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SUMMARY

DNA repair is related tomany physiological and path-
ological processes, including pigmentation. Little is
known about the role of the transcriptional cofactor
Mediator complex in DNA repair and pigmentation.
Here, we demonstrate that Mediator MED23 plays
an important role in coupling UV-induced DNA repair
to pigmentation. The loss of Med23 specifically im-
pairs the pigmentation process in melanocyte-line-
age cells and in zebrafish. Med23 deficiency leads
to enhanced nucleotide excision repair (NER) and
less DNA damage following UV radiation because
of the enhanced expression and recruitment of NER
factors to chromatin for genomic stability. Integrative
analyses of melanoma cells reveal that MED23 con-
trols the expression of a melanocyte master regu-
lator, Mitf, by modulating its distal enhancer activity,
leading to opposing effects on pigmentation and
DNA repair. Collectively, the Mediator MED23/MITF
axis connects DNA repair to pigmentation, thus
providing molecular insights into the DNA damage
response and skin-related diseases.

INTRODUCTION

Degree of pigmentation is responsible for skin color and tanning,

and it is a useful predictor of skin cancer in humans (Garibyan and

Fisher, 2010; Lin and Fisher, 2007). Pigmentation in animals is

determined by the number, size, and cellular distribution of mela-

nosomes, which are subcellular compartments comprised of

melanocytes. Epidermal melanocytes can respond to UV radia-

tion (UVR) by inducing the synthesis of melanin in melanosomes

and transferring melanin to surrounding keratinocytes, also

known as the tanning response. In addition, melanin also plays a

prominent role in providing protection against UV-induced DNA

damage, which can transform melanocytes into malignant mela-

noma, an aggressive form of skin cancer, as well as in the devel-

opment of xeroderma pigmentosum (XP). Maintaining the

genomic stability of melanocytes is pivotal for the prevention of
1794 Cell Reports 20, 1794–1804, August 22, 2017 ª 2017 The Autho
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malignant melanoma, whereas DNA repair is most essential for

protection against carcinogenesis (Budden and Bowden, 2013;

Karahalil et al., 2012). UVR generates mutagenic photolesions,

generally cyclobutane pyrimidine dimers (CPDs) and 6-4 photo-

products (6-4PPs), which are primarily removed through the

nuclear excision repair (NER) pathway. NER corrects UV-induced

DNAdamageandchemically inducedbulky lesionsviaamultistep

process involving numerous repair factors, including ERCC1,

ERCC3, ERCC4, XPA, XPC, XPG, DDB2, and PCNA (DiGiovanna

and Kraemer, 2012; Lehmann et al., 2011). The importance of the

NER pathway has been demonstrated by studying XP, trichothio-

dystrophy (TTD), andCockaynesyndrome (CS) patientswhohave

lost one of these NER proteins and are incapable of repairing

UV-induced DNA lesions, rendering them predisposed toward

UV-related skin cancers (Kraemer et al., 2007; Lehmann et al.,

2011). Pigmentation and DNA repair factors are transcriptionally

regulated by numerous protein complexes and signaling path-

ways. For example, the homeostasis of pigmentation is notably

modulated by the basic helix-loop-helix leucine zipper (bHLHZip)

transcription factor MITF, which is a master regulator of melano-

cyte specification (Steingrı́msson et al., 2004). NER factors are

also tightly controlled by temporarily regulated gene expression

(Compe and Egly, 2012; Hanawalt and Spivak, 2008). However,

as a vital component of general transcription cascades, the role

of the Mediator complex in both processes remains unclear.

TheMediator complex is anevolutionarily conserved,multipro-

tein coactivator that connects transcription factors to the RNA

polymerase II (Pol II) machinery (Malik and Roeder, 2010; Yin

and Wang, 2014). Considering the specific interactions between

transcription factors and different Mediator subunits, the Medi-

ator complex could serve as an integrative hub linking multiple

pathways responsible for diverse biological processes, such as

the nuclear hormone receptor pathway (via MED1) (Kang et al.,

2002), Wnt signaling pathway (via MED12) (Kim et al., 2006),

and mitogen-activated protein kinase (MAPK) signaling pathway

(viaMED23) (Stevenset al., 2002;Wanget al., 2009). In aneffort to

investigate the role ofMED23 inmelanoma cells, we uncovered a

function for the Mediator complex in pigmentation and the DNA

damage response. Specifically, Med23 deficiency dramatically

impairs the pigmentation process while enhancing UV-induced

NER, which is seemingly controlled through the melanocyte

master transcription factor MITF. These findings demonstrate a
r(s).
creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:gwang@sibcb.ac.cn
http://dx.doi.org/10.1016/j.celrep.2017.07.056
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2017.07.056&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


D

Melanin

MED23

siMed23
ovMed23 +

+
+
++ +

H

A

MED23
   siCtrl  siMed23A siMed23

16F10

Melanin

B

C

F

si
M

ed
23

si
M

ed
23

A

4.4x

si
C

trl

11x

G
MED

siCtrl   siMed15 siCtrl   siMed16  siCtrl   siMed25

 siCtrl siM23A siM23  siM15 siM16  siM25

Melanin

R
el

at
iv

e 
m

R
N

A
 le

ve
l

Mitf

Fo
ld

 c
ha

ng
e

E

R
el

at
iv

e 
m

el
an

os
om

e 
nu

m
be

r

siCtrl  siMed23A siMed23

Mitf

R
el

at
iv

e 
ab

so
rb

an
ce

siCtrl  siMed23A siMed23

*** ****** ***

Melanin content

R
el

at
iv

e 
ab

so
rb

an
ce

   siCtrl  siMed23A siMed23

*** ***

siCtrl siMed23A siMed23

*** ***

Figure 1. Loss of Med23 Inhibits the

Pigmentation Process

(A) Characteristics of control and siMed23 B16F10

cells. siMed23A and siMed23B indicated two

distinct shRNA sequences that target Med23.

g-TUBULIN was blotted as internal control. Bot-

tom: siCtrl and siMed23 cell pellets in tubes.

(B) Melanin content of control and siMed23 mela-

noma cells. Levels of melanin were determined by

measuring the absorbance at 405 nm. ***p < 0.001;

error bars indicate SEM.

(C) Tyrosinase activity measured by L-DOPA

oxidation using lysates from control and siMed23

melanoma cells. The data show mean ± SEM of

three experiments. ***p < 0.001.

(D) Transmission electron microscopy (TEM) im-

ages of control (top) and siMed23 (center and

bottom) melanoma cells at different magnifica-

tions. Arrows indicate melanosomes in the cyto-

plasm. Also shown is quantitation of the TEM

images. Error bars indicate SEM.

(E) Rescue experiment with human MED23 in

siMed23 cells. siMed23 cells were infected with

retroviruses expressing hMED23 (ovMED23) and

selected with hygromycin. Total protein extracts

were analyzed by western blot using the indicated

antibodies, with g-TUBULIN as an internal control.

Bottom: cell pellets of control, siMed23, and

hMED23 rescued cells.

(F) Quantitative RT-PCR analysis of multiple

pigmentation-related genes. The expression was

normalized to Gapdh. Error bars indicate SEM.

(G) Knockdown efficiency of multiple Mediator

subunits (Med15/Med16/Med25) in B16F10 cells.

Bottom: control and siMed cell pellets.

(H) qRT-PCR analysis of pigmentation-related

genes following Mediator subunit knockdown. The

expression was normalized to Gapdh. Error bars

indicate SEM.
distinct role for Mediator MED23 in regulating pigmentation and

DNA damage repair, providing a mechanistic link between

pigmentation- and DNA repair-related diseases.

RESULTS

Mediator MED23 Specifically Regulates Pigmentation
In Vitro
In an effort to expand our previous investigation into the role of

MED23 in cancer (Yang et al., 2012), we examined multiple can-
Cell Rep
cer types, including a darkly pigmented

mouse melanoma cell line, B16F10. Inter-

estingly, when we knocked down Med23

in B16F10 cells, the darkly pigmented

cells adopted a much lighter color (Fig-

ure 1A), and the melanin content was

significantly decreased (Figure 1B). We

then assayed tyrosinase activity, a rate-

limiting enzyme in melanogenesis, by

quantifying the oxidation of L-3,4-dihy-

droxyphenylalanine (L-DOPA) in B16F10
cells. Consistently, we found that tyrosinase activity was signifi-

cantly reduced following Med23 knockdown (Figure 1C). Ultra-

structural studies using transmission electron microscopy

(TEM) revealed a drastic decrease in the number of darkly

pigmented melanosomes in siMed23 cells (Figure 1D). We

expanded these studies to include additional melanocyte-

lineage cells and found that the expression levels of pigmenta-

tion-related genes were consistently downregulated following

knockdown of Med23 in Clone M-3 and B16 mouse melanoma

cells as well as in primary human melanocytes (Figures
orts 20, 1794–1804, August 22, 2017 1795
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Figure 2. Knocking Down Med23 Inhibits

Pigmentation in Zebrafish

(A) Zebrafish embryos injected with Ctrl MO,

Med23MO-1, orMed23MO-2 were analyzed. The

images show dorsal views, with the anterior to the

right.

(B) Melanin content of Ctrl MO, Med23 MO-1, and

Med23 MO-2 embryos. ***p < 0.001; error bars

indicate SEM.

(C and D) qRT-PCR analysis of the pigmentation-

related genes Trp2 (C) and Mitf (D) in zebrafish at

the indicated time points. The expression was

normalized to Rbl13a. Error bars indicate SEM.
S1A–S1C). Next, we compared gene expression levels in immor-

talized WT and Med23�/� mouse embryonic fibroblast (MEF)

cells and found a lower basal level of expression for these genes

in Med23�/� MEFs (Figure S1D). These observations suggest

that MED23 may play a role in the pigmentation process.

To exclude possible off-target effects for the Med23 short

hairpin RNA (shRNA) sequences, the humanMED23 gene, which

is homogeneous to the mouse Med23 gene, was reintroduced

into the Med23-depleted B16F10 line using retrovirus transduc-

tion. Ectopic expression of humanMED23 rescued the albinotic

color phenotype in Med23 knockdown B16F10 cells (Figure 1E)

as well expression of the pigmentation-related genes, demon-

strating that these phenotypes were not due to off-target effects

(Figure 1F). Next, we investigated whether MED23 was specific

among the Mediator components for the regulation of pigmenta-

tion. The Mediator complex is a multi-subunit protein complex,

with each component playing a distinct role in different biological

functions (Malik and Roeder, 2010). Several Mediator subunits

were retrovirally depleted (Figure 1G). However, depletion of

other subunits, such as MED15, MED16, and MED25, failed

to inhibit expression of the essential pigmentation genes and,

in fact, increased the expression of these genes compared

with control cells, demonstrating the specificity of MED23 in

the pigmentation process (Figure 1H). Taken together, loss of

Med23 specifically inhibits the pigmentation process in melano-

cyte-lineage cells.

Knocking Down Med23 in Zebrafish Inhibits
Pigmentation
To investigate the in vivo function of MED23 in pigmentation, we

employed the zebrafish model system, which is a well-estab-

lished organism for studying melanocyte biology (Kimmel et al.,

1995). The zebrafish MED23 protein sequence exhibits

extremely high conservation with the human and mouse

MED23 (Yin et al., 2012; Zhu et al., 2015). Two morpholinos

(MOs) were designed to specifically block translation of the
1796 Cell Reports 20, 1794–1804, August 22, 2017
Med23 mRNAs. Pigmentation in Med23-

MO zebrafish was significantly impaired

with respect to melanosome size and

number (Figure 2A) as well as whole-

body melanin content (Figure 2B).

Pigmentation gene expression was quan-

tified at different stages of zebrafish

development from 6–72 hours post fertil-
ization (hpf), and these genes showed significantly lower expres-

sion at most development stages compared with control fish

(Figures 2C and 2D). Considering that MED23 regulates pigmen-

tation in culturing cells, we conclude that MED23 regulates the

pigmentation process both in vitro and in vivo.

Med23 Deficiency Facilitates Nucleotide Excision
Repair and Prevents UV-Induced DNA Damage
The skin is primarily reliant on melanocytes for photoprotection,

which they mediate by producing melanin (i.e., the pigmentation

process) to protect genomic DNA from solar UV-induced dam-

age, thereby reducing the risk of skin cancer (Lin and Fisher,

2007). Considering that MED23 specifically regulates the

pigmentation process, we asked whether MED23 also plays a

role in UV-induced DNA damage repair. Control and Med23-

deficient B16F10 cells were used to characterize the activation

of DNA damage sensors and their downstream effectors. Upon

exposure to UV radiation, the DNA damage sensor phospho-

ATR (pATR) showed strong activation that gradually decayed

over time; a similar trend was observed for phosphorylated

CHK1, which is a downstream effector of pATR (Figure 3A).

Med23 depletion seemed not to change much of the phosphor-

ylation of ATR or CHK1; however, the activation and kinetics of

the DNA damage marker g-H2AX were significantly reduced

and delayed in Med23-deficient cells (Figure 3A). To determine

the spatiotemporal localization of g-H2AX following UV radiation,

control andMed23-depleted cells were exposed to UV radiation

and then immunostained with an antibody against g-H2AX. This

UV-induced g-H2AX staining signal gradually increased with

time post UV treatment in control cells but was greatly attenu-

ated in Med23-deficient cells (Figure 3B). We further verified

the effects of MED23 on the DNA damage response using

wild-type (WT) and Med23�/� MEFs. Using this system, the in-

tensity of g-H2AX was even more strongly impaired inMed23�/�

MEF cells compared with WT cells, likely because of the com-

plete depletion of Med23 (Figure S2). To test whether MED23
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Figure 3. Med23 Deficiency Comprises UV Radiation-Induced DNA Damage

(A) Expression of DNA damage response factors at different time points after UV radiation. B16F10 cells were exposed to 70 J/m2 ultraviolet C (UVC). After further

incubation for the indicated periods of time, cells were harvested and subjected to immunoblotting analysis of the indicated proteins. wk and str represent weak

and strong exposure, respectively. g-TUBULIN was blotted as an internal control.

(legend continued on next page)
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is specifically involved in UV-induced DNA damage and repair,

we studied the function of MED23 in DNA double-strand break

(DSB) repair induced by ionization radiation (IR). However, we

found no significant differences in g-H2AX levels between

WT and Med23�/� MEF cells using immunoblotting or immuno-

staining (Figures S3A and S3B). These results indicate that UV

radiation, but not IR-induced DNA damage, is significantly and

specifically attenuated by the loss of Med23, suggesting a spe-

cific role for MED23 in UV-induced DNA damage response and

repair pathways.

Because DNA damage was significantly lower in Med23-null

cells, we anticipated that cells lacking MED23 may show fewer

UV-activated photoproducts with enhanced UV-induced DNA

repair ability. UV-generated mutagenic DNA photolesions,

mostly CPDs and 6-4PPs, can lead to mutations if not repaired,

perhaps leading tomelanoma or XP diseases (Hodis et al., 2012).

Such photolesions are removed through the multistep NER

pathway, which involves the repair factors XPA, XPC, and

PCNA as well as many others. To study the function of MED23

in the DNA damage response and repair pathways, WT and

Med23�/� MEF cells were subjected to UV radiation, and

UV-generated DNA photolesions were examined. Immunofluo-

rescence measurements using antibodies against CPD and

6-4PP were utilized to evaluate UV-induced photolesions and

the damage repair rate. We found that CPD and 6-4PP produc-

tion levels were largely attenuated immediately following irradia-

tion inMed23�/� cells compared with WT MEFs (Figures 3C and

3D). In WT MEF cells, the clearance of 6-4PP and CPD took

nearly 12 and 24 hr, respectively. However, in Med23�/� MEF

cells, these photolesions were barely detectable immediately

following UV radiation, and they were maintained at low levels

until fully repaired. To verify this result, we analyzed DNA dam-

age in WT and Med23�/� MEF cells using an alkaline comet

assay. In the absence of UV radiation, comet tail size was not

significantly different between WT and Med23�/� cells. How-

ever, DNA damage was largely increased inWTMEFs compared

to that inMed23�/�MEF cells immediately upon UV radiation, as

indicated by the comet tails (Figure 3E). These observations indi-

cate that the loss of MED23 greatly attenuates UV-induced pho-

tolesions, possibly bymaintaining genomic DNA in amore stable

state.

Because photolesions were less abundant and DNA damage

was rapidly attenuated inMed23-deficient cells, we investigated
(B) Fluorescent immunostaining of g-H2AX. Cells were irradiated with 70 J/m2 U

DAPI (blue) was used for nuclear counterstaining. Left: representative fluorescen

rescence shown on the left. The intensity of nuclear fluorescence was measured

Plus. The fluorescence intensity (a.u.) was determined by the overall mean intensity

independent experiments; error bars represent SEM.

(C and D) DNA damagewas determined by fluorescent immunostaining with antibo

(70 J/m2). At least 100 cells were analyzed per sample. Error bars represent the

(E) Comet assay breaks. DNA strand breaks of globally UV-irradiated (40 J/m2

incubation for the indicated times. Bottom: breaks were quantified as olive tail

Histograms represent mean ± SEM of three independent experiments.

(F) Chromatin-bound NER factors after UV radiation. Chromatins fromUV-irradiate

and immunoblotted using antibodies against XPA, XPC, PCNA, and XPG. Histon

fractions, respectively.

(G) UV sensitivity of control and Med23-deficient melanoma cells. Control and M

clonal formation assay to analyze UV sensitivity. *p < 0.05, ***p < 0.001. Error ba
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howMED23 affects the NER pathway and DNA repair. We found

that MED23 negatively influenced the expression and kinetics of

key NER proteins, including nuclear accumulation and recruit-

ment to chromatin after UV radiation. Immunoblotting showed

that the expression levels of several NER proteins, including

XPA, PCNA, and XPC, were clearly elevated in Med23�/�

MEFs compared with WT cells (Figure 3F). In the melanotic

B16F10 cell line, we observed an increase in XPA expression

in shMed23 cells (Figure S3E). We performed a chromatin isola-

tion assay and observed that there were more NER proteins

bound to chromatin inMed23�/�MEF cells, with increased asso-

ciation following UV radiation (Figure 3F). Among the NER

factors, XPA showed a strong association with chromatin in

Med23�/� MEF cells, indicating increased DNA repair ability.

We performed the same assays using control andMed23 knock-

downmelanoma cells and found that XPA and PCNA levels were

consistently elevated in Med23-depleted cells with enhanced

chromatin association (Figures S3C–S3E). Thus, Med23 knock-

down can enhance NER capacity by boosting the expression

of NER factors as well as by promoting their recruitment to

chromatin.

MITF Is aCritical Link inCoupling Pigmentation andDNA
Repair
To investigate the mechanisms through which MED23 regulates

pigmentation and DNA repair, we explored howMED23 controls

gene expression in melanoma cells. Using RNA sequencing

(RNA-seq) of control and siMed23 B16F10 cells, we performed

a gene ontology (GO) analysis, which revealed that the downre-

gulated transcripts in Med23 knockdown cells were primarily

associated with pigmentation-related processes such as

melanin biosynthesis, pigment metabolism, and pigment cell

differentiation, consistent with the color changes observed in

melanoma cells (Figures 4A and 4B). In addition, a Kyoto Ency-

clopedia of Genes and Genomes (KEGG) pathway analysis of

all downregulated genes identified the melanogenesis pathway

as significantly affected, which involves essential pigmentation

genes such as Tyr, Mc1r, and Trp1, among others (Figures

S4A and S4B). The transcription factor MITF is known to be a

master regulator of pigmentation and melanocyte development

(Goding, 2000; Strub et al., 2011). Because MITF controls the

expression ofmany genes that are required formelanin synthesis

and melanocyte differentiation (Bertolotto et al., 1998), we went
V light, incubated for different times, and then stained with anti-g-H2AX (red).

t immunostaining images of g-H2AX. Right: quantification of the immunofluo-

using a confocal microscope, and the graphs were processed by Image-Pro

relative to the area. For each sample, at least 100 nuclei were analyzed in three

dy against either 6-4PP (C) or CPD (D) at various times after global UV radiation

SEM of three independent experiments.

) WT and Med23�/� MEF cells were analyzed by alkaline comet assay after

moment by the CASP software. At least 50 cells were analyzed per sample.

dWT andMed23�/�MEF cells were isolated after incubation for different times

e H2B and GAPDH were loaded as internal controls for chromatin and soluble

ed23 knockdown melanoma cells were UV-irradiated, followed by a survival

rs indicate SEM.
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Figure 4. MITF Is a Key Effector for MED23 in Regulating Pigmentation and DNA Repair
(A) GO analysis of the downregulated genes followingMed23 knockdown in B16F10 cells. 190 downregulated genes (fold changeR 4) were subjected to DAVID

analysis (http://david.abcc.ncifcrf.gov/). The p value and ontology for each class are indicated.

(B) Gene regulatory network. Blue round rectangles represent biological processing, red circles represent corresponding genes, and the circle size indicates the

fold change of downregulated genes.

(C) Venn diagrams showing the intersection of MITF-targeted genes from ChIP-seq and downregulated genes followingMed23 depletion. The number of genes

and p values are indicated.

(D) Introducing hMITF in siMed23 melanoma cells. siMed23 cells were infected with retroviruses expressing human MITF and then selected with hygromycin.

Top: cell pellets of control, siMed23, and hMITF-expressed siMed23 cells.

(E) qRT-PCR analysis of several pigmentation-related genes in control, siMed23, and hMITF-expressed siMed23 melanoma cells. The expression was

normalized to Gapdh. Error bars indicate SEM.

(F) Introducing hMITF in siMed23 melanoma cells. Control, siMed23, and stably hMITF-expressed B16F10 cells were exposed to 70 J/m2 UVC. After further

incubation for 30 min, cells were harvested and subjected to immunoblotting analysis of the indicated proteins. GAPDH was blotted as an internal control.

(legend continued on next page)
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on to compare the genes that were downregulated by Med23

knockdown with 1,326 MITF-targeted genes that were identified

previously (Hoek et al., 2008; Strub et al., 2011). Significantly,

150 overlapping genes were identified in these studies (p =

2.5 3 10�9), suggesting that a large number of Med23-downre-

gulated genes are transcriptionally targeted by MITF (Figure 4C).

We also found that MITF expression itself was downregulated at

both the protein and mRNA levels inMed23 knockdown B16F10

cells (Figures 4D and 4E), and, looking back to the zebrafish

experiments, MITF expression was also strongly inhibited in

Med23 morphants (Figures 2C and 2D). Importantly, ectopically

introduced Mitf redarkened the albinotic color of siMed23mela-

noma cells and completely rescued the melanin content,

pigmentation gene expression, and the g-H2AX phosphorylation

level in siMed23 cells (Figures 4D–4F). Furthermore, the expres-

sion levels of several DNA repair genes that were altered by

Med23 knockdown could be reversed, at least partially, by

ectopic Mitf expression (Figure 4G). These results suggest that

MITF is a key downstream effector of MED23 in regulating

pigmentation and DNA repair.

We next investigated the function of MITF in pigmentation

and DNA repair in melanoma cells. Control and albinotic

Mitf-depleted cells were subjected to UVR, followed by different

incubation periods. The loss of Mitf resulted in clearly less DNA

damage accumulation and elevated NER protein expression,

similar to Med23-deficient cells (Figure 4H). Chromatin isolation

assays revealed that NER proteins were more strongly recruited

to chromatin in Mitf-depleted melanoma cells, both basally and

following UVR (Figure 4I). Using qRT-PCR, we characterized

the expression levels of different sets of pigmentation and DNA

repair genes that were previously shown to be important for

both pathways. Consistent with the results following Med23

depletion, the pigmentation genes were collectively downregu-

lated, and several DNA repair genes were strongly upregulated

(with a minor difference regarding the effect of Med23 KD) (Fig-

ure 4J). In summary, we found that MED23 and MITF both act

positively in pigmentation regulation and negatively in DNA

repair regulation. Therefore, MITF, as a downstream effector of

MED23, appears to phenocopy MED23 in both processes, sug-

gesting the existence of a MED23-MITF axis as the molecular

link between pigmentation and DNA damage response.

MED23 Controls Mitf Expression by Modulating Its
Enhancer Function
We next investigated howMED23 regulatesMitf. To this end, we

have performed multiple experiments including chromatin

immunoprecipitation (ChIP), promoter analysis, and luciferase

reporter assays, and have excluded the possibilities that
(G) qRT-PCR analysis of DNA repair genes in control, siMed23, and hMITF-expres

bars indicate SEM.

(H) Expression of DNA damage response and repair players at different time poin

70 J/m2 UV. After further incubation for the indicated periods of time, the cells were

g-TUBULIN was blotted as an internal control.

(I) Chromatin-bound NER factors after UV radiation. Control and Mitf-deficient

following incubation for different times. NER proteins were immunoblotted using

internal controls for chromatin and soluble fractions, respectively.

(J) qRT-PCR analysis of pigmentation genes and DNA repair genes in control a

indicate SEM.
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MED23 act as a cofactor for MITF or regulates its proximal

promoter activity. We then performed a ChIP sequencing

(ChIP-seq) analysis to explore genomic regulation. First, we

analyzed the genome-wide binding profile of Pol II and found

minimal differences in global Pol II binding between control

and Med23 knockdown cells (Figures S5A and S5B), the same

as the H3K27ac profiles. However, guided by the ChIP-seq pro-

file of H3K27ac, certain putative regulatory regions for Mitf were

identified, including a distal enhancer, a proximal enhancer, and

a terminal enhancer (Figure 5A). When examining the Mitf locus,

we found that the binding peaks of Pol II to its distal, proximal,

and terminal enhancer regions were largely reduced in Med23

knockdown cells (Figures 5A and 5B). A ChIP assay was

performed to verify that Pol II occupancy at these Mitf enhancer

regions was indeed reduced by Med23 depletion (Figure 5C).

Thenwe cloned each of these regulatory regions into a luciferase

reporter plasmid and performed transient transfection assays in

control andMed23-deficient cells. A reporter driven by the distal

putative enhancer showed reporter expression in control cells

but was largely inhibited in Med23-depleted cells, whereas

reporters driven by fragments containing the proximal and termi-

nal enhancers did not show much transcription activity

(Figure 5D). These observations suggest that MED23 is likely

important for the distal enhancer activity of Mitf.

To further validate the MED23-dependent function of this

newly identified Mitf enhancer, we deleted this enhancer region

using two pairs of CRISPR/Cas9 guide RNAs to create double-

strand DNA breaks flanking this enhancer region (Figure 5E).

Two independent cell clones (D150 and D156) were obtained

with the deletion of the endogenous distal enhancer of Mitf.

Sequencing confirmed that this endogenous distal enhancer of

Mitf was deleted successfully, and both clones showed signifi-

cant downregulation of MITF and, consequently, whitened

pigment cells (Figure 5F). These results indicate that MED23

controls MITF expression through this distal enhancer region.

Collectively, our study characterizes a novel function of the

MED23-MITF axis in coupling the pigmentation and DNA repair-

ing processes (Figure 5G), which provides new mechanistic

insights into normal skin development and skin-related diseases.

DISCUSSION

In this study, we identified an unexpected role of the Mediator

complex in pigmentation and DNA repair. We initially observed

that depletion of MED23 caused the normally dark melanoma

cells to adopt a pale color, accompanied by decreased tyrosi-

nase activity. The whitening of dark cells is correlated with

decreased protection against genomic DNA damage following
sed siMed23 melanoma cells. The expression was normalized toGapdh. Error

ts after UV radiation. Control andMitf-deficient B16F10 cells were exposed to

harvested and subjected to immunoblotting analysis of the indicated proteins.

melanoma cells were similarly UV-irradiated, and chromatins were isolated

antibodies against XPA and XPC. Histone H2B and GAPDH were loaded as

nd Mitf-deficient cells. The expression was normalized to Gapdh. Error bars
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Figure 5. Mediator MED23 Modulates the Activity of a Distal Enhancer of Mitf

(A) ChIP-seq analysis of Pol II enrichment at theMitf gene locus in control andMed23 knockdownmelanoma cells. Compared with H3K27acChIP-seq data, some

putative enhancer regions of Mitf were predicted as shown.

(B) Relative quantification of the indicated peaks shown in (A).

(C) Verification of the ChIP analysis at theMitf locus indicated in (A). ChIP assayswere performedwith an antibody specific for Pol II in control andMed23-deficient

melanoma cells. Error bars indicate SEM.

(D) Putative enhancer reporter assay. Enhancer activity was measured by the ratio of firefly luciferase activity over Renilla luciferase activity (Firefly/Renilla) and

normalized to the empty vector control. Data are mean ± SEM of three independent experiments.

(legend continued on next page)
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extrinsic stress, such as UVR. Moreover, the NER factors were

upregulated and enriched at chromatin during UV-induced DNA

damage response and repair in Med23-deficient cells. Impor-

tantly, the transcription-coupled NER seemed not to be involved

here because we observed that UV treatment greatly reduced

global Pol II binding in both control and siMed23melanoma cells

(Figures S5C–S5E), suggesting global transcriptional repression.

Thus, the loss of Med23 contributes to enhanced UV-induced

NER by increasing NER factor abundance and efficiency.

These findings reveal that melanocytes may adaptively in-

crease their DNA repair capacity after the loss of pigmentation

as a form of resistance against genotoxic stress. It is known

that cell fate changes (i.e., a tendency toward gaining stemness)

could drive enhanced DNA repair capacity and increase

genomic stability (Tichy and Stambrook, 2008; Xiong et al.,

2015). In our study, decreased pigmentation correlated with a

tendency toward cell dedifferentiation and enhanced DNA repair

ability, as indicated by the downregulation of melanocyte differ-

entiation genes and increases in the cell growth rate and growth

signaling pathways (MAPK pathway) (Figures S1E and S1F) as

well as NER enhancement. Generally, in Med23-deficient cells,

impaired pigmentation offers less protection to genomic DNA;

therefore, the cells may exhibit increased NER capacity as a

means to better counteract UV-induced photolesions. We there-

fore propose that Med23 deficiencies may induce melanocyte

dedifferentiation and confer better genomic stability.

Extensive studies have shown that DNA damage itself is

important for triggering pigment production and that melanin

synthesis may be part of this DNA damage response system

(Eller et al., 1994; Gilchrest et al., 1993). Our study reveals that

the Mediator complex subunit MED23 is a novel regulator of

mammalian melanocytes that inversely coordinates pigmenta-

tion and DNA repair, particularly UV-induced NER. The identifi-

cation of this MED23-MITF molecular axis provides new insights

into the cutaneous response to UVR and related skin

malignancies.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture

B16F10, A375, and B16 cells were from the type culture collection of the

Chinese Academy of Sciences. Med23+/+ and Med23�/� MEFs were gener-

ated as described previously (Wang et al., 2009). Clone M3 and primary

epidermal melanocytes were from the ATCC. See the Supplemental Experi-

mental Procedures for details.

Western Blot Analysis and Real-Time PCR

Real-time PCR and western blot analysis were performed as described previ-

ously (Yao et al., 2015). See the Supplemental Experimental Procedures for

details.

Retrovirus Infection

Use of a retrovirus to establish stable cell lines for knocking down or overex-

pressing a gene of interest was based on the manufacturer’s recommenda-

tions (Clontech). See the Supplemental Experimental Procedures for details.
(E) Design of CRISPR/Cas9-mediated deletion of the Mitf distal enhancer. Se

highlighted in red.

(F) The cell pellet and MITF protein level of two clones, D150 and D156, that are

(G) A schematic model for Mediator MED23 in regulating pigmentation and DNA
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RNA-Seq and Data Analysis

Total RNAs were extracted by TRIZOL (Invitrogen) and purified by the QIAGEN

RNAeasy kit. DNA library preparation and sequencing were performed

following the Illumina standard protocol. GO analysis was performed by the

Database for Annotation, Visualization, and Integrated Discovery (DAVID)

online tool.

Melanin Content

Formelanin content determination, cells (53 106) were solubilized in 1 NNaOH

containing 10% DMSO at 100�C for 30 min. The absorbance at 450 nm was

measured using a spectrophotometer (Thermo Multiscan MK3).

Tyrosinase Activity

Tyrosinase enzyme activity was analyzed by measuring the rate of L-DOPA

oxidation. In brief, cells (5 3 106) were harvested and lysed in 0.1 M

NaH2PO4 containing protein inhibitor. Cell extracts were centrifuged at

13,000 3 g for 15 min at 4�C, and the supernatants were incubated with

0.1% L-DOPA prepared in 0.1 M NaH2PO4 at 37�C for 2 hrs. The absor-

bance was measured at 450 nm using a spectrophotometer (Thermo Multi-

scan MK3).

Zebrafish

Two MOs blocking MED23 translation and a control (Ctrl) MO were designed

against the 50-terminal sequence near the start codon and were purchased

from Gene Tools. The microinjection was performed in one- to two-cell-stage

embryos. See Table S1 for the MO sequences.

Luciferase Assay

A dual luciferase reporter assay was performed using the Dual-Luciferase

Reporter Assay System (Promega). See the Supplemental Experimental Pro-

cedures for details.

ChIP, ChIP-Seq, and Data Analysis

ChIP assays were performed as described previously (Huang et al., 2012;

Wang et al., 2009; Yao et al., 2015). See the Supplemental Experimental

Procedures for details.

TEM

For TEM studies, ultrathin sections (80 nm) were cut on an RMC Ultramicro-

tome, placed on copper grids, stained with uranyl acetate and lead citrate,

and examined on a JEM 2100F transmission electron microscope.

Chromatin Isolation

Chromatin was fractionated as described previously (Huang et al., 2012).

Cells were harvested and suspended in buffer A (10 mM 4-(2-hydrox-

yethyl)-1-piperazineethanesulfonic acid [HEPES] [pH 7.9], 10 mM KCl,

1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, and 0.1% Triton X-100) for

5 min and then in buffer B (10 mM HEPES [pH 7.9] and 10 mM EDTA) for

30 min. The supernatant contained both cytoplasmic and nucleoplasmic

fractions. The loading buffer was then added directly to the pellet to make

the chromatin fraction.

Immunofluorescence Staining

The immunofluorescence staining assay was performed as described previ-

ously (Huang et al., 2012). See the Supplemental Experimental Procedures

for details.

Comet Assay

The comet assay was performed using the comet assay kit from Cell Biolabs

according to the manufacturer’s instructions. See the Supplemental Experi-

mental Procedures for details.
quences for sgRNAs are displayed for protospacer-adjacent motifs (PAMs)

depleted of the Mitf distal enhancer.

repair.



CRISPR/Cas9-Mediated Genomic Engineering

The CRISPR/Cas9 system was applied to introduce the distal enhancer of

the Mitf deletion mutation following published protocols (Cong et al.,

2013; Mali et al., 2013). See the Supplemental Experimental Procedures for

details.
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