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Stromal Interaction Molecule1 (STIM1) is an endoplasmic
reticulum membrane-localized calcium (Ca2+) sensor that plays
a critical role in the store-operated Ca2+ entry (SOCE) pathway.
STIM1 regulates a variety of physiological processes and contributes to a plethora of pathophysiological conditions. Several
disease states and enhanced biological phenomena are associated with increased STIM1 levels and activity. However,
molecular mechanisms driving STIM1 expression remain largely
unappreciated. We recently reported that STIM1 expression
augments during pigmentation. Nonetheless, the molecular
choreography regulating STIM1 expression in melanocytes is
completely unexplored. Here, we characterized the molecular
events that regulate STIM1 expression during pigmentation. We
demonstrate that physiological melanogenic stimuli α-melanocyte stimulating hormone (αMSH) increases STIM1 mRNA and
protein levels. Further, αMSH stimulates STIM1 promoterdriven luciferase activity, thereby suggesting transcriptional
upregulation of STIM1. We show that downstream of αMSH,
microphthalmia-associated transcription factor (MITF) drives
STIM1 expression. By performing knockdown and overexpression studies, we corroborated that MITF regulates STIM1
expression and SOCE. Next, we conducted extensive bioinformatics analysis and identiﬁed MITF-binding sites on the STIM1
promoter. We validated signiﬁcance of the MITF-binding sites
in controlling STIM1 expression by performing ChIP and
luciferase assays with truncated STIM1 promoters. Moreover,
we conﬁrmed MITF’s role in regulating STIM1 expression and
SOCE in primary human melanocytes. Importantly, analysis of
publicly available datasets substantiates a positive correlation
between STIM1 and MITF expression in sun-exposed tanned
human skin, thereby highlighting physiological relevance of this
regulation. Taken together, we have identiﬁed a novel physiologically relevant molecular pathway that transcriptionally enhances STIM1 expression.

Stromal Interaction Molecule1 (STIM1) is a single transmembrane protein localized on endoplasmic reticulum (ER)
(1). It is an ER calcium (Ca2+) sensor, which binds to Ca2+
* For correspondence: Rajender K. Motiani, rajender.motiani@rcb.res.in.

through its EF hand domains (1). Upon decrease in ER Ca2+
levels, STIM1 oligomerizes and activates plasma membrane–
resident Orai channels (Orai1/2/3) (1). The activation of
Orai channels results in intracellular Ca2+ entry. Since ER Ca2+
stores depletion results in this Ca2+ inﬂux, it is called as Store
Operated Ca2+ entry (SOCE) (2). STIM1 and SOCE are widely
studied in a variety of cellular systems wherein STIM1 plays a
critical role in regulating cell physiology and human health (3).
STIM1 is involved in various diseases associated with dysregulation of SOCE including vascular disorders, neurodegenerative conditions, severe combined immunodeﬁciency
syndrome, skeletal muscle disorders, and cancers (4–8).
STIM1 is overexpressed in a number of physiological phenomena including pigmentation (9). Mutations in STIM1 lead
to various diseases such as severe combined immunodeﬁciency
syndrome, autoimmunity, muscular hypotonia, tubular
aggregate myopathy, Stormorken syndrome, and ectodermal
dysplasia among others (10). STIM1 levels are signiﬁcantly
modulated in various acute and chronic neurodegenerative
diseases such as ischemic brain injury and Alzheimer’s disease
(11). Further, STIM1 expression is augmented in a plethora of
pathological conditions including vascular disease (6, 12),
asthma (13), and several types of cancer (4, 7, 14). Taken
together, elevated STIM1 levels are associated with certain
physiological phenomena as well as lead to a variety of pathological conditions. However, molecular mechanisms regulating STIM1 expression remain poorly understood.
Pigmentation is a complex physiological phenomenon that
protects human skin from UV radiation–induced damage.
This protection is mediated via a critical photo-protective
factor known as melanin (15). Melanin is synthesized in melanosomes (dedicated organelle for melanogenesis), which are
lysosome-related organelles within specialized cells called
melanocytes (16, 17). The produced melanin is then transferred to neighboring keratinocytes, which provides protection
to the skin from UV-induced cellular damage (18). α-melanocyte stimulating hormone (αMSH) is a key physiological
inducer of melanogenesis in humans (19, 20). It is secreted
downstream of UV exposure from keratinocytes and acts via
binding to the G protein–coupled receptor melanocortin 1
receptor on melanocytes. This binding subsequently leads to
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induction of melanogenesis by activating cyclic-AMP (cAMP)PKA-cAMP response element binding protein (CREB)microphthalmia associated transcription factor (MITF)
signaling axis (21). MITF is the master transcription factor that
regulates both pigmentation and melanocyte proliferation
(22, 23).
Our recent work implicated a critical role of STIM1 in
pigmentation (9). Interestingly, we reported that the expression of STIM1 is higher in pigmented B16 cells (in B16 low
density (LD) pigmentation model) than nonpigmented
B16 cells (9). This data suggests that STIM1 levels augment as
cells undergo pigmentation. But the molecular choreography
that regulates STIM1 expression during pigmentation remain
completely unexplored. Therefore, the aim of this study was to
delineate molecular events that control STIM1 expression
during melanogenesis.
We here report that physiological melanogenic stimuli
αMSH regulates STIM1 expression at transcriptional level
via action of MITF. We demonstrate that αMSH treatment
enhances both STIM1 expression and SOCE. Downstream of
αMSH signaling, we identiﬁed a critical role of MITF transcription factor in regulating STIM1 expression during
melanogenesis in B16 cells and primary human melanocytes.
Our data reveal that MITF silencing leads to decrease in
STIM1 expression as well as SOCE. Similarly, we observe an
increase in both STIM1 expression and SOCE upon MITF
overexpression. Further, we identiﬁed MITF-binding sites on
STIM1 promoter and validated MITF binding on STIM1
promoter by performing chromatin immunoprecipitation
(ChIP) assay. Moreover, we generated a number of truncated
STIM1 promoters and characterized the precise MITFbinding sites on STIM1 promoter. Finally, we evaluated
publicly available RNA-seq datasets and observed a positive
correlation between STIM1 and MITF expression in sunexposed tanned human skin. This unbiased big data analysis implies the physiological signiﬁcance of STIM1 regulation by MITF. Collectively, our study has established MITF
as a novel positive transcriptional regulator of STIM1 in
melanocytes.

Results
STIM1 expression and activity increases with melanogenesis
We have established a B16 (mouse melanoma cell line)based LD culturing–induced pigmentation model (9). This
model closely recapitulates the melanogenic pathways and
signaling cascades operating in primary human melanocytes
(9, 24, 25). The LD-pigmentation model leads to a gradual
increase in pigmentation over a 7-day period wherein the dayzero (D0) cells are depigmented; by day four (D4), the
pigmentation machinery becomes activated and cells become
completely pigmented by day seven (D7) (Fig. 1A). To evaluate
the association of STIM1 expression with pigmentation levels,
we examined STIM1 mRNA and protein levels in the LD
pigmentation model. We observed that as B16 cells pigment in
the LD model, both mRNA (Fig. 1B) and protein expression of
STIM1 increases signiﬁcantly (Fig. 1, C and D). This suggests
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that STIM1 expression is positively related to pigmentation
levels in B16 cells.
After observing increased expression of STIM1 in B16 LD
pigmentation model, we next asked the question whether this
increase in STIM1 expression occurs in response to physiological melanogenic stimuli such as αMSH (26). Using αMSH,
we induced pigmentation in B16 high density (HD) cells. As
presented in Figure 1E, 1 μM αMSH treatment for 48 h induced
pigmentation in B16 cells. Next, we evaluated mRNA and
protein expression of STIM1 upon αMSH treatment in
B16 cells. Interestingly, we observed around two fold increase in
STIM1 expression both at mRNA (Fig. 1F) and protein levels
(Fig. 1, G and H) in response to αMSH-induced pigmentation in
B16 cells. This suggests that STIM1 expression is positively
associated with LD culturing–induced pigmentation as well as
αMSH-mediated physiological pigmentation.
We next examined the levels of Orai channel proteins
(Orai1/2/3) upon αMSH treatment as they act as cognate
partners of STIM1 for driving SOCE. We observed that αMSH
does not enhance the expression of Orai channels (Fig. 1, I–N).
We then asked the question if the increase in STIM1 expression upon αMSH treatment is enough to enhance SOCE. We
used standard thapsigargin (Tg)-activated SOCE protocol (27).
We gave Tg (2 μM) treatment in the absence of extracellular
Ca2+, which leads to depletion of ER Ca2+ stores by blocking
SERCA channels. We induced ER Ca2+ release with Tg and
waited until the cytosolic Ca2+ levels reached back to the
baseline. Subsequently, we added Ca2+ (2 mM) in the bath
solution so that it may be taken up by cells through SOCE. We
used ratiometric Fura-2AM dye for measuring changes in the
cellular Ca2+ levels. We performed these experiments multiple
times and analyzed Ca2+ imaging data from around 120 cells/
condition from three independent experiments. We quantitated SOCE by determining the increase in the ratio of
ﬂuorescence emission intensity (acquired with excitation of
Fura-2AM at 340 nm and 380 nm) upon addition of Ca2+. As
presented in Figure 1O-Q, αMSH treatment for 48 h leads to a
signiﬁcant increase in the SOCE, suggesting that αMSHinduced increase in STIM1 expression is enough to enhance
SOCE in B16 cells. Interestingly, we had previously observed a
similar increase in SOCE during LD pigmentation as well (9).
Overall, the data suggests that both STIM1 expression and
activity is enhanced upon αMSH treatment.
MITF positively regulates STIM1 promoter activity in
melanocytes
αMSH is a physiological stimulator of melanogenesis (26)
and it induces melanogenesis via cAMP-PKA-CREB-MITF
signaling pathway (19–21). Please refer to Figure 2A for the
diagrammatic illustration of signaling module working
downstream of αMSH for stimulating melanogenesis. We
observed that αMSH treatment leads to augmentation of
STIM1 expression (both at mRNA and protein levels) in
B16 cells (Fig. 1, E–H). Increase in STIM1 expression at
mRNA levels upon αMSH treatment points towards plausible
STIM1 transcriptional upregulation downstream of αMSH.
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Figure 1. STIM1 expression and activity increases with melanogenesis. A, representative B16 cell pellet pictures of LD day 0, LD day 4, and LD day 7.
B, qRT–PCR analysis showing increase in STIM1 mRNA expression with pigmentation in B16 LD model (N = 3). C, representative Western blot showing an
increase in STIM1 protein expression on LD day 7 in comparison with day 0 (N = 3). D, densitometric quantitation showing increase in STIM1 protein levels
on LD day 7 in comparison with day 0 (N = 3). E, representative pellet pictures upon αMSH treatment in B16 cells as compared to control (N = 3). F, qRT–PCR
analysis showing increase in STIM1 mRNA expression in B16 cells upon αMSH treatment (N = 3). G, representative Western blot showing STIM1 protein
levels in B16 cells upon 1 μM αMSH treatment for 48 h as compared to vehicle control (N = 4). H, densitometric quantitation showing increase in STIM1
protein levels upon αMSH treatment (N = 4). I, representative Western blot showing Orai1 protein levels upon αMSH treatment in B16 cells as compared to
vehicle control (N = 3). J, densitometric quantitation showing Orai1 protein levels upon αMSH treatment (N = 3). K, representative Western blot showing
Orai2 protein levels upon αMSH treatment in B16 cells as compared to control (N = 3). L, densitometric quantitation showing Orai2 protein levels upon
αMSH treatment (N = 3). M, representative Western blot showing Orai3 protein levels upon αMSH treatment in B16 cells as compared to control (N = 3). N,
densitometric quantitation showing Orai3 protein levels upon αMSH treatment (N = 3). O, representative Ca2+ imaging trace of vehicle control where “n =
43” denotes the number of cells in that particular trace. Cells were stimulated with 2 μM thapsigargin (Tg) in Ca2+-free buffer followed by restoration of
2 mM extracellular Ca2+. P, representative Ca2+ imaging trace of αMSH treatment where “n = 41” denotes the number of cells in that particular trace. Cells
were stimulated with 2 μM thapsigargin (Tg) in Ca2+-free buffer followed by restoration of 2 mM extracellular Ca2+. Q, the extent of SOCE was calculated
from 119 Control and 117 αMSH-treated B16 cells, which were imaged from three independent experiments (“n = x, y” where “x” denotes total number of
cells imaged and “y” denotes number of traces recorded). Data presented are mean ± S.E.M. For statistical analysis, one sample t test was performed for
panels B, D, F, H, J, L, and N, and unpaired student’s t test was performed for panel Q using GraphPad Prism software. Here, NS means nonsigniﬁcant; *p
<0.05 and **p < 0.01. αMSH, α-Melanocyte Stimulating Hormone; LD, low-density; SOCE, store-operated Ca2+ entry; STIM1, Stromal Interaction Molecule1.

Therefore, we next evaluated STIM1 promoter activity upon
αMSH treatment. We generated a human STIM1 promoter
clone (624 bp region) spanning −608 bp to +16 bp around
STIM1 transcription start site. The promoter was cloned into
pGL4.23 luciferase reporter vector after restriction digestion
at KpnI/HindIII sites. The promoter cloning was conﬁrmed
with double digestions and further validated by sequencing.
We examined STIM1 promoter activity upon 1 μM αMSH
treatment for 48 h. We found around 2.5-fold increase in
STIM1 promoter activity upon αMSH treatment as
compared to vehicle (nuclease free water)-treated cells
(Fig. 2B). This data suggests that αMSH treatment enhances
STIM1 promoter activity. αMSH treatment leads to activation of CREB downstream of cAMP-PKA signaling, which is
a key transcriptional regulator of MITF. We therefore evaluated the role of CREB in regulating STIM1 promoter activity. We overexpressed dominant negative CREB (KCREB)
(28) and constitutively active CREB (VP16-CREB) (29) for
understanding the role of CREB in STIM1 promoter activity.

We observed that ectopic expression of KCREB leads to
decrease in STIM1 promoter activity while that of VP16CREB results in enhancement of STIM1 promoter activity
(Fig. 2C). Since in melanocytes, CREB typically mediates its
effects via MITF, we next investigated STIM1 promoter
activity upon MITF-M (melanocyte-speciﬁc isoform of
MITF) (30) overexpression. Our analysis show an increase in
STIM1 promoter activity upon ectopic expression of MITFM (Fig. 2D). Further, in order to understand that whether
STIM1 regulation by MITF-M is speciﬁc to melanocytes, we
overexpressed MITF-M in nonpigmenting HEK293T cells.
Interestingly, overexpression of MITF-M in HEK293T cells
did not show any change in STIM1 promoter activity
(Fig. 2E). This suggested that transcriptional regulation of
STIM1 by MITF is a cell type–speciﬁc phenomenon.
MITF silencing decreases STIM1 expression and activity
Upon observing transcriptional regulation of STIM1 by
MITF, we next asked what happens to STIM1 expression and
J. Biol. Chem. (2022) 298(12) 102681
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Figure 2. MITF regulates STIM1 promoter activity in melanocytes. A, schematic representation of the αMSH-induced melanogenesis via cAMP-PKACREB-MITF signaling axis. B, normalized luciferase activity of STIM1 promoter in B16 cells upon 1 μM αMSH treatment for 48 h (N = 4). C, normalized
luciferase activity of STIM1 promoter upon overexpression of either KCREB or VP16-CREB in B16 cells (N = 3). D, normalized luciferase activity of STIM1
promoter upon MITF overexpression in B16 cells (N = 3). E, normalized luciferase activity of STIM1 promoter upon MITF overexpression in HEK293T cells (N =
3). Data presented are mean ± S.E.M. For statistical analysis, one sample t test was performed for panels B, D, and E, while one-way ANOVA followed by
Tukey’s post hoc test was performed for panel C. F and p values for panel C are F (2, 6) = 153.9 and p < 0.0001, respectively. Here, NS means nonsigniﬁcant;
*p <0.05; **p < 0.01, and ****p < 0.0001. CREB, cAMP response element binding protein; cAMP, cyclic AMP; MITF, Microphthalmia-associated transcription
factor; STIM1, Stromal Interaction Molecule1; αMSH, α-Melanocyte Stimulating Hormone.

E

F

si
N
T

si
M
IT

F

si
N
T

L

J

1.5

*
1.0

0.5

0.0

1.5

*
1.0

0.5

0.0

M

0.4
Ca2+ entry ('F340/F380)

K

55 kDa

T

0.0

0.0
si
M
IT

0.5

β-tubulin

si
N

0

0.5

1.0

STIM1

75 kDa

Normalized STIM1/tubulin
protein levels

20

1.0

***

β-tubulin

F

40

*

H

1.5

Tyrosinase

IT

60

F

1.5

si
N
T

80

β-tubulin 55 kDa

si
M
IT
F

**

β-tubulin 55 kDa

Normalized DCT/tubulin
protein levels

D

100

Normalized MITF/tubulin
protein levels

Normalized Melanin content
(ug/5lac cells

B

DCT

Normalized Tyrosinase/tubulin
protein levels

55 kDa

100 kDa

MITF

si
N
T

100 kDa
50 kDa

I

G

si
M

C

A

and analyzed the pigmentation phenotype on LD day 6 (Fig. 3A).
As expected, we observed a substantial decrease in pigmentation
phenotype upon MITF silencing in comparison to control
nontargeting (NT) siRNA condition, which was evident in B16
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Figure 3. MITF silencing decreases STIM1 expression and activity. A, representative pellet pictures of siNonTargeting (siNT) control and siMITF on LD day
6 (N = 4). B, melanin content estimation of siNT and siMITF B16 cells on LD day 6 (N = 4). C, representative Western blot conﬁrming siRNA-based silencing of
MITF on LD day 6 B16 cells (N = 4). D, densitometric quantitation showing MITF levels on LD day 6 in siNT control and siMITF condition (N = 4).
E, representative Western blot showing expression of DCT on LD day 6 upon MITF silencing as compared to nontargeting control (N = 4). F, densitometric
quantitation showing DCT levels on LD day 6 in siNT control and siMITF condition (N = 4). G, representative Western blot showing expression of Tyrosinase
on LD day 6 upon MITF silencing as compared to nontargeting control (N = 4). H, densitometric quantitation showing Tyrosinase levels on LD day 6 in siNT
control and siMITF condition (N = 4). I, Western blot analysis for STIM1 expression on LD day 6 upon MITF silencing as compared to nontargeting control
B16 cells (N = 5). J, densitometric quantitation showing STIM1 levels on LD day 6 in siNT control and siMITF (N = 5). K, representative Ca2+ imaging trace of
siNT where “n = 25” denotes the number of cells in that particular trace. Cells were stimulated with 2 μM thapsigargin (Tg) in Ca2+-free buffer followed by
restoration of 2 mM extracellular Ca2+. L, representative Ca2+ imaging trace of siMITF where “n = 20” denotes the number of cells in that particular trace.
Cells were stimulated with 2 μM thapsigargin (Tg) in Ca2+-free buffer followed by restoration of 2 mM extracellular Ca2+. M, the extent of SOCE was
calculated from 155 siNT and 171 siMITF B16 cells, which were imaged from 7 to 8 independent experiments (“n = x, y” where “x” denotes total number of
cells imaged and “y” denotes number of traces recorded). Data presented are mean ± S.E.M. For statistical analysis, one sample t test was performed for
panels D, F, H, and J, and unpaired student’s t test was performed for panels B and M. Here, * p < 0.05; ** p < 0.01; *** p < 0.001. DCT, Dopachrome
Tautomerase; LD, low-density; MITF, Microphthalmia-associated transcription factor; NT, nontargeting; SOCE, store-operated Ca2+ entry; STIM1, Stromal
Interaction Molecule1.
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LD day 6 pellet pictures (Fig. 3A). We quantitated the decrease in
the melanogenesis upon MITF silencing by performing melanin
content assay, which showed around 45% inhibition of melanin
synthesis upon MITF silencing (Fig. 3B). We next evaluated
MITF expression in the siMITF B16 cells and observed around
40% reduction in MITF levels (Fig. 3, C and D).We then analyzed
the expression of melanogenic enzymes known to be transcriptionally regulated by MITF, that is, tyrosinase-related
protein 2/Dopachrome Tautomerase (DCT) and tyrosinase in
the siNT and siMITF cells. We observed that MITF silencing
results in signiﬁcant reduction in the expression of DCT and
tyrosinase (Fig. 3, E–H). Further, we observed about 35%
decrease in STIM1 expression upon MITF silencing in comparison to control cells (Fig. 3, I and J). These data substantiate
the critical role of MITF in regulating STIM1 expression during
melanogenesis. To rule out the possibility of off target effects of
MITF siRNA, we performed similar experiments with an independent set of siRNAs procured from a different manufacturer.
As expected, we obtained similar results with this independent
MITF siRNA, that is, MITF knockdown decreases STIM1
expression in B16 cells (Fig. S1, A–J).
In order to understand whether MITF regulates STIM1
function, that is, SOCE in B16 cells, we performed live cell
Ca2+ imaging in siNT and siMITF cells. As discussed above, we
used standard Tg-activated SOCE protocol (27). We performed live cell experiments multiple times and analyzed Ca2+

MITF overexpression enhances STIM1 expression and activity
Our data demonstrate that MITF silencing leads to decrease
in STIM1 expression and activity in melanocytes. To further
corroborate the role of MITF in STIM1 regulation, we studied
the effect of MITF-M overexpression on STIM1 expression and
activity. We exogenously expressed MITF-M in B16 cells
(Fig. 4A) and then examined the expression of STIM1. We
observed that MITF levels were increased to 1.2 fold upon its
ectopic expression in B16 cells (Fig. 4B). Further, this led to a
concomitant increase in STIM1 protein expression (Fig. 4, C
and D). We next investigated STIM1 activity upon MITF-M
overexpression using live cell Ca2+ imaging experiments. We
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imaging data from over 150 cells/condition. We quantitated
SOCE by determining the increase in the ratio of ﬂuorescence
emission intensity (acquired with excitation of Fura-2AM at
340 nm and 380 nm) upon addition of Ca2+. As expected, we
observed a signiﬁcant decrease in SOCE in MITF-silenced cells
as compared to siNT-transfected control cells (Fig. 3, K–M).
Moreover, we performed similar Ca2+ imaging experiments
with the independent set of siRNAs and observed comparable
results, that is, MITF silencing signiﬁcantly decreases SOCE in
B16 cells (Fig. S1, K–M). Taken together, our live cell Ca2+
imaging experiments clearly demonstrate that MITF regulates
STIM1 function in melanocytes.
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Figure 4. MITF overexpression enhances STIM1 expression and activity. A, Western blot analysis for examining MITF protein levels upon MITF-M
overexpression in B16 cells (N = 3). B, densitometric quantitation of MITF levels upon MITF-M overexpression as compared to control (N = 3). C, Western blot analysis for examining STIM1 protein levels upon MITF-M overexpression in B16 cells (N = 4). D, densitometric quantitation of STIM1 levels upon
MITF-M overexpression as compared to control (N = 4). E, representative Ca2+ imaging trace of control plasmid pEGFP-N1, where “n = 40” denotes the
number of cells in that particular trace. Cells were stimulated with 2 μM thapsigargin (Tg) in Ca2+-free buffer followed by restoration of 2 mM extracellular
Ca2+. F, representative Ca2+ imaging trace of MITF-M overexpression, where “n = 49” denotes the number of cells in that particular trace. Cells were
stimulated with 2 μM thapsigargin (Tg) in Ca2+-free buffer followed by restoration of 2 mM extracellular Ca2+. G, the extent of SOCE was calculated from 312
control plasmid pEGFP-N1 and 340 MITF-M–overexpressed B16 cells, which were imaged from eight independent experiments (“n = x, y” where “x” denotes
total number of cells imaged and “y” denotes number of traces recorded). Data presented are mean ± S.E.M. For statistical analysis, one sample t test was
performed for panel B and D, and unpaired student’s t test was performed for panel G. Here, *p < 0.05; **p < 0.01; ****p < 0.0001. MITF, Microphthalmiaassociated transcription factor; STIM1, Stromal Interaction Molecule1; SOCE, store-operated Ca2+ entry.
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overexpressed MITF-M in B16 cells and examined SOCE. We
performed Ca2+ imaging experiments upon MITF-M overexpression in over 300 cells/condition. As presented in Figure 4,
E–G, B16 cells overexpressing MITF-M (Fig. 4F) showed higher
SOCE in comparisons to control pEGFP-N1 (Fig. 4E). Taken
together, our data clearly highlights a critical role of MITF in
regulating STIM1 expression and function.
Identiﬁcation of MITF-binding sites on STIM1 promoter
As our data clearly show that MITF regulates STIM1
expression, we now wanted to investigate the molecular details
of this regulation. To delineate molecular mechanisms controlling STIM1 expression during melanogenesis, we analyzed
STIM1 promoter for potential binding sites for MITF. We
performed extensive bioinformatics analysis of the STIM1
promoter using three different analysis tools namely PSCAN
(31), Eukaryotic promoter database (EPD-)Search Motif Tool
(https://epd.epﬂ.ch//index.php), and ContraV3 (32). PSCAN
was used to identify all putative TF-binding sites present in the
STIM1 promoter. This was performed using JASPAR Core 2020
nonredundant transcription factor position weight matrix
database (Fig. 5A). The STIM1 promoter was also analyzed for
presence of MITF-binding sites using the EPD-Search Motif
Tool. Human STIM1 promoter sequence was retrieved and
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To validate our in-silico ﬁndings, we performed ChIP assay.
We overexpressed pEGFP-MITF-M or empty vector control
(pEGFP-EV) in B16 cells to examine if MITF-M could directly
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EPD-Search Motif Tool (p-val=0.01)

C

eGFPN1-EV
eGFP-MITF-M
Input
IP-IgG
IP-eGFP

MITF binds on STIM1 promoter and regulates STIM1 promoter
activity

-608

MITF (Homo sapiens) MA0620.3

D

analyzed for the presence of probable MITF-binding sites at a
p-value cut-off of p = 0.01. Further, we evaluated human STIM1
promoter sequence for the presence of putative MITF-binding
sites by the ContraV3 analysis tool with core value = 0.90 and
similarity matrix value = 0.75. Importantly, all three tools
showed the presence of four putative MITF-binding sites on the
STIM1 promoter through utilization of different algorithms and
TF position weight matrix combinations. Based on this extensive analysis, we focused on the four potential MITF-binding
sites in the STIM1 promoter located at -540 bp, -458 bp,
-407 bp, and -251 bp before transcription start site (Fig. 5B).
Further, multi-species alignment of the STIM1 promoter
demonstrated that these putative sites are largely conserved
across multiple mammalian species (Fig. 5C). Collectively, our
thorough bioinformatics analysis led to identiﬁcation of multiple prospective MITF-binding sites in the STIM1 promoter.
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Figure 5. MITF binds on STIM1 promoter and regulate STIM1 promoter activity. A, position weight matrix for human MITF consensus binding
sequence. B, identiﬁcation of putative MITF-binding sites on the STIM1 promoter using the EPD-Search Motif Tool at p-val cut-off of 0.01. C, bioinformatic
characterization of conserved MITF-binding sites on the cross species alignment of the STIM1 promoter using the ContraV3 transcription factor binding
analysis tool. D, chromatin immunoprecipitation assay in B16 cells with overexpression of eGFP-MITF-M or vector control. Crosslinked and sonicated
chromatin from both conditions was immunoprecipitated using speciﬁc GFP antibody or control IgG. Immunoprecipitated DNA was ampliﬁed using primers
speciﬁc to either mouse STIM1 promoter aligned to human STIM1 promoter or negative control region. PCR products were visualized on agarose gel (N = 3).
E, the cartoon representing potential MITF-binding sites in WT hSTIM1 promoter and different truncations in hSTIM1 promoter (green triangles represent
four putative MITF-binding sites within the 624bp-cloned region of the STIM1 promoter and red bar represent ATG start site). F, normalized luciferase
activity of WT STIM1 promoter and different truncated STIM1 promoters upon overexpression of MITF-M in B16 cells (N = 3). Data presented are mean ±
S.E.M. One-way ANOVA followed by Tukey’s post hoc test was performed for panel F. F and p values for panel F are F = 11.10 and p = 0.0011, respectively.
Here, NS means nonsigniﬁcant and **p < 0.01. EPD, Eukaryotic Proteome Database; MITF, Microphthalmia-associated transcription factor; STIM1, Stromal
Interaction Molecule1.
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immunoprecipitated them with either GFP antibody or IgG
control. The immunoprecipitated DNA was ampliﬁed using
primers speciﬁc to either mouse STIM1 promoter or negative
control DNA region with no putative MITF-binding site.
Essentially, PCR was performed for six experimental conditions as follows: input DNA samples for pEGFP-EV and
pEGFP-MITF-M overexpression conditions consisting of
crosslinked, sonicated chromatin that was not subjected to IP
(Fig. 5D lane 1 and 2 of both STIM1 and negative control
condition). IgG conditions, consisting of crosslinked, sonicated
chromatin subjected to mock IP with isotype control IgG
antibody for pEGFP-EV and pEGFP-MITF-M overexpression
conditions (Fig. 5D lane 3 and 4 of both STIM1 and negative
control condition). Finally, IP conditions consisting of crosslinked, sonicated chromatin subjected to IP with speciﬁc antiGFP antibody (Fig. 5D lane 5 and 6 of both STIM1 and
negative control condition). All six conditions were probed for
STIM1 promoter region and negative control region using
primers speciﬁc to the mouse STIM1 core promoter and
negative control DNA region, respectively. Excitingly, in line
with our bioinformatics data, we observed binding of MITF-M
only on the endogenous STIM1 promoter (lane 6 of STIM1
condition) but not on negative control DNA region, thereby
suggesting that MITF could physically associate with the
STIM1 core promoter (Fig. 5D). Next, we were interested to
identify the exact binding site critical for MITF-mediated
STIM1 promoter regulation. Our bioinformatics analysis
demonstrated presence of four putative MITF-binding sites
within the 624bp-cloned region of the STIM1 promoter. To
determine the key MITF-binding site/s, we generated truncated STIM1 promoter fragments using WT STIM1 promoter
as template. Truncated promoter fragments with successive
100 bp deletions as depicted schematically in Figure 5E were
then individually cloned into luciferase reporter vector and
designated as X2, X4, X6, and X8, respectively. Subsequently,
we performed luciferase assay with all truncated promoter
fragments with overexpression of MITF-M in B16 cells. We
then evaluated normalized (normalized to respective empty
vector control) luciferase activity of WT STIM1 promoter and
different truncated STIM1 promoters upon ectopic expression
of MITF-M.
In these assays, we observed a substantial but statistically
nonsigniﬁcant reduction in luciferase activity of X2 promoter
fragment suggesting that -540 bp site at least partially contributes to the MITF-mediated STIM1 regulation (Fig. 5F).
Next, luciferase assays with X4 promoter fragment did not
further decrease the STIM1 promoter activity thereby implicating that -458 bp site does not contribute to MITF-driven
STIM1 promoter activity. Interestingly, luciferase assays with
X6 promoter fragment completely abolished MITF-driven
STIM1 promoter activity (Fig. 5F). This suggests that
-407 bp site signiﬁcantly contributes to the MITF-mediated
STIM1 regulation. Intriguingly, luciferase assays with X8
promoter fragment led to a marginal but statistically signiﬁcant decrease in the relative luciferase activity (Fig. 5F). A
possible reason for this observation could be that along with
predicted MITF-binding site (-251 bp), the -301 bp to -209 bp

region might contain some other regulatory elements binding
sites. Therefore, their deletion results in decrease in luciferase
activity of this truncated STIM1 promoter. In any case, our
data suggests that -540 bp and -407 bp MITF-binding sites
contribute to regulation of STIM1 promoter activity. Further,
our data implicates that -407 bp MITF-binding site is the most
critical regulator of MITF-driven STIM1 expression in melanocytes. These observations further demonstrate that STIM1
is in fact a MITF target gene and that MITF transcriptionally
regulates STIM1 expression during the process of
pigmentation.
MITF regulates STIM1 expression downstream of αMSH
We observed that αMSH-induced pigmentation is associated with increase in STIM1 levels (Fig. 1, E–H) and MITF
regulates STIM1 expression in LD pigmentation (Figs. 3 and
S1). Next, we were interested in investigating the role of MITF
in αMSH-mediated rise in STIM1 expression. To examine this,
we silenced MITF in nonpigmenting HD B16 cells and then
evaluated STIM1 expression in response to αMSH stimulation
(Fig. 6). We ﬁrst conﬁrmed siRNA-mediated MITF knockdown in HD B16 cells treated with 1 μM αMSH for 48 h
(Fig. 6A). We observed close to 40% decrease in MITF levels in
siMITF condition in comparison to siNT control condition
(Fig. 6B). Further, we found that in presence of αMSH, STIM1
expression was signiﬁcantly reduced in siMITF cells as
compared to siNT cells (Fig. 6, C and D). To further corroborate the role of MITF in STIM1 regulation downstream of
αMSH, we studied the effect of MITF-M overexpression on
STIM1 expression in response to αMSH stimulation. We
overexpressed MITF-M in B16 cells, then treated these cells
with 1 μM αMSH for 48 h. We observed a signiﬁcant increase
in MITF levels upon MITF-M overexpression in the presence
of αMSH treatment (Fig. 6, E and F). Next, we examined the
expression of STIM1 in response to MITF-M overexpression
along with αMSH stimulation (Fig. 6G). We observed a 1.5fold increase in STIM1 protein levels in MITF-M overexpressing cells as compared to control cells (Fig. 6, G and H).
Taken together, this data clearly demonstrates that MITF-M
regulates STIM1 expression downstream of αMSH
stimulation.
MITF regulates STIM1 expression in primary human
melanocytes
To further strengthen our data, we examined the role of
MITF in regulating STIM1 expression in primary human
melanocytes. By utilizing siRNAs targeting human MITF, we
silenced it in primary human melanocytes. We observed that
MITF silencing in primary human melanocytes led to a signiﬁcant decrease in melanogenesis as evident in pellet pictures
(Fig. 7A). We observed around 80% decrease in the MITF
expression in siMITF in comparison to siNT-transfected primary human melanocytes cells (Fig. 7, B and C). Further, our
data shows about 50% decrease in STIM1 expression upon
MITF silencing in primary human melanocytes (Fig. 7, B and
D). Next, we investigated the effect of MITF knockdown on
J. Biol. Chem. (2022) 298(12) 102681
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Figure 6. MITF regulates STIM1 expression upon physiological stimuli. A, Western blot analysis for MITF expression upon MITF silencing in presence of
αMSH treatment (1 μM for 48 h) in B16 cells (N = 5). B, densitometric quantitation of MITF levels in siNT control and siMITF B16 cells in presence of αMSH
treatment (N = 5). C, Western blot analysis for STIM1 expression upon MITF silencing in presence of αMSH treatment in B16 cells (N = 5). D, densitometric
quantitation of STIM1 levels in siNT control and siMITF B16 cells in presence of αMSH treatment (N = 5). E, Western blot analysis for MITF expression upon
MITF overexpression in presence of αMSH treatment in B16 cells (N = 3). F, densitometric quantitation of MITF levels in control and MITF-overexpressing
B16 cells in presence of αMSH treatment (N = 3). G, Western blot analysis for STIM1 expression upon MITF overexpression in presence of αMSH treatment in
B16 cells (N = 3). H, densitometric quantitation of STIM1 levels in control and MITF-overexpressing B16 cells in presence of αMSH treatment (N = 3). Data
presented are mean ± S.E.M. For statistical analysis, one sample t test was performed for panel B, D, F, and H using GraphPad Prism software. Here, *p < 0.05;
**p < 0.01. αMSH, α-Melanocyte Stimulating Hormone; MITF, Microphthalmia-associated transcription factor; NT, nontargeting; STIM1, Stromal Interaction
Molecule1.

STIM1 function in primary human melanocytes. We analyzed
SOCE in primary human melanocytes transfected with either
NT control siRNA (siNT) or siRNA targeting human MITF by
performing live cell Ca2+ imaging as discussed in earlier sections. As observed in B16 cells, MITF knockdown in primary
human melanocytes resulted in a signiﬁcant reduction of
SOCE in these cells as well (Fig. 7, E–G). Taken together, our
data demonstrates that MITF is a key regulator of STIM1
expression and activity in primary human melanocytes.
Finally, we analyzed publicly available RNA-seq datasets
from sun-exposed human skin tissue samples using the
GEPIA2 analysis tool (http://gepia2.cancer-pku.cn/#index)
(33) to examine the correlation between STIM1 and MITF
mRNA expression during melanogenesis. Excitingly, STIM1
and MITF mRNA expression proﬁle showed statistically signiﬁcant positive correlation in sun-exposed human skin tissue
samples (Fig. 7H). To gain conﬁdence in this ﬁnding, we next
analyzed the expression correlation between bona-ﬁde MITF
transcriptional targets in melanocytes such as Tyrosinase,
DCT, and Gp100 (Fig. 7, I–K). Surprisingly, we found that
expression correlation between MITF and STIM1 was greater
(R = 0.21) (Fig. 7H) than the expression correlation between
MITF and Tyrosinase (R= 0.092) (Fig. 7I), DCT (R= 0.14)
(Fig. 7J), or Gp100 (R = 0.15) (Fig. 7K). This data further implies that MITF-mediated STIM1 regulation is physiologically
relevant and plays a crucial role in the process of pigmentation.

8 J. Biol. Chem. (2022) 298(12) 102681

In summary, our experimental data from three independent
pigmentation models, that is, B16 LD pigmentation model
(with two independent sets of siRNAs), αMSH stimulated
pigmentation in B16 HD cells, and primary human melanocytes clearly establish that MITF is a critical determinant of
STIM1 expression during pigmentation. Further, unbiased big
data analysis of tanned human skin underscores the physiological signiﬁcance of this regulation.

Discussion
Physiological pigmentation process plays a vital role in
protection against harmful UV rays. We recently identiﬁed a
crucial role of ER calcium sensor, STIM1 in melanogenesis
through its interaction with plasma membrane localized adenylyl cyclase 6 (ADCY6) (9). We observed augmented
expression of STIM1 (both at mRNA and protein levels) with
increase in pigmentation in LD culturing–induced B16
pigmentation model (Fig. 1, B–D). In this study, we elucidated
the molecular mechanism regulating STIM1 expression in
melanocytes. We utilized our well-established B16 LD
pigmentation model, αMSH-induced pigmentation in B16 HD
cells, and primary human melanocytes to delineate the molecular events controlling STIM1 expression in melanocytes.
Our data reveal that STIM1 expression is increased in
response to key physiological melanogenic stimuli αMSH
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(Fig. 1, E–H). Further, αMSH treatment led to a signiﬁcant
increase in SOCE (Fig. 1, O–Q). Since SOCE is dependent on
STIM1-mediated gating and activation of Orai channels
(Orai1/2/3), we examined the levels of Orai1, Orai2, and Orai3
upon αMSH treatment. We observed that the expression of
Orai channels is not enhanced by αMSH (Fig. 1, I–N). This
suggests that the levels of Orai channels are not limiting in
B16 cells and therefore, just the increase in STIM1 expression
is enough to augment SOCE in response to αMSH stimulation.
Interestingly, in our earlier study, we observed similar results
in context of upregulation of SOCE during B16 LD pigmentation (9). We identiﬁed that STIM1 and Orai1 are cognate
partners that drive SOCE in B16 cells. Further, we found that
only STIM1 expression increases, while B16 cells pigment in
LD model, the levels of Orai1 remain largely unchanged (9).
Collectively, data from two independent pigmentation models
imply that melanogenesis is associated with an increase in
STIM1 expression.
αMSH regulates melanogenesis by activating cAMP-PKACREB-MITF signaling module. The increase in STIM1
expression upon αMSH treatment was associated with 2.5fold augmentation in STIM1 promoter activity (Fig. 2B).
This indicates that STIM1 promoter activity is increased

during αMSH-induced melanogenesis. Therefore, our work
shows that STIM1 expression is enhanced in response to
physiological melanogenic stimuli αMSH. Importantly, we
earlier showed that STIM1 enhances αMSH-induced melanogenesis independent of Orai channels (9). This suggests
that STIM1 levels could be limiting for driving αMSHmediated melanogenesis. Hence, melanocytes have adopted a
signaling cascade, involving MITF transcription factor, to
augment STIM1 expression during αMSH-stimulated
melanogenesis.
Further, our data demonstrates that CREB, which is a key
transcriptional regulator of MITF, increases STIM1 promoter
activity. Overexpression of constitutively active CREB (VP16CREB) signiﬁcantly enhanced the luciferase activity, whereas
dominant negative CREB (KCREB) decreased the luciferase
activity of the STIM1 promoter (Fig. 2C). Furthermore, overexpression of melanocyte-speciﬁc MITF isoform (MITF-M)
signiﬁcantly elevated reporter activity of STIM1 promoter
(Fig. 2D). Interestingly, overexpression of MITF-M in nonpigmenting HEK293T cells did not show any change in the
reporter activity (Fig. 2E). This suggests that transcriptional
regulation of STIM1 by MITF might be a highly cell type–
speciﬁc phenomenon, which could be dependent upon the
J. Biol. Chem. (2022) 298(12) 102681
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expression of additional transcriptional coactivators/
regulators.
In order to understand the molecular choreography driving
increase in STIM1 expression, we analyzed STIM1 promoter
for potential MITF-binding sites. Our bioinformatics analysis
demonstrated presence of four putative MITF-binding sites
within the 624 bp cloned STIM1 promoter region (Fig. 5B),
indicating that STIM1 could be a transcriptional target of
MITF. Further detailed in vitro luciferase assays with truncated
STIM1 promoter fragments revealed that two MITF-binding
sites (-540 bp and -407 bp) contribute to STIM1 promoter
activity (Fig. 5F). Although both these sites substantially
modulate STIM1 promoter activity, only -407 bp is statistically
signiﬁcant suggesting that -407 bp MITF-binding site plays
most critical role in regulating STIM1 transcription. Transcription factors like MITF that contain a basic helix-loophelix and helix–loop–helix leucine zipper motifs interact
with their target genes via binding to a consensus DNA
sequence constituting a 6 bp CANNTG motif, that is, “E-box”
(34). The protein-DNA–binding speciﬁcity is provided by the
basic region in protein and the key DNA interacting bases
along with the ﬂanking region. Most of the MITF-bound sites
are CAGGTG “E-box” motifs ﬂanked by A and/or T. This
consensus “E-box” sequence is located in the promoter region
of the MITF target genes like BCL2, tyrosinase, and cathepsin
K (CTSK) (35, 36). Interestingly, the genes involved in
pigmentation have a speciﬁc “E-box” variant with a ﬂanking T
at the 50 end of the core “E-box” motif. This variant is known
as “M-box” (37–39). An intriguing study revealed that the
presence of a T residue ﬂanking an “E-box” motif is a crucial
determinant of MITF’s ability to bind DNA. It was shown that
MITF could not efﬁciently bind to genes lacking the ﬂanking T
nucleotide (40). Interestingly, in depth analysis of -407 bp
MITF-binding site (TCAGGTG) on STIM1 promoter suggests
that it is a typical example of “M-box”. Therefore, it is not
surprising that -407 bp MITF-binding site plays the most
critical role in transcriptional regulation of STIM1.
Our data demonstrated a critical role for MITF in regulating
STIM1 expression in both B16 cells and in primary human
melanocytes. Moreover, MITF silencing led to decrease in
STIM1 activity, that is, SOCE (Figs. 3 and S1), while MITF-M
overexpression showed higher SOCE (Fig. 4). Therefore, we
have identiﬁed MITF as a critical regulator of both STIM1
expression and activity in melanocytes. Notably, analysis of
publicly available RNAseq datasets from sun-exposed tanned
human skin samples demonstrate that MITF and STIM1
expression is positively correlated in these samples (Fig. 7H).
Interestingly, the extent of correlation between MITF and
STIM1 was more signiﬁcant than the already established
transcriptional targets of MITF, that is, Tyrosinase, DCT, and
Gp100 (Fig. 7, I–K). This unbiased big data analysis further
corroborate a positive association between MITF and STIM1
during pigmentation. Taken together, our study has characterized MITF as a novel positive regulator of STIM1 during
melanogenesis (Fig. 8).
In our earlier study, we had identiﬁed that αMSH activates
STIM1, thereby enhancing melanogenesis by generating a
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Figure 8. MITF transcriptionally regulates STIM1 expression during
melanogenesis. Our data demonstrates that downstream of αMSH stimuli,
MITF-M regulates STIM1 expression by enhancing transcription of STIM1.
We show that MITF-M binds on the STIM1 promoter and thereby drives
STIM1 promoter activity and its expression. αMSH, α-Melanocyte Stimulating Hormone; MITF, Microphthalmia-associated transcription factor;
STIM1, Stromal Interaction Molecule1.

positive feedback loop (9). We reported that STIM1 via this
loop connects depletion of ER Ca2+ stores to enhancement of
cAMP generation. The increase in cAMP activates MITFmediated transcription of melanogenic genes. Here, we show
that along with melanogenic genes, MITF can also regulate
STIM1 transcription. This suggests that during αMSHinduced melanogenesis, STIM1 activation can further enhance
its own transcription. Interestingly, it was recently reported
that STIM1 can regulate MITF nuclear translocation in RBL
cells (41). In this study, the authors overexpressed constitutively active disease-associated STIM1 mutants and observed
that it leads to enhanced MITF nuclear translocation in
comparison to WT STIM1 overexpression (41). Thereby,
highlighting that STIM1 activation can induce nuclear translocation of MITF and that in turn may drive MITF-induced
signaling cascade in RBL cells. However, in melanocytes, the
major isoform of MITF is MITF-M that typically resides within
the nucleus only (30, 42). In future, it would be interesting to
understand if STIM1 modulates nuclear translocation of MITF
in melanocytes and the functional relevance, if any, of such
signaling module.
Collectively, our data suggests that during αMSH-mediated melanogenesis, both STIM1 activation as well as its
transcriptional upregulation occurs simultaneously. This
might have a physiological signiﬁcance associated with
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immediate and delayed tanning. αMSH is a key regulator of
tanning response, which typically has two phases, immediate
and delayed tanning (43). Since αMSH treatment induces
STIM1 activation within minutes (9) and enhances STIM1
expression after several hours, it could be possible that
STIM1 contributes to both immediate and delayed tanning
response mediated by αMSH. Taken together, our work
establishes MITF-STIM1 crosstalk as a critical regulator of
physiological pigmentation. Future studies aimed at understanding the role of this signaling module in aging-associated
hyperpigmentation and other pigmentary disorders would
shed light on pathobiological role of MITF-STIM1 signaling
axis.

Experimental procedures
Cell culture
B16-F10 cells were obtained from ATCC and cultured in
Dulbecco’s modiﬁed Eagle’s medium (DMEM, Sigma).
Trypsin, Dulbecco’s phosphate buffer saline, Versene, fetal
bovine serum (FBS), and additional cell culture grade reagents
were obtained from Invitrogen. Cells were cultured in DMEM
medium supplemented with 10% FBS (heat inactivated) at 60
to 80% conﬂuence and at 5% CO2 levels. Neonatal primary
human melanocytes were procured from Invitrogen. Cells
were grown in Medium 254 supplemented with human melanocyte growth supplement-2 and maintained at 37  C in a
humidiﬁed incubator with 5% CO2 atmosphere. Cells between
passages 3 to 6 were used for experimentation.

analyzed with Quant Studio real-time PCR software version
1.3. The expression of STIM1 was normalized to that of the
housekeeping gene GAPDH. Primers were designed using
Primer3 and checked by the NCBI Primer blast tool. Genespeciﬁc primers were synthesized by Euroﬁns Genomics India Pvt. Ltd. The details of primers used in this study are
provided in Table 1.
Western blotting
Cells were lysed using NP40 lysis buffer supplemented with
protease inhibitors. Typically, 50 to 100 μg proteins were
subjected to SDS-PAGE (7.5–10%). Proteins from gels were
then electrotransferred onto PVDF membranes. After blocking
with 5% non-fat dry milk (NFDM) dissolved in Tris-buffered
saline containing 0.1% Tween 20 (TTBS), blots were probed
overnight at 4  C, with speciﬁc primary antibodies in TTBS
containing 2% NFDM. The primary antibodies used were
typically procured from Abcam and were used at 1:500 to
1:2000 dilutions. The following day, membranes were incubated for 2 h at room temperature with a horseradish
peroxidase–conjugated anti-mouse or anti-rabbit IgG antibody
in TTBS containing 2% NFDM. Detection was performed
using the enhanced chemiluminescence reagent (ECL Western
blotting detection reagents; Amersham Biosciences). Quantiﬁcation of bands was performed by densitometry using the
ImageJ software. The catalog number and company name for
the antibodies are provided in Table 2.
siRNA-based transient transfections

B16 LD pigmentation model
To set up the LD pigmentation model with B16, cells were
seeded at 100 cells/cm2 in DMEM supplemented with 10%
FBS as described earlier (9, 44). Cells were allowed to gradually
pigment and the assays were terminated on LD Day6/7.
αMSH-induced pigmentation assay
In B16 cells, seeded at HD, pigmentation was induced by
adding 1 μM αMSH (Sigma-Aldrich, M4135) for 24 (for
mRNA work) to 48 h (for protein work).
qRT-PCR analysis
For mRNA extraction, cells were processed with Qiagen
RNeasy kit (Catalog #74106). mRNA was then converted to
cDNA using high-capacity cDNA reverse transcription kit
from Thermo Fisher Scientiﬁc (Catalog #4368814). Real-time
PCR reactions were performed using SYBR green in Quant
Studio 6 Flex from Applied Biosystems. The data were

siRNA transfections were performed in T75 ﬂasks on day 3
of the LD pigmentation model as reported earlier (24). Hundred nanomolar of siRNA (smartpool siRNAs from Dharmacon) was added per ﬂask with a 1: 3 V: V ratio of Dharmafect
transfection reagent. siRNA and transfection reagent were
mixed and incubated over the cells in OptiMEM (Gibco,
Waltham) media for 4 to 6 h for achieving optimal transfection
efﬁciency. siRNA transfections in B16 HD cells were performed using smartpool siRNAs from Dharmacon. Further, an
independent set of siRNAs was procured from Sigma. siRNAs
from both the manufacturers were transfected with same
protocol using Dharmafect transfection reagent in B16 cells.
Brieﬂy, siRNA and transfection reagent were mixed and
incubated over the cells in OptiMEM (Gibco media for 4 to 6 h
for achieving optimal transfection efﬁciency. siRNA transfection in primary melanocytes was done using Nucleofection
Kit (Lonza, VPD-1003, U-024 program). Hundred nanomolar
of siRNA and 0.5 μg Pmax-GFP plasmid DNA was added per
condition (7–10 lac cells). Media was changed after 24 h of

Table 1
List of qRT-PCR primers used in the study
Identiﬁer

Gene name

LCSP
LCSP
LCSP
LCSP

STIM1
STIM1
GAPDH
GAPDH

45a
45b
67a
67b

Sequence

Species

TTCCCTCAGTTCCCACTCCA
CCCCACAACTGCTAGGATCG
AACTGCTTAGCACCCCTGGC
ATGACCTTGCCCACAGCCTT

Mouse
Mouse
Mouse
Mouse
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Table 2
Details of the antibodies used in the study

identity. Primers utilized for cloning of all the fragments are
listed in Table 4.

Antibody

Company

Catalog number

DCT
Gp100
β-Tubulin
STIM1
MITF
Calnexin
Orai1
Orai2
Orai3

Abcam
Abcam
Abcam
Abcam
Abcam
Abcam
Abcam
Abcam
Abcam

ab74073
ab137078
ab21058
ab108994
ab12039
ab22595
ab86748
ab180146
ab254260

In vitro luciferase assay

transfection. Cells were harvested post 72 h of transfection to
capture phenotype and protein expression changes. The siRNAs (smartpool of four individual siRNAs targeting gene of
interest) were procured from Dharmacon. The catalog number
and target sequence of siRNAs used in the study are included
in Table 3.
Cloning of STIM1 core promoter and truncated promoter
fragments
Human STIM1 promoter sequence was obtained from EPD,
which was followed by NCBI-BLAST analysis of the sequence
to identify mRNA start site and ﬁrst codon. Primers were
designed to amplify a 624 bp region (−608 to + 16, with respect
to start codon) of the STIM1 core promoter. STIM1 core
promoter −608 to +16 (STIM1P WT) was ampliﬁed from
human genomic DNA, isolated using DNeasy Blood and Tissue Kit (69504, Qiagen) as per manufacturer’s protocol. This
was followed by PCR ampliﬁcation of the target region using
Phusion High Fidelity Polymerase (F503, Thermo Fisher Scientiﬁc), which was further cloned into pGL4.23 luciferase reporter vector (Promega) at the KpnI/HindIII sites. Further
truncated promoter fragments X2, X4, X6, and X8 were PCR
ampliﬁed using STIM1P WT as template and cloned in
pGL3basic luciferase and renilla-polyA (Addgene#129046)
vector at KpnI/HindIII sites. STIM1P WT was also simultaneously subcloned into pGL3basic luciferase and renilla-polyA
vector at KpnI/HindIII sites. All positive clones were veriﬁed
by restriction digestion and sequencing to conﬁrm their

B16 or HEK293T cells were seeded 24 h before transfection
at a density of 0.5 × 105 cells/well in 24-well plates. Cells were
transfected with STIM1P WT and truncated fragments (X2X8) along with pEGFP-MITF-M, VP16-CREB, or KCREB as
indicated, using Turbofect transfection reagent (R0532,
Thermo Fisher Scientiﬁc) as per manufacturer’s protocol.
Cells were treated with αMSH or NFW for 48 h where
indicated. Renilla luciferase control plasmid was utilized for
transfection normalization in all experiments. Forty eight
hours post transfection, cells were assayed for luciferase activity using the dual luciferase assay kit (E1910, Promega) as
per manufacturer’s protocol. Data is representative of three
biological replicates with three technical replicates each.
VP16-CREB and KCREB plasmids were generously gifted by
David Yule, University of Rochester. Human pEGFP-N1MITF-M plasmid was a gift from Shawn Ferguson (Addgene plasmid # 38131).
Calcium imaging
Calcium imaging was performed as reported earlier (27, 45).
Brieﬂy, cells were cultured on confocal dishes for performing
Ca2+ imaging. Cells were incubated at 37  C for 30 min in a
culture medium containing 4 μM fura-2AM. After incubation,
cells were washed 3 times and bathed in Hepes-buffered saline
solution (140 mM NaCl, 1.13 mM MgCl2, 4.7 mM KCl, 2 mM
CaCl2, 10 mM D-glucose, and 10 mM Hepes; pH 7.4) for
5 min before Ca2+ measurements were made. A digital ﬂuorescence imaging system (Nikon Eclipse Ti2 microscope
coupled with CoolLED pE-340 Fura light source and a high
speed PCO camera) was used, and ﬂuorescence images of
several cells were recorded and analyzed. Fura-2AM was
excited alternately at 340 and 380 nm, and the emission signal
was captured at 510 nm. Figures showing Ca2+ traces are an
average from several cells (the number of cells is denoted as
“n” on each trace) attached on a single imaging dish. Each

Table 3
Details of the siRNAs used in the study
siRNA (manufacturer)

Catalog number

siNT (Dharmacon)

D-001810-10-20

siMITF (Mouse)
(Dharmacon)

L-047441-00-0010

siMITF (Human)
(Dharmacon)

L-008674-00-0010

MISSION siRNA Universal Negative Control #1
(Sigma) used in Fig. S1.

SIC001-10

MISSION siMITF (Mouse)
(Sigma) used in Fig. S1.

EMNC002561-20
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Target sequence
UGGUUUACAUGUCGACUAA,
UGGUUUACAUGUUGUGUGA,
UGGUUUACAUGUUUUCUGA,
UGGUUUACAUGUUUUCCUA
CGAAGAAGAAGAUUUAACA,
GGAGCUAGGUACUCUGAUC,
GAAGAAAUUUUGGGCUUGA,
AGGCAGACCUGACAUGUAC
UGGCUAUGCUUACGCUUAA,
AGAACUAGGUACUUUGAUU,
AGACGGAGCACACUUGUUA,
GAACACACAUUCACGAGCG
MISSION® Universal Negative Control
esiRNA are heterologous mixture of
siRNA that do not target any gene.
MISSION esiRNA are heterologous
mixture of siRNA that target mRNA
sequence of the same gene.
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Table 4
List of primers used for cloning of STIM1 promoters
Promoter

Primers

STIM1P WT

FP-TAAGGTACCGAAGCCGCTGTCCTGG
RP-GGCGAAGCTTGGACGCATACATCCATGACTC
FP-TTAGGTACCCTAGGAGGCCCAGGATCC
RP- GGCGAAGCTTGGACGCATACATCCATGACTC
FP- AATTGGTACCGTCAGGTGCCCCCTTCTCG
RP- GGCGAAGCTTGGACGCATACATCCATGACTC
FP- AAAGGTACCAATCTGCGGAGCTGACAGCA
RP- GGCGAAGCTTGGACGCATACATCCATGACTC
FP- AAAGGTACCACCTGAGGAGCCAGCCC
RP- GGCGAAGCTTGGACGCATACATCCATGACTC

X2
X4
X6
X8

experiment was performed at least 3 times and the ﬁnal data
are plotted in the form of bar graphs.
MITF overexpression experiments
B16 cells were seeded 24 h before transfection at a density of
1.0 × 106 cells/well in 6-well plates. Human pEGFP-N1-MITFM plasmid (1.5 μg) was overexpressed in B16 cells plated at
60% conﬂuency using Lipofectamine 2000 (Invitrogen, 11668019). The effect of MITF overexpression was analyzed post 48
to 72 h by performing Western blotting.
Melanin content assay
Melanin-content assay was performed as described earlier
(9, 24). The cells were lysed in 1N NaOH by heating at 80  C
for 2 h and then absorbance was measured at 405 nm. Melanin
content was estimated by interpolating the sample readings on
the standard melanin curve (μg/ml) obtained with synthetic
melanin.
ChIP assay
B16 cells transfected with pEGFP-MITF-M overexpression
plasmid or pEGFPN1-empty vector were harvested by trypsinization. Cells were counted and resuspended in 10 ml 1× PBS;
25 million cells were with ﬁxed with 1% formaldehyde for
7 min at room temperature then quenched with 4M Tris. Cells
were then washed with cold 1× PBS and pellet was obtained by
centrifugation at 1500 rpm for 5 min at 4  C. To perform
fragmentation of chromatin, cell pellets were thawed on ice
and resuspended in 10 ml of Rinse Buffer 1 (50 mM Hepes pH
8, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40,
0.25% Triton X-100) and incubated for 10 min on ice. Cells
were further resuspended in Rinse Buffer 2 (10 mM Tris pH 8,
1 mM EDTA, 0.5 mM EGTA, 200 mM NaCl) and incubated
on ice for 10 min. Finally, cells were resuspended in Shearing
buffer (0.1% SDS, 1 mM EDTA, 10 mM Tris pH 8). To
perform sonication, ﬁve million cells were resuspended in
300 μl of shearing buffer and sonicated using Bioruptor Pico
with 30s ON and 30s OFF for 20 cycles at 4  C. Sonicated
chromatin was centrifuged at 16000 rpm for 10 min to remove
debris. DNA concentration of the sonicated chromatin was
determined and 100 μg of sonicated chromatin was utilized for
immunoprecipitation using 2.5 μg GFP antibody or IgG control. Protein A agarose beads were equilibrated with glycerol IP

buffer and blocked with 75 ng/μl Herring sperm DNA and
0.1 μg/μl bovine serum albumin. Post IP beads were washed
once each with low salt buffer (0.1% SDS, 1% Triton X100,
2 mM EDTA, 20 mM Tris–Cl pH 8, 150 mM NaCl), high salt
buffer (0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 mM Tris–
Cl pH 8, 500 mM NaCl), LiCl buffer (0.25 M LiCl, 1% NP-40,
1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris–Cl pH 8)
and ﬁnally with TE buffer. Decrosslinking was performed at 65

C overnight and DNA was eluted from the beads using
Elution Buffer (1% SDS, 100 mM NaHCO3) for 30 min at 30

C. Isolated DNA was puriﬁed using phenol-chloroform
extraction and used for PCR using primers speciﬁc to either
mouse STIM1 core promoter or negative control DNA region
with no putative MITF-binding site. Negative control primers
were designed to amplify a 147 bp fragment of a gene desert
region on mouse chromosome 5 ﬂanked by semaphorin-3d
precursor on the 50 side at 134355 bp and semaphorin-3a
precursor on the 30 at 680156 bp. Gene desert regions are
frequently utilized as negative controls in ChIP experiments as
they lack coding genes and are not actively transcribed (46).
The primers used for ChIP analysis are as follows:
mSTIM1P F- AAACTCGAGAGCCGCTGTCCCGG
mSTIM1P R- GGGAAGCTTCGCACACATCCATGACGG.
Negative Control F-GGCCCTGTAATTGGAATGAGTC.
Negative Control R- CCAAGGTCCAACTACGAGCTT.
Statistical analysis
All statistical analysis was performed using GraphPad Prism
8 software. All experiments were performed at least 3 times.
Data are presented as mean ± SEM, and the student’s t test was
performed for determining statistical signiﬁcance between two
experimental samples whereas one-way ANOVA was performed for the comparison of three or more samples. Further,
Tukey’s post hoc test was used to compare different groups
analyzed with one-way ANOVA. A p-value < 0.05 was
considered as signiﬁcant and is presented as “*”; p-value < 0.01
is presented as “**”; p-value < 0.001 is presented as “***”; and
p-value < 0.0001 is presented as “****”.
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All data is contained within the article and/or supplementary information.
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