21 selectively regulates the APP 

cleavage at the γ-site without affecting ε-site cleavage on APP or Notch (F. S. Chen, et al., 2006; 

Dolcini, et al., 2008). Notch is another known substrate of the γ-secretase complex (B. De 

Strooper, et al., 1999; Song, et al., 1999); Notch is essential for cell fates determination, cell 

proliferation and cell death in development (Artavanis-Tsakonas, Rand, & Lake, 1999; Bray, 

2006). The transmembrane domain of TMP21 binds to the γ-secretase complex and decreases γ-

secretase proteolytic processing thus reducing the Aβ production (Pardossi-Piquard, et al., 2009). 

Knockdown of TMP21 expression enhances APP maturation efficiency, producing more mature 

APP for amyloidogenic pathway thereby generating more Aβ (Vetrivel, et al., 2007). This 

evidence shows a dual role of TMP21 in the modulation of Aβ production by controlling APP 

trafficking and γ-secretase activity. The negative regulation of Aβ production by TMP21 

suggests that increasing TMP21 expression might be a potential strategy to reduce Aβ level and 

consequently, prevent AD pathogenesis. However, transgenic mice with neuron-specific 

expressed human TMP21 showed severe neurological problems, growth retardation, infertility 

and premature death (Gong, et al., 2011; Gong, et al., 2012). Still, it remains to be determined 

the causal linkage between TMP21 levels and AD pathogenesis.  

 

1.6 Overall goals of this research 

The trafficking of APP and all its enzymes, BACE1, α- and γ-secretase, is essential for APP 

cleavage. Especially, APP encountering BACE1 in lipid rafts facilitates APP amyloidogenic 

processing and immature BACE1 cleaving APP at Asp-1 site is the first step for Aβ generation. 

However, BACE1 mainly cleaves APP at Glu-11 site to generate truncated Aβ. TMP21, the 

vesicular trafficking protein, mediates proteins ER/Golgi transport and facilitates GPI-anchored 

protein ER export and lipid raft translocation. The effects of TMP21 on γ-secretase activity and 

APP trafficking have been reported recently and as such are attracting more attentions to the 

investigation of the role of TMP21 in AD pathogenesis. However, there is no genetic study of 

Tmp21 in AD patients, the exact role of TMP21 in BACE1 cleavage and APP processing is still 

unknown. The overall goals of this research are to analyze the genetic linkage between Tmp21 
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SNPs and AD and investigate the role of AD-associated SNP in TMP21 expression, to explore 

the role of TMP21 in APP processing by emphasizing the impact of TMP21 on BACE1 Asp-1 

site cleavage, and to understand the mechanism through which TMP21 affects BACE1 

maturation and trafficking thus facilitating APP amyloidogenic processing. 

 

1.6.1 Genetic analysis of Tmp21 SNPs in AD patients 

The genetic association between Tmp21 and AD remains elusive. In chapter 2, we screened 

genomic DNA of Tmp21 from more than 400 AD patients and controls and identified an AD-

associated SNP in Tmp21. Then we explored a novel strategy to study the effect of this SNP on 

TMP21 expression in vitro; furthermore, we investigated the mechanism through which this SNP 

alters TMP21 expression. 

 

1.6.2 Explore the role of TMP21 in APP processing 

Downregulation of TMP21 increases Aβ generation by selectively modulating γ-secretase 

activity without affecting Notch cleavage, suggesting that TMP21 is a negative modulator of Aβ 

production (F. S. Chen, et al., 2006). However, upregulated TMP21 leads to Golgi fragmentation 

and severe neurological problems in human Tmp21 transgenic mice (Gong, et al., 2011). We 

identify that a novel AD-associated SNP significantly increased the expression of TMP21 at both 

mRNA and protein levels. In chapter 3, we explored the roles of both up- and down-regulated 

TMP21 in APP amyloidogenic processing and first implied the potential impact of TMP21 on 

BACE1. 

 

1.6.3 Investigate the effect of TMP21 in BACE1 maturation and trafficking 

BACE1 is mainly presented as its mature form and cleaves APP within the Aβ region at Glu-11 

site to generate C89 then truncated Aβ species (Deng, et al., 2013; Huse, et al., 2002). 

Preferential cleavage of APP by BACE1 at Asp-1 or Glu-11 site is strongly dependent on 

BACE1 subcellular localization. The Asp-1 site cleavage on APP for producing C99 and intact 

Aβ is enhanced by retaining BACE1 in the ER or guiding BACE1 into lipid rafts (Cordy, et al., 
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2003; Huse, et al., 2002; Vetrivel, et al., 2011). TMP21, a vesicular trafficking protein, mediates 

proteins ER/Golgi transport and maturation process (Dominguez, Dejgaard, Fullekrug, et al., 

1998; Nickel, Sohn, Bunning, & Wieland, 1997). It also facilitates GPI-anchored proteins ER 

export and lipid rafts translocation (M. Fujita, et al., 2011; Takida, et al., 2008). Preliminarily, 

our data suggests that TMP21/immature BACE1 interaction in the ER might alter the trafficking 

and maturation processing of BACE1. In chapter 4, we revealed how the TMP21 affected APP 

and BACE1 trafficking, thus the underlying mechanism for TMP21 facilitating APP 

amyloidogenic processing.  



 

28 

 

Chapter 2: A Novel AD-associated SNP in Tmp21 Increases TMP21 

Expression by Potentiating the Splicing Efficiency 
 

2.1 Introduction 

TMP21 is recently identified as a modulator of γ-secretase and it selectively regulates the 

cleavage at the γ-site of APP without affecting the ε-site cleavage on APP or Notch (F. S. Chen, 

et al., 2006; Dolcini, et al., 2008). It suggests that TMP21 could be a potential therapeutic target 

to specifically reduce Aβ generation without affecting Notch signaling pathway. Our lab has 

characterized the promoter of human TMP21 and found that it contains an NFAT1 response 

element (S. Liu, et al., 2011), and similar to BACE1 and other members of γ-secretase complex, 

TMP21 can be degraded by the ubiquitin-proteasome pathway (S. C. Liu, et al., 2008). TMP21 is 

encoded by the Tmp21 gene located on Chr14q24.3. This region is highlighted by AD linkage 

studies (Schellenberg, et al., 1992; St George-Hyslop, et al., 1992; Van Broeckhoven, et al., 

1992). However, the genetic association between Tmp21 and AD remains elusive. In this 

chapter, we screened the Tmp21 Single-Nucletide Polymorphisms (SNPs) in 261 AD patients 

and 236 controls. We firstly identified that rs12435391 (IVS4-28T>C) located in intron 4 of 

Tmp21 was an AD-associated SNP. Next we investigated the role of this AD-associated SNP in 

TMP21 pre-mRNA processing and mRNA protein expression in vitro. Although rs12435391 

(IVS4-28T>C) did not affect the splicing site recognition, it significantly increased TMP21 

expression at both mRNA and protein levels. Furthermore, we found that this SNP significantly 

increased the splicing efficiency of Tmp21 pre-mRNA, leading to the elevation of mature 

mRNA. However, the stability of Tmp21 pre-mRNA and transcription activity of Tmp21 was not 

affected. Taken together, our study identified a novel AD-associated Tmp21 SNP and also 

indicated that the upregulation of TMP21 contributed to AD pathogenesis. 
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2.2 Methods 

2.2.1 Subjects. 

Genomic DNA was extracted from 261 sporadic AD patients and 236 healthy controls (The 

National Cell Repository for Alzheimer’s Disease [NCRAD], Indianapolis, Indiana) of 

Caucasian. The mean (SD) age of AD patients was 82.97 (9.00) years for 174 females and 77.83 

(9.49) years for 87 males, and the mean (SD) age of AD patients was 85.81 (9.99) years for 135 

females and 84.47 (9.36) years for 101 males, respectively (Zhou, et al.). 

 

2.2.2 SNP detection. 

Five pairs of TMP21 gene-specific primers were used to amplify 5 amplicons of TMP21 entire 

coding sequence, from exon1 to exon 5, which covered over 40kb region on chromosome 14. 

The forward primers, EXON1 F 5’-ACGGCATCAGAAGGTCAGAG, EXON2 F 5’-

TGGGGATGGTTGGAACATAG, EXON3 F 5’-GAGGAGTTGTGGCTGTTTCC, EXON4 F 

5’-AGCGATGTTTTCAGAGAGCTG or EXON5 F 5’-AGCGATGTTTTCAGAGAGCTG, and 

reverse primers, EXON1 R 5’-CTCCACCGCACGTCCTTT, EXON2 R 5’-

GGTGCTCCAAAGACTACAAGG, EXON3 R 5’-CCCGGCTAAGGCTGTTAATAC, EXON4 

R 5’-CCCAGCCAGGATAATGAACT or EXON5 R 5’-CCTTGATGGTGCTGTTGGTA were 

used to amplify exon1 to exon 5 including the flanking intronic sequence. PCR reactions were 

carried out by using Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA), 0.2 mM of each 

dNTP, 1.5 mM of Mg2+, 0.3% DMSO and 0.3 µM of each primer. Samples were initially 

denatured at 94°C for 5 min, followed by 40 cycles with denaturing at 94°C for 30 s, annealing 

for 30 s at 57°C, then extending at 72°C for 1 min, followed by a final extension at 72°C for 5 

min. PCR products were cleanup by Shrimp Alkaline Phosphates (SAP) and Exonuclease 

(EXOI) (New England Biolab) at 37°C for 45min to remove the excess dNTPs and PCR primers, 

then both enzymes were inactivated by heating at 80°C for 15min. BigDye v.3.1 ready reaction 

mixture and the forward primers were used in DNA sequencing reactions. Cycle sequencing was 

performed in Eppendoff thermal cyclers (MJ Research, Waltham, MA) and the smples were 

sequenced by NAPS unit in UBC (http://dnalims.msl.ubc.ca/). 
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2.2.3 Plasmids constructions. 

The human TMP21 promoter plasmid pTMP21-3151+175 contains -3151 to +175 region of 

TMP21 gene promoter upstream of firefly luciferase reporter gene in the pGL3-basic. The 

TMP21 expression plasmid pcDNA4-TMP21mycHis was generated as previously described (S. 

Liu, et al., 2011). The 593bp fragment including exon1-4 of Tmp21 was amplified from 

pcDNA4-TMP21mycHis by PCR using the forward primer TMP-fullcDNA-F 5’-

GCCACCATGTCTGGTTTGTCTGGCCCAC and reverse primer TMP-E4-R 5’-

GCATCTCCTCTTCTCTCTTCTTC. The 978bp fragment consisting of intron4 and exon5 was 

amplified from gDNA from SH-SY5Y cells with primer TMP-E4-F 5’-

CCATTAGAGGTAGAGCTGCG and TMP-E5-myc-stop-Xbal-R 5’-

GCTCTAGATTACAGATCCTCTTCTGAGATGAGTTTTTGTTCCTCAATCAATTTCTTGG

CCTTG. As the template, these two fragments with 90bp overlapped were amplified to produce 

1480bp Tmp21 fragment including exons1-4, intron4 (755bp), and exon5 by PCR, using primers 

at the very ends: TMP-fullcDNA-F and TMP-E5-myc-stop-Xbal-R. The Luciferase reporter gene 

was replaced by exons1-4, intron4 (755bp), and exon5. The intron4 Single-nucleotide 

Polymorphism (TMP21-Intron4 SNP) was introduced by PCR-based site mutagenesis method. 

TMP21-Intron4 Negative plasmid was constructed by cloning Tmp21 coding sequence into the 

same vector without intron4. pB1P-A contains -4941 to +292 region of BACE1 gene promoter 

upstream of firefly luciferase reporter gene in pGL3-basic (Christensen, et al., 2004). The human 

RACN1 promoter pRACNLuc-A contains -1651 to +45 region of RCAN1 gene promoter 

upstream of firefly luciferase reporter gene in pGL3-basic (Sun, et al.). TMP21 wild type intron4 

and intron4 with SNP, amplified with the primers 5’-

GGGGTACCGTGAGGGGGAAGGCGACTC and 5’-

GCTAGCTAGCCTAAAAAAAAACAAAAGCA, were inserted into the upstream of RCAN1 

promoter and BACE1 promoter, respectively. 
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2.2.4 Cell culture, transfection and drug treatments. 

HEK293 cells and SH-SY5Y cells were cultured in in Dulbeccoo’s modified eagle medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 1mM sodium pyruvate, 1mM L-

glutamine, and 50U/mL penicillin G sodium and 50µg/mL streptomycin sulfate (Invitrogen, 

Carlsbad, CA USA). All cells were cultured in an incubator at 37°C containing 5% CO2. Cells 

were seeded in 24-well plates or 35mm plates 24 hours before transfection and grown to near 

70% confluence by the day of transfection. Cells were transfected with 0.5ug TMP21 plasmid 

DNA per well using 1µl Lipofectamine 2000 (Invitrogen). Plasmid pcDNA3.1-RCAN1mycHis 

or peGFP-N2 was cotransfected to normalize for transfection efficiency. Actinomycin D (ACT-

D) (10µM) (Sigma) and isoginkgetin (ISO) (33µM) (Abcam) were dissolved in acetone and 

DMSO, respectively.  

 

2.2.5 Immunoblotting. 

Cells were harvested and washed with ice-cold PBS and lysed in a modified RIPA-DOC buffer 

(150mM NaCL, 50mM Tris-HCL, 1% Triton X-100, 2% SDS, and 1% sodium deoxycholate) 

with the presence of protease inhibitor cocktail complete (04693116001; Roche, Indianapolis, 

IN, USA). After briefly sonication and centrifugation at 14,000rpm for 10 mins, supernatants 

were collected and protein assay was performed with the Bio-Rad Dc protein assay kit (Bio-Rad, 

Richmond, CA, USA). Whole-cell lysates were diluted in 4XSDS-sample buffer and separated 

on 12% Tris-glycine SDS-PAGE gel and transferred to polyvindylidine fluoride (PVDF-FL) 

membranes. Membranes were blocked in PBS containing 5% non-fat dried milk and incubated 

with the primary antibodies diluted in the blocking buffer at 4°C overnight. The primary 

antibody 9E10 (1:100) and AC-15 (1:5000) (Abcam, Cambridge, MA, USA and Sigma) were 

used to detect myc-tagged TMP21 and β-actin. The near-infrared fluorescence-labeled secondary 

antibodies were IRDyeTM 680 Goat Anti-Rabbit IgG (1:100,000) and IRDyeTM 800 Goat Anti-

Mouse IgG (1:100, 000) (Lincoln, NE, USA). Detection and quantification were performed with 

the LI-COR Odyssey imaging system.  
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2.2.6 Semi-quantitative RT-PCR. 

Total RNA was isolated from cells using TRI reagent (Sigma) and treated by DNase in TURBO 

DNA-free Kit (Invitrogen) as described in instructions. ThermoscripTM RT-PCR system 

(Invitrogen) was used to synthesize the first strand cDNA using 1µg of total RNA as template 

following the manufacturer’s instructions. The newly synthesized cDNA templates were 

amplified by Platinum Taq DNA polymerase (Invitrogen) in a 10µl reaction. Twenty to 35 cycles 

of PCR were performed to cover the linear range of the PCR amplification. The human TMP21 

gene specific primers TMP-E4-F2 5’-TGCCTACATGAAGAAGAGAGAAGAG, or TMP-E4-F 

5’-CCATTAGAGGTAGAGCTGCG and myc-tag specific reverse primer Myc-stop-XbalI-R 5’-

CTAGACAGATCCTCTTCTGAGATGAGTTTTTGTTCTAG, were used to amplify a 185-bp 

or 240-bp fragment of the TMP21 coding region covering the splicing site between exon4 and 

exon5, respectively. TMP21 Intron4 or Exon5 sequencing primers TMP-Int4-seq-F 5’-

TGTTAGACCTAGGGACAGAGT forward and myc-tag specific reverse primers Myc-stop-

XbalI-R were used to amplify a 242-bp fragment of the TMP21 gDNA. pcDNA3.1-

RCAN1mycHis or peGFP-N2 was used as an transfection efficiency control. RCAN1 gene-

specific primers were: forward: 5’- GTCCATGTATGTGAGAGTGATCAAG; myc-tag specific 

primers Myc-stop-XbalI-R and amplified a 130bp fragment of the RCAN1 coding region. β-actin 

primers were: forward: 5’-GGACTTCGAGCAAGAGATGG; reverse: 5’-

CTAGAAGCATTTGCGGTGGACG to amplify a 466bp fragment cross exon4 to 6 of β-actin. 

Or β-actin primers: forward: 5’-ATCATTGCTCCTCCTGAGCGC; reverse: 5’-

CTAGAAGCATTTGCGGTGGACGA amplified a 144bp fragment of the β-actin exon 6. The 

forward primer 5’-TGTTAGACCTAGGGACAGAGT and reverse primer 5’-

CTAGACAGATCCTCTTCTGAGATGAGTTTTTGTTCTAG were used to amplify Tmp21 pre-

mRNA with 242bp. All PCR products were analyzed on 1%~2% agarose gels. 

 

2.2.7 Luciferase assay. 

Cells were transfected with 0.5µg plasmid in a well of 24-well plate. The Renilla luciferase 

vector pCMV-RLuc (Promega, Madison, WI, USA) was cotransfected to normalize the 
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transfection efficiency. Cells were harvested at 48 hour after transfection and lysed in 50µL 1X 

passive lysis buffer (Promega) per well. Firefly luciferase activities and Renilla luciferase 

activities were assayed using the Dual-luciferase reporter assay system (Promega). The firefly 

luciferase activity was normalized according to Renilla luciferase activity and expressed as 

relative luciferase units to reflect the promoter activity. 

 

2.2.8 Statistical analysis. 

Statistical analysis was performed using GraphPad Prism version 5.0 for Macintosh. Allele 

frequency and genotype distribution of AD patients and controls were calculated by Pearson’s 

chi-square test. The association of TMP21 SNP and AD risk was evaluated with chi-square test 

with odds ratios (ORs) by comparing allele frequency and genotype frequency between AD 

cases and controls. Quantifications were performed from 3 or more independent experiments. 

Values represent Means ± SEM. ANOVA, Student’s t test or linear regression was used for 

statistical analysis. P<0.05 was considered as statistically significant. 

 

2.3 Results 

2.3.1 Identification of a novel AD-associated SNP in intron4 of TMP21 

To investigate the association between Tmp21 SNPs and AD, we screened the exonic regions 

including the 5' UTR and 3' UTR, and the flanking intronic regions in 261 sporadic AD patients 

and 236 controls. Due to the limitation of sequencing, 482 samples with excellent signals, 248 

AD cases and 236 controls, were included for this study. Five single nucleotide polymorphisms 

(SNPs) were identified. Four SNPs were in non-coding region, rs3832966 (IVS2-75-/GGGC) 

and IVS2-71G>A in intron2, rs12435391 (IVS4-28T>C) and rs175444 (IVS4-73C>G) in intron 

4, and one synonymous substitution rs4649 (585C>T) in exon 5 (Table 2.1). IVS2-71G>A is a 

novel SNP, which has not been reported. The distribution of the genotypes in both AD patients 

and controls was in Hardy–Weinberg equilibrium. 
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Table 2.1 Distribution of Tmp21 SNPs. 

 

rs12435391 (IVS4-28T>C) in intron 4 showed different genotype and allele frequency between 

ADpatients and controls. The frequency of the TT, TC or CC genotype was 29.84%, 46.37% or 

23.79% in AD patients compared with 43.22%, 38.14% or 18.64% in controls (X2 =9.40, 

P=0.01), respectively. The effect size (odds ratio, OR) of TC or CC genotype in AD was 1.761, 

(95% confidential interval is 1.172 to 2.646) or 1.848 (95% confidential interval is 1.130 to 

3.023), respectively. The frequency of T allele was 53.02% in AD patients and 62.29% in 

controls, while the frequency of C allele was 46.98% and 37.71% (X2 =8.5, P<0.01). The effect 

size (odds ratio) of C allele in AD is 1.463, 95% confidential interval is 1.132 to 1.891. The ORs 

of rs12435391 are higher than the other risk genes that previously reported (Harold, et al., 2009; 

Hollingworth, et al., 2011; J. C. Lambert, et al., 2009; Naj, et al., 2011; Seshadri, et al., 2010). 

For rs3832966 (IVS2-75-/GGGC), the frequency of the -/-, -/GGGC or GGGC/GGGC genotype 



 

Chapter 2: A Novel AD-associated SNP in Tmp21 

35 

 

was 65.04%, 8.54% or 26.42% in AD patients compared with 52.99%, 26.50% or 20.51% in 

controls (X2 =27.09, P<0.01), respectively. However, the frequency of (-) allele was 69.30% in 

AD patients and 66.24% in controls, while the frequency of GGGC allele was 30.69% and 

33.76% (X2 =1.04, P=0.31). For rs4649 (c.585C>T), the frequency of the CC, CT or TT 

genotype was 89.11%, 10.48% or 0.40% in AD patients compared with 91.53%, 7.63% or 0.85% 

in controls (X2 =1.55, P=0.46), respectively. The frequency of C allele was 94.35% in AD and 

95.34% in controls, while the frequency of T allele was 5.65% in AD and 4.66% in controls (X2 

=0.48, P=0.49). For rs175444 (IVS4-73C>G), the frequency of the CC, CG or GG genotype was 

33.87%, 45.56% or 20.56% in AD patients compared with 30.51%, 45.76% or 23.73% in 

controls (X2 =0.97, P=0.61), respectively. The frequency of C allele was 56.65% in AD and 

53.39% in controls, while the frequency of G allele was 43.35% in AD and 46.61% in controls 

(X2 =1.04, P=0.31). For the novel SNP IVS2-71G>A, the frequency of the GG, GA or AA 

genotype was 59.76%, 37.81% or 2.44% in AD patients compared with 56.41%, 42.74% or 

0.85% in controls (X2 =2.76, P=0.25), respectively. The frequency of G allele was 78.66% in 

AD and 77.78% in controls, while the frequency of A allele was 21.34% in AD and 22.22% in 

controls (X2 =0.11, P=0.74). Our results indicated that there is a significant genetic association 

between AD and rs12435391 (IVS4-28T>C), not other SNPs. 

 

2.3.2 rs12435391 had no effect on Tmp21 splicing site recognition 

Next, we investigated whether this AD-associated SNP affects TMP21 expression. Tmp21 

coding sequence without intron4, with 753bp wild type intron4 or with intron4 containing 

rs12435391 was cloned into an expression vector to generate TMP21-Intron4 negative, TMP21-

Intron4 WT or TMP21-Intron4 SNP, driven by the endogenous promoter of TMP21. (Fig. 2.1 

A). Three plasmids were transfected into HEK cells. 48 hours later, RT-PCR was performed to 

determine the size of exogenous Tmp21. To distinguish exogenously expressed Tmp21 mRNA 

from endogenous mRNA, the myc-tag primer specifically amplifying the exogenous mRNA was 

applied. Compared with TMP21-Intron4 negative, a positive control of mature Tmp21 mRNA, 

TMP21-Intron4 WT can be recognized by splicing machinery and processed into mature mRNA 
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with the migration rate as same as TMP21-Intron4 negative (Fig. 2.1A). Sequencing results 

showed the correct TMP21 coding sequence, ACT/AGT, at the boundary of exon4 and exon5, 

indicating intron 4 of TMP21-Intron4 WT was precisely spliced by endogenous machinery 

(Fig.2.1 B). Moreover, compared with TMP21-Intron4 negative and TMP21-Intron4 WT, RT-

PCR product of TMP21-Intron4 SNP transfected cell also showed the same migration rate and 

the sequence, ACT/AGT, around the splicing sites between exon4 and exon5 was as same as the 

sequence of TMP21-Intron4 WT (Fig. 2.1 A and B). The results indicated that TMP21-Intron4 

SNP pre-mRNA could be spliced at right sites as TMP21-Intron4 WT. 

 

 
Figure 2.1 rs12435391 had no effect on Tmp21 pre-mRNA splicing site recognition. 

(A) TMP21 coding sequences, coding sequence with wild type intron 4 or intron 4 with SNP was cloned into the 

expression vector under the control of endogenous TMP21 promoter, named as TMP21-Intron4 negative (Con), 

TMP21-Intron4 WT (WT) or TMP21-Intron4 SNP (SNP). HEK cells were transfected with these three constructs, 

respectively. Mature mRNA from the transfected TMP21 constructs was examined by RT-PCR. PCR products were 

resolved on 2.0% agrose gel. (B) Sequencing results of the cDNA from TMP21-Intron4 WT (top panel) or TMP21-

Intron4 SNP (bottom panel) transfected cells showed that both wild type intron 4 and Intron 4 with SNP was spliced 

at the same site that is as same as that in UCSC database. 
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2.3.3 rs12435391 increased Tmp21 expression 

Although rs12435391 did not alter Tmp21 intron4 splicing site, it may affect TMP21 mRNA 

expression at multiple steps. To determine the effect of rs12435391 on TMP21 expression, the 

levels of Tmp21 mRNA in those cells transfected with TMP21-Intron4 WT and TMP21-Intron4 

SNP plasmids were examined by semi-quantitative RT-PCR. eGFP served as a control for the 

transfection efficiency. We found that Intron4 SNP rs12435391 dramatically increased the 

mRNA level of Tmp21 compared to TMP21-Intron4-WT, 1.00±0.08 vs. 1.46±0.05 

(p=0.0049)(Fig 2.2 A and B.). Correspondingly, the increased protein level of TMP21 was 

detected in TMP21-Intron4-SNP transfected cells compared with TMP21-Intron4-WT 

transfected cells, 1.00±0.28 vs. 1.92±0.44 (p=0.0347) (Fig. 2.2 C and D).  

 

 
Figure 2.2 rs12435391 increased Tmp21 expression. 
(A) TMP21 WT or SNP plasmids were cotransfected with eGFP construct into HEK293 cells. Mature mRNA of 

exogenous TMP21 was amplified by RT-PCR with specific primers. GFP served as the control of transfection 

efficiency and β-actin was a loading control. (B) Quantification of Tmp21 mRNA levels in (A). The mRNA level 
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was normalized to GFP and the ratio was further normalized to that of WT. Values are expressed as Mean±SEM. 

N=3, *p<0.05 by student’s t-test. (C) TMP21 WT or SNP plasmids were co-transfected with eGFP construct into 

HEK293 cells. 48 hours later, cells were lysed in RIPA-DOC buffer and cell lysate were subjected to 12% SDS-

PAGE. Mys-tagged TMP21 was detected by anti-myc antibody 9E10. β-actin was a loading control, detected by 

actin antibody (AC-15, Sigma). (D) Quantification of Tmp21 mRNA levels in (C). TMP21 level was normalized to 

GFP and the ratio was further normalized to that of WT. Values are expressed as Mean±SEM. N=3, *p<0.05 by 

student’s t-test. 

 

2.3.4 rs12435391 increased Tmp21 pre-mRNA splicing efficiency 

The elevation of mRNA can be caused by increased RNA generation or reduced RNA 

degradation. Since rs12435391 is located in intron 4 of Tmp21 and it does not alter the splicing 

site, the mature mRNA generated from both TMP21-Intron4-WT and TMP21-Intron4-SNP 

should have the same sequence, indicating there is no degradation difference between two 

mature mRNAs. Next we examine whether TMP21-Intron4-SNP-induced increase of Tmp21 

mRNA is caused by increased mature mRNA generation. The alteration of RNA transcription, 

pre-mRNA degradation or splicing efficiency may contribute to the enhancement of TMP21 

expression induced by rs12435391. To explore the underlying mechanism of rs12435391-

induced TMP21 increase, we first examined the degradation rate of TMP21 pre-mRNA in 

TMP21-Intron4-WT and TMP21-Intron4-SNP transfected cells. HEK cells were transfected with 

TMP21-Intron4-WT and TMP21-Intron4-SNP, respectively. 24 hours later, both transcription 

inhibitor Actinomycin D (ACT-D) and splicing inhibitor Isoginkgetin (ISO) were applied to the 

cells and the cells were harvest at 0, 1, 2.5 and 5 hours after treatments. Total RNA was extracted 

and treated with overdosed DNase to remove gDNA contamination. Unspliced pre-mRNA was 

amplified by RT-PCR. Pre-mRNA levels of both TMP21-Intron4-WT and TMP21-Intron4-SNP 

transfected cells were significantly decreased at 1, 2.5, 5-hour time points compared with 0 time 

point (Fig. 2.3 A and B). The half-life of TMP21-Intron4-WT or TMP21-Intron4-SNP pre-

mRNA was around 2 hours (Fig. 2.3 C). It indicated that rs12435391 did not affect the pre-

mRNA stability.  
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Although rs12435391 did not affect the splicing site recognition, it may have an effect on 

splicing efficiency as multiple putative branch sites are around rs1243539 (Fig. 2.3 D). Since 

pre-mRNA stability was not affected by TMP21-Intron4-SNP, the alteration of pre-mRNA 

treated with transcription inhibitor ACT-D will reflect the effect of intron 4 SNP on pre-mRNA 

splicing rate. TMP21-Intron4-WT and TMP21-Intron4-SNP were transfected into HEK cells, 

respectively. 24 hours later, the transcription inhibitor ACT-D was applied to the cells and the 

cells were treated for 2.5 hours. Unspliced pre-mRNA was amplified by RT-PCR. As expected, 

pre-mRNA levels of both TMP21-Intron4-WT and TMP21-Intron4-SNP transfected cells were 

significantly decreased to 41%±6% and 19%±2%, (p=0.0021 and p=0.0020, relative to the 

control, respectively), respectively (Fig. 2.3 E, F), and significantly more reduced Tmp21 pre-

mRNA level in TMP21-Intron4-SNP cells, compared with TMP21-Intron4-WT cells, 59%±6% 

vs 81%±2%, p=0.023 (Fig. 2.3 G). According to our previously results, the similar pre-mRNA 

stabilities showed between TMP21-Intron4-WT and TMP21-Intron4-SNP, it was probably that 

much more TMP21-Intron4-SNP pre-mRNA was spliced than TMP21-Intron4-WT, leading to 

more reduced pre-mRNA level of TMP21-Intron4-SNP. This result suggested that TMP21-

Intron4-SNP significantly increased the splicing efficiency of pre-mRNA.  
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Figure 2.3 rs12435391 facilitated Tmp21 pre-mRNA splicing. 
HEK293 cells were transfected with TMP21-Intron4-WT (A) or TMP21-Intron4-SNP (B). 48 hours later, cells were 

treated with transcription inhibitor Actinomycin D (ACT-D) (10µM) and pre-mRNA splicing inhibitor isoginkgetin 

(ISO) (33µM). At 0, 1, 2.5 or 5-hour time points, the levels of pre-mRNA were assessed by RT-PCR with specific 

primers. PCR products were resolved on 2% agrose gel. (C) Quantification of (A) and (B). The levels of Tmp21 pre-

mRNA were normalized to actin and plotted as the percentage of the control at 0-hour point. Values represent 

Mean±SEM. N=3 by two-way ANOVA. (D) The sequence of Tmp21 intron 4 upstream of the exon 5. Putative 

branch sites are marked by *. TMP21-Intron4-WT or TMP21-Intron4-SNP (E) was transfected into HEK293 cells. 

After 48 hours, 10ug/ml ACT-D was applied to cells for 2.5 hours. The levels of pre-mRNA were assessed by RT-

PCR. PCR products were resolved on 2% agrose gel. (F) and (G) Quantification of (E). Values represent 

Mean±SEM. N=4, *<0.05 by student’s t-test.  
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2.3.5 rs12435391 had no effect on  Tmp21 transcription 

A SNP in a regulatory DNA binding site may alter the affinity with transcription regulatory 

factors, resulting different gene expression (Liao, 2010). It is possible that this intron 4 might 

contain cis-regulatory elements and rs12435391 might alter Tmp21 gene expression at 

transcription level. As pre-mRNA stability was not affected by TMP21-Intron4-SNP, any 

difference of pre-mRNA between TMP21-Intron4-WT and TMP21-Intron4-SNP transfected 

cells with splicing inhibitor Isoginkgetin (ISO) treatment will reflect their differential 

transcription activity. The level of unspliced pre-mRNA was measured in ISO treated cells 

transfected with TMP21-Intron4-WT and TMP21-Intron4-SNP, respectively. No significant 

difference between TMP-intron4-SNP and TMP-intron4-WT was detected, 1.47±0.25 vs. 

1.34±0.15 (p=0.67) (Fig 2.4 A, B and C). To further confirm the effect of Intron4-SNP on Tmp21 

transcription, we cloned wild type intron4 or intron 4 with the SNP upstream of BACE1 

promoter or RCAN1 promoter in pGL3-Basic construct, respectively. The effect of TMP21-

Intron4-SNP on transcription activity is measured by luciferase activity. The plasmids containing 

BACE1 promoter (pB1), BACE1 promoter with wild type intron 4 (I4-WT-pB1), BACE1 

promoter with intron 4-SNP (I4-SNP-pB1), RCAN1 promoter (pR1), RCAN1 promoter with 

wild type intron 4 (I4-WT-pR1) or intron 4-SNP (I4-SNP-pR1), were transfected into HEK cells 

respectively. Intron 4 SNP of TMP21 did not alter the promoter activities of either BACE1, 1.00 

±0.03 vs. 0.84 ±0.05 (p=0.06) (Fig.2.4 D) or RCAN1, 1.00 ±0.10 vs. 0.80 ±0.09 (p=0.22) (Fig. 

2.4 E). Our data clearly demonstrated that the SNP had no significantly impact on Tmp21 

transcription. 
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Figure 2.4 rs12435391 had no effect on Tmp21 transcription regulation. 

HEK293 cells were transfected with TMP21-Intron4-WT (A) or TMP21-Intron4-SNP (B). 48 hours after 

transfection, cells were treated with 33µM pre-mRNA splicing inhibitor Isoginkgetin (ISO) for 2.5 hours. Unspliced 

pre-mRNA was amplified by RT-PCR with specific primer. Actin served as loading control. PCR products were 

resolved in 2% agrose gel (C) Quantification of (A) and (B) with Image J software. Values represent Mean±SEM. 

N=3 by student’s t-test. (D) BACE1 promoter with Tmp21 wild type intron 4 (I4-WT-pB1) or intron 4 SNP (I4-

SNP-pB1) was cloned into pGL-3 basic to drive the expression of firefly luciferase. I4-WT-pB1 or I4-SNP-pB1was 

co-transfected with pRluc (encoding Renilla luciferase) into HEK cells, respectively. The activity firefly luciferase 

was normalized to Renilla luciferase activity to control the transfection efficiency. Values represent Mean±SEM. 

N=3 by student’s t-test. (E) RCAN1 promoter with Tmp21 wild type intron 4 (I4-WT-pR1) or intron 4 SNP (I4-

SNP-pR1) was cloned into pGL-3 basic. I4-WT-pR1 or I4-SNP-pR1 was co-transfected with pRluc into HEK cells, 

respectively. The activity firefly luciferase was normalized to Renilla luciferase activity to control the transfection 

efficiency. Values represent Mean±SEM. N=3 by student’s t-test. 
 

2.4 Discussion 

TMP21 has been shown to modulate γ-secretase activity and APP trafficking, leading to 

increased Aβ production (F. S. Chen, et al., 2006; Vetrivel, et al., 2007). Intriguingly, TMP21 

specifically regulated γ-secretase activity on APP processing without affecting Notch cleavage 
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(F. S. Chen, et al., 2006), which makes TMP21 a seductive target for AD treatment. However, 

upregulated TMP21 leads to Golgi fragmentation and sever neurologic problems in human 

Tmp21 transgenic mice (Gong, et al., 2011). These findings suggest that TMP21 levels are 

significantly altered in disease state and that TMP21 may play an integral, clinically relevant role 

in AD pathogenesis. However, the mechanism of TMP21 dysregulation and the association 

between TMP21 and AD remain elusive.  

 

In this study, we first identified an AD-associated Tmp21 SNP in intron 4, rs12435391, which 

demonstrated the genetic impact of TMP21 on the risk to develop AD and the clinical relevance 

of TMP21 expression levels in AD pathogenesis. Using gDNA bank from AD patients and 

controls (Zhou, et al.), we screened Tmp21 SNPs in exonic regions excluding the 5' UTR and 3' 

UTR, and the flanking intronic regions. Five SNPs were identified. Four SNPs were in non-

coding region and one synonymous substitution in exon 5. IVS2-71G>A is a novel SNP, which 

has not been reported. rs12435391 (IVS4-28T>C) in intron 4 showed significantly difference of 

allele and genotype frequency in AD patients and controls. This is the first study in elucidating 

the Tmp21 gene polymorphisms in AD patients since 1992.  

 

The intron 4 of TMP21 has only 755bp and rs12435391 located 28bp before exon5. To further 

examine the role of this intronic SNP on pre-mRNA processing and TMP21 expression levels, 

we firstly engineered an expression construct consist of all coding exons and the intron of 

interest, driven by the endogenous promoter. The results showed that this construct was 

recognized by splicing machinery, properly processed into mRNA, and subsequently expressed 

as protein of the proper size. This in vitro approach was used to study how rs12435391 affected 

TMP21 pre-mRNA processing and expression levels. A T/C point mutation was introduced by 

PCR-based site-directed mutagenesis to mimic rs12435391. Using PCR, RT-PCR and Western 

blot, we detected TMP21 in DNA, mRNA and proteins levels after transfection. Compared with 

wild type construct, the transcript size, mRNA and resulting protein from SNP plasmid revealed 

the effect of this SNP on TMP21 pre-mRNA processing, mRNA and protein expression. The 
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traditional approach to analysis RNA alternative splicing is minigene assay involving serials 

intronic and exonic regions from multiple genes (F. Pagani, Baralle, FE, 2010; F. Pagani, et al., 

2002). However, our expression construct consists of all coding exons and the intron of interest, 

driven by its endogenous promoter, it removes many of the confounding variables. More 

importantly, our novel construct was recognized by endogenous splicing machinery, and 

expressed mRNA and protein at proper size. It provides an effective application to assess the 

intronic SNPs in future research. 

 

As intronic SNP can affect gene expression at multiple levels including gene transcription, pre-

mRNA splicing and pre-mRNA degradation, we further determined the effect of rs12435391 on 

Tmp21 expression and the underlying mechanism. Since previous study showed that intronic 

SNPs contribute to diseases through alternative splicing of pre-mRNAs (F. Pagani & Baralle, 

2004; F. Pagani, et al., 2002), we first examine whether rs12435391 disrupts the splicing site 

recognition. The high fidelity of pre-mRNA splicing is critically dependent on the recognition of 

exon-intron and intron-exon boundary signals by U1 snRNP (Zhuang & Weiner, 1986), U2 

snRNP and U2 auxiliary factors (Hartmann, Theiss, Niederacher, & Schaal, 2008). The 

consensus sequence of exon-intron boundary consists of MAG/GURAGU (M=C or A, R=purine, 

and “/” denotes the exon-intron board) including the last 3 nucleotides of the upstream exon and 

the first 6 nucleotides of the downstream intron (Freund, et al., 2003). The intron-exon boundary, 

termed as 3’splice site (3’ss), consists of three signal parts, the branch point sequence (BPS), 

polypyrimidine tract and the most 3’ intronic dinucleotide, AG (Moore, 2000), crossing a 

variable region from 18-40 nucleotides to hundreds of nucleotides upstream of the intron-exon 

board (Gooding, et al., 2006; Helfman & Ricci, 1989). As this Tmp21 SNP is located at 28-

nucleotide upstream of intron4-exon5 board, within the region of 3’splice site, it may affect 

3’splice site recognition resulting in disruption of Tmp21 pre-mRNA splicing. Since the intron 4 

of Tmp21 only contains 753bp, we explored a novel strategy to study this intronic SNP by 

cloning the full length wild type intron 4 or intron 4 with the SNP into the expression plasmid 

consisting of all Tmp21 coding exons, in which intron 4 was located between exon 4 and 5. If the 
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splicing sites in intron 4 are correctly recognized, standard-sized mature Tmp21 mRNA should 

be produced, otherwise the longer unspliced mRNA will be detected. Indeed, the wild type intron 

4 in TMP21 expression construct was recognized by the splicing machinery, and properly 

processed into mature mRNA. Compared with wild type intron 4, intron 4 with rs1243539 

produced the same size mature mRNA. Sequencing of the mature mRNA further confirmed that 

both wild type intron 4 and intron 4 with rs1243539 can be precisely recognized and processed 

by the splicing machinery. Our work not only demonstrated that rs1243539 did not disrupt 

splicing site recognition but also provided a viable approach to study intronic SNPs. 

 

Although the SNP rs1243539 did not disrupt the recognition of pre-mRNA splicing site, it 

significantly increased TMP21 expression at both mRNA level and protein level. Previous 

studies showed that intronic SNP can affect splicing efficiency (F. Pagani, et al., 2002) 

Moreover, as many putative branch sites around or right at this SNP position, particularly the 

strongest one, rs1243539 may increase the splicing efficiency by affecting branch sites usage or 

efficiency, resulting in increased mature mRNA level. Our data demonstrated that increased 

splicing efficiency of intron 4 was involved in rs1243539-induced Tmp21 overexpression. In 

addition to its effect on pre-mRNA splicing, considering intronic SNPs may disturb pre-mRNA 

degradation or the function of cis-regulatory elements within this region (Liao, 2010; Orr & 

Chanock, 2008), the half-life of Tmp21 pre-mRNA and its effect on Tmp21 transcription activity 

was examined. We found that the half-life of Tmp21 pre-mRNA was 2 hours, which was not 

altered by rs1243539. Moreover, rs1243539 had no effect on Tmp21 transcription. As the 

endogenous Tmp21 promoter drove all of the TMP21 constructs, our results clearly demonstrated 

that rs1243539-induced TMP21 overexpression was not attributed to the increase of Tmp21 

transcription. Most studies on disease-associated SNPs focus on the SNPs in promoter region 

that alter the gene transcription, or the intronic SNPs disrupting splicing site recognition, yet 

overlook the effect of intronic SNPs on altering the level of gene expression. Our study provides 

a new mechanism of disease-associated intronic SNPs regulating gene expression in addition to 

splicing site recognition. 
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This novel AD-associated Tmp21 SNP, rs1243539, significantly increased TMP21 experession 

by potentiating its splicing efficiency, indicating that TMP21 upregulation might contribute to 

AD pathogenesis. Consistently, a more recent study showed that even 50% increase of TMP21 in 

transgenic mice leads to the severe neurological problems and premature death (Gong, et al., 

2012). However, previous reports showed that TMP21 downregulation increases γ-cleavage of 

APP and Aβ production (F. S. Chen, et al., 2006; Dolcini, et al., 2008; Hasegawa, Liu, & 

Nishimura, 2010; Vetrivel, et al., 2007). The controversial results suggest TMP21 may play a 

complex role in biological processes, which is not rare for biological molecules. For example, 

regulator of calcineurin 1 (RCAN1) plays a dual role in regulating calcineurin activity, both low 

level or knockout of RCAN1 and overexpression of RCAN1 dramatically inhibiting calcineurin 

activity (Hilioti, et al., 2004; Kingsbury & Cunningham, 2000; Sanna, et al., 2006; Shin, Yang, 

Kim, Do Heo, & Cho, 2011; Vega, et al., 2003). As a modulator of γ-secretase activity, TMP21 

may also play a dual role in regulating γ-secretase activity, both TMP21 downregulation and 

upregulation impairing γ-secretase activity. Moreover, both decreased expression and 

overexpression of p24 family proteins may result in defects in membrane trafficking events of 

early endosomes, which might lead to the enhanced APP processing and Aβ biogenesis (Rojo, 

Emery, Marjomäki, et al., 2000; Tang, 2009; Vetrivel & Thinakaran, 2006). As a member of the 

p24 family, increased TMP21 or reduced TMP21 may disturb APP trafficking to affect APP 

processing and Aβ generation. Regardless, the precise control of TMP21 expression is crucial to 

maintain its physiological functions, avoiding its pathogenic effects.  

 

2.5 Conclusion 

Here, we first identified that rs12435391 (IVS4-28T>C) located in intron 4 of Tmp21 was an 

AD-associated SNP by screening 248 AD patients and 236 controls. Our results showed that 

rs12435391 (IVS4-28T>C) did not alter the splicing site between exon 4 and exon 5, but it 

significantly increased TMP21 expression by potentiating the splicing efficiency of intron 4. Our 

study suggested that upregulation of TMP21 may contribute to AD pathogenesis.  
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Chapter 3: The Dysregulated TMP21 Facilitates APP Amyloidogenic 

Processing 
 

3.1 Introduction 

TMP21 was found to play a pivotal role as a regulator of the γ-secretase complex. TMP21 could 

co-precipitate with other members of the γ-secretase complex, PS1/PS2, NCT, Pen -2 and Aph-1 

(F. S. Chen, et al., 2006). More importantly, TMP21 is co-localized with PS1 in human brain 

(Vetrivel, et al., 2008). TMP21 selectively regulates the APP cleavage at the γ-site without 

affecting ε-site cleavage on APP or Notch (F. S. Chen, et al., 2006; Dolcini, et al., 2008). The 

transmembrane domain of TMP21 binds to the γ-secretase complex and decreases γ-secretase 

proteolytic processing thus reducing the Aβ production (Pardossi-Piquard, et al., 2009). 

Knockdown of TMP21 expression enhances APP maturation efficiency, producing more mature 

APP for amyloidogenic pathway thereby generating more Aβ (Vetrivel, et al., 2007). This 

evidence shows a dual role of TMP21 in the modulation of Aβ production by controlling APP 

trafficking and γ-secretase activity, suggesting that the increased TMP21 expression might be a 

potential strategy to reduce Aβ level and consequently, prevent AD pathogenesis. However, 

transgenic mice with neuron-specific expressed human TMP21 showed Golgi fragmentation, and 

severe neurological problems, growth retardation, infertility and premature death (Gong, et al., 

2011; Gong, et al., 2012). We identified a novel AD-associated SNP that significantly increased 

the expression of TMP21 at both mRNA and protein levels. However, it remains to be 

determined the causal linkage between TMP21 levels and APP processing and AD pathogenesis. 

In this chapter, we further examined the roles of TMP21 in APP amyloidogenic processing. 

Here, we found that both the overexpression and downregulation of TMP21 significantly 

increased C99 level. C99 is the BACE1 cleavage product of APP at Asp-1 site. Thus, in addition 

to modulating γ-secretase activity, TMP21 might also affect BACE1.  
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3.2 Methods 

3.2.1 Plasmids constructions. 

The TMP21 expression plasmid pcDNA4-TMP21mycHis was previously generated in our lab 

(S. Liu, et al., 2011). Using this plasmid as template, TMP21 cDNA with stop codon was 

amplified by forward primer TMP F Bam: 5’-

CGGGATCCGCCACCATGTCTGGTTTGTCTGGCCCAC and reverse primer TMP R Stop 

Eco: 5’-GGAATTCTTACTCAATCAATTTCTTGGCCTTG, generating TMP21 no tag 

expression plasmid. GFP-TMP21 plasmid was constructed by GFP being inserted between 

TMP21 signal peptide and luminal domain, using two pairs of primers: TMP-sig+GFP-F: 5’-

CCCCAGATTGGTCCTTGCCATGGTGAGCAAGGGCG and TMP-sig+GFP-R: 5’-

CGCCCTTGCTCACCATGGCAAGGACCAATCTGGGG, TMPlum-FBamHI: 5’-

CGGGATCCATCTCCTTCCATCTGCCC and TMPlum-REcoRI: 

CGGAATTCTTAGGTATCACGCATCTCCTC. By fusing Dsred at the C-terminal of BACE1 

in pzBACE1 plasmid (Zhou, Qing, Tong, & Song, 2004), we generated BACE1-Dsred plasmid. 

pBACE1-EGFP was cloned by the cDNA of BACE1 inserted into pEGFP-N1 (Sun, Tong, Qing, 

Chen, & Song, 2006). 

 

3.2.2 Cell culture and transfections. 

HTM is the stable cell-line that overexpression TMP21-mycHis in HEK293. All cells were 

cultured in Dulbeccoo’s modified eagle medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 1mM sodium pyruvate, 1mM L-glutamine, and 50U/mL penicillin G sodium and 

50µg/mL streptomycin sulfate (Invitrogen, Carlsbad, CA USA), and were maintained at 37°C in 

an incubator containing 5% CO2. HTM cell media also contained 60mg/mL zeocin. Cells were 

seeded in 24-well plates or 35mm plates 24 hours before transfection and grown to near 70% 

confluence by the day of transfection. Transient transfections were performed using the calcium 

phosphate method, and cells were allowed to grow for an additional 48 to 72 h until confluent. 

Or cells were transfected with 2µg plasmid DNA in 35mm plate using 2µl of lipofectamine 2000 

Reagent (Invitrogen) according to the manufacturer’s instructions. Unless otherwise stated, all 
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cells were harvested in PBS and lysed in a modified RIPA-DOC buffer (150mM NaCL, 50mM 

Tris-HCL, 1% Triton X-100, 2% SDS, and 1% sodium deoxycholate) with the presence of 

protease inhibitor cocktail complete (04693116001; Roche, Indianapolis, IN, USA). After briefly 

sonication and centrifugation at 14,000rpm for 10 mins, supernatants were collected and protein 

assay was performed with the Bio-Rad Dc protein assay kit (Bio-Rad, Richmond, CA).  

 

3.2.3 Immunoblotting. 

Whole-cell lysates were diluted in 4XSDS-sample buffer and separated on 12% Tris-glycine 

SDS-PAGE gel and transferred to polyvindylidine fluoride (PVDF-FL) membranes. Membranes 

were blocked in PBS containing 5% non-fat dried milk and incubated with the primary 

antibodies diluted in the blocking buffer at 4°C overnight. Rabbit anti-TMP21 antibody T21 

(1:1000) was generated by inoculating rabbit with synthetic peptide HKDLLVTGAYEIHK, this 

peptide shared 100% sequence homology with both mouse and human TMP21. Rabbit anti-C20 

(1:1000) recognized the last twenty amino acids on the C-terminal end of human APP and 

Mouse 9E10 (1:200) recognized the Myc tag were made in-house as well. Human p24a was 

detected by mouse monoclonal antibody TMED2 (1:2000) (C-8) (Santa Cruz Biotechnology). 

Golph4 (1:2000), for Golgi marker detection, was a rabbit polyclonal antibody from Abcam. The 

antibody AC-15 (1:5000) (Abcam, Cambridge, MA, USA and Sigma) was used to detect β-actin. 

Then the membranes were rinsed in PBS-T and incubated with near-infrared fluorescence-

labeled secondary antibodies IRDyeTM680-labeled goat anti-rabbit (1:100,000) and IRDyeTM800-

labeled goat anti-mouse antibodies (1:100,000) (Lincoln, NE, USA) in PBS-T at room 

temperature for 1 h, after further rinsed in PBS-T the membranes was scanned by LI-COR 

Odyssey R system. All quantification measurements were preformed using ImagJ software. 

 

3.2.4 Aβ40 enzyme linked-immunosorbent assay (ELISA). 

HEK or HTM cells with APPwt and BACE1 coexpression were cultured in cell culture medium 

supplemented with 5% FBS. At 24 or 48 hours after transfection, the conditioned medium was 

collected; the mice brains tissue was weighted and treated by 5M Guanidine HCl for 3 hour at 
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room temperature. Then the concentration of Aβ40 was detected using β-amyloid 1-40 

Colorimetric ELISA kit (Invitrogen) according to manufacturer’s instructions. 

 

3.2.5 Coimmunoprecipitation. 

Cells were harvested in PBS 48 h after transfection and lysed in 0.3ml NP-40 lysis buffer (20mM 

Tris.HCl pH 7.5, 150mM NaCl, 1mM MgCl2, 1mM EDTA, 1% NP-40) and protease inhibitor 

cocktail Complete on ice for 30mins. Samples were spun at top speed for 15 min and 

supernatants were transferred to a new tube. Immunoprecipitation antibody was added in 60ul 

protein A/G coupled to agarose beads (Santa Cruz Biotechnology) and gently mixed at 4°C for 3 

h to overnight. Beads were washed by NP-40 lysis buffer and added into samples supernatant. 

After mixing overnight at 4°C, the beads were washed three times in lysis buffer and boiled in 

1xSDS sample buffer for 5 min. Further short centrifugation to spin down the beads. The 

samples were loaded on 16% Tris-Tricine gels (for CTFs) or 8%-10% glycine gel for 

immunoblotted. The cells transfected with myc-tagged expression plasmids were 

immunoprecipitated with anti-myc antibody 9E10 (1:20) and immunoblotted with anti-TMP21 

antibody T21 or anti-eGFP (1:1000); for APP and CTF samples were immunoprecipitated with 

anti-APP-CTF antibody C20 (1:100), then immunoblotting was performed using 9E10 (1:500). 

 

3.2.6 Subcellular fractionation. 

Cells were harvested in 1ml PBS, spinned down at 1000xg for 60 sec and resuspended in 

homogenization buffer (10mM HEPES, pH 7.4, 1mM EDTA, 0.25M sucrose (8.56%)), 

supplemented with a protease inhibitor mixture. Then the cells were disrupted using 10 strokes in 

a Dounce homogenizer. Then nuclei and intact cells were precipitated in pellet by low-speed 

centrifugation at 1000xg for 10 minutes. Collect equal volume of Post-nuclear fraction (PNS) 

and load on fresh-prepared sucrose density gradient (10~50%, w/v). After centrifugation at 

28,000xg for 2 hr at 4°C in a swinging bucket rotor MLS50 (Beckman), 16~20 fractions were 

collected, proteins samples were concentrated for gel analysis by adding trichloroacetic acid 
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(TCA) to 20%. Immunoblot analyses of these fractions were performed, using Golph4 (1:1000), 

C20 (1:1000) and 9E10 (1:200) antibodies.  

 

3.2.7 Immunocytochemistry. 

Cells were seeded onto glass cover slips in 24 well plates the day before transfection, 24 hours 

after transfection cells were rinsed in PBS, fixed in 4% PFA or methanol at -20°C for 20 min, 

blocked in 5% BSA in PBS-Tx for 30 min, and incubated with or without primary antibodies in 

1% BSA in PBS-Tx overnight at 4°C. The next day cells were rinsed, incubated for 1 h with goat 

anti-rabbit Alexa Fluor 488 (green) or goat anti-mouse Alexa Fluor 568 (red), rinsed in PBS-Tx, 

and mounted using Fluoromount-G (Southern Biotech). Cells transfected with GFP-TMP and 

BACE1-RFP were fixed 24 hours after transfection and then mounted. Cells were imaged with a 

100x oil objective lens on a Carl Zeiss Axiovert-200 epi fluorescent microscope.  

 

3.2.8 Confocal imaging and time-lapse live cell image analysis. 

Cells were transfected with GFP-TMP and BACE1-RFP and incubated in phenol red-free 

DMEM (Invitrogen) supplemented with 10% FBS, sodium pyruvate, L-glutamine and 

penicillin/streptomycin as regular complete medium. Cells were fixed by methanol or the live 

cell image analysis were performed 24 hours after transfection. Confocal images were recorded 

with the Axiovert 200M microscope using an AxioCam HRm Rev.2 camera. The objective lens 

of the microscope was Plan Apochromat 63x/1.40 Oil (DIC III). The time-lapse images were 

acquired every 500 milliseconds, 30 frames in total. 

 

3.2.9 SiRNA knockdown. 

Synthetic siRNA duplexes against the conserved sequence ATACCTGACCAACTCGTGA (nt 

416-434 of NM-006827) present in human and mouse Tmp21 mRNA was purchased from 

Dharmacon (Vetrivel, et al., 2007). Scramble control siRNA against the sequence 

CTGCAGAGCTCGACCACTC (Vetrivel, et al., 2007) and p24a siRNA against the sequence 

CCGGATGTCCACCATGACT (W. Luo, Wang, & Reiser, 2007) were synthesized by 
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Dharmacon. Cells were given fresh medium, and siRNA was prepared with lipofectamine 2000 

in Opti-medium as per the manufacturer's protocol (Invitrogen). Cells were harvested 48 to 72 h 

after siRNA treatment. 

 

3.2.10 Mice breeding  

APP23 transgenic mice were shipped from Novartis in Switzerland. APP23 transgenic mice 

carry human APP751 cDNA with the Swedish mutation at positions 670/671(KM/NL) driven by 

Thy1.2 promoter which has a neuronal specific expression pattern (Sturchler-Pierrat, et al., 

1997). The S2P23 mice, which display hemizygous knockdown of TMP21 in a C57BL/6 

background were shipped to our facility from Transgenic Services at Cancer Research UK 

(Denzel, et al., 2000a). These mice were bred in the Animal Research Unit (ARU) at the 

University of British Columbia Hospital.  

 

3.2.11 Genotyping. 

Mice were weaned at 3 weeks of age, after that they were anesthetized using isoflourence. The 

ear punch biopsies were collected and digested in 300µL lysis buffer (10mM Tris HCl pH 8.0; 

10mM EDTA pH 8.0; 150mM NaCl; 0.5% SDS) with 100ng/ml proteinase K (New England 

Biolabs) overnight at 55°C while rotating. The next day, samples were centrifuged at 14,000rpm 

for 10mins to spin down the insoluble hair or tissue. Supernatant were collect and added 

equivalent volume of phenol/chloroform, followed by vortex. Samples were centrifuged to 

separate the aqueous and organic layers, and the aqueous layer was carefully removed. DNA was 

purified again using phenol/chloroform and precipitated with 0.7X volume of isopropanol, and 

pelleted by centrifugation at 14,000rpm for 15 mins. The pellet was washed twice with 70% 

ethanol, air dried, and dissolved in 50µL TE buffer (pH 7.4). 

 

For the genotyping of APP23 mice, gDNA was subjected to PCR with Thy1E2 forward primer 

5’-CACCACAGAATCCAAGTCGG and APP1082 reverse primer 5’-

CTTGACGTTCTGCCTCTTCC by PCR method. The 1kb band from PCR indicates the 
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existence of the human APP gene. For genotyping of S2P23 mice, the PCR preformed using 

forward primer G-TMP21 mice-F (5’-CCGGACTCTAGGTCCGCCAA), and reverse primers G-

TMP21 mice-R (5’-TCTGGTTTGTTTGGCCCACTCTCCG) and G-TMP21mice-Neo (5’-

AATTCGCCAATGACAAGACGCT), the S2P23 mice displayed the positive band being 260 bp 

in size. All procedures used in this study were in accordance with guidelines established by the 

Canadian Council on Animal Care and approved by the University of British Columbia Animal 

Care Committee. 

 

3.2.12 Neuritic plaque staining. 

Mice were sacrificed and half of the brain was fixed in 4% paraformaldehyde (PFA) for more 

than 48 hours at 4°C and followed by 30% sucrose solution around 48 hours at 4°C. Brains were 

embedded in OCT solution at -20°C and sectioned with a Leica cryostat (Deerfield, IL) to 30µM 

thickness. Slices were collected into D’Olomos solution and store at -20°C. Every 6th slice with 

the same reference position was mounted onto the slides fro staining.  As previously described 

(Ly, Cai, & Song, 2011), slices were immunostained with biotinylated mono- clonal 4G8 

antibody (recognizes the 17 to 24 amino acid residues of Aβ) (Signet Laboratories, Dedham, 

MA) at 1:1000 dilutions. Plaques were visualized by the avidin-biotin-peroxidase complex 

(ABC) (Elite ABC, Vector Laboratories) and diaminobenzidine tetrahydrochloride (DAB) 

(Vector Laboratories) method, and counted under microscopy with 40X magnification. 

Thioflavin S staining for β-sheet is also used to detect Aβ-containing neuritic plaques. It was 

performed with 1% thioflavin S in 80% ethonal. Upon binding, thioflavin S undergoes a 

characteristic blue shift of its emission spectrum and the green fluorescence-stained plaques 

could be visualized with fluorescent microscopy (Ly, et al., 2011). Plaques were quantified by 

average plaque count per slices for each mouse, and the data were analyzed by student t-test.  
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3.3 Results 

3.3.1 Upregulation of TMP21 shifted the APP processing from non-amyloidogenic to 

amyloidogenic pathway 

We have identified an AD-associated SNP in the exon 4 of TMP21 gene, and this SNP promoted 

TMP21 expression at both mRNA and protein levels in vitro. To examine the effect of TMP21 

upregulation on APP processing, we transfected pTMP21-mycHis into the Human Embryonic 

Kidney 293 cells (HEK293) and established a stable cell line HTM (S. C. Liu, et al., 2008). 

When cotransfection of APPwt and BACE1 into HEK and HTM cells, C83 level was 

significantly reduced, 1.00±0.11 vs. 0.42±0.03 (p=0.0046), but C99 level was increased in HTM 

cells, 1.00±0.07 vs. 1.75±0.26 (p=0.045), no statistic difference of C89 levels between HEK and 

HTM cells 1.00±0.12 vs. 0.72±0.09 (p=0.0842) was observed (Fig.3.1 A). The ratio of C99 to 

C83 was increased by over three fold in HTM cells, 1.00±0.06 vs. 3.56±0.53 (p=0.0150) (Fig 3.1 

B). Interestingly, we also found that there are more C99, rather than C89 production in HTM 

cells. The ratio of C99/C89 was significantly increased in HTM cells 1.00±0.10 vs. 2.00±0.18 

(p=0.0057). (Fig.3.1 B.). ELISA assay showed the increased Aβ level in the HTM medium, 

1.00±0.06 vs. 2.06±0.14 (p=0.025). (Fig. 3.1 C). It suggested that overexpression of TMP21 

shifted APP processing from α-secretase cleavage, as indicated by the decrease in C83, towards 

BACE1 cleavage, and specifically, overexpression of TMP21 augmented the C99 generation, 

rather than C89 generation, and the increased C99 may provide more substrate of γ-secretase, 

thus led to increased Aβ production.  
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Figure 3.1 Overexpression of TMP21 dramatically shifted the APP cleavage from non-amyloidogenic 

pathway to amyloidogenic pathway. 

(A) Transient tranfection of APPwt and BACE1 expression plasmid into HEK and TMP21 stable overexpression 

cell line HTM, equal quantities of total proteins were loaded onto 16% tricine gels for immunoblot analysis to detect 

full-length APP, actin, TMP21-myc and CTFs. The CTFs levels in HEK and HTM were quantified and Values are 

expressed as Mean±SEM. N>=3, *p<0.05 by student’s t-test. When TMP21 was stably upregulated, there was a 

significant increase in C99 levels (*p<0.05) and decrease in C83 levels as well (*p<0.05). (B) The ratios of C99/C83 

and C99/C89 from experiments in (A) were also analysis by Graphpad Prism version 5 and values are expressed as 

Mean±SEM. N=3, *p<0.05 by student’s t-test. (C) Conditioned medium of HEK and HTM cells cotransfected with 

APPwt and BACE1 from (A) was collected, the secreted Aβ40 was quantified by ELISA assay. Values are 

expressed as Mean±SEM. N>=3, *p<0.05 by student’s t-test.  
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3.3.2 Knockdown of TMP21 also preferentially enhanced C99 generation. 

To further investigate the role of TMP21 in APP processing, we transfected the TMP21 siRNA 

(Vetrivel, et al., 2007) into HEK cells. The TMP21 siRNA transfected cells showed around 

20~70% reduction of TMP21, and p24a decreased correspondingly. A decrease of TMP21 was 

also found in p24a siRNA transfected cells. P24a siRNA or TMP21 siRNA significantly 

increased C99 production, rather than C83 or C89 in APPwt and BACE1 co-expressing cells 

(Fig 3.2 A), resulting in the dramatically increased ratio of C99/C89 compared to scramble 

siRNA control cells 1.00±0.14 vs. 1.62±0.19 (p=0.0029) or 1.00±0.14 vs. 1.31±0.17 (p=0.0240), 

respectively. The ratio of C99/C83 ratio was dramatically increased in p24a knockdown cells and 

TMP21 knockdown cells, comparing to scramble siRNA control cells 1.00±0.26 vs. 2.92±0.44 

(p=0.0070) or 1.00±0.26 vs. 1.79±0.27 (p=0.0172), respectively. APP Swedish mutation 

(KM670/671NL), leading to a increased β-site cleavge and Aβ generation, is identified in a 

Swedish family with early-onset AD (Citron, et al., 1992; Mullan, Crawford, et al., 1992). 

Studies in our lab show that APPswe generates more C99 and higher C99/C89 ratio compared to 

APPwt (Deng, et al., 2013). Upon co-expression of APPswe and BACE1 in p24a siRNA or 

TMP21 siRNA transfected cells, C99 level was specifically increased (Fig 3.2 B). The ratio of 

C99/C89 ratio was dramatically increased in p24a knockdown cells and TMP21 knockdown 

cells, comparing to scramble siRNA control cells, 1.00±0.07 vs. 2.27±0.49 (p=0.0339) or 

1.00±0.07 vs. 1.76±0.33 (p=0.0342), respectively. The ratio of C99/C83 ratio was dramatically 

increased in p24a knockdown cells and TMP21 knockdown cells, comparing to scramble siRNA 

control cells, 1.00±0.07 vs. 3.73±0.88 (p=0.0176) or 1.00±0.07 vs. 2.94±0.46 (p=0.0073), 

respectively (Fig 3.2 B). This in vitro data showed that suppression of TMP21 also facilitated 

APP amyloidogenic processing by specifically increasing C99 levels. The increased C99 was 

because of the enhanced BACE1 cleavage at Asp-1 site on APP. It also suggested the impact of 

TMP21 on BACE1 cleavage. 
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Figure 3.2 Knockdown of TMP21 preferentially generated more C99. 

(A) The cells expressed both APPwt and BACE1 and then were treated by TMP21 siRNA, scramble control siRNA 

and p24a siRNA, respectively. 48-72 hours after siRNA treatment, the cells were harvest in PBS and the same 

amounts of total proteins were loaded on 16% Tris-Tricine gel, the holoAPP and CTFs levels were detected by C20 

antibody. Endogenous TMP21 was detected by T21 antibody and endogenous p24a was detected by TMED2 

antibody. The pattern of C99/C89 and C99/C83 were analyzed using Graphpad Prism version 5. Values were 

expressed as Mean±SEM. N>=3, *p<0.05 by student’s t-test. (B) The cells expressed both APPswe and BACE1 and 

then were treated by TMP21 siRNA, scramble control siRNA and p24a siRNA, respectively. 48-72 hours after 

siRNA treatment, the cells were harvest in PBS and the same amounts of total proteins were loaded on 16% Tris-

Tricine gel, the CTFs levels were detected by C20 antibody and the pattern of C99/C89 and C99/C83 were analyzed 

using Graphpad Prism version 5. Values were expressed as Mean±SEM. N>=3, *p<0.05 by student’s t-test. 
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3.3.3 Disruption of TMP21 facilitated plaque formation in AD transgenic mice. 

To determine the role of TMP21 in AD pathology in vivo, we crossed the TMP21-deficient mice 

with AD mice. The Tmp21 hemizygous mice strain S2P23 is established by disrupting one 

Tmp21 allele. The mRNA level of TMP21 and the protein level of TMP21 is significantly 

reduced in these mice (Denzel, et al., 2000a). Homozygous TMP21 knockout mice are not 

viable, suggesting that the TMP21 is essential for early stage of mammalian development 

(Denzel, et al., 2000a). APP23 transgenic mice express the human APP751 isoform with the 

Swedish mutation specifically in neurons and begin to develop neuritic plaques at 6 months 

(Sturchler-Pierrat, et al., 1997). The APP23XS2P23 double crossed mice appeared smaller than 

their littermate controls. Total of 214 pups from 15 breeding cages were analyzed. The 

genotyping ratio of APP23: S2P23: C57BL/6: APP23XS2P23 was 0.46: 0.50: 1: 0.18, instead of 

the expected 1:1:1:1 Mendelian ratio. In total, 18 double crossed mice were produced: 10 female 

and 8 male. Among them, 12 died before the age of 3 months. Few APPXS2P23 mice can 

survive after 6 months. Brain tissue from two mice at the age of 7 months were collected and 

there were only 4 female and 1 male reached at the age of 9 months. The limited numbers 

curtailed our further study in behaviors. The fatality of the APP23XS2P23 mice is detrimental 

and the fundamental function of TMP21 demands further attention. 

 

Even though the fluorescent detection using thioflavin S were unable to detect the Aβ plaques in 

either APP23XS2P23 double crossed mice or APP23 littermate controls at 7 months old, we still 

can observe the relatively increased C99 level and the trend of increased Aβ level in 

APP23XS2P23 double crossed mice (Fig 3.3). After 2 more months later, in 9 months-old mice 

brain, consistently, there was significantly increased the C99 generation, compared 

APP23XS2P23 double crossed mice to littermate controls, 1.00±0.14 vs. 2.06±0.14 (p=0.0023). 

We also detected the increased Aβ levels in APP23XS2P23 double crossed mice, compared to 

their littermate controls, 1.00±0.10 vs. 2.30±0.42 (p=0.0210). Moreover, using the 

immunohistochemical staining with anti-human Aβ antibody 4G8 and fluorescent detection 

using thioflavin S, we clearly saw the increased plaques in the cortex of the APP23XS2P23 
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mice, compare to the APP23 mice, 1.00±0.08 vs. 2.19±0.09 (p=0.0002) (Fig 3.4). This evidence 

was consistent with the in vitro results from previous published paper of other groups (F. S. 

Chen, et al., 2006; Vetrivel, et al., 2007) and strongly supported that the deficiency in TMP21 

can exacerbate Aβ production and AD pathogenesis in vivo. 

 

 
Figure 3.3 Disruption of TMP21 facilitated C99 and Aβ generation in 7 months old AD mice. 

The TMP21 hemizygous knockdown mice S2P23 were crossed breeding with classic AD mice APP23, the double-

crossed mouse APP23XS2P23 and its littermate controls were sacrificed at 7 months. Half of the brain was used for 

Western blot and ELISA analysis, and the other half was used for plaques staining. (A) Brains tissue the same 

amount of tissue from the same brain region was lysed in 2% SDS RIPA-DOC buffer. The same amounts of total 

proteins were loaded on 16% Tris-Tricine gel. The full-length APP and CTFs levels were detected by C20 antibody. 
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Endogenous TMP21 was detected by T21 antibody. C99 levels were analyzed using Graphpad Prism version 5. 

Values were expressed as Mean±SEM. N=2. (B) Brains tissue were lysed in Guanidine HCl according to Aβ ELISA 

Kit instructions (Invitrogen) for Aβ40 ELISA analysis. Values were expressed as Mean±SEM. N=2, (C) The other 

half of the brain was dissected, fixed, and sectioned. The plaques were detected by immunohistochemical staining 

with fluorescent detection using thioflavin S to detect the Aβ plaques. Plaques were visualized by microscopy with 

40×magnification. 

 

 

Figure 3.4 Disruption of TMP21 facilitated plaque formation in 9 months old AD mice. 

The TMP21 hemizygous knockdown mice S2P23 were crossed breeding with classic AD mice APP23, the double-

crossed mouse APP23/S2P23 and its littermate controls were sacrificed at 9 months. Half of the brain was used for 

Western blot and ELISA analysis, and the other half was used for plaques staining. Half of the brain was used for 

Western blot and ELISA analysis, and the other half was used for plaques staining. (A) Brains tissue were be 
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isolated from half of the brain, the same amount of tissue from the same brain region was lysed in 2% SDS RIPA 

DOC buffer. The same amounts of total proteins were loaded on 16% Tris-Tricine gel. The full-length APP and 

CTFs levels were detected by C20 antibody. Endogenous TMP21 was detected by T21 antibody. C99 levels were 

analyzed using Graphpad Prism version 5. Values were expressed as Mean±SEM. N=5, *p<0.05 by student’s t-test. 

(B) Brains tissue were lysed in Guanidine HCl according to Aβ ELISA Kit instructions (Invitrogen) for Aβ40 

ELISA analysis. Values were expressed as Mean±SEM. N=5, *p<0.05 by student’s t-test. (D) The other half of the 

brains from APP23XS2P23 and its littermates control APP23 were used for plaque staining. The brain was 

dissected, fixed, and sectioned. The plaques in brains slices were immunohistochemical staining with anti-human 

Aβ antibody 4G8 (upper lanes) and fluorescent detection using thioflavin S (bottom lanes). Plaques were visualized 

by microscopy with 40×magnification. (C) Plaques were quantified by average plaque count per slices for each 

mouse, and the data were analyzed Graphpad Prism version 5. Values were expressed as Mean±SEM. N=5, *p<0.05 

by student’s t-test.  

 

3.3.4 TMP21 accumulated immature BACE1 and interacted with immature BACE1. 

Our results suggested that overexpression and downregulation ofTMP21 facilitated APP 

amyloidogenic processing, which indicated by the increased C99 levels. The preferential 

increased C99 level cannot be explained by the alteration of γ-secretase activity. It indicated that 

the BACE1, cleaved APP at Asp-1 site to produce C99, might play major role. Therefore, to 

determine whether TMP21 affects BACE1, we first detected the BACE1 in TMP21 

overexpressed and downregulated cells. It’s known than the newly synthesized BACE1 followed 

the classic transmembrane protein synthesis and trafficking pathway from ER to Golgi. The 

trafficking of BACE1 between ER and Golgi can be traced by the alteration of the BACE1 

molecular mass from the immature form in the ER (~66KDa) to the mature form (~75KDa) 

(Benjannet, et al., 2001; Capell, et al., 2000; Creemers, et al., 2001; Huse, et al., 2000). So we 

transfected BACE1 into HEK cells and HTM cells. Western blot analysis showed that 

overexpression of TMP21 significantly accumulated the immature form of BACE1, leading to 

increased ratio of immature BACE1 to mature BACE1, 1.00±0.09 vs. 4.00±0.39 (p=0.0066). The 

cytoplasmic domain of TMP21 is very essential for its ER/Golgi trafficking. To exclude the 

artifact that induced by the mycHis tag at the cytoplasmic tail of TMP21, we transfected BACE1 

in GFP-TMP21 (with GFP inserted between signal peptide and luminal domain of TMP21) 
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expression cells (Fig.3.5 B.), and also transfected BACE1 in cells expressed TMP21 without tag 

(Fig 3.5 C). Consistently, the increased immature BACE1 can be detected and the ratio of 

immature BACE1 to mature BACE1 was significantly increased when cotransfected with 

TMP21 with or without tags. These results showed that the mycHis at the C-terminal of TMP21 

or the GFP tag ahead of TMP21 presented the similar effects on accumulation immature BACE1 

as TMP21 without any tag. We also found the increased immature BACE1 could be detected in 

TMP21 or p24a knockdown cells, 1.00±0.07 vs. 2.48±0.30 (p=0.0223) or 1.00±0.07 vs. 

3.18±0.35 (p=0.0041), respectively. The downregulated TMP21 retained BACE1 in ER as its 

immature form, which is consistent with the function of TMP21 in ER-to-Golgi trafficking. 

 

Further, we found the interaction between TMP21 and BACE1 by coimmunoprecipitation (CoIP) 

assay, and specifically, only the immature form of BACE1 could be co-precipitated with TMP21. 

It indicated the interaction between TMP21 and the immature BACE1 (Fig. 3.6 A.). The reverse 

Co-IP also showed the TMP21 can be co-precipitated by BACE1 (Fig. 3.6 B). These results 

suggested that TMP21 may regulate BACE1 maturation or ER export through this 

TMP21/immature BACE1 interaction. The immature BACE1 existed in ER, where BACE1 

preferentially cleaved APP at Asp-1 site and produce more C99. It was possible that TMP21 

affected the BACE1 maturation processing through ER, thus contributed to the enhanced C99 

level. 
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Figure 3.5 Immature BACE1 increased when TMP21 overexpressed. 

(A) BACE1-myc expression plasmid was transfected into HEK cells and HTM cells. Equal amount of total proteins 

from each sample were loaded on the 8% glycine gel and the pattern of mature form and immature form of BACE1 

could be visualized by 9E10 antibody. The mycHis tagged TMP21 could be detected by 9E10 antibody. Endogenous 

TMP21 and p24a were blotted by T21 antibody and TMED2 antibody, respectively. The patterns of immature and 

mature BACE1 were analyzed using ImagJ and Prism 5. Values were expressed as Mean±SEM. N>=3, *p<0.05 by 

student’s t-test. (B). GFP-tagged TMP21 plasmids was transfected into the cells expressed with BACE1-myc 

plasmid. GFP-TMP21 and GFP control could be detect by anti-GFP antibody. (C) TMP21 no tag plasmid was 

transfected into the cells expressed with BACE1-myc plasmid. Endogenous TMP21 was blotted by T21 antibody. 

(D) The cells expressed BACE1 were treated by TMP21 siRNA, scramble control siRNA and p24a siRNA, 

respectively. 48-72 hours after siRNA treatment, the cells were harvest in PBS and the same amounts of total 

proteins were loaded on 8% glycine gel and the pattern of mature and immature of BACE1 was detected by 9E10 

antibody. The patterns of immature and mature BACE1 were analyzed using ImagJ and Prism 5. Values were 

expressed as Mean±SEM. N>=3, *p<0.05 by student’s t-test. 
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Figure 3.6 TMP21 interacted with immature BACE1. 

(A) HEK cells were transfected with myc-tagged expression plasmid of TMP21 and GFP tagged-BACE1, eGFP or 

pcDNA4 vectors as negative controls. After 24 hours, cells were harvested in PBS and lysed in NP-40 buffer. 

Lysates were immunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using anti-GFP 

antibody. The immature form of BACE1 can be coimmunoprecipitated with TMP21. (B) HEK cells were transfected 

with myc-tagged expression plasmid of BACE1 and GFP tagged-TMP21, eGFP or pcDNA4 vectors as negative 

controls. Lysates were immunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using anti-

GFP antibody. The GFP-TMP21 can be coimmunoprecipitated with BACE1. 

 

3.3.5 Overexpression of TMP21 altered trafficking of BACE1 and its subcellular 

distribution 

TMP21 is a critical protein that mediates anterograde and retrograde transport between ER and 

Golgi (Dominguez, Dejgaard, Füllekrug, et al., 1998; Rojo, et al., 1997a). To investigate the 

effect of TMP21 on BACE1 subcellular distribution and trafficking along biosynthetic pathway, 

we cotransfected HEK cells with pTMP21-mycHis and BACE1myc and disrupted the cells in 

non-detergent buffer using Dounce homogenizer. The subcellular organelles with different 

density were separated through sucrose gradient as described in methods. In subsequent Western 

Blot analysis, the co-fractionation of TMP21 and BACE1 was detected in heavy-density sucrose 

gradient fractions, fraction 10-13. Immature BACE1 began to exist in these fractions. To further 

examine the subcellular distribution. GFP tagged-TMP21 and DsRed tagged-BACE1 were 

transfected into HEK cells and immunocytochemistry and confocal imaging were performed. 
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Consistent with previous observation, TMP21 and BACE1 were co-localized in a juxtanuclear 

region (Fig. 3.3). Furthermore, BACE1 was accumulated along TMP21 transport pathway and 

cotransport with TMP21 in the live cell imaging. It also showed that the BACE1 was 

concentrated in the region around the nuclear envelope (Video. 3.1). All these evidence proved 

that TMP21 affected BACE1 trafficking and contributed to the maturation process of BACE1. 

 

 

Figure 3.7 Co-localization of TMP21 and BACE1. 

(A) 16 fractions from 10~50% sucrose density gradient were collected and concentrated by TCA precipitation as 

described in methods, 9E10 antibody was used to detect TMP21-Myc and BACE1-Myc. Golph4 was used as Golgi 

markers. The immunocytochemistry (B) and confocal imaging (C) was used to detect the localization of GFP fused 

between the signal peptide and luminal domain of TMP21 (GFP-TMP21) and BACE1-Dsred. 
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Figure 3.8 TMP21 accumulated BACE1 along the peri-nuclear region 

The eGFP control plasmid and GFP-TMP21 and BACE1-Dsred were cotransfected into HEK cells using Calcium 

Phosphate transient transfection. Cells were cultured in phenol red-free complete DMEM medium. Live cell image 

analysis was performed 24h after transfection. Time-lapse images were acquired every 500 ms, 30 frames in total. 

These are the images taken from videos. 

 

3.4 Discussion 

Previous reports showed that the downregulation of TMP21 increased γ-cleavage of APP and Aβ 

production (F. S. Chen, et al., 2006; Dolcini, et al., 2008; Hasegawa, et al., 2010; Vetrivel, et al., 

2007). It suggested that a deficiency in TMP21 might exacerbate AD pathology. In this chapter, 

we identified a novel AD-associated SNP in TMP21, and this SNP significantly increased 

TMP21 mRNA and protein expression in vitro, which indicated that increase in TMP21 

expression might contribute to AD pathogenesis. We found the abnormal expression of TMP21, 

either by downregulating and overexpressing, increased the β-cleavage on APP, and specifically 

generated more C99.  

 

To investigate the exact role of TMP21 expression levels in AD pathogenesis, multiple lines of 

the transgenic mice harbored human Tmp21 at various expression levels were established (Gong, 

et al., 2011). Even a 50% increase of TMP21 overexpression in central nervous system leads 
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post-natal growth retardation, sever neurologic problems and early death, and the onset and 

severity of the symptoms are highly correlated with the TMP21 expression levels. Moreover, 

premature death of these transgenic mice lines occurred before they reached sexual maturity, 

resulting in no offspring generated beyond F1 (Gong, et al., 2011). Interestingly, the newborn 

human Tmp21 transgenic mice are normal and show no symptom in the first two weeks after 

birth (Gong, et al., 2011). While the Tmp21 homozygous knockout results in early embryonic 

lethality at E4.5, no homozygous knockout embryos or blastocysts could be detected and no 

homozygous knockout ES cell clones could be obtained (Denzel, et al., 2000b). These evidences 

suggest that the endogenous TMP21 expression levels are precisely controlled. The high 

expression level of TMP21 is essential for the development of embryonic and early post-natal 

stage but it begins to decline after birth. However, when sustained high-level TMP21 expressed 

during post-natal development, especially when endogenous TMP21 declines in human Tmp21 

transgenic mice, the mice begin to show complex neurological problems. Patients with AD show 

the reduced level of TMP21 (Vetrivel, et al., 2008). Certain amount of TMP21, at least, is 

required for facilitate normal trafficking and the reduction of TMP21 might contribute to the 

abnormal trafficking of AD-linked proteins, such as APP and its cleavage enzymes. 

Additionally, TMP21 levels declined with aging. When the low steady-state level of TMP21 is 

interrupted by increased expression of exogenous TMP21, it might also results in neurological 

problems. 

 

Previous studies showed that the downregulation of TMP21 increases γ-secretase activity thus 

Aβ production (F. S. Chen, et al., 2006; Dolcini, et al., 2008; Hasegawa, et al., 2010; Vetrivel, et 

al., 2007). However, the activation of the γ-secretase activity and/or the increased β-site cleavage 

leads to the increased Aβ level. Therefore, without thoroughly examination of all CTFs, we 

cannot rule out the possibility that TMP21 alters APP processing not only by its regulation on γ-

secretase activity, but also by its effects on BACE1. When we co-expression of APP and BACE1 

in TMP21 overexpressed cells, we found the decreased in C83 level and surprisingly and the 

increased in C99 level, indicating the shift of APP processing from α-cleavage to the β-cleavage. 
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Moreover, overexpression of TMP21 preferentially enhanced BACE1 cleavage At Asp-1 site to 

produce more C99, rather than C89. The specific increased in Asp-1 site cleavage indicated that 

TMP21 enhanced β-cleavage. Furthermore, we found that the upregulation of TMP21 

accumulated immature BACE1, and this effect is not the artifacts induced by additional tags. 

More interestingly, we identified the interaction between TMP21 and BACE1, specifically, 

TMP21 interacting with immature BACE1. Further, we observed the co-localization of 

TMP21/BACE1 around the nuclei region and BACE1 co-transport with TMP21, indicating the 

role of TMP21 in BACE1 maturation and trafficking. Similarly, our results showed the 

accumulated immature BACE1 in TMP21 knockdown cells, as a consequence, enhanced β-

cleavage on APP and preferentially more C99 generated. When TMP21 knockdown in AD mice 

model, the increased Aβ level and plaques were detected. Again, our studies emphasized the 

impact of TMP21 on BACE1 maturation and thus APP amyloidogenic processing. Here, we 

could not totally exclude the effect of TMP21’s regulation on γ-secretase activity based on our 

data; we can not distinguish that the increase Aβ is absolutely from increased C99 level or also 

from the upregulated γ-secretase activity in our cell model and mouse model. Further 

investigations are necessary. 

 

3.5 Conclusion 

In this chapter, we demonstrate that the proper expression level of TMP21 is essential in APP 

processing. The dysregulation of TMP21 facilitated APP amyloidogenic processing by 

increasing C99 generation, indicating the effect of TMP21 on β-cleavage. Moreover, interaction 

of TMP21/immature BACE1, the accumulation of immature BACE1, and the alteration of 

BACE1 subcellular distribution and transport, indicated the potential role of TMP21 on BACE1 

maturation and trafficking. 
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Chapter 4: TMP21 Affects BACE1 Maturation and Trafficking 
 

4.1 Introduction 

TMP21, a vesicular trafficking protein, mediates proteins ER/Golgi transport and maturation 

process (Dominguez, Dejgaard, Fullekrug, et al., 1998; Nickel, et al., 1997). It also facilitates 

GPI-anchored proteins ER export and lipid rafts translocation (M. Fujita, et al., 2011; Takida, et 

al., 2008). BACE1 mainly presents as its mature form and cleaves APP within Aβ region at Glu-

11 site to generate C89 and then truncated Aβ species (H. Cai, et al., 2001; Creemers, et al., 

2001; Deng, et al., 2013; Huse, et al., 2002; Vassar, et al., 1999). Preferential selection of APP 

cleavage by BACE1 at Asp-1 or Glu-11 site is strongly dependent on BACE1 trafficking and 

localization. The Asp-1 site cleavage on APP to produce C99 and Aβ are enhanced by retaining 

BACE1 in ER or guide BACE1 into lipid raft (Cordy, et al., 2003; Huse, et al., 2002; Vetrivel, et 

al., 2011). Our study in Chapter 3 has found that TMP21 preferentially enhanced Asp-1 site 

cleavage of APP to generate more C99 by accumulating immature BACE1 and interacting with 

immature BACE1. These results suggested that TMP21 might alter the trafficking and 

maturation processing of BACE1. In this chapter, we further examined how the TMP21 affects 

BACE1 trafficking and maturation processing. Here, we would like to characterize the 

TMP21/BACE1 interaction first and hypothesize that the TMP21/BACE1 interaction might 

contribute to the immature BACE1 accumulation. TMP21 accumulates immature BACE1 by 

delaying the maturation of BACE1 and affecting its ER/Golgi trafficking. Furthermore, TMP21 

enhances the interaction and co-residency of APP/BACE1, might translocate both the immature 

BACE1 and APP into lipid raft-like structures. 

 

4.2 Methods 

4.2.1 Plasmids constructions. 

For the TMP21 plasmids cloning, we used TMP21 expression plasmid pcDNA4-TMP21mycHis 

as template. TMP21 signal peptide was fused to the N-terminal of GFP then the different 

domains of TMP21 from human TMP21 cDNA sequence will be fused to the C-terminal of GFP 
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as indicated in Fig 4.1. All chimeras included sequential deletions of cytoplasmic domain, 

transmembrane domain and luminal domain, mutation of KKLIE motif to SSLIE, and mutation 

of FFKAK motif to AAKAK. The mutant TMP21 cDNA were amplified by primers TMP 

FF/AA F: 5’-TGCGACGCGCTGCTAAGGCCAAG and TMP FF/AA R: 5’-CTTGGCCTT 

AGCAGCGCGTCGCA, TMP KK/SS F: 5’-AAGGCCTCCTCATTGATTGAG and TMP 

KK/SS R: 5’-CTCAATCAATGAGGAGGCCTT. To generate p24a-myc plasmid, cDNA from 

HEK293 cells was used as template, forward primer p24a-fHind: 5’-

GCCAAGCTTGCCACCATGGTGACGCTTGCTGAACTGC and reverse primer p24a-rXba: 

5’-GCCTCTAGAAACAACTCTCCGGACTTCAAAAAATC were used for PCR, the coding 

sequence p24a was subcloned into pcDNA4 vector. Using this plasmid as template, GFP-p24a 

plasmid was constructed by GFP being inserted between p24a signal peptide and luminal 

domain, using two pairs of primers: p24-sig+GFP-R: 5’-

CGCCCTTGCTCACCATGCCCGAGACCGTGGCCAGGA and p24-sig+GFP-F: 5’-

TCCTGGCCACGGTCTCGGGCATGGTGAGCAAGGGCG, p24lum-RBamHI: 5’-

GCGTCGATGCTAACGAAATACTTGTACAGCTCGTCC and p24lum-FEcoRI: 

GGACGAGCTGTACAAGTATTTCGTTAGCATCGACGC. Using pzBACE1 as template, 

BACE1 mutant plasmids BACE1D93A and BACE1D93/289A were generated by primers B1 

D93A F：  5’-GACGCTCAACATCCTGGTGGCCACAGGCAGCAGTAACTTTG and B1 

D93A R： 5’-CAAAGTTACTGCTGCCTGTGGCCACCAGGATGTTGAGCGTC, B1 D289A 

F ： 5’-CAACTATGACAAGAGCATTGTGGCCAGTGGCACCACCAACCTTC and B1 

D289A R: 5’-GAAGGTTGGTGGTGCCACTGGCCACAATGCTCTTGTCATAGTTG. APP 

C99 cDNA were amplified by PCR and then cloned into pcDNA3 vector to generate expression 

plasmid pAPP-C99. 

 

4.2.2 Cell culture and transfections. 

All cells were cultured in Dulbeccoo’s modified eagle medium (DMEM) supplemented with 

10% fetal bovine serum (FBS), 1mM sodium pyruvate, 1mM L-glutamine, and 50U/mL 

penicillin G sodium and 50ug/mL streptomycin sulfate (Invitrogen, Carlsbad, CA USA), and 
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were maintained at 37°C in an incubator containing 5% CO2. HTM cell media also contained 

60mg/mL zeocin. Cells were seeded in 24-well plates or 35mm plates 24 hours before 

transfection and grown to near 70% confluence by the day of transfection. Transient 

transfections were performed using the calcium phosphate method, and cells were allowed to 

grow for an additional 48 to 72 h until confluent. Or cells were transfected with 2µg plasmid 

DNA in 35mm plate using 2µl of lipofectamine 2000 Reagent (Invitrogen) according to the 

manufacturer’s instructions. Unless otherwise stated, all cells were harvested in PBS and lysed in 

a modified RIPA-DOC buffer (150mM NaCL, 50mM Tris-HCL, 1% Triton X-100, 2% SDS, 

and 1% sodium deoxycholate) with the presence of protease inhibitor cocktail complete 

(04693116001; Roche, Indianapolis, IN, USA). After briefly sonication and centrifugation at 

14,000rpm for 10 mins, supernatants were collected and protein assay was performed with the 

Bio-Rad Dc protein assay kit (Bio-Rad, Richmond, CA).  

 

4.2.3 Immunoblotting. 

Whole-cell lysates were diluted in 4XSDS-sample buffer and separated on 12% Tris-glycine 

SDS-PAGE gel and transferred to polyvindylidine fluoride (PVDF-FL) membranes. Membranes 

were blocked in PBS containing 5% non-fat dried milk and incubated with the primary 

antibodies diluted in the blocking buffer at 4°C overnight. Rabbit anti-TMP21 antibody T21 was 

generated by inoculating rabbit with synthetic peptide HKDLLVTGAYEIHK, this peptide 

shared 100% sequence homology with both mouse and human TMP21. Rabbit anti-C20 (1:1000) 

recognized the last twenty amino acids on the C-terminal end of human APP and Mouse 9E10 

(1:200) recognized the Myc tag were made in-house as well. Human and mouse p24a was 

detected by mouse monoclonal antibody TMED2 (C-8) (1:2000) (Santa Cruz Biotechnology). 

Purified mouse anti-calnexin antibody was purchased from BD Bioscience. Lipid raft associated 

protein flotillin2 was detected using rabbit anti-flotillin2 (Sigma) (1:1000) and β-actin was 

detected using monoclonal antibody AC-15 (1:5000) (Abcam, Cambridge, MA, USA and 

Sigma). Then the membranes were rinsed in PBS-T and incubated with near-infrared 

fluorescence-labeled secondary antibodies IRDyeTM680-labeled goat anti-rabbit (1:100,000) and 
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IRDyeTM800-labeled goat anti-mouse antibodies (1:100,000) (Lincoln, NE, USA) in PBS-T at 

room temperature for 1 h, after further rinsed in PBS-T the membranes was scanned by LI-COR 

Odyssey R system. All quantification measurements were preformed using ImagJ software. 

 

4.2.4 Coimmunoprecipitation. 

Cells were harvested with 1XPBS 48h after transfection and lysed in 0.3mL NP-40 lysis buffer 

(20mM Tris.HCl pH 7.5, 150mM NaCl, 1mM MgCl2, 1mM EDTA, 1% NP-40) with protease 

inhibitor cocktail complete (04693116001; Roche, Indianapolis, IN, USA) on ice for 30mins. 

Samples were spun at 14,000rpm for 15 min and supernatants were transferred to a new tube. 

Immunoprecipitation antibody was added in 60µl protein A/G coupled to agarose beads (Santa 

Cruz Biotechnology) and gently mixed at 4°C for 3 h to overnight. Beads were washed by NP-40 

lysis buffer and then added into samples supernatant. After mixing overnight at 4°C, the beads 

were washed three times in lysis buffer and boiled in 1xSDS sample buffer for 5 min. The cells 

transfected with myc-tagged expression plasmids were immunoprecipitated with anti-myc 

antibody 9E10 (1:20) and immunoblotted with anti-TMP21 antibody T21 or anti-eGFP (1:1000); 

The cells expressed with APP and CTF were immunoprecipitated with anti-APP-CTF antibody 

C20 (1:100), then immunoblotting was performed using 9E10 (1:500). 

 

4.2.5 Immunocytochemistry. 

Cells were seeded onto glass cover slips in 24 well plates the day before transfection, 24 hours 

after transfection cells were rinsed in PBS, fixed in 4% PFA or methanol at -20°C for 20 min, 

blocked in 5% BSA in PBS-Tx for 30 min, and incubated with or without primary antibodies in 

1% BSA in PBS-Tx overnight at 4°C. The next day cells were rinsed, incubated for 1 h with goat 

anti-rabbit Alexa Fluor 488 (green) or goat anti-mouse Alexa Fluor 568 (red), rinsed in PBS-Tx, 

and mounted using Fluoromount-G (Southern Biotech). Cells transfected with GFP-TMP and 

BACE1-RFP were fixed 24 hours after transfection and then mounted. Cells were imaged with a 

100x oil objective lens on a Carl Zeiss Axiovert-200 epi fluorescent microscope.  
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4.2.6 Pharmacological treatment. 

L-685,458 (Sigma), a potent, structurally novel γ-secretase inhibitor, was dissolved in DMSO 

and applied to cell culture medium at 1uM final concentration for 3h to overnight. 

Cycloheximide (CHX) (Sigma), a proteins synthesis inhibitor at translational level, was added 

into the medium at 100ug/mL final concentration and chased at different time points. 

 

4.2.7 Lipid raft isolation. 

Cells were washed in PBS and scraped into 0.5ml of lysis buffer containing different detergents: 

0.5% Lubrol WX (Lubrol 17A17; Serva) in 25mM Tris-HCl (pH 7.4), 150mM NaCl, and 5mM 

EDTA or 1% Triton X-100 (Sigma) in 25mM Tris-HCl (pH 8) and 140mMNaCl. All the lysis 

buffers were supplemented with a protease inhibitor cocktail complete (Roche). Cells were 

homogenized by five passages through a 25-gauge needle. The lysates were adjusted to 45% 

final concentration of sucrose and transferred to the ultracentrifuge tube. A discontinuous 

sucrose gradient is then formed by sequentially layering 35% sucrose and 5% sucrose, and the 

tubes were subject to ultracentrifugation at 39,000 rpm for 19 h in Beckman MLS50 rotor at 4 

°C. Twelve to sixteen fractions were collected from the top of the gradient and equal volume of 

each fraction was analyzed by Western blotting (Chang, et al., 1994; Elortza, et al., 2003; Foster, 

De Hoog, & Mann, 2003; Sargiacomo, Sudol, Tang, & Lisanti, 1993; Smart, Ying, Mineo, & 

Anderson, 1995). Lipid raft associated protein flotillin2 was detected using rabbit anti-flotillin2 

(Sigma) (1:1000) and purified mouse anti-calnexin antibody was used as the soluble proteins 

marker and purchased from BD Bioscience. 

 

4.3 Results 

4.3.1 Multiple binding sites between TMP21 and BACE1 

The luminal domain, transmembrane domain and cytoplasmic domain of TMP21 show different 

functions during its transport pathway, respectively. For instants, majority of TMP21 is located 

in the cis-Golgi, while it is also found on the plasma membrane (Blum, et al., 1996b; Sohn, et al., 

1996b). The large 156 amino acids luminal domain of TMP21 contributes to the transient 
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appearance of TMP21 on cell surface (Blum, 2007; Blum & Lepier, 2008), while a short C-

terminal cytoplasmic tail facilitates TMP21 cycling between Golgi and ER (Dominguez, 

Dejgaard, Füllekrug, et al., 1998). Cytoplasmic domain of TMP21 carries a KKLIE motif similar 

to ER retention and retrieval KKXX motif (Blum, et al., 1996a). This motif is essential for COPI 

vesicle budding from the cis-Golgi then directed to the ER (P. Cosson & Letourneur, 1994b; 

Jackson, Nilsson, & Peterson, 1990; Letourneur, Gaynor, Hennecke, Démollière, et al., 1994). 

The diphenylalanine motif FFKAK in cytoplasmic domain mediates the interaction with Sec23 

that contributes to COPII vesicle budding (Dominguez, Dejgaard, Füllekrug, et al., 1998). This 

FFKAK motif is also similar to F/YXXXXF/Y motif, the strong AP-2 binding motif 

(Dominguez, Dejgaard, Füllekrug, et al., 1998). The transmembrane domain of TMP21 promotes 

its association with the PS1 and Nicastrin, and contributed to the decreased γ-secretase activity 

for APP processing (Pardossi-Piquard, et al., 2009). To further demonstrate the mechanism that 

how the TMP21 delays the transport of immature BACE1, we constructed a series of GFP-

tagged TMP21 plasmids. They included sequential deletions of cytoplasmic domain, 

transmembrane domain and luminal domain, mutation of KKLIE motif to SSLIE (Blum & 

Lepier, 2008), and mutation of FFKAK motif to AAKAK (Sohn, et al., 1996b). The schematic 

representations of these GFP tagged-TMP21 domains are showed in Figure 4.1. To map the APP 

or BACE1 binding motif on TMP21, we used Co-IP to assess interaction between BACE1 and 

wild type or these TMP21 domains, respectively. The results showed that there are multiple 

binding site of BACE1 in luminal domain and transmembrane domain of TMP21, 

correspondingly, and multiple TMP21 binding sites on BACE1 (Figure 4.1 and Figure 4.2). It 

suggests that the conformation of TMP21 and BACE1 is an important contribution of the 

interaction between these two proteins. 
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Figure 4.1 Schematic representation of TMP21 constructs. 

To map the BACE1-binding motif in TMP21, we construct a series of GFP-tagged TMP21 domains. The scheme 

outlines the organization of the different TMP21 domains; sig, ER translocation signal peptide (M-31 ~I1); luminal, 

luminal domain (I1~L156), TD, single-span transmembrane domain (L156~F174); CT, cytoplasmic tail peptide 

(L177~L188) containing the KKXX motif (KKILE, 184~188). In the GFP–TMP21 constructs, the different TMP21 

domains were tagged with signal peptide-tag GFP as indicated, then the different domains of TMP21 from human 

TMP21 cDNA sequence will be fused to the C-terminal of GFP. All chimeras included sequential deletions of 

cytoplasmic domain, transmembrane domain and luminal domain, mutation of KKLIE motif to SSLIE, and mutation 

of FFKAK motif to AAKAK. Using BACE1-myc and GFP-TMP21 cotransfected cells as positive control. All of 

these GFP-TMP21 constructs were cotransfected with BACE1-myc, the lysate was immunoprecipitated with anti-

myc antibody 9E10 and analyzed by immunoblot using anti-GFP antibody. Here we summarized the results and 

labeled as “V” or “X”, it meant that all of these constructs interacted with BACE1-mycexcept the GFP-CT. The 

multiple TMP21 binding sites in BACE1 can be detected by immunoprecipitated the TMP21-LD with different 

BACE1 fragments, correspondingly. Detailed results see Figure 4.2.  



 

Chapter 4: TMP21 Affects APP and BACE1 Trafficking 

76 

 

 
Figure 4.2 Multiple binding sites between TMP21 and BACE1. 

(A) GFP-TMPFL and GFP-TMP134 were cotranfected with BACE1myc into HEK cells, respectively; (B) GFP-

TMP TD-CT, GFP-TMP TD and GFP-TMP CT were cotranfected with BACE1myc into HEK cells, respectively; 

(C) GFP-TMP luminal and GFP-TMP TD-CT were cotranfected with BACE1myc into HEK cells, respectively. The 

GFP-TMP21FL/BACE1myc cotranfection was considered as positive control, the TMP21/pcDNA4 and 

BACE1myc/eGFP cotransfections were negative controls. The interaction between different TMP21 constructs and 

BACE1 were detected by coimmunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using 

anti-GFP antibody. (D) BACE1-GFP, BACE1 313 and BACE1 313C were cotranfected with TMP178myc into 

HEK cells, respectively. The BACE1-GFP/pcDNA4, BACE1 313/pcDNA4 and BACE1-313C/pcDNA4 

cotransfections were negative controls. The interaction between TMP178 and different BACE1 constructs were 

detected by coimmunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using anti-GFP 

antibody. The red starts represented the potential binding sites of TMP21 on BACE1. 
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4.3.2 The interaction between TMP21 and BACE1 accumulated the immature BACE1 

We hypothesized that the conformations of TMP21 and BACE1 contribute to the 

BACE1/TMP21 interaction. To examine this issue, we tagged a large protein, GFP at the C-

terminal of TMP21. Tagging GFP at the C-terminus of TMP21 almost abolished the interaction 

of BACE1 with TMP21, and we could not detect the strong TMP21 band in the BACE1 

antibody-co-immunoprecipitated samples. Furthermore, when we analyzed the BACE1 

maturation, we found that GFP-TMP, TMP21myc and no-tag TMP21, but not TMP21-GFP 

showed the strong interactions with BACE1, resulting in more immature BACE1. These 

evidence suggested that the GFP tagged at the C-terminal of TMP21 might significantly 

interference the conformation of TMP21, thus abolished the TMP21 and BACE1 interaction. 

Abolishing the TMP21/BACE1 interaction decreased the immature BACE1 accumulation 

(Figure 4.3). Additionally, there was no significant endogenous TMP21 that can be 

coimmuniprecipitated by BACE1 (Fig 4.3 B). It is possible that TMP21/BACE1 interaction is 

weak and/or transient under physical condition. Alternatively, it is possible that TMP21 did not 

directly interact with BACE1, as we observed in in vitro binding assay using bacterial 

recombinant TMP21 protein (Data was not shown here).  
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Figure 4.3 The interaction between TMP21 and BACE1 accumulated the immature BACE1. 

(A) We tagged the GFP at the C-terminal of TMP21 named TMP21-GFP. The TMP21-GFP, GFP-TMP21 and eGFP 

control were cotransfected with BACE1-myc or pcDNA4 vector, respectively.  The interaction of BACE1 and 

TMP21 can be accessed by coimmunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using 

anti-GFP antibody. Proteins in whole lysates and Triton X-100 resistant pellets from the same samples were loaded 

on the same 8% glycine gel. (B) BACE1-myc was cotransfected with no-tag TMP21 or vector control, lysate was 

immunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using TMP21 antibody T21 on 12% 

glycine gel. (C) BACE1-myc expressed cells were transfected with TMP-GFP, GFP-TMP, TMP no-tag and vector 

control, respectively. Then the whole lysate and Triton X-100 resistant pellets were collected and loaded on 8% 

glycine gel. The pattern of mature and immature BACE1 was detected by 9E10 antibody. The TMP21 was 

visualized by T21 antibody. 
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4.3.3 TMP21 delayed the ER export of immature BACE1 without affecting its ER 

degradation  

We further investigated the maturation process of BACE1. We did pulse chase experiment by 

treating cells with the protein synthesis inhibitor---Cycloheximide (CHX) (Ennis & Lubin, 1964; 

Wettstein, Noll, & Penman, 1964). We harvested the cells and collected proteins at different time 

points, the results showed that almost all of the immature BACE1 disappeared within 1 hour. 

However, overexpression of TMP21 increased the immature BACE1 level and the immature 

BACE1 was detectable for more than 3 hours. This evidence suggested that the maturation of 

BACE1 was affected by TMP21 and it led to the accumulation of immature BACE1 (Fig 4.4 A). 

Furthermore, we asked how TMP21 increased immature BACE1 level. It is probably because of 

the TMP21 prevents the transport of immature BACE1. However, it is also possible that TMP21 

also contributes to the degradation of immature BACE1. We then investigated whether TMP21 

affect ER degradation of immature BACE1. After tagging the C-terminal of BACE1 with 

KKLK---the ER retrieval motif, most detectable BACE1 is immature form. The pro-peptide of 

BACE1 is cleaved after entering Golgi. HEK cells transfected BACE1kklk (BACE1-ER) with or 

without TMP21 were treated by CHX to inhibit proteins synthesis. Western blot analysis showed 

there is no significant difference between the BACE1-ER levels in the CHX treated cells with 

and without TMP21 co-expression (Fig 4.4 B), indicating the TMP21 did not affect the 

degradation of immature BACE1 in ER. What’s more, we can detect a small potion of mature 

BACE1 in these BCAE1-ER transfected cells because BACE1-ER can be posttranslationally 

modified when it cycles between ER and Golgi, and with the co-expression of TMP21 the 

mature BACE1 was significantly block, it provided further support that TMP21 delays the 

immature BACE1 exit from ER. As expected, we could also detect the interaction between 

BACE1-ER and TMP21 (Fig 4.4 C). The facts demonstrated that rather than affecting immature 

BACE1 ER degradation, TMP21 delayed the immature BACE1 exit from ER, resulting the 

delaying of BACE1 maturation processing and accumulation of immature BACE1. 
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Figure 4.4 TMP21 delayed the ER export of immature BACE1 without affecting its ER degradation. 

(A) Cells cotransfected with BACE1-myc plasmid and GFP-TMP21 or eGFP vector, then treated by the protein 

synthesis inhibitor, cycloheximide (CHX), chasing at different time points, we harvest the cells and equal amount of 

total proteins from each sample were loaded on the 8% glycine gel. The pattern of mature and immature BACE1 

was detected by 9E10 antibody. The TMP21 and eGFP control were visualized by anti-GFP antibody. (B) HEK cells 

transfected BACE1-ER with or without TMP21 were treated by 100ug/ml CHX and collected at different time 

points, then the western blot analyzed the BACE1kklk by 9E10 and BACE1 pro-peptide antibody. The TMP21 and 

eGFP control were detected by anti-GFP antibody. (C). HEK cells were transfected with myc-tagged expression 

plasmid of BACE1-ER and GFP tagged-TMP21, eGFP or pcDNA4 vectors as negative controls. BACE1-myc and 

GFP-TMP21 cotransfected cells were positive control. Lysates were immunoprecipitated with anti-myc antibody 

9E10 and analyzed by immunoblot using anti-GFP antibody. The GFP-TMP21 can be coimmunoprecipitated with 

BACE1-ER. 

 

4.3.4 TMP21 contributed to BACE1 trafficking between ER and Golgi. 

To further investigate that how the function of TMP21 in ER/Golgi transport contributes to 

BACE1 maturation, we constructed two mutant TMP21 plasmids. TMP21K/S plasmid has the 

mutation in its C-terminal KKLE motif to SSLE and this mutant TMP21 abolished its binding 

with COPI subunits which mediated the retrograde transport from Golgi to ER (Blum & Lepier, 

2008; P. Cosson & Letourneur, 1994a; Sohn, et al., 1996a). TMP21F/A plasmid changed its C-

terminal diphenylalanines motif mutant to AA, and this mutation interrupt the TMP21/Sec23 

interaction that is essential for vesicles budding from ER (Barlowe, 1998; Dominguez, Dejgaard, 
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Fullekrug, et al., 1998). When we cotransfected TMP21K/S or TMP21 F/A with BACE1, these 

two mutants TMP21 also interacted with BACE1. As expected, TMP21F/A, rather than 

TMP21K/S, led to a significant higher ratio of BACE1 immature/mature form, comparing to 

TMP21 wild type. A previous study indicates that the luminal domain of TMP21 contributed to 

its plasma membrane transport, while the transmembrane domain and cytoplasmic domain with 

KKLE motif are mainly responsible for the protein ER/Golgi transport (Blum & Lepier, 2008). 

We also constructed the GFP-tagged TMP21 transmembrane domain and cytoplasmic domain 

with wild type and mutant C-terminal, named TMPTDCD, TMPTDCDK/S, TMPTDCDF/A, 

respectively. Consistent with the previous results, we found that the TMP21TDCDF/A led to a 

higher ratio of BACE1 immature/mature form than TMP21 wild type. Taken together, our results 

showed that TMP21 interacted with immature form of BACE1 and prevented this immature 

BACE1 exiting from ER, which caused the accumulation of immature BACE1. Fig 4.5. 
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Figure 4.5 TMP21 contributed to BACE1 trafficking between ER and Golgi. 

(A) Two mutant TMP21 plasmids, the one with mutation of its C-terminal KKLE motif to SSLE, named TMP21K/S 

and the other one with its C-terminal diphenylalanines motif mutant to AA, named TMP21F/A. These two plasmids 

were transfected into the HEK cells expressed BACE1, the TMP21 wild type was positive control, the eGFP vector 

and blank HEK cells were negative control. The pattern of mature and immature BACE1 was detected by 9E10 

antibody. The TMP21 was visualized by anti-GFP. (B) TMP21 wild type, TMP21K/S and TMP21 F/A cotransfected 

with BACE1, eGFP and pcDNA4 were negative control. The interaction of BACE1 and TMP21 can be accessed by 

coimmunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using anti-GFP antibody. (C) 

GFP-tagged TMP21 transmembrane domain and cytoplasmic domain with wild type and mutant C-terminal 

plasmids, named TMPTDCD, TMPTDCDK/S, TMPTDCDF/A, respectively, were transfected into BACE1 

expressed cells, the pattern of mature and immature BACE1 was detected by 9E10 antibody. The TMP21 was 

visualized by anti-GFP. (D) The interaction of BACE1 and TMP21-TDCD can be accessed by 

coimmunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using anti-GFP antibody. 
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4.3.5 P24a interacted with APP and BACE1 

p24a, always forms hetero-oligomer with TMP21. The TMP21/p24a complex mediates the 

budding of COPI and COPII vesicles, and the protein ER/Golgi trafficking. It is possible that 

p24a might have the similar effect on trafficking of BACE1. As expected, p24a interacted with 

immature BACE1 and APP (Fig 4.6 B C). And both overexpression and knockdown of p24a, as 

TMP21, significantly increased the immature/mature BACE1 ratio (Fig 4.6 A). However, neither 

knockdown of p24a did not affect the interaction between TMP21 and BACE1, nor knockdown 

of TMP21 did not affect BACE1/p24a interaction (Fig 4.6 D). However, knockdown of p24a, 

caused 50% reduce of TMP21, also showed specifically increase of C99. It is possible that 

TMP21 and p24a might interact with BACE1 independently, but led to the same consequence; 

this evidence also suggested that TMP21 and p24a, probably TMP21/p24a heteromeric complex, 

played an essential role in APP and BACE1 trafficking, thus affected the BACE1 cleavage on 

APP.   
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Figure 4.6 P24 interacted with APP and BACE1. 

(A) GFP-p24a, GFP-TMP21 and eGFP control were transfected into HEK cells with BACE1-myc expression, the 

same amounts of total proteins were loaded on 8% glycine gel and the pattern of mature and immature of BACE1 

was detected by 9E10 antibody. (A) p24a-myc and BACE1-GFP were cotranfected into HEK cells, the TMP21-

myc/BACE1-GFP cotranfection was considered as positive control, the p24a-myc/eGFP and BACE1-GFP/pcDNA4 

cotransfection were negative controls. The p24a/BACE1 interaction was detected by coimmunoprecipitated with 

anti-myc antibody 9E10 and analyzed by immunoblot using anti-GFP. (C) p24a-myc, TMP21-myc and pcDNA4 

vector control were transfected into HEK cells with APPwt expression. The p24a/APP interaction was detected by 

coimmunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using anti-APP antibody C20. 

(D). The p24a/BACE1 coimmunoprecipitation experiment was preformed with or without TMP21siRNA treatment; 

the TMP21/BACE1 coimmunoprecipitation experiment was preformed with or without p24a siRNA treatment. Anti-

myc antibody 9E10 was used in coimmunoprecipitation and anti-GFP antibody was used in immunobloting.   
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4.3.6 TMP21 increased the co-residency of APP and BACE1 

To investigate how this immature BACE1 contributes to APP processing, we first examined 

whether TMP21 affects the spatial coexistence of APP and BACE1. The distribution of APPwt 

and BACE1 in HTM cells and HEK cells was determined by immunocytochemistry. BACE1 

was tagged by GFP at the C-terminal and APP was stained by C20 antibody. The results showed 

that overexpression TMP21 significantly increased the co-residency of APP and BACE1 (Fig 

.4.7. A.). Furthermore, we found that the interaction between APP and immature BACE1 (Fig 

.4.7. B), and the interaction between APP and TMP21 as well (Fig .4.7. C). More importantly, 

we found that the APP and immature BACE1 interaction can be enhanced by TMP21 (Fig .4.7. 

D). Here, we used inactive mutant BACE1D93A and BACE1D93/289A to abolish the BACE1 

cleavage on APP (Bennett, et al., 2000), thus the amount of mutant BACE1 immunoprecipitated 

by APP could represent the actual amount of BACE1 that bind with APP. Our results showed 

that TMP21 increased spatial co-residency of APP and BACE1, specifically increased the 

immature BACE1 and APP interaction, which probably increased the chance that immature 

BACE1 cleavage on APP; therefore, TMP21 affected APP processing via increasing the 

cleavage of immature BACE1 on APP. It has known that the immature form of BACE1 cleaved 

APP at Asp-1 site, and produce C99 (Huse, et al., 2002; Vetrivel, et al., 2011). Here we observed 

that the subcellular localization of APP was altered in HTM cells, indicating that TMP21 also 

affected the trafficking of APP. This result is consistent with the previous published studies 

showing the effect of TMP21 on APP cell surface trafficking and maturation (Vetrivel, et al., 

2007). Overall, our studies demonstrated that TMP21 facilitated APP amyloidogenic processing 

by affecting both APP and BACE1 trafficking. Overexpression of TMP21 delayed immature 

BACE1 ER export and enhanced the co-residency of APP/BACE1, as a result, there were more 

APP being cleaved by immature BACE1 at Asp-1 site to generate C99. 
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Figure 4.7 TMP21 enhanced the co-residency of APP/BACE1 and the interaction APP/immature BACE1. 

(A) APPwt and BACE1-GFP were cotransfected in the TMP21 stable cells HTM and HEk cells, then APP was 

stained by immunocytochemistry using C20 antibody and then anti-rabbit Alexa Fluor 568 (red). Green and red 

fluorescents were imaged with a 100x oil objective lens on a Carl Zeiss Axiovert-200 epi fluorescent microscope. 
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Images were merged using ImagJ 10.2. (B) Different amount of BACE1myc plasmids were transfected into APPwt 

expressed cells, the APP/BACE1 interaction was detected by coimmunoprecipitated with anti-APP antibody C20 

and analyzed by immunoblot using anti-myc antibody 9E10. (C) TMP-myc and APPwt were cotranfected into HEK 

cells, the TMP21-myc/BACE1-GFP contranfection was considered as positive control, the TMP21/pcDNA4 and 

APPwt/pcDNA4 contransfection were negative controls. The APP/TMP21 interaction was detected by 

coimmunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using anti-APP antibody C20. 

Lysate coimmunoprecipitated with mouse normal IgG was negative control. (D) BACE1myc wild type, BACE1-

myc D93A mutant, BACE1myc D93/289A with or without TMP21 were transfected into the APPwt expressed cells. 

The APP/BACE1 interaction was detected by coimmunoprecipitated with anti-APP antibody C20 and analyzed by 

immunoblot using anti-myc antibody 9E10. Lysate coimmunoprecipitated with rabbit normal IgG was negative 

control. 

 

4.3.7 TMP21 guided both the immature BACE1 and APP in detergent-resistant 

structures 

Sequence analysis showed that BACE1 was not a GPI-anchored protein and the immature 

BACE1 was soluble (Tun, et al., 2002). Interestingly, we found that a significant amount of 

TMP21 existed in TritonX-100-insoluble pellet (Figure 4.8). Moreover, only the immature 

BACE1 was present in this pellet when cotransfected with TMP21. In the soluble part of 

BACE1, which can be detected in lysis, the ratio of immature to mature BACE1 showed no 

significant change between the TMP21 cotransfected cells and eGFP cotransfected cells (Figure 

4.7 A). When the TMP21/BACE1 interaction was disrupted by TMP21-GFP, there was no 

immature BACE1 can be detected in the pellet (Fig. 4.3 C). These results indicated that TMP21 

might cluster the immature form of BACE1 in the membrane structures that are insoluble in 

Triton X-100, probably lipid raft-like structures. Since the TMP21 enhanced interaction between 

APP and immature BACE1 and increased their co-localization, we further investigated that 

whether TMP21 also affected APP solubility. We found that when cotransfected with TMP21, 

both the APP and immature form of BACE1 were detected in the detergent resistant membrane 

structures. The soluble protein marker calnexin did not show in the pellet while the lipid raft 

maker flotillin2 mainly presented in pellet (Fig 4.8 B). Previously published papers showed that 

the lipid raft provided platform for APP and BACE1 interaction and preferentially generated 
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C99(Cordy, et al., 2003; Vetrivel, et al., 2011). To investigate whether the pellet are enriched 

lipid raft-like structure and TMP21 enhances the APP/BACE1 interaction in lipid raft, to prove 

this hypothesis, we used 1% TritonX-100, and 0.5% Lubrol WX, respectively, to isolate the lipid 

raft from APP/BACE1 cotransfected HTM cells and HEK cells (Vetrivel, et al., 2004). However, 

we did not detect the significantly difference of APP/BACE1 distribution in lipid raft fractions, 

in which showed more flotillin2 while less calnexin (Fig. 4.9). It is possible that lipid rafts are 

highly dynamic entities and the interaction between APP and BACE1 in lipid raft is transient so 

that cannot be easily detected. More sensitive or efficiency methods for lipid raft isolation are 

required to be explored for the next step. Meanwhile, we used BCAE1-GFP transfected HEK 

cells and HTM cells to do the immunostaining and using flotillin 2 to show the lipid raft 

structures. Here we observed that the co-localization of BACE1-GFP and flotillin 2 is increased 

in HTM cells 1.00±0.03 vs. 1.97±0.18 (Fig 4.8. C). Here our study showed that the TMP21 

might cluster both APP and immature form of BACE1 in the lipid raft-like structures, and it 

might be one of the mechanisms that TMP21 affected BACE1 cleavage on APP and 

preferentially generated more C99. 
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Figure 4.8 TMP21 guided both the immature BACE1 and APP in detergent-resistant structures. 

(A) BACE1-myc expreesed cells, (B) BACE1-myc/APP coexpressed cells and APP expressed cells were transfected 

with eGFP and TMP-GFP. Cells were lysed in 1% or 3% Triton X-100 lysis buffer; the insoluble pellet was isolated 

by centrifugation. The 10% proteins from whole lysate (WL), 5% soluble proteins (S) and 10% proteins from pellet 

(P) were collected and loaded on 8% glycine gel. The pattern of mature and immature of BACE1 was detected by 

9E10 antibody. The soluble proteins marker, calnexin only showed in WL and S fractions and the lipid raft 

associated protein flotillin2 only presented in WL and P fractions. (C) HEK and HTM cells were transfected by 

BACE1-GFP and were fixed 24 hours after transfection. Then the flotillin2 was stained by immunocytochemistry 

using anti-flotillin2 antibody and then anti-rabbit Alexa Fluor 568 (red). Green and red fluorescents were captured 
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by a 100x oil objective lens on a Carl Zeiss Axiovert-200 epi fluorescent microscope. Images were merged and the 

co-localization areas were analyzed using ImagJ 10.2.   

 

 

Figure 4.9 Lipid raft isolation of HEK and HTM cells with coexpression of APP and BACE1. 

(A) Expression plasmid of APPwt and BACE1 were cotransfected into the HEK and HTM cells. After 48 hours, 

cells were washed in PBS and scraped into 0.5 ml of lysis buffer containing different detergents: (A) 1% Triton X-

100 (Sigma) in 25mM Tris-HCl (pH 8) and 140mM NaCl or (B) 0.5% Lubrol WX (Lubrol 17A17; Serva) in 25mM 

Tris-HCl (pH 7.4), 150mM NaCl, and 5mMEDTA. All the lysis buffers were supplemented with a protease inhibitor 

mixture (Roche). Cells were homogenized by five passages through a 25-gauge needle. The lysates were adjusted to 

45% final concentration of sucrose and transferred to the ultracentrifuge tube. A discontinuous sucrose gradient is 

then formed by sequentially layering 35% sucrose and 5% sucrose, and the tubes were subject to ultracentrifugation 

at 39,000 rpm for 19 h in Beckman MLS50 rotor at 4 °C. Twelve to sixteen fractions were collected from the top of 

the gradient and equal volume of each fraction was analyzed by Western blotting. APP was detected by C20 

antibody, BACE1 was detected by 9E10 antibody, antibody against the lipid raft associated protein flotillin2 was 

used to indicate the lipid rafts fraction and calnexin the indicated soluble proteins. 
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4.3.8 TMP21 didn’t affect the trafficking of C99. 

Previous studies suggested that C99 can be further transport out of ER and cleaved by BACE1 

on its Glu-11 site in TGN to produce C89 (K. Liu, et al., 2002). To exclude the possibility that 

TMP21 prevents the further cleavage of C99 into C89, the coimmunoprecipitaion was 

performed. The results showed the very weak interaction between C99 and TMP21 (Fig 4.10).  

However, when we cotransfected APP and BACE1 into HEK cells and treated with γ-secretase 

inhibitor (GSI), compared to those non-treated cells, we found that the C89 was significantly 

accumulated by more than 10 folds accumulated while C99 did not show significant change. It 

suggested that most of the C99 could be cleaved into C89. The same phenomenon was observed 

in TMP21 overexpression cells. Most of the C99 was further processed into C89, and C89 was 

significantly accumulated after treatment of γ-secretase inhibitor (Fig 4.10 A). Additionally, 

when we cotransfected C99 and BACE1 into HTM and HEK cells, after the treatment of γ-

secretase inhibitor, the C89 was detected, and the same amount of C99 was cleaved into C89 in 

both HTM and HEK cells (Fig 4.10 B). The above evidence suggested that C99 can be further 

cleaved by BACE1 in both HEK and HTM cells, and the overexpression of TMP21 did not 

affect the trafficking of C99 from ER to TGN. 
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Figure 4.10 TMP21 did not affect the trafficking of C99. 

(A) pAPP-C99 plasmid and vector control were tranfected into TMP21-myc overexpressed HTM cells. The 

C99/TMP21 interaction was detected by coimmunoprecipitated with anti-myc antibody 9E10 and analyzed by 

immunoblot using anti-APP antibody C20, using 16% Tris-Tricine gel. Coimmunoprecipitated with mouse normal 

IgG was negative control. (B) pAPP-C99 plasmid and BACE1 was transfected into HEK or HTM cells with or 

without γ-secretase inhibitor (GSI). The equal amounts of total proteins were loaded on 16% Tris-Tricine gel and the 

pattern of C99 and C89 was detected by C20 antibody. (C, D) We cotransfected APPwt or APPswe and BACE1 into 

HTM and HEK cells then treated with or without γ-secretase inhibitor, the same amounts of total proteins were 

loaded on 16% Tris-Tricine gel and the pattern of C99 and C89 was detected by C20 antibody.  
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4.4 Discussion 

BACE1 is the β-secretase in vivo. Knockout of BACE1 abolishes the generation of CTFβ and Aβ 

(H. Cai, et al., 2001), and rescue the memory deficit in mice (H. Cai, et al., 2001; Ohno, et al., 

2004; Roberds, et al., 2001). Interestingly, BACE1 knockout mice are developmentally normal 

and show no discernable phenotype compared with wild type mice (Y. Luo, et al., 2001). These 

studies suggest that BACE1 inhibition could be an attractive therapeutic strategy that may be free 

of mechanism-based toxicity. Cleavage of APP by BACE1 at either Asp-1 or Glu-11 site is 

strongly dependent on BACE1 maturation and subcellular trafficking, especially trafficking 

between ER/Golgi and lipid rafts translocation (Cordy, et al., 2003; Huse, et al., 2002; Vetrivel, 

et al., 2011). However, very few studies have investigated the molecular mechanisms of BACE1 

trafficking between ER and Golgi. Here, we showed that TMP21 interacts with immature 

BACE1 and facilitates its ER export and further maturation. However, TMP21-mediated BACE1 

ER/Golgi transport might be quick and transient, as the majority BACE1 exits as its mature form 

and the interaction between endogenous TMP21 and immature BACE1 cannot be easily 

detected. However, when TMP21 overexpressed, the TMP21 clusters in the ER and expands the 

ER membrane, where the significant interaction between TMP21 and immature BACE1 occur, 

resulting in accumulation of the immature BACE1.  
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Figure 4.11 Suggested model for the essential role of TMP21 in BACE1 trafficking and maturation-----

TMP21/BACE1 interaction might be the initial step. 

The TMP21/BACE1 Interaction might be the initial step that TMP21 delays the BACE1 maturation. The 

conformation of TMP21 or BACE1 is essential for their interaction. This process also requires lots of other 

trafficking proteins, such as p24a, other than TMP21 alone. When both TMP21 and p24a express at endogenous 

level, BACE1 ER/Golgi transport might be quick and transient, as the majority BACE1 exits as its mature form. 

Knockdown of TMP21 or p24a lead to the accumulation of immature BACE1 because lacking of receptor. 

However, when TMP21 overexpressed, the TMP21 clusters in the ER and expands the ER membrane; at the same 

time, the significant interaction between TMP21 and immature BACE1 appears; this interaction clusters immature 

BACE1 and delays the immature BACE1 exits out of ER.  
 

TMP21 prevents immature BACE1 exits out of early biosynthetic compartment, thereby 

increasing its residence time for encountering APP. Our results also find that TMP21 enhances 

the APP/immature BACE1 interaction and the co-residency of APP and BACE1. The co-

residency of APP and immature BACE1 occurs in lipid rafts-like structures. The lipid raft is 

known to contribute to the APP amyloidogenic pathway (Ehehalt, et al., 2003; Tun, et al., 2002; 

Vetrivel, et al., 2011; Yoon, et al., 2007). Additional GPI localized BACE1 in lipid raft and up-

regulated β-site cleavage on APP and produced more C99 and intact Aβ (Cordy, et al., 2003; 



 

Chapter 4: TMP21 Affects APP and BACE1 Trafficking 

95 

 

Vetrivel, et al., 2011). The early lipid-raft-like structures can be observed in the ER (Browman, 

et al., 2006; Sevlever, et al., 1999) and the active γ-secretase complex, are located predominantly 

in a specialized subcompartment called ER-MAM, which is the extended ER compartment that is 

physically and biochemically connected to mitochondria, and it is an intracellular lipid raft-like 

structure (Estela Area-Gomez, et al., 2009). It suggests that the early form of lipid raft in ER 

could also contribute to the APP amyloidogenic pathway.  

 

Sequence analysis shows that BACE1 is not GPI anchored. However, the localization of BACE1 

in lipid rafts depends on the palmitoylation on its three cysteine residues (Benjannet, et al., 

2001). It has been suggested that BACE1 is stabilized and regulated in lipid raft via its 

association with unknown GPI-anchored proteins (Hattori, et al., 2006; Marlow, Cain, Pappolla, 

& Sambamurti, 2003; Tun, et al., 2002). TMP21 interacts with the newly synthesized GPI-

anchored proteins and guides them into lipid raft in the ER, resulting in facilitating ER export of 

these GPI-anchored proteins (Bonnon, Wendeler, Paccaud, & Hauri). As TMP21 acts as a cargo 

receptor for GPI-anchored proteins, it might also accumulate these proteins together. It is 

possible that all of these GPI-anchored proteins/TMP21/BACE1 are guided into this premature 

lipid raft-like structure. Indeed, in our study, when TMP21 and BACE1 cotransfected, some 

immature form of BACE1 and APP became insoluble at 4°C in the non-ionic detergent Triton X-

100, and so does lipid raft (Brown & London, 2000; London & Brown, 2000). It is possible that 

when newly synthesized BACE1 trafficking from ER to Golgi, the immature form of BACE1 

interacts with TMP21 and is guided into lipid raft-like domains in ER or ERGIC, at the same 

time, the interaction between TMP21 and APP also trapped APP into lipid raft-like domains 

when APP traffic through ER and ERGIC. Such effect leads to the increased the interaction 

between immature BACE1 and APP, and the co-residency of APP and BACE1 in lipid raft-like 

structures, resulting in preferentially cleavage of APP at its Asp-1 site and more generation of 

C99 level and Aβ. 
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The increase of C99 in TMP21 overexpressing cells could be due to the stronger C99 generation 

by BACE1, or weaker γ-cleavage of C99, or both. Here, we found that the C99 level was 

significantly higher in HTM cells than HEK cells (Fig 3.1), the same result was observed in 

HTM and HEK cells after GSI treatment (Fig. 4.10). These results implicate that C99 elevation 

in TMP21 overexpressing cells is not because of a weaker γ-cleavage but very likely due to 

stronger β-cleavage, and TMP21 overexpression potentiates the γ-cleavage of C99. Additionally, 

we observed that the C99 could be further cleaved into C89 in both HTM and HEK cells, 

indicating the further trafficking of C99 is not affected by overexpression of TMP21.  

 

4.5 Conclusion 

In this chapter, we found that the TMP21/immBACE1 interaction delayed the maturation of 

BACE1 and the conformation of TMP21 was important for this TMP21/BACE1 interaction; 

TMP21 delayed the maturation of BACE1 by affecting its ER/Golgi trafficking but not the ER 

degradation of immature BACE1. Prevention of immature BACE1 exiting out of early 

biosynthetic compartment increases its interaction and co-residency with APP. Furthermore, 

TMP21 guides both the immature BACE1 and APP into lipid raft-like structures. Our studies 

demonstrate that TMP21 affects BACE1 trafficking and maturation. The study provides further 

evidence that TMP21 facilitates APP amyloidogenic process. It is the first time the BACE1 

ER/Golgi trafficking has been revealed. Interrupting TMP21/BACE1 interaction and facilitating 

immature BACE1 ER export will be new therapeutic targets for future research. 



 

 

97 

 

Chapter 5: Conclusion and Future Directions 
 

5.1 Overall conclusions 

Although concerns arise in many aspects, the Aβ hypothesis offers a board framework to explain 

AD pathogenesis. Shifting the APP processing away from amyloidogenic pathway remains a 

rational therapeutic target for AD. Knockdown of TMP21 selectively enhances Aβ generation 

without affecting Notch cleavage, indicating the upregulated TMP21 might be a protector. 

However, the precise role of TMP21 in AD pathogenesis is still unknown. The overall goal of 

this thesis is to examine in detail the roles of TMP21 in AD pathogenesis. The first, we examine 

the genetic linkage between Tmp21 and AD and identify a novel AD-associated SNP. We find 

that this SNP significantly increases TMP21 expression at both mRNA and protein level by 

potentiating the splicing efficiency. This discovery suggested the upregulated TMP21 might 

contribute to AD pathogenesis. Then we observe the enhanced APP amyloidogenic processing 

and specifically increased C99 generation by attenuating TMP21 expression in cell model. Also 

the deficit TMP21 facilitates APP amyloidogenic processing via preferentially increases C99 

generation both in cells model and in AD mice model. These facts supported that the TMP21 

plays important role in APP amyloidogenic processing and the dysregulation TMP21 facilitates 

C99 production and Aβ generation. C99 is generated by BACE1 cleaving APP at Asp-1 site. Our 

data also indicates the impact of TMP21 on BACE1 cleavage at APP Asp-1 site. The preferential 

cleavage of BACE1 depends on the subcelluar trafficking and localization of BACE1. Targeting 

BACE1 into ER or lipid rafts specifically enhances its cleavage at APP Asp-1 site. Further, we 

find the interaction between TMP21 and immature BACE1 and the accumulation of immature 

BACE1 upon TMP21 dysregulation, suggesting the role of TMP21 on BACE1 maturation and 

trafficking. Finally, we investigate the mechanism through which TMP21 affects BACE1 

trafficking and maturation. We find the multiple binding sites between TMP21/BACE1 and the 

conformation of TMP21 is essential for the TMP21/BACE1 interaction. The TMP21/BACE1 

interaction contributes to the immature BACE1 accumulation by delaying immature BACE1 ER 

export. Furthermore, TMP21 enhances the interaction and co-residency of APP and BACE1, 



 

Chapter 5: Conclusion and Future Directions 

98 

 

which might occur in lipid raft-like membrane structures. Taken together, these studies 

demonstrate that TMP21 facilitates APP amyloidogenic process and preferentially enhances the 

production of C99 by affecting maturation and trafficking of BACE1. Interrupting 

TMP21/BACE1 interaction and facilitating immature BACE1 ER export could be novel 

therapeutic targets for AD. 

 

5.1.1 Chapter 2: A novel AD-associated SNP in Tmp21 increases TMP21 expression by 

potentiating the splicing efficiency 

In chapter 2, we first identify that rs12435391 (IVS4-28T>C) located in intron 4 of Tmp21 is an 

AD-associated SNP by screening 261 AD patients and 236 controls. A novel cloning strategy is 

used to investigate the role of this AD-associated SNP in TMP21 pre-mRNA processing and 

mRNA protein expression in vitro. Although rs12435391 (IVS4-28T>C) does not affect the 

splicing site recognition, it significantly increases TMP21 expression at both mRNA and protein 

levels. Furthermore, we find that this SNP significantly increases the splicing efficiency of 

Tmp21 pre-mRNA, leading to the elevation of mature mRNA. However, the stability of Tmp21 

pre-mRNA and transcription activity of Tmp21 is not affected. Taken together, our study 

identifies an AD-associated Tmp21 SNP and indicates that the upregulation of TMP21 may 

contribute to AD pathogenesis. 

 

5.1.2 Chapter 3: The dysregulated TMP21 facilitates APP amyloidogenic processing 

In chapter 3, we further examine whether the dysregulation of TMP21 expression levels 

contributes to AD pathogenesis. We discover that the dysregulation of TMP21 facilitates APP 

amyloidogenic processing. Overexpression of TMP21 shifts APP process from the α-cleavage to 

β-cleavage. Disruption of TMP21 generates more C99 and increases Aβ level in AD mice model. 

These results suggest that the proper expression level of TMP21 is essential in APP processing. 

Moreover, rather than altering overall CTFs levels, the dysregulated TMP21 preferentially 

increases C99. It indicates that the BACE1, rather than γ-secretase, may be the major player. 

Here, our study suggests the impact of TMP21 on BACE1 and its preferential cleavage at Asp-1 
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site of APP. We discover the interaction between TMP21 and immature BACE1 and the 

alteration of BACE1 transport. Also the immature BACE1 accumulates upon TMP21 

dysregulation suggests the potential role of TMP21 on BACE1 maturation and trafficking. 

Overall, our study shows that dysregulation of TMP21 facilitates APP amyloidogenic processing 

by preferentially increasing C99 generation, indicating the impact of TMP21 on BACE1; further 

evidence suggests that the TMP21 might affect BACE1 maturation and trafficking.  

 

5.1.3 Chapter 4: TMP21 affects BACE1 maturation and trafficking  

Finally, we illustrate the mechanism through which the TMP21 affects BACE1 trafficking and 

maturation. We find the multiple binding sites between TMP21/BACE1 and the conformation of 

TMP21 is essential for the TMP21/BACE1 interaction. The TMP21/BACE1 interaction 

contributes to the immature BACE1 accumulation. TMP21 delays the maturation and increased 

immature BACE1 level by affecting its ER/Golgi trafficking. Moreover, TMP21 increases the 

co-residency of APP and BACE1 which might enhance the chance of APP encountering and 

being cleaved by immature BACE1. Interestingly, we find that TMP21 guides both the APP and 

immature BACE1 into lipid rafts-like structure, which might provide platform for APP/immature 

BACE1 interaction. To sum up, our studies show that TMP21 delays maturation process and 

trafficking of BACE1 and APP, as a result, APP is more accessible for immature BACE1 and 

preferentially cleaved at Asp-1 site to generate more C99. 

 

5.2 Significance and novelty of the research 

This thesis presents several novel findings on genetic and bimolecular mechanisms of AD 

pathogenesis. These findings could significantly advance the understanding of genetic 

polymorphism associated to AD risk, and greatly emphasize the importance of subcellular 

trafficking and maturation of BACE1 in APP processing. It also provides evidence to further 

explore the therapeutic target on TMP21. 

1. The first study on the genetic linkage between Tmp21 SNPs and AD pathogenesis and 

identification of the novel SNP in Tmp21 in AD patients. 
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2. Investigate the role of intronic SNP on pre-mRNA processing, mRNA and protein 

expression in vitro. 

3. Evidence that dysregulation of TMP21 expression, both upregulation and 

downregulation, facilitates APP amyloidogenic processing. 

4. Demonstration that TMP21 interacts with immature BACE1 and accumulates immature 

form of BACE1, which cleaves APP on Asp-1 site and produces intact Aβ. 

5. Investigation of the mechanisms that TMP21 affects BACE1 trafficking and maturation, 

and modulating the BACE1 trafficking and maturation by TMP21 will be a new 

therapeutic target for future research. 

 

5.3 Strengths and weaknesses 

5.3.1 Elucidate the clinical relevance of TMP21 expression levels and gene 

polymorphisms in AD patients 

This chapter first elucidates the genetic impact of TMP21 on the risk of AD and the clinical 

relevance of TMP21 expression levels in AD pathogenesis. The previous studies suggest that 

TMP21 levels are significantly altered in disease state and that TMP21 may play an integral, 

clinically relevant role in AD pathogenesis. However, there is still no genetic association study 

between Tmp21 and AD. Using gDNA bank from AD patients and controls (Zhou, et al.), we 

screen Tmp21 SNPs in exonic regions excluding the 5' UTR and 3' UTR, and find that 

rs12435391 (IVS4-28T>C) in intron 4 shows significant difference of allele and genotype 

frequency in AD patients and controls. This is the first time to elucidate the Tmp21 gene 

polymorphisms in AD patients. It greatly emphasizes the genetic impact of TMP21 on the risk of 

AD and also indicates that upregulation of TMP21 may also contribute to AD pathogenesis. 

 

To further exam the role of this intronic SNP on pre-mRNA processing and TMP21 expression 

levels, in this chapter, we propose a novel cloning strategy and construct an expression plasmid 

consist of all coding exons and the intron of interest, driven by the endogenous promoter. After 

transfected into cells, TMP21 protein with correct size was readily detected in the cell lysis, 
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indicating that the pre-mRNA from this construct could be recognized by endogenous splicing 

machinery and properly processed into mRNA, subsequently, transcript into protein of the proper 

size. This in vitro approach is further used to study how rs12435391 affects TMP21 pre-mRNA 

processing. One of the traditional approaches analyzing RNA splicing relies on hybrid minigene 

plasmid, which is a “simplified” version of the gene. A typical hybrid minigene plasmid contains 

sequences of transcriptional enhancer (e.g CMV, cytomegalovirus promoter, for ubiquitous 

expression and polymerase II transcription), upstream and downstream exons from the report 

gene (e.g α-globin). The genomic DNA region of interest that contains alternatively splicing 

region and flanking regions is introduced between exons of report gene (F. Pagani, Baralle, FE, 

2010; F. Pagani, et al., 2002). This minigene assay involves the sequences from multiple genes. 

However, our expression construct consists of all coding exons and the intron of interest, driven 

by its endogenous promoter, and it removes many of the confounding variables. More 

importantly, our novel construct can be recognized by endogenous splicing machinery, expressed 

mRNA and protein at proper size. It provides an effective approach to assess the intronic SNPs, 

which may interfere with RNA splicing in future research.  

 

5.3.2 Evidence the role of TMP21 in APP processing and indicates its impact on BACE1 

In this chapter, one of the strengths is the comprehensive examination of CTFs levels, not only 

Aβ levels. It provides general information about the APP processing and the α-, β-, β’- and γ-

cleavage. In non-amyloidogenic pathway, APP is cleaved within the Aβ domain to preclude Aβ 

generation. α-secretase cleaves APP to produce a secreted form of APP (sAPPα) and membrane-

bound C83. Also, BACE1 mainly cleaves APP within the Aβ region (Glu-11 site) to produce 

C89 (Deng, et al., 2013; Huse, et al., 2002). All the CTFs can be further cleaved by γ-secretase 

complex. In amyloidogenic pathway, APP is first cleaved by BACE1 at the amino terminus of 

Aβ (Asp-1 site), producing C99. C99 is subsequently cleaved by γ-secretase to generate Aβ. 

Most of the previously published papers only focus on the downregulation of TMP21 on Aβ 

production (F. S. Chen, et al., 2006; Dolcini, et al., 2008; Pardossi-Piquard, et al., 2009; Vetrivel, 

et al., 2007). However, both the inhibition of the γ-secretase activity and the increased β-site 
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cleavage lead to the increased Aβ level. Therefore, without thoroughly examination of all CTFs, 

one could not figure out how TMP21 affects Aβ production. It is possible that TMP21 alters APP 

processing not only by its negative regulation on γ-secretase, but also by effects on BACE1. In 

examining CTFs, we find that the upregulation of TMP21, instead of increasing overall CTFs 

levels, preferentially increases C99 but decreases C83 levels. This result indicates that 

overexpression of TMP21 specific enhances BACE1 cleavage on APP Asp-1 site. To illustrate 

this effect, we test the BACE1 expression and the accumulation of immature form of BACE1 

upon the dysregulation of TMP21 is observed. Subsequently, we identify the interaction between 

TMP21 and immature BACE1 and further, overexpression of TMP21 delays BACE1 trafficking. 

These results confirm the impact of TMP21 on BACE1. Consistently, the TMP21 deficit also 

accumulated more immature BACE1, which contributed to the increased C99 level; it suggested 

that the TMP21 deficit might also alters the trafficking and maturation process of BACE1. 

 

One of the weaknesses in this chapter is that we still cannot totally distinguish the effect of 

TMP21 on γ-cleavage and BACE1 based on the present data. Dysregulated TMP21 results in an 

increased C99 level, which provides much more substrates for Aβ generation. However, it is 

possible that the dysregulated TMP21 might interfere the secretion of Aβ. The Aβ here we 

measured by ELISA is the secreted Aβ from medium, which cannot represent the total Aβ level. 

Thus, an overall analysis of Aβ level, both secreted and intercellular, is required in the next step. 

Additionally, all the CTFs and Aβ generations rely on the activities of all these secretases and the 

dynamic interactions between secretases and their substrates. It reported that TMP21 inhibited γ-

cleavage of C99 in cells and also in vitro using cell-free γ-secretase assay (F. Chen, et al., 2006). 

However, another group found that TMP21 did not exist in mature and active γ-secretase 

complex. Meanwhile, they assigned addictive and independent effect of TMP21 on APP 

trafficking (Vetrivel, et al., 2007). These evidences show the dual role of TMP21 in enzymes 

activities modulation and trafficking. Therefore, TMP21 might play an integral and 

comprehensive role in APP processing. It will be very interesting to further investigate the role 

of TMP21 on assembling and trafficking of all the γ-secretase complex members.  
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5.3.3 Examine the fundamental role of TMP21 in mice models 

In addition to the roles of TMP21 in AD pathogenesis, a more striking function, the fundamental 

function of TMP21 in early stage of development demands further attention. In this thesis, we 

took advantage of mice models to determine the causal linkage between the expression level of 

TMP21 and AD pathogenesis. The Tmp21 hemizygous knockout (S2P23) mouse strain was 

established by Micheal Owen’s lab (Denzel, et al., 2000b). Dr. Kelley Bromley-Brits, graduated 

from our lab, characterized the general behaviors of these mice using a range of comprehensive 

behavioral tests. Consistently with previous study by Denzel, et al., the S2P23 mice are viable 

and fertile, they appear grossly normal and grow as well as control mice. No significant 

differences is observed in many behavior tests, such as hanging wire test for measuring hang 

strength, Y-maze task and Morris water maze task for testing hippocampal-dependent learning 

and memory. The S2P23 mice perform better in motor coordination test---rotarod test, and show 

heightened anxiety in open field test and decreased contextually conditioned response in fear 

conditioning test. Our lab also bred APP23 mice, which strongly express APP751 isoform 

harboring the APPswe mutation and displays plaque deposition mainly in the cortex and in 

hippocampus (Andra, et al., 1996; Reaume, et al., 1996; Sturchler-Pierrat, et al., 1997). The 

APP23 mice are viable even though there are large number of plaques occupying substantial 

areas of cortex, hippocampus, thalamus and olfactory at the age of 24 months. However, the 

APP23XS2P23 double crossed mice appeared smaller than their littermate controls. Much less 

APPXS2P23 double crossed offspring (9% instead of expected 25% according to Mendel’s Law 

of Inheritance) could be produced and few of them can survive after 6 months. The fatality of the 

APP23XS2P23 mice is detrimental. More significantly, the Tmp21 homozygous knockouts are 

embryonic lethal, no Tmp21-/- homozygous embryos at 7.5 days post coitus (dpc) or blastocysts 

at 3.5dpc could be detected (Denzel, et al., 2000b). It indicates the fundamental functions of 

TMP21 in the early stage of development. A more satisfying mouse model, in which the Tmp21 

gene is ablated in a conditional manner, is necessary to fully clarify this issue. We will discuss 

this in future research section 5.4.2. 
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Moreover, there is still no practicable TMP21 transgenic mice model. Transgenic mice harbored 

human Tmp21 at various expression levels in neurons established by Dr. Gopal group, they 

found that even a 50% increase of TMP21 overexpression in central nervous system leads to 

post-natal growth retardation, sever neurologic problems and early death. The newborn human 

Tmp21 transgenic mice are normal and show no symptom in the first two weeks after birth, 

pathologic symptoms reveals when endogenous TMP21 begins to decline and the onset and 

severity of the symptoms are highly correlated with the TMP21 expression levels (Gong, et al., 

2011). Additionally, no Tmp21 homozygous knockout embryo survives (Denzel, et al., 2000b). 

As we discussed previously, the endogenous TMP21 expression levels are precisely controlled. 

The robust expression level of TMP21 is higher demanded and more essential for the 

development of embryonic and early post-natal stage but it begins to decline with age after birth. 

However, in human Tmp21 transgenic mice, the sustained high-level TMP21 expressed during 

post-natal development, especially when endogenous TMP21 declines, the mice begin to show 

complex neurological problems. Therefore, to test the role of TMP21 with greater precision 

requires a more practicable method in vivo, for instant, using the tetracycline-inducible system or 

the Cre/loxP recombinase system to spatiotemporal control the gene expression. 

 

5.3.4 Characterize the TMP21/BACE1 interaction 

BACE1, considered as the major, or probably the only, β-secretase that cleavage APP at Asp-1 

site in the brain. BACE1 knockout neurons and mice completely fail to generate CTFβ and Aβ, 

and knockout BACE1 rescues the memory deficit in AD mice (H. Cai, et al., 2001; Ohno, et al., 

2004; Roberds, et al., 2001). Interestingly, BACE1 knockout mice are healthy and show no 

discernible phenotype comparing with wild type mice (Y. Luo, et al., 2001). These studies 

suggest that BACE1 inhibition could be an attractive therapeutic strategy that may be free of 

mechanism-based toxicity. Here, our studies at the beginning of chapter 4 suggested the multiple 

binding sites between TMP21 and BACE1. As the fundamental function of TMP21, it will be 

more prospective to identify the TMP21 binding sites on BACE1; thus we could further develop 

small peptides, or a dominate negative BACE1 lacking TMP21 binding motifs that are 



 

Chapter 5: Conclusion and Future Directions 

105 

 

introduced enter cells and specifically interfere the TMP21/BACE1 interaction under TMP21 

overexpression condition; these will be great protectors in TMP21 overexpression-mediated APP 

amyloidogenic processing. The works in TMP21 binding motifs on BACE1 are continuing by Dr 

Zhe Wang, who is an expert in protein-protein interaction and proteins intracellular trafficking. 

 

5.3.5 Explore the role of TMP21 in APP/BACE1 lipid raft-like domains translocation 

At the end of chapter 4, our results suggested that when newly synthesized BACE1 trafficking 

from ER to Golgi, the immature form of BACE1 interacted with TMP21/p24a complex and was 

guided into lipid raft-like domains in ER or ERGIC, at the same time, the interaction between 

TMP21/p24a and APP also trapped APP into lipid raft-like structures when APP traffic through 

ER and ERGIC, thus increased the interaction of immature BACE1 and APP, and probably 

increased the chance of APP and BACE1 co-residency in lipid raft-like domains, finally led to 

the preferentially cleavage on Asp-1 site of APP and produced more C99, the significantly 

augment of  C99 level provided more substrate for γ-secretase hence to generate more Aβ. To 

isolate lipid raft, here we used floating lipid raft isolation method with 1% TritonX-100, 1% NP-

40 or 0.5% Lubrol WX as previously described (Vetrivel, et al., 2004). However, we did not 

detect the significantly difference of APP/BACE1 distribution in lipid raft fractions in which the 

lipid raft marker flotillin2 was enriched and the soluble protein calnexin is limited. The possible 

reasons might be that only a small percentage of APP and BACE1 cofractionate in lipid raft 

under normal physical condition (Riddell, Christie, Hussain, & Dingwall, 2001). The immature 

BACE1 is a minor proportion of total cellular BACE1. The synthesis of lipid raft begins in ER 

(Browman, et al., 2006; Sevlever, et al., 1999), where the levels of sterol and sphingolipid are 

still low (van Meer & Lisman, 2002). Thus, the interaction between APP and immature BACE1 

in lipid raft so that cannot be easily detected by traditional approach because of its relatively 

weak and transient state. Additionally, BACE1 interacts with GPI proteins (Hattori, et al., 2006; 

Marlow, et al., 2003; Tun, et al., 2002) while TMP21 acts as a receptor for GPI-anchored 

proteins and guide them into the early lipid rafts in ER (Bonnon, et al., 2010; M. Fujita, et al., 
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2011; Takida, et al., 2008), it is also possible that TMP21 translocates immature BACE1 into the 

early lipid raft indirectly via GPI-anchored protein(s). 

 

5.4 Future directions 

5.4.1 The effect of TMP21 on γ-secretase complex 

Rationale The assembly of the γ-secretase complex starts at the ER (Capell, et al., 2005; Kim, et 

al., 2004). Aph-1 contributed to the trafficking and maturation of the γ-secretase complex. First, 

Aph-1 polypeptides formed a subcomplex with immature NCT in ER, dependent on its GXXXG 

motif, which is the initial step for the formation of the whole complex (Hu & Fortini, 2003; 

LaVoie, et al., 2003; Niimura, et al., 2005). This subcomplex further recruited and stabilized 

nascent PS through the hydrophobic interface formed by the transmembrane domains of Aph-1 

and Nct. PS1, only a small fraction locates on the cell surface, most of them are mainly localized 

at ER, Golgi/TGN and endosome (J. H. Chyung, Raper, & Selkoe, 2005; Bart De Strooper, et al., 

1997; J. Zhang, et al., 1998). This holo PS/Aph-1/immature NCT complex form in ER is a 

stabilized but γ-secretase-inactive intermediate (Takasugi, et al., 2003). Then PS is subjected to 

endoproteolysis to generate its amino- and carboxyl-terminal fragments in Golgi (PS-CTF and 

PS-NTF, respectively) (Capell, et al., 1998; Thinakaran, et al., 1996). The heterodimer of PS-

NTF/PS-CTF is the active center that harboring two critical aspartyl residues for physiological 

activity of γ-secretase (Fukumori, Fluhrer, Steiner, & Haass, 2010; Shirotani, et al., 2003). PS 

fragments preferentially binds to the mature and fully glycosylated NCT (Edbauer, Winkler, 

Haass, & Steiner, 2002); Pen-2 is required for the proteolytic processing of PS (Takasugi, et al., 

2003) and it interacted with PS-NTF (Fraering, et al., 2004). Therefore after passing through the 

Golgi, a fully matured glycosylated NCT, a heterodimeric form of PS-NTF/PS-CTF, Pen-2 and 

Aph-1 exist as a mature and active γ-secretase complex (Kimberly, et al., 2003). (Fig 5.1) This 

complex can be isolated and cleave its substrates, C99 and Notch, in the in vitro activity assays 

(J. H. Chyung, et al., 2005). PS1 could also play a role in modulation the trafficking of 

membrane and secretory proteins (Naruse, et al., 1998). Significant amounts of full-length PS1 

are found cycling between ER and Golgi, regulated by COPI-mediated retrograde transport 
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(Rechards, Xia, Oorschot, Selkoe, & Klumperman, 2003). It has been reported that the 

overexpression of PS1 results in an increase of Aβ-containing CTFs and/or Aβ in COPI-coated 

membranes of the vesicular tubular clusters between ER and Golgi, while increasing the mutant 

PS-1 or PS-knockout, which is mainly present in post-Golgi, shows the opposite effect that 

retains these APP derivatives in ER (Rechards, et al., 2006). This data suggests the potential role 

of PS1 in the trafficking of APP and its derivatives.  

 

 
Figure 5.1 The assembly, trafficking and maturation of γ-secretase complex. 

Assembly of the γ-secretase complex starts within the ER where Aph-1 (blue cylinders) forms a subcomplex with 

immature Nct (green cylinder). This subcomplex also interacts with nascent presenillin (Psn, yellow cylinders). This 

Aph-1/immature NCT trimetric subcomplex includes nascent PS and forms stabilized but γ-secretase-inactive 

intermediate. PS has to be endoproteolyzed to generate PS-CTF and PS-NTF in Golgi and the heterodimer of PS-

NTF/PS-CTF that harbors the two critical aspartyl residues refers to the physiological activity of γ-secretase. PS-

CTF preferentially binds to the mature and fully glycosylated NCT and Pen-2 (red cylinders) is required for the 

proteolytic processing of PS and interacts with PS-NTF. Finally, after passing through the Golgi, a fully matured 
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glycosylated NCT, a heterodimeric form of PS-NTF/PS-CTF, Pen-2 and Aph-1 exist as a mature and active γ-

secretase complex. Modified from (Takasugi, et al., 2003) and (Niimura, et al., 2005) 

 

Here, we detected the increased Aβ levels when TMP21 expressions were dysregulated. The 

increased β-cleavage and/or γ-cleavage can lead to increased Aβ levels. Based on the present 

data in this thesis, we cannot totally distinguish the effect of TMP21 on γ-cleavage from BACE1 

here. It reported that TMP21 inhibited γ-secretase activity in vitro (F. Chen, et al., 2006). 

However, another group found that TMP21 was not exist in mature and active γ-secretase 

complex, they assigned addictive and independent effect of TMP21 on APP trafficking (Vetrivel, 

et al., 2007). In their study, they also noted the increased immature NCT when 80% knockdown 

of TMP21. These evidences showed the dual role of TMP21 in enzymes activities modulation 

and trafficking. As thus, it is very interesting to further investigate the actual role of TMP21 on 

the γ-secretase complex, especially the assembling and trafficking of its all members. 

 

Preliminary data Firstly, we detected the interactions between all of the γ-secretase complex 

members and TMP21 individually. The PS1 expression plasmid was cotransfected with myc-

tagged TMP21. Cells were harvest after 48 hours and lysed in NP-40 lysis buffer. The lysates 

were immunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using anti-

PS1 NTF antibody. Interestingly, we found that the full-length of PS1, rather than NTF of PS1, 

can be coimmunoprecipitated with TMP21 (Fig 5.2 A). Also, the myc-tagged NCT, Aph-1, Pen2 

were cotransfected with GFP-TMP21, respectively. Cells were harvest after 48 hours and lysed 

in NP-40 lysis buffer. The lysates were immunoprecipitated with anti-myc antibody 9E10 and 

analyzed by immunoblot using anti-GFP antibody. While the TMP21 can coimmunoprecipitate 

with Aph-1 (Fig 5.2 C D), but not NCT (Fig 5.2 B) or Pen-2 (Fig 5.2 D). 
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Figure 5.2 TMP21/γ-secretase interaction. 

(A). The PS1 expression plasmid was cotransfected with myc-tagged TMP21. Cells were harvest after 48 hours and 

lysed in NP-40 lysis buffer. The lysates were immunoprecipitated with anti-myc antibody 9E10 and analyzed by 

immunoblot using anti-PS1 NTF antibody. (B) The myc-tagged NCT, (C) Aph-1, (D) Pen-2 was cotransfected with 

GFP-TMP21, respectively. TMP21/BACE1 coimmunoprecipitation was used as positive control. eGFP or myc-

Vector were used as negative controls. Cells were harvest after 48 hours and lysed in NP-40 lysis buffer. The lysates 

were immunoprecipitated with anti-myc antibody 9E10 and analyzed by immunoblot using anti-GFP antibody.  

 

Discussion Assembling of the γ-secretase complex starts at the ER (Capell, et al., 2005; Kim, et 

al., 2004), where Aph-1 interacts with immature NCT (Hu & Fortini, 2003; LaVoie, et al., 2003; 

Niimura, et al., 2005). This Aph-1/immNCT subcomplex includes nascent PS and forms 

stabilized but γ-secretase-inactive intermediate (Takasugi, et al., 2003). After being 

endoproteolyzed, PS-CTF and PS-NTF form heterodimer which refers to the physiological 

activity of γ-secretase (Fukumori, et al., 2010) (Fig 1.4). Significant amounts of full-length PS1 
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were found cycling between ER and Golgi, regulated by COPI-mediated retrograde transport 

(Rechards, et al., 2003). TMP21 plays essential role in proteins ER/Golgi trafficking (Belden & 

Barlowe, 1996; Blum, et al., 1996b, 1996c; Schimmoller, et al., 1995; Stamnes, et al., 1995). 

When the whole matured γ-secretase complex is isolated using an active-site γ-secretase 

inhibitor, there is no TMP21 presents. It is consistent with our preliminary data that TMP21 only 

interacts with full length PS1 and Aph-1 but not all the members of γ-secretase complex 

(Vetrivel, et al., 2007). Therefore, it is probably that TMP21 associates with the early assembly 

or the early secretory pathway trafficking of γ-secretase complex via Aph-1/nascent PS1 

interaction in ER. However, to demonstrate this statement and explore the exact role of TMP21 

in assembling and trafficking of γ-secretase complex, further studies are required using similar 

techniques in Chapter 4. 

 

5.4.2 Establish the inducible TMP21 knockout mice 

The Tmp21 homozygous knockouts are embryonic lethal and expression of human Tmp21 in 

mice central nervous system leads to post-natal growth retardation, sever neurologic problems 

shortly after birth, and early death. These facts indicate the fundamental functions of TMP21 in 

early stage of development and meanwhile, the expression level of TMP21 are strictly controlled 

during pre- and post-natal developments. An ideal mice model is necessary for further 

application. The site-specific recombination system, Cre-LoxP system, has now made it possible 

that the genes deletions, insertions, inversions and exchanges can be induced in a spatially and 

temporally restricted fashion in cells and animal models (Araki, Araki, Miyazaki, & Vassalli, 

1995; Branda & Dymecki, 2004). Taking advantage of Cre-LoxP system, we would like to firstly 

establish a conditional TMP21 knockout mice strain. Then the mice carrying LoxP-flanked 

TMP21 will be further bred with a neuron-specific Cre expressing mouse to achieve an inducible 

neuronal-TMP21 knockout offspring. For further usage in the study of TMP21 suppression in 

AD pathogenesis, these mice could be crossbred with AD mice and the offspring mice will 

provide a powerful tool. 
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Preliminary data The full construct of the Tmp21 targeted vector was completed (Fig. 5.3, A). 

There are three loxP sites respectively flanking positive selection marker, neomycin resistant 

gene and essential gene segment of mouse Tmp21 consists of Exon 2 and the flanking intronic 

region; the deletion of this segment can abolish TMP21 expression. Mouse embryonic stem (ES) 

cells were electroporated with this targeting vector and neomycin was used to select the positive 

transfected cells. The neomycin-resistant ES colonies were screened by PCR. The correctly 

targeted colony was confirmed by sequencing (Fig. 5.3). There were three LoxP sites flanking 

the neomycin-resistant gene and the gene segment from TMP21. Currently, I am attempting to 

produce chimeric ES cells expressing LoxP-targeted TMP21 by transient transfection of Cre-

GFP. Ideally, the cre-recombinase will cut off the selection marker and achieve the type II 

deletion in cells. The positive ES cells carrying LoxP-flanked TMP21 could be screened by 

neomycin selection and PCR (Fig. 5.4). Then these ES cells would be ready for microinjection in 

mouse blastocyst. If these cells can growth up to be a sperm or an egg (germline transmission) 

and it can breed the LoxP-flanked TMP21 mice. These mice, with normal TMP21 expression, 

are supposed to show the similar phenotype as wild type mice in life span, birth rate, 

biomolecular and behavioral tests results. However, the TMP21 expression and general 

behaviors characterization will be preformed. Then these mice will be crossed with spatial or 

temporal controlled Cre-recombinase (e.g. Thy1-Cre or tamoxifen-inducible Cre) (Araki, et al., 

1995; Branda & Dymecki, 2004; Feil, et al., 1996) mice to generate inducible TMP21 knockout 

offspring (indTMP21-/-) mice. Firstly, the biomedical and behaviors phenotypes of these 

indTMP21-/- mice will be fully characterized. The results will reveal the consequences caused by 

TMP21 deficit in neurons. Further, the indTMP21-/- mice were crossbred with APP23 mice to 

produce indTMP21-/- /APP23. The LoxP-TMP21 mice, indTMP21-/- mice, LoxP-TMP21/APP23 

double-crossed mice and indTMP21-/-/APP23 mice will be examined from biomolecular levels to 

behavioral levels by serials of comprehensive tests.  
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Figure 5.3 LoxP-flanked TMP21 vector construct. 

(A) Schematic diagram of the Tmp21 locus, the targeting vector and the structure of the targeted allele. (B) ES cells 

were electroporated with the targeting vector and correctly targeted, G418-resistant colonies were identified by PCR 

then confirmed by sequencing. 
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Figure 5.4 Strategies for generating a loxP-flanked gene for conditional gene targeting. 
Three different types of ES cell subclones are generated: one harboring the desired floxed gene (Type II deletion), 

one a null allele (Type I deletion), and the other, a floxed selection marker (Type III deletion). Type I and Type II 

subclones can be distinguished from TypeIII by sib-sensitivity to G418; Type I subclones can be distinguished from 

Type I by PCR. 

 

Discussion The indTMP21-/- mice model is an excellent tool in examining the fundamental roles 

of TMP21. Further, the indTMP21-/- /APP23 mice model could be used in confirming the roles of 

TMP21 in AD pathogenesis in vivo. The indTMP21-/- /APP23 mice might survive longer and 

with a better health condition than APP23/S2P23 double-crossed mice. More importantly, this 

mice model bypasses the embryonic lethality associated with TMP21 knockout. 
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5.4.3 Examine TMP21/GPI-anchored proteins/BACE1/APP interaction 

Sequence analysis shows that BACE1 is not a GPI-anchored protein, while its localization and 

stability in lipid raft depend on the interaction with GPI-anchored proteins (Hattori, et al., 2006; 

Marlow, et al., 2003; Tun, et al., 2002), even though the identification of these GPI-anchored 

proteins is yet to be exclusive. As TMP21 acts as a cargo receptor for GPI-anchored proteins and 

targets the ER export and lipid raft translocation. A small percentage of APP and BACE1 

cofractionate in lipid raft under normal physical condition (Riddell, et al., 2001). Here, we 

observed the co-existence of immature BACE1 and ubiquitous lipid raft marker, flotillin2, as 

well as partial TMP21 in Triton X-100 resistant pellet; it is reasonable as the early lipid-raft-like 

domains can be observed in the ER (Browman, et al., 2006; Sevlever, et al., 1999). Further, the 

co-localization between BACE1 and flotillin2 increased when TMP21 upregulated. 

Overexpression of TMP21 enhanced the co-localization and interaction between APP and 

immature BACE1. However, we did not detect the significantly difference of APP/BACE1 

distribution in lipid raft fractions using common methods, it might be the relatively weak and 

transient interaction between APP and immature BACE1 in lipid raft. Alternatively, APP and 

BACE1 might directly interact with TMP21, and the BACE1-associated GPI-anchored protein 

might mediate this TMP21/BACE1 interaction. Thus, it is possible that all of these GPI-anchored 

proteins/TMP21/BACE1/APP cluster into this premature lipid raft-like structure. It will be 

interesting to identify the GPI-anchored protein(s) that can associate with BACE1, and to 

determine whether this GPI-anchored protein mediate the TMP21/BACE1 interaction and 

BACE1 translocation to lipid raft. 
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