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Abstract

Calcium-selective channel TRPV6 (Transient Receptor Potential channel family, Vanilloid 

subfamily member 6) belongs to the TRP family of cation channels and plays critical roles in 

transcellular calcium (Ca2+) transport, reuptake of Ca2+ into cells, and maintaining a local low 

Ca2+ environment for certain biological processes. Recent crystal and cryo-electron microscopy-

based structures of TRPV6 have revealed mechanistic insights on how the protein achieves Ca2+ 

selectivity, permeation, and inactivation by calmodulin. The TRPV6 protein is expressed in a 

range of epithelial tissues such as the intestine, kidney, placenta, epididymis, and exocrine glands 

such as the pancreas, prostate and salivary, sweat, and mammary glands. The TRPV6 gene 

is a direct transcriptional target of the active form of vitamin D and is efficiently regulated 

to meet the body’s need for Ca2+ demand. In addition, TRPV6 is also regulated by the level 

of dietary Ca2+ and under physiological conditions such as pregnancy and lactation. Genetic 

models of loss of function in TRPV6 display hypercalciuria, decreased bone marrow density, 

deficient weight gain, reduced fertility, and in some cases alopecia. The models also reveal 

that the channel plays an indispensable role in maintaining maternal-fetal Ca2+ transport and 

low Ca2+ environment in the epididymal lumen that is critical for male fertility. Most recently, 

loss of function mutations in TRPV6 gene is linked to transient neonatal hyperparathyroidism 

and early onset chronic pancreatitis. TRPV6 is overexpressed in a wide range of human 

malignancies and its upregulation is strongly correlated to tumor aggressiveness, metastasis, and 

poor survival in selected cancers. This review summarizes the current state of knowledge on the 

expression, structure, biophysical properties, function, polymorphisms, and regulation of TRPV6. 

The aberrant expression, polymorphisms, and dysfunction of this protein linked to human diseases 

are also discussed.
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1 Classification and Identification

1.1 Classification

The TRPV6 protein is a highly selective epithelial calcium (Ca2+) channel belonging to the 

transient receptor potential family (TRP) of proteins (Venkatachalam and Montell, 2007). 

TRP channels were first identified in the trp mutant strain of fruit fly Drosophila, a strain 

that exhibits transient elevation of receptor potential in response to photogenic stimuli 

instead of a sustained receptor potential in wild-type Drosophila (Minke et al., 1975). The 

TRP family is now a widely recognized group of cation channel proteins that are known to 

detect a diverse range of chemicals and physical stimuli such as light, temperature, osmotic 

pressure, olfaction, taste, and mechanical forces (Nilius and Owsianik, 2011). Mutations and 

dysregulations in the TRP family of proteins are linked to multiple cancers as well as several 

skeletal, neurodegenerative, and kidney disorders; connections that highlight the importance 

of basic and applied research in this realm (Nilius, 2007; Brinkmeier, 2011; Yang and Kim, 

2020).

The current classification of TRP channels based on sequence, topological differences, 

and the evolutionary organization was formalized and published in 2002 (Montell et al., 

2002; Venkatachalam and Montell, 2007). According to this scheme of classification, TRP 

superfamily includes two broad groups and six subfamilies. The group 1 TRP channels bear 

a strong sequence homology to Drosophila TRP and share considerable sequence homology 

within the six-transmembrane (TM) domain which is common among the five structurally-

related subfamilies in this group that include: TRPC ('Canonical'), TRPM ('Melastatin'), 

TRPV ('Vanilloid'), TRPA ('Ankyrin') families found in mammals; and an additional TRPN 

('NO-mechano-potential C)' family found in non-mammals. The name “Vanilloid” comes 

from the original name of the first member of the family Vanilloid Receptor 1 (VR1, now 

TRPV1). In contrast to the first four members of the TRPV family which are primarily 

involved in nociception, thermo-sensing, and osmosensing; the TRPV5 and TRPV6 are 

extremely selective Ca2+ ion channels that play pivotal roles in Ca2+ reabsorption in the 

kidney and intestine (Nijenhuis et al., 2003b). The group 2 TRP channels bear a large loop 

that separates the first two TM domains, exhibit significant sequence homology in the TM 

segments, and are known for pathological phenotypes caused by mutations in the founding 

member of the subfamily (Venkatachalam and Montell, 2007). This group includes TRPML 

('Mucolipins') and TRPP ('Polycystin') subfamilies, which are associated with polycystic 

kidney disease (ADPKD) and mucolipidosis type IV (MLIV) respectively. The number of 

TRP channels in each group and subfamily varies by species. In humans, 28 TRP channels 

are currently recognized which are critical for ionic homeostasis and perception of various 

physical and chemical stimuli (Montell et al., 2002; Montell, 2005; Venkatachalam and 

Montell, 2007; Pan et al., 2011).
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1.2 Identification

The transient receptor potential (TRP) channel, subfamily vanilloid, member 6 (TRPV6) 

was first identified in 1999 from rat duodenum (Peng et al., 1999). To facilitate the cloning 

of TRPV6, Peng and colleagues fed rats Ca2+-deficient diet for 2 weeks to boost the 

expression Ca2+-absorptive channels and proteins and restricted mRNA isolation primarily 

from duodenum and cecum as these intestinal sites show a high level of absorption. Based 

on the moderate abilities of mRNA from duodenum and cecum to induce 45Ca2+-radiotracer 

uptake upon injection in Xenopus oocytes, the investigators successfully identified a 

channel by expression cloning using Xenopus oocytes. The primary structure of the protein 

suggested its role as a prototypical ion channel; however, it exhibited saturation kinetics of 
45Ca2+ uptake typically observed in transporters. Now widely recognized as TRPV6, this 

protein was initially termed Ca2+ transport protein (CaT1) at the time of its discovery and 

was believed to play a critical role in intestinal uptake of Ca2+. The CaT1 protein was 

found to have a 75% amino acid sequence identity to the epithelial Ca2+ channel (ECaC) 

(Hoenderop et al., 1999). For this reason, the name ECaC2 has also been used in the past to 

describe TRPV6.

Soon after, Wissenbach et al described the cloning of human TRPV6 which was termed 

CaT-like (CaT-L) due to its high structural similarity to CaT1 protein; though it was 

unclear at that time whether it represents the human ortholog (Wissenbach et al., 2001). 

The discoveries with Cat-L, CaT1, ECaC, and related orthologues or homologs happened in 

quick succession in a relatively short period. Therefore, there was some initial ambiguity in 

the field about the nomenclature of these channels in different species. For instance, it was 

found that human CaT-L shared 90% and 77% to amino acid sequence identity to rat CaT1 

and human ECaC (then recently discovered renal human renal epithelial Ca2+ channel). 

However, unlike CaT1, it was undetectable in the small intestine and colon, prompting 

investigators to conclude that CaT-L does not represent the human version of CaT1. Indeed, 

the CaT-L transcript was found to be identical to a human cDNA sequence of 446 bp 

deposited to the GenBank™ database (accession number AJ277909) which was postulated 

to represent part of human CaT1, but there was no functional data to support this hypothesis. 

Moreover, this same study by Wissenbach et al also described a second gene product shared 

92% sequence identity with human CaT-L, 95% with human ECaC, and 81% with rat CaT1 

sequences.

Soon after the discovery of TRPV6 in rat intestine (Peng et al., 1999), its mouse (Suzuki 

et al., 2000; Weber et al., 2001) and human homologs (Peng et al., 2000; Hoenderop 

et al., 2001; Wissenbach et al., 2001) were discovered within two years. These initial 

studies indicated the role of TRPV6 as a pivotal channel for Ca2+ entry into enterocytes. 

Since its initial discovery over three decades ago, subsequent studies have provided 

additional insights into regulatory mechanisms and functions of Ca2+-selective channel 

TRPV6. In this review, we provide a narrative review of this protein describing the current 

state of knowledge on expression, structure, function, polymorphisms, and regulation of 

TRPV6. We also describe how aberrant expression, polymorphisms, and dysfunction of this 

protein are involved in diseases such as transient neonatal hyperparathyroidism, chronic 
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pancreatitis, hypercalciuria, renal stone formation, bone disorders, skin abnormalities, 

skeletal deformities, male sterility, and cancer.

2 Gene structure, Phylogeny, and Chromosomal location

Genomic and structural studies have revealed several interesting and noteworthy 

characteristics in the TRPV6 gene and TRPV6 protein. In this section, we summarize some 

key findings related to the gene structure, phylogenic aspects, and chromosomal location 

TRPV6 (Hirnet et al., 2003; Fecher-Trost et al., 2013; Fecher-Trost et al., 2014).

The human TRPV6 gene consists of 15 exons (Peng et al., 2001a) and is located on 

chromosomal 7q33-34 (Peng et al., 2000). The human TRPV6 gene is 14,543 bases long 

spanning from nucleotide position 142,568,956 to 142,583,507(OMIM Entry – 606680, 

Gene ID – 55503, GenBank Accession – NM_018646.6, Table 1). The TRPV6 gene lies in 

close proximity to its homolog TRPV5 (located on 7q35) (Muller et al., 2000; Fecher-Trost 

et al., 2014)]. TRPV6 and TRPV5 genes are completely conserved in exon size in the coding 

region. They also share similar intron–exon organization with other members of the TRPV 

family (Peng et al., 2000a). The rat and mouse versions of the Trpv6 gene are located 

on chromosome 4 (Fecher-Trost et al., 2014) and chromosome 6 (Weber et al., 2001), 

respectively.

It is speculated that Trpv5 and Trpv6 genes evolved from a single ancestral gene through 

gene duplication events (Qiu and Hogstrand, 2004; Flores-Aldama et al., 2020). The 

evidence for this phylogenetic event comes from the observation that some organisms 

such as pufferfish Takifugu rubripes have only one gene that bears a higher degree of 

similarity to Trpv6 in comparison to Trpv5 (Qiu and Hogstrand, 2004). This hypothesis 

was recently confirmed in the phylogenetic analysis that discovered the paralogs of TRPV6 

found in mammals, sauropsids, amphibians, and Chondrichthyes as products of independent 

duplication events in the ancestor of each group (Flores-Aldama et al., 2020).

It has been hypothesized that gene duplication that resulted in these two specialized 

Ca2+-selective Trpv homologs was an adaptation to achieve a greater degree of 

functional specialization for navigating complex renal challenges of terrestrial animals 

(Qiu and Hogstrand, 2004; Fecher-Trost et al., 2014; Flores-Aldama et al., 2020). Recent 

transcriptome analysis by Flores-Aldama et al has shown a change in tissue expression from 

gills, in marine vertebrates to kidneys in terrestrial vertebrates (Flores-Aldama et al., 2020). 

The investigators identified a three amino acid signature in amniotes that are found in the 

amino-terminal intracellular region which correlates with gene duplication events and the 

phenotype of fast inactivation observed in mammalian TRPV6 channel. Electrophysiological 

recordings suggest that the signature sequence modulates the phenotype of fast inactivation 

in all clades of vertebrates but reptiles (Flores-Aldama et al., 2020).

Another comparative analysis of reindeer (Rangifer tarandus) in Northern Eurasia has shown 

has the Trpv6 gene may have been important in conferring evolutionary advantage in terms 

of improving vitamin D metabolism (Weldenegodguad et al., 2020). Although no genes 

similar to Trpv5/6 genes have been identified in Prokaryotes or Saccharomyces, Trpv5/6-

Khattar et al. Page 4

Gene. Author manuscript; available in PMC 2023 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



like genes have been identified in choanoflagellates Monosiga brevicollis (King et al., 

2008). Moreover, the occurrence of Trpv5/6-like like genes in green algae Chlymadomonas 
reinhardtii and Volvox carteri suggest potential horizontal gene transfer events that may have 

occurred during the course of evolution (Merchant et al., 2007).

In humans, the TRPV6 gene encodes for 2906 bp-long mRNA which is translated in 
vivo into a 765-aa-long protein through a process that is characterized by non-AUG-codon-

mediated reading (Fecher-Trost et al., 2013). The translation of TRPV6 initiates at the codon 

ACG which is located upstream of the annotated AUG. The ACG codon is nevertheless 

decoded as a methionine. In mouse, the Trpv6 gene extends over a region of 15.7 kb and 

spans 15 exons (interspersed with 14 introns and a 5'-/3'- non-coding region) coding for a 

767-aa-long protein. The length of TRPV6 protein in different species ranges from 703 aa 

to 767 aa. Notably, the full-length TRPV6 protein in vivo bears a 40-aa-long N-terminal 

extension in comparison to the annotated version of the protein that has been utilized in most 

studies (Fecher-Trost et al., 2013). To be consistent with these original studies, we use the 

amino-acid numbering based on the annotated version of TRPV6 in most sections of this 

review.

In humans, two alleles of the TRPV6 gene have been identified (originally called CaT-La 

and CaT-Lb) (Wissenbach et al., 2001). These alleles are a result of coupled polymorphisms 

that generate two versions of the gene called the “ancestral variant” and the “derived 

variant” that differ in five bases leading to three amino acid substitutions (Wissenbach et 

al., 2001; Akey et al., 2006). The ancestral allele encodes for the residue C157, M378, and 

M681 whereas the derived allele encodes for R157, V378, and T681. The ancestral variant is 

well-conserved across mammals and found both in humans and fish. In contrast, the derived 

variant is detectable only in humans (Wissenbach et al., 2001; Akey et al., 2006).

The frequency of the ancestral TRPV6 allele is subject to ethnic variations (Akey et 

al., 2006; Hughes et al., 2008; Soejima et al., 2009). The frequency of the ancestral 

variant decreases with increasing distance from the African continent, with allele frequency 

decreasing from 50% in African-Americans to 5% in Caucasians (Soejima et al., 2009). 

The selection pressures accounting for such differences in TRPV6 alleles across continents 

could are not entirely clear and has invited many interesting hypotheses (Akey et al., 2004; 

Stajich and Hahn, 2005; Akey et al., 2006; Hughes et al., 2008; Soejima et al., 2009). It 

is speculated that some factors that influenced selection pressures altering TRPV6 allele 

frequencies across various demographics could include a) changes in patterns of milk 

consumption influenced by the domestication of animals, b) reduction in ultraviolet light 

exposure due to trans-equatorial migration, c) genomic adaptations conferring an innate 

immune advantage to brush-bordered-localized TRPV6 protein that may encounter new 

pathogens in digested food during the course of migration and evolution (Akey et al., 2004; 

Stajich and Hahn, 2005; Akey et al., 2006; Hughes et al., 2008; Soejima et al., 2009).

Overall, these coupled polymorphisms could represent adaptations in the TRPV6 gene that 

conferred resistance to pathogens and ensured adequate Ca2+ and vitamin D supply (Akey 

et al., 2004; Stajich and Hahn, 2005; Akey et al., 2006; Hughes et al., 2008; Soejima et 

al., 2009). Nevertheless, the physiological relevance behind phylogenetic divergence of the 
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TRPV6 allele is hard to dissect since both ancestral and derived alleles display similar in 

their biophysical properties (Hughes et al., 2008). Some evidence suggests that this allelic 

divergence plays a role in the differential susceptibility of demographic groups towards 

nephrolithiasis (Suzuki et al., 2008d). The variations in TRPV6 alleles across different 

demographics remains an intriguing puzzle that continues to baffle experts in the field and 

invite novel hypothesis (Akey et al., 2004; Stajich and Hahn, 2005; Akey et al., 2006; 

Hughes et al., 2008; Soejima et al., 2009).

3 Tissue Distribution

In comparison to TRPV5, which is specifically expressed in the kidney, TRPV6 has a 

broader expression profile. TRPV6 is expressed in epithelial tissues such as the intestine, 

kidney, placenta, epididymis, and exocrine glands such as the pancreas, prostate and salivary, 

sweat, and mammary glands (see Table 2). Several investigators have examined TRPV6 

mRNA expression profile using Northern Blotting, RT-PCR, RNA in-situ hybridization, 

and more recently by RNA-seq based methods (see Table 2). TRPV6 protein level has 

been examined utilizing immunodetection methods (e. g. IHC, ICC, Western); although 

disagreement within results is fairly common due to lack of a rigorously validated 

antibody (Zhuang et al., 2002; Lehen'kyi et al., 2012; Stewart, 2020). It can be suspected 

that differences in antibody characteristics, physiological conditions at the time of the 

experiment, and other assay-dependent variables have a substantial impact on TRPV6 

immunodetection (Lehen'kyi et al., 2012; Stewart, 2020). Despite its relatively early 

discovery and the existence of multiple studies examining TRPV6 expression in several 

species, multiple discrepancies and knowledge gaps confound our understanding of the 

TRPV6 expression profile (den Dekker et al., 2003; Lehen'kyi et al., 2012; Fecher-Trost 

et al., 2014; Fecher-Trost et al., 2017; Stewart, 2020). This is primarily because TRPV6 

expression varies significantly not only across various species and tissues; but is also 

impacted by method of detection, age, gender, Ca2+, and vitamin D levels in food, hormonal 

status, location within the tissue, cellular location, reproductive status, and weaning status 

(see Section 6).

A simplified view of TRPV6 distribution is presented in Table 2 summarizes the methods 

through which expression in different tissues has been reported in mice, rats, and humans. 

Notwithstanding some early disagreements regarding TRPV6 expression assessed by 

hybridization-based methods (e.g. differences in detection from northern blots vs. dot blots 

vs. qRT-PCR); northern blot-based expression of this gene has been consistently reported 

TRPV6 transcripts in the placenta, pancreas, prostate cancer, and duodenum in humans; in 

the duodenum, caecum, small intestine, and colon in rats; and in the placenta, pancreas, 

prostate, and epididymis in the mouse (Peng et al., 1999; Peng et al., 2000; Hoenderop 

et al., 2001; Peng et al., 2001b; Wissenbach et al., 2001; Hirnet et al., 2003; Fecher-Trost 

et al., 2014). However, one of the most confounding variables appears to be the method 

used for measuring TRPV6 expression (Lehen'kyi et al., 2012; Stewart, 2020). For instance, 

no TRPV6 transcripts could be detected by Northern blot analysis in murine brain, heart, 

and intestine by Hirnet et al; an observation that contradicts the initial discovery of the 

gene in duodenum and observations made by Nijenhuis et al who reported significant 

expression of this gene in the all these organs by qRT-PCR (Peng et al., 1999; Hirnet et 
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al., 2003; Nijenhuis et al., 2003c). In fact, method-dependent variations in the expression 

of TRPV6 transcripts in mouse, human, and rat tissues could be fairly common, especially 

in the light of anomalous detection of closely related TRPV5 orthologue (Lehen'kyi et 

al., 2012; Stewart, 2020). Similarly, early inter-study inconsistencies in human and murine 

TRPV6 expression in the small intestine have been previously reported, presumably due to 

differences in the region of the intestine used for analysis and differences in hybridization 

probes and/or primer design (Hoenderop et al., 2001; Wissenbach et al., 2001; den Dekker 

et al., 2003; Lehen'kyi et al., 2012). For instance, in murine duodenal tissues; TRPV6 

is undetectable at P1 and increases 6-fold as mice age to P14 to 1 month whereas in 

jejunum it increases from P1 to P14, becomes weak at 1-month age, and is undetectable 

in older mice (Beggs et al., 2019). Although TRPV6 mRNA is barely detectable in the 

ileum of mice and rats, immunodetection of TRPV6 has shown the presence of protein in 

the ileum (Peng et al., 1999; Zhuang et al., 2002). In sheep, the jejunum displays a higher 

abundance of TRPV6 mRNA and protein in comparison to the duodenum (Wilkens et al., 

2009). Expression of TRPV6 mRNA in horses is considerably higher in proximal jejunum 

in comparison to duodenum; suggesting that jejunum, rather than duodenum, could be 

important for Ca2+ absorption in equines (Rourke et al., 2010). TRPV6 mRNA and protein 

are weakly expressed in ovine rumen although sheep and goats partake active intestinal Ca2+ 

absorption (Wilkens et al., 2009; Schroder et al., 2015).

TRPV6 expression profile has been investigated both in non-pathological and pathological 

settings and several reviews have succinctly cataloged this information (den Dekker et al., 

2003; Lehen'kyi et al., 2012; Fecher-Trost et al., 2014; Fecher-Trost et al., 2017; Stewart, 

2020). Examination of these reviews suggests that in contrast to consolidated hybridization-

based studies measuring TRPV6 expression across multiple human tissues, a rigorous and 

unified real-time qPCR-based expression profiling of TRPV6 in multiple human tissues is 

wanting. This is because the results with less-abundant transcripts seem to vary based on 

primer design, assay characteristics, and possibly other physiological conditions prevalent at 

the time of the experiment. An early report by Hoenderop et al have presented a comparative 

analysis of TRPV5 and TRPV6 expression pattern in a panel of human tissues by semi-

quantitative PCR (Hoenderop et al., 2001; den Dekker et al., 2003). This report showed that 

TRPV6 is expressed in the duodenum, jejunum, placenta, pancreas, prostate, testis, kidney, 

brain, and colon. Although expression of TRPV6 mRNA in murine kidneys is difficult to 

capture and often barely detectable by qRT-PCR- and Northern blot-based methods; a fair 

amount of protein is detected in the apical domain of the distal convoluted tubules (DCT2), 

connecting tubules (CNT), and cortical and medullary collecting ducts (CD) (Nijenhuis 

et al., 2003c). The expression of TRPV6 transcripts using RT-PCR has been reported in 

medullary thick ascending limb in microdissected kidney tubules (Diepens et al., 2004). 

Unpublished observations from our lab suggest that TRPV6 is high in the outer medulla and 

low in the cortex, opposite to that of TRPV5. In mice and rat kidneys, TRPV5 mRNA is 

more than 10-to-20 folds higher in comparison to TRPV6 (Song et al., 2003b). In humans, 

renal TRPV6 mRNA expression is much higher in comparison to TRPV5 (Peng et al., 

2001a). Similarly, in horse kidneys, TRPV6 is more abundant in comparison to TRPV5 

(Rourke et al., 2010). A recent study comparing vitamin D responsive genes in ovine, canine 

and, equine kidney using quantitative real-time PCR (RT-qPCR) indicated that TRPV6, 
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calD9k/calD28k, and PMCA appear to be the main pathways involved in transcellular Ca2+ 

transport in the kidney of sheep, dogs, and horses (Azarpeykan et al., 2016). Furthermore, 

expression of all Ca2+ transporting transcripts including TRPV6 was highly correlated with 

VDR in the equine kidney, but not in sheep and dogs (Azarpeykan et al., 2016). Overall, 

these studies suggest that in large mammals TRPV6 could play a bigger role in Ca2+ 

reabsorption than previously envisioned in rodents (Peng, 2011).

A recent review has observed that Transcript Per Million (TPM) values of TRPV6 in 

a collection of 91 human tissues across 296 subjects from 4 studies varied dramatically 

when measured by RNA-Sequencing (Stewart, 2020). Overall, this analysis suggested that 

TRPV6 mRNA expression is low in most human tissues except for the pancreas and prostate 

which also exhibited considerable variation in TPM values (Stewart, 2020). According 

to the TPM counts from the now-retired Expressed Sequence Tags (EST) database, 

TRPV6 expression was detected in the human placenta, prostate, bladder, cervix, trachea, 

blood, eye, intestine, mammary, testis, pancreas, brain, and lung (Na and Peng, 2014). 

Observations regarding RNA-Seq-based expression profiles by Stewart al are consistent with 

TRPV6 expression profile reported on the Human Protein Atlas which abstracts normalized 

expression (NX) for 74 human tissues based on transcriptomics data from three sources: 

Human Protein Atlas (HPA), Genotype-Tissue Expression Database (GTEx), and Functional 

Annotation of the Mammalian Genome (FANTOM5) [(Uhlén et al., 2015; Stewart, 2020) 

and ENSG00000165125(Hs)]. As observed in the consolidated analysis of with RNA-Seq 

studies, TRPV6 mRNA is extremely low to barely detectable in most tissues except for the 

placenta, salivary gland, pancreas, and prostate (normalized expression (NX) values ranging 

from 12.6 to 65.1). In this database, the ranking of TRPV6 mRNA expressing human tissues 

as per their NX values (in parentheses) was as follows: duodenum (4.1) > gall bladder (4.1) 

> skin (3.7) > kidney (2.5) > stomach (2.4) > breast (2.1) > spinal cord (2.0) > esophagus 

(1.7) > colon (1.2) > small intestine (1.0) > tonsil (1.0). Most other tissues expressed 

very low to no TRPV6 expression (NX values ranging from 0 to 1) (Uhlén et al., 2015; 

Stewart, 2020). These findings with more sensitive genomic detection methods explain some 

early observations where detection utilizing northern blots or dot blots reported failure or 

negligible expression of TRPV6 transcripts in the tissues such as the trachea, mammary 

glands, kidney, esophagus, and lungs (Peng et al., 2000; Hoenderop et al., 2001; Wissenbach 

et al., 2001). Overall, these studies highlight the need for rigorous hybridization probes, 

primer design, and careful assay control.

In mice, an early study by Nijenhuis et al have measured TRPV6 expression in multiple 

murine tissues. In this study, murine tissue was ranked on basis of TRPV6 expression as 

follows: prostate > stomach, brain > lung > duodenum, cecum, heart, kidney, bone > colon 

> skeletal muscle > pancreas (Nijenhuis et al., 2003c). Zhuang et al have demonstrated 

immunofluorescence-based TRPV6 protein expression in the murine esophagus, stomach, 

duodenum, Ileum, cecum, colon, pancreas, kidneys, and duodenum (Zhuang et al., 2002). 

TRPV6 is also expressed in the apical domain of murine osteoclasts of cortical bone (van 

der Eerden et al., 2012; Chen et al., 2014a). However, cortical and trabecular osteocytes have 

no TRPV6 expression, and osteoblasts show weak expression (Little et al., 2011).
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Notwithstanding some discrepancies in the genomic expression of TRPV6, the 

immunohistochemistry-based expression of TRPV6 protein in humans has been 

demonstrated in the esophagus, stomach, small intestine, colon, pancreas, mammary glands, 

ovary, thyroid, colon, and prostate (Zhuang et al., 2002). Immune-based detection has 

provided insights into the relative location of various tissues. TRPV6 expression is confined 

mainly to the apical epithelial cell surface. The protein is expressed on the apical brush-

border membrane of the intestinal enterocyte and superficial layers of stratified esophageal 

epithelia. Mammary glands display TRPV6 staining primarily on the inner surface of ductal 

epithelial cells whereas weak signals are detected on the basolateral membrane. Sweat gland 

epithelial cells exhibit similar staining patterns although the difference in signal intensity 

is observed between the inner duct and basolateral surfaces. In the pancreas IHC-staining 

of TRPV6 was found to be restricted to exocrine acinar cells with signals predominantly 

displaying granular staining within the secretory pole on the apical membrane (Zhuang et 

al., 2002). Functional and pathological implications of TRPV6 expression in the intestine, 

kidney, placenta, ear, bone, epididymis, uterus is described in Section 5.

TRPV6 is overexpressed in colon, breast, prostate, parathyroid, pancreatic, and thyroid 

cancer (Zhuang et al., 2002). In contrast, TRPV6 expression is downregulated in esophageal 

cancer (Sun et al., 2016), non-small cell lung cancer (Fan et al., 2014), and renal cancer 

(Wu et al., 2011). TRPV6 is expressed in breast adenocarcinoma tissues (Bolanz et al., 2008; 

Dhennin-Duthille et al., 2011) and breast cancer cell lines MDA-MB-231, MDA-MB-468, 

T47D, SKBR3, ZR-75-1, BT-483, MCF-7 (Peters et al., 2012). Prostate cancer cell lines 

LNCaP and PC-3 overexpress TRPV6 relative to benign epithelial cells PrEC and BPH-1 

whereas studies have indicated both presence and absence of TRPV6 in androgen-insensitive 

lines such as DU-145 (Peng et al., 2001b; Peng et al., 2003; Lehen'kyi et al., 2007b; 

Lehen'kyi et al., 2011a; Kim et al., 2014; Jiang et al., 2016). The expression profile 

of TRPV6 and its implications on disease progression and aggressiveness are discussed 

in Section 7.7. TRPV6 channel expression has been reported in T cells and it appears 

that expression is switched off in quiescent lymphocytes and turns on only after mitogen 

stimulation (Vasil'eva et al., 2008; Vassilieva et al., 2013). No information is available on 

expression pattern on specific immune cell subtypes (e.g. changes in expression profile in 

CD4 vs. CD8 vs. Tregs or M1 vs. M2 macrophages etc.) and could open up an exciting 

avenue for the role of TRPV6 in immune functions.

4 Structure

Although the initial identification of TRPV6 was accompanied by a description of primary 

structure as well as important secondary structure elements (Peng et al., 1999; Peng et 

al., 2000; Wissenbach et al., 2001), its tertiary and quaternary structures have only been 

elucidated over the last half of this decade (Saotome et al., 2016; Singh et al., 2017; 

McGoldrick et al., 2018; Sakipov et al., 2018; Singh et al., 2018a; Singh et al., 2018b). This 

has resulted in a barrage of data gathered from crystallographic (Saotome et al., 2016; Singh 

et al., 2017; Singh et al., 2018b) and Cryo-EM-based (McGoldrick et al., 2018; Singh et 

al., 2018a) structures as well as cognate molecular dynamics simulations (Sakipov et al., 

2018) to reveal critical insights that elegantly connect structural architecture of the protein 
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to its biophysical properties and functions (recently summarized in an elegant review by 

Sobolevsky’s group)(Yelshanskaya et al., 2020).

4.1 Primary and Secondary Structure

In contrast to naturally occurring TRPV6, which is 765-aa-long, the annotated human 

TRPV6 used for structural studies is 725 amino acids long (Fecher-Trost et al., 2014; 

McGoldrick et al., 2018; Singh et al., 2018a). Similarly, In contrast to naturally occurring 

rat TRPV6 which is 767 amino acids long, the annotated version of this protein used in 

crystallization studies is 727 amino acids long (Fecher-Trost et al., 2014; Saotome et al., 

2018). Unless otherwise stated, amino acid numbers used to describe the structural details 

of TRPV6 hereon correspond to the annotated (shorter) version of TRPV6 that has been 

utilized in structural characterization.

Overall, four subunits of TRPV6 arrange to form a tetrameric channel displaying a four-fold 

symmetry (three-dimensional structure described in Section 4.2) (Saotome et al., 2016). 

The secondary structure elements presented in each TRPV6 monomer are schematically 

illustrated in Figure 1A, 1B. Starting from N-terminus, each TRPV6 polypeptide contains 

the following secondary structure elements: an N-terminal helix, an ankyrin repeat domain 

(ARD) with six ankyrin repeats (ANK1 through ANK6), a linker domain comprised of a 

β-hairpin (β1 and β2) and two linker helices (LH1 and LH2). A pre-S1 helix connects the 

linker domain and the transmembrane (TM) domain that comprises of six TM helices (S1 

through S6) and a pore helix (P-helix) connecting S5 and S6. The S6 helix is followed 

by an amphipathic TRP helix, which is the defining feature of all TRP channels. The 

TRP helix is followed by a six-residue β-strand (β3) that forms a β-sheet with β1 and 

β2 in the linker domain. Two helices located in the C-terminus of TRPV6 can bind CaM 

and they are named C-terminal interacting helices (CIH1 and CIH2). The organization of 

these secondary structural elements into tertiary structure and higher level homotetrameric 

structure of TRPV6 is described in the next section.

4.2 Tertiary Structure and Domain Organization

The crystal structure of rat TRPV6 containing both ankyrin repeat domain and the 

transmembrane domain was first described by Saotome et al at 3.25 Å resolution (Saotome 

et al., 2016). This was followed by additional discoveries by Sobolevsky’s group who 

discovered the cryo-electron microscopy (Cryo-EM) structures of rat (Singh et al., 2018a; 

Singh et al., 2018b) and human TRPV6 (McGoldrick et al., 2018; Singh et al., 2018a; 

Singh et al., 2018b) and also presented domain-swapped correction (Singh et al., 2017) of 

the initial TRPV6 crystal structure (Saotome et al., 2016). These elucidations collectively 

revealed the structural insights into TRPV6 pore opening (McGoldrick et al., 2018), 

interactions with calmodulin (CaM) (Singh et al., 2018a), and inhibition of Ca2+-uptake 

by the compound 2-APB (Singh et al., 2018b). These descriptions were further refined by 

molecular dynamics simulations that utilized the crystallographic structure of TRPV6 as 

templates for mining additional insights that link the structural architecture of TRPV6 to its 

biophysical properties (Sakipov et al., 2018).
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The TRPV6 protein is a four-fold symmetrical structure that contains two main 

compartments (Figure 1C, 1D): a) transmembrane domains with a central ion channel 

pore, and b) an intracellular skirt formed by ankyrin repeat domains of TRPV6 that act as 

the walls enclosing a wide cavity underneath the ion channel (Saotome et al., 2016). The 

intracellular skirt in the TRPV6 protein is ~70 Å-tall and ~110 Å-wide and encloses a 50 

Å × 50 Å cavity. The S1-S4 domain comprises a transmembrane helical bundle which is 

inserted almost perpendicularly to the plane of the plasma membrane (Saotome et al., 2016; 

Yelshanskaya et al., 2020). The 30 Å-tall TM domain of TRPV6 resembles the general 

architecture of voltage-gated K+ and Na+ channels (Long et al., 2007; Payandeh et al., 

2011). However, in contrast to other TRP channels, where S1-S4 domains act as voltage 

sensors and display movements within positively-charged arginine and lysine residues 

(located on S4) that shift relative to the plane of plasma membrane; the S4 helix in TRPV6 

exhibits no such activity. The S1-S4 helical bundle in TRPV6 maintains its rigidity through 

hydrophobic interactions occurring between aromatic side chains in S1-S4 and is relatively 

static during gating (Long et al., 2007; Payandeh et al., 2011; Saotome et al., 2016). The 

pore module elements S5, S6, and the pore helix in TM domains of the neighboring subunits 

participate in intersubunit interactions to generate the central ion pore. The pore-forming 

elements of each TRPV6 subunit interact with S1-S4 domains of the adjacent subunit 

in a characteristic domain-swapped arrangement observed in TRP channels (Singh et al., 

2017), a conformation which can be remarkably reversed by single residue L495Q mutation 

(Saotome et al., 2016; Singh et al., 2017). Extracellular inter-subunit interactions also occur 

between S1-S2, S5-P, and S6-P loops of the neighboring TRPV6 subunits (Saotome et al., 

2016). The conserved N-linked glycosylation site (N358) on the S1-S2 loop is required for 

the Klotho-mediated activation (Lu et al., 2008). The three-stranded β-sheets along with the 

N-terminal helix and loop between the TRP domain and CIH1 participates in inter-subunit 

interactions with the ARDs which cements the elements of the intracellular skirt together. 

The N-terminal helix is positioned as a pillar along the corner of the intracellular skirt and 

is critical for inter-subunit interactions. The TRP domain, a shared feature among channels 

from the C, V, and M subfamilies, comprises of a 25-amino-acid sequence (Steinberg et al., 

2014). The amphipathic TRP domain in TRPV6 runs parallel to the plane of the membrane. 

This orientation of the TRP helix creates a hub for simultaneous hydrophobic interactions 

from the TM domain and the hydrophilic interactions in the intracellular skirt. The exact 

function of TRP helix is not clearly known, although it is suspected that it is involved in 

mediating interactions with the lipid PIP2 (Steinberg et al., 2014).

The intracellular skirt portion of the TRPV6 protein is mainly composed of the ankyrin 

repeat domains (Saotome et al., 2016; Yelshanskaya et al., 2020). Most notably, deletion or 

mutations of amino acid residues in the third ankyrin repeat of TRPV6 abolishes tetramer 

formation and renders the channel nonfunctional (Erler et al., 2004). A 1.7 Å resolution 

crystal structure of the TRPV6-ARD deduced by Phelps et al. has revealed conserved 

structural elements unique to the ARDs of TRPV proteins (Phelps et al., 2008). These 

ankyrin repeats are characterized by anti-parallel inner- and outer-α-helices, with the helical 

layers linked together by finger loops. The finger loops in TRPV6 are longer in comparison 

to corresponding regions in canonical ankyrin repeats. Finger loop 3 is the longest among 

all loops and displays a high degree of conformational variability in residues 153-159. 
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TRPV6-ARD structure exhibits a large twist between ANK4 and ANK5 that results from 

displacement of inner helix 5 from the regular packing of hydrophobic side chains observed 

between canonical ankyrin repeats (Phelps et al., 2008).

4.3 Pore Architecture

The architecture of the ion-conducting pore is remarkably conserved across the family of 

tetrameric ion channels (Owsianik et al., 2006; Saotome et al., 2016; van Goor et al., 

2017). Starting from the extracellular side and continuing to the intracellular side, four main 

elements can be used to describe TRPV6 pore architecture. These include the extracellular 

vestibule, a selectivity filter, a hydrophobic cavity, and a lower gate. The extracellular loops 

connecting the P-loop helix to S5 and S6 helices from the outer extracellular segment of the 

TRPV6 channel. The S6 helices of TRPV6 form the intracellular segment and line the ion 

conduction pathway. Eight acidic residues are found in the region connecting S5 and S6 in 

each subunit. Four of these residues face the ion conduction pathway and generate a highly 

electronegative vestibule facing the extracellular side (Saotome et al., 2016).

This electronegative extracellular vestibule is followed by a four-residue selectivity filter 

(rat TRPV6 residues 538TIID541) (Voets et al., 2004; Saotome et al., 2016). The side chains 

from four highly-conserved D541 residues (D542 in hTRPV6), one from each protomer, 

form a negatively charged ring or selectivity filter facing the central lumen of the pore. This 

selectivity filter is critical for Ca2+ selectivity, permeation (Voets et al., 2004; Owsianik et 

al., 2006), and voltage-dependent Mg2+ block (Voets et al., 2003). The defining feature of 

TRPV6 pore is its high Ca2+-selectivity with Ca2+ to Na+ permeability ratio (PCa/PNa) > 100 

in comparison to other TRP channels with PCa/PNa ranging from 1-10 (Yue et al., 2001). 

The selectivity filter discriminates ions based on the size as well as charge and is believed 

to generate a pore diameter ranging from 4.6 Å to 5.4 Å (Voets et al., 2004; Owsianik 

et al., 2006). In fact, the substitution of the critical pore-forming residue D541 of mouse 

TRPV6 renders the Ca2+-selective nonfunctional and blocks Ca2+ uptake (Nilius et al., 2001; 

Woudenberg-Vrenken et al., 2012). This has been widely used to generate TRPV6 loss of 

function models to examine the consequences of TRPV6 dysfunction on animal physiology 

(Weissgerber et al., 2011; Woudenberg-Vrenken et al., 2012; Masamune et al., 2020).

Below the selectivity filter, the pore diameter widens considerably and the area encloses a 

large 13 Å-wide hydrophobic cavity (Saotome et al., 2016). The lateral pore portal in this 

area is thought to provide access to small molecules and lipids, akin to voltage-gated Na+ 

channels (Payandeh et al., 2011). The hydrophobic cavity can accommodate a hydrated Ca2+ 

ion, which has an effective diameter of 8-10 Å. The lower gate is formed by the intracellular 

portions of S6 helices. Of the residues in the lower gate, the residues M577 of rat TRPV6 

(M578 in hTRPV6) form a narrow constriction point with a diameter of 5Å. This narrow 

constriction creates a hydrophobic seal that occludes the pore and keeps it in a closed state 

(Saotome et al., 2016; Singh et al., 2017). Notably, residues in the lower gate facing the 

center of the pore change under open (N572 and I575) and closed state (M578 and L574) as 

observed in the Cryo-EM structures of human TRPV6 (McGoldrick et al., 2018).
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5 Biophysical Properties

5.1 Mechanism of Ion Permeation

Biophysical properties of TRPV6 have been dissected from natural and reconstituted 

cellular systems by employing Ca2+-sensing dyes (e.g. Fura 2), radiotracer 45Ca2+ uptake, 

two-electrode voltage-clamp studies, and patch-clamp approaches (Peng et al., 2018). 

The TRPV6 protein is exquisitely sensitive to intracellular Ca2+ ion concentration [Ca2+] 

(Bodding and Flockerzi, 2004). Lowering the intracellular [Ca2+] promotes Ca2+ influx 

with the amplitude of Ca2+ current correlating with intracellular EGTA or BAPTA (Ca2+ 

chelators) concentration (Bodding, 2005). TRPV6 conducts divalent cations with the 

following preference - Ca2+ > Ba2+ > Sr2+ > Mn2+, however, the channel does not conduct 

Mg2+ and is weakly permeable to trivalent cations La3+ and Gd3+ (Yue et al., 2001; Voets 

et al., 2003; Kovacs et al., 2011). Furthermore, the intracellular or extracellular presence of 

Mg2+ inhibits TRPV6 and contributes to the strong inward rectification of the channel (Voets 

et al., 2003). TRPV6 activity is inhibited by cations in the following order Pb2+ = Cu2+ = 

Gd3+ > Cd2+ > Zn2+ > La3+ > Co2+ > Fe2+ >> Fe3+, with IC50 values ranging between 1 

to 10 μM (Kovacs et al., 2011). The TRPV6 protein on cellular membranes is constitutively 

active displaying a single-channel conductance of 42-58 ps (Yue et al., 2001; McGoldrick et 

al., 2018).

The elucidation of the crystal structure of TRPV6 was accompanied by a description of the 

locations of the cation binding sites (Saotome et al., 2016; Yelshanskaya et al., 2020). Four 

different types of cation binding sites are thought to exist in the TRPV6 channel (Figure 

4). The evidence for such sites is gathered from scrutinizing differences in anomalous peaks 

that are collected as part of X-ray-diffraction studies on distinct TRPV6 crystals bound to 

different types of cations such as Ca2+, Ba2+, and Gd3+ (Kovacs et al., 2011). Site 1, which 

is thought to be the main cation binding site, is located in the central pore and shares the 

same plane that is occupied by the key selective residues D541 in rat TRPV6. The predicted 

interatomic distance is 2.4 Å between carboxylate oxygens of D541 and partially dehydrated 

Ca2+. This data corroborates very well with previous studies on Ca2+-binding proteins (Yang 

et al., 2002). Site 2 is thought to be present about 6-8 Å below Site 1 between backbone 

carbonyls and side-chain hydroxyl groups of residues T538. The third site is believed to be 

located in the central pore axis about 6.8 Å below Site 2. This site is thought to occupy the 

same plane as the residue M569. Site 2 and 3 are thought to interact with partially-hydrated 

to equatorially-hydrated Ca2+ ions. In contrast to the first three sites that are located in the 

permeation pathway, Site 4 contains four symmetric cation binding sites in the extracellular 

vestibule, which are involved in the recruitment of cations towards the extracellular vestibule 

of TRPV6 and are thus referred to as recruitment sites (Saotome et al., 2016).

These insights from the cation binding sites provide clues into the ion permeation 

mechanism of TRPV6. This was followed by a molecular dynamics study that expands 

the description of the “knock-off” mechanism responsible for the ion permeation mechanism 

(Sakipov et al., 2018). The study showed that at low [Ca2+], a single Ca2+ ion binds with 

D541 at the narrow constriction point of the selectivity filter. At high [Ca2+], Ca2+ permeates 

the pore following the knock-off mechanism that mainly has two processes: i) an incoming 
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Ca2+ ion approaches Site 1a from the extracellular vestibule, and ii) the resident Ca2+ ion 

from Site 1b departs to the central cavity. The transition state for this permeation process 

involves three ions occupying two binding sites (Sites 1a and 1b) formed by D541 residues 

(Sakipov et al., 2018).

5.2 Channel Gating Mechanism

Unlike the crystal structure of rat TRPV6 that captured structural information of closed 

TRPV6, the cryo-EM structure of human TRPV6 revealed both the closed and open 

conformations of the channel (Saotome et al., 2016; McGoldrick et al., 2018). The ion 

permeation pathway is lined by the side chains of residues D542, T539, N572, I575, D580, 

and W583 and the backbone carbonyl oxygens of I540, I541, and G579 (McGoldrick et al., 

2018). The selectivity filter of human TRPV6 is formed by four D542 side chains (one from 

each subunit of TRPV6) protruding in the center of the ion path. Remarkably, the lower gate 

of human TRPV6 can be switched from open to the closed state by the introduction of a 

single R470E mutation at the binding site for natural lipid (lipid density 2) similar to the 

vanilloid binding site in TRPV1.

The opening of the channel is characterized by a local transition in the S6 helix, which goes 

from adopting an α-helical conformation in the closed state to a π-helix in the open state 

(Figure 2) (McGoldrick et al., 2018). The α-to-π helical transition occurring in the middle 

of S6; forces the lower portion of the helix that is gating the pore to twist by 100 degrees 

and curve away from the pore axis by 11 degrees. This conformational change widens the 

pore size and alters the residues facing the pore axis. For instance, the residues L574 and 

M578 facing the pore axis in the closed state, are swapped by residue N572 and I575 in 

the open state. The lower gate opening also triggers the formation of a salt bridge between 

residues Q473 (in the S4-S5 elbow) and R589 (in TRP helix) and a hydrogen bond between 

residues D489 (in S5) and T581 (in S6). These electrostatic interactions are believed to 

offset the high energetic cost of unfavorable α-to-π helical transition. Since the energetic 

cost between closed and open conformation is similar, the lower gate can easily switch the 

closed/open states by different physiological stimuli. The conformational changes during 

lower gate opening originate at residue A566 in S6. The A566 residue acts as a hinge that 

allows local conformational changes in the S6 bundle without affecting the conformation of 

the selectivity filter (McGoldrick et al., 2018).

5.3 Regulation by Phosphatidylinositol 4,5-bisphosphate (PIP2) and CaM

Cellular regulation of TRPV6 channel activity involves interactions with Ca2+-CaM and 

phospholipid PIP2 (Figure 3). The influx of Ca2+ inside the cell triggers two negative 

feedback mechanisms to tone down TRPV6 activity in order to protect cells from Ca2+ 

overload (Peng et al., 2018). These mechanisms include PIP2-depletion-induced and CaM-

binding-mediated inactivation. Most TRP channels, including TRPV5 and TRPV6, require 

PIP2 for activation (Nilius et al., 2002; Thyagarajan et al., 2009; Zakharian et al., 2011). 

The first evidence for PIP2-mediated regulation of TRPV6 was provided by Thyagarajan 

et al. (Thyagarajan et al., 2009). The investigators showed that TRPV6 undergoes 

Ca2+-induced inactivation through a PIP2-depletion-dependent mechanism. Ca2+ influx in 

TRPV6-expressing cells activates phospholipase C (PLC) which in turn hydrolyzes PIP2 to 
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produce IP3. The ensuing PIP2 depletion due to this conversion leads to a decline in channel 

activity (Thyagarajan et al., 2009; Cao et al., 2013). The PIP2-mediated regulation of 

TRPV6 could have implications in the pathogenesis of Cystic fibrosis, Lowe syndrome, and 

Dent’s disease (Wu et al., 2012; Vachel et al., 2015). In comparison to bronchial epithelial 

cells from non-CF individuals, cells derived from individuals suffering from cystic fibrosis 

express low levels of PLC-δ1 – a phospholipase that hydrolyzes and consequently depletes 

PIP2. Therefore, a decrease in PLC-δ1 is thought to diminish the negative regulation 

of TRPV6 activity brought about by a reduction in PIP2. The concomitant increase in 

TRPV6 activity correlates with an increase in constitutive Ca2+ influx and is thought to 

exacerbate CF inflammation possibly through an increase in cytokine secretion. Similarly, 

the activity of TRPV6 is also inhibited by the protein oculocerebrorenal syndrome of Lowe 

(OCRL), which is a PIP2 5’-phosphatase involved in pathogenesis of Lowe syndrome and 

Dent disease (Wu et al., 2012). The protein OCRL regulates TRPV6 activity in part by 

regulating the PIP2 level required for the TRPV6 function. When TRPV6 is co-expressed 

with Dent disease-causing mutants of OCRL, the Ca2+ uptake activity of TRPV6 is inversely 

related to the PIP2 5-phosphatase activity of the OCRL mutants. These observations 

suggest that the pathogenesis of these diseases could be influenced by the dysregulation 

of PIP2-mediated TRPV6 activity. The Mg-ATP complex provides the substrate for Type 

III phosphatidylinositol 4 kinases which allows the resynthesis of PIP2 and subsequent 

activation of TRPV6 (Zakharian et al., 2011).

However, the exact location of PIP2 binding sites in TRPV6 is debatable and is conjectured 

based on insights from PIP2-bound-TRPV5 and lipid densities observed in the crystal 

structure of TRPV6 (Velisetty et al., 2016; Hughes et al., 2018b; McGoldrick et al., 

2018). The presence of four lipid-like densities around each subunit of human TRPV6 

in Cryo-EM reconstruction supports the hypothesis for protein-lipid interactions (Saotome 

et al., 2016). These observations suggest the location for such a site between the linker 

domain (R302 and R305), S4-S5 linker (K484), and the S6 helix (R584) of the channel. 

The presence of positively charged residues R470 and K484 and polar residues T479, 

Q483, and Q596 around the lipid density 2 in human TRPV6 also presents an environment 

favorable for interactions with the polar head group of PIP2. The lipid-like densities 5 and 

6 are also considered putative candidates for PIP2 interaction, with ambiguous evidence 

for this hypothesis coming from the open-state structure of PIP2-bound TRPV5 (Velisetty 

et al., 2016; Hughes et al., 2018b; McGoldrick et al., 2018; Yelshanskaya et al., 2020). A 

positively charged arginine residue located between S4 and S5 in TRPV1 is important for 

high-affinity binding to PIP2 (Velisetty et al., 2016). The introduction of this arginine residue 

in place of a glycine residue at position 488 produces a TRPV6 that displays high-affinity 

binding to PIP2 and abolishes Ca2+-dependent inactivation of TRPV6 (Velisetty et al., 2016). 

More recently, Cai et al. identified an autoinhibition mechanism involving intramolecular 

interactions among TRPV6 termini and the S4-S5 linker; PIP2 suppresses the autoinhibition 

and thereby activates TRPV6 (Cai et al., 2020).

A CaM binding site was first identified in the C-terminal region of TRPV6 that is involved 

in the Ca2+-dependent inactivation mechanism of TRPV6 (Niemeyer et al., 2001). Cao et 

al utilized inside-out membrane patches to show that Ca2+-CaM complex inhibits TRPV6 

by binding to the distal C-terminal region of TRPV6 (Cao et al., 2013). The interaction 
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of TRPV6 and CaM increases dynamically with increasing intracellular [Ca2+] (Derler et 

al., 2006). The addition of PIP2 overrides Ca2+-CaM mediated inhibition of TRPV6 in a 

dose-dependent manner (Cao et al., 2013). TRPV6 inactivation by CaM is orchestrated by 

a balance of intracellular Ca2+ and PIP2 concentration (Cao et al., 2013). However, the 

structural basis of Ca2+-CaM mediated inhibition has only recently been resolved through 

the elucidation of TRPV5 and TRPV6 structures (Hughes et al., 2018a; Singh et al., 2018a; 

Dang et al., 2019). Insights from these structures show that the mechanism of CaM-mediated 

inactivation of TRPV5 and TRPV6 is not different. Examination of hTRPV6 - CaM and 

rTRPV6 - CaM complexes reveal 1:1 stoichiometry wherein the TRPV6 tetramer binds to 

one two-lobe CaM molecule (Singh et al., 2018a; Singh et al., 2018b). CaM sits in a 50 Å 

× 50 Å wide cavity below the channel that is enclosed by a 110 Å wide intracellular skirt. 

Most surprisingly, CaM adopts a peculiar head-to-tail arrangement for its N- and C-terminal 

lobes, which has not been previously observed within other CaM-TRP interactions (Singh et 

al., 2018a; Singh et al., 2018b).

The lysine 115 (K115) residue protruding from the loop between helices h6 and hi in the 

C-terminal lobe of CaM, interacts with all four TRPV6 subunits by extending its side chain 

into the intracellular crevice of the ion channel pore formed by four tryptophans (W582 

in rTRPV6, W583 in hTRPV6), one from each TRPV6 subunit at the S6 bundle crossing 

(Singh et al., 2018a; Singh et al., 2018b). In this arrangement traps, K115 residues of CaM 

are sequestered in a tight square cage formed by four tryptophan residues. This in turn 

facilitates cation-π interaction between the π - system of four tryptophan indole rings and 

the positively charged ε - amino group of lysine. The transition of TRPV6 from open to 

the closed state involves tilting of the lower portion of S6 helices which pivot around the 

gating residue A566. This movement orients the S6 bundle towards the central axis of the 

pore resulting in the closure of the pore. In this conformational maneuver, the cation-π 
interactions between K115 and tetratryptophan cage are believed to offset the energetic cost 

of lost R589-Q473 salt bridges.

How is Ca2+ influx linked to channel CaM-mediated inhibition of the TRPV6 channel? 

The C-terminal and N-terminus of CaM display differential affinity to Ca2+ (Bate et al., 

2018; Singh et al., 2018a; Singh et al., 2018b). Under basal conditions, it is suspected that 

the C-terminal lobe is perpetually bound to Ca2+ and thereby to the distal C-terminus of 

TRPV6. TRPV6 channel opening is thought to increase local [Ca2+] and saturate both the 

N-terminal and C-terminal lobe of CaM. A CaM fully saturated with Ca2+ ions on both N- 

and C-terminal then adopts a distinct head-to-tail arrangement described earlier wherein the 

C - terminal lobe points towards the pore’s intracellular entrance and the K115 side chain 

plug into the tetra - tryptophan cage. This conformation securely fits the CaM protein right 

underneath the cavity and blocks the ion pore entrance (Bate et al., 2018).

5.4 TRPV6-Interacting Proteins

Studies utilizing yeast two-hybrid, pull-down assays, and antibody-based affinity 

purification have revealed several interesting TRPV6 protein interactors (van de Graaf 

et al., 2006b). Many studies have also charted out interacting important domains within 

TRPV6 that participate in protein-protein interactions (Fecher-Trost et al., 2014). Selected 
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studies have also identified the regulatory implications of some interactions and important 

insights have been summarized on the manually curated TRIP database (Shin et al., 2010; 

Peng, 2011). Among 20 TRPV6 interactors cataloged on this database, the functional 

consequences of CaM and Glucuronidase Klotho have been most extensively characterized 

(Niemeyer et al., 2001; Lambers et al., 2004; Derler et al., 2006; Cao et al., 2013). The 

database is not all-inclusive. For example, Nedd4-2, which was shown to interact with 

TRPV6 is not included in the table. The interaction with the ubiquitin E3 ligase Nedd4-2 

may be involved in the degradation of TRPV6 (Zhang et al., 2010), even though it is unclear 

whether this is the main pathway. Some proteins, although may regulate TRPV6 activity, 

trafficking, or degradation, a direct physical association with TRPV6 may not be involved. 

For example, serine/threonine-protein kinase With No Lysine (K) 3 (WNK3) increases both 

TRPV5- and TRPV6-mediate Ca2+ uptake activity in vitro, the mechanism involves the 

kinase activity of WNK3; however, a direct WNK3-TRPV6 interaction may not be involved 

(Zhang et al., 2008).

As described in the previous section, CaM inactivates TRPV6 activity as a part of the Ca2+-

dependent negative feedback mechanism. At least 7 CaM-binding sites have been reported 

on TRPV6 (Yelshanskaya et al., 2020). The action of CaM is antagonized by protein kinase 

C which phosphorylates the CaM-binding site at threonine residue 702 (Niemeyer et al., 

2001). The glucuronidase Klotho hydrolyzes N-linked asparagine 357 (N358 in hTRPV6) 

and entraps the channel protein in the plasma membrane and thereby increases channel 

activity (Chang et al., 2005; Lu et al., 2008). Important aspects related to screening, in vitro 
validation, in vivo validation, and functional consequences of TRP interactions are available 

in a manually curated TRIP database (TRPV6 relevant details summarized in Table 3)(Shin 

et al., 2010).

6 Physiological Functions

Ca2+ ions are essential for many biological processes such as intracellular signaling 

processes, bone mineralization, muscle contraction, neurotransmission, and blood 

coagulation (Suzuki et al., 2008b; Brini M., 2013). For this reason, the [Ca2+] in the 

extracellular fluid is maintained at a narrow range through the action of the Ca2+-sensing 

receptor in the parathyroid gland (Brown, 2013). Ca2+ homeostasis is achieved mainly 

by intestinal absorption and renal reabsorption of Ca2+, and calcium deposition into and 

resorption from the bone (Shaker and Deftos, 2000; Diaz de Barboza et al., 2015; Beggs and 

Alexander, 2017). TRPV6 plays a role in both intestinal absorption and renal reabsorption 

of Ca2+; it is also involved in bone formation/mineralization. Although the [Ca2+] in the 

extracellular fluid is maintained at around 1 mM, in some local environments, such as in the 

inner ear and epididymis, a much lower [Ca2+] is required for their physiological function. 

As a selective Ca2+ channel, TRPV6 contributes to both systemic Ca2+ homeostasis and 

local Ca2+ regulation required for physiological function.

The most well-characterized physiological role of TRPV6 is serving as the apical Ca2+ 

entry channel in Ca2+ transporting epithelia (Peng, 2011; Na and Peng, 2014; van Goor 

et al., 2017). The high-level expression of TRPV6 in exocrine tissues also indicates its 

likely role in exocrine function—possibly by replenishing Ca2+ in the secretory vesicles 
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after a discharge of secretory cargo. Figure 5 shows some physiological roles of TRPV6. 

These include roles in intestinal Ca2+absorption, in developing a low luminal [Ca2+] in the 

epididymis for sperm fertilization capacity (Weissgerber et al., 2011; Weissgerber et al., 

2012), in maternal-fetal Ca2+ transport (Bond et al., 2008; Suzuki et al., 2008a; Suzuki et al., 

2018; Yamashita et al., 2019), and exocrine function of pancreas. Although characterized in 

lesser details TRPV6 is also believed to play a role in keratinocyte differentiation (Lehen'kyi 

et al., 2007a; Lehen'kyi et al., 2011b), ion regulation in the endolymphatic system of the 

vestibular system (Yamauchi et al., 2005; Yamauchi et al., 2010; Bachinger et al., 2019), 

maintaining skeletal and cartilage integrity (Lieben et al., 2010; Lieben and Carmeliet, 

2012; Song et al., 2017; Suzuki Y, 2018; Fecher-Trost et al., 2019; Mobasheri et al., 2019; 

Yamashita et al., 2019), and possibly in viable embryo implantation and pregnancy (Moreau 

et al., 2002b; Bernucci et al., 2006; Suzuki et al., 2008a; Hache et al., 2011; Yang et al., 

2013b). We will discuss the roles of TRPV6 in the following sections. In addition, we 

will concurrently describe the disease implications corresponding to aberrant expression, 

mutation, and dysfunction of TRPV6.

6.1 Ca2+ Absorption in the Intestine

Intestinal Ca2+ absorption takes place via paracellular and transcellular routes. The 

paracellular route involves passive diffusion of Ca2+ via paracellular channel protein 

claudins in the tight junctions. The transcellular route which entails three steps: (1) luminal 

Ca2+ enters across the brush border membrane via Ca2+ channels down an approximately 

1,000 to 10,000 fold of [Ca2+] gradient; (2) Ca2+ ions diffuse from apical to basolateral side, 

a process that is facilitated by binding of Ca2+ to calbindin-D9k; and (3) energy-dependent 

basolateral release mainly through plasma membrane Ca2+ ATPase (Bronner, 2003; Diaz 

de Barboza et al., 2015; Peng et al., 2018) (Figure 6). The paracellular pathway works 

predominantly when the dietary Ca2+ level is high so that there is a favorable [Ca2+] 

gradient across the intestinal epithelium; however, if the luminal [Ca2+] is lower than that 

in the interstitium, only the transcellular pathway will function. The transcellular pathway is 

subject to regulations, among which it is the major target of the active form of vitamin D, 

1,25-dihydroxyvitamin D3 (1,25(OH)2D3) (Bronner, 2003).

Lines of evidence indicate that TRPV6 plays an important role as the Ca2+ entry channel in 

the plasma membrane. TRPV6 was identified as a result of the search of Ca2+-transporting 

proteins in the intestine (Peng et al., 1999; Wissenbach et al., 2001). In fact, many early 

studies demonstrated a strong expression of TRPV6 transcripts in rodent and human 

duodenal tissue (Peng et al., 1999; Peng et al., 2000; Barley et al., 2001; Hoenderop et al., 

2001; Zhuang et al., 2002). The apical localization of the protein on epithelial cells in human 

and mouse-specific GI tissues was confirmed by Zhuang et al. Subsequent characterization 

of TRPV6 deficient mice revealed significant defects in intestinal Ca2+ absorption (Bianco 

et al., 2007; Lieben et al., 2010). Furthermore, as discussed in Section 6, duodenal TRPV6 

expression is highly regulated by vitamin D (Van Cromphaut et al.,2001). A growing 

body of work has resulted in a significant understanding of mechanisms governing Ca2+ 

absorption and the role of TRPV6 in transcellular Ca2+ transport has been recognized in 

several interesting reviews (Bronner, 2003; Suzuki et al., 2008b; Diaz de Barboza et al., 

2015; Moor and Bonny, 2016).
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The paracellular route of absorption is predominant when a high level of Ca2+ is available in 

the diet (Bronner, 2003) (Figure 6, lower panel). The transcellular route, though active under 

such conditions, contributes only to a minor fraction of Ca2+ reabsorption. A high level of 

Ca2+ in the diet generates an ion gradient favoring paracellular transport of Ca2+ across the 

epithelium of the intestine. Under such conditions, the Ca2+ in the lumen of the intestine 

is absorbed via the paracellular route with the ion passively meandering between the tight 

junctions between epithelial cells formed in part by claudins. Indeed, a high level of Ca2+ in 

the diet and sufficient [Ca2+] in the plasma will decrease the synthesis of 1,25(OH)2D3 and 

in turn, downregulates TRPV6 transcription. The calbindin-D9k expression is not directly 

regulated by vitamin 1,25(OH)2D3 but is very much dependent on TRPV6 expression 

(Cui et al., 2012). The decrease in TRPV6 expression will also cause a reduction in 

calbindin-D9k, thus the transcellular pathway of Ca2+ absorption will be downregulated 

when the dietary calcium level is sufficient. More recently the role of Ca2+-sensing receptor 

(CaSR) in the regulation of TRPV6-dependent intestinal Ca2+ absorption has come into 

the picture (Lee et al., 2019b). CaSR in the basolateral membrane of the intestine directly 

attenuates local Ca2+ absorption via TRPV6 to prevent hypercalcemia. When the interstitial 

[Ca2+] level is elevated due to high paracellular Ca2+ absorption, CaSR will be activated 

to inhibit Ca2+ fluxes through TRPV6 as observed using Xenopus oocytes. Thus, high 

dietary Ca2+ may downregulate TRPV6-mediated transcellular Ca2+ absorption through 

CaSR through reducing 1,25(OH)2D3 synthesis thus TRPV6 transcription systemically and 

through inhibiting TRPV6 activity locally (Figure 6).

However, when the [Ca2+] in the lumen of the intestine is lower in comparison to that in the 

plasma, the paracellular pathway is not functional and the transcellular pathway is required 

for Ca2+ absorption (Figure 6, upper panel). The slight reduction in [Ca2+] extracellular 

fluid will initiate parathyroid hormone (PTH) secretion through CaSR and in turn stimulate 

1,25(OH)2D3 synthesis. The increased 1,25(OH)2D3 stimulates intestinal Ca2+ absorption 

through various mechanisms, among which are transcriptional upregulation of TRPV6 and 

calbindin-D9k (see Figure 6, upper panel). Aspects related to vitamin D-mediated regulation 

of TRPV6 and its implications on intestinal reabsorption of Ca2+ will be revisited in Section 

6.1.

Most studies indicate TRPV6 as the major player in 1,25(OH)2D3-mediated intestinal Ca2+ 

absorption, however, other reports have challenged this notion and proposed redundancy of 

TRPV6 in this process (Hoenderop et al., 1999; Peng et al., 2003; Walters et al., 2006; 

Kutuzova et al., 2008; Fleet and Schoch, 2010; Christakos et al., 2011). The transgenic 

expression of TRPV6 under the villin promoter in the intestine rescues the Ca2+ deficiency 

in vitamin D receptor (VDR) knockout mice, strongly supports the role of TRPV6 in 

mediating vitamin D-regulated intestinal Ca2+ absorption (Cui et al., 2012). This does not 

exclude the possibility that alternative Ca2+ channels may also be involved in vitamin 

D-regulated Ca2+ absorption (Kutuzova et al., 2008; Fleet and Schoch, 2010; Christakos et 

al., 2011). In addition to vitamin D and level of Ca2+ in the diet, physiological factors such 

as age, gender, pregnancy, lactation, the level of physical activity, and hormonal influences 

from parathyroid hormone, estrogens, and progesterone strongly influence TRPV6 functions 

(Peng, 2011). We will return to these aspects of TRPV6 regulation in later sections of this 

review where we describe the regulatory mechanisms governing TRPV6 expression.

Khattar et al. Page 19

Gene. Author manuscript; available in PMC 2023 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6.2 Ca2+ Reabsorption in the Kidney

The kinetics of Ca2+ reabsorption in nephrons is dictated by distinct segment-specific 

mechanisms (Blaine et al., 2015; Moor and Bonny, 2016; Peng et al., 2018). The majority 

of Ca2+ is reabsorbed through the paracellular pathways in the proximal tubule and the 

loop of Henle; however, active Ca2+ reabsorption through the transcellular pathway does 

occur in these tubule segments even though the detailed mechanisms are less clear. On the 

other hand, about 5-10% of Ca2+ reabsorption occurs in the distal tubules entirely by the 

transcellular route, and this pathway is thought to be a regulatory mechanism for fine-tuning 

Ca2+ homeostasis in the body. The steps of Ca2+ absorption by the transcellular route are 

similar in the intestine and kidneys. In contrast to the rodent intestine where TRPV6 is 

the major player in the reabsorption of Ca2+, the transcellular reabsorption of this ion in 

the kidney occurs through TRPV5 on the apical membrane of epithelial cells lining the 

distal convoluted tubule and connecting tubule (Hoenderop et al., 2003a; Na and Peng, 

2014). This is followed by the escort of the ion to the basolateral side of epithelial cells 

by Calbindin-D28K. The final step in this pathway entails the basolateral exit of Ca2+ via 

PMCA and Na+/Ca2+ exchanger NCX1 (Blaine et al., 2015; Moor and Bonny, 2016; Peng et 

al., 2018).

TRPV6 mRNA level in mouse fetal kidney is comparable to that of TRPV5; a significant 

decrease in renal TRPV6 occurs at the time of weaning and lasts to the adulthood when 

renal TRPV6 mRNA is about 5 to 10% that of TRPV5 (Song et al., 2003b). Even though 

expressed at a low level in the kidney, TRPV6 plays a role in Ca2+ reabsorption because 

TRPV6 KO mice exhibit hypercalciuria (Bianco et al., 2007). More importantly, in larger 

animals examined, such as horses, the renal mRNA level of TRPV6 appears to be higher 

than that of TRPV5 (Rourke et al., 2010). A recent study with quantitative real-time PCR 

indicated that TRPV6 is the main Ca2+ channel in transcellular Ca2+ transport in the kidney 

of sheep, dogs, and horses (Azarpeykan et al., 2016). In humans, TRPV6 mRNA expression 

is much higher in comparison to TRPV5 in the human kidney (Peng et al., 2001a). Wu 

et al. showed that it is unlikely TRPV5 that is expressed exclusively in the distal tubule, 

TRPV6 is also abundantly expressed in the proximal tubule in the human kidney by IHC 

(Wu et al., 2011). Consistent with this, we observed that TRPV6 mRNA is more abundant in 

the cortex than in the medulla in the human kidney, and TRPV5 shows an opposite pattern 

(unpublished result). Thus, TRPV6 could play a bigger role in Ca2+ reabsorption in large 

mammals including humans than previously envisioned in rodents (Peng, 2011).

6.3 Maternal-Fetal Ca2+ Transport

The placenta plays an indispensable role in supporting the nutritional and mineral 

requirements of the fetus (Lager and Powell, 2012; Brett et al., 2014; Ohata et al., 2016). 

A higher [Ca2+] in fetal blood in comparison to maternal blood necessitates an active 

transcellular transport of this ion during late pregnancy when fetal bone mineralization is 

at its peak (Kovacs and Kronenberg, 1997; Stulc, 1997; Kumar and Kaur, 2017). Placental 

transport of Ca2+ is critical for overall infant bone health and defects in maternal-fetal 

transport are linked to Ca2+ deficiency syndromes and intrauterine growth restrictions 

(Goodfellow et al., 2011; Sharma et al., 2016). The molecular underpinnings of Ca2+ 

transporters linked to this process were unknown until pioneering studies by Suzuki et al 
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demonstrated the role of TRPV6 in this process. More recently the pathological implications 

on fetal skeletal architecture have become apparent with high throughput exome studies 

which are described in the next section.

TRPV5 and TRPV6 expression have been observed in the placenta in multiple studies, 

however, TRPV6 expression is ~1000-fold higher in comparison to TRPV5 (Moreau et al., 

2002a; Bernucci et al., 2006; Stumpf et al., 2008; Suzuki et al., 2008a; Lee et al., 2009; 

Hache et al., 2011; Yang et al., 2013b). TRPV6 is abundantly expressed in trophoblasts 

and syncytiotrophoblasts of the human placenta with both apical and basolateral expression 

being reported for the latter cell type (Wissenbach et al., 2001; Bernucci et al., 2006). 

In mice, TRPV6 mRNA and protein are mainly found in the intraplacental yolk sac and 

the visceral layer of the extraplacental yolk sac (Suzuki et al., 2008a). More importantly, 

TRPV6 expression increases by almost 14-fold during the last 4 days of the murine 

gestational period, coinciding with the peak phase of fetal bone mineralization (Suzuki et al., 

2008a).

The first evidence of the role of TRPV6 in maternal-fetal transport was reported by Suzuki 

et al who demonstrated a 40% reduction in 45Ca2+ transport activity in TRPV6 KO fetuses 

(Suzuki et al., 2008a). The TRPV6 KO mice display a dramatic decrease in the ash weight 

of the fetus indicating the critical role of TRPV6 in this physiological process (Suzuki 

et al., 2008a). TRPV6 expression correlates with the Ca2+ uptake potential of human 

trophoblasts. Furthermore, fluid shear stress (FSS) triggers a TRPV6-mediated Ca2+ influx 

in human trophoblasts (Miura et al., 2015). This process in turn induces microvilli formation 

through the functional activation of Ezrin via Ca2+-dependent Akt phosphorylation (Miura 

et al., 2015). Another study has shown that Cyclophilin B, a member of the immunophilin 

family, associates with TRPV6 in syncytiotrophoblasts and increases its activity in vitro. 

These studies suggest that role of maternal-fetal Ca2+ transport is broadly conserved across 

mammals (Stumpf et al., 2008).

6.4 Epididymal Ca2+ Regulation and Implications on Male Fertility

The precise regulation of ionic milieu in the epididymal lumen is critical for sperm 

maturation and motility (Turner, 2002). The influx of Ca2+ in spermatozoa plays significant 

roles in hyperactivation, chemotaxis, acrosome reactions, transport to the oocyte, and 

fertilization (Rahman et al., 2014). Most importantly, the regulation of [Ca2+] in the 

epididymal lumen is indispensable for proper sperm motility (Ecroyd et al., 2004). 

Weissgerber et al have shown that male fertility in mice is crucially dependent on TRPV6-

mediated reduction of luminal [Ca2+] in the epididymis (Weissgerber et al., 2011). The 

investigators conducted elegant experiments utilizing a mouse model homozygous for 

Trpv6D541A mutation. This substitution in the critical pore-forming residue of TRPV6 

eliminates Ca2+ selectivity and blocks Ca2+ uptake. Male mice harboring this nonfunctional 

TRPV6 on the epididymal epithelium were found to have severely impaired fertility. Closer 

examination revealed that in comparison to WT mice, mice harboring nonfunctional TRPV6 

exhibited 10 times higher [Ca2+] in the epididymal lumen, and 45Ca2+ uptake from was 

concomitantly reduced by 7-to-8 folds. This increase in epididymal luminal [Ca2+] in cauda 

epididymis leads to significant defects in motility, fertilization capacity, and viability of 
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sperms in Trpv6D541A mice. Not surprisingly, the observed male fertility defects observed in 

Trpv6D541A homozygous mice were mirrored in Trpv6−/− mice (Weissgerber et al., 2012).

A recent study suggests that TRPV6 works in a concerted fashion with chloride channel 

transmembrane manner 16 A (TMEM16A) to reduce the [Ca2+] in the epididymal lumen 

(Gao da et al., 2016). The study showed that the Ca2+ influx in epididymal principal cells 

through constitutively open TRPV6 channels induces a local rise in intracellular Ca2+ levels. 

This subsequently depolarizes the apical membrane of the epididymis and triggers Ca2+-

activated chloride conductance (CaCC) channel TMEM16A which acts to bring membrane 

potential back to normal; thereby facilitating the subsequent reduction of [Ca2+] in the 

epididymal lumen (Gao da et al., 2016). Proteomic analysis by Lin et al have shown that 

TRPV6 is markedly reduced in the seminal extracellular vesicles and ejaculated spermatozoa 

of asthenozoospermic patients, suggesting that the protein could be contributing to multiple 

aspects of male fertility (Lin et al., 2019).

6.5 Bone and Cartilage Health

The bone relies on Ca2+ absorption from the intestine and Ca2+ reabsorption in the kidney 

to maintain an adequate supply of Ca2+ required to maintain skeletal integrity (Lieben and 

Carmeliet, 2012). Indeed, 99% of the body’s Ca2+ is stored in the bone. Since the majority 

of Ca2+ absorption in the intestine occurs through the paracellular route, the loss of TRPV6 

and the accompanying defect in Ca2+ transcellular transport is not severe enough to induce 

bone loss or cause architectural damage when Ca2+ is sufficiently high in the diet (Lieben et 

al., 2010; Lieben and Carmeliet, 2012). However, when dietary Ca2+ is insufficient, normal 

serum Ca2+ levels in TRPV6 KO mice are maintained at the expense of bone (Lieben et al., 

2010; Lieben and Carmeliet, 2012).

TRPV6 is expressed at low levels in osteoblasts and osteoclasts (Lieben et al., 2010; Little et 

al., 2011; Lieben and Carmeliet, 2012) whereas TRPV5 is present only on osteoclasts (van 

der Eerden et al., 2005). Evidence regarding the role of TRPV6 in the differentiation and 

function of these cell types is confounding. The prevailing body of literature suggests that 

TRPV6 plays an important role in osteoclasts but not in osteoblasts (Lieben et al., 2010; 

Little et al., 2011; Lieben and Carmeliet, 2012). Three different studies have demonstrated 

that TRPV6 does not play a role in Ca2+ uptake or mineralization in osteoblasts (Little et al., 

2011; van der Eerden et al., 2012; Munson et al., 2019). Chen et al have shown that TRPV6 

depletion results in increased osteoclasts differentiation (Chen et al., 2014a) whereas TRPV5 

is essential for proper osteoclastic bone resorption (van der Eerden et al., 2005).

Although the role of TRPV4 in chondrocyte function has been established, the role of 

TRPV6 in this context has only recently come to light (Song et al., 2017; Mobasheri et 

al., 2019). Experiments using a rat osteoarthritis (OA) model have shown that TRPV6 

plays a pleiotropic role in chondrocyte biology (Song et al., 2017). TRPV6 significantly 

affects chondrocyte cell proliferation and apoptosis. TRPV6 contributes significantly to 

extracellular matrix secretion and the release of matrix-degrading enzymes from rat 

chondrocytes.
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6.6 Embryo-Implantation and Maintenance of Pregnancy

Given the continuum of the placenta as a specialized organ that develops within the uterus, 

the expression of TRPV6 in uterine and endometrial tissues is not surprising. Uterine and 

endometrial expression of TRPV6 has been observed in birds (Yang et al., 2013c), mice 

(Lee and Jeung, 2007; De Clercq et al., 2017), rats (Kim et al., 2006), dogs (Kim et al., 

2011), pigs (Choi et al., 2009), cows (Sprekeler et al., 2012), and humans (Yang et al., 

2011). TRPV6 mRNA in the rodent is expressed in placenta-unattached areas of the uterus 

and the labyrinth and spongy zone of the placenta (Lee et al., 2009). Uterine TRPV6 

immunoreactivity has been seen in luminal and glandular epithelial cells. TRPV6 expression 

in uterus peaks at pregnancy day (P) 0.5, P5.5, and P13.5 while placental expression 

increases until mid-gestation. The expression of TRPV6 in the uterus is thought to be 

hormonally regulated by 17β-estradiol and progesterone in rodents (Lee et al., 2009).

Overall, four lines of evidence suggest the involvement of TRPV6 in embryo-implantation 

and maintenance of pregnancy in mammals: a) juxtaposition of uterine and placental 

expression, b) pregnancy-stage-dependent cyclical changes in expression, c) the contribution 

of the estrous cycle in the modulation of TRPV6 in mammals, and d) stringent regulation 

of channel expression by sex hormone (described in section 8.2) (Kim et al., 2006; 

Choi et al., 2009; Lee et al., 2009; Yang et al., 2011; Tran et al., 2018). Notably, 

downregulation of TRPV6 expression and a concomitant decline in Ca2+ transport in 

the mammalian syncytiotrophoblasts is thought to alter the oxygen perfusion of placental 

tissues; a perturbation which in turn has been linked to the development of preeclampsia 

(Hache et al., 2011; Yang et al., 2013a; Yang et al., 2013b; Yang et al., 2015).

6.7 Keratinocyte Differentiation

The epidermis has a Ca2+ gradient, with the lowest concentrations in the stratum basal 

and the highest in the granulosum stratum (Floriana et al., 2014). The Ca2+ gradient 

within the epidermis promotes sequential differentiation of keratinocytes as they cross the 

multiple layers of the epidermis to form stratum corneum (Bikle et al., 2012). Keratinocytes 

cultured in low [Ca2+] remain proliferative but fail to differentiate unless they are moved to 

more conducive conditions with elevated [Ca2+] (Bikle et al., 2012; Floriana et al., 2014). 

Therefore, keratinocytes differentiation requires a Ca2+ switch, a process that triggers an 

influx of Ca2+ in keratinocyte and triggers transcriptional changes and signaling cascade 

necessary for processes such as desmosome formation, stratification, and cornification. 

These observations prompted investigations into membrane mechanisms that can regulate 

Ca2+ entry and trigger keratinocyte differentiation (Bikle et al., 2012; Floriana et al., 2014). 

The role of TRPV6 in the skin was alluded by earlier studies by Hediger and coworkers who 

reported that TRPV6 KO mice had thinner layers of stratum corneum (Bianco et al., 2007). 

The mice displayed a decreased total Ca2+content and loss of the normal Ca2+ gradient. 

Furthermore, alopecia and dermatitis were observed in more than 20% of all TRPV6 KO 

mice (Bianco et al., 2007).

Despite these early observations, a mechanistic basis of these phenotypes was not 

appreciated until studies by Lehen'kyi et al demonstrated the critical role of TRPV6 

in Ca2+-influx-mediated keratinocyte differentiation (Lehen'kyi et al., 2007a). Lehen'kyi 
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et al found that TRPV6 knockdown impairs Ca2+-mediated differentiation of human 

primary keratinocytes and downregulates differentiation markers such as involucrin, 

transglutaminase-1, and cytokeratin-10. Mechanistic experiments indicated that 1,25-

dihydroxyvitamin-D3-induced upregulation of TRPV6 in keratinocytes is the critical event 

for triggering a Ca2+ influx and orchestrating differentiation-specific pathways (Lehen'kyi 

et al., 2007a). The authors also reported in a separate report that Avene Thermal Spring 

Water (TSW), a formulation suspected to provide benefits in dermatological diseases, 

induces a constitutive influx of Ca2+ and concomitantly accelerates differentiation of human 

keratinocytes (Lehen'kyi et al., 2011b). A compromised ability to regulate intracellular 

[Ca2+] due to TRPV6 downregulation in keratinocytes has been linked to the development of 

psoriatic epidermis (Cubillos and Norgauer, 2016).

6.8 Role in the Inner Ear

Modulation of [Ca2+] in the vestibular labyrinth is critical for normal hearing and balance 

(Ceriani and Mammano, 2012). The low [Ca2+] in the lumen of mammalian endolymph in 

the inner ear is required for normal hearing and balance (Yamauchi et al., 2010). Studies 

by Marcus et al suggest that both TRPV5 and TRPV6 play a role in the function of the 

inner ear by modulating Ca2+ gradient in the inner ear (Yamauchi et al., 2005; Nakaya 

et al., 2007; Wangemann et al., 2007; Yamauchi et al., 2010). Several expression studies 

have demonstrated the expression of TRPV5 and TRPV6 in several regions of the inner 

ear (Yamauchi et al., 2005; Nakaya et al., 2007; Wangemann et al., 2007; Yamauchi et al., 

2010). TRPV5 and TRPV6 are expressed in primary cultures of (SCCD) epithelial cells 

from neonatal rats (Yamauchi et al., 2010). TRPV5 mRNA but not protein is upregulated 

following treatment with 1,25(OH)2D3 (Yamauchi et al., 2005). In rats, TRPV5/6 and Ca2+ 

transport proteins are expressed in multiple regions of the vestibular system including native 

SCCD, inner sulcus cells of the cochlea, cochlear lateral wall, and stria vascularis (TRPV5 

only) (Yamauchi et al., 2005; Nakaya et al., 2007; Wangemann et al., 2007; Yamauchi et al., 

2010). TRPV5 protein is believed to be localized on the apical membrane of strial marginal 

cells (Yamauchi et al., 2010). Age-dependent decline in TRPV5 and TRPV6 expression in 

mouse inner ear has been verified by immunostaining (Takumida et al., 2009).

7 Role in Human Diseases

7.1 Nephrolithiasis

Hypercalciuria is one of the most recognized risk factors for stone formation. Two important 

types of calciuria which are important in the context of Ca2+-selective channels TRPV5/6 

are absorptive hypercalciuria and renal-leak hypercalciuria (Worcester and Coe, 2008). In 

contrast to renal-leak hypercalciuria caused by defects in reabsorption of Ca2+ in kidneys, 

absorptive hypercalciuria is caused by excessive Ca2+ absorption in the intestine. Since 

TRPV5 is considered the gatekeeper of transcellular Ca2+ reabsorption in kidneys whereas 

TRPV6 acts the key Ca2+-transporter in the intestine; the TRPV5 and TRPV6 channels are 

potentially linked to renal-leak hypercalciuria and absorptive hypercalciuria, respectively. 

Recently, an L530R variation (rs757494578) in TRPV5 was found to be associated with 

recurrent kidney stones in 2636 individuals from a founder population in Iceland (Oddsson 

et al., 2015), and the L530R is dysfunctional when expressed Xenopus oocytes (Wang et 
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al., 2017). This suggests that the dysfunction of TRPV5 likely contributes to kidney stone 

formation. Given the fact that TRPV6 KO mice display hypercalciuria and TRPV6 appear 

to play a more significant role in the reabsorption of Ca2+ in larger mammals including 

humans, it is possible that TRPV6 also contributes to stone formation directly if its function 

is impaired.

The support for the role of TRPV6 in renal stone formation comes from sequencing studies 

conducted on a cohort of 170 patients in Switzerland (Suzuki et al., 2008d). The studies 

revealed that the frequency of TRPV6 gain-of-function haplotype is significantly higher in 

Ca2+-stone formers. These results coupled with observed hypercalciuria phenotypes from 

animal studies suggest correlations between derived TRPV6 haplotype as a potential risk 

factor for absorptive hypercalciuria. Interestingly TRPV6 mRNA is higher than TRPV5 

in human kidneys (Peng et al., 2001a). Furthermore, proximal tubule and distal tubule 

in human kidneys express high levels of TRPV6 protein (Wu et al., 2011). The lower 

incidence of kidney stone diseases in African Americans coupled with the relatively higher 

prevalence of ancestral haplotype suggests a theory under which the haplotype confers 

an advantage of increased Ca2+ reabsorption in this demographic. In fact, evidence from 

two studies suggests that three SNPs on TRPV6; namely C157R, M378V, and M681T 

were positively selected during human evolution and confer a selective advantage to 

specific demographics (Suzuki et al., 2008d). The nature of evolutionary advantage remains 

speculative but biophysical characterization of “divergent TRPV6” revealed enhancement in 

Ca2+-dependent inactivation – a property that would translate to increased Ca2+ uptake and 

could, in theory, lead to hypercalciuria. Despite these hints from biophysical studies, the 

reason for the positive selection of these SNPs remains enigmatic (Fecher-Trost et al., 2014).

7.2 Fetal Skeletal Integrity and Transient Neonatal Hyperparathyroidism

The indispensability of TRPV6 in the maternal-fetal Ca2+ transport by the placenta was 

recently corroborated by a recent study by Fecher-Trost et al (Fecher-Trost et al., 2019). The 

investigators showed that deficiency of TRPV6 in the placenta compromises Ca2+ transport 

across trophoblast and leads to reduced embryo growth, induces bone calcification, and 

impairs bone development in mice (Fecher-Trost et al., 2019). Similarly, a loss-of-function 

TRPV6 mutation in zebrafish called “matt-und-schlapp” leads to a more than 65% reduction 

in Ca2+ content and results in bone mineral defects induced by a reduction of Ca2+ uptake by 

the yolk sac and gills (Vanoevelen et al., 2011).

Recent exome sequencing studies have revealed that skeletal defects in transient neonatal 

hyperparathyroidism (TNHP) are a result of insufficient maternal-fetal transport caused 

by pathogenic genomic variants of TRPV6 which presumably alter the plasma membrane 

localization of the protein (Yamashita et al., 2019) (Table 4). Similarly, a genomic analysis 

of an infant with severe antenatal onset thoracic insufficiency displaying dramatic skeletal 

abnormalities indicated the critical importance of TRPV6 in maternal-fetal transport in 

maintaining the skeletal architecture of the fetus (Burren et al., 2018). The study showed 

that compound heterozygous TRPV6 variants lead to undermineralization and dysplasia 

of the fetal skeleton. Bioinformatic studies revealed that phenotype was a result of 

maternally inherited missense variant, c.1978G > C p. (G660R), and paternally inherited 
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nonsense variant, c.1528C > Tp. (R510Ter). These variants are hypothesized to cause steric 

clashes between important residues in the protein and alter TRPV6 tetramer stability. The 

investigators also reported the presence of abnormal bone architecture in a post-mortem 

histology report of this case (Mason et al., 2020).

Six variations have been reportedly linked to transient neonatal hyperparathyroidism: 

C212Y, I223T, R425Q, G428R, G451E, and R483W (Suzuki Y, 2018) (Table 4). Based 

on their positions in TRPV6 protein and their effects on the function of TRPV6 (Table 

4), the variations can be divided into three groups. Group 1 contains R425Q, G428R, and 

R483W, which are located in transmembrane (TM) helices (R425Q and G428R in TM2, 

and R483W in TM3). These variations impair the ability of TRPV6 protein to reach the 

plasma membrane. Group 2 contains C212Y and I223T, which lie in the fourth ankyrin 

(ANK) repeat domain. These variations decrease the function of TRPV6 in the plasma 

membrane, thus the possibility that these variations may affect the localization of TRPV6 

to the plasma membrane cannot be excluded. However, since ankyrin repeats have been 

reported to be critical for protein folding, these variations in ANK4 more likely lead to the 

abnormal structure of TRPV6 and result in the degradation of TRPV6 as a consequence 

of cellular protein quality-control mechanisms. These two groups of variations reduce the 

function of TRPV6, which ultimately reduces the maternal-fetal Ca2+ transport. Group 3 

contains variation G451E, which is located in the intracellular loop between TM2 and TM3. 

In contrast to the other variations, the G451E variation increases the intracellular [Ca2+], 

which causes the overload of intracellular Ca2+ and cell death.

7.3 Chronic Pancreatitis

TRPV6 is highly expressed in exocrine organs such as the pancreas, prostate, mammary 

glands, sweat glands, and salivary glands (Zhuang et al., 2002; Peng, 2011; Fecher-Trost et 

al., 2014). It is plausible that this expression highlights a mechanism for replenishing Ca2+ 

stores of exocrine cells that release a copious amount of fluids along with secretory vesicles 

(Peng, 2011). Despite the early characterization of high expression of TRPV6 in exocrine 

organs and the elucidation of its role as a Ca2+-selective channel, the functional relevance 

of TRPV6 expression in exocrine organs, particularly the pancreas remains speculative 

(Zhuang et al., 2002; Peng, 2011; Fecher-Trost et al., 2014). However, accumulating 

evidence in the recent past indicates that naturally occurring TRPV6 loss of function 

variants predisposes certain demographics to chronic pancreatitis (CP) by impairing calcium 

homeostasis in the pancreatic cells (Table 4) (Masamune et al., 2020; Zou et al., 2020).

To assess if changes in pancreatic calcium levels are involved in the development of 

chronic pancreatitis, Masamune et al initiated their studies by systematically investigating 

the association of early-onset CP in non-alcoholic patients aged ⩽20 (Masamune et al., 

2020). Whole-exome sequencing-based comparison of DNA data from index patients with 

idiopathic CP and their parental controls led to the identification of 2 variants: a de novo 
heterozygous c.970G>A (p.D324N) variant and a rare maternally-inherited nonsynonymous 

variant c.629C>T (p.A210V). The investigators then conducted confirmatory sequencing 

studies in three independent cohorts that included patients and controls from Japan (CP, 

N=300; controls, N=1070), France (CP, N=470; controls, N=570), and Germany (CP, 
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N=410; control N=750). The analysis of sequencing data from Japanese patients revealed 

the presence of 33 missense and 2 nonsense variants spread across 4.3% (13/300) of CP 

patients in comparison to a frequency of 0.1% (1/1070) in controls ([OR], 48.4; 95% CI: 

6.3-371.7; P=2.4 × 10−8). In this cohort, 9.7% of patients with early-onset CP had at least 1 

TRPV6 defective function variant (Masamune et al., 2020).

Similarly, TRPV6 dysfunctional variants were also overrepresented in German and French 

CP patients in comparison to controls in their respective groups (2.2% vs 0.0%; P=.0001 

and 1.9% vs 0.0%; P=.00075, respectively) (Masamune et al., 2020). Forced expression 

of functionally defective TRPV6 in HEK293 showed that Ca2+ uptake activity and/or 

protein expression was severely compromised in many mutants. As an in vivo validation 

to this hypothesis, the investigators also demonstrated that Cerulein-Induced Pancreatitis 

was exacerbated in TRPV6mut/mut mice. The studies suggested that p.L299Q and p.D324N 

mutations constitutively suppress TRPV6 activity potentially by blocking the channel pore 

(Masamune et al., 2020). More recently, another study identified a set of 25 TRPV6 variants 

that are associated with CP in Chinese patients (Zou et al., 2020). In agreement with studies 

by Masamune et al, the study showed that loss of function TRPV6 variants in this set 

of identified variants predispose the Chinese population to CP. Overall, these studies by 

showing a strong global association early-onset nonalcoholic CP and TRPV6 dysfunction 

open up a new avenue of investigation. These studies harbinger a deeper mechanistic 

understanding of Ca2+ uptake in ductal cells as well as in acinar cells of the pancreas, 

an area which could be promising for developing personalized medicine strategies for 

therapeutic management of CP in patients harboring TRPV6 loss of function mutations 

(Masamune et al., 2020).

7.4 Bone Diseases

The importance of TRPV6 in fetal bone mineralization by its Ca2+-absorptive role in the 

placenta is well established and has been described previously in this review (Suzuki et 

al., 2008a; Suzuki et al., 2018). Given the critical importance of Ca2+ in maintenance 

and regulation of bone mineral density, previously suggested links between Ca2+-selective 

channels TRPV5/6 and osteoporosis in the literature are not surprising (Suzuki et al., 2008b; 

Tai et al., 2015). Notably, Ca2+ and vitamin D supplementation is a common strategy for 

the management of osteoporosis (Sunyecz, 2008). The hormone estrogen which is known 

to contribute significantly to pathogenesis of osteoporosis also regulates the expression 

of TRPV5 and TRPV6 (Van Cromphaut et al., 2003; Chen et al., 2014b; Levin et al., 

2018; Li et al., 2019). Estrogen deficiency in postmenopausal women is linked to the 

development and progression of osteoporosis (Levin et al., 2018). In this regard, the lower 

Ca2+ absorption seen in older postmenopausal women is attributed to reduced TRPV6 

and VDR expression (Walters et al., 2006). Furthermore, the loss of TRPV5 abrogates 

the inhibitory effects of estrogen on osteoclasts differentiation and bone resorption activity 

(Chen et al., 2014b).

Importantly, TRPV6 KO mice display osteoporosis-like symptoms such as hypercalciuria 

and reduced bone mineral density (Bianco et al., 2007; Suzuki et al., 2008b; Lieben et al., 

2010; Lieben and Carmeliet, 2012). Eldecalcitol, a vitamin D analog approved for treatment 
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for osteoporosis in Japan is known to upregulate TRPV6 expression in the intestine (Saito 

and Harada, 2014). Insights from rodent experiments hypothesize that restoration of Ca2+ 

reabsorption through the anti-depressant-mediated rescue of TRPV6 expression could be a 

potential strategy for reducing the severity of stress-induced osteoporosis (Charoenphandhu 

et al., 2012). Perhaps the most compelling evidence regarding the role of TRPV6 in 

osteoporosis comes from preclinical observations demonstrating the efficacy of the C-

terminal portion of Soricidin in the treatment of bone resorptive diseases (Stewart, 2020). 

Despite multiple lines of evidence suggesting links between TRPV6 and osteoporosis, 

a compelling mechanistic understanding of this process is lacking and is an exciting 

unexplored avenue of research in the field.

Hereditary vitamin D–resistant rickets (HVDRR, or VDR-resistant rickets type 

II) is characterized by rickets, hypophosphatemia, hypocalcemia, and secondary 

hyperparathyroidism. Alopecia is frequently observed in early-onset HVDRR (Suzuki et 

al., 2008b). Mutations in the VDR gene are thought to be the primary cause of this disorder, 

although in select instances the etiology of the diseases has remained elusive. For instance, 

in 200 HVDRR-affected children in Colombia and for a patient identified in England, no 

VDR-associated mutations could be identified. These etiological gaps and the high degree of 

similarity between HVDRR disease symptoms and observed phenotypes in TRPV6 KO and 

TRPV5/1-α-OHase double-KO mice have led experts in the field to hypothesize a possible 

pathological connection between the disease and TRPV6. Interestingly HVDRR patients 

treated with high-dose of Ca2+-rich diet exhibit partial recovery which supports further 

exploration of this hypothesis (Suzuki et al., 2008b).

Recent observations indicate that perturbing the chondroprotective role of TRPV6 may be 

linked with Osteoarthritis (OA) pathogenesis (Song et al., 2017). The most compelling 

evidence for this hypothesis comes from the observation that TRPV6 knockout mice display 

multiple OA phenotypes such as cartilage fibrillation, eburnation, and loss of proteoglycans.

7.5 Reproductive Diseases

The well-established role of TRPV6 in regulation of Ca2+ in the epididymal in murine 

models suggests that protein is critical for male fertility in mammals, although there is 

no evidence for such a connection in humans (Weissgerber et al., 2011). Nevertheless, 

proteomic analysis by Lin et al have shown that TRPV6 is markedly reduced in the 

seminal extracellular vesicles and ejaculated spermatozoa of asthenozoospermic patients, 

suggesting that the protein could be contributing to multiple aspects of male fertility 

(Lin et al., 2019). The role of TRPV6 in maternal-fetal Ca2+ transport and its abundant 

expression in reproductive organs has prompted investigators to examine the role of this 

channel in Preeclampsia. Notably, downregulation of TRPV6 expression and a concomitant 

decline in Ca2+ transport in the mammalian syncytiotrophoblasts is thought to alter the 

oxygen perfusion of placental tissues; a perturbation which in turn has been linked to the 

development of preeclampsia (Hache et al., 2011; Yang et al., 2013a; Yang et al., 2013b; 

Yang et al., 2015).
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7.6 Pendred Syndrome

TRPV5 and TRPV6 dysfunction have been linked to Pendred syndrome – a genetic disorder 

which causes one of the most common syndromic deafness in children. The disease is 

caused by mutations in gene Slc26a4 which compromise the function of the encoded protein 

pendrin - an anion Cl−/HCO3 −exchanger expressed in the inner ear, the thyroid, and 

the kidney. This loss-of-function and the accompanying reduction in pH of mammalian 

endolymph is believed to inhibit Ca2+ absorption through acid-sensitive channels TRPV5 

and TRPV6. The luminal acidification of vestibular endolymph and the concomitant 

increase in endolymphatic [Ca2+] is believed to compromise hearing abilities in two ways; a) 

by inhibiting sensory transduction necessary for hearing and b) promoting the degeneration 

of the sensory hair cells. In support of this hypothesis, Dror et al have speculated that 

inhibition of TRPV5 and TRPV6 due to luminal acidification of vestibular endolymph could 

also contribute to Ca2+ oxalate stone formation in the inner ear (Dror et al., 2011). On the 

other hand, a recent contradictory report has demonstrated that TRPV6 is not involved in 

hair cell mechanotransduction of mouse cochlea (Morgan et al., 2018).

7.7 Cancer Progression

The role of TRPV6 in cancer progression has been widely studied and has been recently 

summarized in an independent review by J.M. Stewart and previously by Lehen’kyi and 

co-investigators (Lehen'kyi et al., 2012; Stewart, 2020). TRPV6 overexpression in human 

malignancies is now well established (see Table 5). Accumulating evidence has confirmed 

that TRPV6 overexpression occurs both at the level of mRNA and protein (see Table 

5). TRPV6 is intimately linked to tumor aggressiveness and its expression is elevated in 

prostate, breast, thyroid, colon, and ovarian carcinomas relative to normal tissues (Peng et 

al., 2001b; Zhuang et al., 2002).

More than 90% of ovarian, prostate, and pancreatic cancers consistently exhibit TRPV6 

overexpression (Cerami et al., 2012; Gao et al., 2013; Stewart, 2020). Not surprisingly, 

the TRPV6 gene has been long recognized as a conventional oncogene and the channel 

itself is considered an oncochannel (Lehen'kyi and Prevarskaya, 2011; Huber, 2013; Stewart, 

2020). Mechanistic insights on the exact role of TRPV6 in cancer progression are not 

entirely clear, although, it has been shown that TRPV6 mediates constitutive Ca2+ influx 

into epithelial cells to continuously suppress IGF1 receptor-mediated Akt-mTOR and Erk 

signaling to maintain cell quiescence (Xin et al., 2019). This finding is important with a 

mechanistic viewpoint since more than 90% of human cancers arise in epithelial tissues and 

aberrant cellular proliferation resulting from cell-cycle reactivation of quiescent cells is a 

long-recognized hallmark of cancer. Transfection of TRPV6 induces Ca2+-dependent cell 

proliferation in HEK293 cells (Xin et al., 2019). It is suspected that TRPV6 mediates cancer 

progression by triggering Ca2+-entry induced aberrations in molecular drivers regulating 

processes such as cell cycle, apoptosis, and migration thereby conferring proliferative and 

survival advantages (Lehen'kyi and Prevarskaya, 2011). In this section, we examine the 

implications of TRPV6 overexpression and dysfunction in cancer progression.

7.7.1 Prostate Cancer—In prostate cancers, TRPV6 expression correlates strongly 

with pathological stage, tumor grade, extra-prostatic invasion, lymph node metastasis, and 

Khattar et al. Page 29

Gene. Author manuscript; available in PMC 2023 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



resistance to androgen-targeted therapies (Peng et al., 2001b; Wissenbach et al., 2001; 

Zhuang et al., 2002; Fixemer et al., 2003). In contrast, TRPV6 is low and sometimes 

undetectable in benign prostate tissue and benign prostate hypertrophy samples, prompting 

investigators to classify it as a prognostic marker for advanced prostate cancer (Peng et al., 

2001b; Fixemer et al., 2003). Similarly, TRPV6 mRNA is increased in prostate cancer cell 

lines (LNCaP and PC-3) in comparison to normal prostate epithelial cells PrEC and BPH 

(Peng et al., 2001b).

Knockdown of TRPV6 in LNCaP cells decreases proliferation rate, S-phase accumulation, 

and expression of tumor marker proliferating cell nuclear antigen (PCNA) expression 

(PCNA) (Lehen'kyi et al., 2007b). Early attempts to identify store-operated Ca2+ channels 

(SOCs) that mediate Ca2+ entry in prostate cancer cells indicated TRPV6, TRPC1, TRPC3 

as potential candidates for this process (Pigozzi et al., 2006). Later it was confirmed 

that Ca2+-uptake in prostate cancer line LNCaP and neuroendocrine tumor (NET) cells 

is mediated by TRPV6 and is accompanied by downstream activation of the nuclear factor 

of activated T cells (NFAT) (Lehen'kyi et al., 2007b; Skrzypski et al., 2016). However, 

contrasting evidence questions the SOC-mediated mechanism of TRPV6 in the context 

of cancer progression (Bodding et al., 2003). It is possible that TRPV6 acts as a SOC 

but cooperates with other related channels to fuel cancer progression through pleiotropic 

mechanisms. For instance, the SOCs Orai1 promotes TRPV6 trafficking (among other TRP 

channels) to the plasma membrane, and concomitantly increases cell proliferation, reduces 

apoptosis, and induces chemotherapeutic resistance in prostate cancer cells (Raphael et al., 

2014). Furthermore, Increased expression of TRPV5, TRPV6, Orai2, and some other TRPC 

channels is correlated to a lower risk of systemic recurrence after radical proctectomy, 

independently of the prostate-specific antigen (PSA) level, percentage of positive biopsies, 

and surgical margin status. These findings highlight the potential of TRPV6 as a potential 

cancer biomarker when measured in conjunction with other biomarkers (Raphael et al., 

2014; Perrouin-Verbe et al., 2019).

Store-operated Ca2+ current is downregulated during differentiation of LNCaP cells into 

an androgen insensitive and apoptotic-resistant neuroendocrine phenotype (Fixemer et al., 

2003). Furthermore, the preferential expression of intermediate-conductance-Ca2+-activated 

K+ channels is thought to hyperpolarize cancer and promote TRPV6-mediated Ca2+ entry 

and proliferation of cancer cells (Lallet-Daher et al., 2009). Indeed, a reduction in cytosolic 

Ca2+ entry through blockade of the K+ channel blunts the proliferation of prostate cancer 

cells (Lallet-Daher et al., 2009). Another report by Kim et al has indicated that TRPV6 

interactions with the tumor suppressors Numb and PTEN are an important determinant of 

cytosolic Ca2+ influx in prostate cancer cells (Kim et al., 2014).

The role of TRPV6 in androgen-insensitivity was implicated based on early observations 

showing an absence of TRPV6 expression in prostate cancer cell lines DU-145 and PC-3 

(androgen-insensitive) in contrast to its high expression in LNCaP (androgen-sensitive) 

(Peng et al., 2001b; Fixemer et al., 2003). Similarly, TRPV6 is expressed in androgen-

insensitive prostatic lesions whereas its expression is almost undetectable in healthy 

prostate tissue and benign prostatic hyperplasia (Wissenbach et al., 2001). Androgen 

receptor (AR) antagonist bicalutamide increases TRPV6 expression whereas AR agonist 
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dihydrotestosterone inhibits TRPV6 expression (Bodding et al., 2003; Vanden Abeele et al., 

2003). Paradoxically, AR knockdown reduces TRPV6 mRNA and TRPV6 protein levels 

(Lehen'kyi et al., 2007b). Despite evidence suggesting TRPV6 involvement in androgen 

insensitivity, no androgen response elements (ARE) have been mapped on the TRPV6 gene 

promoter, although the presence of a partial ARE on position −13,232 of the TRPV6 gene 

has been recently proposed (Wilson et al., 2016; Stewart, 2020).

The existence of coupled polymorphisms in the TRPV6 gene and the observed higher risk 

of prostate cancer in African-Americans prompted Kessler et al to investigate if differences 

in frequencies of ancestral and derived alleles contribute to prostate cancer risk. The study 

found that although ethnic differences in allele frequency exist between Caucasians and 

African-Americans, no correlations exist between allele frequencies and prostate cancer 

aggressiveness (Kessler et al., 2009). However, the sample size from African descendants is 

small in that study, further investigations are needed to confirm this result.

7.7.2 Breast Cancer—TRPV6 role has been implicated in breast cancer progression 

and therapeutic resistance to endocrine-targeted therapies (So et al., 2020; Stewart, 2020). 

Among all TRPV channels, TRPV6 has the most pronounced and varied overexpression in 

different breast cancer subtypes with Basal-like and HER2-enriched subtypes displaying the 

highest TRPV6 expression (So et al., 2020). TRPV6 is aberrantly overexpressed in breast 

adenocarcinomas and ductal adenocarcinoma in comparison to normal breast tissue (Bolanz 

et al., 2008; Dhennin-Duthille et al., 2011). TRPV6 mRNA is upregulated 2-to-15 folds in 

breast cancer tissue in comparison to normal breast tissue (Bolanz et al., 2008). TRPV6 

expression is upregulated by estrogen, progesterone, and estradiol in breast cancer cell line 

T47D. In agreement with these observations, the estrogen receptor antagonist Tamoxifen 

reduces TRPV6 expression in T47D cells (Bolanz et al., 2008).

Interestingly, Tamoxifen also inhibits Ca2+ transport activity of TRPV6 in both ER-positive 

breast cancer cell line MCF-7 as well as in ER-negative line MDA-MB-231 (Bolanz et al., 

2009). Estrogen receptor antagonist, ICI 182,720 does not rescue TRPV6 inhibition and 

downstream defects in Ca2+ transport activity induced by Tamoxifen. On the other hand, 

activation of protein kinase C blocks Tamoxifen-induced inhibition of TRPV6 activity and 

Ca2+-uptake defects. These observations highlight TRPV6 as a potential target for both 

ER+ and ER− breast cancers (Bolanz et al., 2009). Indeed, RNAi mediated knockdown of 

TRPV6 inhibits migration and invasion of MDA-MB-231 cells (Dhennin-Duthille et al., 

2011). In contrast, the gain of function mutation R532Q in TRPV6 increases migration and 

invasion of both MCF-7 and MDA-MB-231 cells (Cai et al., 2021). More recent studies 

shown that ZFHX3 appears to play important roles in intracellular Ca2+ homeostasis in 

untransformed mammary epithelial cells, at least in part, by regulating TRPV6 (Zhao et al., 

2019). Adequate TRPV6 expression is necessary to maintain mammary epithelial integrity 

and the level of epithelial mesenchymal transition markers, suggesting the involvement of 

TRPV6 in mesenchymal invasion of breast cancer cells (Kärki et al., 2020). It remains to 

be seen if dysfunction in this aspect of TRPV6 regulation is linked with the neoplastic 

transformation of mammary epithelial cells.
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7.7.3 Colorectal Cancer—TRPV6 overexpression is associated with early-stage colon 

cancer (Peleg et al., 2010). The knockdown of TRPV6 in colon cancer inhibits cancer 

cell proliferation and induces apoptosis (Peleg et al., 2010). In a Citrobacter rodentium-

induced transmissible murine colonic hyperplasia (TMCH) model, a 10-to-20-fold increase 

in TRPV6 was observed following the induction of colonic hyperplasia (Peleg et al., 2010). 

TRPV6 overexpression and colonic hyperplasia in this model were abrogated by a high-Ca2+ 

diet, hinting towards a potential chemo-preventive role of TRPV6 colon cancer progression 

(Peleg et al., 2010). Although TRPV6 overexpression correlates to tumor aggressiveness in 

multiple cancers, high dietary Ca2+ intake by itself is thought to play a chemopreventive 

role in colon cancer (Zhang and Giovannucci, 2011). In this regard, curcumin, an established 

chemopreventive agent is known to induce an increase in TRPV6 expression through the 

VDR-dependent mechanism hinting that part of curcumin chemopreventive action in colon 

cancer could be through Ca2+influx (Bartik et al., 2010).

Until recently, the mechanism dictating the role of TRPV6 in colon cancer was unknown. 

However, recent studies have shed some light on the possible role of TRPV6 in colon cancer. 

It appears that mutations in CaM-binding domains of TRPV6 channels confer invasive 

properties to colon adenocarcinoma cells (Arbabian et al., 2020). Another study utilizing 

the colorectal cell line SW480 has suggested that p38α and GADD45α enhance vitamin D 

signaling to upregulate TRPV6 expression in colon cancer cells (Ishizawa et al., 2017). In 

this regard, TRPV6-dependent amplification of IGF-induced PI3K-PDK1-Akt signaling in 

human colon cancer has been put forth as another mechanism that mediated colon cancer 

development (Dai et al., 2014).

7.7.4 Pancreatic Cancer—TRPV6 is up-regulated in primary cancer tissues from 

pancreatic cancer patients, although a recent study has also documented a decrease in 

TRPV6 expression in a 3D-model of of pancreatic ductal adenocarcinoma (PDAC) (Song et 

al., 2018; Tawfik et al., 2020). TRPV6 is expressed in pancreatic neuroendocrine tumors and 

regulates cellular proliferation through Ca2+- and NFAT-dependent mechanisms (Skrzypski 

et al., 2016). TRPV6 knockdown induces apoptosis and cell cycle arrest in pancreatic cancer 

cells and inhibits invasion, proliferation, and migration (Song et al., 2018). The observed 

phenotypes were consistent with molecular changes observed upon TRPV6 knockdown; 

namely, downregulation of B-cell lymphoma 2 (Bcl-2, an anti-apoptotic protein), Matrix 

metalloprotease 9 (MMP9, ECM protein and a marker for invasion), and Proliferating cell 

nuclear antigen (PCNA, a marker for DNA synthesis/proliferation) and upregulation of Bax 

(a pro-apoptotic Ca2+ channel) and E-Cadherin (a marker for epithelial-to-mesenchymal 

transition) (Song et al., 2018). These studies highlight that TRPV6 can influence cancer 

progression through pleiotropic mechanisms.

7.7.5 Rapidly Emerging Implications in Multiple Cancer Subtypes—Emerging 

data from studies conducted over the last decade has brought an increasing appreciation for 

the TRPV6 in multiple cancer subtypes. Increased expression of TRPV6 in gastric cancer 

cells increases their sensitivity to capsaicin-induced apoptosis whereas the siRNA mediated 

knockdown of the channel suppresses this sensitivity (Chow et al., 2007). Another report 

has shown that capsaicin induces apoptosis in human small cell lung cancer through a 
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TRPV6 and Calpain-dependent mechanism (Lau et al., 2014). TRPV6 is downregulated 

in esophageal carcinoma has been emerging as a novel cancer biomarker for predicting 

disease-specific survival in patients suffering from esophageal cancer (Zhang et al., 2016a). 

Low TRPV5 and TRPV6 co-expression have been recently touted as an independent 

predictor of poor recurrence-free survival in non-small cell lung cancer (Fan et al., 2014).

7.7.6 Mutation Frequency and Expression: Insights from Cancer Genomic 
Databases—Despite rapidly emerging evidence linking TRPV6 overexpression to tumor 

aggressiveness, mechanistic understanding of factors fueling TRPV6 upregulation in cancer 

is lacking (Stewart, 2020). One of the most evident gaps in the fields is the paucity of 

information regarding TRPV6 genomic aberrations in different cancer subtypes. This is 

evident from the observation that despite its validated role in cancer progression, no cancer 

driver mutations have been identified in the TRPV6 gene. Recent advent in high throughput 

technologies and democratization of OMICS data has enabled intuitive visualization of 

cancer genomics databases such as The Cancer Genome Atlas (TCGA), The Catalogue of 

Somatic Mutations (COSMIC), Oncomine, and UALCAN. To our knowledge, a Pan-Cancer 

description of TRPV6 mutation distribution is lacking (Creighton, 2018).

Figure 7 summarizes an analysis of TRPV6 Copy Number Alteration frequency in 32 

cancer subtypes analyzed on the cBioPortal pipeline. The cBioPortal Cancer Genomics 

database offers intuitive tools to visualization, analysis, and download of large-scale cancer 

genomics data sets (Cerami et al., 2012). The graph represents one of the outputs from a 

typical cBioPortal-powered analysis of the TRPV6 mutation profile from 10953 patients 

distributed across 32 TCGA datasets. Preliminary examination of the output reveals that 

Melanoma (cumulative CNA frequency 9.91 % across 444 cases) has the highest TRPV6 

CNA frequency whereas clear cell renal cell carcinoma (ccRCC) has the lowest CNA 

frequency (0.59% across 511 cases) [No of cases not shown for simplicity].

In terms of the type of genomic aberration, most tumors exhibit the greatest frequency of 

TRPV6 mutations (substitutions, denoted in green) followed by amplification (red) and deep 

deletions (dark blue). The portal mined 192 missense mutations and 22 truncations across 

the length of the protein from patient data (output not shown). Some other visible trends 

become apparent on more careful examination. For instance, type 2 endometrial carcinoma 

(uterine carcinosarcoma) and adenoid cystic carcinoma display only amplifications whereas 

testicular germ cell tumors, cervical cancers, and colorectal cancer exclusively harbor 

substitutions and do not exhibit any other type of alteration. Cholangiocarcinoma, diffuse 

large B-cell lymphoma (DLBC), chromophobe RCC, mesothelioma, pheochromocytoma/

paraganglioma (PCPG), thyroid Cancers, and thymoma did not display any CNAs.

7.7.7 Pharmacological Targeting—Given the critical role of TRPV6 in cancer 

progression, several attempts have been made to inhibit this Ca2+-channel for therapeutic 

intervention (see Table 6). Some important examples targeting TRPV6 include TH-1117, 

2-APB, 2-APB derivative 22b, Econazole, Miconazole, Piperazine derivative Cis-22a, 

Capsaicin, Δ9-tetrahydrocannabivarin, Xestospongin C, Lidocaine, gold-caged nanoparticle 

(PTX-PP@Au NPs) and SOR-C13 synthetic peptide (see Table 6 and references listed 

therein). A recent structural study shows that while universal Ca2+ channel ruthenium red 
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plugs the pore of TRPV6, Econazole binds to an allosteric lipid-binding site (Neuberger 

et al., 2021). This results in a conformational change leading to the closure of the gate of 

TRPV6. Among different strategies that have been attempted to target TRPV6, the 13-amino 

acid peptide SOR-C13 has shown the most promise. This lead agent reduces growth in 

cell and animal models and recently has completed Phase I clinical safety trial that had 

enrolled 23 patients with advanced solid tumors of epithelial origin non-responsive to all 

standard-of-care treatments (Bowen et al., 2013; Fu et al., 2017; Xue et al., 2018). The 

pharmacological strategies targeting TRPV6 have been summarized in Table 6.

8 Regulation of TRPV6

TRPV6 is regulated by a wide variety of physiological, hormonal, and genetic factors. 

In this regard, the regulation of TRPV6 by hormones has been most extensively studied. 

In addition to the level of Ca2+ in the diet, which plays a key role in the regulation of 

TRPV5/6 channels, other important physiological factors that contribute to the regulation of 

these Ca2+-selective channels include pregnancy, lactation, sex hormones, exercise, age, and 

gender (Peng, 2011).

Regulation of TRPV6 in response to glucocorticoids, immunosuppressive drugs, and 

diuretics has also been examined in selected studies, uncovering additional insights into 

pharmacological aspects of TRPV6 regulation (Jeon, 2008). In this section, we will discuss 

the key aspects of TRPV6 regulation; focusing first on hormonal aspects (vitamin D, sex 

hormones, and glucocorticoids) of channel regulation and then describe the influence of 

physiological factors (diet, age, pregnancy, lactation, exercise) and pharmacological factors 

(diuretics) on this process.

8.1 Vitamin D

Kinetic and dose-response experiments evaluating the responsiveness of TRPV6 mRNA to 

the active form of vitamin D (also referred to as 1,25(OH)2D3) have demonstrated that 

the gene is strongly regulated by this steroid hormone. Wood and colleagues discovered 

that TRPV6 mRNA was found to be upregulated within 2 hours of treatment with 0.1 μM 

of 1,25(OH)2D3 in Caco-2 cells (Wood et al., 2001). In fact, the response of TRPV6 to 

1,25(OH)2D3 is significantly more rapid and robust in comparison to calbindin-D9k, which 

is considered to be a conventional vitamin D-responsive Ca2+-binding protein (Wood et al., 

2001). In fact, the calbindin-D9k gene promoter is not very responsive to 1,25(OH)2D3, 

calbindin-D9k gene transcription it is upregulated as Caco-2 cells differentiate over time 

(Wang et al., 2004).

The robust upregulation of calbindin-D9k transcripts in the small intestine of TRPV6 

transgenic mice bearing a global deletion of vitamin D receptor (VDR) suggests that 

induction of calbindin-D9k to Vitamin D could be occurring secondary to TRPV6 (Cui 

et al., 2012). Therefore, the vitamin D-responsiveness of the transcellular pathway of Ca2+ 

absorption is mostly due to that of the TRPV6 gene. In this sense, it is fair to say that 

TRPV6 is the gatekeeper of vitamin D-regulated transcellular pathway of Ca2+ absorption.
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VDR knockout mice exhibit a 90% reduction in the duodenal TRPV6 mRNA level (Van 

Cromphaut et al., 2001). A single injection of 1,25(OH)2D3 in vitamin D deficient mice 

induces a 10-fold increase in TRPV6 expression in duodenal tissues and a 4-fold increase 

in renal tissues within 6 and 12 hours of treatment, respectively, suggesting differential 

regulation of the gene influenced by tissue-specific mechanisms (Song et al., 2003b). 

Interestingly, initial studies suggested that TRPV6 transcripts in humans do not correlate 

to vitamin D levels in humans (Barley et al., 2001). However, contrasting studies by 

Walter et al suggested that correlation of TRPV6 transcripts to vitamin D in humans is 

dependent upon gender, age, and inheritance of VDR variants (Walters et al., 2006). In 

some studies, TRPV6 expression in human duodenal tissues was particularly responsive 

to 25-hydroxyvitamin D (25(OH)D), potentially due to elevated activity of 25 (OH)D 1α-

hydroxylase which converts 25-(OH)-D to 1,25(OH)2D3(Taparia et al., 2006; Balesaria et 

al., 2009).

Chromatin Immunoprecipitation (ChIP) scanning of the human TRPV6 gene promoter by 

Pike et al have revealed the presence of five vitamin D response elements (VDREs) at 

positions −1.2, −2.1, −3.5, −4.3, and −5.5 kb relative to transcriptional start (TSS) site 

(Meyer et al., 2006; Meyer et al., 2007). The studies showed that VDREs at positions 

−1.2, −2.1, and −4.3 kb are significantly more responsive to 1,25-(OH)2D3 in comparison 

to VDREs located at −3.5 and −5.5 kb which do not contribute substantially to vitamin D 

mediated transcriptional regulation in the intestine. Further analysis showed that among all 

VDREs, the VDRE at position −2.1- and −4.3-kb position contribute to 85% and 15% of 

transcriptional activity in response to vitamin D (Meyer et al., 2006; Meyer et al., 2007).

The molecular details of vitamin D-induced transcriptional regulation have been examined 

in considerable detail for multiple genes (Pike and Christakos, 2017; Gil et al., 2018). 

ChIP-based studies on TRPV6 promoter and insights from the classical model of 1α,25-

(OH)2-D3-induced transcriptional regulation has revealed some important steps important 

in TRPV6 transcriptional activation (Pike et al., 2007a; Pike et al., 2007b; Pike and 

Christakos, 2017; Gil et al., 2018). These include binding of Vitamin D on its cognate 

vitamin D receptor (VDR), the translocation of vitamin D receptor (VDR)-retinoid X 

receptor heterodimer complex in the nucleus followed by its subsequent binding on the 

TRPV6 promoter, recruitment of steroid receptor coactivator 1 and RNA polymerase II on 

the promoter, and finally, transcriptional activation mediated through histone H4 acetylation 

events (Pike et al., 2007a; Pike et al., 2007b; Pike and Christakos, 2017; Gil et al., 2018). 

The 1α,25-(OH)2-D3-induced upregulation of TRPV6 is thought to be an important step 

that promotes transcellular absorption of Ca2+ from the intestine (Figure 6). However, a non-

genomic action of TRPV6 activation has been put forth by Khanal et al (Khanal et al., 2008). 

This study showed that 1,25(OH)2D3 upregulates Ca2+ uptake by stimulating the PKA 

pathway which subsequently results in the release beta-glucuronidase and concomitantly 

activates TRPV6 (Khanal et al., 2008).

8.2 Sex hormones

Sex hormones play an instrumental role in the regulation of TRPV5 and TRPV6. Estrogen 

treatment upregulates TRPV6 mRNA by 4-fold in ovariectomized mice (Song et al., 2003a). 
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This upregulation is even more pronounced in ovariectomized VDR KO mice which display 

a more than 8-fold increase in TRPV6 following estrogen treatment (Song et al., 2003a). 

Estrogen receptor α KO mice exhibit a greater than 50% reduction in TRPV6 mRNA, 

although this phenotype was not observed in estrogen receptor β KO mice (van Abel et 

al., 2006). Keeping in line with this observation, a recent study by Nie et al has shown 

that pharmacologic or genetic suppression of ERα, but not ERβ, inhibits 17β-estradiol 

treatment-induced TRPV6 expression increase in SCBN cells (Nie et al., 2020). The study 

showed that estrogen modulates Ca2+ absorption in duodenum through differential effects of 

ERα and ERβ on TRPV6 and PMCA1b expression, respectively (Nie et al.,2020). Similarly, 

17β-estradiol is known to enhance TRPV6 activity in human colonic cell line T84 (Irnaten 

et al., 2008). Not surprisingly, anti-estrogen agent ICI 182,780 and anti-progesterone agent 

RU486 block TRPV6 expression in rodents by their antagonist action on estrogen and 

progesterone receptors, respectively (Lee et al., 2009).

Female mice show a higher responsivity to 1,25(OH)2D3, exhibiting a 2-fold higher increase 

in duodenal expression of TRPV6 mRNA in comparison to males (Song and Fleet, 2004). 

Interestingly, this phenomenon was independent of VDR expression across genders (Song 

and Fleet, 2004). Aromatase deficient KO mice, which are frequently used as models 

for mimicking estrogen deficiency, display hypercalciuria as well as a decline in renal 

expression of TRPV5/6 (Oz et al., 2007). Sex hormone-associated differential regulation of 

TRPV6 in females could have important implications for relative risk to osteoporosis – a 

disease that frequently affects older postmenopausal women. The evidence for this theory 

comes from a study by Walter et al who showed that reduced TRPV6 and VDR expression 

are correlated to lower Ca2+ absorption in older postmenopausal women (Walters et al., 

2006).

Estrogen, progesterone, and dexamethasone upregulate TRPV6 expression in the cerebral 

cortex and hypothalamus suggesting a potential involvement of TRPV6 in Ca2+ absorption 

in the brain (Park et al., 2020). In line with this recent observation, previous studies seem 

to suggest that circulating levels of estradiol during the estrous cycle may differentially 

regulate the activity of all TRPV ion channels in the brain (Kumar et al., 2018). The 

estrogen-mediated regulation of TRPV6 could have important functional implications in 

embryo-implantation, maintenance of pregnancy, and development and progression of breast 

cancer. These implications are discussed in Sections 6.5 and 7.7.2 respectively.

In contrast to our understanding of the role of female sex hormones on TRPV6, much 

less is known about the role of male sex hormones. It has been shown previously that 

TRPV6 expression is negatively regulated by androgens in LNCaP cells (Peng et al., 2001b). 

Male mice display higher urinary Ca2+ excretion and lower renal TRPV5 expression in 

comparison to females, although it is not known if this phenotype associated with TRPV6 

(Hsu et al., 2010). Orchidectomy of mice increases TRPV5 expression and decreases Ca2+ 

excretion in the urine. It is not known If this surgical ablation affects murine TRPV6 

expression (Hsu et al., 2010).
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8.3 Glucocorticoids

Glucocorticoids are a class of hormones that are widely used as immunosuppressive 

and anti-inflammatory agents (Timmermans et al., 2019). One of the most common side 

effects of this class of drugs is osteoporosis – a condition that frequently develops due 

to deficiencies of Ca2+ homeostasis (Timmermans et al., 2019). Furthermore, reduced 

intestinal absorption and renal reabsorption of Ca2+ are believed to be important factors 

that contribute to glucocorticoid-induced osteoporosis (Kim et al., 2009a). In fact, 

dexamethasone induces both intestinal and renal expression of TRPV6 in mice within 24 

hours of subcutaneous administration (Kim et al., 2009a). The regulation of TRPV5/6 

in response to glucocorticoids occurs both at the level of expression and at the level 

of channel activity, the latter aspects of which are controlled by glucocorticoid-inducible 

protein kinases (SGKs) (Palmada et al., 2005; Huybers et al., 2007; Kim et al., 2009a; Kim 

et al., 2009b; Sopjani et al., 2010; Kim et al., 2011; Diaz de Barboza et al., 2015).

Oral application of prednisolone reduces intestinal Ca2+ absorption and leads to a reduction 

in TRPV6 and calbindin-D9k mRNA levels (Huybers et al., 2007). Dexamethasone blocks 

the compensatory increase in duodenal expression of TRPV6 that is observed in calbindin-

D9k and calbindin-D28k mice (Kim et al., 2009b). Dexamethasone also results in a time-

dependent decrease in the renal expression of TRPV6 in calbindin-D28k KO mice (Kim et 

al., 2009a; Kim et al., 2011). In these studies, the intestinal regulation of TRPV6 in response 

to glucocorticoids appears to be VDR-dependent (Kim et al., 2009a; Kim et al., 2009b). A 

recent study has shown that dexamethasone exerts an inhibitory effect on mucin secretion 

in the lung by modulating the expression of TRPV6 in the tracheal epithelium (Lee et al., 

2019a). Alendronate and aqueous extract of pomegranate seed (AE-PS) reverse the decrease 

in protein expression of TRPV6 and other Ca2+ transport proteins in a mouse model of 

glucocorticoid-induced osteoporosis (GIOP) (Zhang et al., 2016b).

TRPV6 is upregulated by SGK1, SGK3, and PKB/Akt (Sopjani et al., 2010). The 

constitutively active version of the SGK1 increase TRPV6 protein abundance on the cell 

membrane. SGK1-mediated increase in TRPV6 is enhanced through phosphatidylinositol-3-

phosphate-5-kinase PIKfyve (PIP5K3), a kinase that is critical for the generation of 

secondary messenger phosphatidylinositol 3,5-bisphosphate [PIP2]. However, S318APIKfyve, 

a version of the kinase that lacks the SGK1 phosphorylation site failed to enhance SGK-

mediated increase in TRPV6 showing that PIKfyve requires its phosphorylation by SGK1 to 

act on TRPV6 (Sopjani et al., 2010).

The role of vitamin D in modulating Ca2+ absorption by TRPV6 in the intestine has been 

described in Sections 6.1 and 5.1 of this review. Multiple physiological factors influence 

this process. Some important factors influencing vitamin D-mediated Ca2+ reabsorption 

through TRPV6 include diet [e.g. levels of Ca2+, vitamin D, and composition] (Brown et al., 

2005), age (van Abel et al., 2006; Walters et al., 2007), gender and associated contributions 

from sex hormones (Walters et al., 2006; Jung et al., 2011), level of physical activity 

(Teerapornpuntakit et al., 2009), pregnancy (Van Cromphaut et al., 2003), and lactation 

(Charoenphandhu et al., 2009). We describe the role of these physiological factors on 

TRPV6 and their regulatory interactions on vitamin D induced Ca2+ absorption through this 

Ca2+-selective channel.
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8.4 Diet

TRPV6 is highly responsive to the body’s Ca2+ requirement and its expression is modulated 

to fine-tune Ca2+ absorption from the diet. 1,25-(OH)2D3 and Ca2+ levels in the diet play 

an instrumental role in the expression of this channel (Song et al., 2003b; van de Graaf et 

al., 2004; Brown et al., 2005; Replogle et al., 2014). The relatively higher abundance of 

TRPV6 in duodenum and jejunum is believed to correlate with the high capacity of these 

intestinal regions for transcellular absorption of Ca2+ from the diet (Emkey and Emkey, 

2012). Restriction of Ca2+ in diet results in a dramatic upregulation of duodenal, and to 

some extent renal expression, of TRPV6 in rodents (Song et al., 2003b; Brown et al., 2005; 

Van Cromphaut et al., 2007; Woudenberg-Vrenken et al., 2012).

As alluded earlier in Section 6.1, when dietary Ca2+ is insufficient, normal serum Ca2+ 

levels in TRPV6 KO mice are maintained at the expense of bone (Lieben et al., 2010; Lieben 

and Carmeliet, 2012; Replogle et al., 2014). A gene-by-diet interaction study conducted 

across 11 inbred lines of mice showed that genetic variations in TRPV6, calbindin-D9k, 

PMCA1b mRNA influenced intestinal Ca2+ absorption and its impact on bone marrow 

density (BMD) (Replogle et al., 2014). Insights from Leuven and Tokyo VDR KO mice 

suggest that Ca2+ influx from the diet and its subsequent binding to calbindin D9k is the 

rate-limiting step that modulates vitamin D-dependent regulation TRPV6 (Bouillon et al., 

2003). High Ca2+ diet abrogates TRPV6 overexpression induced in a transmissible murine 

colonic hyperplasia (TMCH) model, suggesting suppression of this channel by high Ca2+ 

diet could mediate some chemopreventive actions in the colon (Peleg et al., 2010).

However, low-Ca2+-induced upregulation of TRPV6 can also occur independently of VDR 

(Song et al., 2003a). Ca2+ absorption in response to low-dietary Ca2+ occurs even in 

calbindin-D9k/TRPV6 double knockouts, suggesting the presence of alternative channels 

that compensate for the loss of TRPV6 (Benn et al., 2008). In this regard, the channels 

Cav1.3, TRPM6, and TRPM7 have received considerable attention (Beggs et al., 2019). 

Interestingly, the dietary composition is also known to influence TRPV6 expression 

(Fukushima et al., 2009; Beggs et al., 2019). Notably, change in diet from breast milk 

to solid food modulates the switch in Ca2+ absorption by TRPV6 or Cav1.3 in jejunum and 

ileum in early-life rodents (Beggs et al., 2019). In this regard, short-chain fatty acids and 

indigestible oligosaccharides are known upregulate TRPV6 expression (Fukushima et al., 

2009).

8.5 Pregnancy and Lactation

Duodenal expression of TRPV6 transcripts is significantly increased in WT and VDR 

KO mice during pregnancy and lactation (Van Cromphaut et al., 2003). Notably, prolactin 

upregulates TRPV6 transcription and promotes an increase in intestinal Ca2+ absorption 

in lactating and pregnant rats (Charoenphandhu et al., 2009). This increase in TRPV6 is 

believed to be an adaptation that occurs in pregnant rodents to upregulate intestinal Ca2+ 

absorption as a compensatory mechanism for overcoming the loss in bone mineralization 

content during lactation. However, no studies have confirmed the role of TRPV6 in non-

genomic mechanisms that influence the increase in Ca2+ absorption after suckling-induced 

prolactin surge (Charoenphandhu et al., 2009). The impact of female sex hormones such as 
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progesterone and estrogen that ebb and surge dramatically during pregnancy and lactation 

play a key role in the regulation of TRPV6. The impact of these hormones on TRPV6 

regulation is examined in Section 6.2.

8.6 Exercise

The increased Ca2+ absorption induced during endurance swimming has been associated 

with an increased level of TRPV6, VDR, and other critical genes that are important 

in transcellular and paracellular transport (Teerapornpuntakit et al., 2009). In agreement 

with this notion, TRPV6 and 1,25(OH)2D3 levels are decreased in immobilized rats and 

subsequently result in a reduction of Ca2+ absorption (Sato et al., 2006; Charoenphandhu 

et al., 2012). Overall, these studies hint that level of physical activity contributes to Ca2+ 

absorption in vitamin D-dependent manner.

8.7 Aging

Several pre-clinical and clinical reports have shown that aging is associated with decreased 

Ca2+ absorption and hypercalciuria (Veldurthy et al., 2016). Age-associated impairments 

in Ca2+ homeostasis predisposes elderly adults to hyperparathyroidism and osteoporosis 

(Veldurthy et al., 2016). Younger rats (2-months old) exhibit more than 2-fold higher 

expression of TRPV6 in comparison to their older counterparts (12-months old) (Brown 

et al., 2005). In both WT and VDR mice, age-associated decrease in duodenal expression of 

TRPV6 [and decrease in renal expression of TRPV5] correlates with a decline in intestinal 

absorption and renal reabsorption (van Abel et al., 2006). The intestinal expression of 

TRPV6 in mice varies dramatically by age and relative tissue location (Beggs et al., 2019). 

TRPV6 expression in duodenum is undetectable at P1 in mouse duodenum and increases 

6-fold as mice age to P14 to 1 month. In Jejunum on the other hand TRPV6 expression 

increases from PI to P14, becomes weak at 1-month age and is undetectable in older mice 

(Beggs et al., 2019).

8.8 Diuretics

Thiazide diuretics, which block Na+-Cl− cotransporters (NCC), are known to induce 

hypocalciuria (Friedman and Bushinsky, 1999; Lee et al., 2004). Evidence regarding the 

possible mechanisms for this phenomenon is controversial. Thiazide diuretics can modulate 

the expression of Ca2+ transport proteins such as TRPV5, calbindin-D28k, and NCX in 

distal convoluted tubule (DCT), although the evidence regarding their effect on TRPV6 is 

nebulous (Nijenhuis et al., 2003a; Lee et al., 2004; Nijenhuis et al., 2005; Jeon, 2008; Lee 

et al., 2016). Hydrochlorothiazide (HCTZ) and chlorothiazide (CTZ) can modulate TRPV5 

expression in rats and mice, respectively (Nijenhuis et al., 2003a; Lee et al., 2004). The 

effects of CTZ on TRPV5 in mice is influenced by dose, timing, and volume contractions in 

response to salt supplementation. The effect of diuretics on closely-related homolog TRPV6 

is not clear, although a combination of long-term chlorothiazide and salt supplementation 

is known to significantly increase the expression of both TRPV5 and TRPV6 channels. 

The emerging evidence regarding coordinated regulation of Ca2+ reabsorption in various 

segments of nephron compels a re-examination of the effect of diuretics on TRPV6 

regulation (Nijenhuis et al., 2003a; Lee et al., 2004).
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In contrast to thiazide diuretics, loop diuretics such as furosemide induce urinary 

hypercalciuria (Friedman and Bushinsky, 1999). Acute and chronic treatment with 

furosemide increases TRPV6 expression (Lee et al., 2007; Lee et al., 2016). Similarly, 

hypercalciuria induced by gentamicin and streptozotocin-induced diabetes mellitus is 

accompanied by an upregulation in TRPV5 and TRPV6 (Lee et al., 2006; Lee et al., 2012).

9 Concluding Remarks and Future Outlook

A great deal of progress has been made in understanding how TRPV6 works and the 

roles it plays under normal and disease conditions since it was identified over two decades 

ago. Specifically, we have a much better understanding of the structure, activation, and 

inactivation of TRPV6 due to the elegant work in the crystal and cryo-EM structures 

of TRPV6. In addition, human diseases, including some forms of transient neonatal 

hyperparathyroidism and early-onset chronic pancreatitis have been linked to genetic defects 

in TRPV6 gene. Since TRPV6 exhibits the highest expression level in the placenta and 

pancreas in humans, it is not surprising that genetic defects in the TRPV6 gene would 

significantly affect the function of these organs, especially when both alleles of TRPV6 gene 

are defective. Although speculative, some of the defective TRPV6 proteins may serve as 

a dominant-negative inhibitor of TRPV5, which may compensate for the loss of function 

of TRPV6 even though it is expressed at a much lower level if at all in these organs. The 

two diseases exemplify the main physiological roles of TRPV6: Ca2+ transport in absorption 

and exocrine function, although we have much less understanding of the process TRPV6 

involved in the latter. It is anticipated that much progress will be made in the roles of TRPV6 

in exocrine organs such as the pancreas, prostate, mammary, salivary, and sweat glands in 

the next decade. TRPV6 proves to be a critical player in biological processes including 

vitamin D-regulated Ca2+ absorption, in maintaining a local low Ca2+ environment in the 

epididymis and the inner ear. Lastly, aberrant TRPV6 expression, copy number variation, 

and mutations are often observed in cancers of epithelial origin such as prostate and 

breast cancers. A deeper understanding of how these abnormalities affect the progression 

of individual cancers yet to be achieved. A novel understanding of the TRPV6 structure is 

likely to spur renewed interest and optimism towards identification of reagents that modulate 

TRPV6 activity. Progress in this area in the future may lead to a new treatment for diseases 

involving dysfunction of TRPV6, such as chronic pancreatitis and certain cancers.
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Commonly Used Abbreviations

1,25(OH)2D3 1,25-dihydroxyvitamin D3

AA Amino Acid
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ACG Adenine-Cytosine-Guanine

ANK Ankyrin Repeat

AR Androgen Receptor

ARD Ankyrin Repeat Domain

ARE Androgen Response Element

ATP Adenosine Triphosphate

AUG Adenine-Uracil-Guanine

BAPTA 1,2-Bis(O-Aminophenoxy) Ethane-N,N,N′,N′-Tetraacetic 

Acid

BPH Basal Prostatic Hypertrophy

CaBPD Calcium Binding Protein D

CaSR Calcium-Sensing Receptor

CB Cannabinoid Receptor

CD Collecting Ducts

CaM Calmodulin

CNA Copy Number Alteration

CNT Connecting Tubules

CP Chronic Pancreatitis

Cryo-EM Cryogenic Electron Microscopy

CT Calcitonin

CTZ Chlorothiazide

DCT Distal Convoluted Tubule

ECaC Epithelial Calcium Channel

ECM Extracellular Matrix

EGTA Ethylene Glycol-Bis (B-Aminoethyl Ether)-N, N,N′,N′-

Tetraacetic Acid

EM Electron Microscopy

ER Estrogen Receptor

FL Full Length

GADD Growth Arrest And DNA-Damage-Inducible Protein
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GI Gastrointestinal

GIOP Glucocorticoid-Induced Osteoporosis

HCO3− Bicarbonate Ion

HCTZ Hydrochlorothiazide

HEK Human Embryonic Kidney Cells

HER Human Epidermal Growth Factor Receptor 2

HVDRR Hereditary Vitamin D-Resistant Rickets (HVDRR)

IC50 Half maximal inhibitory concentration

ICC Immunocytochemistry

ICI 182,720 Commercially Used Estrogen Receptor Antagonist Used In 

in vitro and in vivo studies

IF Immunofluorescence

IGF Insulin-Like Growth Factor 1

IHC Immunohistochemistry

IP Immunoprecipitation

ISH In Situ Hybridization

IV Intravenous

KO Knock-Out

MAPK Mitogen-Activated Protein Kinase

MMP Matrix Metalloprotease

MS Mass Spectrometry

mTOR Mammalian Target of Rapamycin

NCC Sodium Chloride Cotransporter

NCX Sodium-Calcium Exchanger

NET Neuroendocrine Tumor

NF Nuclear Factor

NFAT Nuclear Factor of Activated T Cells

NSCLC Non-Small Cell Lung Carcinoma

NX Normalized Expression
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OA Osteoarthritis

OH Hydroxyl Group (Short-Hand)

OMICS Shorthand For "Omics", e.g. Genomics, Proteomics, 

Transcriptomics, etc.

PCNA Proliferating Cell Nuclear Antigen

PCa Conductivity of Ca

PNa Conductivity of Na

PCR Polymerase Chain Reaction

PDAC Pancreatic Ductal Adenocarcinoma

PDK 3-Phosphoinositide-Dependent Protein Kinase-1

PI3K Phosphoinositide 3-Kinase

PIKfyve Phosphatidylinositol-3-Phosphate-5-Kinase

PIP2 Phosphatidylinositol 4,5-Bisphosphate

PKA Protein Kinase A

PKB/Akt Protein Kinase B

PLC Phospholipase C

PMCA Plasma Membrane Ca2+ ATPase

PSA Prostate-Specific Antigen

PTEN Phosphatase and Tensin Homolog

PTH Parathyroid Hormone

PTM Post-Translational Modification

PTP Protein Tyrosine Phosphatase

RANK Receptor Activator of Nuclear Factor K B

RANKL Receptor Activator of Nuclear Factor Kappa-B Ligand

RCC Renal Cell Carcinoma

RNA Ribonucleic Acid

RT Reverse Transcriptase or Real-Time

RYR1 Ryanodine Receptor 1

SCBN Canine Epithelial Cell Line
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SCCD Semicircular Canal Duct

SCLC Small Cell Lung Cancer

SGK Serum- And Glucocorticoid-Inducible Protein Kinase,

SNP Single Nucleotide Polymorphisms

SOC Store-Operated Ca2+ Channels

SOCE Store-Operated Calcium Entry

TCGA The Cancer Genome Atlas

THCV Tetrahydrocannabivarin

TM Transmembrane

TMCH Transmissible Murine Colonic Hyperplasia

TNHP Transient Neonatal Parathyroidism

TPM Transcripts Per Million

TRIP Transient Receptor Potential Channel-Interacting Protein

TRP Transient Receptor Potential

TRPV Transient Receptor Potential Vanilloid Subfamily

UALCAN Comprehensive, User-Friendly, And Interactive Web 

Resource For Cancer Genomics resource for analyzing 

Cancer OMICS Data Developed at University Of Alabama 

At Birmingham

ZRBV3 Zinc Finger Homeobox 3
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Highlights

• TRPV6 is a vitamin D-regulated Ca2+-selective channel required for Ca2+ 

homeostasis

• TRPV6 mediates the first step in the transcellular Ca2+ transport pathway

• TRPV6 is required for mammalian male fertility and maternal-fetal transport 

of Ca2+

• Mutations compromising TRPV6 function cause transient neonatal 

hyperparathyroidism

• TRPV6 dysfunction is linked to chronic pancreatitis and cancer 

aggressiveness.
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Figure 1. 
Structure and domain organization of TRPV6. A. Domain organization of human TRPV6. 

TRPV6 monomer subunit contains the following secondary structure elements: an N-

terminal helix (in light green), an ankyrin repeat domain with six ankyrin repeats (ANK1-6 

in orange), a linker domain comprised of a β-hairpin (β1 and β2 in pink) and two linker 

helices (LH1 and LH2 in red), a pre-S1 helix (in magenta) connects the linker domain and 

the transmembrane (TM) domain that comprises of six TM helices (S1-S6 in silver-blue) 

and a pore helix (in yellow) connecting S5 and S6, an amphipathic TRP helix, a β-strand (β3 

in blue) that forms a β-sheet with β1 and β2, and two C-terminal interacting helices (CIH1 

and CIH2 in cyan). The positions of the glycosylation site (N358), the key selective residue 

(D542) in the selective filter, the representative residue (L574) in the lower gate, and the site 

for α- to π-helical transition (A566) during the opening of the lower gate are also labeled. 

B. Structure of TRPV6 subunit. The two cyan lines represent the surfaces of the membrane. 

C and D. Side and top views of TRPV6 tetramer. Four subunits of TRPV6 arrange to form 

a four-fold symmetric channel. The structures shown in panels B, C, and D are based on the 

cryo-electron microscopy structure of human TRPV6 (PBD: 6E2F) with the colors of the 

structural domains matching those in panel A.
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Figure 2. 
Gating mechanism of TRPV6. The closed and open conformations of TRPV6 are 

represented by cartoon (A) and cryo-electron microscopy structural view (B). The gating of 

TRPV6 is achieved by the conformational change and electrostatic bond formation affecting 

the lower gate without affecting the conformation of the selectivity filter. In the closed 

conformation, residues L574 (a representative residue in the lower gate) form a constriction 

and hydrophobically seals the pore. In the open conformation, residues L574 rotate away 

from the ion permeation pathway and widen the pore size, allowing Ca2+ ions to pass 

through the lower gate. The opening of the lower gate is caused by an α- to the π-helical 

transition of the transmembrane helix S6 at residue A566, which induces the intracellular 

part of S6 bends by about 11° and rotates by about 100°. At the open state, a hydrogen bond 

between D489 (in S5) and T581 (in S6) and a salt bridge between Q473 (in S4-S5 elbow) 

and R589 (in TRP helix) are formed. These electrostatic interactions may offset the high 

energetic cost of unfavorable α-to-π helical transition.
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Figure 3. 
Regulation of TRPV6 by endogenous modulators phosphatidylinositol 4,5-bisphosphate 

(PIP2) and Calmodulin (CaM). The binding of PIP2 induces the activation of TRPV6, 

whereas the binding of CaM causes the inactivation of the channel. In the closed 

conformation, the residues in the lower gate (represented by L574) form a constriction point 

and seal the pore. When PIP2 binds to TRPV6, conformational changes occur. The changes 

include the upward motion of selective residue D542 and opening of the lower gate, which 

keeps TRPV6 active. When the intracellular [Ca2+] increases, extra Ca2+ ions bind to CaM. 

The Ca2+-CaM complex in turn seals the pore through the interaction between residues 

K155 in CaM and residues (such as W583) that form the intracellular orifice of the lower 

gate of TRPV6. During the activation and inactivation processes, the change of diameter in 

the ion conduction path is more pronounced at the lower gate and the intracellular opening 

than at the selective filter (indicated by the length of the arrows). This ensures the alteration 

in ion selectivity is minimum during activation/inactivation processes.
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Figure 4: 
Ca2+ ion conduction pathway of human TRPV6. There are four cation-binding sites 

proposed in the pore regions of TRPV6. The binding sites 1, 2, and 3 are formed by residues 

D542, T539, and M570, respectively. These three residues are corresponding to D541, T538, 

and M569 in rat TRPV6. The site 4 is formed by E518 and E519, which are corresponding 

to D517 and E518 in rat TRPV6. In the structure of rat TRPV6, D547 is also involved in 

forming the site 4. However, it is an asparagine residue in this position of human TRPV6, 

and thus the residue is not shown in this figure. Hydrated Ca2+ ions are recruited by site 4. 

Ca2+ ions bind to the selectivity filter (site 1) in dehydrated form, and they are knocked off 

by incoming Ca2+ ions. Partially rehydrated Ca2+ ions bind to site 2, and subsequently move 

down in fully hydrated form and interact with site 3. The lower gate represented by M578 

(M577 in rat TRPV6) allows the permeation of hydrated Ca2+ ions in open state. Based on 

the results described in Saotome et al., 2016, Sakipov et al., 2018.
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Figure 5. 
Representative physiological roles of TRPV6. Firstly, TRPV6 mediates Ca2+ entry across 

the plasma membrane as the first step in the transcellular pathway of Ca2+ transport. This 

is considered the rate-limiting step in Ca2+ absorption by the duodenal enterocytes (upper 

inset) and maternal-fetal Ca2+ transport by placental syncytiotrophoblasts (lower inset). The 

transcellular pathway enables the transport of Ca2+ against a [Ca2+] gradient to ensure Ca2+ 

absorption when the luminal [Ca2+] is lower than that in the blood side; it also establishes 

a higher [Ca2+] in fetal blood relative to maternal blood to meet the demand of Ca2+ for 

fetal skeleton growth. The Ca2+ binding protein calbindin-D9k and plasma membrane Ca2+ 

ATPase (PMCA) are known components in these transcellular pathways. Secondly, TRPV6 

plays a role in the exocrine function. In the pancreas (upper left inset), TRPV6 is likely 

involved in reuptake of Ca2+ to replenish the Ca2+ store and secretory granules in acinar 

cells and in removing excessive Ca2+ by the duct cells to prevent premature activation of 

enzymes following the release of secretory cargo. Thirdly, TRPV6 plays a critical role in 

maintaining a low local [Ca2+]. In Cauda epididymis (lower left inset), TRPV6-mediated 

uptake of Ca2+ by principal cells is required for lowering [Ca2+] in the intraluminal fluid to 

maintain the fertilization capacity of sperm. For simplicity, not all the components in these 

processes are labeled. Created with BioRender.com.
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Figure 6. 
Regulation of TRPV6-mediated Ca2+ absorption by 1,25(OH)2D3 and dietary Ca2+. The 

transcellular pathway and paracellular pathway are two main routes of Ca2+ absorption 

operate in the intestine. The transcellular absorption of Ca2+ by enterocytes can be 

described in three main steps: 1) TRPV6-mediated entry of Ca2+ ions across the brush 

border membrane; 2) buffering of Ca2+ ions by calbindin-D9k and diffusion of Ca2+ to 

the basolateral side as facilitated by calbindin-D9k, and 3) basolateral exit mainly through 

the plasma membrane Ca2+ ATPase (PMCA). When luminal [Ca2+] is low (i.e., low 

dietary calcium, upper panel), the level of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) is 

elevated. The transcription of the TRPV6 gene is then upregulated because of the presence 

of multiple vitamin D responsive elements (VDRE) in its promoter (only one VDRE is 

shown for simplicity). While PMCA transcription is relatively stable, calbindin-D9k gene 

transcription is also upregulated following an increase in TRPV6-mediated Ca2+ influx. 
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When luminal [Ca2+] is high (i.e., high dietary calcium, lower panel), the [Ca2+] gradient 

favors paracellular transport, which becomes the predominant route of Ca2+ absorption. The 

level of 1,25(OH)2D3 is reduced when the plasma [Ca2+] is slightly increased under high 

calcium dietary. TRPV6 expression is subsequently reduced, and so is the transcellular route 

of Ca2+ absorption. Also shown in the figure is the Ca2+-sensing receptor (CaSR) on the 

basolateral membrane can sense the increase in [Ca2+] and attenuates Ca2+ absorption via 

TRPV6 to prevent hypercalcemia. Created with BioRender.com.
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Figure 7. 
Frequency and expression of TRPV6 genomic aberrations across different cancer subtypes: 

To gather insights regarding the expression of TRPV6 transcripts and genomic aberrations in 

different cancer subtypes, TRPV6 was queried in the cBioPortal Cancer Genomic pipeline 

(thresholds set at “Min. # Total Cases” – 0 and “Min. % Altered Cases” – 0). The portal 

analyzed the TRPV6 mutation profile across 32 TCGA cancer datasets comprising data from 

10953 patients. Outputs reporting frequency of copy number alterations of different TRPV6 

mutations across TCGA datasets are reported. The graphs report TRPV6 copy number 

alteration (CNA) frequency (as a percentage) across 32 TCGA datasets. The distribution of 

different types of CNAs (percentage) across each cancer subtype is shown. The key on the 

top denotes the type of TRPV6 genomic aberration: green – “Mutation”; purple – “Fusion”; 

Red – “Amplification”; Blue – “Deep Deletion”; Grey – “Mixed Mutations”.
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Table 1:

TRPV6: Important Genome and Proteome identifiers

Species Human Rat Mouse

Chromosomal 
Location

7q33-q34 4q22 6 B2

Annotated 
AA Length

725 727 727

Putative in 
vivo AA 
Length

765 767 767

Molecular 
weight 

(kDa)*

87.3 87.4 87.4

Gene Symbol TRPV6 Trpv6 Trpv6

Ensembl 
Gene

ENSG00000165125 ENSRNOG00000014714 ENSMUSG00000029868

Entrez Gene 55503 114246 64177

RefSeq 
Nucleotide

NM_018646 NM_053686 NM_022413

RefSeq 
Protein

NP_061116 NP_446138 NP_071858 (Mm)

UniProtKB Q9H1D0 Q9R186 Q91WD2

OMIM 606680 N/A N/A

KEGG Gene hsa:55503 rno:114246 (Rn) mmu:64177

Human 
Protein Atlas 
ID

ENSG00000165125 N/A N/A

Mouse 
Genome 
Informatics 
(MGI) ID

N/A N/A MGI:1927259

PDB IDs 6BO8,6D7S,6BOA,6BO9,6D7T,6E2F 6BOB,6D7Q,6D7V,6D7X,6D7P,6D7O,5WOA,5WO8,5WO7,5WO9,5IWT,5IWK,5IWP,5IWR,5WO6,6E2G N/A

Abbreviations

AA: Amino Acids; ENSG: Ensembl Gene; ENSMUSG: Ensembl Gene (Mus Musculus); ENSRNOG: Ensembl Gene (Rattus Norvegicus); KEGG: 
Kyoto Encyclopedia of Genes and Genomes; NM: Natural mRNA (RefSeq Identifier); NP: Natural Protein (RefSeq Identifier) OMIM: Online 
Mendelian Inheritance in Man; PDB: Protein Data Bank; UniProt KB: UniProt Knowledgebase.

*
Calculated based on the molecular weight of the long form of TRPV6. The observed molecular weight of TRPV6 protein differs based on 

glycosylation status, oligomerization state, denaturation conditions (e.g. reducing vs. non-reducing etc.), antibody employed, and the version of 
TRPV6 construct being used for expression and characterization. The annotated version of human TRPV6 used in many studies lacks a 40-aa-long 
extension that has been observed in vivo.
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Table 2:

TRPV6 Tissue Distribution

Species Human Rat Mouse

Detection In situ hybridization, Western Blot, 
Northern Blot, RT-PCR.

In situ hybridization, 
Northern Blot, RT-
PCR.

Immunocytochemistry, RT-PCR, Northern Blot, 
Western Blot.

Tissues Intestines, stomach, placenta, salivary 
glands, liver, prostate, pancreas, kidney, 
testes, mammary glands

Intestines, kidney, 
brain.

Intestines, stomach, kidney, lung, spleen, liver, 
brain, placenta, prostate, pancreas, adrenal glands, 
skin, bone, epididymis

Major 
References

(Peng et al., 2000; Hoenderop et al., 2001; 
Peng et al., 2001a; Peng et al., 2001b; 
Wissenbach et al., 2001; Zhuang et al., 
2002; Hirnet et al., 2003)

(Peng et al., 1999) (Weber et al., 2001; Zhuang et al., 2002; Hirnet et 
al., 2003; Weissgerber et al., 2011; Weissgerber et 
al., 2012; Beggs et al., 2019)
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Table 4:

TRPV6 Mutations Linked to Human Genetic Diseases

Disease Position (Structural
Location)

Suggested
Mechanism for
dysfunctions

References

Transient Neonatal 
Hyperparathyroidism (TNHP)

C212Y, I223T (AR4) Impaired protein stability.
Loss of Ca2+ ion import.

(Suzuki et al., 2018) 
(Suzuki et al., 2020)

R425Q, G428R (S2) R483W (S3) Decreased localization/
trafficking at the plasma 
membrane.

(Suzuki et al., 2018) 
(Suzuki et al., 2020)

G451E (S2-S3 Loop) Increased Ca2+ ion 
import (intracellular Ca2+ 

overload) induces cell 
death.

(Suzuki et al., 2018) 
(Suzuki et al., 2020)

T198R Not analyzed (Almidani et al., 2020)

G291S (AR6) Not analyzed (Suzuki et al., 2020)

R390H (S1) Not analyzed (Suzuki et al., 2020)

G660R (C-terminal hook) Not analyzed (Suzuki et al., 2020)

Skeletal Dysplasia and Under-
mineralization

G660R (C-terminal hook) Impaired tetramer 
stability

(Burren et al., 2018; 
Mason et al., 2020)

R510Ter Nonsense-mediated decay

Chronic Pancreatitis Japanese R174X, A210V, Y262X, R345C, 
L392F, R425Q, G428R, R483Q, 
V504F, I580F, A606T, L608R, 
L609F

Reduced TRPV6 activity 

and/or protein*
(Masamune et al., 2020)

A18S, R73Q, A135T, R174Q, 
H205Y, I223T, D319N, D324N, 
R363Q, I434T, G451A, M537T, 
Y549C, E558K, R661W, R672W, 
R672Q, G695S

Not analyzed

French K82Rfs, N102Tfs, R174X, G311V, 
R345C, R483W, G489R, E575K

Reduced TRPV6 activity 

and/or protein**

P10L, A18S, G42D,R179C, R193G, 
H205R, R220Q, D263N, L299Q, 
T309M, R363Q, I381V, D404N, 
T432S, M494V, V505I, R661W, 
R730C

Not analyzed

German R342Q, R345H, G365E, R483W, 
R483Q,H622Gfs, A626P, A626P, 
C659X

Reduced TRPV6 activity 

and/or protein***

A18S, P23T, S72N, R73G, R73Q, 
R194H, I223T, L299Q, T309M, 
I323V, V492L

Not analyzed

*
In the Japanese cohort L392F, R425Q, G428R, R483Q reduced TRPV6 activity but not protein level

**
In the French cohort R483W resulted in a decrease in TRPV6 activity but not in protein level

***
In the German cohort G365E resulted in a decrease in TRPV6 activity but not in protein level
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Table 5:

TRPV6 expression in Human Cancer Tissues and Cancer Cell lines

Methods References

Cancer Tissues

Prostate Cancer RT-PCR, Northern, ISH (Peng et al., 2001b; Wissenbach et al., 2001; Fixemer et al., 2003; 
Wissenbach et al., 2004)

Breast Cancer RT-PCR, Immunodetection (Zhuang et al., 2002; Bolanz et al., 2008)

Ovarian Immunodetection (Zhuang et al., 2002)

Thyroid Immunodetection (Zhuang et al., 2002)

Endometrial ISH (Wissenbach and Niemeyer, 2007)

Colon/Colorectal Immunodetection (Zhuang et al., 2002)

Pancreatic RT-PCR (Song et al., 2018)

Esophageal Immunodetection (Zhang et al., 2016a)

Lung (NSCLC) Immunodetection, RT-PCR (Fan et al., 2014; Lau et al., 2014)

Cancer Cell Lines

Prostate LNCaP Northern, Western (Peng et al., 2001b; Bodding et al., 2003)

DU-145 RT-PCR (Peng et al., 2001b; Lehen'kyi et al., 2011a)

PC-3 RT-PCR (Peng et al., 2001b)

Breast MCF-7 RT-PCR, Western (Bolanz et al., 2008)

T47D MS/MS, RT-PCR (Bolanz et al., 2008), (Peters et al., 2012; Fecher-Trost et al., 
2013)

MDA-MB-231 RT-PCR (Peters et al., 2012)

MDA-MB-468 RT-PCR (Peters et al., 2012)

ZR-75 RT-PCR (Peters et al., 2012)

SKBR3 RT-PCR (Peters et al., 2012)

SW480 Northern (Peng et al., 2000)

LS-180 RT-PCR, Western (Zheng et al., 2012)

Caco-2 RT-PCR, Western (Fleet et al., 2002; Taparia et al., 2006)

Ovarian SKOV3 Peptide-based staining (Bowen et al., 2013)

Hematologic 
malignancies

K562 Northern (Heise et al., 2010)

Jurkat Northern, RT-PCR, Western (Cui et al., 2002; Peng et al., 2003; Tomilin et al., 2016; Kever et 
al., 2019)

Gastric AGS Western (Chow et al., 2007)

Pancreatic BxPC-3 RT-PCR, Western (Song et al., 2018)

AsPC-1 RT-PCR, Western (Song et al., 2018)

SW1990 RT-PCR, Western (Song et al., 2018)

PANC-1 RT-PCR, Western (Song et al., 2018)

Capan RT-PCR, Western (Song et al., 2018)

Esophageal KYSE140 RT-PCR (Zhang et al., 2016a)

KYSE180 RT-PCR (Zhang et al., 2016a)

KYSE410 RT-PCR (Zhang et al., 2016a)
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Methods References

KYSE510 RT-PCR (Zhang et al., 2016a)

KYSE520 RT-PCR (Zhang et al., 2016a)

HKESC1 RT-PCR (Zhang et al., 2016a)

CE81T RT-PCR (Zhang et al., 2016a)

EC109 RT-PCR (Zhang et al., 2016a)

EC9706 RT-PCR (Zhang et al., 2016a)

Lung NCI-H82 RT-PCR, Western (Lau et al., 2014)

NCI-H69 RT-PCR, Western (Lau et al., 2014)

DMS 53 RT-PCR, Western (Lau et al., 2014)

DMS 114 RT-PCR, Western (Lau et al., 2014)
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Table 6:

Strategies employed for Pharmacological targeting of TRPV6 Ca2+-selective channel

Compound TRPV6
IC50 (μM)

TRPV5
IC50 (μM)

Remarks References

Ruthenium Red 9 0.12 • First known blocker of TRPV5/6 activity

• Inhibits other CRAC channels

• Nonselective Pharmacological tool to study Ca2+ 

channels

(Hoenderop et al., 
2001)

TH-1177 
Compounds

0.44-0.50 N/A • 9 related compounds

• Blocks Ca2+ entry in LNCaP and PC-3

• Ester-bonded phenolic group required for inhibition

• Extend the average life span of mice carrying 
prostate tumors by up to 38% without toxicity

(Landowski et al., 
2011)

2-APB 20.7 N/A • Binds to TRPV6 in a pocket formed by the 
cytoplasmic half of the S1–S4 transmembrane helix 
bundle.

• Induces TRPV6 channel closure by modulating 
protein-lipid interactions.

• Non-selective: Competitive antagonist of IP3R, and 
agonist for TRPV2

(Kovacs et al., 2012; 
Singh et al., 2018b)

2-APB derivative 
22b

5 N/A • Store-operated Ca2+ channel blocker (Hofer et al., 2013)

Econazole 
(Miconazole)

190 (201) 296 (442) • Broad-spectrum antifungal agent approved in the 
US and Canada for treatment of fungal infections

(Schwarz et al., 
2006; Landowski et 
al., 2011)

Piperazine 
derivative Cis-22a

0.32 2.4 • Non-selective. Acts on TRPV1, TRPV3, TRPV5, 
TRPM8, SOCE

(Simonin et al., 
2015)

Capsaicin 25-50 Not tested • Induces apoptosis in SCLC and gastric carcinoma 
cells (in vitro). Reduces SCLC xenograft growth

(Chow et al., 2007; 
Lau et al., 2014; Xu 
et al., 2018)

Δ9-tetrahydrocanna 
bivarin (THCV)

9.4 4.8 • Extracted from the cannabis plant

• Ligands of the G protein-coupled cannabinoid 
receptors CB1 and CB2

• Nonselective: acts on other TRPV6 channels

(Janssens et al., 
2018)

SOR-C13 0.014 No effect • 13-amino-acid-peptide derived from Soricidin: a 54-
amino acid peptide found in the paralytic venom of 
the northern short-tailed shrew (Blarina brevicauda)

• Blunts ovarian and prostate cancer growth in vitro 
and in vivo

• Phase 1 trial completed

• Demonstrated potential for in vivo diagnostic cancer 
imaging

(Bowen et al., 2013; 
Fu et al., 2017; Xue 
et al., 2018)

Lidocaine N/A N/A • Approved anesthetic

• Reduces migration and invasion in MDA-MB-231

• Mechanism of action on TRPV6 unknown

(Jiang et al., 2016)
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Abbreviations

2-APB: 2-Aminoethoxydiphenyl Borate; CB: Cannabinoid Receptor; CRAC: Ca2+-Release-Activated Channel; SOR-C13: 13-amino-acid-peptide 
derived from the biological compound Soricidin: a 54-amino acid peptide found in the paralytic venom of the northern short-tailed shrew.
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