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Introduction 

   Changes in the cytoplasmic concentration of calcium ions play important physiological 

roles in almost all kinds of human activities including muscle contraction, neuronal 

transmission, cellular motility, fertilization, cell proliferation, learning and memory as 

with synaptic plasticity and so on (1). The concentration of free calcium ion in the 

cytoplasm is normally maintained in the range of 10–100 nM. To maintain this low 

concentration, Ca2+ is actively pumped from the cytosol to the extracellular space and 

into the endoplasmic reticulum (ER), which is believed to store the majority of calcium 

ions in a cell. In the last several decades, researchers have been studying another 

organelle type that may store calcium ions – the “acidic” calcium stores which are 

organelles characterized by an acidic lumen in the endolysosomal system, such as 

endosomes, lysosomes, secretory vesicles and autophagosomes (2).  

Lysosomal Ion Homeostasis 

   Lysosomes, known as the stomach of the cell, are cellular organelles that contain acid 

hydrolase enzymes that break down waste materials and cellular debris. Lysosomes 

digest excess or worn-out organelles, food particles, and engulfed viruses or bacteria. The 

membrane around a lysosome allows the digestive enzymes to work at the pH they 

require. Lysosomes fuse with autophagic vacuoles (phagosomes) and dispense their 

enzymes into the autophagic vacuoles, digesting their contents. Generally speaking, the 

interior of the lysosomes is acidic (pH 4.8) compared to the slightly basic cytosol (pH 

7.2). The lysosome stabilizes its acidic milieu by pumping in protons (H+ ions) from the 

cytosol via proton pumps. Vacuolar H+-ATPases are responsible for transport of protons, 

while the counter transport of chloride ions is performed by a Cl−/H+ antiporter. In this 

way the acidic environment in lysosomes is maintained (3). In addition to H+, the 

concentration of Ca2+ is reported to be kept in homeostasis in lysosomes too (Figure 1). 

Although the exact mechanism of how Ca2+ enters into lysosomes remains unknown, 

researchers discovered several potential Ca2+-release channels, including the mucolipin 
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receptor family members (TRPML1, TRPML2) and the two-pore channel family (TPCs) 

(4).  

                                                                                                                                                                                                                                                                                                                   

Figure 1.  Homeostasis of ions. H+, Ca2+, Na+, K+ is maintained by multiple ion channels and 

pumps in a mammalian lysosome (5).          
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  Two pore channels, a family consisting of TPC1, TPC2, TPC3, are cation-selective ion 

channels. Structurally, they contain two six transmembrane domains and form a dimer in 

the membrane (6). TPCs are found in plants and mammalian cells, and humans express 

two TPC isoforms TPC1 and TPC2, which localize to the membrane of endosomes and 

lysosomes, suggesting that TPCs play an instrumental role in endolysosomal ion flux. 

Indeed, a recent proteomic characterization of the human TPC interactome indicated that 

TPCs associated with a variety of proteins which are engaged in calcium homeostasis, 

trafficking and organization in the endolysosomal system (7). Among the candidate TPC 

interactors, three functional groups were prominent. The first group were candidates 

linking TPCs to Ca2+ homeostasis, including TMEM165, IP3R and so on; the second 

group is involved in membrane trafficking and organization, such as Rab GTPases and 

syntaxins; the third group contains interactors characterized as autophagy regulators such 

as annexins and a poorly characterized family of transmembrane proteins known as 

nonaspanins, which are my focus of this thesis. While some candidate interactors are well 

studied, such as V-ATPase, which adjusts human cell pH balance by mediating the 

pumping of H+ into the lumen of endosomes or into the extracellular milieu (8), many 

proteins involved are poorly characterized and still under investigation. Notably, the 

human nonaspanin family has been little studied since its first member was found in 1997 

(9). This poorly characterized family was found to be candidate TPC interactors in our 

recent proteomic screen, and the aim of my thesis is to assess any functional significance 

of these interactions. 
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The Nonaspanin Proteins 

   Nonaspanins, also called TM9SF proteins, are characterized by a large hydrophilic N-

terminal domain followed by nine putative transmembrane domains (Figure 2). These 

proteins constitute a well-defined and ancient family, remains highly conserved 

throughout evolution.  

 

Figure 2. The structure of TM9SF protein. A large hydrophilic N-terminal domain and a well-

conserved, highly hydrophobic C-terminal domain which contains nine potential membrane-

spanning domains.  

 

  TM9SF proteins can be divided into two subgroups based on different homologies for 

protein motifs. According to a recent alignment analysis, subgroup I includes TM9SF1 

and TM9SF3 members, and subgroup II included yeast Tmn1 and Tmn2, TM9SF2 and 

TM9SF4 members, yeast Tmn3 and Dictyostelium Phg1c. While Tmn3 and Phg1c were 

outgroups, which possibly represent the most ancient members (10). 

   Nonaspanins are found in various species, including Arabidopsis thaliana (EMP1 to 

EMP12) (11); Saccharomyces cerevisiae, where (Tmn1 to Tmn3) are essential for yeast 

cell adhesion and filamentous growth (12); Dictyostelium where (Phg1a, Phg1b, Phg1c) 
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control cellular adhesion, phagocytosis, growth and development (13) and Drosophila 

(TM9SF2 to TM9SF4) , playing roles in phagocytosis, bacteria engulfment, and triggering 

the Drosophila immune response to potential infections (14,15).  

   In human cells, four members of TM9SF family have been discovered so far (TM9SF1 

to TM9SF4). Human TM9SF1 is reported to localize to autophagic vacuoles and 

lysosomes and overexpression of TM9SF1 in human cells produces higher numbers of 

autophagic and acidic vesicles in a high-throughput functional screening model, so 

human TM9SF1 is potentially identified as an autophagosome-inducing gene (16). This is 

consistent with higher expression of TM9SF1 in lithium-induced autophagy in a mouse 

model of Fuchs endothelial corneal dystrophy (17).  

    Human TM9SF2 is abundant in endosomes and proposed to function as a channel or 

molecule transporter protein (18), suggesting that TM9SF2 might interact with 

transmembrane proteins targeting to endosomes. Recently, down-regulation of TM9SF2 

was observed in spermatogenic failure (SpF) testicular samples, which indicates that the 

expression of TM9SF2 gene is critical for a proper germ cell development (19).  

    Human TM9SF3 is found to target to Golgi complex and serves as a Golgi marker 

(20). TM9SF3 has its specific binding properties towards β-adrenergic ligands, possibly 

functioning as a channel, small molecule transporters or a receptor (21). Studies reveal 

that human TM9SF3 is upregulated in paclitaxel-resistant breast cancer cells and its 

overexpression has also shown to be associated with poor gastric cancer prognosis 

(22,23), suggesting that TM9SF3 is involved with the development of certain cancers. 

    Human TM9SF4 is highly expressed in many kinds of cancer cells, such as metastatic 

melanoma cells and acute myeloid leukemia (24). Recent study indicates that the 

interaction between TM9SF4 and V-ATPase plays a role in modulating tumor pH 

alterations involved in drug resistance and invasiveness of colon cancer cell (25), which 

is consistent with an oncogenic function of this gene with its marked expression at the 

level of acute myeloid leukemia (AMLs) displaying granulocytic differentiation, 

supporting its potential use as a target for anticancer therapies with a specific role in 



 

6 
 

tumor cannibalism and in the establishment of a metastastatic phenotype in the future 

(26). 

Goals of My Thesis 

  Here, in order to assess the validity of the physical and functional interaction between 

TPCs and human TM9SF proteins according to the reported proteomic analysis of human 

TPCs, I performed co-localization and co-immunoprecipitation using confocal 

microscopy and Western-blotting technologies respectively. First of all, I constructed all 

twelve DNA constructs (GFP-TM9SF1, GFP-TM9SF2, GFP-TM9SF3, GFP-TM9SF4, 

TM9SF1-GFP, TM9SF2-GFP, TM9SF3-GFP, TM9SF4-GFP, TM9SF1-5myc, TM9SF2-

5myc, TM9SF3-5myc, TM9SF4-5myc) and transfected those constructs into cells to do 

both confocal imaging and blotting experiments. 

For the second part, I focused on the functional interaction between TM9SF1 protein and 

TPCs on cell autophagy by endogenous LC3 expression comparison. To determine if 

TM9SF1-induced cell autophagy is dependent on TPCs, I transfected TM9SF1 into TPCs 

knockdown cells to assess their functional interaction on cell autophagy. 
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Result and Discussion 

Phylogenetic analysis of TM9SF proteins 

In order to obtain the phylogenic tree (Figure 3) of TM9SF proteins in D.discoideum 

(PHG1a, b, c), Homo sapiens (HsTM9SF1, 2, 3, 4), Saccharomyces cerevisiae (Tmn1, 2, 

3), D.rerio,zebrafish (DrTM9SF1, 2,3, 5), Drosophila melanogaster (DmTM9SF2, 3, 4) 

and Mus musculus (MmTM9SF1, 2, 3, 4). I used neighbor-joining method MEGA6 

software (1000 bootstrap replications-Poisson correction). The accession numbers of all 

TM9 proteins are obtained from GENBANK (PHG1a-CAC47950; PHG1b-CAD47840; 

PHG1c-CAD47841; HsTM9SF1-AAH10856; HsTM9SF2-NP_004791; HsTM9SF3-

NP_064508; HsTM9SF4-NP_055557; Tmn1-P32802; Tmn2-Q04562; Tmn3-P40071; 

DrTM9SF1-NP_001003550; DrTM9SF2-NP_997893; DrTM9SF3-NP_998554; 

DrTM9SF5-XP_686483; DmTM9SF2-NP_610053.1; DmTM9SF3-NP_647979.1; 

DmTM9SF4-NP_609669.1; MmTM9SF1-NP_083056; MmTM9SF2-NP_542123; 

MmTM9SF3-NP_579930; MmTM9SF4-NP_598608). According to earlier reports (10), 

TM9SF proteins (nonaspanins) are mainly divided into two groups. Group1 is 

characterized by a specific motif (VGPYxNxQETY), including TM9SF1 and TM9SF3 

members. While group2 has a motif (FY(V/L)PG(V/L)AP) near the N-terminus, 

including Tmn1 and Tmn2, TM9SF2 and TM9SF4 members. but PHG1c and Tmn3 do not 

belong to either of groups. The amino acid sequence comparison analysis by Clustal W 

confirms the group classification. 
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Figure 3.  Phylogenetic tree of TM9SF proteins.  Amino acid sequences are from Dictyostelium 

discoideum (PHG1a, b, c); Drosophila melanogaster (DmTM9SF2, 3, 4); Homo sapiens 

(HsTM9SF1, 2, 3, 4), Saccharomyces cerevisiae (Tmn1, 2, 3), D.rerio, zebrafish (DrTM9SF1, 2, 

3, 5) and Mus musculus (MmTM9SF1, 2, 3, 4). Numbers around nodes are bootstrap values. 
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TM9SF1 and TM9SF3 localize to lysosomes  

Among the TM9SF proteins from different species, I am interested in four human 

TM9SF proteins (Table1). To study the structural and functional characteristics of human 

TM9SF proteins, I tagged TM9SF with a reporter gene GFP. Therefore, for each human 

TM9SF protein, I made 4 constructs with GFP either at the N terminus (GFP-TM9SF1, 

GFP-TM9SF2, GFP-TM9SF3, GFP-TM9SF4) or 4 constructs with GFP at the C 

terminus (TM9SF1-GFP, TM9SF2-GFP, TM9SF3-GFP, TM9SF4-GFP) (Figure 4A). 

After transfection into SKBR-3 cells, GFP-TM9SF and TM9SF-GFP localizations were 

imaged by confocal microscopy as shown in Figure 4B, C. I found that all NH2-

terminally tagged GFP-TM9SF proteins are mainly distributed in endoplasmic reticulum 

or in cytosol, inconsistent with interference with processing at the N terminus of TM9SF 

protein. For COOH-terminally tagged TM9SF-GFP proteins all images show some 

degree of vesicle: TM9SF1-GFP and TM9SF3-GFP specifically localize to vesicles, and 

TM9SF2-GFP and TM9SF4-GFP localize in both cytosol and vesicles. These data 

suggest that GFP at C terminus of the proteins allows monitoring of protein localization 

in live cells. 

Table 1.  Human TM9SF Family 

Gene Name Alternative 

Name 

Bases 

Number 

Amino Acid 

Number 

Signal 

Peptide 

Position 

Molecular 

Weight (Da) 

Human 

TM9SF1 

MP70 protein 

family member 
1818 606 1-27 68,861 

Human 

TM9SF2 

P76 1989 663 1-28 75,776 

Human 

TM9SF3 
EP70-P-iso; 

SM-11044-

binding protein 

1767 589 1-28 67,888 

Human 

TM9SF4 

NA 1926 642 1-23 74,519 
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A 

 

 

 

                                                                                                   

B      GFP-TM9SF1                GFP-TM9SF2                 GFP-TM9SF3            GFP-TM9SF4 

                                             

C      TM9SF1-GFP                TM9SF2-GFP                 TM9SF3-GFP            TM9SF4-GFP 

      

Figure 4. Expression of human TM9SF proteins. (A) Structure and topology of GFP-TM9SF 

and TM9SF-GFP fusions. (B) Distribution of GFP-TM9SF1 to 4. (C) Distribution of TM9SF1 to 

4-GFP.  

 

Previous data has suggested that TM9SF1 protein is involved in endolysosomal system. 

To identify the exact subcellular localization of the human TM9SF proteins, I co-

transfected TM9SF-GFP proteins with the lysosomal marker LAMP1-RFP. According to 

the results (Figure 5A-D), I found that both TM9SF1-GFP and TM9SF3-GFP co-localize 

with LAMP1-RFP, which indicates that part of the vesicular distribution of TM9SF1 and 

TM9SF3 are lysosomes, and this is consistent with a proteomic analysis of lysosomal 

integral membrane proteins (27). However, TM9SF2-GFP and TM9SF4-GFP do not co-
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localize with LAMP1-RFP, so they are not involved with activities in lysosomes. From 

these results, I conclude that both TM9SF1 and TM9SF3 are found in lysosomes.  

A         TM9SF1-GFP                                   LAMP1-RFP                                      merge         

                                                                                                                                    

B         TM9SF2-GFP                                    LAMP1-RFP                                     merge 

                                                                                                                                    

C         TM9SF3-GFP                                    LAMP1-RFP                                     merge     

                                                                                                                                    

D          TM9SF4-GFP                                    LAMP1-RFP                                     merge  

Figure 5. Identification of TM9SF proteins targeting to lysosome. (A) - (D) SKBR3 cells were 

transiently transfected with TM9SF1 to 4-GFP and LAMP1-RFP. 48h after transfection, cells 

were analyzed by confocal microscopy.  
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TM9SF1 interacts with TPC2 structurally  

TPCs are expressed in the endolysosomal system. A recent proteomic characterization of 

the human TPC interactome (7) revealed that TPCs interacted with many proteins 

including TM9SF proteins. I would like to find out whether TM9SF family members can 

interact with TPCs. Therefore, I used TPCs constructs tagged with RFP for co-

localization experiments. According to the confocal imaging results shown in Figure 6A-

D, TM9SF1 to 4 partially co-localize with TPC1-RFP. As for TPC2-RFP (Figure 7A-D), 

TM9SF2 and TM9SF4 did not co-localize, whereas TM9SF1 and TM9SF3 co-localized 

with TPC2-RFP.  
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A             TM9SF1-GFP                                TPC1-RFP                                        merge 

                                                                                                                                           

 

 

 

 

 

B              TM9SF2-GFP                                TPC1-RFP                                        merge 

                                                                                                                                           

 

 

 

 

 

C              TM9SF3-GFP                                 TPC1-RFP                                      merge 

                                                                                                                                           

 

 

 

 

 

D              TM9SF4-GFP                                  TPC1-RFP                                     merge                                                                                                                       

                                                                                      

 

 

          

 

 

Figure 6. Co-localization between TM9SF1 to 4-GFP (A to D) and TPC1-RFP. 
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A               TM9SF1-GFP                                TPC2-RFP                                     merge 

 

                                                                                                                                        

 

 

 

 

 

B               TM9SF2-GFP                                 TPC2-RFP                                    merge 

                                                                                                                                      

 

 

 

 

 

C              TM9SF3-GFP                                 TPC2-RFP                                    merge 

                                                                                                                                           

 

 

 

 

 

D               TM9SF4-GFP                                TPC2-RFP                                    merge 

                                                                                                                                              

 

 

 

 

 

Figure 7. Co-localization between TM9SF1 to 4-GFP (A to D) and TPC2-RFP. 
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Consequently I focused on TM9SF1 and TM9SF3 among human TM9SF family. To 

assess the structural interaction between TPCs and TM9SF1 and TM9SF3 proteins, co-

immunoprecipitation method was used. According to the blotting results, TM9SF1 can 

interact with TPC2 structurally (Figure 8A) while TM9SF3 might not be an interactor of 

TPCs (Figure 8B). Based upon structural interaction between TM9SF1 and TPC2, the 

potential function of TM9SF1 may be coupled with TPC2 activity in endolysosome 

system.  

 

Figure 8. Interactivity analysis of potential TPC interactors TM9SF1 and TM9SF3. (A) 

Molecular weight Determination of TPC1, TPC2 and TM9SF1 (Left) and co-

immunoprecipitation of TPC1 and TPC2 with TM9SF1. TM9SF1 constructs were tagged with 

GFP and expressed in HEK293 cells together with myc-tagged TPCs. (B) Molecular weight 

Determination of TPC1, TPC2 and TM9SF3 (Left) and coimmunoprecipitation of TPC1 and 

TPC2 with TM9SF3. Endogenous TM9SF3 was expressed in HEK293 cells together with myc-

tagged TPCs. 
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Effects of TM9SF proteins on cell autophagy 

It is previously reported that TM9SF1 is an autophagosome-inducing gene (16), but the 

effects of other members of TM9SF family remain unknown. At this point, I compared 

all the human TM9SF proteins effects on cell autophagy at the same time. I made all 

TM9SF protein constructs tagged with 5myc at the C-terminus in PCS2 vector and 

identified that all the TM9SF-5myc constructs were expressed. And I compared the 

theoretical molecular weight of these TM9SF-5myc constructs (TM9SF1-5myc:73kDa; 

TM9SF2-5myc:78kDa; TM9SF3-5myc:70kDa; TM9SF4-5myc:77kDa) with Western-

blotting result (Figure 9A) and found that the molecular weights of all the constructs on 

the gel are slightly lower than theoretical ones. I think the reasons might be the cleaved 

signal peptides, which is consistent with my previous imaging results. Notably, the 

expression levels of TM9SF2-5myc and TM9SF4-5myc are lower than TM9SF1-5myc 

and TM9SF3-5myc when I loaded the same amounts of proteins for each sample using 

GAPDH protein as loading control. Then I transfected all human TM9SF-5myc and the 

result of expression of endogenous LC3 by Western-blot in each group indicated that all 

the TM9SF members do not increase the ratio LC3-II/LC3-I significantly (Figure 9A, B). 
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A  

    
B 

 

Figure 9. The effect of TM9SF members on cell autophagy measured by Western-blot.  (A)  

Verification of expression of TM9SF-5myc proteins. Western blotting result of TM9SF1-5myc, 

TM9SF2-5myc, TM9SF3-5myc, TM9SF4-5myc proteins respectively when loading the same 

amount of proteins.  The LC3-II expression are shown in each group by Western-blot. Negative 

control was tranfected with empty PCS2 vector and positive control was treated with 100nM 

Bafilomycin A1 for 3 hours before harvesting cells. Other groups are transfected with four 

TM9SF-myc plasmids respectively. (B) Quantification of the ratio LC3-II/LC3-I for each group. 

* Significantly different than negative control, p<0.05 and each experiments were repeated 3 

times. 
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Interaction between TM9SF1 and TPCs on cell autophagy 

My previous results indicated that TPC2 and TM9SF1 were found in the same subcellular 

location and they can interact with each other, and overexpression of TM9SF1 alone does 

not increase endogenous LC3II/LC3I. Next, I used siRNA to specifically knockdown 

endogenous TPC1 and TPC2 in Hek293T cells, and TPCs knockdown results are shown 

in Figure10 A. Then I transfected TM9SF1 into TPC knockdown cells to assess LC3-

II/LC3-I ratio by Western-blot. The blotting results (Figure 10B, C) showed that TM9SF1 

can increase LC3-II/LC3-I ratio in TPCs knockdown groups significantly compared with 

no TPCs knockdown group, which suggests TM9SF1-induced autophagosome formation 

is dependent on TPCs knockdown. 
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Figure 10. Effects of TM9SF1 on autophagy in TPCs knockdown cells. (A) Verification of 

TPC1 or TPC2 knockdown by RT-PCR. (B) The LC3-II expression are shown in each group 

(siRNA negative control, siTPC1 transfected with PCS2 vector, siTPC2 transfected with PCS2 

vector, siTPC1 transfected with TM9SF1, siTPC2 transfected with TM9SF1) by Western-blot. 

(C) Quantification of the ratio LC3-II/LC3-I for each group. * Significantly different p<0.05. 

Each experiments were repeated 3 times. 
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Materials and Methods 

 

Materials.  Monoclonal antibodies against GFP, c-Myc and polyclonal antibody against 

GAPDH were purchased from Santa Cruz Biotechnology Inc. (USA).  LC3B polyclonal 

antibody was purchased from Novus Biologicals (USA). HRP-conjugated secondary 

antibodies against mouse and rabbit IgG were purchased from Abcam Biotechnology 

Company (UK). Bafilomycin A1 was purchased from LC Laboratories (USA). 

The vector for expression of 5 myc was kindly provided by Dr. Sandip Patel (University 

College London, UK). The vectors for expression of RFP and GFP were purchased from 

Clontech Laboratories, Inc. (USA). The vector for expression of GFP-LC3 was 

constructed by inserting the PCR-amplified LC3 coding sequence into the in-frame 

restriction site of the GFP vector. The vectors for expression LAMP-RFP, TPC1-RFP and 

TPC2 RFP were constructed by inserting the PCR-amplified genes into the RFP vector. 

All the reagent information about human TM9SF subcloning experiments are shown in 

Table 2.  

PCR methods.  PCR protocol of amplification of genes was based upon Advantage HD 

polymerase protocol or Takara LA Taq HS protocol. Primers designed for these PCR 

experiments are shown in Table 2, together with PCR condition in Table 3. Sizes of PCR 

products were determined by gel electrophoresis (50 voltage for 40 minutes). And an 

alternative condition of 100 voltage for 30 minutes was set in a quick protocol.  

 

 

 

 

 

 

 

 



 

21 
 

Table 2. Information about human TM9SF genes subcloning  

Constructs  

name 

Gene 

accession 

number 

Gene source Vector Primers 

TM9SF1-

GFP 

O15321 DNASU 

ID:ccsbBroadE

n_02463 

PEGFP-

N3  

Forward: 

TACCGGACTCAGATCTATGAC

AGTCGTAGGGAACC                                        

Tm: 53.24°C 

Reverse: 

CCGCGGTACCGTCGACGTCCA

TCTTGAGGTTAACATA                                    

Tm: 50.33°C 

TM9SF2-

GFP 

Q99805 The construct 

is purchased 

from Genscript  

ID:OHu07956

C 

PEGFP-

N1 

 

TM9SF3-

GFP 

Q9HD45 Havard plasmid 

ID:HsCD00342

310 

PEGFP-

N3 

Forward: 

TACCGGACTCAGATCTATGAG

GCCGCTGCC   

                                                     

Tm: 55.73°C                                                                                        

Reverse: 

CCGCGGTACCGTCGACGTCAA

TTTTCACATTAGTATAGATTTT                        

Tm: 52.63°C 

TM9SF4-

GFP 

Q92544 The construct 

is purchased 

from Genscript 

ID:OHu31359

C 

PEGFP-

N1 

 

GFP-

TM9SF1 

O15321 DNASU 

ID:ccsbBroadE

n_02463 

PEGFP-

C3 

Forward: 

TCTCGAGCTCAAGCTTATGAC

AGTCGTAGGGAACC                                        

Tm: 53.24°C 

Reverse: 

GTGGATCCCGGGCCCGCGGTC

AGTCCATCTTGAGGTTAACAT

A                     Tm: 50.33°C 

GFP-

TM9SF2 

Q99805 Havard plasmid 

ID:HsCD00326

755 

PEGFP-

C3 

Forward: 

TCTCGAGCTCAAGCTTATGAG

CGCGAGGCTG                                                  

Tm: 58.24°C 

Reverse: 

GTGGATCCCGGGCCCGCGGTC

AGTCAACCTTCACCACAC                               

Tm: 55.31°C 

GFP-

TM9SF3 

Q9HD45 Havard plasmid 

ID:HsCD00342

310 

PEGFP-

C3 

Forward: 

TCTCGAGCTCAAGCTTATGAG

GCCGCTGCC 
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Tm: 53.24°C                 

Reverse: 

GTGGATCCCGGGCCCGCGGTC

AGTCAATTTTCACATTAGTAT

AGATTTT        Tm:50.33°C 

GFP-

TM9SF4 

Q92544 Origin 

ID:RC203648 

PEGFP-

C3 

Forward: 

TCTCGAGCTCAAGCTTATGTG

TGAAACAAGCGCCTT                                       

Tm: 59.19°C 

Reverse: 

GTGGATCCCGGGCCCGCGGTC

AGTCTATCTTCACAGCAGCAT

AGATC           Tm:57.28°C       

TM9SF1-

5myc 

O15321 DNASU 

ID:ccsbBroadE

n_02463 

PCS2-

5myc 

Forward: 

ATCGAAGCTTACCATGACAGT

CGTAGGGAACC                                                

Tm: 53.24°C 

Reverse: 

CGCTCGAGGTCCATCTTGAGG

TTAACATAG  

                                                     

Tm: 51.70°C                                

TM9SF2-

5myc 

Q99805 Havard plasmid 

ID:HsCD00326

755 

PCS2-

5myc 

Forward: 

CCATCGATTCGAATTCATGAG

CGCGAGGCTG                                                  

Tm: 56.24°C 

Reverse: 

GTTCTAGAGGCTCGAGTCAGT

CAACCTTCACCACAC                                      

Tm: 55.31°C                                                                                

TM9SF3-

5myc 

Q9HD45 Havard plasmid 

ID:HsCD00342

310 

PCS2-

5myc 

Forward: 

ACGTGAATTCACCATGAGGCC

GCTGCC       

                                                     

Tm: 53.24°C                                           

Reverse: 

CGCTCGAGGTCAATTTTCACA

TTAGTATAGATTTT                                          

Tm: 52.63°C                                                                                

TM9SF4-

5myc 

Q92544 Origin 

ID:RC203648 

PCS2-

5myc 

Forward: 

CCATCGATTCGAATTCATGTG

TGAAACAAGCGCCTT                                       

Tm: 59.19°C 

Reverse: 

GTTCTAGAGGCTCGAGGTCTA

TCTTCACAGCAGCATAGATC                          

Tm: 57.28°C                                                                                
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Table 3. PCR conditions used in the amplification of target genes from plasmids 

Protocol LA Taq Adv HD 

Cycles 98°C for 1 min 

 

98°C for 10s  

56°C for 15s           30 

cycles 

72°C for 1 min 

 

72°C for 10 min 

98°C for 1 min 

 

98°C for 10s  

57°C for 5s            30 

cycles 

72°C for 1 min 

 

72°C for 10 min 

 

Gene subcloning.  PCR amplified products were ligated into the vectors that were 

linearized by restriction endonuclease digestion (NEB, USA) and then the ligation 

products were transformed into Stellar Competent Cells (Clontech Laboratories, Inc. 

USA) according to the protocols. After 16 hours incubation for colonies grow on LB agar 

plate under 37°C condition, each plate grew about 50-100 colonies and 6-12 colonies 

were chosen to grow in liquid agar media overnight. Miniprep (PureLink® Quick 

Plasmid Miniprep Kit) was done for extraction of plasmid from each single colony. 

Specific restriction endonucleases digestion was performed for about 2 hours in digestion 

buffer after miniprep. Then the digestion product was loaded onto each well of 1% 

agarose gel to examine the size of DNA fragments. After electrophoresis, the sequence of 

insert together with the sequencing primers (CMV forward primer and M13 reverse 

primer) were sent for DNA sequencing (University of Minnesota, BMEC). 

Mammalian cell culture.  Human embryonic kidney (HEK293) cells and human 

mammary gland epithelial cells (SKBR3) were purchased from American Type Culture 

Collection (ATCC, USA) and maintained in EMEM (ATCC) and McCoy’s 5A media 

(Gibco, USA) respectively. All culture media (37°C, 5% CO2) were supplemented with 

10% (vol/vol) heat-inactivated fetal bovine serum (FBS) (Gibco) and 1% penicillin (100 

units/mL), 1% streptomycin (100 μg/mL), and L-glutamine (290 μg/mL). When cell 

confluency was at about 80%, cells were washed by PBS twice and then subject to 1mL 

0.05% Trypsin-EDTA (Gibco) for 2 minutes. Cells were suspended by complete media 

and transferred to another flask. 
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Cell transfection.  Mammalian cells were transfected at the confluency of 80% to 90%. 

Generally, 1 to 2 μg of total plasmid DNA was mixed well with 150 μL Opti-MEM 

media (Invitrogen, USA) and 3 to 6 μL Lipofectamine2000 (Gibco) was mixed well with 

150 μL OPTi-MEM media. After 5 minutes, DNA solution and Lipofectamine2000 

solution were mixed and allowed to complex for 20 minutes. Finally the mixture were 

transferred into 6 well plates. After 24 to 48 hours, the cells transfected with DNA were 

subject to specific experiments. 

SiRNA transfection.  Mammalian cells were transfected at the confluency of 40% to 

50%. Generally, siRNA (TPCN1, TPCN2 and Negative control from Ambion Inc.) was 

mixed well with 200 μL Opti-MEM media, then 10 μL siRNA transfection reagent 

(INTERFERin, Polyplus) was added and mixed well. After 10 minutes in room 

temperature, 200 μL complexes were added to cells in 6 well plates.  

 

 

RT-PCR.  TRIzol reagents (Thermo Fish Scientific) were used to harvest cells 

transfected with siRNA. And RNA mixture in each group was converted to DNA at the 

presence of reverse transcriptase (RT) using Superscript Synthesis Kit by Invitrogen. 80 

ng of each RNA sample was used in RT-PCR to quantify the change of DNA from TPC1 

or TPC2. The amount of each DNA was quantified by gel electrophoresis.  

Confocal microscopy.  Mammalian cells were grown on the MatTek dishes (MatTek 

Corporation, USA) at 37°C and then transfected with plasmids at the proper confluency; 

cells were washed with PBS and observed by using an Olympus I X 70 Confocal System 

(Olympus, USA) equipped with the appropriate filters. Images were processed by Andor 

Iq3 system and Image J software 

Protein extraction and immunoblotting.  Cells were pelleted by centrifugation, lysed in 

lysis buffer RIPA (50 mM Tris–HCl, pH 7.4, 1% Triton X 100 , 0.1% SDS, 0.5% sodium 

deoxycholate, 10% protease inhibitor) and incubated for 1 hour at 4°C. Lysates were 

centrifuged at 16,000 × g for 10 min at 4 °C and the supernatant was measured using the 

Bradford protein assay reagent (Thermo Scientific, USA). Equal amounts of protein (20 
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μg) were separated by sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-

PAGE) and transferred onto PVDF membrane (Bio-Rad Laboratories, USA). Membranes 

were blocked in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and 5% non-fat 

milk for 1 h and incubated overnight at 4 °C with the appropriate primary antibodies. 

Blots were washed three times for 10 min each with TBS-T and incubated for 1 h in the 

dark with the appropriate secondary antibodies prepared in TBST/5% non-fat milk. The 

signal was detected using the Odyssey® Imaging System (LI-COR Bioscience Inc., 

USA). 

Coimmunoprecipitation Methods. For coimmunoprecipitation analyses, HEK293 cells 

(1× T75 flask per condition) were transfected with TPC2 constructs alone (MYC-tagged) 

or cotransfected with TM9SF1-GFP Cells (at ∼70% confluence) were transfected using 

TrueFect (United BioSystems) or Lipofectamine 2000 (Invitrogen) transfection reagents 

and harvested 48 h after overexpression. Samples were solubilized in 0.5 mL of co-IP 

buffer (1× PBS, 1% Triton X-100, 1× protease inhibitor, 1× phosphatase inhibitor; 4 °C 

for 1 h) on a shaker. Supernatant was collected after low-speed centrifugation (16,000 × 

g, 4 °C, 20 min; “Low”), followed by a subsequent high-speed centrifugation (100,000 × 

g, 4 °C, 1 h; “High”) to eliminate nonsolubilized membranes. Supernatants (Low and 

High) were precleared with protein G agarose (50% slurry Roche; 4 °C, 20 min), 

centrifuged (16,000 × g, 4 °C, 5 min), and quantified using a Bradford protein assay. Five 

hundred micrograms of soluble whole-cell lysate were immunoprecipitated with, MYC, 

or GFP antibodies (1:100–1:500 in 500 μL of co-IP reaction) at 4 °C for 1 h, followed by 

protein G beads (10 μL of 50% slurry per 500 μL of co-IP reaction) incubation overnight. 

Nonspecific interaction was eliminated by serial washing in co-IP buffer (0.5 mL per 

wash; 3 times for 10 min on a shaker, 4 °C). TPC immunoprecipitates were eluted in 

sample buffer, and Western blotting was performed after separation (4–12% NuPAGE 

Bis-Tris gel; Invitrogen) and transfer of proteins to a PVDF membrane (0.45 μm; 

Invitrogen). 
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Conclusion 

 

My research expanded upon a recent proteomic characterization of the human TPC 

interactome (7) that reveals human TPCs complex with human TM9SF proteins. 

According to my confocal imaging results, TM9SF1 and TM9SF3 can co-localize with 

TPCs, so TM9SF2 and TM9SF4 were ruled out from my research, and co-

immunoprecipitation results confirmed that TM9SF1 interacted with TPC2. Thus for 

TM9SF proteins, I focused on TM9SF1.  

 

Figure 11. Schematic of TPC2 and TM9SF1 interaction-mediated inhibition of autophagy 

signaling pathway in HekT293 cells. 

 

Autophagy is an evolutionary conserved lysosomal degradation pathway which is 

involved with a variety of cellular process, but the relevant mechanisms remain elusive. 
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Researchers have been studying the signaling pathway and find many important related 

genes and proteins. Here according to my experiment results, I proposed a model about 

the interaction between TPC2 and TM9SF1 which are both found on lysosomes (Figure 

11). Basically, TM9SF1 can potentially induce autophagosome formation, yet this effect 

is always blocked by TPC2, resulting in failure of autophagosome formation. While 

TPC2 is knockdown, TM9SF1 can recover its effect on autophagosome formation. One 

possible explanation is the conformational change of TM9SF1 caused by the interaction, 

which is similar to the mechanisms of G-proteins. Second explanation is protein 

trafficking: TM9SF1 is arrested by the interaction from TPC2 and cannot transport to 

autophagosome, leading to a failure of autophagosome formation. In addition, there are 

many proteins in autophagy pathway such as mTOR also found on lysosomes, which was 

reported to affect cell autophagy negatively and interact with TPC2 (28), so it might be 

more complexed if other related proteins are involved in the interaction between TPC2 

and TM9SF1, resulting in complicated effects on cell autophagy. However, regarding to 

mechanisms underlying interaction between TM9SF1 and TPC2, more research should 

be conducted. It is of great interest to pursue to discover the functional interaction 

between TM9SF1 and TPCs on cell autophagy, which is associated with a wide range of 

diseases including cancer, neurodegenerative diseases, heart diseases, diabetes and 

infections (29). In the future, both TPCs and TM9SF1 proteins as well as the interactions 

might be potential targets in the treatments for certain diseases in terms of therapeutic 

strategies. 
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