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Introduction  

Mucolipidosis type IV (MLIV) is a neurodegenerative disease that is clinically 

manifested by psychomotor retardation, insufficient gastric acid production and visual 

abnormalities (Amir et al., 1987). The disorder is caused by deletions or point mutations in the 

Mucolipin-1 gene (Bargal et al., 2000), which results in the complete loss or a dysfunctional 

transient receptor potential mucolipin-1 (TRPML1) protein (Bassi et al., 2000; Sun et al., 2000).  

At the cellular level, mutations in the gene result in the over-acidification of the lysosomal 

compartment (Soyombo et al., 2006) as well as the collection of lipids and proteins in these 

structures (Bach et al., 1975; Tellez-Nagel et al., 1976).  These dysfunctional and enlarged 

lysosomes accumulate in the cell as storage bodies, which is a distinct characteristic of MLIV 

cells. TRPML1 belongs to a subfamily of ion channels, which consist of three homologues: 

TRPML1, -2 and, -3 encoded by Mucolipin-1, -2 and -3 genes, respectively. All three proteins 

are implicated in the recycling of cell contents through endosomal-lysosomal membrane 

trafficking (Puertollano and Kiselyov, 2009). 

Current findings have suggested that even though the Mucolipins have different 

expression patterns, they share many functional and physical similarities.  In humans, TRPML1 

is ubiquitously expressed across many tissues (Grimm et al., 2010), while TRPML2 is 

predominantly found in lymphoid, myeloid and kidney organs (Samie et al., 2009). Nevertheless, 

the structural similarities between TRPML1 and TRPML2 enable the formation of functional 

heteromultimers in the lysosomal membrane (Curcio-Morelli et al., 2010).  In addition, 

electrophysiology studies showed that TRPML1 and TRPML2 proteins have similar channel 
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properties (Samie et al. 2009). Interestingly, disruption of functional TRPML1 or TRPML2 

proteins results in the enlargement of cellular lysosomes in DT-40 B-lymphocytes and HEK-293 

cells (Song Y, 2006), resembling the MLIV disease phenotype. Moreover, studies on a mutated 

Cup-5 in C. elegans, the Mucolipin 1 orthologue revealed that the complementation of a mutated 

Cup-5 with human TRPML1 or TRPML3 could rescue the disease in worms (Treusch et al., 

2004). Taken together, these observations suggest that the function of the two proteins can be 

complemented by one another and strongly suggests that there is a functional redundancy within 

the Mucolipins. 

As of today, there is no cure or therapy that have been successful at ameliorating the 

clinical manifestations of MLIV. Due to physical and functional similarities between TRPML1 

and TRPML2, there is a good possibility that TRPML2 can compensate for the loss of TRPML1 

in MLIV. However, before we could consider TRPML2 as a substitute for TRPML1, we first 

need to investigate the transcriptional mechanisms involved in the expression of TRPML2. In 

this study we focused on determining the location of the core promoter region, the transcriptional 

activators and post-transcriptional regulators of the Mucolipin-2 gene. 

Materials and Methods 

Promoter Constructs and Luciferase Assay 

To identify the promoter region of the Mucolipin-2 gene, DNA regions upstream of the 

transcriptional start site (TSS) were randomly selected; the regions were amplified with specific 

primers to yield a 1500 bp, 300 bp, 222 bp and 110 bp fragments. The DNA regions were cloned 

into a PGL4.1 hrluc-neo vector, with a constitutive active Renilla gene. HEK-293 cells were 

transfected with the promoter constructs and analyzed for Luciferase and Renilla activity at 48 h 

post-transfection. Untransfected cells and wells containing media only served as controls.  
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Transcription Factor Activation 

To identify potential transcription factors of the Mucolipin-2 gene, the sequence of the 

putative promoter region discovered was analyzed using the JASPAR and TRANSFAC 

databases. These in silico studies indicated three transcription factor candidates, Paired box 

protein 5 (PAX5), CCCTC-binding factor (CTCF) and Myeloid zinc finger 1 (MZFI) (Fig. 2a). 

To study if the transcription factors were able to modulate endogenous Mucolipin-2 levels the 

CTCF, PAX5 or MZF1 gene constructs were transfected into HEK-293 cells. Non-transfected 

and empty-vector transfected cells served as controls. After a 48 h incubation period total RNA 

was extracted and reverse transcribed (RT) using standard protocols. The amount of cDNA for 

Mucolipin-2 was then analyzed using real-time polymerase chain reaction (QPCR).  

MicroRNA, post-transcriptional regulation 

MicroRNAs (miR) are small non-coding segments of RNA that can bind to mRNA and 

cause its degradation.  In silico analysis of the 3’ un-translated region (3’UTR) of TRPML2 

mRNA using the miRBase and Target Scan databases indicated that miR-137, -363, -619, and -

1273G were potential post-transcriptional regulators of the Mucolipin-2. To study the effects of 

the miRs on the endogenous Mucolipin-2 gene in HEK-293 cells, the cells were transfected with 

the miR constructs -137, -363, -619, or -1273G. Non-transfected and empty-vector transfected 

cells served controls. QPCR analysis was conducted to determine the levels of TRPML2 

transcripts.  

Results and Discussion 

To identify the location of the core promoter region of the Mucolipin-2 gene, DNA 

regions upstream of the TSS were randomly selected (1500 bp, 300 bp, 222 bp and 110 bp) and 

cloned into a Luciferase expression vector. HEK-293 cells were transfected with the promoter 
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constructs and subjected to a Dual-Glo Luciferase assay. The results revealed promoter 

activation in the 1500 bp, 300 bp, and 222 bp fragments (Fig. 1). However, when 34 bases 

located between -320 to -287 bp of the TSS of the Mucolipin-2 gene, were spontaneously 

deleted, a significant reduction in promoter activation is observed (Fig. 1). This decrease in 

luciferase activity confirms that the region between -320 and -287 bp of the TSS is required for 

promoter activation and thus, part of the Mucolipin-2 promoter. This finding was further 

validated with the reduced activation of the 110 bp fragment that does not contain the 34 bp 

deleted in the 222 bp region (Fig. 1). In addition, when the 34 bp sequence was analyzed, we 

recognized a series of G and C nucleotides, which  is consistent with  multiple GC box elements 

“GGGCGG” that are commonly found mammalian promoters (Suzuki et al., 2001). Thus, the 

presence of the multiple copies of the GC box elements further confirms the identification of the 

Mucolipin-2 promoter. 

Subsequent to the discovery of the promoter region of the Mucolipin-2 gene, we wanted 

to identify potential transcription factors that had the capability of binding to the promoter region 

of Mucolipin-2. In silico studies revealed three transcriptional factor candidates, CTCF, PAX5 

and MZF1 (Fig. 2a). Heterologous expression of CTCF and PAX5 in HEK-293 cells revealed 

that the expression of CTCF or PAX5 increased Mucolipin-2 transcripts 1.4 or 2.25 fold, 

respectively (Fig. 2b). On the other hand, MZF1 showed no difference compared to the controls. 

CTCF is a known to regulate major histocompatability complex (MHC) class II expression 

(Ottaviani et al., 2012) as well as other genes, while PAX5 is required for normal B-cell 

development (Hyde and Liu, 2013). Mucolipin-2 has been implicated in the immune system and 

maturation of B cells (Lindvall et al., 2005), so it is logical that these two transcription factors 

that regulate immune activities also up-regulate the expression of Mucolipin-2 gene. On the other 
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hand, MZF1 is important in the development of myeloid cells, but no promoter activation was 

observed with MZF1. Nevertheless, the study revealed two novel activating transcription factors 

of the Mucolipin-2 gene, CTCF and PAX5. 

MicroRNAs sequences are about 21 nucleotides in length and are composed of 

complementary sequences to the mRNAs of genes it regulates. In this study, we wanted to 

identify a post-transcriptional activator of the Mucolipin-2 gene. Based on the sequence of the 

3’UTR of Mucolipin-2 three candidates were proposed, miR-137, -363, -619 and -1273G. 

Heterologous expression of the miRs showed that miR-137, -619 and -1273G did not alter the 

amounts of the endogenous TRPML2 transcripts in HEK-293 (Fig. 3). However, we did show 

that instead of down-regulating the TRPML2 transcripts, miR-363 actually up-regulated the 

transcripts levels by 2.3 fold (Fig 3). This up-regulation could be due to a compensatory 

mechanism of the cell to increase the amount of transcripts that are being degraded initially in 

the presence of miR-363. A different scenario could be that miR-363 is inhibiting an endogenous 

miR of Mucolipin-2 and therefore resulting in an increase of TRPML2 transcripts. Nevertheless, 

this up-regulation needs to be further studied to determine how miR-363 is regulating the 

expression of the Mucolipin-2 gene. 

Concluding Remarks  

Ultimately, understanding the transcriptional and post-transcriptional mechanisms of the 

Mucolipin-2 gene will allow us to manipulate the expression of its product (TRPML2 protein) in 

potentially substituting for the loss of TRPML1 in MLIV. Future research would be to determine 

if TRPML2 could compensate for the loss of TRPML1 protein function in MLIV cells. Once 

confirmed, TRPML2 could then be used as a therapeutic treatment for MLIV patients. 
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Figures 

 

Fig.1. Dual-luciferase assay of promoter regions upstream of the TSS of the Mucolipin-2 
gene.  
HEK-293 cells were transfected with various promoter constructs. At 48 h post-transfection the 
constructs were analyzed for promoter activity. Luciferase activity was normalized against 
Renilla luciferase.  A sequence between -320 and -287 bp of the TSS was identified as the 
promoter region of Mucolipin-2. #p-value < 0.05 *(Student’s t-test).    

 
Fig.2a. In silico analysis revealed three transcription factors that bind to the putative 
TRPML2 promoter sequence identified by dual-luciferase assay. These three candidate 
transcription factors were identified by searching both the JASPAR and TRANSFAC databases 
using a DNA region from the 222-bp expression construct. 
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Fig. 2b. Real-time quantitative polymerase chain reaction (QPCR) analysis of endogenous 
Mucolipin-2 transcript upon heterologous expression of candidate transcription factors. 
HEK-293 cells transiently transfected with the corresponding expression vectors were harvested 
after 48 h. Endogenous TRPML2 levels were normalized against 18S rRNA. An empty vector 
and non-transfected HEK-293 cells served as controls. Up to a 2.25 and 1.4 fold increase in 
endogenous TRPML2 expression was seen in the presence of transcription factor, Paired box 5 
(PAX5) and CCCTC-binding factor (CTFC), respectively. #p-value < 0.05 (Student’s t-test).* 
 

 
 
Fig. 3 Effect of heterologously expressed miRs on endogenous Mucolipin-2 transcript levels. 
HEK-293 cells were transiently transfected with the corresponding miR expression vectors. After 
48 h, total RNA was extracted and reversed transcribed. Endogenous TRPML2 levels were 
quantified using real-time QPCR. Values were normalized against 18S rRNA. An empty vector 
and non-transfected HEK-293 cells served as controls. Up to a 2.3 fold increase in endogenous 
TRPML2 expression was observed in the presence of miR-363. #p-value < 0.05 (Student’s t-
test).*  
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