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Dermatomyositis (DM) is an autoimmune disease, which is
often accompanied by the development of disease-specific
autoantibodies directed against the SNF2-superfamily helicase,
Mi-2. Recent evidence suggests that ultraviolet radiation expo-
sure may be an important risk factor for the development of not
only the disease but also specific autoimmunity against Mi-2.
Consequently, we investigated the effects of ultraviolet radia-
tion on Mi-2 protein expression. We observed an increase in
protein levels upon ultraviolet radiation exposure in cell culture
systems. These changes in expression occur quite rapidly, are
maximized just 1 h following exposure, and are unique to Mi-2
when compared with other members of the NuRD complex.
Changes in protein levels are not mediated through transcrip-
tional mechanisms. Treatment results in a more efficiently
translated message through regulatory elements in the 5�-UTR
region of the transcript. Investigation into protein half-life fur-
ther demonstrated increased stability of Mi-2 following UV
exposure. Taken together, we describe a system by which Mi-2
protein expression can be quickly increased following UV expo-
sure and then maintained up to 16 h later. These data provide a
novel regulation of an important transcriptional regulator and
provide insight into the possible mechanisms of the develop-
ment of DM and associated autoantibodies.

Originally identified as an autoantigen in dermatomyositis
(DM),2 the Mi-2 ATPase is now known to be the core subunit of
the nucleosome remodeling deacetylase (NuRD) complex (1–5).
Two isoforms of Mi-2 exist (� and �, also CHD3 and CHD4) and
appear tohave similar biological function. The� (CHD4) isoform
is typically expressed at higher levels in vivo (6). In addition to
the core Mi-2 ATPase, the NuRD complex contains histone

deacetylases (HDAC) 1 and 2, retinoblastoma-binding proteins
46 and 48, metastasis-associated proteins (MTA1–3), andmethyl
CpGbinding domain (MBD) proteins (7). Together, the complex
is often linked with transcriptional repression associated with
the histone deacetylase activity and the intrinsic nucleosome
remodeling activity of Mi-2 (7). However, other functions of
NuRD including transcriptional activation, transcriptional ter-
mination, and centrosome maintenance have been suggested
(8–11). In addition, the NuRD complex has been implicated in
the development and progression of disease states. Most nota-
bly, breast cancer expression patterns of the MTA subunits are
prognostic indicators of metastasis and outcome (12).
DM is a form of idiopathic inflammatory myopathy (IIM),

strongly associated with the development ofMi-2 autoantibod-
ies. Like other IIMs, DMpatients demonstrate signs of systemic
inflammation and muscle weakness (13, 14). IIM patients also
are at increased risk for the development of cancer, arthritis,
and interstitial lung disease (15, 16). DM is distinguishable from
polymyositis (PM) and other IIMs by the occurrence of photo-
sensitive skin rashes (13). These rashes are hypothesized to
occur in response to localized autoimmune reactions. Interest-
ingly, 97% of IIM patients that present with antibodies to Mi-2
are eventually diagnosed with DM, suggesting an underlying
mechanism unique to this form of the disease (17).
Recent evidence suggests that exposure to ultraviolet (UV)

radiationmay be an important risk factor for the disease as well
as development ofMi-2 autoimmunity (18). A study investigat-
ing global surface UV intensity and the development of DM
showed a statistically significant association of UV intensity
with the frequency of disease (18). Even more interesting was a
similar relationship between UV intensity and DM patients
expressingMi-2 autoantibodies. Because UV exposure induces
a number of immunomodulatory effects and has been shown to
contribute to autoimmunity, we investigated a possible role of
UV regulation in Mi-2 protein in the skin that may contribute
to the development of specific autoimmunity in DM patients.
We demonstrate that in a keratinocyte cell culture system, UV
exposure increases the expression of Mi-2 protein. These
changes occur rapidly and seem to be unique to Mi-2 when
compared with other NuRD complex members. We further
identify the mechanisms by which Mi-2 protein is regulated
following UV exposure. We demonstrate that Mi-2 message is
translated at an increased rate following exposure to UV initi-
ating rapid changes in protein levels detectable within 1 h of
treatment. Furthermore, Mi-2 protein is stabilized allowing for
the increased Mi-2 expression to be maintained up to 16 h.
These findings highlight an important regulatory element of
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Mi-2 and possibly theNuRD complex thatmay also have impli-
cations for the development of immune responses to Mi-2 and
ultimately DM.

EXPERIMENTAL PROCEDURES

Cell Culture and Plasmids—The human keratinocyte cell
lines 1106 and 1102 were obtained from ATCC. Cells were
grown in Keratinocyte-SFM (Invitrogen) media containing 50
�g/ml bovine pituitary extract (Invitrogen), 35 ng/ml epidermal
growth factor (Invitrogen), and 50�g/ml gentamicin (Invitrogen).
TheMCF7,C33a,HEK-293, andHelawere obtained fromATCC
and cultured in DMEM cell lines containing 10% fetal bovine
serum. The cell lines UL3 and NHF have been previously
described (19, 20).
The untranslated region (UTR) ofMi-2� (Refseq:NM_001273)

was amplified using PCR with primers containing the restric-
tion sites for BamHI (5�-UTR) or NheI (3�-UTR). The resulting
PCR product was digested with the corresponding restriction
endonuclease and inserted into the BamHI or SpeI sites of
pMir-Report (Ambion). Sequences were verified by sequencing
at the NIEHS sequencing core using Big Dye terminator kit
(Applied Biosystems). pRL-CMV was acquired from Promega
Corporation.
Immunodetection—Keratinocytes plated on 10-cm2 dishes

overnight were treatedwithUV radiationwith aTyler Research
UV irradiator emitting a narrow 313-nm output at roughly 15
J/m2�s or ionizing radiation with the NIEHS 137Cs irradiator.
Cells were harvested in lysis buffer (50 mM Tris-HCL, 1.0%
Nonidet P-40, 0.5%deoxycholate, 0.1% SDS, 400mmNaCl) and
total protein quantified using the Bio-Rad Protein assay. Cell
lysates were subjected to SDS-PAGE followed by immunoblot-
ting using specific antibodies. The antibodies directed against
Mi-2, MTA2, andMTA3 were generous gifts of Dr. Paul Wade
(NIEHS). The Mi-2 antibody is directed against a �700-amino
acid region of Mi-2�, but recognizes both isoforms. We also
utilized the following commercial antibodies: Mi-2� (Abcam,
54603), Mi-2� (Transduction Laboratories, C25020), MBD2
(Abcam, 38646), HDAC1 (Santa Cruz Biotechnology, sc-7872),
HDAC2 (Abcam, 16032), Cox-2 (Cayman Chemical, 160112),
cyclin A (Santa Cruz Biotechnology, SC-239), and �-actin
(Abcam, 20272). Cells were treated with 2.5 �g/ml of actino-
mycin D or 1 �M MG132 as indicated.
FACS Analysis—Keratinocytes were treated with UV irradi-

ation as described above, and cells harvested at the indicated
time points by trypsinization and centrifugation. Cells were
then resuspended in PBS and fixed by slow addition of cold
ethanol. Cells were pelleted and resuspended in PBS containing
50 �g/ml propidium iodide and 40 �g/ml RNase A. Cells were
analyzed on a Becton Dickinson FACSort flow cytometer.
Immunocytochemistry—Keratinocytes were seeded onto

coverslips overnight and then irradiated with 90 J/m2 UV radi-
ation. At the indicated timepoints, cells were fixed with 4%
formaldehyde. Following extensive PBS washes, cells were per-
meabilized with PBS containing 0.5% Triton X-100 for 30 min.
DNAwas then denatured by incubating cells in 2 M HCL for 30
min. Cells were extensively washed in PBS and blocked in PBS
containing 20% goat serum at 37 °C. Samples were then incu-
bated in 5% goat serum with antibodies directed against

cyclobutane pyrimidine dimers (CPDs) (Medical and Biological
Laboratories, D194) and Mi-2 (Wade Lab, NIEHS). Specific
staining was detected by secondary labeling using Alexa-fluor
555 anti-rabbit antibody and Alexa-fluor 488 anti-mouse anti-
body (Molecular Probes).
RT-PCR—Keratinocytes were plated and treated with 90

J/m2 UV radiation as described above. At the indicated time
points, total RNA was harvested from cells using TRIzol rea-
gent (Invitrogen) per the manufacturer’s protocol. RNA from
luciferase experiments was further purified by DNase I treat-
ment followed by purification with Oligotex mRNA kit (Qia-
gen) to ensure no plasmid contamination. cDNAwas generated
using the Superscript III qRT-PCR reverse transcriptase kit
(Invitrogen). Quantitative PCR was performed utilizing Sybr
green detection of specific PCR products for the indicated tar-
gets. Primer sequences are identified in supplemental Table S1.
Reporter Assays—Keratinocytes were plated in 6-well dishes

and transfected with 0.1 �g of pRL-CMV and 0.3 �g of the
indicated reporter vector using Lipofectamine 2000 (Invitro-
gen) per manufacturer’s protocol. Cells were treated with 90
J/m2 UV radiation and harvested 2 h post-treatment. Firefly
and Renilla luciferase activities were measured using Dual
Luciferase kit (Promega).
Metabolic Labeling—MCF7 cells were incubatedwithmethi-

onine-free DMEM for 2 h followed by treatment with 90 J/m2

UV radiation. Immediately following UV treatment, cells were
incubated in DMEM containing 100 uCi/ml [35S]methionine
for 2 h. Thereafter, cell lysates were harvested in IP buffer (50
mM Tris-HCl, pH 8, 200 mMNaCl, 1 mM EDTA, and 1% Triton
X-100) and immunoprecipitated usingMi-2 specific antibodies
or nonspecific antibodies purified from rabbit serum. Immuno-
precipitated complexes were subjected to SDS-PAGE and ana-
lyzed by Storm Phosphorimager (GE Healthcare).

RESULTS

UV Radiation Regulates Mi-2 Expression in Human
Keratinocytes—Mi-2 was first identified as an autoantigen in
patients suffering from DM, a disease characterized by photo-
sensitive skin rashes. Global epidemiological studies suggest
that UV exposure increases the risk for development of DM as
well as Mi-2-specific autoantibodies (18). We hypothesized a
relationship between UV radiation and the regulation of the
Mi-2 protein in the cellular context of these photosensitive
rashes. We utilized a human keratinocyte cell line (1106)
derived from neonatal keratinocytes immortalized with the
human papilloma virus. Interestingly, cells treated with an
increasing dose (0–195 J/m2) of UV radiation demonstrate a
subsequent increase in total Mi-2 protein expression 8 h after
treatment (Fig. 1A, top panel). This regulation appears to be
maximized at 45 J/m2 with higher doses having no additional
effects. The effects are seen on both isoforms ofMi-2, although
the strongest effect is seen inMi-2�. AsMi-2 is the core subunit
of NuRD chromatin remodeling complex, we investigated
whether UV radiation also affected the other members of the
complex. However, other NuRD complex proteins did not
show similar up-regulation in protein expression with the
exception ofMBD2,which showed amodest increase in protein
levels at the higher UV doses. The NuRD complex member,
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MTA1, had no detectable expression in the 1106 keratinocyte
cell line.Cox-2protein expression,which is known tobe increased
following UV exposure, was also analyzed as a positive control.
Interestingly, the Cox-2 response occurs at higher doses than
the 45 J/m2 required to induce Mi-2, suggesting that the Mi-2
pathway harbors a greater UV sensitivity.
Because of a higher incidence of DM in females (21), we

investigated a possible gender predisposition to these UV
effects. We acquired another keratinocyte cell line (1102) and
determined that it was derived from a female background by
PCR of Y-chromosome-specific DNA (data not shown). The
1106 cell line was determined to be derived from a male (data
not shown). However, treatment of the 1102 keratinocytes with
UV radiation showed similar effects to that seen in the 1106 cell
line (Fig. 1B) demonstrating that Mi-2 induction by UV is gen-
der-independent. The other NuRD complexmembers behaved
similarly in both cell lines. We further demonstrated this effect
is not keratinocyte specific by treating the human breast cancer
cell line,MCF7, with UV radiation and also observing increases
in Mi-2 expression (Fig. 1C). As the NuRD complex regulation
has been linked to the estrogen response in breast cancer (22,
23), we also performed the experiment in MCF7 cells deprived

of estrogen and saw identical results (supplemental Fig. S1A).
To determine if this response is conserved, we investigated sev-
eral other cells lines for changes in Mi-2 expression following
UV exposure. The osteosarcoma cell line UL3, cervical cancer
lines C33a and Hela, breast cancer cell line BT549, and normal
human fibroblasts all demonstrated strong up-regulation of
Mi-2 following UV exposure (supplemental Fig. S1B). The
transformed fetal kidney line HEK-293 showed no change in
Mi-2 expression (supplemental Fig. S1B). These data support a
conserved, though not ubiquitous,model thatMi-2 protein lev-
els increase following UV exposure. To address if these effects
are specific for UV irradiation or a general response to DNA
damage, cells were treated with increasing levels of ionizing
radiation (0–5 grays). As seen with the UV treatments, Mi-2
protein expression increased following ionizing radiation
implicating a mechanism initiated by general DNA damage
(Fig. 1D).
As DNA damage elicits a number of cellular processes from

DNA repair to cell cycle arrest, each occurring over varying
time courses, we performed a time course of Mi-2 induction in
the keratinocyte cell line (1106). Keratinocytes were treated
with 90 J/m2UV radiation and cell lysates harvested at the indi-
cated time points (Fig. 1E). Analysis of Mi-2 expression indi-
cates a fairly rapid increase in protein levels seen within 30 min
and maximized at 1 h after UV treatment. These changes are
maintained up to 16 h following UV treatment. As DNA dam-
age induces cell cycle checkpoints, we investigated if treatment
with UV radiation had any affect on the cell cycle profile of
keratinocytes. Cells were treated with 90 J/m2 of UV radiation,
harvested at time points between 1 and 16 h, and subjected to
propidium iodide flow cytometry analysis. In fact, UV radiation
did initiate S-phase accumulation (Fig. 2A). However, these
effects are not seen until 8 h after treatment, while the Mi-2
protein changes occur as early as 1⁄2 hour post-treatment (see
Fig. 1E). At 1 h, whenMi-2 expression is maximized, there is no
change in the cell cycle profile thus demonstrating that changes
in Mi-2 expression are not a result of changes in the cell cycle.
Additionally, we observed no accumulation of a sub-G0 popu-
lation that is usually indicative of apoptosis. Mock treatment of
samples also induced an increase in S phase at 8 and 16 h (sup-
plemental Fig. S2). However, this increase is quitemodest com-
pared with the checkpoint created by UV exposure and is most
likely caused by the addition of fresh media during mock treat-
ment. To assess the severity of DNA damage accumulated over
the time course of our experiments, we performed immunocy-
tochemistry on keratinocytes treated with UV radiation. Dam-
age induced by UV radiation was monitored with antibodies
specific for CPDs. Intense staining of CPDs is observed 1 h
following treatment and ismaintained up to 16 h later (Fig. 2B),
while little background staining is seen in the untreated cells. At
the 16-h time point, the intensity of staining for CPDs is
decreased indicating repair ofmany of the lesions, which, inter-
estingly, may explain a slight increase in G2/M population by
FACS (Fig. 2A). Co-staining for Mi-2 and CPDs in these sam-
ples shows no co-localization and implies that increased Mi-2
expression following DNA damage is not directly involved in
repair of the lesions (Fig. 2B).

FIGURE 1. UV radiation increases Mi-2 expression. Immortalized human
keratinocyte cell lines, 1106 (A) and 1102 (B), were treated with the indicated
doses of UV radiation. 8 h after treatment, cells lysates were harvested, sub-
jected to SDS-PAGE, and immunoblotted with antibodies specific for the indi-
cated proteins. C, MCF7 cells were treated with the indicated doses of UV
radiation. 8 h after treatment, cell lysates were analyzed for changes of Mi-2
protein expression. D, the 1106 keratinocyte cell line was treated with the
indicated amounts of ionizing radiation. 8 h following treatment, cell lysates
were harvested, and Mi-2 and �-actin protein expression were analyzed by
immunoblot. E, the 1106 keratinocyte cell line was treated with 90 J/m2 of UV
radiation and cell lysates harvested at indicated time points. Samples were
analyzed for Mi-2 and �-actin expression by immunoblot.
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Induction of Mi-2 following UV Is Not Regulated Trans-
criptionally—We have shown that Mi-2 protein expression is
highly induced in less than1h following exposure toUVradiation.
We addressed the mechanism of regulation by investigating the
changes toMi-2mRNA levels following UV treatment by quanti-
tative real time RT-PCR. Keratinocytes were irradiated with 90
J/m2UV, andmRNAharvested at the indicated time points. Real-
time RT-PCR analysis of the message corrected against GAPDH
showed no significant changes in eitherMi-2� orMi-2� (Fig. 3A).

Cox-2 (positive control) message was
significantly increased over the time
course, whereas CYPB1 (negative con-
trol) was unchanged following UV
exposure. Interestingly, some mem-
bers of the NuRD complex were sig-
nificantly changed following UV
exposure. Both MTA2 and MTA3
showed decreased mRNA expression
8 h after treatment, whereas MBD2,
HDAC1, and HDAC2 showed mod-
est but significant increases in mes-
sage 16-h post UV. However, HDAC
protein levels did not increase at
either8h(Fig.1,AandB)or16h(data
not shown). The MBD2 protein did
exhibit the aforementioned increase
in protein expression. To further ver-
ify that the changes in Mi-2 protein
followingUV treatment are not regu-
lated at the transcriptional level, ke-
ratinocytes were treated with the
RNA polymerase II inhibitor actino-
mycin D following UV exposure.
Cells treated with actinomycin D still
showed induction of Mi-2 following
UV treatment (data not shown).
Thesedataverify thatchanges inMi-2
protein levels are not regulated at the
transcriptional level.
Mi-2 Is Regulated throughTransla-

tional and Post-translation Mecha-
nisms—Because the level of Mi-2
mRNA does not change following
UV radiation, we investigated post-
transcriptionalmechanisms ofMi-2
induction. A number of proteins are
stabilized followingDNAdamage as
a mechanism to increase expres-
sion, most notably p53 and CHK2.
Therefore, we investigated the abil-
ity of UV radiation to regulate Mi-2
expression by analyzing protein sta-
bility using the translational inhibi-
tor cycloheximide. Keratinocytes
were treated with 1 �M cyclohexi-
mide following exposure to 90 J/m2

UV radiation and lysates analyzed
over a time course of 8 h. Interest-

ingly, Mi-2 protein had a remarkably longer half-life following
UV treatment (Fig. 4A) as compared with untreated cells. The
increased stability becomes evident at 4-h post-treatment
(compare lanes 3 and 8) and is still apparent at the 8-h time
point. Interestingly, at 2-h post-treatment, no change in protein
levels is noticeable. This is in contrast to the previously observed
increased Mi-2 expression 30 min after UV exposure (Fig. 1D).
Consequently the early rise inMi-2 levels would not be accounted
for by the stabilization of the protein. Taken together, these data

FIGURE 2. UV radiation induces an S-phase checkpoint following Mi-2 induction. A, keratinocytes were
treated with 90 J/m2 of UV radiation, and cells were harvested at the indicated time points for prodium iodide
flow cytometry analysis. B, keratinocytes were plated onto coverslips and either mock-treated or irradiated
with 90 J/m2 UV. Cells were fixed at the indicated time points following UV exposure and immunocytochem-
istry performed to detect CPDs (green) and Mi-2 (red).

FIGURE 3. Mi-2 induction is regulated through transcriptional mechanisms. A, keratinocytes were treated
with 90 J/m2 UV radiation and RNA harvested at the indicated time points. Relative mRNA for the indicated
targets was analyzed by quantitative real-time RT-PCR. Data presented represents the average of six individual
experiments with the S.E. * represents p � 0.05.
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suggest an alternate mechanism in the rapid accumulation of
Mi-2 protein following UV exposure. To test if an alternate
regulatorymechanism existed,Mi-2 protein was pharmacolog-
ically stabilized using the proteosome inhibitor MG132. Kera-
tinocytes treatedwithMG132 followingUVexposure still show
increased Mi-2 expression (Fig. 4B, lanes 4–6) beyond the sta-
bilization of the protein in the untreated sample. Cyclin A, a
protein whose expression is regulated tightly by degradation,
was utilized as a control for MG132 effectiveness and showed
an increase in protein following MG132 treatment (Fig. 4B,
compare lanes 1–3 to 4–6).
Because stabilized protein does not account for the total

increase inMi-2 protein accumulation,we investigated changes
in translational efficiency of the Mi-2 mRNA. There exist sev-
eral well characterized mechanisms by which protein expres-
sion is regulated at the translational level, including systems

that respond to DNA damage.
Because previous work has linked
DNAdamage to regulation of trans-
lation through elements within the
UTR of target proteins, we investi-
gated a possible mechanism ofMi-2
regulation (24, 25). Using the pMir-
Report vector system we linked the
UTRs of Mi-2� to the 5�- and
3�-ends of luciferase (Fig. 5A). Kera-
tinocytes were then transfected
with these constructs or the paren-
tal vector to determine if eitherUTR
contains regulatory elements that
respond to UV radiation. The rep-
orter vector containing the 5�-UTRof
Mi-2� showed a significant increase
in luciferase activity (29.3%, p �
0.0001) just 2 h following UV treat-
ment (Fig. 5B). In contrast, the paren-
tal vector and the reporter containing
the 3�-UTR of Mi-2� showed no sig-
nificant increase in luciferase activity,
demonstrating that mRNA regula-
tion is specific to the 5�-UTR. To ver-
ify that this increase in luciferase
activity is not a result of transcrip-
tional changes initiated after UV
exposure, mRNA from cells trans-
fected as in Fig. 5B was subjected to
quantitative real-time RT-PCR. No
significant increase in mRNA levels
was observed in the UV treated cells
for the 5�-UTR reporter (Fig. 5C).
Finally, to verify that this regulatory
mechanism in fact manipulates Mi-2
protein levels followingUV radiation,
weperformedan invivo labelingassay
of newly translated protein. Unfortu-
nately, keratinocyte cells reacted unf-
avorably to methionine-free media,
so these experiments were per-

formed inMCF7 cells that we have shown induceMi-2 protein
expression followingUV radiation in amanner similar to kerat-
inocytes (Fig. 1C). Cells were incubated in [35S]methionine
containing media following treatment with or without 90 J/m2

UV radiation. Mi-2 protein from lysates was immunoprecipi-
tated 2 h after irradiation and newly translated protein visual-
ized by autoradiography. As expected, cells treated with UV
radiation had a higher expression of labeled Mi-2 as compared
with themock-treated (Fig. 5C, compare lanes 2 and 4). In con-
trast, a nonspecific protein immunoprecipitated by IgG shows
no change. These combined data suggest that a regulatory ele-
ment within the 5�-UTR of Mi-2 increases translation leading
to protein accumulation following UV treatment. In combina-
tionwith increased stability, thesemechanisms allow for a rapid
increase inMi-2 protein levels that are sustained hours afterUV
exposure (Fig. 1E).

FIGURE 4. Mi-2 is stabilized following UV radiation. A, keratinocytes were treated with cycloheximide (50
ng/ml) and 90 J/m2 UV radiation as indicated. Cell lysates were harvested at the specified time points and
protein expression analyzed by immunoblot. B, keratinocytes were treated with MG132 and 90 J/m2 UV radi-
ation as indicated. 4 h after treatment, cell lysates were harvested and protein expression analyzed by
immunoblot.

FIGURE 5. Mi-2 protein translation is regulated through the 5�-UTR following UV radiation. A, the 5�- and
3�-UTRs of Mi-2� were cloned into the pMIR-Report luciferase vector as depicted. B, keratinocytes were trans-
fected with CMV-Renilla luciferase and the indicated reporter plasmid. 24 h following transfection, cells were
treated with 90 J/m2 UV radiation. Cell lysates were collected 2 h following treatment and analyzed for lucifer-
ase activity. Data represent the average of at least nine independent points with S.E. C, mRNA was harvested
from cells transfected and treated as in B and used for real-time RT-PCR analysis. Relative luciferase message
levels are graphed corrected against Renilla luciferase message. D, MCF7 cells were mock-treated or treated
with 90 J/m2 UV followed by incubation with [35S]methionine containing media. 2 h after treatment, cell
lysates were collected and immunoprecipitated with Mi-2 specific antibodies or purified nonspecific rabbit
IgG. Precipitated proteins were subjected to SDS-PAGE and visualized by phosphorimaging. The arrows mark
the Mi-2 protein and a nonspecific protein used as a loading control.
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DISCUSSION

DMpatients who suffer fromphotosensitive skin rashes have
a propensity to develop autoantibodies against the Mi-2 sub-
unit of NuRD complex (13). Moreover, UV radiation exposure
has been linked to an increased risk of developingDMandMi-2
autoantibodies (18). Herein, we investigated the role of UV
radiation on the regulation of Mi-2 protein. We demonstrate
that keratinocytes respond to UV radiation by rapidly
increasing Mi-2 protein levels. These changes in protein
expression are not universal among other NuRD complex
members.We further depict a model system for this regulation
whereMi-2message is translatedmore efficiently followingUV
treatment through a regulatory element within the 5�-UTR
region of the mRNA. This mechanism allows for the rapid
increase in protein that occurs within 30 min of treatment and
is maximized at only 1-h post-UV. The elevated protein levels
are maintained through another regulatory mechanism of pro-
tein stability. Together, these data suggest a model by which
cells respond to UV exposure by quickly inducingMi-2 protein
expression, which can be sustained 16 h following this
exposure.
Mi-2 Regulation Is Post-transcriptional—We have demon-

strated thatMi-2 protein is increased following exposure to UV
and that this response is most likely a general response of DNA
damage. The increases in protein level occur rapidly through
changes in translational efficiency regulated, at least in part,
through the 5�-UTR region of the Mi-2� message. Similar
mechanisms have been described for the regulation of p53 pro-
tein following DNA damage. Regulatory elements in the p53
3�-UTRare regulated by human antigenR to control expression
(24). Human antigen R binds to the mRNA following DNA
damage and stimulates translation. However, not all transla-
tional mechanisms act through the 3�-UTR. Ribosomal protein
L26 (RPL26) and Nucleolin have been shown to interact with
the 5�-UTR of p53 and regulate translation, however, in oppo-
site ways (25). Nucleolin inhibits translation in the absence of
DNA damage while RPL26 increases translation upon DNA
damage signaling. Thus, protein control mechanisms within
the cell are in place to rapidly regulate protein levels without
transcription of the possibly damaged genome. Interestingly,
Mi-2 is regulated in thismanner, yet does not have a known role
in DNA damage repair. Our immunostaining further demon-
strate thatMi-2 does not co-localizewith sites of damage.How-
ever, there exist a number of other physiological responses such
as cell cycle checkpoints that are initiated following damage as
well as transcriptional regulation of important DNA damage
response genes that may rely on Mi-2/NuRD.
Functional Consequence of Mi-2 Induction—We have dem-

onstrated conserved mechanism by which Mi-2 protein is
increased rapidly following exposure to both UV and IR (Fig. 1
and supplemental Fig. S1B). Mi-2 is involved in transcriptional
regulation through its association with the NuRD complex. In
addition to the intrinsic ATPase chromatin remodeling activity
of Mi-2, the NuRD complex contains HDACs and MBD pro-
teins known to associate with methylated DNA (7). The NuRD
complex is also known to associate with retinoblastoma-inter-
acting proteins, which are generally considered molecular

chaperones (26). The NuRD complex has also been associated
with other biological functions involved in regulating centro-
some integrity, maintenance of chromatid cohesion, and tran-
scriptional termination (9–11). However, we have demon-
strated that Mi-2 does not localize to the sites of DNA damage
(Fig. 2B) in contrast to other chromatin remodeling complexes,
such as SWI/SNF (27). It is also interesting to note that not all
NuRD complex members are similarly up-regulated following
UV exposure (Fig. 1). It is possible that Mi-2 is the limiting
protein in the complex and its up-regulation is sufficient to
increase complex formation and activity. Mi-2 could also be
acting independent of the NuRD complex. Mi-2 has been
shown to act as a transcriptional activator. Mi-2� was recently
determined to co-activate c-Myb independent of ATPase activ-
ity (8). The role of other NuRD complexmembers in regulating
c-Myb activity in this study was not addressed. However,
another study demonstrated that Mi-2� is required for T cell
development through its activation of the E box-binding pro-
tein HEB and concomitant expression of CD4 (28). This func-
tion is dependent upon Mi-2� interaction with p300. Impor-
tantly, a HEB/Mi-2/p300 complex lacked HDAC2, strongly
supporting a model of NuRD-independent activity. Taken
together, the biological significance of Mi-2 regulation follow-
ing UV exposure has broad implications and will be addressed
in future investigations.
Mi-2 Regulation and Dermatomyositis—Mi-2 protein was

first identified as the target of autoantibodies in patients with
DM. Whereas development of these autoantibodies against
Mi-2 is not known to be causative and is not required for devel-
opment of the disease, studies suggest that roughly 20% of
patients present these autoantibodies (13). However, the strik-
ing characteristic ofMi-2 autoantigenicity is its specific finding
in DM as compared with other forms of autoimmune and non-
autoimmune muscle disease. In fact, 97% of patients with Mi-2
specific antibodies suffer from DM (29). Our results may pro-
vide an explanation for these findings. Increased expression of
Mi-2 in the UV-induced dermatitis may provide the antigen
presentation required for the development andmaintenance of
the autoantibodies. This hypothesis is supported by related
studies from the literature suggesting that autoimmunity in
many forms ofmyositismay be the result of altered autoantigen
presentation rather than a defect in selectivity seen in other
autoimmune diseases. Studies have shown overexpression of
the myositis antigens Jo-1, Mi-2, DNA, PKCS, and U1-RNP in
patients with the disease (30). Moreover, a mouse model over-
expressing HLA presentation molecules specifically in muscle
induced myositis in all animals (31). Another mouse model has
demonstrated that muscle lesions can generate an immune
response to muscle components and provides a model compa-
rable to skin lesions inDMpatients followingUVexposure (32).
Finally, it has been shown in humans that antigen expression
withinmyositis tissue is higher than that seen in normalmuscle
(14). These data, taken together with the prior association of
UV exposure with the development ofMi-2 autoantibodies and
exacerbations of distinctive skin rashes in DM (18, 33), support
a mechanism of UV-induced DM-specific autoimmunity in the
immune targeting of Mi-2.
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