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ABSTRACT
TRPV3 is a non-selective cationic channel and is important for several physiological functions. It
can be activated by physiological temperature and selective endogenous and exogenous
compounds. TRPV3 is one of the key ion channel involved in Ca2C-signaling in keratinocyte and
thus involved in skin-related functions. Recently, naturally occurring mutations in TRPV3, namely
G573A, G573S, G573C and W692G have been detected which are linked with the development of
pathophysiological conditions such as Olmsted Syndrome (OS) and other skin disorders. Our
qualitative and quantitative data suggests that these naturally occurring TRPV3 mutants are
mainly restricted in the ER. Expression of OS-mutants cause impaired vesicular trafficking resulting
reduced surface localization of these mutants and other membrane proteins too. OS-mutants also
cause reduced cell adhesion, altered distribution and less number of lysosomes. Our data confirms
that TRPV3 is a lysosomal protein suggesting that Olmsted Syndrome is a lysosomal disorder. These
findings may have a broad implication in the context of keratinocyte functions, skin-degeneration
and in skin-cancer.
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Introduction

Olmsted Syndrome (OS) is a rare genetic disorder first
reported by Olmsted in 1927.1 So far nearly 75
patients worldwide have this syndrome. OS is a
disorder of keratinocytes characterized by defective
keratinization appearing at birth or in early infancy.2

These patients develop clinical symptoms of bilateral
mutilating palmoplantar keratoderma and periorifa-
cial keratotic plaques.3-9 Severe itching at the affected
regions, impaired hair growth, hearing loss, and loss
of terminal portion of the limbs, auto-amputation of
digits, loss-of-bones and/or osteonecrosis are other
specific features of OS.9-11 There is no satisfactory
treatment for this disease as different agents such as
salicylic acid, urea, boric acid, shale oil, retinoic acids,
corticosteroids, anti-microbial drugs, antihistamines,
vitamin-E, vitamin-A and other emollients failed to
improve the pathological conditions.11 Surgical
removals of affected skin and autografting have also
been unsuccessful due to the recurrence problem.12-16

The hallmarks of OS represent an exceptional case
that excludes this disorder from other syndromes of
keratoderma. OS shares etiological similarities with
symptoms of carcinoma and indeed co-occurrence of
squamous cell carcinoma and adenocarcinoma of the
lung in certain cases of OS is also reported.17 OS-
patients have higher susceptibility to develop epider-
mal tumors.16 All these factors render OS as a clini-
cally important etiology for its uniqueness.

Though initially believed to be limited within male,
so far few OS cases have been reported in females
too.4-5,8,11,17,18 The exact mode of inheritance of OS is
not well established. Sporadic occurrence, autosomal-
dominant, X-linked dominant and X-linked recessive
modes of inheritance had been proposed. It is primarily
believed to be a disorder of keratinization as expression
of mature epidermal keratins (type 1 and 10) are defec-
tive.12 OS has also been referred as hyper proliferative
disorder of the epidermis.3 Recently, abnormality of
the immune systems, especially hyper IgE production,
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elevated eosinophil and follicular T-cells in the periph-
eral blood have been linked with the OS.19

Transient Receptor Potential Vanilloid sub-type 3
(TRPV3) is a non-selective cation channel and mem-
ber of TRP super family of ion channels.20 Different
point mutations in TRPV3, namely in G573S, G573C,
G573A, and W692G have been linked with the devel-
opment of OS.19,21,22 Deleterious effect of these muta-
tions are also in line with the expression of TRPV3 in
keratinocytes and its involvement in skin barrier
formation, cutaneous growth and survival, skin
inflammation, cutaneous pain and Puriceptive itch.23

Notably, electrophysiological experiments suggest that
G573S, G573C and W692G conduct more currents
and thus behave as “gain-of-function” mutants.21

Though these reports strongly suggest the involve-
ment of TRPV3 in this disorder, the exact molecular
mechanism by which these TRPV3 mutations induce
Olmsted Syndrome is not clear.

In this work we explored the role of OS-causing
TRPV3 mutants in Keratinocytes and demonstrate
that these mutants have impaired trafficking, reduced
surface expression, impaired cell adhesion and
abnormal lysosomal functions. We demonstrate that
TRPV3 is a lysosomal protein, thereby suggesting
that Olmsted Syndrome is associated with lysosomal
disorder.

Results

Wild type TRPV3 localizes at cell-cell contact sites
and OS-mutants are retained in ER

Localization of TRPV3 in keratinocytes were studied
by expressing TRPV3-Wt in HaCaT cells as a GFP-
tagged protein. TRPV3-Wt localizes primarily in the
plasma membrane and is often enriched in the cell-cell
contact sites (Fig. 1a). Recently four point mutations in
TRPV3 have been linked with the development of
Olmsted Syndrome and these mutations are located at
the intracellular loop region between 4th and 5th TM
region as well as in the TRP domain (Fig. 1b). To
explore the localization pattern of these TRPV3
mutants, full-length TRPV3 carrying the different
point mutations (G573S, G573C, G573A and W692G;
collectively termed as “OS-mutants”) individually were
expressed in HaCaT cells as GFP-tagged proteins.
These OS-mutants are localized in the perinuclear
regions and are mainly restricted to the ER and in the
nuclear envelope (Fig. 1c).

OS-mutants have altered surface expression and
affect cell size

To explore if the surface expression of OS-mutants is
indeed reduced, we used an antibody (Alomone Labs,
recognizes AA 464–478) specific for the extracellular
loop region of TRPV3 and thus this antibody is able
to detect TRPV3 present in the plasma membrane
without permeabilizing the cells. This antibody readily
detected TRPV3 surface expression only in the non-
permeabilized HaCaT cells transiently expressing
TRPV3-Wt-GFP but not in the cells expressing the
other OS-mutants (Fig. 1d). This antibody does not
detect the non-transfected HaCaT cells, most likely
due to very low level endogenous expression of
TRPV3. This result suggests that only TRPV3-Wt-
GFP but not the OS-mutants are present in the
surface.

To characterize the effect of expression of OS-
mutants in a more precise manner, we have quantified
morphological parameters (such as cell periphery and
area) of HaCaT cells that transiently express TRPV3-
Wt-GFP or OS-mutants (Fig. 1e-f). Cells expressing
OS-mutants have significantly smaller cell periphery
and smaller cell size when compared with the cells
expressing TRPV3-Wt-GFP. Cells expressing OS-
mutant are also more round-shaped as observed in
the length by width ratio (Fig. 1g).

OS-mutants Co localize with ER but not with
membrane protein

To further validate that we used an antibody specific
for ER (calnexin) and stained the transfected cells
which express TRPV3-Wt and OS mutants. TRPV3-
Wt expressing cells show discrete staining for ER and
TRPV3-Wt shows localization on plasma membrane
but most of the OS mutants show co localization with
calnexin suggesting that these mutants are primarily
restricted in the ER and/or are unable to reach to the
plasma membrane (Fig. 2a). To further confirm this
aspect, we explored the status of E cadherin by using
specific antibody. Our results show that the TRPV3-
Wt is present on membrane while the OS mutants are
mostly undetectable in the membrane (Fig. 2b). These
data strongly suggests that cell expressing OS mutants
have altered membrane trafficking.

To further confirm that OS mutants have reduced
surface expression, we have quantified more than 100
cells in each category and classified the localization of
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Figure 1. OS-mutants but not TRPV3-Wt have reduced surface expression. (A) Shown are the 3D-reconstituted confocal images of HaCaT
cells transiently expressing TRPV3-Wt-GFP. The enlarged image demonstrates the presence of TRPV3 at cell-cell contact sites. (B) Posi-
tions of point mutations (G573A, G573S, G573C and W692G) are indicated. (C) The GFP fluorescence (green) alone or merged with DIC
are shown. OS-mutants show no localization at the cell surface (cell boundary is indicated by dotted line) and accumulate at the ER. (D)
An extracellular loop-specific antibody detects TRPV3 available at the cell surface (red) only in un-permeabilized cells expressing TRPV3-
Wt but not in un-permeabilized cells expressing OS-mutants. Intensity of TRPV3staining is provided in the right side. (E-G) expressing
OS-mutants have much reduced cell periphery (E), area (F) and are more round in shape (in each case n D 70 cells and p value < 0.001
is considered as significant).
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TRPV3 in 4 types. Results confirm that OS mutants
are primarily restricted in ER and in nuclear envelope
while TRPV3-Wt is primarily localized in plasma
membrane and in sub-membranous region (Fig. 3a).
Analysis of relative presence of TRPV3-Wt or OS-
mutants in the membrane regions were analyzed by
quantifying the fluorescence intensity from plasma-
membrane regions of GFP-tagged TRPV3 protein as
well as antibody labeling of surface localized TRPV3
in unpermeabilized cells. This analysis also confirms
that the presence of TRPV3-Wt at the plasma mem-
brane is predominant while the presence of OS
mutants are much less there (Fig. 3b).

To further calculate the extent of surface localiza-
tion, we have labeled the TRPV3 expressing cells with
antibody specific for extracellular loop region of

TRPV3. Cells without any detergent permeabilization
were used for this analysis. Calculation of florescence
intensity indicates that the total antibody labeling was
performed. This analysis also suggests that OS
mutants have much reduced surface expression
(Fig. 3c). In addition we analyzed the percentage of
total TRPV3 that are surface expressed. For that
TRPV3-Wt or OS-mutants-tagged with GFP are
expressed (considered as 100%) and the cells were fur-
ther stained with the extracellular loop-specific anti-
body detected as Red fluorescence. Ratio of the red
florescence (from labeled antibody) with green fluo-
rescence (from GFP-tagged protein) obtained from
multiple cells were calculated. This analysis suggests
that approximately 50% of the total TRPV3-
Wt-GFP are present in the plasma membrane while

Figure 2. OS-mutants co localize with calnexin and not with E cadherin. (A) Shown are the confocal images of HaCaT cells transiently
expressing TRPV3-Wt-GFP or OS-mutants. Cells were fixed within 36 hours after transfection and the cells were stained for anti Calnexin
antibody. TRPV3-Wt shows discrete ER labeling and TRPV3 localization on membrane, while OS mutants shows co localization with ER
(Merge image) suggesting that OS mutants have reduced surface expression and are primarily retained in ER. (B) Immunolocalization of
TRPV3-Wt-GFP and OS mutants with membrane marker E cadherin is shown. TRPV3-Wt-GFP shows proper E cadherin labeling and
proper TRPV3 localization on membrane, while OS mutants are not localize on the membrane. In most cases, cells expressing OS-
mutants have much reduced E cadherin staining (T and NT represent transfected and non-transfected cells respectively). Scale bar is
10mm and 5mm for merge and zoom images.
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this number is much less for OS-mutants (Fig. 3d).
Taken together all these analysis strongly suggests that
OS-mutants have much reduced surface expression
than that of TRPV3-Wt-GFP.

OS-mutants affect surface expression of other
proteins and cell adhesion

We explored if expression of OS-mutants affect the
surface localization of these mutants only or affect
other membrane proteins as well. Therefore, wild-type
TRPV1 along with TRPV3 (wild-type or OS-mutants)
were co-expressed in 5:1 ratio (plasmid DNA in order
to express more TRPV1 and less TRPV3) since it is
reported that both TRPV1 and TRPV3 form hetero-
mers.20,24 TRPV1 (a close homolog of TRPV3) local-
izes to the plasma membrane efficiently in cells
expressing TRPV3-Wt-GFP but not in cells expressing
OS-mutants (Fig. 4). These results suggest that OS-
mutants affect the surface expression of other mem-
brane proteins as well.

Gradual loss of keratinocytes from skin is a
common feature of Olmsted Syndrome. Therefore
we have characterized the adhesion of cells express-
ing TRPV3-Wt-GFP or OS-mutants by allowing the
cells to grow on uncoated glass surface and mea-
sured the Z-distance of the individual cells. Cells
expressing TRPV3-Wt-GFP are tightly attached to
the glass surface and reveal very flat morphology.
In contrast, cells expressing these OS-mutants are
either not attached to the glass surface and/or
loosely attached to other non-transfected cells as
observed by the 3D-confocal microscopy. The cells

Figure 3.

Figure 3. OS mutants reveal reduced surface expression. (A) Per-
centage scoring of cells expressing TRPV3-Wt-GFP or OS-mutants
are shown. Cells were classified according to the localization of
TRPV3, i.e.: exclusively on the membrane (A-type), in membrane
and in the sub-membranous region (B-type), in cytoplasm but not
on the membrane (C-type), and exclusively in the ER and in nuclear
envelope (D-type). TRPV3-Wt-GFP is primarily localized on mem-
brane and sub membranous region, while OS mutants are mainly
restricted in the ER and in the nuclear envelop. (B) Quantification
of the amount of TRPV3 (GFP fluorescence) present in plasma
membrane per unit surface area are shown. Minimum 10 or more
numbers of region-of-interests (ROI) in the membrane region from
individual cells (n D 20 or more) in each group was considered
and plotted. (C) Quantification of the total surface expression of
TRPV3 is shown. Amount of TRPV3 present in the surface is quanti-
fied by calculating total intensity of fluorescence in un-permeabi-
lized cells detected by extracellular loop-specific antibody raised
against TRPV3. Microscopic images of similar experiments are rep-
resented in Fig. 1D. (D) Percentage expression of TRPV3 at the sur-
face is estimated by quantifying the total GFP fluorescence
(considered as 100%) present in individual cells and the fluores-
cence of TRPV3 that can be labeled by extracellular-loop specific
antibody. In each case, the p value <0.001 is considered as
significant.
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expressing OS-mutants are more round-shaped in
their morphology (Fig. 5). The average Z-distance
of cells expressing OS-mutants are higher than the

cells expressing TRPV3-Wt-GFP. These results sug-
gest that OS-mutants affect cell adhesion and cell-
to-cell contact properties as well.

Figure 4. OS-mutants show impaired trafficking for membrane proteins. Confocal images of HaCaT cells transiently expressing TRPV1
along with either TRPV3-Wt-GFP or OS-mutants are shown. Cells were fixed 36 hours after transfection and were stained for TRPV1 using
an antibody that is raised against extracellular loop of TRPV1. This antibody detects TRPV1 at the surface (red) only in cells expressing
TRPV3-Wt-GFP but much less or not at all in cells expressing OS-mutants. Fluorescence of TRPV3-Wt-GFP or OS-mutants are represented
in green and TRPV1 is represented in red. Intensity of surface-expressed TRPV1 is indicated in the rainbow scale (right panel).
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Expression of OS-mutants alter distribution of ER
and Golgi bodies

As expression of OS-mutants reveal reduced surface
localization and are mainly restricted in the perinu-
clear regions, we tested if these mutants cause
abnormalities in the ER distribution and functions.
For that purpose, we expressed TRPV3-Wt-GFP as
well as OS-mutants transiently in HaCaT cells and
immunostained with anti-KDEL antibody (a
marker for ER-targeted proteins). We noted that
cells expressing OS-mutants reveal aggregated
KDEL staining while cells expressing TRPV3-Wt-
GFP reveal normal distribution of KDEL staining
(Fig. S1a). Both KDEL immunostaining, and the
localization of TRPV3 strongly suggest that OS-

mutants induce mislocalization of ER-targeted pro-
teins in general and development of aggregated ER.
The abnormalities in the ER functions is also
prominent by ER-tracker staining, as the cells
expressing OS-mutants are generally weakly labeled
by ER-tracker dye (data not shown).

As OS-mutants are largely accumulated in the ER
regions, we explored the vesicular distribution in these
cases. We labeled cells with anti-GM130 antibody
(specific for Golgi complex). We noted that well dis-
tributed Golgi bodies in cells expressing TRPV3-Wt-
GFP (Fig. S1b). In contrast, cells expressing OS-
mutants show either much reduced levels or clustered
Golgi bodies suggesting a general vesicular trafficking
problem. Cells expressing OS-mutants also reveal
aggregation of mitochondria (Fig. S2a, b).

Figure 5. Expression of OS-mutants induce impaired cell adhesion. (A) Shown are the XZ, YZ plane and 3D (right panel) confocal images
of representative HaCaT cells that transiently express either TRPV3-Wt or OS-mutants. The GFP fluorescence (green) distinguishes the
transfected cells (T) from non-transfected (NT) cells (red) and the white dotted line indicate the Z-position of the uncoated glass cover-
slip. While cells expressing TRPV3-Wt are flat and tightly adhere to the glass surface, the cells expressing OS-mutants are spherical,
loosely attached to the glass surface and mostly grow on other non-transfected cells. Scale bar (5 mm). (C) OS-mutants reveal increment
in Z-distance than the cells that express TRPV3-Wt (n D 20 cells in each case, P-value < 0.001). (D) A schematic diagram demonstrating
the loss of cell adhesion and cell-to-cell contacts due to expression of OS-mutants.
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OS-mutants have altered lysosomal distribution
and functions

Distribution and function of lysosomes were mea-
sured by staining with anti-Lamp1 antibody (as lyso-
somal marker). Cells expressing TRPV3-Wt-GFP
reveal well-distributed lysosomes, while cells
expressing OS-mutants show aggregated lysosomes
(Fig. S3). Lysotracker Red imaging confirmed well-dis-
tributed and well-labeled lysosomes in nontransfected
cells, and in cells which express either GFP or
TRPV3-Wt-GFP (Fig. S3). In contrast, cells expressing
OS-mutants have less number of Lysotracker Red
labeled lysosomes which mainly appear as big clusters.

Next, we measured the distribution and number of
functional lysosomes in live cells. For that purpose, we
prepared cells that express only GFP or TRPV3-
Wt-GFP or OS-mutants after a stable selection. We
labeled these cells with Lysotracker Red and per-
formed live cell imaging. We monitored the move-
ment of functional lysosomes also. Cells that are either
non-transfected, or are expressing only GFP or
expressing TRPV3-Wt-GFP (after stable selection)
have several lysosomes which are well distributed and
move fast, and travel long distances (Fig. 6a-b; Movies
S1–5). In contrast, cells expressing OS-mutants have
either very less number of lysosomes and/or aggre-
gated lysosomes. Very less or no movement at all of
lysosomes was detected for cells that are expressing
OS-mutants (Fig. 6a-b). No-significant difference in
lysosomal number is observed between cells that
express TRPV3-Wt-GFP and cells that are either non-
transfected or are expressing GFP only (Fig. 6b). These
results suggest a strong correlation between expres-
sions of OS-mutants with the malfunction of lyso-
somes (as Lysotracker Red labeling is largely
dependent on the lysosomal functions).25

TRPV3 is a lysosomal protein

As mutation in TRPV3 leads to reduced lysosomal
numbers and functions, we explored if TRPV3 is pres-
ent in the lysosomes. We could detect TRPV3-Wt-
GFP in the lysosomes in stable cells (Fig. 6c). In spite
of low number of lysosomes, we could also detect the
presence of few OS-mutants too in the lysosomes sug-
gesting that these TRPV3-mutants are also localizes in
the lysosomes (Fig. 6d). To explore if endogenous
TRPV3 is present in lysosomes, we have purified lyso-
somal fractions isolated from goat brain. By Western

blot analysis, TRPV3-specific immunoreactivity is
detected in lysosomal fractions (Fig. 6d).

Taken together, our data unravel new aspects of
TRPV3 in the context of cellular functions and subcel-
lular characterization indicating that impaired lyso-
somal functions are linked with the development of
Olmsted Syndrome.

Discussion

Olmsted Syndrome represents a unique case where
keratinocytes in terminal organs are affected and the
cellular - molecular mechanisms involved in this man-
ifestation are largely unknown. At genetic level too,
very little is known for this syndrome. The LOR gene
was previously implicated in the pathogenesis of sev-
eral hereditary diseases with mutilating Palmoplantar
Keratoderma (PPK), a disorder which has certain sim-
ilarity with Olmsted Syndrome.26 Notably, LOR gene
codes for loricrin, the main component of the corni-
fied cell envelop present iN-terminally differentiated
epidermis, and it is also associated with inherited skin
diseases, namely with Vohwinkel’s Syndrome and pro-
gressive symmetric erythrokeratoderma.27 However,
specific screening studies have failed to detect any
mutations in LOR gene in OS patients.17 No muta-
tions have been detected in 3 other genes namely
KRT1 (Keratin 1), GJB2 (Gap junction protein b 2)
and SLURP1 (Secreted Ly-6/uPAR-related protein 1);
which are otherwise involved in other skin-related
problems.4,17 A missense mutation in membrane-
bound transcription factor protease site 2 (MBTPS2)
is involved in OS, though the molecular mechanisms
remain uncharacterized.28 Though involvement of
other candidate genes in OS cannot be ruled out at
this stage; involvement of TRPV3 is highly significant.

Though expression and functions of TRPV3 have
been mainly characterized in the context of peripheral
neurons and in the context of nociception, expression
of TRPV3 has been demonstrated in other non-neuro-
nal tissues too, such as in testis, stomach, trachea, small
intestine, placenta, fibroblasts and immune cells pres-
ent in the dermis.29-31 In fact, expression of TRPV3 is
more in skin than in sensory neurons.20,29 TRPV3 also
regulates hair follicle, hair growth and keratinocyte
functions.23 For example, constitutively active TRPV3
leads to hair loss and skin dermatitis.32,33 TRPV3 is
important for EGFR-mediated regulation of hair mor-
phogenesis and skin barrier formation.34 TRPV3 is
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highly expressed in skin keratinocytes, and particularly
in differentiated basal layer and undifferentiated supra-
basal layer of mouse epidermis.33 In this context, our

results unravel subcellular and molecular phenomena
by which TRPV3 regulates different functions in kera-
tinocytes and possibly in other cell types as well.

Figure 6. TRPV3 is present in lysosomes and OS-mutants alter lysosomal numbers and movement. (A) Time-series confocal images were
acquired for analyzing lysosomal movements in stable cells expressing TRPV3-Wt –GFP or OS-mutants. DIC images (white dotted lines
show the periphery of the cells) superimposed with the florescence images (for Lysotraker-red labeled Lysosomes, red circles). The
track-index of Lysosomal movements are indicated by lines (Right panel). For more details see movies (S1-S5). (B) HaCaT cells stably
expressing OS-mutants have lower number of lysosomes (labeled with Lysotracker red) than the cells expressing TRPV3-Wt-GFP (P-val-
ues: ��� < 0.001, �� < 0.01 TRPV3-G573C or TRPV3-G573S; n D 20 cells in each case). (C) Confocal images of stable HaCaT cells show
that both TRPV3-Wt-GFP and OS-mutants:localize (white arrows) in lysosomes in live cells. Colocalization experiments with TRPV3-
G573A and TRPV3-W692G failed mainly due to the undetectable level of tagged proteins and absence of lysosomes properly labeled
with Lysotracker red. (D) Western blot analysis of lysosomal fraction isolated from goat brain shows the presence of endogenous TRPV3
there (indicated by arrow) and enrichment of lysosomal fraction shown with lysosomal marker.
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Our qualitative and quantitative data suggest that
OS-mutants are primarily restricted in the ER regions
and have much reduced surface expression. Accord-
ingly, HaCaT cells expressing OS-mutants have much
reduced vesicular trafficking and abnormal lysosomal
functions. Though all these quantifications are from
immunofluorescence images and are semi-quantita-
tive in nature, different quantifiable parameters corre-
late well and strongly suggest that the OS-mutants
have much reduced surface expression than TRPV3-
Wt-GFP. These OS-mutants also induce abnormal
cellular conditions where surface expression of other
membrane proteins are also affected. Such situations
may explain well about the low cell adhesion and cell-
cell contacts and such defects correlate well with the
loss of keratinocytes as observed in OS patients, these
defects could be the consequence of gain of function
mutants which has seen in some of preliminary cal-
cium imaging experiments.

These TRPV3 mutants are constitutively active in
their electrophysiological properties and thus categories
as “gain-of-function mutants”.21 These “gain-of-func-
tion” mutants affect different subcellular organelles, at
least ER, Golgi and Lysosomes. This work demonstrates
that endogenous TRPV3, as well as TRPV3-Wt-GFP or
OS-mutants are physically present in lysosome. Our
data suggest that TRPV3 is a lysosomal protein and
mutations in TRPV3 seem to cause lysosomal disor-
ders. Our results are in accordance with recent reports
suggesting other TRP channels are also present in lyso-
somes. For example, a report suggest that TRPV3 inter-
acts with Nexin 11, a lysosomal protein.35 TRPML
members belong to TRP superfamily are also present in
the lysosome and late endosomes; and defects in these
TRPMLs also result in lysosomal storage disorders lead-
ing to impaired trafficking of lipids and proteins.36 Sim-
ilarly, using patch clampmethod, presence of TRPV2 in
the endosome has also been confirmed.37 Highly Ca2C-
selective channels (such as TRPV5 and TRPV6) are
specifically present in the Rab11-positive recycling
endosomes.37 In spite of low numbers, still we could
detect OS-mutants in the lysosomes confirming that
OS-mutants are also targeted to the lysosomes. How
mutations in TRPV3 actually leads to these lysosomal
disorders is not known.

Collectively this work demonstrate that TRPV3
is a lysosomal protein and we conclude that TRPV3
mutation mediated Olmsted Syndrome is a lysosomal
disorder.

Materials and methods

Reagents

DAPI, Lysotracker Red, and Lipofectamine were pur-
chased from Invitrogen (Carlsbad, California, USA).
Fluoromount-G was purchased from Southern Bio-
tech (Birmingham, US).

Constructs, cells and transfection

TRPV3-Wt-GFP, TRPV3-G573S-GFP, TRPV3-
G573C-GFP and constructs (cloned in pCMV6-AC-
GFP vector) used in this study were kindly provided
by Dr. Yong Yang.21 The other constructs, namely
TRPV3-G573A-GFP and TRPV3-W692G-GFP were
prepared by using site directed mutagenesis kit (Stra-
tagene) using different primer sets [for TRPV3-
G573A: 50CGGGGTTTCCAGTCCATGGCCATGTA
CAGC30 and 50GCTGTACATGGCCATGGACTGGA
AACCCCG30; for TRPV3-W692G:50GAGAGCGAAC
GCATCGGGCGCCTGCAGAG30 and 50CTCTGCA
GGCGCCCGATGCGTTCGCTCTC30]. All these
TRPV3-constructs were verified by restriction diges-
tion and also by sequencing. Full-length TRPV1 (rat)
inserted in pCDNA 3.1 vector was used as described
previously.38 In this study TRPV3-G573S-GFP,
TRPV3-G573C-GFP, TRPV3-G573A-GFP and
TRPV3-W692G-GFP are collectively termed as
OS-mutants. Human keratinocyte cell line
(HaCaT) was obtained from NCCS (Pune, Maha-
rashtra, India) and maintained in Dulbecco’s mod-
ified Eagle’s medium (HiMedia, Bangalore, India)
with 10% fetal bovine serum (HiMedia). All media
were supplemented with L-glutamine (2mM),
streptomycin (100 mg/ml) and penicillin (100 mg/
ml) (HiMedia). Cells were maintained in a humid-
ified atmosphere at 5% CO2 and 37�C. Cells stably
expressing TRPV3-Wt-GFP or different OS-
mutants were selected by antibiotics and subse-
quently maintained in selection media (Neomycin,
100mg/ml).

Immunocytochemistry

For immunocytochemical analysis, cells were fixed with
4% PFA for 5 minutes and were permeabilized with
0.1% Triton X-100 in PBS (5 min) and subsequently
blocked with 5% BSA. For co-immunostaining with
subcellular markers, specific antibodies were used
[(for Golgi rabbit anti-GM130, Sigma-Aldrich, 1:500),
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(for mitochondria mouse anti-HSP60, Abcam, 1:500),
(for ER mouse anti-KDEL antibody, Abcam, 1:500 and
rabbit anti calnexin antibody, Abcam 1:500), (for lyso-
some rabbit anti-Lamp1 antibody, Sigma-Aldrich 1:500
and rat anti E cadherin antibody, cell signaling technol-
ogy, 1:500)]. Anti-TRPV3 antibody [which recognizes
the 1st extracellular loop (464–478aa) of hTRPV3] and
anti-TRPV1 antibody [which recognizes the C-termi-
nus (824–838aa) of rat TRPV1] were purchased from
Alomone Labs (Jerusalem, Israel). Another antibody
which recognize the C-terminus of TRPV3 was pur-
chased from Sigma-Aldrich. Alexa-594-labeled anti
rabbit and Alexa-647-labeled anti- mouse were used as
the secondary antibodies. For comparative analysis, all
imaging parameters were kept constant and images
were acquired by confocal microscope (LSM780, Zeiss)
or with Fluorescence microscope (IX83, Olympus).

Live cell imaging

For visualizing the localization and intracellular
dynamics of Wt as well as different OS-mutants as
GFP-tagged proteins, live cell imaging was performed
after selection of stable cells in antibiotics for 20 d.
During imaging, cells were maintained at a constant
temperature (25�C) and in PBS (pH 7.5) if not men-
tioned otherwise. Images were acquired by a confocal
microscope (LSM 780, Zeiss) using a 63X objective.

The dynamics of lysosomes in live cells were visualized
by labeling cells with Lysotracker Red. Cells were grown
on glass cover slips (25 mm) overnight and subsequently
labeled with Lysotracker Red (100 nM) for 20minutes.

Image analysis

Calculation of cellular size, shape and other images
processing was done by using LSM image examiner
software (Zeiss), Image J and by Adobe Photoshop.
Quantitative analysis for mitochondrial potentiality,
lysosomal movement, Trackmate plugin was used for
analyzing Lysosomal dynamics.

Cell size and shape calculation

Cellular size and shape were calculated manually
for each image using LSM image examiner software
(Zeiss). Parameters such as periphery, area and
shape were calculated by manual drawing on images
(n D 70), and labeled the cells with different subcellu-
lar marker such as golgi (anti GM130), mitochondria

(anti HSP60), ER (anti KDEL), and lysosome (anti
Lamp1).

Fluorescence intensity calculation

To calculate the surface expression of TRPV3-Wt-
GFP or OS mutants, total fluorescence intensity (of
GFP-tagged TRPV3 or TRPV3 labeled by antibody
specific for extracellular loop) of TRPV3 was mea-
sured. The fluorescence intensities were measured
from at least 10 (or more) square-shaped region-of-
interests (ROI) per cells (from 20 or more cells). In all
cases, the ROI was placed on the plasma membrane
regions. Fluorescence intensity was measured by using
Fiji software tool ROI manager.

Statistical analysis

Graph pad prism software was used for statistical
analysis. One way ANOVA (Dunnett’s multiple com-
parisons test) was performed for each set of data. The
P-values are as follows ���

<0.001, �� <0.01, � <0.05.
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