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itamin D is obtained naturally from limited dietary sources. It
is also generated by cutaneous conversion of 7-dehydrocholesterol in the presence of adequate surface solar UV-B
radiation, which varies with latitude and time of year (1). Vitamin
D has attracted broad clinical interest because insufﬁciency or
deﬁciency is widespread in several populations worldwide (2–4).
Although initially identiﬁed as a regulator of calcium homeostasis,
vitamin D is now known to have a broad spectrum of actions,
driven by the virtually ubiquitous expression of the vitamin D
receptor (VDR), a nuclear receptor and hormone-regulated
transcription factor. For example, it acts as a chemopreventive
agent in several animal models of cancer and induces cell-cycle
arrest and nonmalignant and malignant cell differentiation (5–11).
Epidemiological data have provided associations between lack of
UV-B exposure, vitamin D insufﬁciency, and the prevalence of
certain cancers (12). A large prospective study associated vitamin
D sufﬁciency with reduced total cancer incidence and mortality,
particularly in digestive cancers [head and neck squamous cell
carcinoma (HNSCC), esophageal, pancreatic, stomach, and colorectal cancers] and leukemias (13). VDR gene polymorphisms
also correlate with protection against different malignancies, including HNSCC (12, 14). However, results of epidemiological
studies on the protective effects of vitamin D are not unanimous,
and uncertainties as to the potential beneﬁts persist (15, 16),
underlining the need for not only more clinical studies, but also
www.pnas.org/cgi/doi/10.1073/pnas.1210037109

a better understanding of potential molecular mechanisms of the
protective effects of vitamin D.
The VDR is bound by hormonal 1,25-dihydroxyvitamin D
(1,25D), which is produced from vitamin D by largely hepatic 25hydroxylation, followed by 1α-hydroxylation by widely expressed
CYP27B1 (17, 18). Potential cancer preventive actions of 1,25D
signaling through the VDR can be explained in part by the direct
interaction of the VDR with FoxO transcription factors, leading
to 1,25D-stimulated FoxO DNA-binding and target gene regulation (19). FoxO proteins regulate cell proliferation, differentiation, and metabolism and control longevity (20–23). Serial
ablation of foxo genes in mice revealed that they are bona ﬁde
tumor suppressors (24–26). Conversely, although FoxO expression is often suppressed in cancer, elevated or deregulated expression of transcription factor c-MYC is widespread (27, 28).
c-MYC is a critical regulator of cell-cycle progression and, like
the VDR (29), controls epidermal differentiation (30). Inducible
epidermal expression of c-MYC rapidly induced actinic keratosis, a squamous cell carcinoma precursor (31). Heterodimers of
c-MYC and its cofactor MAX bind E-box motifs (CACGTG) to
induce expression of cell-cycle regulatory genes such as CCND2
and CDK4. c-MYC is highly regulated posttranslationally and is
rapidly turned over by proteasomal degradation controlled by
the SCF ubiquitin ligase complex containing F-box protein Fbw7
(32). c-MYC and FoxO proteins are often regulated by common
mechanisms with opposing effects. For example, both are ubiquitinated by p45SKP2 (33, 34), which induces FoxO protein turnover,
but coactivates c-MYC.
Recent studies have shown that 1,25D gradually reduces MYC
RNA levels in cancer cells (35, 36). Because signaling through the
VDR enhances FoxO protein function (19), we investigated potential mechanisms of cross-talk between c-MYC and VDR signaling. We found that signaling through the VDR controls
expression and FBW7-dependent turnover of both c-MYC and its
antagonist MAD1/MXD1, leading to dramatic changes in the ratio
of c-MYC and MXD1 in vitro and in vivo and strongly favoring
repression of c-MYC target genes by MXD1. These ﬁndings provide a compelling mechanism for the cancer chemopreventive
actions of vitamin D and implicate VDR-dependent regulation of
c-MYC in control of epidermal differentiation. Moreover, c-MYC
is critical for normal epidermal differentiation, and its deregulated
expression in skin depletes epidermal stem cells (30, 37, 38), disrupting hair follicle development and increasing sebaceous activity,
which is very similar to vdr knockout mice (29). Our results are
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Vitamin D signaling regulates cell proliferation and differentiation,
and epidemiological data suggest that it functions as a cancer
chemopreventive agent, although the underlying mechanisms are
poorly understood. Vitamin D signaling can suppress expression of
genes regulated by c-MYC, a transcription factor that controls
epidermal differentiation and cell proliferation and whose activity
is frequently elevated in cancer. We show through cell- and
animal-based studies and mathematical modeling that hormonal
1,25-dihydroxyvitamin D (1,25D) and the vitamin D receptor (VDR)
profoundly alter, through multiple mechanisms, the balance in
function of c-MYC and its antagonist the transcriptional repressor
MAD1/MXD1. 1,25D inhibited transcription of c-MYC–regulated
genes in vitro, and topical 1,25D suppressed expression of c-MYC
and its target setd8 in mouse skin, whereas MXD1 levels increased.
1,25D inhibited MYC gene expression and accelerated its protein
turnover. In contrast, it enhanced MXD1 expression and stability,
dramatically altering ratios of DNA-bound c-MYC and MXD1. Remarkably, F-box protein FBW7, an E3-ubiquitin ligase, controlled
stability of both arms of the c-MYC/MXD1 push–pull network, and
FBW7 ablation attenuated 1,25D regulation of c-MYC and MXD1
turnover. Additionally, c-MYC expression increased upon VDR knockdown, an effect abrogated by ablation of MYC regulator β-catenin.
c-MYC levels were widely elevated in vdr−/− mice, including in intestinal epithelium, where hyperproliferation has been reported,
and in skin epithelia, where phenotypes of VDR-deﬁcient mice and
those overexpressing epidermal c-MYC are similar. Thus, 1,25D
and the VDR regulate the c-MYC/MXD1 network to suppress cMYC function, providing a molecular basis for cancer preventive
actions of vitamin D.

thus consistent with c-MYC overexpression contributing to the
alopecia observed in vdr−/− mice.
Results and Discussion
We have been using human SCC25 HNSCC cells as a model to
investigate mechanisms of 1,25D-induced cell-cycle arrest (19, 39).
c-MYC overexpression has been implicated in the development of
HNSCC (40), and inducible overexpression of c-MYC induces
actinic keratosis, a squamous cell cancer precursor (31). In SCC25
cells, 1,25D inhibited expression of c-MYC target genes implicated in cell-cycle progression, CDC25A, CCND2, and CDK4 (Fig.
1A and SI Appendix, Fig. S1A). This coincided with loss of c-MYC
binding to E-box regions of the corresponding promoters (Fig. 1B
and SI Appendix, Fig. S1B), consistent with repression of these
genes by 1,25D occurring at least in part by suppression of c-MYC
function. We also observed a gradual diminution of MYC mRNA
over 24 h (Fig. 1C), in agreement with other studies (35, 36). In
contrast, there was an almost total loss of c-MYC protein over the
same period, whereas expression of c-MYC heterodimeric partner
MAX was unaffected (Fig. 1 D and E). A similar decline in c-MYC
target gene expression, and MYC mRNA, along with a dramatic
loss of c-MYC protein, was observed in 1,25D-treated primary
cultures of keratinocytes (SI Appendix, Fig. S2 A–C). Similarly,
treatment of promyelocytic human HL60 cells with 1,25D also
suppressed c-MYC protein expression (SI Appendix, Fig. S2D),
indicating that the effect of 1,25D on c-MYC expression is not
limited to epithelial cells.
Importantly, coimmunoprecipitation studies showed that 1,25D
treatment induced a rapid association (<4 h) of the VDR with cMYC, suggesting that 1,25D may control c-MYC stability (Fig.
1F). Indeed, when protein synthesis was blocked with cycloheximide, c-MYC turnover was accelerated in 1,25D-treated cells (Fig.
1G). 1,25D-induced turnover was abolished or largely attenuated

by ablation of expression of either the VDR (SI Appendix, Fig. S3)
or FBW7 (also known as FBXW7, CDC4, AGO, and SEL10; Fig.
1H and SI Appendix, Fig. S4A), the F-box component of the
SCFFbw7 E3 ubiquitin ligase that recognizes c-MYC (32). Ablation
of p45SKP2 or Elav1/HuR, which can also regulate c-MYC expression (41), had no substantial effect on c-MYC expression in
the absence or presence of 1,25D (SI Appendix, Fig. S4 B and C).
c-MYC is antagonized by transcriptional repressor MAD1/
MXD1, which heterodimerizes with MAX to repress c-MYC
target genes (42). MXD1 levels correlate with epithelial differentiation (43, 44), and MXD1’s expression in SCCs is associated
with the capacity of cells to differentiate (45, 46). The change in
MXD1 mRNA in 1,25D-treated SCC25 cells was opposite to that
of MYC transcripts, increasing modestly over 24 h (Fig. 2A). In
contrast, MXD1 protein levels increased dramatically over the
same period (Fig. 2B). Note that MXD1 corresponds to the
upper nuclear protein (Fig. 2B, Lower), because siRNA-mediated knockdown of MXD1 expression eliminated the upper band,
but had no effect on the lower cytoplasmic protein (SI Appendix,
Fig. S5). Treatment of primary human keratinocytes with 1,25D
led to changes in MXD1 mRNA and MXD1 protein parallel to
those seen in SCC25 cells (SI Appendix, Fig. S6 A and B). Similarly, MXD1 expression was strongly enhanced by 1,25D treatment of HL60 cells (SI Appendix, Fig. S6C). Consistent with
these ﬁndings, short-term (6 h) 1,25D pretreatment of SCC25
cells reduced MXD1 turnover (Fig. 2C). Similar to the rapid
association of the hormone-bound VDR with c-MYC, we observed 1,25D-dependent coimmunoprecipitation of MXD1 and
the receptor (Fig. 2D), with MXD1 recruitment detectable by 1 h
of 1,25D treatment. The rapid association of c-MYC and MXD1
with the VDR in the presence of 1,25D strongly suggests that
regulation of their function contributes to, rather than is a consequence of, cell-cycle arrest by 1,25D.

Fig. 1. 1,25D signaling suppresses c-MYC expression and function. (A) 1,25D treatment represses expression of c-MYC target gene CDC25A in SCC25 cells.
Cells were treated with 100 nM 1,25D for the times indicated. (B) 1,25D treatment blocks binding of c-MYC to E boxes target gene promoters in SCC25 cells as
assessed by ChIP assay followed by quantitative PCR. (C) Gradual inhibition of MYC mRNA expression in SCC25 cells treated with 100 nM 1,25D. (D) c-MYC
protein expression but not that of cofactor MAX is strongly suppressed by 1,25D (100 nM) in SCC25 cells. (E) Quantiﬁcation of Western blots of c-MYC
expression in 1,25D-treated cells from four different experiments. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 as determined by one-way ANOVAs followed by Tukey’s
post hoc test for multiple comparisons. (F) The VDR coimmunoprecipitates with c-MYC from extracts of vehicle or 1,25D-treated SCC25 cells. (G) 1,25D
treatment enhances turnover of c-MYC protein expression in SCC25 cells in the presence of protein synthesis inhibitor cycloheximide. (Upper) Western blot of
a single experiment. (Lower) Quantiﬁcation of results of three independent experiments. Statistical analysis was performed by two-way ANOVA with
Bonferroni correction for multiple comparisons. *P = 0.05. (H) Ablation of FBW7 expression attenuates 1,25D-induced turnover of c-MYC expression. SCC25
cells were transfected with control scrambled (Scr.) or FBW7-speciﬁc siRNAs, as indicated.
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Although control of c-MYC turnover has been extensively
studied, little is known about regulation of MXD1. Remarkably,
ablation of FBW7 expression also led to increased MXD1 protein
levels (Fig. 2E), similar to 1,25D treatment. MXD1 turnover was
also reduced, although not abolished, in FBW7-deﬁcient cells (Fig.
2F), revealing that FBW7 regulates both the activator and repressor arms of the c-MYC/MXD1/MAX network. Notably,
1,25D-treatment had no substantial effect on MXD1 turnover in
FBW7-deﬁcient cells (Fig. 2G), consistent with the hormonebound VDR protecting MXD1 from FBW7-mediated turnover.
Regulation of MXD1 turnover by FBW7 was unexpected because
it lacks a CDC4 phospho-degron recognized by FBW7 present in cMYC, and other targets such as cyclin E, characterized by a TPxxS/
E core (47). The control of MXD1 stability by FBW7 may thus be
indirect (i.e., by regulating turnover or function of another unknown protein critical for direct regulation of MXD1 degradation).
1,25D induced binding of MXD1 along with MXD1-associated
corepressors HDAC2 and mSIN3A to E-box regions of CDC25A,
CDK4, and CCND2 promoters (Fig. 3 A and B and SI Appendix,
Fig. S7). Analysis of the interaction of the VDR with the same
promoters revealed a pattern intermediate between that of
c-MYC and MXD1 (Fig. 3C and SI Appendix, Fig. S8), consistent
with the association of the VDR with both c-MYC and MXD1
observed by coimmunoprecipitation. The direct interactions of the
VDR with c-MYC and MXD1 on the CDC25A promoter were
conﬁrmed by re-ChIP analysis (Fig. 3 D and E). The degree of
association of the VDR with c-MYC or MXD1 after 24 h in the
presence of 1,25D as detected by re-ChIP was very consistent with
the effects of hormone on c-MYC and MXD1 DNA binding (Figs.
1B and 3A and SI Appendix, Figs. S1B and S7). To gain a broader
insight into the potential association between the VDR and cMYC binding sites on the genome, we reanalyzed with equally
stringent parameters VDR and c-MYC peaks identiﬁed by ChIP
sequencing from related lymphoblastoid cell lines (48, 49). This
revealed an overlap between approximately one half of the VDRbinding sites detected in the absence of 1,25D (269/532), and
Salehi-Tabar et al.

almost one quarter of those (952/4,015) in the presence of 1,25D,
with high-ﬁdelity c-MYC sites (Fig. 3F). Although this type of
comparison is not as deﬁnitive as ChIP sequencing studies performed in parallel in the same cell line, it nonetheless supports our
experimental ﬁndings that DNA-bound c-MYC and the VDR do
associate in vivo.
Taken together, these results reveal that 1,25D treatment has
opposing effects on MYC and MXD1 mRNA expression and
FBW7-dependent turnover of the corresponding proteins. This
ultimately leads to elevated DNA binding of MXD1 and its associated corepressors and repression of c-MYC target gene transcription. To determine whether the opposing but modest changes
in both MYC and MXD1 mRNA levels and protein turnover could
account for the relatively dramatic changes in protein content
observed over 24 h of 1,25D treatment (Figs. 1E and 2B), we
mathematically modeled the effects of 1,25D signaling on mRNA
expression and protein turnover of c-MYC and MXD1 (details of
derivations appear in Supplemental Experimental Procedures).
Parameters for exponential changes in mRNA levels and changes
in protein turnover were derived from experimental data, which
led to predicted changes in total protein over 24 h that ﬁt very well
with those observed by Western blotting (R2 = 0.89 [c-MYC], and
0.97 [MXD1]; SI Appendix, Fig. S9). Thus, the combined effects of
1,25D signaling on mRNA levels and protein turnover can largely
account for the dramatically opposing effects on c-MYC and
MXD1 expression over 24 h.
In addition to the effects of 1,25D on c-MYC and MXD1
expression and function, we noted that c-MYC protein levels
were elevated in VDR-deﬁcient cells (Fig. 4A and SI Appendix,
Fig. S3). This effect was not limited to SCC25 cells, as c-MYC
expression was also increased in VDR-depleted human LNCaP
prostate carcinoma cells (SI Appendix, Fig. S10). c-MYC target
gene CDC25A transcription was enhanced in VDR-deﬁcient
cells (SI Appendix, Fig. S11A), as was MYC gene expression (Fig.
4B). Ablation of VDR expression had little effect on c-MYC
turnover (Fig. 4C), suggesting that higher MYC gene expression
PNAS | November 13, 2012 | vol. 109 | no. 46 | 18829
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Fig. 2. 1,25D signaling enhances stability and expression of MXD1. (A) Gradual rise in MXD1 mRNA levels in SCC25 cells treated with 100 nM 1,25D. (B) 1,25D
treatment induces expression of MXD1 protein. (Upper) Western blots for MXD1 and actin from total cell extracts. (Lower) Western blots of nuclear and
cytoplasmic extracts of cells treated with 1,25D as indicated. The band marked by an asterisk in the top and bottom Western blots is a nonspeciﬁc cytoplasmic
protein. (Right) Quantiﬁcation of the results of four independent analyses of MXD1 protein expression. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 as determined by
one-way ANOVAs followed by Tukey’s post hoc test for multiple comparisons. (C) Effect of short-term (6 h) treatment with 1,25D on turnover of MXD1
protein cycloheximide-treated cells. A quantiﬁcation of the results of three different experiments is shown. (D) MXD1 coimmunoprecipitates in a 1,25Ddependent manner with the VDR from extracts of SCC25 cells treated with vehicle or 1,25D as indicated. (E) Knockdown of FBW7 enhances expression of
MXD1. (F) Ablation of FBW7 expression reduces MXD1 turnover in cycloheximide-treated cells (Scr; scrambled control siRNA). A quantiﬁcation of four independent experiments is shown. Statistical analysis was performed by two-way ANOVA with Bonferroni correction for multiple comparisons; *P = 0.001. (G)
Ablation of FBW7 abolishes the effect of 1,25D treatment on MXD1 turnover. A quantiﬁcation of ﬁve independent experiments is shown.

Fig. 3. Analysis of the 1,25D-dependent association of MXD1 (A), its cofactors HDAC2 (B, Left), and SIN3a (B, Right), and the VDR (C) with the E box region of the
promoter of the CDC25A gene by ChIP assay. ReChIP analysis of association of c-MYC (D) or MXD1 (E) with the VDR on the CDC25A promoter. Samples were
immunoprecipitated with and anti-VDR antibody followed by immunoprecipitation of c-MYC or MXD1. (F) Results of a comparative analysis of overlap of genomic binding sites from ChIP sequencing studies of c-MYC and the VDR (from cells treated with vehicle [Veh] or 100 nM 1,25D for 36 h) performed in related
lymphoblastoid cell lines. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 as determined by one-way ANOVAs followed by Tukey’s post hoc test for multiple comparisons.

rather than increased protein stability led to elevated c-MYC
levels and function in the absence of the VDR. The canonical
Wnt signaling pathway stimulates MYC transcription through
β-catenin (50), and the vitamin D signaling suppresses β-catenin

function (51, 52). Notably, association of β-catenin with the MYC
promoter was higher in VDR-deﬁcient cells (Fig. 4D). Therefore, we simultaneously ablated β-catenin (CTNNB1) and VDR
expression, which reduced MYC and CDC25A transcript levels to

Fig. 4. MYC gene transcription is elevated in VDR-deﬁcient cells. (A) SiRNA-mediated knockdown of VDR expression increases levels of c-MYC protein. (Left)
Western blotting of VDR and c-MYC protein levels in cells transfected with control or VDR-speciﬁc siRNAs. (Right) Quantiﬁcation of c-MYC levels in VDRreplete and -deﬁcient cells from three independent experiments. (B) MYC transcript levels are elevated in VDR-deﬁcient cells and resistant to 1,25D-mediated
repression. SCC25 cells were transfected with scrambled (Scr.) or VDR-speciﬁc siRNAs and incubated with 1,25D, as indicated, before measurement of MYC
mRNA levels by RT/quantitative PCR. (C) Effect of VDR ablation on c-MYC turnover in cycloheximide-treated cells. (D) Ablation of VDR expression leads to
elevated β-catenin binding to the MYC promoter as measured by ChIP assay. (E) MYC mRNA levels are reduced upon simultaneous ablation of β-catenin
(CTNNB1) and VDR expression. (F) 1,25D treatment inhibits association of β-catenin with the MYC gene promoter. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 as
determined by one-way ANOVAs followed by Tukey’s post hoc test for multiple comparisons.
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component of the mitogenic actions of estrogens in breast cancer. Moreover, elevated expression of c-MYC in cancer cells can
lead to resistance to antiestrogen therapy (55, 56). In contrast,
recent work has shown that signaling through liver X receptors
inhibit MYC gene expression through regulation of β-catenin
(57). Our results indicate that the suppression of β-catenin
function largely accounts for the inhibition of MYC mRNA expression by the VDR. Importantly, the relatively modest and
opposing effects on MYC and MXD1 expression and protein
turnover in the presence of 1,25D combine to dramatically alter
the balance in c-MYC and MXD1 and levels of DNA-bound
c-MYC/MAX and MXD1/MAX heterodimers, resulting in repression of c-MYC target gene transcription. Given that c-MYC
controls normal epidermal differentiation and that its deregulated expression depletes epidermal stem cells (30, 37, 38), our
ﬁndings strongly suggest that overexpression of c-MYC in the
absence of the VDR contributes to alopecia observed in humans
and mice. In addition, the regulation of c-MYC expression and
function by the VDR provides a compelling molecular basis for
its potential cancer preventive actions. In particular, β-catenin
function and c-MYC expression are often elevated in colon
cancer (50, 58). Moreover, the elevated c-MYC levels observed
in several tissues of knockout mice suggest that the VDR, which
is very broadly expressed, regulates c-MYC expression in widely
different tissue types.
Experimental Procedures
All experiments presented are representative of three to ﬁve biological
replicates. Experimental procedures for siRNA knockdowns, RT-quantitative
PCR, immunoprecipitations and Western blotting, ChIP assays, and animal
experiments including genotyping, Western blotting, immunohistochemistry, and topical 1,25D treatments are provided in SI Appendix. A complete
description of derivations used for mathematical modeling of c-MYC and
MXD1 expression and protein turnover is also provided in SI Appendix.

Fig. 5. 1,25D and the VDR control c-MYC and MXD1 expression in vivo. (A) Western blotting of c-MYC expression in extracts of skin from wild-type (+/+) or vdr
null (−/−) mice. Immunocytochemistry of c-MYC expression in the skin (B) and colon (C) of vdr wild-type (+/+) and null (−/−) mice. Arrowheads point to elevated
c-MYC expression in enterocytes of null animals. (D) Western blotting of c-MYC expression in extracts of skin from wild-type mice treated topically with
vehicle (Veh.) or 1,25D (15 ng/100 μL·cm2) for 24 h. Topical application (24 h) of vehicle or 1,25D to the skin of wild-type animals suppresses expression of cMYC (E) and the product of epidermal c-MYC target gene setd8 (F). (G) Western blotting of MXD1 expression in extracts of skin from wild-type mice treated
topically with Veh. or 1,25D (15 ng/100 μL·cm2) for 24 h. Topical 1,25D enhances expression of MXD1 in skin of wild-type (+/+; H) but not vdr null (−/−; I) mice.
(Insets) Negative controls (no primary antibody). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 as determined by one-way ANOVAs followed by Tukey’s post hoc test for
multiple comparisons.
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those seen in VDR-replete cells treated with 1,25D (Fig. 4E and
SI Appendix, Fig. S11B). Consistent with these ﬁndings, association of β-catenin with the MYC promoter in VDR-replete cells
was reduced by 1,25D treatment (Fig. 4F).
These observations are striking because vdr null mice or
patients with vitamin D–resistant rickets resulting from inactivating mutations in the VDR gene (29, 53) develop alopecia
because of dysregulated epidermal differentiation, and studies of
vdr null mice have revealed that loss of the VDR in skin leads to
elevated β-catenin signaling (29). In addition, vdr−/− mice display
a hyperproliferative phenotype in colonic epithelia (29). Therefore, we compared c-MYC levels by Western blotting and immunohistochemistry in skin and colonic epithelia of wild-type
and vdr null mice (Fig. 5 and SI Appendix, Fig. S12 and S13),
using normal and malignant breast tissue as a control for c-MYC
overexpression (SI Appendix, Fig. S12A). This analysis revealed
substantially elevated c-MYC in both skin and colon of null mice
(Fig. 5 A–C and SI Appendix, Fig. S12 C and D), with colonic
overexpression visible in epithelial crypt cells (arrowheads; Fig.
5C) as well as in other tissues including heart, muscle and brain
(SI Appendix, Fig. S12B). Consistent with observed effects on cMYC in human cells, topical application of 1,25D to wild-type
mouse skin suppressed c-MYC levels (Fig. 5 D and E). Because
c-MYC expression was modest in wild-type skin, we also analyzed the product of one of its epidermal target genes, setd8 (54),
whose expression was suppressed by 1,25D (Fig. 5F). Finally, in
agreement with the induction of MXD1 expression observed in
vitro, topical 1,25D increased MXD1 levels in the skin of wildtype mice (Fig. 5 G and H) but not vdr−/− mice (Fig. 5I).
In summary, we have found that the VDR suppresses c-MYC
expression and function in vitro and in vivo in the absence and
presence of 1,25D by multiple mechanisms. The VDR is not
unique among the nuclear receptors in its regulation of c-MYC.
Estrogen receptor α is a well-established enhancer of MYC
gene transcription, and induction of c-MYC expression is a key
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