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ABSTRACT

All-trans Retinoic acid (RA) and its derivatives are
potent therapeutics for immunological functions in-
cluding wound repair. However, the molecular mech-
anism of RA modulation in innate immunity is poorly
understood, especially in macrophages. We found
that topical application of RA significantly improves
wound healing and that RA and IL-4 synergistically
activate Arg1, a critical gene for tissue repair, in M2
polarized macrophages. This involves feed forward
regulation of Raldh2, a rate-limiting enzyme for RA
biosynthesis, and requires Med25 to coordinate RAR,
STAT6 and chromatin remodeler, Brg1 to remodel the
+1 nucleosome of Arg1 for transcription initiation. By
recruiting elongation factor TFIIS, Med25 also facil-
itates transcriptional initiation-elongation coupling.
This study uncovers synergistic activation of Arg1 by
RA and IL-4 in M2 macrophages that involves feed for-
ward regulation of RA synthesis and dual functions
of Med25 in nucleosome remodeling and transcrip-
tion initiation-elongation coupling that underlies ro-
bust modulatory activity of RA in innate immunity.

INTRODUCTION

All-trans Retinoic acid (RA), the principal active ingredi-
ent of vitamin A, plays crucial roles in a wide spectrum
of biological processes, such as development, vision, re-
production, cell proliferation/differentiation and immune
function (1–4). It is one of the most potent therapeutics
for diseases like acute promyelocytic leukemia, inflamma-
tory diseases, psoriasis and wound repair for its anti-tumor
and potent immune-modulatory effects (5,6). Studies have
shown that retinoids can enhance wound healing in preop-
erative use, but clinical application for tissue repair has re-
mained contradictory due to toxicity elicited by their pro-
longed use (7,8). This has been suggested to involve an alter-
ation in arginine metabolism (9). The molecular mechanism
by which RA affects wound healing remains unclear.

Nutritional studies have established that RA deficiency
is frequently associated with elevated susceptibility to in-
fectious diseases, and that RA is important to the develop-
ment and functions of multiple immune cells such as den-
dritic cells, T cells and B cells (10–12). RA is particularly
critical for promoting mucosal immunity by inducing gut-
homing effector T cells and IgA-producing B cells. RA is
also known to regulate Foxp3+ regulatory T cell and Th17
effector T cell differentiation (13–15). Endogenously, RA
can be synthesized in various cell types particularly anti-
gen presenting cells (APCs), such as macrophages and den-
dritic cells. APCs are principal players in innate immunity,
and are active in RA biosynthesis (16,17). These cells ex-
press rate-limiting enzymes in RA biosynthesis, retinal de-
hydrogenases (Raldhs) that catalyze the conversion of reti-
nal to RA. In APCs, RA is known to regulate Raldhs gene
expression in conjunction with inputs from pro- or anti-
inflammatory cytokines (18–20), resulting in functional am-
plification of immune responses. However, the physiological
relevance remains to be elucidated.

RA binds to nuclear RA receptors (RARs) that act
as transcription factors and interact with co-regulators
to regulate target gene transcription. The Mediator com-
plex is a multi-unit co-regulator that recruits RNA Pol II
and basal transcriptional machinery (21,22). Certain sub-
units, such as, MED1, MED17 and MED25, are known as
RAR or RXR-interacting proteins (23–25). IL-4, an anti-
inflammatory cytokine, binds to its receptor, IL-4R, which
is then auto-phosphorylated and activates JAK1/3. The
phosphorylated JAK1/3 recruits and phosphorylates signal
transducer and activator of transcription 6 (STAT6), which
is then translocated to the nucleus as a homodimer and acts
as a master transcription activator for M2 macrophage gene
expression (26). It is believed that signal integration between
RA and various cytokines contributes to RA’s potent ac-
tions in immune modulation (17–19).

Macrophages are the principal innate immune cells and
play a central role in inflammation, host defense and reso-
lution of inflammation. Upon activation, macrophages ex-
hibit, mainly, classical, pro-inflammatory activation (M1)
or alternative, anti-inflammatory activation (M2) (27). M1
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macrophages are characterized by high levels of pro-
inflammatory cytokines, reactive nitrogen and oxygen inter-
mediates, and harbor strong microbicidal and tumoricidal
activities. M2 macrophages are involved in the resolution
of inflammation and parasite containment and promote
wound healing, tissue remodeling and fibrosis. Arginase-1
(Arg1) is a cytosolic enzyme which catalyzes arginine hy-
drolysis to urea and ornithine (28). The production of urea
allows excess nitrogen to be removed from the body, and
ornithine can be used to generate polyamines and proline,
which is important for collagen synthesis and wound heal-
ing. As such, Arg1 is a prototypic marker for M2 activation,
and its gene regulation involves multiple transcription fac-
tors (STAT6, C/EBP�, KLF4, PU.1 and nuclear receptors
RAR, RXR and PPAR� ) (29). Among these, a cytokine
responsive enhancer for STAT6 binding, located 3 kb up-
stream (30) and an RA response element located 1 kb up-
stream of the proximal promoter (19) are most noticeable.
But how these hormones/cytokines coordinately regulate
Arg1 expression on the chromatin level is unclear.

In this study, we found that RA and IL-4 synergistically
facilitate wound healing in mice and dampen inflamma-
tory responses. On the genome level, the synergism occurs
rapidly and specifically, which is to robustly activate Arg1
expression in M2 macrophage. This involves RA feed for-
ward regulation of Raldh2 and dual functions of Med25.
Mechanistically, Med25 coordinates the remodeling of a
specific nucleosome spanning the transcription initiation
site of Arg1 gene and facilitates elongation by recruiting
transcription elongation factor TFIIS. Feed forward regu-
lation of Raldh2 provides endogenous RA source to sustain
prolonged Arg1 activation that is required for wound heal-
ing.

MATERIALS AND METHODS

Reagents

Reagent sources: all-trans RA (Sigma, R-2625), 0.1%
Tretinoin cream (Boynton Health Service in University
of Minnesota), IL-4 (Cell signaling #5208), AGN 193109
(pan-RAR antagonist, Santa Cruz CAS 171746-21-7), LPS
(lipopolysaccharide, Sigma, L4391). Antibodies for STAT6
(M-20, sc-981), RAR (M-454, sc-773), RAR� (C-19, sc-
552), RNA Pol II (sc-899), Brg1 (H-88, sc-10768), TFIIS
(B-6, sc-393520), �-actin (C4, sc-47778) are from Santa
Cruz. Antibodies for MED25 (Aviva systems biology,
OAAB00209), H3.3 (Abcam, ab62642), H3k36me3 (Active
motif, 61101), Arginase-1 (Cell signaling, #9819) are from
indicated companies.

Animals

All studies were carried out using male C57BL/6J mice
from The Jackson Laboratory and maintained in the animal
facility of University of Minnesota. Animal studies were ap-
proved by the University of Minnesota Institutional Animal
Care and Use Committee.

In vivo wound healing assay

As described in (31), cutaneous wounds were made on both
sides of the shaved mice back (2 wounds per animal, n

= 6) with a 5 mm round biopsy punch under anesthesia.
Wound size was recorded daily, and reagents (control cream
or 0.1% Tretinoin cream) were applied on wounds until day
5. Wound size were measured and analyzed by Image J.

Cell culture, lentivirus production and transduction

RAW264.7 cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics. STAT6 KD and
Med25 KD lentivirus were produced in 293TN cells using
lentivirus packing system (System Biosciences). Lentivirus
constructs and package plasmids were transfected using
Lipofectamine 2000 (Thermo Fisher Scientific) and incu-
bated for 3 days. Cell culture medium containing virus soup
was collected and concentrated with Lenti-X Concentrator
(Clontech) overnight. Viruses were centrifuged and mixed
with fresh medium, stored in −80◦ freezer. STAT6 and
Med25 shRNA lentivirus constructs were purchased from
Genomic Center at the University of Minnesota:

-Full hairpin sequence for STAT6 KD:
#1-CCGGGCCACCTTATGATCTTGGAATCTCGA

GATTCCAAGATCATAAGGTGGCTTTTTG
#2- CCGGCGGCTGATCATTGGCTTTATTCTCGA

GAATAAAGCCAATGATCAGCCGTTTTTG
#3-CCGGCCACAGTCCATCCACTCATTTCTCGA

GAAATGAGTGGATGGACTGTGGTTTTTG
#4-CCGGCGGTTCAGATGCTTTCTGTTACTCGA

GTAACAGAAAGCATCTGAACCGTTTTTG
-Full hairpin sequence for Med25 KD:
#1-TGCTGTTGACAGTGAGCGACCAGGTCATCA

CCAACCACAATAGTGAAGCCACAGATGT
ATTGTGGTTGGTGATGACCTGGCTGCCTACTG

CCTCGGA
#2-TGCTGTTGACAGTGAGCGCCCGGAACTCAA

GAATGGTTCATAGTGAAGCCACAGATG
TATGAACCATTCTTGAGTTCCGGATGCCTACT

GCCTCGGA
#3-TGCTGTTGACAGTGAGCGACTCAGGCTCTC

TGCAGACCAATAGTGAAGCCACAGATGT
ATTGGTCTGCAGAGAGCCTGAGGTGCCTACTG

CCTCGGA
#4-TGCTGTTGACAGTGAGCGCCTCAAGAATGG

TTCAGTTCCATAGTGAAGCCACAGATGT
ATGGAACTGAACCATTCTTGAGTTGCCTACTG

CCTCGGA

RNA isolation, gene expression analyses and Immunoblotting

Total RNA was isolated using TRIzol (Invitrogen). Reverse
transcription (RT) was performed by using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems).
Quantitative real-time PCR (qPCR) was performed with
SYBR enzyme mix (Applied Biosystems). Each gene ex-
pression experiment was performed in triplicate. Expres-
sion levels were normalized to �-actin mRNA level. For the
immunoblotting, cells were lysed in radioimmunoprecipita-
tion assay (RIPA) buffer. Protein was quantified with Brad-
ford method and separated by 10% SDS-PAGE gel.
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Chromatin-immunoprecipitation (ChIP) assay

RAW264.7 cells were cross-linked with 1% formaldehyde.
Cell pellets were lysed with NP40-lysis buffer. Nuclear ex-
tracts were sonicated and immunoprecipitated with an-
tibodies and protein A/G beads overnight. Beads were
washed, and DNA-protein complex was eluted from beads.
Following decrosslinking, DNA was isolated and DNA en-
richment was analyzed by qPCR with primer sets for the
indicated regions of Arg1 gene.

-Arg1 enhancer STAT6 binding site: (F) TGAACA
GGCTGTAGCCAACA, (R) AGCACCCTCAACCCA
AAGTG,

-Arg1 RARE: (F) CAGGTTGCAGAAGAATCGAA,
(R) TGACACTCTGCTGGTGTGTAGA,

-Arg1 +1 Nucleosome: (F) GAAAAAGATGTGCC
CTCTGT, (R) AGAGAGACCCAAGGTCGCCG.

Nucleosome positioning assay

As described in (32), RAW264.7 cells nuclear extracts were
digested with 30U of MNase at 37◦C for 30 min, and di-
gested genomic DNA was purified. The specific DNA re-
gions were amplified with 20 primer sets by using qPCR.
The nucleosome positions were determined by the ratio
of digested/undigested DNA. Each primer set amplified
about 100 bp product with an average of ∼60 bp overlap
to achieve mononucleosome resolution. Data represent av-
erage gene amplification signal protected against MNase di-
gestion from three biological replicates.

The measurement of pre-mRNA synthesis

As modified from (33), RAW264.7 cells were treated with
DRB (5,6-Dichloro-1-�-D-ribofuranosylbenzimidazole,
Sigma D-1916) for 3 h, and cells were treated with IL-4 or
IL-4/RA. Cells were collected every 10 min after the stim-
ulation. Total RNA was extracted with High Pure RNA
isolation kit (Roche), and newly synthesized pre-mRNAs
were measured with primer sets that can detect Arg1 intron
7-exon 8 by using qRT-PCR.

In vitro arginase activity

RAW264.7 cells were lysed with RIPA buffer, and arginase
activity from each sample was measured according to man-
ufacturer’s instruction (Sigma, MAK112). Arginase cat-
alyzes arginine to urea and ornithine, and the urea reacts
with the substrate to generate a colored product, which is
proportional to the arginase activity. The arginase activity
of a sample was determined by measuring the absorbance
at 430 nm.

Statistical analysis

Experiments were performed at least three times and results
were presented as means ± SD. Student’s t-test was used. P
values of 0.05 or less were considered statistically significant
(*P < 0.05; **P < 0.01; ***P < 0.001).

RESULTS

RA enhances wound healing in mice and promotes anti-
inflammatory macrophage activation by synergizing with IL-
4 to activate Arg1 expression

Although RA can regulate both pro- and anti-inflammatory
genes in APCs, in general, RA signaling ultimately estab-
lishes an anti-inflammatory environment (34). We first em-
ployed a wound-healing model in the mouse to determine
how RA affects the healing process, which involves, mainly,
the anti-inflammatory (alternative, or M2, macrophage ac-
tivation) response. Wounds were created on both sides of
the back of the mouse, and monitored for 5 days with or
without topical RA application (0.1% Tretinoin cream).
As shown in Figure 1A, RA-treated mice exhibited signif-
icantly improved wound closure (57.7%) as compared to
control mice (21.9%) as early as 1 day after wound cre-
ation. During wound healing, alternative (M2) macrophage
activation is crucial following initial inflammatory (classi-
cal, or M1 macrophage activation) response (35). Therefore,
we examined Arg1 mRNA expression, a key M2 marker,
in wounded tissues. Indeed, Arg1 mRNA level was signifi-
cantly elevated in RA cream-treated animals, indicating in-
creased M2 activation by RA treatment (Figure 1A right).
M2 activation is typically triggered by anti-inflammatory
cytokines such as IL-4 and IL-13 (28). To examine whether
RA and anti-inflammatory cytokines individually or com-
binatorially affect gene expression in macrophage activa-
tion, we profiled gene expression in cultured macrophages
during pro- and anti-inflammatory responses (Figures 1B
and 2A).

It appeared that, for LPS-stimulated macrophages (for
pro-inflammatory M1 response), supplement with condi-
tioned medium (CM) derived from IL-4/RA co-treated
RAW264.7 macrophages (M2 macrophage) dampened
their expression of inflammatory cytokine genes such as
TNF-α and IL-6 genes (Figure 1B). These results demon-
strate the suppression of inflammation by RA/IL-4 stim-
ulated M2 (anti-inflammatory) macrophage activation. To
comprehensively examine changes in gene expression dur-
ing the anti-inflammatory phase, which is most critical
to wound healing, we first employed microarrays to pro-
file genes synergistically induced by IL-4/RA co-treatment.
These were further validated quantitatively by qRT-PCR
(Figure 2A). Very interestingly, only the Arg1 gene exhib-
ited a robust synergistic induction by IL-4/RA (about 140-
fold higher than control treatment) in M2 activation. This
result revealed that IL-4 and RA synergize to robustly acti-
vate Arg1 gene, a gene most critical to tissue repair, which
can lead to an important functional outcome, i.e. enhanced
wound healing. Arg1 gene regulation by IL-4, RA or IL-
4/RA co-treatment was further validated in experiments us-
ing primary macrophages (Figure 2B). Interestingly, Arg1
activation by IL-4/RA co-treatment was sustained over
a period of 24 h (Supplementary Figure S1A). Western
blot data confirmed synergistic elevation in Arg1 protein
level stimulated by IL-4/RA co-treatment (Figure 2C). Sus-
tained Arg1 expression would require continuous supply
of RA in M2 polarized macrophages, which is supported
by the finding of significant activation of Raldh2, a rate-
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Figure 1. RA enhances wound healing and represses inflammatory responses. (A) In vivo wound healing assay. The wounds were created and treated with a
control or 0.1% Tretinoin cream for 5 days. The size of wound was monitored daily by recording wound closure (%) (n = 6 per each group) (left). qRT-PCR
analyses of Arg1 mRNA at wound sites (right). Each wound tissue was collected at day 5 for mRNA extraction. (B) qRT-PCR analyses of LPS-induced
(100 ng/ml, 1 h) pro-inflammatory cytokine gene (TNF-αand IL-6) mRNA in RAW264.7 cells treated with conditioned medium (CM, 4 h) collected from
IL-4, RA or IL-4/RA-treated (6 h) RAW264.7 cells. Cells were treated with IL-4 (10 ng/ml) and/or RA (100 nM) in this figure. Data are representative of
three experimental repeats (mean ± s.d), and Student’s t-test (n = 3) was used (*P < 0.05; **P < 0.01; ***P < 0.001).

limiting enzyme for RA biosynthesis, as demonstrated us-
ing primary bone marrow-derived macrophages (BMDM).
For a comparison (Figure 2D), we found that LPS enhanced
Raldh2 expression for a 31-fold in M1 macrophages, but IL-
4 and RA co-treatment robustly (for a 671-fold) induced
its expression in M2 macrophages. This synergism was re-
duced by AGN (a pan RAR antagonist), suggesting acti-
vation elicited by a canonical, RAR-mediated event. It ap-
peared that synergistic activation of Raldh2 by IL-4 and
RA was sustained over 24 h (data not shown), indicating
that this positive feed forward mechanism could be criti-
cal for maintaining enhanced Arg1 activation for a longer
period during the healing process. These data show robust
induction of Arg1 by RA and IL-4 co-treatment in M2
macrophages, which involves RA’s feed forward regulation
of Raldh2 that contributes to sustained Arg1 expression and
enhanced wound healing.

STAT6 and RAR are required for the synergistic effect of IL-
4 and RA on Arg1 expression

To determine whether synergistic activation of Arg1 gene
by RA and IL-4 was mediated by canonical pathways, i.e.
through the actions of RAR and STAT6, we employed
both pharmacological and genetic approaches. RAW264.7
macrophages were pre-treated with a RAR pan-antagonist,
AGN to block the actions of RARs (Figure 3A), which in-
deed dampened the synergistic induction of Arg1 expression
in a concentration-dependent manner. The synergism was
also significantly reduced in two independent STAT6 stably
knockdown (STAT6 KD-1,2) clones as compared to con-
trol knockdown (Ctrl KD) clones (Figure 3B and Supple-
mentary Figure S1B). Furthermore, a combination of AGN
pre-treatment and STAT6 KD almost completely abolished
the induction of Arg1 gene by IL-4 and RA (Figure 3C).
Interestingly, among the three RAR isoforms (RAR�, �,
� ), only RAR� responded to RA or RA/IL-4 treatment
in this cellular context (Figure 3D), indicating that RAR�
may be the one mediating RA activation of Arg1 gene in
macrophages. To determine the targets on the Arg1 gene
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Figure 2. RA promotes anti-inflammatory macrophage activation by synergizing with IL-4 to activate Arg1 expression. (A) qRT-PCR for genes selected
from microarray analysis of RAW264.7 cells treated with IL-4, RA or IL-4/RA for 3 h. (B) qRT-PCR analyses of Arg1 mRNA in mouse peritoneal
macrophages stimulated with IL-4, RA or IL-4/RA for 3 h. (C) Western blot analyses of Arg1 protein from the extract of RAW264.7 cells treated with
IL-4, RA or IL-4/RA for 24 h. (D) qRT-PCR analyses of Raldh2 mRNA in mouse bone marrow-derived macrophages treated with indicated ligands and
cytokines for 6 h. Cells were treated with IL-4 (10 ng/ml) and/or RA (100 nM) in this figure. Data are representative of three experimental repeats (mean
± s.d), and Student’s t-test (n = 3) was used (*P < 0.05; **P < 0.01; ***P < 0.001).

promoter responding to RA and IL-4, we employed a lu-
ciferase reporter system to dissect STAT6 binding sites in
the upstream enhancer (for responding to IL-4) and RARE
near the promoter (for responding to RA). As shown in
Figure 3E, the reporter construct containing both the IL-
4-responsive enhancer and the RARE showed a synergis-
tic effect of IL-4 and RA whereas constructs deleted in ei-
ther the enhancer or the RARE exhibited no synergistic ef-
fect. Therefore, the canonical signaling pathways of IL-4
and RA, mediated through their corresponding genetic el-
ements (STAT6 binding site and RARE), are responsible
for the synergistic activation of Arg1 in IL-4 stimulated M2
macrophages co-treated with RA.

Med25 plays dual functional roles in synergistic activation of
Arg1 by IL-4 and RA, involving remodeling +1 nucleosome
for transcription initiation and enhancing transcription elon-
gation

To examine the molecular events mediating the robust syn-
ergism of IL-4 and RA on Arg1 gene, we first validated
that RAR� and STAT6 were indeed recruited to the en-
dogenous chromatin regions of Arg1 gene upon RA/IL-4
co-treatment using chromatin immunoprecipitation (ChIP)
assay (Figure 4A). The data showed similar levels of re-
cruitment of RAR� and STAT6 by RA/IL-4 co-treatment
as compared to single treatment, ruling out the possibil-
ity of enhanced transcription factor recruitment by co-
treatment. Given that the enhancer and RARE are sep-
arated by a relatively long (∼2 kb) distance, we specu-
lated a role for the Mediator complex that might act to
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Figure 3. STAT6 and RAR are required for the synergistic effect of IL-4 and RA on Arg1 activation. (A–C) qRT-PCR analyses of (A) Arg1 mRNA
expression in RAW264.7 cells treated with IL-4, RA or IL-4/RA for 6 h with or without AGN (RAR pan-antagonist, 300 nM) pre-treatment for 30
min (B) Control knockdown (Ctrl KD) or STAT6 knockdown (STAT6 KD) cells treated with IL-4, RA or IL-4/RA for 6 h (C) Control, STAT6 KD or
AGN-pretreated STAT6 KD cells treated with IL-4, RA or IL-4/RA for 6 h. (D) qRT-PCR analyses of RAR isoforms mRNA expression in RAW264.7
cells treated with IL-4, RA or IL-4/RA for 6 h. (E) Arg1 gene luciferase reporter assay deleted in enhancer (STAT6-binding sites, −2.7 kb), RARE (RAR-
response element, −0.8 kb) or both in RAW264.7 cells treated with IL-4, RA or IL-4/RA 24 h. Cells were treated with IL-4 (10 ng/ml) and/or RA (100
nM) in this figure. Data are representative of three experimental repeats (mean ± s.d), and Student’s t-test (n = 3) was used (*P < 0.05; **P < 0.01; ***P
< 0.001).
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bridge RARE and the enhancer. It appeared that among
several reported RAR-interacting Mediator components,
only Med25 recruitment was increased on the enhancer
and the +1 nucleosome regions in IL-4/RA co-stimulated
cells (Figure 4B). Since Med25 recruitment occurred af-
ter the recruitment of STAT6 and RAR� (Supplementary
Figure S2A), Med25 is likely to be recruited by RAR� or
STAT6. This was confirmed in the two following findings:
IL-4/RA-induced Med25 enrichment to the +1 nucleosome
region was dampened by AGN-pretreatment (Figure 4C,
left), and its recruitment to the enhancer region was reduced
by STAT6 KD (Figure 4C, right). Finally, the functional
role for Med25 was validated in the experiments using loss-
of-function (Med25 KD) (Figure 4D) and gain-of-function
(over-expression, Supplementary Figure S3A) approaches.

Med25 belongs to the Mediator complex that recruits
general transcription machinery including RNA Pol II to
the target promoter. To investigate whether Med25 may
also regulate other M2 genes, we monitored M2 markers’
mRNA expression patterns in control KD and Med25 KD
macrophages upon IL-4 stimulation. As shown in Supple-
mentary Figure S3B, most M2 genes were not affected by
Med25 KD, such as Chi3l3, Retnla and Pparg, except for
Mrc1 gene. Thus, RA/IL-4 synergism during M2 activa-
tion, which requires the Med25, seems to occur only on
selected M2 genes, such as the Arg1 gene. Interestingly,
MED1, also a RAR-interacting Mediator component (23),
is not involved in the synergistic induction of Arg1 by IL-4
and RA (Supplementary Figure S3C), suggesting a unique
role for Med25 in mediating synergism of RA and IL-4 on
Arg1 gene. Sequential ChIP (Re-ChIP) assay revealed that
Med25 forms a complex with STAT6, most evidently on
the +1 nucleosome region and the enhancer region (Fig-
ure 4E); whereas STAT6 and RAR� complex formation
occurred mainly on the enhancer region (Supplementary
Figure S4A). These data show that Med25, recruited by
RAR� and STAT6, is required for the synergistic activation
of Arg1 gene by IL-4 and RA through enhanced transcrip-
tion factor-Mediator complex formation on the initiation
site covered by the first (+1) nucleosome. Thus, transcrip-
tion factors/cofactors recruitment on the Arg1 gene regula-
tory region occurs sequentially, with each transcription fac-
tor first recruited to its own corresponding DNA element
upon stimulation, which then alters the recruitment of other
co-activators such as the Mediator complex to transcription
initiation site to stimulate transcription initiation.

It is known that nucleosomes spanning the gene promoter
region affect RNA pol II recruitment for transcription ini-
tiation (36). To survey nucleosome occupancy on Arg1
gene, we employed MNase-digestion to generate mono-
nucleosomes and scanned nucleosome occupancy on the
Arg1 gene regulatory regions (nucleosome array, Figure
5A). Interestingly, the intensity of the nucleosome spanning
exon 1 region was most robustly reduced in cells stimulated
by RA or IL-4/RA. This result suggests that this +1 nucle-
osome is destabilized mainly by RA treatment (Figure 5B).
Consistently, this effect was blocked by AGN pre-treatment
(Figure 5C, upper). In Med25 KD stable clones, we found
that Med25 KD also mainly affected this +1 nucleosome
(Figure 5C, bottom). We then determined which of the two
ATP-dependent chromatin remodelers, Brg1 and Brm, was

involved and found that the recruitment of Brg1, but not
Brm, on +1 nucleosome region was significantly enhanced
upon IL-4 and RA co-treatment. Further, this was damp-
ened by Med25 KD (Figure 6A, left, Supplementary Fig-
ure S4B). Together, the data show that IL-4/RA stimulation
destabilizes, specifically, the +1 nucleosome, which involves
RAR- and STAT6-recruited Med25 and its subsequent re-
cruitment of the ATPase chromatin remodeler Brg1.

Among various steps of the transcription process,
we found that Med25 KD reduced the recruitment of
RNA Pol II, a major component of transcriptional pre-
initiation complex, and the expected histone variants/post-
translational modifications (PTM) (Figure 6A, second left).
Among the histone variants, H3.3, known as an active his-
tone variant with H2A.Z (37), was most dramatically aug-
mented by IL-4/RA co-treatment, which was reversed by
Med25 KD (Figure 6A, middle). Surprisingly, H3K36me3
enrichment, a histone marker related to transcription elon-
gation (38), was also significantly enhanced upon IL-4/RA
co-treatment, which was also abolished by Med25 KD (Fig-
ure 6A, second right). This result suggests an extended
Med25 function in transcription elongation, which was sup-
ported by the finding of enhanced recruitment of TFIIS, an
elongation complex component and an inducer of catalytic
mode of promoter-bound Pol II (39). Importantly, this was
also abolished by Med25 KD (Figure 6A. right). To fur-
ther substantiate the synergistic effects of RA/IL-4 on tran-
scription elongation of Arg1, we monitored newly synthe-
sized pre-mRNA of Arg1 every 10 min by removing pre-
existing pre-mRNA through blocking transcription with
5,6-Dichloro-1-�-D-ribofuranosylbenzimidazole (DRB), a
RNA Pol II-dependent elongation inhibitor, for 3 h before
the stimulation (Figure 6B, left).(33). Primers spanning in-
tron 7 and exon 8 regions were used in qRT-PCR to quantify
pre-mRNA accumulation. Indeed, the relative level of pre-
mRNA in cells co-stimulated with IL-4 and RA was much
higher than when stimulated with IL-4 alone, and the differ-
ence was readily evident in 30 min (Figure 6B, right). These
data indicate that co-stimulation of IL-4 and RA accelerates
RNA Pol II release from pausing for transcription initiation
and also enhances progression from initiation to elonga-
tion possibly by Med25-dependent recruitment of elonga-
tion factors such as TFIIS (as shown in Figure 6A). Finally,
we validated the functional role of Med25 in IL-4/RA’s syn-
ergistic activation of Arg1 enzyme activity as shown in Fig-
ure 6C.

DISCUSSION

Vitamin A deficiency has long been associated with de-
layed wound healing and delayed recovery following in-
flammation (2). Therefore, retinoids have been very useful
in dermatology. Preoperative use of retinoids to enhance
wound healing has been clinically documented, which in-
volves stimulation of collagen synthesis, epithelialization
and angiogenesis (8,40–42). Our current study unambigu-
ously demonstrates the molecular and cellular bases under-
lying a robust synergism of RA and anti-inflammatory cy-
tokine IL-4 on Arg1, a gene critical to the wound healing
processes. Importantly, this involves RA feed forward reg-
ulation of Raldh2 and requires dual functions of Med25,
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Figure 5. Med25 mediates synergistic activation of Arg1 by IL-4 and RA via remodeling +1 nucleosome. (A) Nucleosome scanning on the Arg1 promoter,
the +1 nucleosome and the gene body region in IL-4, RA or IL-4/RA-treated RAW264.7 cells (30 min). (B) The +1 nucleosome occupancy immediately
down-stream of Arg1 gene’s TSS in RAW264.7 cells treated with IL-4, RA or IL-4/RA. (C) The +1 nucleosome occupancy in RAW264.7 cells with (upper
right) or without (upper left) AGN (300 nM) pre-treatment for 30 min, and that in Ctrl KD (bottom left) or Med25 KD (bottom right) RAW264.7 cells.
Cells were treated with IL-4 (10 ng/ml) and/or RA (100 nM) in this figure. Data are representative of three experimental repeats.

which accelerates nucleosome remodeling for transcription
initiation and enhances transcription elongation.

There are two distinct isoforms of arginase in mammalian
cells. Arginase 1 (encoded by Arg1) is a widely expressed
cytosolic enzyme with a principal role in the hepatic urea
cycle; whereas arginase 2 (encoded by Arg2) is a mitochon-
drial enzyme with limited expression only in certain organs
such as kidney, brain and liver. Importantly, Arg1 has been

known to play important roles in anti-inflammation, tumor
immunity, fibrosis and immunosuppression-related diseases
mainly because of its activity in regulating L-arginine
metabolism in immune cells including macrophages (43–
45). As such, controlling Arg1 expression levels through the
synergism of RA with anti-inflammatory cytokine IL-4 can
provide a potential therapeutic strategy in treating inflam-
matory diseases that may be further exploited clinically.
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Figure 6. IL-4 and RA synergistically induce Med25 recruitment for transcription initiation-elongation coupling on Arg1 gene. (A) ChIP assay of Brg1,
RNA Pol II, H3.3, H3K36me3 and TFIIS on the +1 nucleosome in Ctrl KD or Med25 KD RAW264.7 cells with or without IL-4 and RA treatment
for 30 min. (B) The kinetics of Arg1 pre-mature mRNA synthesis. Total RNAs were isolated to monitor Arg1 pre-mRNA level determined with primers
spanning intron 7 and exon 8 regions in qRT-PCR (left). Pre-mRNA synthesizing rate was deduced through measuring the differences in relative ratios of
synthesized pre-mRNA per min (right) (C) In vitro arginase activity assayed in Ctrl KD or Med25 KD RAW264.7 cells following IL-4, RA or IL-4/RA
treatment for 24 h. Cells were treated with IL-4 (10 ng/ml) and/or RA (100 nM) in this figure. Data are representative of three experimental repeats (mean
± s.d), and Student’s t-test (n = 3) was used (*P < 0.05; **P < 0.01; ***P < 0.001).

Interestingly, the synergism of IL-4 and RA co-treatment
yielded a 4-fold increase in Arg1 enzyme activity, whereas
the effect on Arg1 mRNA levels was detected for hundreds-
to thousands-fold higher than control treatment. This sug-
gests that while the enhanced capacity to produce Arg1 en-
zyme is critical for wound healing, there are additional reg-
ulations needed to control the level of this enzyme activ-
ity in the very dynamic process of wound healing, such as
by regulation at translational/post-translational levels. This
requires further investigation in future studies. In our ani-
mal wound healing experiments (Figure 1 and Supplemen-
tary Figure S1), elevation of the Arg1 mRNA level, stim-
ulated by RA/IL-4 co-treatment, was sustained for longer
than 1 day (Supplementary Figure S1 shows sustained ele-

vation after 24 h, and our unpublished data show sustained
elevation can be as long as 3 days). In order to monitor di-
rect effects of RA and IL-4 on endogenous Raldh2 expres-
sion, we have routinely measured Raldh2 mRNA levels at
early time points, such as 6 h post-stimulation (Figure 2D);
however, it appears that Raldh2 regulation by RA can last
as long as 24 h (data not shown). Presumably, this is to en-
sure the endogenous supply of RA, which would be required
for prolonged activation of Arg1 gene during wound healing
without pharmacological intervention. An interesting ques-
tion arises as to the dampening of this feed forward regula-
tion of Raldh2 by RA in a physiological context. Since ef-
ficient Raldh2 activation in M2 macrophages requires IL-4
stimulation, reduction in immune cytokines, including IL-4,
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in the wounded tissues as the healing process occurs would
likely provide a break to prevent continuous activation of
Raldh2 gene later after healing has completed and RA is no
longer needed.

MED25 was originally identified as a PTOV1 relative
(46) and is also identical to ARC92/ACID1, which is a
direct target of the activator VP16 (47). While the Medi-
ator complex is highly conserved from yeast to humans
(48), There may be an evolutionary advantage of MED25
in higher eukaryotes given it is not found in Caenorhabdi-
tis elegans or yeast. Although MED25 has similar features
with MED1 in its domains and the action on nuclear re-
ceptor (NR)-mediated transcription, MED25 possesses dis-
tinct functions separated from MED1 upon different envi-
ronmental signals in different cells (25,49). Our data provide
evidence for unique functional roles for Med25, such as in
regulating Arg1 gene expression in M2 macrophage that is
critically needed for wound healing.

In gene transcription, the formation of pre-initiation
complex (PIC) and the initiation steps were considered to
be most critical. However, it has become increasingly clear
that post-recruitment steps, including RNA Pol II release
from promoter-proximal pausing and transcription elonga-
tion, are also important in the control of transcriptional rate
(50,51). Our data show elongation-related histone marker,
H3K36me3 and elongation factor TFIIS are enhanced by
IL-4 and RA co-stimulation, which were blocked by Med25
KD. This is in line with a recent study showing cooperation
of the Mediator complex and TFIIS in altering intrinsic cat-
alytic properties of RNA Pol II transit across the +1 nucle-
osome (52).
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