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Abstract

Transient Receptor Potential Mucolipin (TRPML) proteins belong to the TRP superfamily of non-

selective cation channels. The TRPML1, -2, and -3 proteins are encoded by Mucolipin 

(MCOLN)-1, -2 and -3 genes, respectively. TRPML1 has been associated with Mucolipidosis type 

IV (MLIV), while no disease phenotype has been linked with TRPML2 or -3 protein. The TRPML 

proteins share high sequence similarities, form hetero-tetramers, and serve in membrane 

trafficking, autophagy, and metal homeostasis. Previous studies suggest that TRPML2 serves a 

role in the immune system; however, the evidence is mostly indirect. We hypothesize that if 

TRPML2 is involved in immune function its expression would be likely regulated by an immune-

associated transcription factor protein. Thus, we set out to identify the core promoter region and 

the transcription factor responsible for MCOLN2 gene expression. Using dual-luciferase assay and 

over-expression analyses, we reveal for the first time that B-cell lineage specific activator protein 

(BSAP), also known as paired box 5 (PAX5), controls MCOLN2 expression. Specifically, 

heterologous expression of PAX5 in HEK-293 cells significantly increased endogenous MCOLN2 

transcript and TRPML2 protein levels, while RNA interference targeting endogenous PAX5 

reduced its effect. Site-directed mutagenesis studies showed that the core promoter and PAX5 

binding region to be between -79 and -60 base pairs upstream of the transcriptional start site. 

Thus, our findings add to a growing list of evidence for TRPML2’s possible involvement in the 

immune system. The knowledge gained from this study could be used to further characterize the 

role of TRPML2 in B-cell development and function.
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INTRODUCTION

Transient Receptor Potential Mucolipin (TRPML) proteins belong to the TRP superfamily 

of non-selective cation channels. TRPMLs consist TRPML1, -2, and -3 proteins that are 

encoded by Mucolipin (MCOLN)-1, -2 and -3 genes, respectively. They contain a highly 

distinctive, large extracellular loop, and share sequence homology within the transmembrane 

(TM) domains of group 1 TRPs (Montell, 2005). TRPML1 was first identified by virtue of 

its causative effect on a neurodegenerative disease known as Mucolipidosis type IV (MLIV) 

(Bargal et al., 2000; Bassi et al., 2000; Sun et al., 2000). Positional cloning analysis 

subsequently identified the TRPML2 and TRPML3 proteins, which are both located in 

chromosome 1, and their mouse counterpart on chromosome 3 (Di Palma et al., 2002). Di 

Palma et al. (2002) reported that a point mutation in the MCOLN3 gene is responsible for the 

auditory and vestibular deficits in the varitint waddler mouse. Interestingly, no human 

disease phenotype has been associated with MCOLN2 or -3 genes. Tissue distribution 

analyses show that TRPML1 is ubiquitously expressed in human or rodent tissues, but 

MCOLN2 or -3 transcripts have tissue-specific expression (Samie et al., 2009; Grimm et al., 

2010). One interesting feature of TRPML proteins is their ability to interact with each other, 

and form hetero-tetramers (Venkatachalam et al., 2006; Curcio-Morelli et al., 2010; Zeevi et 

al., 2010). Furthermore, a closer inspection of their putative channel pore between TM5 and 

TM6 regions reveals 89% amino acid similarity (Zeevi et al., 2010), but that TRPML2 has a 

more similar channel characteristic with TRPML1 than TRPML3 (Samie et al., 2009). At 

the cellular level, the distribution of all three TRPML proteins shows mostly lysosomal 

localization. However, TRPML2 has been detected in long tubular recycling endosomes and 

late endosomes, while TRPML3 has been detected on the plasma membrane and late 

endosomes (Venkatachalam et al., 2006; Grimm et al., 2007; Karacsonyi et al., 2007; 

Grimm et al., 2010; Flores and Garcia-Anoveros, 2011). Despite recent advances in the 

field, the cellular function of the TRPML proteins remains obscure. Nevertheless, there are 

indications that these proteins are involved in endosomal-lysosomal biogenesis, vesicle 

fusion, membrane trafficking, organelle acidification, autophagy, exocytosis, and metal 

homeostasis (LaPlante et al., 2006; Song et al., 2006; Karacsonyi et al., 2007; Dong et al., 

2008; Miedel et al., 2008; Vergarajauregui et al., 2008; Martina et al., 2009; Eichelsdoerfer 

et al., 2010; Samie et al., 2013; Cuajungco et al., 2014).

We are interested in TRPML2 because it has the potential to substitute for the missing 

function of TRPML1 in MLIV, and that it appears to play an important role in the immune 

system. Indeed, its subfamily member, TRPML1, has also been implicated in immune cell 

function, particularly in major histocompatibility complex (MHC)-II processing and 

trafficking in the lysosomes of macrophages (Thompson et al., 2007) and for toll-like 

receptor type 7-mediated nucleic acid (single-stranded RNA) processing and trafficking in 

the lysosomes of dendritic cells (Li et al., 2014). For TRPML2, we previously observed high 

tissue-specific expression levels of mouse Mcoln2 and human MCOLN2 transcripts in 

thymus and spleen, where B-cell lymphocytes mature (Samie et al., 2009; Grimm et al., 

2010). Likewise, MCOLN2 transcripts are detected in different stages of B-cell maturation, 

demonstrating a potential role in B-cell lymphocyte development and function (Lindvall et 

al., 2005). Note that stimulation of primary splenic B-cells with immunoglobulin or phorbol 
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12-myristate 13-acetate plus ionomycin (which activates protein kinase C) has been shown 

to up-regulate MCOLN2 transcript levels (Lindvall et al., 2005). A similar outcome is 

observed in B-cells with dysfunctional Bruton’s tyrosine kinase (BTK) protein; however, the 

amount of detectable MCOLN2 mRNA is markedly lower in the BTK-deficient B-cells 

compared to wild-type B-cells. This result suggests that TRPML2 protein expression might 

be partly dependent on the BTK pathway. TRPML2 is also detected in “specialized” 

lysosomal compartments of chicken DT-40 B-cell lymphocyte lines (Song et al., 2006), 

which further signifies a role for this protein in antigen processing upon receptor activation 

and endocytosis. Interestingly, TRPML2 co-localizes with MHC-I and cluster of 

differentiation (CD)-59 within long tubular recycling endosomes (Karacsonyi et al., 2007), 

but it is not known if TRPML2 physically interacts with CD59 or MHC-I. It was also 

suggested that TRPML2 mediates membrane sorting through the ADP ribosylation factor 6 

(ARF6) pathway (Karacsonyi et al., 2007) – a regulator of clathrin-independent endocytic 

membrane trafficking and actin remodeling in cells (Donaldson, 2003). This supposition is 

due to the observation that heterologously overexpressed TRPML2 in HeLa cells increases 

ARF6 protein activity by sevenfold, which subsequently increases GPI-AP (i.e. CD59) 

internalization, vesicle fusion, and formation of large vacuoles (Karacsonyi et al., 2007). 

While these evidences appear indirect for a role of TRPML2 in the immune system, these 

published observations are just too many to be considered insignificant. We thus 

hypothesize that if TRPML2 is involved in immune function its expression would be likely 

controlled by an immune-regulated or immune-associated transcription factor protein as 

well. We set out to determine the identity of the transcription factor and core promoter 

sequence involved in TRPML2 protein expression.

In the present study, we show for the first time that B-cell lineage specific activator protein 

(BSAP), also known as paired box 5 (PAX5), is the transcription factor that controls the 

expression of MCOLN2 gene. We also mapped and identified the core promoter sequence of 

the MCOLN2 gene between −79 and −60 base pairs upstream of the transcriptional start site 

(TSS) where a consensus PAX5-binding sequence is situated. Therefore, these observations 

provide additional supporting evidence that TRPML2 very likely plays a role in immune cell 

development and function. The knowledge gained from this study could be instrumental to 

further characterize the cellular function of TRPML2 and is the first step to investigate the 

possibility of using TRPML2 as a potential therapy to compensate for the loss of TRPML1 

function in MLIV disease.

MATERIALS AND METHODS

Cell culture

Human embryonic kidney (HEK)-293 and HGT-1 gastric adenocarcinoma cells were grown 

and maintained in a standard humidified 37°C incubator, with 5% CO2. The cell lines were 

cultured in Dulbecco’s Modification of Eagle’s Medium with 4.5 g/L glucose, L-glutamine, 

and sodium pyruvate (Mediatech, Manassas VA). The medium was supplemented with 10% 

fetal bovine serum (FBS; Life Technologies, Carlsbad CA) and 1% penicillin-streptomycin 

solution (Mediatech).
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Standard and Real-time Quantitative PCR (QPCR)

Both standard and real-time quantitative PCR (QPCR) reactions were performed as 

previously described (Cuajungco et al., 2012) with minor modifications appropriate for this 

study. The primer sets used for each specific experiment are outlined in Table 1. For the 

real-time QPCR, we followed the Minimum Information for Publication of Quantitative 

Real-Time PCR Experiments (MIQE) guidelines (Bustin et al., 2009). All treatment samples 

were run in triplicates using the Sensimix™ Plus SYBR supermix (Bioline USA, Taunton 

MA). We used human 18S ribosomal RNA (rRNA) as the reference gene to normalize the 

quantitative cycle (Cq) values obtained from each experiment due to its robust expression 

across many tissues and cell lines (Cuajungco et al., 2003). We used the CFX96 

thermocycler (Bio-Rad, Hercules, CA) with the following thermocycler parameters: 10 min 

at 95 °C, and 40 cycles for 15 sec at 95 °C, 30 sec at 56 °C, and 30 sec at 72 °C. All QPCR 

reactions were done with at least three independent trials, and included a standard curve 

using pooled cDNA samples. The QPCR trials had an average correlation coefficient (R2) 

value (mean ± SEM): R2 = 0.993 ± 0.001. The QPCR efficiencies for each primer set were 

(mean ± SEM): MCOLN2 = 102.5 ± 2.1 %, PAX5 = 99.3 ± 2.9 %, and 18S rRNA = 97.6 ± 

3.5 %. The QPCR data were analyzed using the Livak method (2−ΔΔCq) and represented as 

normalized relative expression levels calibrated to untreated control (value = 1). We used 

the GraphPad Prism software to test for statistical significance by running an analysis of 

variance (ANOVA) followed by Bonferroni’s multiple comparisons post-hoc test. The 

significance level was set at p-value < 0.05.

Dual Luciferase Reporter (DLR) Constructs and Experimental Assay

We engineered a dual luciferase reporter (DLR) pGL4.10 Luc2-hRluc-Neo vector by using a 

pGL4.10 Luc2 vector (Promega, Madison WI) and inserting a constitutively active Renilla-

Neomycin gene fusion (hRluc-Neo) containing both an SV40 early enhancer/promoter and a 

synthetic poly-A signal. This was done by PCR-amplifying the hRluc-Neo fragment using 

the pmiR Glo vector (Promega) as a template and ligating the product downstream of the 

Luc2 gene (using the BamH I restriction enzyme site). The engineered pGL4.10 Luc2-hRluc-

Neo vector was used in DLR assay using the Dual-Glo reagent (Promega). The engineered 

DLR construct allowed us to normalize the luciferase activity without the potentially 

confounding effects or issues of transfection efficiency in double-plasmid delivery into the 

cells.

We used the University of California Santa Cruz (UCSC) Genome Browser to identify the 

putative promoter region of the MCOLN2 gene. We initially PCR cloned a 1,583 base pair 

(bp)-long genomic DNA region into the pGL4.10 Luc2-hRluc-Neo DLR vector using the 5’ 

and 3’ Sfi I restriction sites on the vector (see Table 1 for primer information). We then 

produced several DLR constructs containing shorter genomic DNA fragments using PCR 

deletion mutagenesis. We sent all DLR constructs for sequencing (Retrogen, San Diego CA) 

to verify sequence integrity before using them in the luciferase study.

We used HEK-293 in all DLR assays, because our previous study showed that MCOLN2 is 

present and constitutively expressed in these cells (Samie et al., 2009; Grimm et al., 2010), 

which precludes the use of an exogenous transcriptional activator to detect promoter 
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construct activity in these cells. In subsequent experiments, we also used HGT-1 cells as 

additional verification of MCOLN2 QPCR data obtained from HEK-293 cells. In general, 

the cells were cultured in a 96-well plate and transfected with a standard plasmid 

concentration of 0.2 µg using TurboFect™ reagent according to the manufacturer’s 

recommendations (Thermo Scientific, Pittsburgh PA). The treated cells were analyzed for 

Luciferase and Renilla activities using the Dual-Glo Luciferase Assay kit (Promega, 

Madison WI) at 48 h post-transfection using a BioTek Synergy 2 microplate reader. 

Untransfected cells were used as negative control, while cell-free wells containing media 

only were used as blank control.

Expression Constructs of Candidate Transcription Factors

Sequence analysis of the 103 construct using the JASPAR (http://jaspar.binf.ku.dk) and 

TRANSFAC (http://www.gene-regulation.com) databases revealed the following candidate 

TF proteins and used in this study: 1) CCCTC-binding factor zinc finger protein (CTCF; 

NCBI Gene ID 10664); 2) Kruppel-like factor 4 (KLF4; NCBI Gene ID 9314); 3) myeloid 

zinc finger 1 (MZF1; NCBI Gene ID 7593); 4) nuclear factor of kappa light polypeptide 

gene enhancer in B-cells 1 (NF-κB1: NCBI Gene ID 4790); and 5) B-cell specific lineage 

activator protein (BSAP) or paired box 5 (PAX5; NCBI Gene ID 5079).

All expression constructs used in the study were driven by the strong CMV promoter and 

contained a fluorescent protein fusion to monitor the efficiency of gene expression. The 

pmCherry and pmOrange empty vectors were a generous gift from Dr. Roger Tsien (UC San 

Diego). We PCR cloned NF-κB1 into the pmOrange vector, while MZF1and PAX5 into the 

pmCherry vector using a human cDNA library (Clontech, Mountain View CA). KLF4 was 

PCR cloned into the pmCherry vector using the FU-tetO-hKLF4 plasmid (Addgene plasmid 

ID 19777) as a template. The CTCF expression vector (pMY-mutCTCF-T2A-mOrange) was 

a kind gift from Drs. Viktor Lobanenkov and Steevenson Nelson (NIH). The expression 

constructs containing the cloned genes were sequence-verified prior to use.

To study if the candidate TFs are able to induce the transcription of endogenous MCOLN2 

mRNA levels, we transfected each TF construct (4 µg) into HEK-293 cells with TurboFect 

reagent. Non-transfected and empty vector transfected cells were used as controls. The 

transfection efficiency was monitored using fluorescence microscopy 24 h post-treatment. 

After a 48-h incubation period, total RNA was extracted using TRI Reagent (Molecular 

Research Center, Cincinnati OH) and reverse transcribed (RT) with Maxima H– RT 

according to the manufacturer’s recommendation (Thermo Scientific). Each RT reaction 

contained 2 µg of total RNA. The presence of cDNAs was confirmed by a standard PCR 

reaction using the housekeeping gene, human glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). The amount of MCOLN2 transcript was then analyzed using real-time QPCR as 

described earlier.

Western blot analyses were performed to determine the effects of candidate TF proteins on 

the endogenous TRPML2 protein levels. HEK-293 cells were transfected as described above 

and the cells were lysed 48 h post-transfection. The cell lysates where run on SDS-PAGE 

and the endogenous TRPML2 proteins were probed with anti-TRPML2 polyclonal antibody 

(pAb; 1:1000; Novus Biologicals, Littleton CO). The blot was viewed with a secondary anti-
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rabbit 800CW IRdye (LICOR, Lincoln NE) and scanned using the LICOR Odyssey Sa™ 

imaging system.

RNA interference of endogenous PAX5 expression

We commercially purchased four short-hairpin RNA (shRNA) vectors that target PAX5 

(Origene Technologies, Bethesda MD). We used HEK-293 cells to test the effectiveness of 

the shRNA vectors, and we identified only one out of four shRNA vectors to be effective in 

knocking down PAX5 mRNA levels. This particular shRNA was then used in the study. The 

RNAi experiments were analyzed using real-time QPCR and Western blot techniques. For 

Western blot, anti-β-ACTIN monoclonal antibody (mAb; 1:1000; Rockland 

Immunochemicals, Limerick PA) was used as loading control, while anti-TRPML2 pAb 

described earlier was used to detect endogenous TRPML2 protein. The blot was viewed 

with a secondary anti-rabbit 800CW and anti-mouse 680LT IRdyes, and imaged using the 

LICOR Odyssey Sa™ imaging system.

RESULTS

Mapping of the MCOLN2 promoter region and identification of the core promoter sequence

We performed in silico studies using the UCSC Genome Browser and the NCBI’s 

Epigenomics website (http://www.ncbi.nlm.nih.gov/epigenomics/) to map the genomic 

DNA of MCOLN2 gene and the nearby gene, MCOLN3. Our analysis showed that the two 

genes are separated by 20,970 bp of genomic DNA (Fig. 1A). Furthermore, the database 

showed the presence of CpG island that spans 1,182 bp and ends at −780 bp upstream of the 

TSS, while another CpG island is present from −963 to −1593 bp upstream of the TSS (Fig. 

1A).

Cross-referencing the UCSC Genome Browser and NCBI’s RefSeq NM_153259.2 showed 

that the longest DLR construct we initially cloned included 123 bp of the 5’-untranslated 

region (UTR) of the gene. To accurately map the MCOLN2 promoter region, we designated 

all DLR constructs with reference to the genomic sequence location of the TSS. The longest 

construct (1,583 bp) we originally made was then designated as 1,460 upstream of the TSS 

(Fig. 1B), while the shorter fragments that were subsequently created using PCR deletion 

mutagenesis are denoted as DLR constructs: 181 (Fig. 1C), 103 (Fig. 1D), and 5’-UTR+12 

(Fig. 1E). The relevant genomic DNA sequences cloned into the DLR constructs were 

submitted to Genbank (Accession Nos. KM882898, KM979446, KM995813).

We fortuitously identified a 34-bp sequence that was deleted while PCR cloning the 103 bp 

DLR construct – we refer to this clone as 103(del34) (Fig. 1F). The 34-bp sequence consists 

of G and C nucleotides, which resembled multiple GC boxes bearing the consensus 

sequence “GGGCGG”, which are often found in mammalian promoter regions (Suzuki et 

al., 2001). Further analysis of the putative promoter region of MCOLN2 cloned into the 103 

construct showed that it does not contain a TATA box. Nonetheless, our bioinformatics and 

experimental analyses of the 103 bp DNA sequence initially suggested that it might be the 

putative core promoter. To test this hypothesis, we used the 103 DLR construct to delete a 

53-bp intervening sequence between −45 bp upstream of the TSS and +9 bp of MCOLN2’s 
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5’-UTR. This approach essentially placed the 34-bp sequence upstream of the 5’UTR+12 

DNA sequence, which we called as the 5’UTR+12(ins34) construct (Fig. 1G).

MCOLN2 genomic DNA region between −79 and −52 bp upstream of the TSS is required 
and necessary for promoter activation

The dual-luciferase reporter assays revealed that the minimal core promoter region of 

MCOLN2 is located within the 1460, 181, and 103 DNA segments, but not within 5’-UTR

+12 fragment as evidenced by the luciferase activities of each DLR construct (Fig. 2A). 

Interestingly, a significantly higher luciferase signal was observed for the 103 construct, 

which further suggested that the core promoter is likely located within this DNA segment.

We initially did not use the 103(del34) construct in the dual-luciferase experimental trials, 

because we wanted to first establish that all sequence-intact promoter constructs are being 

expressed and that they have luciferase activity when assayed. After obtaining the results 

shown in Figure 2A, we then performed additional experiments comparing the 103(del34) 

mutant along with the 103 and 5’-UTR+12 constructs for comparison. We found that the 

103(del34) mutant clone significantly lost its luciferase activity compared to the full 103 

construct (Fig. 2B). The magnitude of the reduction in luciferase activity of the 103(del34) 

mutant was slightly higher than the luciferase activity of the 5’-UTR+12 construct, but it 

was not significantly different. Sequence analysis of the 103(del34) deletion mutant showed 

that the 34-bp region (Fig. 2C) contains three GC boxes.

To confirm our observation, we performed site-directed mutagenesis (SDM) experiments on 

the 103 DLR construct. Specifically, we targeted the DNA region containing the GGG (−71 

to −69) motif into AAA, referred to as 103(3) point mutant (see Fig. 2C for the map). The 

103(3) point mutant DLR construct exhibited a significant reduction in luciferase activity 

when compared to the intact 103 construct (Fig. 2D). In contrast, this mutant had 

significantly higher luciferase activity upon comparison with the 5’-UTR+12 construct. We 

then created a double trinucleotide point mutant DLR construct by mutating the CCC (−54 

to −52) motif into TTT (Fig. 2C) within the original 103(3) point mutant construct. This 

double point mutation was subsequently called 103(6) point mutant. Analysis of the 

luciferase activity of the 103(6) point mutant showed significant reduction of promoter 

activation when compared with the intact 103 construct. The 103(6) point mutant also 

showed a reduction of luciferase activity relative to the 103(3) point mutant (Fig 2D). 

Interestingly, the magnitude of the luciferase activity obtained from the 103(6) point mutant 

was very similar to the 103(del34) mutant construct, which then narrowed down the length 

of the candidate core promoter sequence between −79 and −52 upstream of the TSS (Fig. 

2C). Since the promoter activity of the 5’-UTR+12 construct was virtually non-existent 

(Figs. 2A-2B), we hypothesized that inserting this 34-bp DNA sequence into this construct 

could activate luciferase activity. We designated this insertion mutant as 5’-UTR+12(ins34) 

construct (Fig. 1G). We assayed the luciferase activity of the 5’-UTR+12(ins34) clone and 

found that it did increase the relative luciferase activity, but the magnitude of the response 

was not significant (Fig 2D). Nevertheless, the overall data showed that the 34 bp DNA 

sequence was very likely to be the binding site of an unknown transcription factor regulating 

MCOLN2 gene expression.
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PAX5 is the transcriptional activator of the MCOLN2 gene and the core promoter is at −79 
and −60 bp upstream of the TSS

To elucidate the transcription factor for TRPML2 given the results we gathered from the 

DLR assays, we first performed in silico analyses of the 103 bp DNA segment using the 

JASPAR and TRANSFAC databases. The experimental data we obtained from the DLR 

assays (Figs. 2A-2B) initially restricted our search for the core promoter sequence between 

−79 and −46 upstream of the TSS, while deletion and SDM experiments further refined the 

location to −79 and −52 upstream of the TSS (Fig. 2D). Furthermore, the information 

gathered from testing the 103(del34) mutant clone has allowed us to further limit the list of 

candidate TF proteins obtained from the JASPAR and TRANSFAC databases. In this study, 

we identified five candidate TFs, namely, CTCF, KLF4, MZF1, NF-κB1, and PAX5 (Fig. 

3A). The candidate TFs were cloned into a pmCherry or pmOrange fluorescent-tagged 

mammalian expression vector. Each TF protein was tested on its ability to increase the 

mRNA levels of endogenous MCOLN2 gene using HEK-293. We found that heterologous 

expression of PAX5 in HEK-293 cells significantly increased the endogenous MCOLN2 

transcripts by 2.25 fold compared with untreated and empty vector controls (Fig. 3B). CTCF 

showed a modest effect on increasing MCOLN2 transcripts relative to untreated and empty 

vector controls, but the data were not significant. Similarly, the other candidate TF proteins 

analyzed did not show any significant effect on endogenous MCOLN2 transcript levels. To 

further corroborate the positive effect of PAX5 on endogenous MCOLN2 transcripts, we 

used another cell line (HGT-1 adenocarcinoma) to heterologously express PAX5. We found 

that over-expression of PAX5 in HGT-1 cells also significantly increased the MCOLN2 

transcripts when compared with controls (data not shown), which further supported the data 

obtained using HEK-293 cells. We then performed a Western blot to determine if the 

increase in MCOLN2 transcripts paralleled an elevation of TRPML2 protein, since changes 

in mRNA levels do not necessarily reflect protein levels for various reasons. We observed 

that PAX5 over-expression in HEK-293 cells significantly increased the endogenous 

TRPML2 protein levels compared with control treatments and other candidate TF proteins 

(Fig. 3C). We subsequently analyzed and quantified the integrated density values (IDV) of 

each band in all trials, which showed a significant increase in the relative amount of 

TRPML2 proteins in the presence of heterologously expressed PAX5 protein (Fig. 3D). This 

result further confined the core promoter to the PAX5 binding region of −79 to −60 bp 

upstream of the TSS (see Fig. 3A for a map).

To further confirm the effect of PAX5 on TRPML2, we used RNA interference (RNAi) 

targeting the PAX5 gene. Four PAX5-shRNA vectors were commercially purchased, but 

upon testing, we identified only one PAX5-shRNA that significantly decreased the 

endogenous levels of PAX5 transcripts present in HEK-293 cells (Fig. 4A). We then used 

this particular PAX5-shRNA to analyze its effect on regulating MCOLN2 mRNA and 

TRPML2 protein levels. We found that knocking down endogenous PAX5 significantly 

decreased MCOLN2 transcript levels of (Fig. 4B), and reduced TRPML2 protein levels (Fig. 

4C). Note, however, that the effect of such indirect knock down on TRPML2 protein was 

less prominent compared to the MCOLN2 mRNA.
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Finally, we performed additional bioinformatics analysis to verify if our data were supported 

by other studies available in UCSC Genome Browser and NCBI databases. We found that 

the “Transcription Factor ChIP-Seq” data from the Encyclopedia of DNA Elements 

(ENCODE) provided evidence for both CTCF and PAX5 binding, but not for KLF4, MZF1, 

and NF-κB1 (not shown). We also checked whether the 34 bp sequence (Fig. 1F), which 

includes the PAX5 binding motif, 5’-GGCGGGGCGGGGCGGGGCGGGG-3’, is highly 

conserved among mammalian species using NCBI’s BLAST website. We found a bacterial 

artificial chromosome (BAC) clone from chromosome 7 of Pan troglodytes (Genbank 

Accession No. AC183601.2), which showed conservation of the 34 bp region along with 

downstream DNA sequence that includes the 5’-UTR of MCOLN2 gene. Interestingly, the 

Pan troglodytes sequence had an additional “CGGGGC” motif at the 3’ end of the PAX5 

binding motif shown above. Meanwhile, our analysis of the mouse chromosome 3 genome, 

where Mcoln2 is located, did not show consensus sequences for Pax5 or Ctcf protein. We 

did, however, notice the presence of four GC boxes within −120 bp upstream of the TSS, 

two of which were 30 bp away from the TSS of the Mcoln2 gene (not shown).

In summary, the observational and experimental data performed in the current study showed 

quite convincingly that PAX5 is the transcription factor responsible for MCOLN2 gene 

expression.

DISCUSSION

Promoters play an essential role in understanding the transcriptional mechanisms of genes. 

We show for the first time that B-cell lineage specific activator protein (BSAP), also known 

as PAX5, is the transcription factor that regulates the expression of TRPML2 protein. Our 

study also reveals that the core promoter sequence of MCOLN2 gene contains GC boxes 

located between −79 and −46 base pairs upstream of the transcriptional start site.

Mapping of the MCOLN2 promoter region and identification of the core promoter sequence

The presence of a CpG island that spans −780 bp upstream of the TSS (Fig. 1B) was very 

informative, since it explains the constitutive expression of MCOLN2 in the HEK-293 and 

HGT-1 cell lines we used in the study. This is because CpG islands located within promoter 

regions appear to create a more conducive chromatin state that favors transcription or allows 

gene expression silencing through intensive CpG methylation (Deaton and Bird, 2011). 

Interestingly, a previous report been suggested that CpG islands within promoter regions 

might be typically correlated with a diverse TSS and the lack TATA boxes (Deaton and 

Bird, 2011). Furthermore, certain genes that have GC boxes are associated with TATA-less 

boxes (Blake et al., 1990). Indeed, we observed that the MCOLN2 promoter exhibits these 

aforementioned features whereby it several GC boxes, lacks a TATA box, and has a CpG 

island within its TSS.

Our discovery of the core promoter sequence was made easier by the significantly higher 

luciferase activity bestowed upon by the 103 DLR construct, as well as the serendipitous 

deletion of the 34-bp region in one of the clones created for the 103 construct. We are 

unable to explain why the luciferase activities of both the 1460 and 181 constructs were 

considerably less compared to that of the 103 construct. We can only speculate that these 
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DLR constructs were less efficient in activating the core promoter due to their longer 

nucleotide length, whereas the 103 construct was more efficient because it is shorter. 

Alternatively, there could be a repressive molecule that recognizes DNA sequences 

upstream of the 103-bp sequence, which resulted in less promoter activation. The findings of 

Cooper et al. (2006) possibly support this reasoning because some negative regulatory 

elements of certain genes have been detected between −1000 bp and −500 bp upstream of 

the TSS (Cooper et al., 2006). Future research using deletion mutagenesis strategy of both 

the 181 and 1460 DLR constructs could reveal if this is really the case.

MCOLN2 genomic DNA region between −79 and −52 bp upstream of the TSS is required 
and necessary for promoter activation

The study by Cooper et al. (2006) that some human gene promoters lie between −300 to −50 

bp of the TSS gave us an a priori expectation that the MCOLN2 core promoter would be 

identified within the 103-bp DNA segment cloned into the DLR construct. This belief was 

reinforced by our findings that the 34-bp candidate promoter region has GC boxes and that 

MCOLN2 might be one of a few genes classified as TATAA-less promoter (Blake et al., 

1990). Either way, the effect of the trinucleotide GGG to AAA point mutations was 

remarkable, but the additional CCC to TTT point mutations downstream of this site 

produced an even more interesting result, because the luciferase activity of this double 

trinucleotide point mutant is comparable to that of the 34-bp deletion mutant. This result 

further validated and even confined the core promoter region to within −79 and −52 

upstream of the TSS. Meanwhile, the modest effect of 5’-UTR+12(ins34) construct on 

increasing luciferase activity suggests that the 34-bp DNA segment alone is not sufficient to 

activate MCOLN2 transcription (recall that the 5’-UTR+12 construct has completely loss its 

promoter activity). This finding somehow makes sense because the absence of 53-bp 

intervening sequence between the 34-bp region and the first 12 nucleotides of the 5’-UTR 

may be a mitigating factor in that the −1 to −51 bp region contains the binding sequence for 

other cis-regulatory elements and RNA polymerase II protein. Notwithstanding, our findings 

from various experiments confirmed that the core promoter of MCOLN2 gene lies within the 

GC boxes located within −79 and −52 bp upstream of the TSS (28 nucleotides in total).

PAX5 is the transcriptional activator of the MCOLN2 gene and the core promoter is at −79 
and −60 bp upstream of the TSS

Our bioinformatics analysis of the candidate TF proteins regulating the MCOLN2 gene in 

reference to the 34-bp DNA sequence has helped us deduce which TF likely binds to the 

core promoter. The JASPAR and TRANSFAC databases gave us a list of candidate TF 

proteins that potentially bind to the GC boxes located within the 34-bp region. We narrowed 

down the list to five (CTCF, KLF4, MZF1, NF-κB1 and PAX5). Our results showed that 

heterologous over-expression of PAX5 significantly increases the amounts of MCOLN2 

transcript and TRPML2 protein (Fig. 3), suggesting that it is the transcriptional activator of 

MCOLN2. More importantly, RNAi of PAX5 significantly reduced the levels of 

constitutively expressed MCOLN2 transcripts in HEK-293 cells, and Western blot analysis 

revealed a similar effect, albeit subtle (Fig. 4). Although knocking down PAX markedly 

reduced the expression of MCOLN2 transcript and TRPML2 protein levels, the constitutive 

levels we detected post-RNAi treatment suggest that both transcript and protein levels are 
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fairly stable. It would be interesting to see in future study if the levels MCOLN2 transcript 

and TRPML2 protein virtually disappear when PAX5 is completely knocked out in cells. 

Finally, the revelation that the ENCODE’s Transcription Factor Chip-Seq data supported 

our experimental findings indicate that PAX5 is indeed responsible for mediating MCOLN2 

expression.

Note that CTCF appeared to have a modest effect in elevating the relative mRNA levels of 

MCOLN2, but no overt elevation in the levels of TRPML2 protein was observed. 

Furthermore, we would like to point out that the CCC to TTT point mutations located at 

position −54 to −52 (Fig. 2C) is situated where CTCF putatively binds (Fig. 3A). Recall that 

the 103(6) DLR construct with double trinucleotide point mutation had a lower luciferase 

activity than the 103(3) DLR construct with single trinucleotide point mutation (Fig. 2D). 

Moreover, our analysis of the ENCODE database shows that CTCF also binds to the 

MCOLN2 promoter. Based on these apparent circumstantial evidences, it is still possible that 

CTCF may have a contributory role in modulating MCOLN2 expression in addition to 

PAX5. An alternative explanation why the TTT point mutations located at position −54 to 

−52 had reduced luciferase activity is that this motif is the site of other cis-regulatory 

elements that regulate MCOLN2 expression and not necessarily part of the CTCF binding 

region. Notwithstanding, the existence of other cis-regulatory elements and transcription 

factors influencing the constitutive expression of MCOLN2 could also explain why the 

decrease in levels of MCOLN2 transcript and TRPML2 protein levels upon PAX5-shRNA 

treatment was not as dramatic as the reduction of PAX5 expression.

We were quite intrigued to see that four of the five candidate transcription factors (CTCF, 

MZF1, NF-κB1 and PAX5/BSAP) have been implicated in immune cell function and 

development, inflammatory response, or immune-related pathology (Nutt et al., 1999; Wu et 

al., 2006; Cobaleda et al., 2007; Gil et al., 2007; Powell et al., 2013; Collins et al., 2014). 

For example, CTCF has been shown to regulate MHC class II expression in addition to other 

TF proteins (Ottaviani et al., 2012). MZF1 AND NF-κB1 have been shown to involved in 

early myeloid lineage differentiation (Powell et al., 2013), while PAX5 has been found to be 

required for normal B-cell development (Nutt et al., 1999). MCOLN2 has been linked in the 

differentiation and maturation of B cells (Lindvall et al., 2005), so it is logical quite possible 

that one or more transcription factors that regulate immune activities could also up-regulate 

the expression of MCOLN2 gene. Our data, however, indicate that only PAX5 significantly 

increases the levels of TRPML2 protein. Even though CTCF serves a role in immune cells, 

and MZF1 is critical in myeloid cell development, or that NF-κB1 is involved in pro-

inflammatory responses in immune cells, our findings show that none of these TF proteins 

significantly activated the MCOLN2 gene promoter, suggesting the possibility that none of 

them is directly involved in TRPML2 protein expression.

Concluding Remarks

Our interest in TRPML2 ion channel function lies in two fronts. First, previous reports have 

indicated a putative role for this protein in the immune system, specifically in B-cell 

lymphocytes. Second, the high degree of similarity in the structure and ion channel 

characteristics of TRPML2 with TRPML1, make TRPML2 an ideal protein to substitute for 
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the loss of TRPML1 in MLIV. This is because a previous study in C. elegans revealed that 

gene complementation of the non-functional CUP-5 protein (a TRPML1 ortholog) using 

either human TRPML1 or TRPML3 rescues the disease phenotype in worms (Treusch et al., 

2004). Thus, based on the physical and functional redundancy between TRPML1 and 

TRPML2, we proposed that TRPML2 is the best candidate for a proof-of-principle gene 

complementation approach to substitute for the missing TRPML1 function in MLIV disease.

In conclusion, understanding the transcriptional and translational regulation of TRPML2 is 

an important first step to further characterize and dissect its biological significance in cells, 

particularly in B-cell lymphocyte development and function.
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Highlights

• The putative MCOLN2 promoter has 3 GC boxes, a CpG island, and lacks a 

TATA box

• Luciferase assay reveals candidate promoter at −79 to −52 bp upstream of the 

TSS

• Bioinformatics analysis of promoter sequence shows 5 potential TF proteins

• Experimental data show that PAX5 is the transcriptional activator of MCOLN2 

gene

• The PAX5 binding region is located at −79 to −60 bp upstream of the TSS

Valadez and Cuajungco Page 15

Gene. Author manuscript; available in PMC 2016 January 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Schematic diagram of the genomic map of MCOLN2 and dual-luciferase reporter 
(DLR) constructs
A) Chromosome 1 map of the MCOLN2 and MCOLN3 genes. Two CpG islands are shown 

to flank −780 bp upstream of the TSS (1,182 bp in length) and −963 bp upstream of the 

TSS. The DLR constructs containing DNA segments upstream of the TSS are shown in B) 

1,460 bp, C) 181 bp, D) 103 bp. E) The 5’-UTR+12 DLR construct contains 114 bp of DNA 

sequence beginning from +12 of the UTR. F) The 103(del34) DLR construct is missing 34 

bp of DNA sequence located at −79 to −46 upstream of the TSS. G) The 5’-UTR+12(ins34) 

DLR construct is the same as in E, but it contains the 34 bp DNA sequence deleted in F.
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Figure 2. Dual luciferase reporter assay of various DNA DLR constructs containing the putative 
core promoter region of the MCOLN2 gene
A) Luciferase activities of DLR constructs transfected into HEK-293 cells showed that the 

1460, 181, and 103 vectors, but not the 5’-UTR+12 vector contain the putative core 

promoter of MCOLN2. B) The significant luciferase activity of the 103 DLR construct 

confined the location of the putative core promoter within this region. C) A schematic map 

of the 34 bp sequence (blue text) that was accidentally deleted during the PCR cloning of the 

103 construct, denoted as 103(del34) mutant. The map also shows the location of the two 
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SDM constructs used in subsequent experiments, namely, 103(3) and 103(6) point mutants. 

D) DLR assays of the intact 103, 103(del34) mutant, 103(3) point mutant, and 103(6) point 

mutant showed that the DNA segment between −79 and −52 bp is the likely core promoter 

region of the MCOLN2 gene. The presence of the 34 bp sequence in the 5’-UTR+12(ins34) 

DLR construct modestly increased its luciferase activity when compared with the 5’-UTR

+12 clone, albeit not significantly. All luminescence values were normalized using the 

Renilla luciferase activity. (***p < 0.001, **p < 0.01; *p < 0.05; ANOVA followed by 

Bonferroni’s multiple comparison post-hoc test, N > 3 independent trials).
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Figure 3. Analyses of endogenous MCOLN2 transcript and TRPML2 protein upon heterologous 
expression of candidate transcription factors in HEK-293 cells
A) In silico analysis revealed five transcription factors that are predicted to bind within the 

TRPML2 promoter sequence identified by DLR assay. These candidate TF proteins were 

identified by searching and cross-referencing the JASPAR and TRANSFAC databases. B) 

Real-time QPCR analysis of HEK-293 cells transiently transfected with the corresponding 

TF proteins. Endogenous MCOLN2 mRNA levels were quantified 48 h post-transfection. 

The QPCR data were analyzed as described in the Materials and Methods section using 18S 
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rRNA as the normalizer, while the untreated control was used as the calibrator (value = 1). 

The data show that endogenous MCOLN2 transcripts increased by as much as 2.25 fold in 

the presence of PAX5 (***p-value < 0.001; ANOVA followed by Bonferroni’s multiple 

comparison post-hoc test, N > 3 independent trials). C) Representative Western blot image 

of endogenous TRPML2 protein upon transient transfection of candidate TF proteins. The 

top panel is TRPML2 blotted with anti-TRPML2 polyclonal antibody (pAb). The lower 

panel is the loading control taken from the same blot where the bands in each individual lane 

represented non-specific binding of the anti-TRPML2 pAb. The blot showed that PAX5 

markedly increased endogenous TRPML2 protein levels compared to control and other TF 

proteins. D) Semi-quantitative analysis of endogenous TRPML2 protein bands upon 

heterologous expression of candidate TF proteins using integrated density values obtained 

from NIH ImageJ analysis. PAX5 significantly increased the TRPML2 protein levels 

compared with control and other transcription factors (***p-value < 0.001; ANOVA 

followed by Bonferroni’s multiple comparison post-hoc test, N > 3 independent trials).
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Figure 4. Analyses of endogenous PAX5 and MCOLN2 transcript levels, and TRPML2 protein 
levels upon RNA interference (RNAi) of PAX5 in HEK-293 cells
Real-time QPCR analyses of (A) PAX5 and (B) MCOLN2 mRNA levels upon RNAi-

induced knockdown of PAX5 expression in HEK-293 cells. Endogenous PAX5 and 

MCOLN2 transcript levels were quantified 48 h post-transfection of short-hairpin RNA 

targeting endogenous PAX5 protein levels. The QPCR data were analyzed as described in 

the Materials and Methods section using 18S rRNA as the normalizer, while the untreated 

control was used as the calibrator (value = 1). Endogenous PAX5 and MCOLN2 transcripts 
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significantly decreased in HEK-293 cells upon treatment of the PAX5-shRNA (***p-value 

< 0.001; *p < 0.05; Students t-test, paired, two-tailed, N > 3 independent trials). C) 

Representative Western blot image of endogenous TRPML2 protein expression level 

(control) and upon targeted knock down of PAX5 protein levels (PAX5-shRNA). The top 

panel is TRPML2 blotted with anti-TRPML2 pAb, while the lower panel is the loading 

control blotted with anti-β- ACTIN monoclonal Ab. Immunoblotting was performed as 

described in the Materials and Methods section.
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TABLE 1

List of standard PCR and real-time quantitative PCR primers used in this study.

Name Primer Sequence

MCOLN2-F1 DLR
promoter 1460 bp

Fwd: 5’-GGC CTA ACT GGC CTT GCT GCT GCT ACC TCG TGA AAA G-3’
(amplicon size = 1583 bp)

MCOLN2-F2* DLR
promoter 181 bp

Fwd: 5’-GGC CTA ACT GGC CGC CGA CCC CCT TCT CCG GGA-3’
(amplicon size = 304 bp)

MCOLN2-F3* DLR
promoter 103 bp

Fwd: 5’-GGC CTA ACT GGC CAA GCT CCG GTC CCC GGT AGG A-3’
(amplicon size = 226 bp)

MCOLN2-F4* DLR
5’-UTR+12 bp

Fwd; 5’-GGC CTA ACT GGC CCG CCT TTC AGC CGC CCG AGA A-3’
(amplicon size = 114 bp)

MCOLN2-R* DLR
5’-UTR Universal

Rev: 5’-GGC CTC GGC GGC CTT CCC TTC TCT TAC CCT TTC T-3’

MCOLN2
Standard PCR

Fwd: 5’-ATG GCC CGG CAG CCT TAT CGT-3’
Rev: 5’-TTA GCT AAT AGG TAT CAG TGA TCA TC-3’

GAPDH

Standard PCR**
Fwd: 5’-ATG GGG AAG GTG AAG GTC G-3’
Rev: 5’-AGT GGT CGT TGA GGG CAA T-3’

MCOLN2
Real-time QPCR

Fwd: 5’-CTG TGG CTG GAT TGT CTT AGG-3’
Rev: 5’-CTG GAT TTG GGC AAA GGT TG-3’

PAX5
Real-time QPCR

Fwd: 5’-TGT TTG AGA GGC AGC ACT AC-3’
Rev: 5’-CAT GGC TGA ATA CTC TGT GGT-3’

18S rRNA

Real-time QPCR**
Fwd: 5’-GCC CGA AGC GTT TAC TTT G-3’
Rev: 5’-CCC TCT TAA TCA TGG CCT CAG-3’

*
The forward primers F2–F4 were used for PCR deletion strategy of the −1460 bp DLR construct, which gave DLR constructs containing smaller 

fragments of the putative promoter region and parts of the 5’-UTR. The universal reverse primer is located on the 5’-UTR of MCOLN2 (+99 to 
+123), in which it was used to create the initial −1460 bp and shorter DLR constructs. The amplicons were cloned using the Sfi I restriction site 
(indicated as bolded text on the primer sequence).

**
Cuajungco et al. (2012) previously reported these primer sets.
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