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The Mediator complex functions as a control center, orchestrating diverse signaling, gene activities, and biological
processes. However, how Mediator subunits determine distinct cell fates remains to be fully elucidated. Here, we
show that Mediator MED23 controls the cell fate preference that directs differentiation into smooth muscle cells
(SMCs) or adipocytes. Med23 deficiency facilitates SMC differentiation but represses adipocyte differentiation from
the multipotent mesenchymal stem cells. Gene profiling revealed that the presence or absence of Med23 oppositely
regulates two sets of genes: the RhoA/MAL targeted cytoskeleton/SMC genes and the Ras/ELK1 targeted growth/
adipogenic genes. Mechanistically, MED23 favors ELK1-SRF binding to SMC gene promoters for repression, whereas
the lack of MED23 favors MAL-SRF binding to SMC gene promoters for activation. Remarkably, the effect of
MED23 on SMC differentiation can be recapitulated in zebrafish embryogenesis. Collectively, our data demonstrate
the dual, opposing roles for MED23 in regulating the cytoskeleton/SMC and growth/adipogenic gene programs,
suggesting its “Ying-Yang” function in directing adipogenesis versus SMC differentiation.
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Cell fate determination in metazoans is precisely con-
trolled by sophisticated spatiotemporal patterns of RNA
polymerase II (Pol II)-mediated transcription in response
to various intracellular and extracellular signals. Genetic
or environmental alterations that perturb the regulation
of transcription can alter cell fate specifications, leading
to a variety of developmental defects. Control over lineage-
specific transcriptional programs has generally been at-
tributed to the specific DNA-binding transcription factors.
For example, PPARy controls the adipocyte program
(Tontonoz et al. 1995), MyoD controls the skeletal muscle
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program (Olson 1990), and Runx?2 controls the osteocyte
program (Komori 2002). Most strikingly, four “Yamanaka”
factors—Oct4, Sox2, c-Myc, and Klf4—can directly repro-
gram many types of somatic cells into pluripotent stem
cells (Takahashi and Yamanaka 2006; Wernig et al. 2008).
The molecular mechanisms of how these master regula-
tory transcription factors function have not been fully
elucidated.

To ensure precise transcriptional control of cell fate
determination and development, the master transcrip-
tion factors are subjected to further regulatory control.
Eukaryotes have evolved elaborate transcriptional ma-
chinery consisting of multiple cofactors/cofactor com-
plexes to modulate the basal transcriptional apparatus.
Two recent studies demonstrated that the cofactors
control the cell fate by modulating the distinct transcrip-
tion factors. First, TAZ coactivates Runx2-dependent
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transcription during osteocyte differentiation while re-
pressing PPAR~y-dependent adipogenesis transcription
(Hong et al. 2005). Another cofactor, PRDM16, has been
observed to interact with PPARy and C/EBP to initiate
the brown fat program while repressing the skeletal muscle
program (Seale et al. 2008; Kajimura et al. 2009). The
Mediator complex interacts directly with various tran-
scription factors and Pol II to regulate the transcription of
protein-coding genes. The list of documented signaling
and transcription factors known to impinge on the Medi-
ator complex is ever expanding, including TGFB/SMADs,
MAPK/ELK]1, Hh/Glj, lipid/SREBP, and multiple hormones/
nuclear receptors (Blazek et al. 2005). Through the in-
teraction between transcription factors and the Mediator
complex, Pol Il recruitment is significantly enhanced, and
transcriptional complexes at the particular gene promot-
ers are stabilized. In this capacity, the Mediator complex
serves as a control center for integrating environmental
and developmental cues for regulating diverse physiolog-
ical processes, including cell growth and differentiation,
pluripotency maintenance, and homeostasis (Malik and
Roeder 2010). For example, the MEDI1 subunit of the
Mediator complex is a well-established target for a variety
of nuclear receptors (Malik and Roeder 2010), and fibro-
blasts isolated from Med1 ™/~ embryos have been found to
exhibit a selective loss of the PPARy-dependent ability to
differentiate into adipocytes (Ge et al. 2002). The MED12
subunit has also been shown to repress neuronal gene
expression in nonneuronal cells through epigenetic gene
silencing (Ding et al. 2008). Furthermore, the MED15
subunit has been shown to induce axis duplication and
mesendoderm differentiation in Xenopus embryos (Kato
et al. 2002). Thus, growing evidence suggests that distinct
Mediator components seem to be specific in directing
a particular cell fate or development process; however, an
example that one subunit can control a molecular switch
between two cell fates has not been documented.

The MED23 subunit was originally identified as a target
of the viral oncoprotein E1A (Boyer et al. 1999). Although
MED23 has been proved to be essential to link insulin
signaling to the adipogenesis transcription cascade (Wang
et al. 2009), its function in development has not been fully
elucidated, as Med23 knockout embryos died at approxi-
mately day 10.5 of gestation (Balamotis et al. 2009). Med23
deficiency prevents adipocyte differentiation by attenu-
ating the expression of an insulin-stimulated immediate-
early gene, krox20/Egr2 (Wang et al. 2009); however, the
cell fate with Med23 deficiency remains unknown. To
explore the cellular and molecular consequence of Med23
deficiency, we carried out further investigations by ex-
amining whether Med23 can regulate commitment of
mesenchymal cells to different lineages. In this study, we
first observed that the morphology of the knockout mouse
embryonic fibroblasts (MEFs) was enlarged and flattened,
and the expression levels of RhoA/MAL-regulated cyto-
skeleton/smooth muscle cell (SMC) genes were greatly
increased in Med23 knockout MEFs. Consistently, we
found that Med23 deficiency also promotes differentia-
tion of mesenchymal stem cells into SMCs while inhib-
iting the differentiation of these cells into adipocytes.

Role of MED23 in cell fate choice

Moreover, this phenotype was recapitulated during zebra-
fish development. At the molecular level, the presence of
MED23 favors the binding of the ELK1-SRF complex to
the SMC genes to repress their expression, whereas the
absence of MED23 favors MAL-SRF complex formation,
which subsequently activates SMC gene expression.
These results suggest that MED23 functions as a molec-
ular switch between the Ras and RhoA pathways that
controls differentiation into adipocytes or SMCs. There-
fore, our study provides an example of how a transcription
cofactor can have a “Ying-Yang” role in determining two
distinct cell fates. Our results also improve our under-
standing of the intricate molecular regulation of SMC and
adipocyte development, which should be beneficial for
elucidating the molecular basis of both obesity-related
and SMC-related diseases.

Results

Med23 deficiency promotes cytoskeleton gene
expression

Med23 knockout mice display embryonic lethality,
which is likely caused by systematic circulatory failure
(Balamotis et al. 2009). To further understand the role of
MED23 in development and gene regulation, we analyzed
the morphology of the MEFs derived from wild-type and
Med23 knockout embryos. Knockout MEFs are larger and
more flattened than wild-type MEFs and exhibited an
increased number of stress fibers and focal adhesions, as
revealed by phalloidin and anti-paxillin antibody staining
(Fig. 1A). The protein levels of the cytoskeleton genes
Vincullin (Vcl), Acta2, and Actg2 and their critical regula-
tor, SRF, were significantly increased in knockout MEFs
(Fig. 1B). Single or multiple copies of serum response el-
ements (SREs) exist in the promoters of these cytoskeleton-
related genes and bestow serum responsiveness (Miano
2003; Buchwalter et al. 2004; Vartiainen et al. 2007).
Indeed, these cytoskeleton genes in both wild-type and
Med23 knockout MEFs showed a significant increase in
expression after the addition of serum (Fig. 1C). However,
their responsiveness in knockout MEFs was much greater
than that of wild-type MEFs (Fig. 1C). Reporter plasmids
with five tandem copies of SREs (CArG boxes) or the SRE-
containing Sm22a promoter sequence also showed greater
serum response and a significant increase in knockout
cells compared with wild-type cells (Fig. 1D). To rule out
the possibility that this effect on gene expression was due
to the adaptive change of the wild-type and knockout
MEFs, the human Med?23 (hMed23) gene was reintroduced
into Med23 knockout MEFs using retroviral transduction
(Fig. 1G). An anti-CDKS8 antibody was able to pull down
representative Mediator subunits, including MED6 and
MED16, as well as the ectopically expressed hMED23, in-
dicating the proper expression and incorporation of ec-
topic hMED23 into the functional Mediator complex
(Supplemental Fig. S1B). Reintroducing hMed23 into the
knockout MEFs rescued the morphology phenotype to
resemble the wild-type MEFs, at least partially, under both
the subconfluent state and the confluent state (Supple-
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Figure 1. Analysis of the cytoskeleton gene expres-
sion in wild-type (WT) and Med23 knockout (KO)
MEFs. (A) Wild-type and Med23 knockout MEFs were
Vel maintained at steady state (10% FBS), fixed, and
stained with DAPI, phalloidin, and anti-paxillin anti-

SRF body, respectively. Bar, 10 um. (B) The total protein
were extracted from wild-type and Med23 knockout

MEPFs and analyzed by Western blot using the indicated
antibodies. TATA-box-binding protein (TBP) was blotted

as a loading control. (C) Wild-type and Med23 knockout

ap MEFs were serum-starved in 0.5% FBS and then stim-
ulated with 15% FBS. At different time points after
stimulation, total RNA were extracted and subjected to
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mental Fig. S1A). Moreover, ectopic hMED23 significantly
rescued (i.e., repressed) the up-regulated mRNA, protein,
and reporter levels of cytoskeleton genes (Fig. 1E-G), in-
dicating the specific causal relationship between Med23
deficiency and the up-regulation of cytoskeleton gene.

In order to assess the specificity of the Mediator com-
ponents in regulating these cytoskeleton genes, viral-
mediated knockdown of Med1, Med12, Med14, Med23,
Med?28, or Cyclin C (CycC) was performed in immortal-
ized wild-type MEFs. The knockdown efficiency was con-
firmed by Western blot or real-time PCR analysis (Fig 2A;
Supplemental Fig. S1C,D). Strikingly, only Med23 (Med23-
specific siRNA oligo [siMed23]) but not other subunit
deficiency increased the cytoskeleton gene expression
(Supplemental Fig. SIC,D). Collectively, these results
strongly suggest that the expression of serum-responsive
cytoskeleton genes is selectively up-regulated by the de-
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pletion of MED23. Therefore, MED23 seems to play a
specific restrictive role in cytoskeleton gene expression.

Med23-regulated cytoskeleton genes are controlled
by the RhoA/MAL pathway

RhoA signaling is a critically important pathway for
controlling cytoskeleton gene expression during serum
stimulation (Settleman 2003; Posern and Treisman 2006).
Treatment of cells with the RhoA inhibitor LatB not only
suppressed the serum responsiveness, but also suppressed
the up-regulated Vcl and Srf mRINA expression in siMed23
MEPFs to the same extent as in control-specific siRNA
oligo (siCtrl) MEFs (Fig. 2B), suggesting that RhoA signal-
ing is required for the increased cytoskeleton gene ex-
pression upon Med23 depletion. We then investigated
how Med23 deficiency could affect the RhoA signaling
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pathway. Surprisingly, Med23 deficiency did not increase
the amount of active RhoA in Med23 knockout MEFs, as
indicated by a RhoA-GTP pull-down experiment, but
even decreased it somewhat (Supplemental Fig. S2A).
Additionally, phosphorylation of MYL9, which has been
shown to be a downstream event in response to RhoA
activation (Van Aelst and D’Souza-Schorey 1997), was not
induced by the absence of MED23, although the total
MYL9 level was significantly up-regulated (Supplemental
Fig. S2B).

We looked into the further downstream events of the
RhoA signaling pathway. Upon RhoA activation via actin
polymerization, the G-actin-bound transcription factor
MAL is released from the cytoplasm into the nucleus and
forms a complex with SRF, thus activating gene expres-
sion (Miralles et al. 2003; Posern and Treisman 2006). Mal
has two other family members, Myocardin (Myocd) and
MEKI2 (Cen et al. 2004); however, Mal was expressed at
a level that was >13-fold higher than the other family
members in MEFs (Supplemental Fig. S2C), which makes
it the major factor controlling cytoskeleton gene expres-
sion. We established cell lines by using retroviral-mediated
siRNA to knock down Mal expression (siMal) in Med23
knockout MEFs (KO+siMal), and this resulted in the re-
pression of the up-regulated cytoskeleton genes in Med23
knockout MEFs, as assessed by the expression of Acta2,
Actg2, and Sm22a (Fig. 2C). An effect similar to that in
the Med23 knockout MEFs was also observed in siMed23

+serum

Sm22a
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Figure 2. Med23 deficiency up-regulates cytoskeleton
genes via the RhoA/MAL pathway. (A) Stable MEF cell
lines were generated by retroviral expression of
siMed23 or siCtrl. After puromycin selection, the
knockdown efficiency was analyzed by Western blot.
(B) siCtrl and siMed23 MEFs were serum-starved or
serum-stimulated with or without LatB pretreatment.
The expression of Vcl and Srf was examined by real-
time PCR and normalized to Gapdh level. (C) Med23
knockout (KO) MEFs were infected with retroviruses
expressing siMal (KO+siMal). After serum starvation or
stimulation as in Figure 1C, total RNA was extracted
and subjected to real-time analysis of Acta2, Actg2,
and Sm22a expression. Their expression was normal-
ized to Gapdh. (D) siMed23 MEFs were infected with
retroviruses expressing siMal (siMed23+siMal). The
expression of cytoskeletal genes (Vcl, Srf, Acta2, and
Actg2) was analyzed in serum-stimulated siCtrl,
siMed23, and siMed23+siMal MEFs by real-time
PCR. The expression was normalized to Gapdh.

90min

MEFs (Fig. 2D). These results suggest that up-regulation
of the cytoskeleton genes is through MAL.

Next, we examined whether Med23 deficiency has any
effect on the transcriptional activity of MAL. Transient
transfection assays were performed using Gal4-Mal or
Gal4-Malc (C-terminal activation domain) plasmids. Al-
though the activity of Gal4-Malc was more robust than
that of Gal4-Mal, both fusion proteins activated transcrip-
tion at similar levels in wild-type and knockout MEFs
(Supplemental Fig. S2D), which rules out the possibility
that MED23 directly affects the activity of the MAL ac-
tivation domain when it is taken away from the endoge-
nous promoter context.

SRF is a necessary cofactor for cytoskeleton gene ex-
pression. Both the protein and mRNA levels of SRF were
slightly up-regulated in knockout MEFs (Fig. 1B,C); how-
ever, unlike MAL, SRF failed to increase Sm22a-luc ac-
tivity in a dosage-dependent manner (Supplemental Fig.
S2E). We also overexpressed SRF in wild-type MEFs.
Although ectopic SRF expression in wild-type MEFs was
much more than the endogenous SRF in knockout MEFs,
it failed to significantly increase the cytoskeleton gene
expression represented by Vel and Myl9 (Supplemental
Fig. S2F,G). Collectively, these observations suggest that
the modest SRF increase cannot account for the drastic
increase in cytoskeleton gene expression.

Overall, our data so far indicate that Med23 deficiency
does promote the serum-responsive, RhoA/MAL targeted
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cytoskeleton gene expression, although it does not alter
RhoA or MAL activities per se. However, as we further
reveal in the following sections, there exists a sophisti-
cated mechanism by which MED23 modulates the dy-
namic cross-competition between the RhoA/MAL and
MAPK/ELK1 pathways to direct distinct gene programs
and cell fates.

Med?23 deficiency up-regulates a set of RhoA/MAL
targeted cytoskeleton/smooth muscle genes

and down-regulates a set of Ras/ELK1

targeted growth/adipogenic genes

It is well-known that SRF is the indispensable cofactor for
RhoA/MAL-controlled expression of the cytoskeleton
genes and Ras/ELK1-controlled early growth genes (Miano
2003; Posern and Treisman 2006). We checked how broadly
Med23 deficiency impacts the SRF target genes. Previ-
ously, all direct SRF target genes were identified through
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overexpression of SRE-VP16 in Srf /= cells (Philippar
et al. 2004). These genes were clustered according to
their biological functions into muscle lineages, growth-
related, and other processes. We performed microarray
analysis of wild-type and Med23 knockout MEFs in the
presence or absence of serum stimulation (for 30 and 90
min). Self-organizing map (SOM) clustering of SRF target
genes with reliable signals yielded two different clusters,
which are oppositely affected by Med23 knockout (clus-
ter 1, generally up-regulated; cluster 2, generally down-
regulated) (Fig. 3A). Strikingly, 10 muscle lineage genes
(out of 11) were enriched in cluster 1, while five growth-
related genes (out of eight) were enriched in cluster 2 (Fig.
3A). Interestingly, many muscle lineage and growth-re-
lated genes have been shown to be regulated by the RhoA/
MAL or Ras/ELK1 pathway, respectively (Gineitis and
Treisman 2001; Miano 2003; Buchwalter et al. 2004).
These results suggested that these two distinct sets of
SRF target genes respond oppositely to Med23 depletion.
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Figure 3. The effect of Med23 deficiency on SRF target gene expression. (A) Gene profiling of wild-type (WT) and Med23 knockout
MEFs with or without serum induction (30 and 90 min). The degree of induction is reflected by relative color coding. (Green) Low
expression; (red) high expression. SRF target muscle lineage genes or growth-related genes were assigned different colors (red or green).
(B) The relative expression of known RhoA/MAL or Ras/ELK1 targets in MEFs at 30 min after serum stimulation was extracted from
the microarray data. The expression levels of two sets genes in knockout MEFs were normalized to 1. (C) The relative expression of the
two sets genes in wild-type, knockout, and KO+Med23 MEFs at 30 min after serum stimulation was analyzed by real-time PCR, with

the expression in KO+Med23 MEFs normalized to 1.
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To further verify our hypothesis, the expression pat-
terns of a larger number of well-documented RhoA/MAL
(Actg2, Sm22a, Myl9, Cnnl, Actal, Vcl, Acta2, and Crsp1)
(Miano 2003) or Ras/ELK1 (Ier2, Krox20/Egr2, Junb, Egr3,
Egrl, and Ier3) (Buchwalter et al. 2004) targets were
extracted from our microarray data, and their relative
expression did show opposite responses upon Med23
knockout (Fig. 3B), which could be verified by real-time
PCR analysis (Fig. 3C). More strikingly, the expression of
both of the two different sets of genes could be well
rescued by reintroduction of hMed23 (Fig. 3C), indicating
the specific regulation of MED23 on their activity.

RhoA/MAL- and Ras/ELK1-activated genes constitute
the most important and mutually exclusive two classes of
SRF-controlled immediate-early genes in fibroblasts (Miano
2003; Posern and Treisman 2006). However, the mecha-
nism by which the two sets of genes have a balanced ex-
pression pattern is not clear. Our previous data have
shown that MED23 is required for Mediator recruitment
to the Ras/ELK1 target gene promoters and their sub-
sequent expression (Stevens et al. 2002; Wang et al. 2005),
and our new observation showed that Med23 deficiency
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Role of MED23 in cell fate choice

up-regulates the RhoA/MAL-controlled genes. Microar-
ray analysis of the wild-type and Med23 knockout MEFs
here further corroborated our observation. Thus, MED23
may function as a master modulator for the two sets of
SRF target genes.

Med23 controls a cell fate determination program
between SMCs and adipocytes

RhoA and MAL are involved in an efficient SMC differ-
entiation program (Cen et al. 2004; Wang and Olson 2004;
Mack and Hinson 2005; Pipes et al. 2006). In order to
examine in detail the cellular consequence of Med23
depletion, we knocked down the expression of Med23
in C3H10T1/2 (10T1/2) cells, a mesenchymal stem cell
line that is able to differentiate into numerous mesoderm
cell types (Pinney and Emerson 1989). The MED23 pro-
tein was virtually undetectable in siMed23 10T1/2 cells
(Fig. 4A, top). siCtrl and siMed23 10T1/2 cells were treated
with an adipogenic cocktail to induce adipocyte differen-
tiation (Huang et al. 2009; Wang et al. 2009). Consistent
with our previous results in preadipocyte 3T3L1 cells

Figure 4. Analysis of lineage program and gene pro-
files regulated by MED23 and MAL. (A) Western blot
was performed to confirm the siRNA depletion of
endogenous MED23 and ectopic Flag-MAL expression
in 10T1/2 cells. TBP or GAPDH was blotted as
a loading control. (B) Ctrl, siMed23 (top panel), and
oxMal (bottom panel) 10T1/2 cells were subjected to
the hormone-induced adipocyte differentiation pro-
tocol. At day 8 post-induction, the cells were stained
for lipid droplets with ORO. Bar, 200 um. (C) Real-
time PCR analysis of adipocyte (PPARvy, ap2, and
Adipsin) and SMC (Acta2, Sm22a, Myl9, and Actal)
markers in Ctrl and siMed23 (top panel) or Ctrl and
oxMal (bottom panel) 10T1/2 cells at day 8 post-
induction. Their expression was normalized to
Gapdh. (D) oxMal-affected genes are shown in the left
panel (top, up-regulated; bottom, down-regulated)
according to the oxMal/Ctrl log, ratio. The siMed23/
Ctrl log, ratio of the same genes is listed in identical
order in the right panel. (E) Gene density map com-
paring gene expression changes in siMed23/Ctrl with
those in oxMal/Ctrl. Genes were distributed in the
table according to their expression ratios in the two
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comparisons. Spearman rank correlation coefficient (r)
is indicated. (UP) Up-regulated; (DN) down-regulated.
More detail is offered in the Supplemental Material.
(F) The expression pattern of known RhoA/MAL and
Ras/ELK1 targets was extracted from microarray data.
The expression in siMed23 (top panel) or oxMal
(bottom panel) 10T1/2 cells was normalized to 1. (G)
The mRNA levels of Med23 and PPARy during
adipocyte differentiation were analyzed using real-
time PCR. The expression was normalized to 18S.
(H) Ctrl ADSCs (Med23%%) and Cre ADSCs (Med23/1
ADSCs infected with Cre-expressing adenovirus for 48

Cnn1

h) were subjected to the hormone-induced adipocyte differentiation protocol. At day 8 post-induction, ORO staining and bright-field
pictures were taken. Bar, 200 pm. (I) The mRNA levels of Med23, adipocyte markers (Egr2/krox20, PPARY, aP2, and Adipsin), and SMC
markers (Acta2, Sm22a, Myl9, and Cnnl) in Ctrl and Cre ADSCs were analyzed using real-time PCR at day 8 post-induction. The

expression levels were normalized to 18S.
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(Wang et al. 2009), siMed23 10T1/2 cells were refractory
to adipogenesis, as evidenced by Oil Red O (ORO) stain-
ing (Fig. 4B, top). Real-time PCR analysis revealed that
the adipocyte markers PPARYy, aP2, and Adipsin were
ablated in siMed23 cells compared with siCtrl cells
(Fig. 4C, top). Surprisingly, we observed a large increase of
SMC markers such as Acta2, Sm22a, Myl9, and Actal
in siMed23 cells (Fig. 4C, top). These results strongly
suggest that Med23 antagonizes Mal by restricting SMC
gene expression while promoting adipocyte gene expres-
sion during mesoderm stem cell differentiation.

To further investigate whether Mal indeed antago-
nizes Med23 in regulating the adipocyte lineage pro-
gram, retroviral-mediated Mal overexpression (oxMal)
was performed in 10T1/2 cells (Fig. 4A, bottom). oxMal
greatly induced the expression of Acta2, Sm22a, Myl9,
and Actal (Fig. 4C, bottom). Interestingly and expectedly,
it greatly repressed adipocyte differentiation, as evidenced
by ORO staining and real-time PCR analysis (Fig. 4B,C,
bottom). Therefore, our results suggest Med23 and Mal
antagonize each other in regulating the adipocyte and
SMC programs.

To understand the mechanism of the antagonism
between Med23 and Mal on a different cell lineage pro-
gram, we compared the gene profiling changes resulting
from oxMal or siMed23. oxMal led to 1678 up-regulated
genes (log, ratio > 0.7), and 1537 (~92%) of these genes
were changed in the same direction by siMed23 (log,
ratio > 0) (Fig. 4D, top). Additionally, ~78% (1185 of
1516) of oxMal down-regulated genes (log, ratio < —0.7)
were also changed in the same direction by siMed23 (log,
ratio < 0) (Fig. 4D, bottom). Moreover, global gene expres-
sion between siMed23/Ctrl and oxMal/Ctrl showed a cor-
relation coefficient of 0.54 (Fig. 4E), suggesting a functional
commonality in transcription control between these two
manipulations. By looking into the detailed gene expres-
sion, effects similar to that observed in MEFs were also
found in 10T1/2 cells: RhoA/MAL targets were up-
regulated in siMed23 cells, while Ras/ELK]1 targets were
down-regulated (Fig. 4F, top). Interestingly, besides greatly
inducing RhoA target genes, oxMal also greatly repressed
Ras/ELKI1 targets (Fig. 4F, bottom), which might account
for its repression effect on adipogenesis. In summary, the
large overlapping changes in global gene expression result-
ing from oxMal and siMed23 explain the similar pheno-
type of siMed23 and oxMal in regulating the SMC and
adipocyte lineage programs.

To further verify the in vivo function of Med23 in cell
fate choice, we performed the following experiments in
a possible adipocyte/SMC precursor, adipose-derived stem
cells (ADSCs) isolated from mice, which can be induced
to numerous cell types (Schaffler and Buchler 2007; de
Villiers et al. 2009). While the SMC precursor is largely
unknown, many new markers of white fat precursor have
been identified recently, such as Scal (Rodeheffer et al.
2008; Tang et al. 2008). In order to specifically silence
Med23 expression in Scal® ADSCs and avoid the off-
target effect of RNAi oligos, we used the Cre-loxp system.
As the Med23 conditional knockout mice (Med23%/%)
were just generated by introducing loxP sites into the
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introns flanking Med23 exons 5-7, we isolated the Scal™
ADSCs from the Med23™! mice following the literature
(Rodeheffer et al. 2008), and then Cre-expressing adeno-
virus was used to infect the Med23" Scal* ADSCs for
inactivating Med23. The Med23 mRNA level in the
adenovirus-infected (Cre) cells was reduced by ~80%
compared with that of the Ctrl cells (Fig. 41). Both the Ctrl
and Cre Scal® populations were then exposed to an
adipogenic hormone cocktail for 8 d. The mRNA level of
Med23 was not greatly changed, but the adipocyte marker
PPAR<y was progressively increased during adipocyte
induction (Fig. 4G). However, Cre Scal™ ADSCs accumu-
lated far fewer lipids than the Ctrl population, as dem-
onstrated by ORO staining and bright-field pictures
(Fig. 4H). More strikingly, real-time PCR confirmed the
attenuated expression of adipocyte markers but increased
SMC markers in the Cre cells (Fig. 4I). Taken together,
both the 10T1/2 and ADSC results supported the dual,
opposing function of MED23 in fat and smooth muscle
fate determination.

Med?23 deficiency facilitates mesenchymal stem cell
differentiation into SMCs

The promotion of SMC genes during adipocyte differen-
tiation by siMed23 led us to directly investigate the
function of Med23 during SMC differentiation. We first
investigated whether siMed23 was sufficient to repro-
gram 10T1/2 into SMCs. Retrovirus-mediated Med23
knockdowns with two different oligos were both suffi-
cient to guide ~80% of 10T1/2 cells into Acta2-positive
cells (Supplemental Fig. S3A). SMC markers such as
ACTA2, SM22A, CNN1, and CSRP1 were all increased in
both knockdown cells (Supplemental Fig. S3B). MAL has
been proved to be able to reprogram 10T1/2 into SMCs.
(Wang et al. 2003). oxMal 10T1/2 cells exhibited a dra-
matic change in cell morphology. The SMC markers
ACTA2, SM22A, and CSRPI increased dramatically, as
evidenced by immunostaining or Western blot analysis
(Fig. 5A [cf. panels a and c], B [cf. lanes 1 and 3]). However,
compared with oxMal, the induction of SMC genes in
siMed23 10T1/2 cells was weaker, suggesting that de-
pletion of Med23 alone is not sufficient to completely
drive the process of SMC differentiation (Fig. 5B, cf. lanes
2 and 3). However, siMed23 greatly potentiated MAL's
reprogramming effects. Combined treatment of oxMal
and siMed23 resulted in robust SMC differentiation, sig-
nificantly flattened and enlarged morphology, and greatly
increased SMC gene expression compared with oxMal
alone (Fig. 5A [panels dh], B [lane 4]). The synergy
between siMed23 and oxMal was also revealed by micro-
array analysis, where the expression of 768 out of the 867
co-up-regulated genes (by log, ratio > 0.7) were found to be
altered to a greater extent by the combined treatment
(Fig. 5C), which was confirmed by real-time PCR analysis
of a list of cytoskeleton/SMC genes (Fig. 5D, top). In-
terestingly, 305 out of the 378 co-down-regulated genes
(by logy ratio < —0.7), including known Ras/ELK1 target
genes (Egrl, Krox20/Egr2, Egr3, and c-fos), were synergis-
tically repressed (Fig. 5C,D).
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Figure 5. Med23 deficiency enhances SMC differentiation and gene expression. (A) Stable 10T1/2 cell lines were generated by
retroviral expression of siMed23+oxMal. Ctrl, siMed23, oxMal, and siMed23+oxMal 10T1/2 cells were fixed and stained with DAPI,
anti-ACTA2, and anti-ACTG2 antibodies. Bar, 25 pm. (B) Protein extracts from Ctrl, siMed23, oxMal, and siMed23+oxMal 10T1/2 cells
were assayed by Western blot using the indicated antibodies. TBP and MED6 were blotted as loading controls. (C) Heat map showing
the synergy of siMed23 and oxMal on common target gene expression (log, ratio > 0.7). More expression of common target genes was
further changed in siMed23+oxMal than in siMed23 or oxMal 10T1/2 cells. (D) Total RNA from Ctrl, siMed23, oxMal, and
siMed23+0xMal 10T1/2 cells were extracted and subjected to real-time PCR analysis of RhoA/MAL and Ras/ELK1 genes. The
expression was normalized to Gapdh. (E) The mRNA levels of Med23 and Myl9 during SMC differentiation were analyzed using real-
time PCR and normalized to 18S. (F) Ctrl and Cre ADSCs were treated with or without TGFp for 24 h. A Western blot was used to
check the MED23 expression and the SMC marker ACTA2 and CNNI1. B-Actin and GAPDH were used as loading controls. (G, left
panel) Immunostaining of Ctrl and Cre ADSCs with the indicated antibodies. Bar, 50 wm. (Right panel) The percentage of ACTA2 and
CNNI1 double-positive cells was quantified relative to the total nuclei (from five random fields).
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Primary ADSCs can be induced to SMCs under the
proper culture conditions and TGFp addition (Tang et al.
2008; Ball et al. 2010; Yalvac et al. 2010). We thus checked
the function of Med23 during this process using the
virally expressed Cre to delete Med23 from the ADSCs.
The knockout efficiency of Med23 was confirmed by
Western blot analysis (Fig. 5F). Interestingly, the mRNA
level of Med23 progressively decreased during SMC
differentiation, while the SMC marker Myl9 was pro-
gressively increased, suggesting a repressing function of
Med23 during SMC differentiation (Fig. 5E). Remarkably,
Cre ADSCs more efficiently differentiated into SMCs
upon TGFp treatment compared with Ctrl cells, as de-
termined by the increased protein level of ACTA2 and
CNN1 (Fig. 5F). Moreover, ~90% of Cre cells were guided
into the Acta2*/Cnnl* SMC lineage within 24 h of TGFB
treatment, whereas only ~30% of Ctrl cells differentiated
(Fig. 5G). Taken together, the results of both cell lines and

primary cells strongly suggest that Med23 plays a repres-
sing function during SMC differentiation.

Med23 deficiency favors the formation of the
MAL-SRF complex over the ELKI-SRF complex

To understand the mechanism by which Med23 defi-
ciency promotes SMC genes expression, we performed
a chromatin immunoprecipitation (ChIP) assay to exam-
ine the occupancy of related factors at SMC genes in
10T1/2 cells. The ChIP analysis indicated that the de-
pletion of Med23 enhanced the recruitment of Pol II to
the promoter regions of Actg2, Myl9, and Acta2 (Fig. 6B;
Supplemental Fig. S4A), which correlates with their up-
regulated transcription levels (Fig. 5D). MAL and ELK1
represent two exclusive transcription factors binding to
SRF (Posern and Treisman 2006). First, we confirmed that
the mRNA level of Mal and Elk1 was not significantly

A 200 gre +500 Figure 6. MED23 modulates the regulator occupancy
L =a=S > L at the SMC genes. (A) SRF-binding sites. The line
B prom. init. cod. below shows the Actg2 gene region amplified in ChIP.
Pol Il ChIP FLAG-MAL ChiP (B) ChIP experiments were performed in Ctrl, siMed23,
04 4 03 oxMal, and siMed23+oxMal 10T1/2 cells using anti-
5 5 02 bodies against Pol I, Flag, SRF, and ELK1; IgG was used
g 00 | =Pol Il 3 " FLAG-MAL as a negative control. The precipitated DNA was
2 =lgG < 01 =lgG analyzed by real-time PCR with primers targeting the
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sil\/(l)é%zé - =+ - -+ 00 + - 4y — ¥ —F promoter region [(Actg? prom.), and coding region
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changed by Med23 depletion (Supplemental Fig. S4C).
When Flag-MAL was ectopically expressed in 10T1/2
cells, Med23 depletion led to increased binding of Flag-
MAL and Pol II to SMC gene promoters as well as Pol II
binding to their coding regions (Fig. 6B; Supplemental
Fig. S4A). ELK1 has been shown to compete with Myocd
for SRF binding to form an ELK1-SRF complex and
antagonize the activation of SMC genes in vivo (Wang
et al. 2004). We found that ELK1 repressed MAL-induced
Sm22a reporter activity (Supplemental Fig. S4B), probably
through a mechanism similar to that of ELK1 repressing
Myocd activity (Wang et al. 2004). Strikingly, when Med23
was depleted, ELK1 binding to the Actg2 promoter was
compromised and further decreased when siMed23 and
oxMal were combined (Fig. 6B). Besides the transcription
factors MAL and ELK1, SRF is also a necessary cofactor
for cytoskeleton/SMC gene expression. As mentioned,
the expression of SRF was slightly increased in Med23
knockout MEFs, but the modest increase is not enough
to explain the great up-regulation of cytoskeleton/SMC
genes. To further address the question of whether MED23
affects the recruitment of SRF, we performed ChIP and
ChIP-seq (ChIP combined with deep sequencing) experi-
ments to compare the SRF-binding profile in siCtrl and
siMed23 10T1/2 cells. SRF occupancy at the global gene
promoter region was slightly increased by Med23 de-
pletion, whereas its binding intensity in the gene body
was not altered (Supplemental Fig. S4D). For siMed23-up-
regulated genes, the SRF occupancy pattern was similar
to that of the whole genome region, slightly increased at
the promoter but not changed at the gene body, which is
also consistent with our ChIP analysis of the Actg2 gene
(Fig. 6B; Supplemental Fig. S4D). For the siMed23-down-
regulated genes, the SRF occupancy at both the promoter
and the gene body region was not significantly changed
(Supplemental Fig. S4D). Considering that MED23 in-
teracts directly with ELK1 and is required for its activity
(Wang et al. 2009), these data suggest that Med23 de-
pletion destabilized ELK1 binding to the SMC gene pro-
moters, thus promoting MAL and SRF binding to activate
cytoskeleton/SMC gene expression.

The interaction between ELKI1/SRF and MAL/SRF
(activator/cofactor) is important for their transcription
activity. Considering the well-known function of the
Mediator complex in bridging activators and general tran-
scription factors, we wanted to know whether the Mediator
complex with or without MED23 differentially affected
the complex formation of ELK1/SRF versus MAL/SRE. We
performed a coimmunoprecipitation (co-IP) experiment
by cotransfecting HA-tagged SRF with either Flag-tagged
MAL or ELK1 into HeLa cells. HA pull-down followed by
Western blot revealed that Med23 depletion resulted in
reduced Flag-ELK1 signal (Fig. 6C, cf. lanes 2 and 3) but
enhanced Flag-MAL signal (Fig. 6C, cf. lanes 5 and 6),
while SRF expression remains at similar levels.

Taken together, these data suggest that the presence
of MED23 favors ELK1-SRF complex formation at the
cytoskeleton/SMC gene promoters. In contrast, the
absence of MED23 destabilizes ELK1 binding and MAL-
SRF complex formation at cytoskeleton/SMC promoters

Role of MED23 in cell fate choice

(Fig. 6D). Therefore, our biochemical data are consistent
with the effect that the presence of MED23 facilitates the
expression of ELK1-driven growth/adipogenic genes, but
the absence of MED23 enhances the expression of cyto-
skeleton/SMC genes driven by MAL.

Role of Med23 in zebrafish smooth muscle
development

The zebrafish MED23 protein sequence shares 90% and
89% identity with those of human and mouse MED23,
respectively. We also investigated the in vivo function of
Med23 during zebrafish development. Two morpholinos
(MOs) were designed to specifically block the translation
of Med23 mRNAs, and the effect was verified by Western
blot analysis (Fig. 7A). Interestingly, developmental ab-
normalities were observed in both morphants, such as
shortened body length, a ventrally curved tail, heart edema,
and a lower heart rate (Fig. 7B; Supplemental Movie S1). In
addition, depletion of Med23 in the vascular Tg(FIk1:GFP)
(Cross et al. 2003) transgenic fish caused a significant
increase of the fluorescence intensity in the axial vessels
and heart region (Fig. 7C), suggesting the function of
Med23 in repressing the hypertrophy of cardiovascular
system. The role of MED23 in adipogenesis could not be
assessed here because the adipocytes have not been de-
scribed in teleosts so far. SMC developmental marker
genes were analyzed using real-time PCR and whole-
mount in situ hybridization. By 48 h post-fertizilation
(hpf), the SMC marker genes Acta2, Sm22a, Myh11, and
Myl9 were up-regulated in Med23 morphants (Fig. 7D,E).
Collectively, Med23 deficiency promotes the precocious
development of vascular smooth muscle, suggesting its
requirement for the proper development of the cardiovas-
cular system in zebrafish.

Discussion

A long-standing issue in the field of SRF transcriptional
regulation concerns the mechanisms responsible for the
apparent antagonistic interplay between the SRF targeted
growth-related and muscle-related genes (Posern and
Treisman 2006). Our study demonstrated that the balance
of these two types of SRF target genes, driven by MAL or
ELK1, can be modulated by the presence or absence of
the Mediator MED23 subunit. This observation is highly
significant because the Ras/ELK1 and RhoA/MAL path-
ways need to be properly balanced for normal cellular
function and development.

We previously found that Med23 depletion prevents
adipogenesis, which instigated our curiosity and led to
a question: What is the consequent cell fate when Med23
is depleted from the cell? Initially, we observed that the
Med23~/~ fibroblasts displayed a flattened and enlarged
morphology with enhanced stress fiber and focal adhesion
formation. Transcriptome analysis revealed that Med23
deficiency resulted in opposite responses of the serum-
induced Ras/ELKI1 target genes (down-regulated) versus
RhoA/MAL target genes (up-regulated). We then went on
to demonstrate the direct effect of Med23 deficiency on
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Myh11, and Myl9) at the indicated time points. (E) Whole-mount in situ hybridization for embryos injected with Ctrl MO and Med23
MO-1 was performed at 48 hpf. Riboprobes to SMC markers (Sm22a, Acta2, Myh11, and Myl9) were used. All embryos are lateral views

with anterior to the left.

ELK1 and MAL function using a battery of biochemical
assays. Specifically, we found that (1) Med23 depletion
decreased ELK1 binding to SMC promoters but increased
MAL and SRF binding to SMC promoters, as shown by
the ChIP assays (Fig. 6B; Supplemental Fig. S4A), and
(2) Med23 depletion enhanced MAL-SRF interaction but
reduced ELK1-SRF interaction, as shown by the co-IP
experiment (Fig. 6C). These studies suggest a molecular
model in which the presence of MED2.3 favors ELK1-SRF
complex formation, which in turn activates the growth-
related genes and represses the cytoskeleton/SMC genes;
in contrast, the absence of MED23 destabilizes the ELK1-
SRF complex and decreases the expression of growth/
adipogenic genes but promotes the MAL-SRF complex
formation at SMC genes to induce their activation. A key
question here is: How does MED23 regulate SRF/ELK1
complex formation to compete with MAL/SRF complex

2202 GENES & DEVELOPMENT

formation? Our previous work demonstrated that ELK1
interacts with MED23 in vitro and in vivo, and the
transcription activity of ELK1 was abolished in Med23~/~
cells and can be restored by re-expressing MED23 (Stevens
et al. 2002; Wang et al. 2009); ELK1 can recruit Mediator
in a MED23-dependent manner, as revealed by the ChIP
assay (Wang et al. 2005, 2009). Moreover, increasing the
dosage of transfected EIk1 inhibited the expression of the
MAL-driven Sm22a luciferase reporter. These observa-
tions suggest that perhaps the Mediator complex with
MED23 enhances ELK1/SRF complex formation through a
cooperative binding mechanism to favor growth/adipogenic
gene expression, which consequently facilitates the com-
petition of ELK1 with MAL for forming a complex with
SRF (ELK1/SREF) to inhibit cytoskeleton/SMC gene expres-
sion. Strikingly and consistent with our model, a recent
study found that a Med23 point mutation linked with a
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familial intellectual disability is able to reduce ELKI
occupancy at the growth-related immediate-early gene pro-
moters in the skin fibroblasts isolated from a family mem-
ber with this genetic mutation (Hashimoto et al. 2011).

In this study, we also excluded a number of alternative
molecular mechanisms linking Med23 deficiency with
cytoskeleton/SMC gene regulation. For example, we dem-
onstrated that Med23 deficiency (1) did not alter RhoA
signal transduction and MAL transcriptional activity and
(2) did not modulate the SRF level to up-regulate the
cytoskeleton genes; furthermore, (3) many other Medi-
ator components, including the repressive submodule
CDKS8/MEDI12, failed to change the cytoskeleton gene
expression.

To follow up on these molecular mechanism studies,
we performed cell differentiation experiments and re-
vealed that Med23-depleted mesenchymal stem cells
(10T1/2 and ADSCs) are prone to differentiation into
SMCs but are refractory to differentiation into adipocytes.
Remarkably, using zebrafish, we showed that Med23 de-
ficiency promotes abnormal development of the vascular
smooth muscle. Interestingly and significantly, while
ectopic expression of EIk1 inhibits RhoA/MAL target
SMC genes, Mal overexpression attenuated adipocyte gene
expression and adipogenesis in mesenchymal stem cells
(Fig. 4B,C). Overall, MED23 acts as a restrictive regulator
of RhoA/MAL signaling and SMC differentiation while
functioning as a positive regulator for Ras/ELK]1 targeted
genes and adipocyte differentiation. Our study suggested
that MED23 controls the dynamic balance of the two
pathways, thus providing an in-depth mechanism by
which these two pathways are modulated to ensure precise
molecular/cellular output.

The potential lineage relationship between SMCs and
adipocytes is an outstanding question in developmental
biology. According to the literature, adipocytes have been
shown to arise from the pericytes or endothelial cells of
the vasculature (Tang et al. 2008; Gupta et al. 2012; Tran
et al. 2012), and certainly both the adipocytes and SMCs
are derived from the mesoderm cells. There is a good
possibility that some kinds of vasculature cells are able to
differentiate into either adipocytes or SMCs. However, at
the present time, there is no report of an in vivo lineage
tracing experiment demonstrating a “common precursor”
for both fat cells and SMCs. Once the molecular marker
for a “common precursor” is available in the future, we
should have an in vivo model in which we could manip-
ulate Med23 level and then show its effect on adipocyte/
SMC differentiation by using our conditional knockout
mice. Although the lineage tracing of SMC and adipo-
cytes has not been accomplished at the present time, our
analysis of the primary ADSCs with Med23 depletion
unequivocally demonstrated that Med23 plays a positive
role in adipocyte differentiation while playing a negative
role in SMC differentiation, which leads to our overall
conclusions that Mediator Med23 plays a “Ying-Yang”
role in directing SMC and adipocyte differentiation.

Last, given that the imbalance of fat and smooth
muscle tissue is involved in many metabolic and cardio-
vascular diseases such as obesity, diabetes, atherosclero-
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sis, and hypertension, our findings on the “Ying-Yang”
function of MED23 may provide a better understanding of
and a possible therapeutic target for these diseases.

Materials and methods

Mice

Med23 conditional knockout mice were generated according
to standard gene targeting protocols. In brief, exons 5-7 were
flanked by two loxP sites, and a frt-Neo-frt cassette was used as
a positive selection marker. The embryonic stem cells used for
gene targeting were derived from the Sv129 strain. Chimeric
mice were generated by injecting embryonic stem cells into
C57BL/6 blastocysts followed by transfer to pseudopregnant
mice. Med23"" mice were maintained in a mixed genetic back-
ground of C57BL/6:Sv129.

Cell culture

Wild-type and Med23 knockout MEFs were isolated from 9.5-d
embryos and self-immortalized from a standard protocol
(Balamotis et al. 2009; Wang et al. 2009). The ADSCs were
isolated from inguinal white adipose depots as described (Tang
et al. 2008) and subjected to FACS or plated in a 24-well tissue
culture dish. MEF, 10T1/2, HeLa, and Cos7 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% FBS (Hyclone). The isolated ADSCs were maintained in
DMEM/F12 (1:1) with 10% FBS (Hyclone). ADSCs between
passages 2 and 5 were used in the experiments.

Retrovirus and adenovirus infection

Using retrovirus to establish stable cell lines to knock down or
overexpress a gene of interest was based on the manufacturer’s
recommendation (Clontech). Retroviruses were generated fol-
lowing the cotransfection of recombinant pSiren-RetroQ (for
knockdown) or pMSCV-hygro (for overexpression) plasmid with
pCL10A1 helper plasmid into 293T cells using Lipofectamin
2000 (Invitrogen). 293T culture supernatants containing retrovi-
ruses were harvested 48 h later, supplemented with 20 pg/mL
polybrene, passed through a 0.45-um filter, and then added to the
intended cells for a centrifugation at 2500 rpm for 1.5 h at 30°C.
Twenty-four hours after spin infection, MEFs were selected with
50 wg/mL puromycin (Sigma-Aldrich), and 10T1/2 cells were
selected with 10 wg/mL puromycin or 50 ug/mL hygromycin.
See the Supplemental Material for RNAi oligonucleotide se-
quences. Cre-expressing adenoviruses were generated following
the manufacturer’s recommendation (Qbiogene). For adenoviral
infection of ADSCs, 30% confluent cell cultures were incubated
with the Cre-expressing adenovirus (multiplicity of infection,
100) for 48 h in complete growth medium. After 48 h of incubation,
the medium was replaced, and cells were carried further for
various experiments.

Adipocyte and SMC differentiation

10T1/2 cells were plated at a density of 5 X 10* per 3.5-cm dish
in DMEM cell culture medium with 10% FBS (Hyclone) and
10 pg/L BMP4 (R&D Systems). Two days after the cells reached
confluence, the cells were treated with culture medium con-
taining differentiation cocktail (5 mg/L insulin, 0.5 mM IBMX
[3-isobutyl-1-methylxanthine], 1 uM dexamethasone, 0.5 mg/L
troglitazone; all from Sigma-Aldrich). After 48 h, the cells were
switched to medium containing 5 mg/L insulin, and the medium
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was replenished every 2 d. For adipocyte differentiation, Scal™
ADSCs were induced by the three-hormone cocktail similar to
the 3T3-L1 induction. For SMC differentiation, 5 X 10* low-
passage ADSCs were seeded on coverslips (Fisher Scientific) in
12-well dishes and exposed to medium with reduced serum
(0.5% FBS) supplemented with 10 ng/mL TGF (R&D Systems).
The medium was changed every 2 d.

Microarray analysis

Mouse genome-wide gene expression analysis was performed
using Affymetrix Mouse Gene 430 2.0 array. Six arrays were
probed with ¢cDNA synthesized from total RNA isolated from
wild-type and Med23 knockout MEF cells treated with or without
15% FBS serum stimulation as described above. Four arrays were
probed with ¢cDNA synthesized from total RNA isolated from
siCtrl, siMed23, oxMal, and siMed23+oxMal 10T1/2 cells.

ChIP, ChIP-seq, and data analysis

ChIP assays were performed as described previously (Wang et al.
2005), except that the immunoprecipitated DNA were quantified
using real-time PCR. The primers for analyzing the ChIP DNA
are provided in the Supplemental Material. For ChIP-seq, the
immunoprecipitated DNA concentration was measured by Qubit
Fluorometer (Invitrogen). DNA was purified using ChIP-seq
sample prep kit (llumina) and subjected to 76 bases of sequenc-
ing on Genome Analyzer IIx (Illumina). See the Supplemental
Material for more detail.

Accession numbers

Microarray and ChIP-seq data in this study are available for
download from Gene Expression Omnibus (GEO) (http://www.
ncbi.nlm.nih.gov/geo). The GEO accession ID for the microarray
data is GSE40286 and the accession ID for the ChIP-seq data is
GSE40369.
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