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TRPV6 calcium channel directs 
homeostasis of the mammary 
epithelial sheets and controls 
epithelial mesenchymal transition
Tytti Kärki1,2, Eeva Kaisa Rajakylä1, Anna Acheva1 & Sari Tojkander1*

Epithelial integrity is lost upon cancer progression as cancer cells detach from the primary tumor 
site and start to invade to the surrounding tissues. Invasive cancers of epithelial origin often express 
altered levels of TRP-family cation channels. Upregulation of TRPV6  Ca2+-channel has been associated 
with a number of human malignancies and its high expression in breast cancer has been linked to both 
proliferation and invasive disease. The mechanisms behind the potential of TRPV6 to induce invasive 
progression have, however, not been well elucidated. Here we show that TRPV6 is connected to both 
E-cadherin-based adherens junctions and intracellular cytoskeletal structures. Loss of TRPV6 from 
normal mammary epithelial cells led to disruption of epithelial integrity and abnormal 3D-mammo 
sphere morphology. Furthermore, expression level of TRPV6 was tightly linked to the levels of 
common EMT markers, suggesting that TRPV6 may have a role in the mesenchymal invasion of breast 
cancer cells. Thus, either too low or too high TRPV6 levels compromise homeostasis of the mammary 
epithelial sheets and may promote the progression of pathophysiological conditions.

Epithelial tissues form dynamic sheet-like barriers to enclose functionally distinct units in living organisms. 
Integrity and homeostasis of the epithelial sheets are crucial for normal body functions and compromised in 
several pathophysiological conditions. To adopt to various external cues, cell–cell junctions, connecting the 
neighboring cells in sheets, are sensing these external cues and modified accordingly to adjust their strength and 
 permeability1,2. From all the cell junction types, intercellular cadherin-based adhesions, i.e. adherens junctions 
(AJs) are the major sites for sensing biophysical changes of the environment and can respond to mechanical forces 
to subsequently reinforce cellular contacts and intracellular cytoskeletal  structures3. Contractile actomyosin 
bundles, lining the AJs, provide tension to support the junctions and their dynamics is maintained by several 
parallel upstream signaling cascades, including Rho/ROCK pathway, that insure the integrity of the cell–cell 
 junctions3–5. Calcium has been shown to play a major role in the regulation of different types of actin-based 
structures, and act upstream of several kinases, regulating actin  dynamics6. Local  Ca2+-influxes could thus play 
a major role in the spatio-temporal control of peripheral actomyosin bundles and several recent papers have also 
linked mechanosensitive  Ca2+-ion channels to the regulation of actomyosin  dynamics7–12. However, most of these 
studies have concentrated on single migrating cells and the role of specific  Ca2+-channels in the maintenance of 
actomyosin structures in epithelial sheets has remained unexplored.

One major ion channel family on the plasma membrane is formed by Transient receptor potential (TRP) 
channel superfamily, which is composed of a diverse group of proteins with variable selectivity for specific 
 cations13,14. These cation channels are built by six transmembrane proteins and participate in the induction of 
several intracellular signaling cascades upon various cues. As they act in the crossroads of cellular microenvi-
ronment and central intracellular regulatory pathways, it is obvious that these channel proteins also play a role 
in the physiopathology of various diseases, including  cancer14,15.

TRPV6 belongs to the vanilloid subfamily of TRP superfamily and besides closely related TRPV5, is highly 
calcium-selective in comparison to other TRP-family channel  proteins16–18. Additionally, both TRPV5 and 
TRPV6 are constitutively active and their major function seems to be in the regulation of the whole body 
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 Ca2+-homeostasis as they are widely expressed in different  Ca2+-absorbing epithelial tissue  types16,18. In line with 
this, TRPV6 KO mice exhibit various physiological problems, including defective intestinal  Ca2+-absorption, 
excessive  Ca2+-excretion through the urinary tract as well as fertility  problems16–20. Despite the central role in 
calcium homeostasis, the downstream pathways of this channel protein have remained poorly explored.

Overexpression of TRPV6 has been linked to several cancers of epithelial origin, including prostate, breast, 
ovary, colon and pancreatic  cancers18,21–23. The mechanisms behind this phenomenon are, however, poorly under-
stood: TRPV6 gene amplification is responsible for only under 1% of the breast carcinoma cases with high 
TRPV6 expression. Besides that, hormonal factors in an organ-dependent manner, may contribute to TRPV6 
levels in some cancer types, as trpv6 gene promoter contains estrogen receptor (ER) responsive  element24. More 
rarely, some carcinomas, including cervical squamous cell carcinoma, show downregulation of  TRPV625. In 
breast carcinomas, overexpression of TRPV6 is a common event and the levels of this protein have been shown 
to be highly elevated, especially in the invasive  regions22,26. High TRPV6 also correlates with poor prognosis 
in estrogen receptor-negative breast  cancers27. This might be linked to TRPV6�•s ability to promote cell prolif-
eration through  Ca2+-dependent calmodulin/calcineurin/NFAT  pathway18,26,28–30. Activation of this pathway 
impacts genes involved in cell proliferation, viability and matrix degradation through  MMPs30,31. Additionally, 
high TRPV6 is linked to increased levels of anti-apoptotic Bcl-232 and downregulation of TRPV6 with specific 
siRNAs in pancreatic cancer cells led to significant decrease in Bcl-2, concomitant with triggered  apoptosis33. 
Based on these previous studies, TRPV6 thus clearly plays a role in cell proliferation and survival. However, 
the other intracellular pathways, downstream of TRPV6, are poorly studied and their significance for cancer 
progression is not understood.

In this study we propose a novel role for TRPV6 in the regulation of breast epithelial homeostasis. Our studies 
in mammary epithelial cell lines demonstrate that TRPV6 is associated with E-cadherin mechanotransduction 
complex at the cell–cell junctions and that TRPV6 is expressed and recruited to the cell surface in a confluency-
dependent manner. Depletion of TRPV6 caused disruption of the junction-maintaining peripheral actomyosin 
bundles possibly due to deregulation of the myosin light chain phosphorylation. Additionally, we show that 
TRPV6 levels tightly correlate with the expression of epithelial mesenchymal transition (EMT)-linked factors and 
depletion of TRPV6 from mammary epithelial or breast carcinoma cell lines leads to downregulation of several 
EMT-associated proteins. In all, our data provide novel information on the role of TRPV6 in normal epithelial 
homeostasis and a possible mechanism for its ability to provoke invasive progression.

Results
TRPV6 is expressed and recruited to the cell–cell junctions in a tension-sensitive manner. Pre-
vious studies have demonstrated that TRPV6 plays an important role in the  Ca2+-influx of epithelial  cells16,20,34. 
However, its role in the homeostasis of various epithelial tissues has remained poorly studied.

To explore in more detail the function of TRPV6 in the mammary epithelial cells we first performed immu-
nofluorescence staining analyses of TRPV6 together with markers against cytoskeletal and adhesive structures. 
Standard immunofluorescence stainings of 4% PFA fixed 184A1 and MCF10A cells showed very diffuse staining 
pattern for TRPV6, while methanol-fixation removed this diffuse signal and revealed the association of TRPV6 
with E-cadherin puncta at the nascent adhesions (Fig. 1a,b). Upon increasing confluency of the breast epithelial 
cell cultures, TRPV6 started to accumulate more at the vicinity of cell–cell junctions, partially co-localizing with 
E-cadherin (Figs. 1c–e; S1a,b). Besides this, immunofluorescence stainings revealed a connection with TRPV6 
and intracellular cytoskeletal structures (Figs. S1c,d; S2a,b). Additionally, we observed that increasing cell density 
was associated with higher expression of TRPV6 (Fig. 1f,g; see also Fig. S2c). In summary, the results suggest 
that TRPV6 is associated with cell junction-supportive structures and that its expression and localization are 
influenced by mechanical tension, triggered by the neighboring cells.

Figure�1.  TRPV6 associates with E-cadherin-based cell–cell adhesions and is expressed in a confluency-
dependent manner. (a) Semiconfluent MCF10A cells were fixed with methanol and specific antibodies against 
E-cadherin and TRPV6 were used in immunofluorescence stainings. A representative image from early cell–cell 
contacts shows that TRPV6 is linked to E-cadherin-based adhesions at the finger-like protrusions of nascent 
junctions (indicated with yellow arrows). Bar 10 μm. (b) Accumulation of TRPV6 at cell–cell contacts. Semi-
confluent MCF10A cells were fixed with methanol and specific antibodies against TRPV6 and E-cadherin 
were used in immunofluorescence stainings. DAPI was used to visualize the nuclei. In semi-confluent cultures 
TRPV6 is linked but not colocalizing with E-cadherin. Bar 10 μm. (c) Accumulation of TRPV6 at cell–cell 
contacts. Confluent MCF10A cells were fixed with methanol and specific antibodies against TRPV6 and 
E-cadherin were used in immunofluorescence stainings. DAPI was used to visualize the nuclei. At more mature 
cell–cell junctions TRPV6 shows colocalization with E-cadherin. Bar 10 µm. (d) Lineprofiles, related to (c). 
Lineprofiles were analyzed in ImageJ and they show representative colocalization of TRPV6 and E-cadherin at 
the cell–cell contacts. (e) Percentage of E-cadherin and TRPV6 colocalization. E-cadherin staining at the cell–
cell junctions was used as a ROI, region of interest. Percentage of TRPV6 at this ROI was measured in ImageJ. 
The amount of colocalization (%) is shown as box plot with inner and outlier points and mean. n(cell–cell 
junctions) = 15. (f) Sparse and dense cultures of 184A1 cells were lysed and Western blotting was performed 
with specific antibody against TRPV6 and E-cadherin. pAkt antibody was used to indicate the confluency of 
the  cultures35. GAPDH acts as a loading control. Weight markers (kDa) for the indicated proteins are shown 
next to the blots. See also Supplementary Fig. S2c for uncut blots. (g) Quantification of the TRPV6 Western 
blot results, related to (f). Intensity values were measured in ImageJ and values for TRPV6 were divided with 
the corresponding GAPDH values. Control sample values were normalized to 1. Mean (± SEM) is shown. n = 3. 
*P < 0.05 (Paired t-test).
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TRPV6 is essential for epithelial integrity. TRPV6 is widely expressed in various epithelial tissues, but 
its function and intracellular downstream pathways have remained poorly explored. As both extra- and intracel-
lular  Ca2+ plays a role in the maintenance of epithelial integrity, we wanted to assess the possible role of TRPV6 
in the structural homeostasis of epithelial sheets.

To reveal the role of TRPV6 in breast epithelium, we depleted this protein from both 184A1 and MCF10A 
cells by specific siRNAs (Fig. S3a–c). To verify that TRPV6 really affected the calcium homeostasis of the breast 
epithelial cells, we performed calcium imaging in living ctrl and TRPV6 siRNA-treated 184A1 cells (Fig. 2a,b). 
Loss of TRPV6 from these cells led to significantly lower signal of calcium in the utilized cell line as detected 
by calcium green imaging of ctrl and TRPV-depleted cells. Decreased levels of TRPV6 had also an observable 
impact on the epithelial integrity on both 2D and 3D cultures: on 2D cultures, loss of TRPV6 led to increased 
gap formation at cellular junctions (Fig. 2c,d), implicating impaired cell–cell contact formation. While in 3D cul-
tures, mammary spheroids formed by these cells displayed abnormal morphology with higher volume, impaired 
sphericity and abnormal lumen formation (Figs. 2e–g; S3d,e). Additionally, decreased anisotropy of the TRPV6-
depleted MCF10A cells in monolayers was detected on spherical, space-restricted micropatterns (Fig. 2h,i).

As TRPV6 was connected to E-cadherin at adherens junctions (Figs. 1a–e; S1a,b), we studied whether deple-
tion of TRPV6 could affect this cell junction protein. While TRPV6-depleted MCF10A cells displayed less 
mature junctions, as visualized by E-cadherin staining (Fig. S3f), the levels of E-cadherin remained the same as 
detected by Western blotting from the cellular lysates of corresponding control and TRPV6 siRNA-treated cells 
(Fig. S4a, upper panel). In addition, the levels of tight junction protein ZO-1 remained unchanged (Fig. S4a, 
lower panel). Furthermore, as disruption of intact cell–cell contacts causes changes in the localization of many 
contact-sensitive proteins, we analyzed how compromised epithelial integrity upon loss of TRPV6 was associ-
ated with the nuclear transport of transcription factor YAP. In line with the known contact-sensitivity of this 
 protein36, YAP was also found to be more nuclear in TRPV6-depleted confluent cell cultures (Fig. S4b,c). The 
results indicate that TRPV6 is essential for the maintenance of intact epithelial cell–cell junctions, at least in the 
utilized breast epithelial model system.

TRPV6 regulates contractility of actomyosin bundles. We previously showed that peripheral acto-
myosin bundles are important in maintaining epithelial integrity through  Ca2+  signaling37. As TRPV6 binds 
calmodulin in a  Ca2+-dependent  manner38,39 and  Ca2+/calmodulin impacts actomyosin contractility at least 
through myosin light chain kinase (MLCK)40, we wanted to assess the possible role of TRPV6 in the regulation 
of peripheral actomyosin bundles. For this, the organization of actin cytoskeleton was analyzed in more detail 
with immunofluorescence microscopy from control and TRPV6 siRNA-treated 184A1 breast epithelial cells. As 
detected earlier, the integrity of the mammary epithelial monolayers was deficient upon TRPV6-depletion and 
visualization of actin with phalloidin staining revealed loss of peripheral actomyosin bundles at the cell–cell 
contacts (Fig. 3a). Instead, the junctions displayed sparse actin-based protrusions, making perpendicular con-
nections to the neighboring cells (Fig. 3a, right panel; Fig. S5a, lower panel).

To further investigate whether actomyosin contractility could be affected, we utilized Western blotting and 
cellular lysates of TRPV6-depleted 184A1 cells. Specific antibodies against phosphorylated myosin light chain 

Figure�2.  Downregulation of TRPV6 disrupts  Ca2+-homeostasis and integrity of the mammary epithelial 
sheets. (a) Ctrl siRNA or TRPV6 siRNA-treated 184A1 breast epithelial cells were used in live cell imaging with 
 Ca2+-indicator, calcium green. Calcium signal was detected with snapshots, taken from both ctrl and TRPV6-
depleted cells with the same exposure time and intensity of the signal was analyzed in Fiji. Data is shown in 
box plots, containing inner and outlier points as well as mean. n(cells) = 300 for both ctrl- and TRPV6 siRNA. 
P < 0.001***, paired t-test. (b) Representative intensity maps for calcium green signal in ctrl- and TRPV6 siRNA 
cells. Cell area, used for the intensity measurements, is indicated with the dashed line. (c) Quantification of 
the percentage of gap areas in ctrl siRNA- and TRPV6 siRNA-treated MCF10A monolayers (related to d). 
Data represent mean ± SEM. n = analyzed areas from confluent monolayers; n(ctrl siRNA) = 33; n(TRPV6 
siRNA) = 44; P < 0.001***, unpaired two sample Student’s t-test. (d) Monolayer integrity was analyzed from 
immunofluorescence stainings of ctrl and TRPV6-depleted MCF10A cells, where nuclei (blue) were stained 
with DAPI and actin (green) was stained with Phalloidin. Representative immunofluorescence (IF) images 
are shown in the panel and examples of gaps in between individual cells are marked with red arrowheads. 
Magnifications of the indicated areas are shown on the right side (yellow boxes). Bar 20 µm. (e) Relative volume 
of ctrl and TRPV6 siRNA-treated MCF10A mammo spheroids cultured in 3D matrigel for 21 days after which 
the samples were fixed. Data represent mean ± SEM from two individual experiments. n(ctrl siRNA) = 20; 
n(TRPV6 siRNA) = 18; P < 0.001***, unpaired two sample Student’s t-test. (f) Representative bright field images 
of ctrl and TRPV6 siRNA-treated MCF10A mammo spheroids. Bar 200 µm. (g) Representative images of single 
ctrl and TRPV6-depleted MCF10A spheroids. 3D reconstituted confocal IF images are shown with nuclei 
stained with DAPI (blue) and actin stained with Phalloidin (grey). Irregular lumen formation is indicated 
by distinct nuclear fragmentation between ctrl and TRPV6 siRNA-depleted spheroids (yellow arrow heads). 
Additionally, one of the cell protrusions in TRPV6 siRNA spheroid is pointed out by red arrowhead. Bar 50 µm. 
(h) Representative images of ctrl siRNA- and TRPV6 siRNA-treated MCF10A cells, grown on round collagen-
coated polyacrylamide micropatterns (stiffness 4 kPa). Nuclei were stained with DAPI (blue) and actin was 
stained with Phalloidin (grey). Two outermost cell layers are encircled with the yellow lines, which gives the 
region of interest (ROI) for the analyses of anisotropy. Bar 20 µm. (i) Anisotropy was quantified by utilizing 
FibrilTool plug-in for ImageJ. n = number of monolayers; n(ctrl siRNA) = 19; n(TRPV6 siRNA) = 18; P < 0.05*; 
unpaired two sample Student’s t-test.
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