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Cellular homeostasis is an outcome of complex interacting pro-
cesses with nonlinear feedbacks that can span distinct spatial and
temporal dimensions. Skin tanning is one such dynamic response
that maintains genome integrity of epidermal cells. Although path-
ways underlying hyperpigmentation cascade are recognized, nega-
tive feedback regulatory loops that can dampen the activated mela-
nogenesis process are not completely understood. In this study, we
delineate a regulatory role of IFN-γ in skin pigmentation biology. We
show that IFN-γ signaling impedes maturation of the key organelle
melanosome by concerted regulation of several pigmentation genes.
Withdrawal of IFN-γ signal spontaneously restores normal cellular
programming. This effect in melanocytes is mediated by IFN regu-
latory factor-1 and is not dependent on the central regulator micro-
phthalmia-associated transcription factor. Chronic IFN-γ signaling
shows a clear hypopigmentation phenotype in both mouse and
human skin. Interestingly, IFN-γ KO mice display a delayed recovery
response to restore basal state of epidermal pigmentation after UV-
induced tanning. Together, our studies delineate a new spatiotem-
poral role of the IFN-γ signaling network in skin pigmentation ho-
meostasis, which could have implications in various cutaneous
depigmentary and malignant disorders.
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In response to external stimuli, biological systems exhibit a va-
riety of complex behaviors attributed to interplay between

signaling, metabolic, and regulatory pathways that function over
a broad range of timescales. Coordinated functionality of these
events is critical in maintaining physiological homeostasis (1).
Epidermal pigmentation represents one such central mechanism
operative in the body’s largest organ, skin, that protects the ge-
nome from external damage (2, 3). Pigmentation is an outcome
of the interplay between two epidermal cell types: melanocytes
and keratinocytes. Several paracrine and autocrine factors are
known to regulate this intricate process (4). Although immune
cells recruited to the skin protect this organ from various infec-
tions, it is not clear whether these cells could also influence skin
pigmentation (5).
Melanocytes produce melanin sequestered within a lysosome-

related organelle (LRO) called melanosome. The process of pig-
mentation involves concerted biogenesis, maturation, and transfer
of melanosomes to keratinocytes (6, 7). During the irreversible
melanosome maturation process, several proteins support forma-
tion of core melanosome assembly, and the organelle is pro-
gressively filled with melanin polymer. Pmel17/gp100 is among
the early structural proteins recruited to the melanosome. Ty-
rosinase (Tyr), dopachrome tautomerase (Dct), and Tyr-related
protein-1 (Tyrp1) are the core enzymes involved in melanin
synthesis (8, 9). Microphthalmia-associated transcription factor

(MITF) is suggested to be the master regulator that governs
melanocyte development, melanogenesis, and survival (10). The
MITF promoter is further regulated by other transcription factors
through an array of intrinsic regulators derived from fibroblasts, as
well as endocrine, neural, and inflammatory factors (11, 12). The
dynamic regulatory aspects of pigmentation have been difficult to
establish in physiological models because of the inherent in-
tricacies of dissecting complex interactions along with the fragility
of this complex trait (13). To identify regulatory networks underlying
melanogenesis, we designed a pigmentation oscillator that can re-
veal simple negative feedback loops.
Based on mechanistic, physiological, and pathophysiological

studies, we show that IFN-γ signaling plays an important role in
fine tuning the melanosome maturation process. This effect is
mediated through the classical IFN-γ pathway by IFN regulatory
factor-1 (IRF1). Interestingly, withdrawal of IFN-γ rapidly restores
cellular programming, indicating a crucial role for this inflammatory
cytokine in melanocyte biology.

Significance

Skin tanning is a protective response of epidermal cells in-
volving increased melanin formation. Overexposure to sun can
cause sunburn and even skin cancer, and such conditions are
partly attributable to the accumulation of toxic side products
of melanin and its intermediates. In this study, we reveal the
importance of key immune cytokine IFN-γ in pigmentation bi-
ology by studying cultured human melanocyte cells as well as
mice and human disease models. We show that IFN-γ signaling
regulates enzymes involved in melanin biosynthesis through
a transcription factor IFN regulatory factor-1. Our study iden-
tifies a new mechanism of skin pigmentation homeostasis and
proposes that strength and durability of local skin immune
response may be decisive factors to delineate outcome be-
tween skin tanning and cancer.
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Results
Design of a Pigmentation–Depigmentation Oscillator. Several stud-
ies highlight the essential requirement of negative feedback loops
in sustaining rhythmic oscillations (14). Mathematical analysis of
periodic information derived from such oscillators provides a ro-
bust unbiased approach to delineate regulatory cascades underlying
biological processes. We decided to exploit the known unstable
melanotic behavior of B16 cells to develop an oscillatory model
of pigmentation and depigmentation (15). Passaging of pig-
mented B16 cells obtained from the tumor grown in C57BL/6
mice results in progressive loss of visible pigmentation in vitro
[passage 1 (P1) to P4] (Fig. S1A); s.c. injection of depigmented
P4 cells in mice generated dark-colored tumors. By using a stable
tumor cell line expressing GFP (TNV2), we confirmed the P4
origin of the tumor cells in vivo (Fig. S1B), thus showing that
depigmented cells (P4) possess capability to repigment under the
favorable conditions. While exploring several conditions, we iden-
tified that low-density (LD) plating (102 cells/cm2) results in re-
producible pigmentation in the absence of any extraneous factor
(Fig. S2A). Visual pigmentation could be observed over several
days during the time course study, and the process of pigmentation
could be reversed by replating these cells at higher cell density (104

cells/cm2) in fresh medium. Cellular phenotype could also be con-
firmed by quantitative melanin estimation (Fig. S2B). One complete
cycle of pigmentation and depigmentation could be completed in
20 days, and we confirmed this oscillatory process for several cycles
(Fig. 1A).

Periodogram Analysis Reveals Dominant IFN-γ Signature. To identify
regulatory features underlying the oscillations, we performed
transcriptional analysis over two consecutive pigmentation–
depigmentation cycles. The comparison between two microarray

datasets showed good correlation (R2 = 0.84). Many genes as-
sociated with melanin synthesis and melanosome maturation
showed periodic changes (Fig. S3). The plot between normalized
gene expression changes and time for all regulated genes showed
a complex pattern (Fig. 1B, Left). Pigmentation genes showed
similar slope with peak at day 8; however, the downward trend
exhibited differential decay rates (Fig. 1C, Left). Fourier trans-
form (FT) analyses of the high-throughput data provided a
means to identify periodicity in gene regulation. Periodogram
analysis sorted out gene profiles with a 20-d period (dominant
frequency = 1/20 d−1) (Fig. 1B, Right). For every profile, we
checked the contribution of the frequency = 1/20 d−1 component
by evaluating the ratio of the FT coefficient corresponding to this
frequency to the sum of all FT coefficients. The enriched genes
consist of a set of profiles where this ratio is greater than 70%.
Of all trajectories that were inversely associated with pig-

mentation, surprisingly, 40% of the down-regulated genes were
associated with IFN-γ signaling (Fig. 1C, Right and Table S1).
This observation prompted us to speculate that IFN-γ could
possibly be one of the negative factors responsible for mediating
depigmentation in the B16 oscillator model. Earlier studies had
indicated a hypopigmentating effect for IFN-γ. Analyses of cul-
ture supernatant as well cellular mRNA did not detect IFN-γ
during the entire pigmentation–depigmentation cycle (SI Text).
However, the addition of a physiologically relevant low dose of
IFN-γ (100 U/mL) to both B16 cells and primary human mela-
nocytes suppressed pigmentation. Whereas depigmentation was
complete in the B16 model, substantial hypopigmentation could
be reproducibly achieved in foreskin-derived primary melanocyte
cells from diverse individuals within 4–5 d (Fig. 1D and Fig. S4).
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Fig. 1. Analysis of the pigmentation oscillator reveals a dominant IFN-γ signature in depigmented cells. (A) Schematic representation of the in vitro biological
oscillator showing two cycles of pigmentation and depigmentation of cultured cells at different densities (arrows indicate the time of plating). (Upper) Cell
pellets of B16 cells on different days for cycle 1. (B, Left) Time-dependent changes in the relative expression of all genes in the oscillator model. (B, Right)
Normalized coefficient value obtained by FT analysis of all genes as a function of their respective frequencies. (C, Left) Relative expression level of known
pigmentation genes through two cycles of pigmentation and depigmentation. (C, Right) Relative expression level of known IFN-γ–regulated genes identified
by FT analysis across the two cycles. (D) Cell pellets of control (C) and IFN-γ–treated B16 cells at day 12.
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IFN-γ Causes Cellular Hypopigmentation by Arresting Melanosome
Maturation. Because IFN-γ is known to have pleiotropic effect on
various cell types (16), we decided to perform global transcriptional
analysis to delineate the mechanism behind the hypopigmenting
effect of IFN-γ on cultured primary human melanocytes. Micro-
array data analysis showed classical IFN-γ signatures with up-reg-
ulation of MHC genes and PSMB8, PSMB9 immunoproteasome
subunits. Both the IFN-γ receptor subunits (IFN-γRI and IFN-
γRII) also showed substantial up-regulation. Of the pigmentation
genes, DCT showed a drastic decrease of around 80%. Similar
observations were also reported during the course of another study
(17, 18). TYRP1 and TYR were decreased to a lesser extent across
different primary cultures treated with IFN-γ (Fig. 2A). Time
course of Western blot analysis revealed a temporal decrease in
the levels of TYR and DCT proteins after IFN-γ treatment
(Fig. 2B). Interestingly, whereas the effect of IFN-γ on mela-
nogenic proteins was evident as early as day 1 of treatment, the

visible phenotypic changes were slow and occurred over a pe-
riod of 4–5 d.
Rapid decrease in the level of key melanosomal proteins is ex-

pected to have an impact on overall maturation of melanosomes.
Microarray analysis of the oscillatory model indeed showed a down-
ward trend for the genes involved in melanosome biogenesis and
maturation (Fig. S3). Ultrastructural studies with transmission elec-
tron microscopy (TEM) confirmed drastic decrease in the number of
darklypigmentedstageIIIandIVmelanosomes inIFN-γ–treatedcells
(Fig. 2C). These cells instead accumulated electron-lucent LROs
characteristic of early stage I and II melanosomes. Confocal
microscopy with melanosome-specific HMB45 antibody showed
comparable numbers of melanosomal structures in control and
IFN-γ–treated cells (Fig. 2D). Cellular investigations, thus, suggest
that IFN-γ treatment arrests melanosomes early in the process of
maturation by decreasing flux of proteins being trafficked to
early melanosomes.
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Fig. 2. IFN-γ signaling mediates hypopigmentation
of primary human melanocytes by arresting mela-
nosome maturation. (A, Upper) Cell pellets of con-
trol and IFN-γ–treated primary human epidermal
melanocytes after 7 d of treatment. (A, Lower) Fold
change in gene expression levels of IFN-γ–treated
melanocyte cultures expressed as mean fold change ±
SEM across three independent cultures. (B) Western
blot analysis of DCT, TYR, and MITF proteins after
IFN-γ treatment as a function of time. C, control. (C)
TEM images of (Left) control and (Right) IFN-γ–treated
melanocytes. (D) Corresponding confocal images of
melanocytes treated with IFN-γ stained with HMB45
(green). (Scale bar: C, 2 μm; D, 10 μm.)
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Fig. 3. IFN-γ signaling mediates reversible hypopig-
mentation of melanocytes independent of MITF. (A)
Experimental setup for studying reversibility of IFN-γ
effect on melanocytes. Cell pellet of primary human
melanocytes treated with IFN-γ for 7 d; the cells were
allowed to recover for 5 d (day 12) by the removal of
IFN-γ. Western blot analysis of DCT, TYR, and MITF
proteins of untreated and IFN-γ–treated cells (day 7)
and day 12 untreated and recovered cells. C, control; I,
IFN. (B) Cell pellets of melanocytes. The levels of pro-
teins by Western blot analysis and Tyr activity de-
termined by an in-gel L-dopa assay of cells treated with
600 nM α-MSH and 100 μM isobutyl methyl xanthine
(IBMX) for 5 d in the presence and absence of IFN-γ are
shown. (C) Dct promoter (3.7 kb) activity in the pres-
ence of 600 nM α-MSH and 100 U/mL IFN-γ (alone or
combined) as measured by dual luciferase assay. RLU,
relative light units. (D) Promoter activity of a 3.7-kb WT
Dct promoter and M-Box–deleted construct in the
presence of α-MSH and IFN-γ. ***P < 0.001; ns, not
significant.
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Hypopigmentation Mediated by IFN-γ Is Reversible and Independent
of MITF. To examine whether IFN-γ–mediated hypopigmentation
of melanocytes could be reversed, treated cells were replated in
fresh medium (Fig. 3A, scheme). Removal of IFN-γ reinitiated
the pigmentation process and distinct recovery, as evident from
the cell pellets and levels of the melanogenesis proteins, was
observed (Fig. 3A). Concomitant with repigmentation, an in-
creased number of mature melanosomes could be visualized by
TEM (Fig. S5). These observations reveal that IFN-γ–induced
changes in melanogenesis are completely reversible and that
normal cellular programming is reinstated on withdrawal of this
cytokine. The IFN-γ concentration used (100 units/mL) showed
no apparent changes in cell number and viability. Examination of
different phases of the cell cycle by FACS analysis also showed
no significant differences (Fig. S6A).
Western blot studies showed that MITF protein levels did not

change significantly during the hypopigmentation–repigmenta-
tion cycle (Figs. 2B and 3A). These data were surprising, since
almost all known melanogenesis regulatory pathways converge to
MITF. We investigated whether the known downstream MITF
target genes were expressed on treatment of melanocytes with
IFN-γ (19). More than 80% of the known genes showed ex-
pression in the transcriptome data, indicating that MITF is
present in the functional form (Fig. S6B). Addition of known
MITF-activating factors, such as α-melanocyte stimulating hor-
mone (α-MSH) and isobutyl methyl xanthine (IBMX), to mela-
nocytes could not prevail over IFN-γ–induced hypopigmentation
(including reduction in TYR and DCT levels) (Fig. 3B). Because
DCT is one of the important biosynthetic proteins in melanin
synthesis and showed robust transcriptional regulation by IFN-γ,
additional studies were carried out with Dct gene to understand
the mechanism of MITF-independent hypopigmentation effect.
We cloned 3.7 kb of mouse Dct promoter upstream of firefly

luciferase reporter and transfected it with Renilla luciferase
plasmid on day 3 in the B16 LD model cells (20). The ratio of
firefly to Renilla luciferase units measured on day 5 provided an
estimate of Dct promoter activity. Competition assay between
α-MSH and IFN-γ showed clear suppression of Dct promoter
activity (Fig. 3C). Importantly, deletion of the MITF binding site
(M-Box) in Dct promoter construct still showed IFN-γ–mediated
repression, whereas M-Box deletion, as expected, led to reduction
in α-MSH–stimulated Dct expression (Fig. 3D), indicating the
noninvolvement of MITF in the repression of Dct expression.
Together, our studies establish an MITF-independent mechanism
for IFN-γ in melanocyte hypopigmentation.

IRF1-Mediated Transcriptional Regulation. IFN-γ mediates its effect
through canonical and noncanonical signaling routes (21).
Microarray analysis showed elevation of transcriptional sig-
natures for the canonical pathway (IFNGR-I, IFNGR-II, JAK-1,
and STAT-1). This activation could also be seen by the increased
phosphorylation status of STAT-1 protein (Fig. S7A). siRNA-
mediated silencing of JAK-1 and STAT-1 rescued the suppres-
sion of DCT expression by IFN-γ in primary human melanocytes
(Fig. 4A and Fig. S7B). The IRF family of transcription factors is
among the key downstream effector molecules of IFN-γ signaling
(22). Microarray data revealed significant up-regulation of IRF1,
IRF3, IRF7, and IRF9 in melanocytes (Fig. S7C). We used siRNA-
mediated silencing to investigate the requirement of relevant
pathway. Of the four factors, IRF1 suppression could rescue
DCT expression in IFN-γ–treated cells, indicating the signifi-
cance of this signaling arm in mediating hypopigmentation (Fig.
4A and Fig. S7B). Overexpression of Irf1 during the LD phase of
B16 cells (day 3) replicated transcriptional regulation observed
on IFN-γ treatment, including the suppression of Dct (Fig. 4B).
We then probed whether Irf1 could directly bind the Dct pro-
moter. The avidin-immobilized 3.7-kb biotinylated promoter
could specifically pull down Irf1 (Fig. 4C). Dct promoter activity

could be repressed by overexpression of Irf1 in a dose-dependent
manner (Fig. 4D). To identify the Irf1-responsive sites in Dct
promoter, we performed systematic deletions to generate 2.1-kb,
1.8-kb, 1.6-kb, and 900-bp Dct reporter cassettes. Bioinformatic
analysis using the PROMO transcription factor binding site
predicted the presence of 13 putative Irf1 binding sites in the 3.7-
kb fragment (23) (Fig. S8A). Although Irf1 binding activity could
be observed for 2.1-, 1.8-, and 1.6-kb fragments in luciferase
assays, the smaller 900-bp fragment showed no binding to Irf1
(Fig. 4E and Fig. S8B). Our data show that Irf1 is the crucial factor
through which IFN-γ mediates its hypopigmentation effects.

Relevance of IFN-γ on Physiological and Pathological Hypopigmentation.
Earlier studies on skin pigmentation dynamics had indicated
a complex outcome of ultraviolet B radiation (UVB) on skin (24).
Multiple cytokines secreted by infiltrating immune cells complicate
the dissection of individual contributions. The physiological role of
IFN-γ in altering the dynamic changes was examined in the mouse
model by comparing C57BL/6 IFN-γ null (IFNG−/−) mice with the
corresponding littermate controls (IFNG+/+). Careful observation
of ear and tail regions, where epidermal melanocytes are present,
showed small but significant differences (Fig. 5A). Quantitative
differences could be established by mexameter across several
experiments. Assessment of Dct and Tyr protein levels from the
epidermal lysate revealed higher levels of Dct in IFN-γ KO ani-
mals, whereas no change was observed for Tyr levels (Fig. 5B).
The difference in the two strains could be clearly noted by irra-
diating these mice with UVB, a stimuli that has been shown to
enhance localized IFN-γ secretion by recruiting immune cells to
skin (5). Although theWTmice regained basal pigmentation levels
by day 11 post-UVB exposure, KO mice showed a hyperpigmen-
tation phenotype (Fig. 5C). The sustained tanning response in the
absence of IFN-γ, together with our in vitro studies, suggests
a crucial role of this cytokine in dampening UVB-activated mela-
nogenic cascade. Because UV radiation induces powerful changes
to the immune landscape, the involvement of other factors cannot
be ruled out. However, such modulations are likely to intersect
with the IFN-γ signaling network.
In humans, tuberculoid leprosy patients are known to have

a dominant Th1 response, whereas the lepromatous form shows
a Th2 cytokine predominance (25). Interestingly, tuberculoid lep-
rosy patients are also known to possess hypopigmented patches
on their skin. Our analysis of skin samples from leprosy patients
showed a strong IFN-γ signature in the visibly hypopigmented
lesions compared with matched unaffected skin (Fig. 5D). No
apparent pigmentation changes were seen in patients in whom
IFN-γ signatures were not observed. However, other clinical
features, such as loss of sensation, were reported in these patients.
Skin sections from the hypopigmented lesions were positive for
melanocytes as determined by S100 immunostaining (Fig. S9A).
TEM studies showed reduced numbers of pigmented type III and
IV melanosomes within melanocytes of hypopigmented lesions
(Fig. S9 B and C). Our studies, thus, suggest that increased levels of
IFN-γ may be a determinant of skin hypopigmentation in certain
pathological conditions.

Discussion
Skin, with its own immune system and ability to induce pig-
mentation, provides an efficient barrier against external stres-
sors. The hyperpigmentation response is crucial for maintaining
genome integrity of epidermal cells (26). Secreted cytokines,
such as IFN-γ, IL-1, and IL-4, provide protection from biological
insults and are critical for tissue remodeling. In this study, we
provide strong evidence for the physiological relevance of IFN-
γ in skin pigmentation homeostasis. We show that IFN-γ sig-
naling mediates its hypopigmenting effect through the tran-
scription factor IRF1, which in turn, controls melanosome
maturation in melanocytes. The MITF-independent mechanism
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of IRF1 regulation of melanin biosynthetic genes, thus, adds
another dimension to the study of melanogenesis.
Although several factors are known to dynamically alter pig-

mentation of human skin, precise mechanisms that maintain basal
state have been difficult to elucidate. We, therefore, developed
a cell autonomous cyclical oscillator model of pigmentation and
depigmentation that is known to sustain its oscillations through
a feedback loop to identify negative regulatory pathways involved
in melanogenesis. Unbiased genome-wide transcriptional profiling
of this pigmentation oscillator revealed a dominant IFN-γ signa-
ture inversely correlated with pigmentation. Although addition of
IFN-γ to depigmented B16 melanoma cells prevents cells from
pigmentation in the LD state, cultured primary melanocytes show
distinct hypopigmentation in 4–5 d of IFN-γ treatment. The
density-dependent oscillator model does not function in primary
melanocytes, because cell–cell contact is important for culturing
these cells. Moreover, proliferation and melanogenesis are tightly
coupled in primary cells through MITF (27). Effect of IFN-γ on
melanogenic genes and proteins is, however, evident as early as
day 1 of the treatment. The delay observed in hypopigmentation
of melanocytes is because of the presence of preformed mature
melanosomes, which get diluted on melanocyte proliferation and/

or secreted out of the cell. Although IFN-γ signatures were
identified in the LD pigmentation oscillator model, at present, it is
unclear which cognate ligand is involved in mediating density-
dependent IFN-γ signaling. Similar instances of activated signaling
without identification of factors have been noted in several earlier
studies (28, 29).
IFN-γ is a common secreted cytokine in the skin; therefore, we

wanted to explore whether the hypopigmentation mechanism is
also operative in the physiological milieu. Interestingly, IFN-
γ–overexpressing transgenic mice developed to study eczema have
been reported to have a complete penetrance of hypopigmentation
phenotype (30). Our studies with IFN-γ KO mice likewise show
consistent differences in epidermal pigmentation. Furthermore,
we show a clear association of increased IFN-γ signaling to a de-
creased number of stage III and IV melanosomes in the lesional
skin of leprosy patients. Although other immune factors can also
perturb skin pigmentation, the identification of a specific IRF1-
mediated regulation of pigmentation genes provides confidence
that IFN-γ must have a significant role in controlling melanosome
maturation and thus, skin pigmentation. We show that chronic
overexpression of IFN-γ in both mouse and human skin can result
in hypopigmentation phenotype. On UV exposure, a clear delay in
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Fig. 4. Mechanism of Irf1-mediated down-regulation
of Dct. (A) Levels of DCT mRNA as measured by real-
time PCR in mock vs. JAK-1, STAT-1, IRF1, IRF3, IRF7, and
IRF9 siRNA-transfected melanocytes in the absence or
presence of IFN-γ. (B) mRNA levels of transcripts in cells
transfected with Irf1 expression construct compared
with mock-transfected B16 cells. UT, untransfected. (C)
Binding of Irf1 to biotinylated Dct promoter in avidin
pull down from IFN-γ–treated B16 cell lysates was
detected by Western blot (WB). (D) Dct promoter activity
in the absence and presence of varying concentrations of
Irf1 expression plasmid (Dct-luciferase: Irf1 plasmid DNA,
1:0, 1:0.5, and 1:1). Bars represent mean ± SD across
replicates. ***P < 0.001. (E) Dual luciferase reporter as-
say carried out with several deletion constructs of Dct
promoter in the presence and absence of IFN-γ. Bars
represent mean ± SD across replicates.
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Fig. 5. Physiological and pathophysiological roles of IFN-γ in skin pigmentation. (A) Images of IFNG+/+ and IFNG−/− mice in C57BL/6 background at 6 wk.
Arrows indicate pigmentation at the sites where epidermal melanocytes are present. (B) Western blot analysis of Dct and Tyr proteins from the tail epidermis
in IFNG+/+ and IFNG−/− mice. (C) Image analysis for quantitating levels of pigmentation. Bar graphs indicate average ± SEM across 22 measurements across the
two ear lobes. **P < 0.005; ***P < 0.001. (D) Comparative real-time PCR analysis for a panel of known IFN-γ–modulated genes in nonlesional vs. lesional
epidermis of patients with different manifestations of leprosy (Lep). Dashed line represents a cutoff of twofold considered as significant for up-regulation.
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regaining the basal pigmentation of skin can be observed for the
IFN-γ KO mice. Recent studies have, indeed, shown that UV
radiation of skin elicits a delayed recruitment of IFN-γ–secreting
immune cells to the epidermis (5). Together, our studies support
the conjecture that the strength, durability, and temporal response
of IFN-γ response could be crucial factors for maintaining epi-
dermal pigmentation homeostasis, and this mechanism may have
important implications in the detanning of human skin.
Two of the crucial mediators of skin pigmentation, α-MSH

and TGF-β, are known to be involved in the protective tanning
response and maintenance of melanocytes in an immature state,
respectively (27, 31). While α-MSH is secreted by adjacent ker-
atinocytes in response to UV and TGF-β by follicular bulge area
cells, the source of IFN-γ could be the immune cells recruited
during inflammation or UV exposure. We, thus, propose an
αβγ-cytokine regulatory model of melanogenesis, where all three
cytokines act in a concerted manner to modulate melanocyte
biology. It is likely that all these factors function in an interlinked
manner to bring about the spatiotemporal regulation of human
skin color. Future studies would dissect detailed pathways asso-
ciated with IFN-γ–mediated hypopigmentation cross-talk in
delicately balancing skin pigmentation and its implications in
disease pathophysiology.

Methods
Culture of B16 Cells and Pigmentation Model Setup. B16 cells were maintained
at subconfluence with 5% (vol/vol) CO2 levels in DMEM supplemented with
10% FCS (Invitrogen). Clonal population was isolated by limited dilution,
and B16 TNV1 (referred to as B16) was derived. The pigmentation oscillator
was set up by plating ∼100 cells/cm2, and cells were harvested at days 4, 8,
and 12. For depigmentation, cells were replated at 10,000 cells/cm2 on day
12 and harvested after 4 and 8 d to complete the 20-d cycle. The second cycle
was initiated from the depigmented cells obtained after a gap of 4 d to
allow for all changes to stabilize.

Calculation of Correlation Coefficient for the Microarray Analysis. The time
profiles for the two cycles were treated as replicate measurements and
a linear least squares fit, and the regression coefficient (R2) for that fit was
calculated. Genes with very low expression (average expression score <100)
were omitted from this analysis. Reported R2 value (0.84) is, thus, based on
the profiles for 10,937 genes.

Identification of Genes Associated with the Pigmentation–Depigmentation
Cycle. Analyses of periodic data (32, 33) and time course microarray data
(34) have been used to distinguish truly periodic genes from genes that show
oscillatory behavior because of random effects. Identification of genes with
frequency of 1/20 d−1 was performed using the Matlab function fft (an
implementation of the fast FT). Genes for which the contribution corre-
sponding to the frequency of 1/20 day-1 is more than 70% of the total
contribution from all frequencies were selected. For every series of expres-
sion values at n time points for every gene i, the discrete FT values yij = fft
(xi1, xi2, . . ., xin) were calculated at various frequencies, including one j = j′
corresponding to a frequency of 1/20 d−1. The criterion used for classifying
a particular gene as correlated with the pigmentation–depigmentation cycle
was yij′/sumj(yij) > 0.7.

Clinical Material. Human ethical review committee approved this study, and it
is in agreement with Declaration of Helsinki principles. Skin punch biopsies
(2.5 mm) from involved and normal regions from patients with hypo-
pigmentation were obtained after informed consent. RNA isolation and
downstream processing were performed as indicated earlier (35).
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