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Recurrent missense mutations in the RNA polymerase Il Mediator
subunit MED12 are associated with X-linked intellectual disability
(XLID) and multiple congenital anomalies, including craniofacial,
musculoskeletal, and behavioral defects in humans with FG (or
Opitz-Kaveggia) and Lujan syndromes. However, the molecular
mechanism(s) underlying these phenotypes is poorly understood.
Here we report that MED12 mutations R961W and N1007S causing
FG and Lujan syndromes, respectively, disrupt a Mediator-imposed
constraint on GLI3-dependent Sonic Hedgehog (SHH) signaling. We
show that the FG/R961W and Lujan/N1007S mutations disrupt the
gene-specific association of MED 12 with a second Mediator subunit,
CDKS8, identified herein to be a suppressor of GLI3 transactivation
activity. In FG/R961W and Lujan/N1007S patient-derived cells, we
document enhanced SHH pathway activation and GLI3-target gene
induction coincident with impaired recruitment of CDK8 onto pro-
moters of GLI3-target genes, but not non-GLI3-target genes. Together,
these findings suggest that dysregulated GLI3-dependent SHH signal-
ing contributes to phenotypes of individuals with FG and Lujan syn-
dromes and further reveal a basis for the gene-specific manifestation
of pathogenic mutations in a global transcriptional coregulator.

-linked intellectual disability (XLID) affects 1-2 of every 1,000
males and accounts for ~10% of all intellectual disability (ID)

(1). Approximately one-third of XLID cases are associated with
sufficiently coincident somatic, neurobehavioral, or metabolic
features to permit diagnostic designation and are therefore classi-
fied as “syndromal” in nature. To date, more than 140 syndromal
XLID conditions have been identified, almost half of which are
attributable to mutations in single genes (2). For most of these
XLID genes, the underlying mechanisms responsible for the broad
spectrum of clinical phenotypes arising from their mutation have
not been established. In this regard, our interest has centered on
two related XLID disorders, FG (or Opitz-Kaveggia) syndrome
and Lujan (or Lujan-Fryns) syndrome. In addition to ID, FG and
Lujan syndromes share several overlapping clinical manifestations,
including agenesis/dysgenesis of the corpus callosum, macro-
cephaly, hypotonia, craniofacial dysmorphisms, seizures, and be-
havioral disturbances (3, 4). Although neither condition was
originally considered in the differential diagnosis of the other, these
two syndromes were recently found to be allelic, arising from dif-
ferent missense mutations in the Xqi/3 gene encoding MED12,
asubunit of the RNA polymerase II transcriptional Mediator (3-5).
Mediator is a conserved multiprotein interface between gene-
specific transcription factors and RNA polymerase II (6). In this
capacity, Mediator serves to channel regulatory signals from acti-
vator and repressor proteins to affect changes in gene expression
programs that control diverse physiological processes including cell
growth and homeostasis, development, and differentiation (7).
Recent structural and comparative genomics analyses support
a deep evolutionary origin for a four-module Mediator complex
among eukaryotes (8, 9). In addition to an evolutionarily conserved
core composed of “head” and “middle” modules that dock with
RNA polymerase II, Mediator also includes more evolution-
arily divergent “tail” and “kinase” modules through which most
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activators and repressors target Mediator. The kinase module,
comprising MED12, MED13, CDKS, and cyclin C, has been as-
cribed both activating and repressing functions and exists in var-
iable association with Mediator, implying that its regulatory role
is restricted to a subset of RNA polymerase II transcribed genes.

Within the Mediator kinase module, MED12 is a critical trans-
ducer of regulatory information conveyed by signal-activated
transcription factors linked to diverse developmental pathways,
including the EGF, Notch, Wnt, and Hedgehog pathways (10-12).
Furthermore, MED12 has been implicated in vertebrate neural
development, and genetic variation in MED12 is associated with
neuoropsychiatric illness, including schizophrenia and psychoses, in
humans (5, 13). However, the underlying basis by which genetic
disruption of MED12 elicits the broad spectrum of clinical phe-
notypes observed in FG and Lujan syndromes remains unknown.
Notably, several phenotypes associated with FG and/or Lujan
syndromes including macrocephaly, corpus callosal defects, hyper-
tolerism, syndactyly, and cognitive impairment, overlap with a sub-
set of those variously appearing in Greig cephalopolysyndactyly
syndrome (GCPS) and/or Pallister-Hall syndrome (PHS) arising
from mutations in GLI3, a Sonic Hedgehog (SHH) signaling ef-
fector and direct interaction target of MED12 (12, 14).

The SHH signaling pathway is a preeminent developmental
pathway essential for proper embryonic pattern formation and
adult tissue homeostasis (15). Accordingly, dysregulation of SHH
signaling has been linked to both congenital anomalies and cancer
(16). The physiological and pathological manifestations of SHH
signaling arise from the specification of unique gene expression
programs dependent upon key nuclear effectors of the GLI tran-
scription factor family. In vertebrates, three GLI family members,
GLI1-3, subsume the functions of a single ancestral GLI homolog,
Cubitus interruptus (Ci), originally identified in invertebrates (17).
Whereas GLI1 and GLI2 function primarily as activators, GLI3
more closely resembles Ci as a functionally bipartite regulator with
the ability to directly repress and activate a common set of target
genes in the absence and presence of SHH, respectively (18).
In the absence of SHH, its transmembrane receptor Patched
(PTCH) inhibits the SHH transducer Smoothened (SMO),
a transmembrane G-protein—coupled receptor (15). This inhibition
promotes phosporylation-dependent proteolytic processing of
GLI3 to an N-terminal repressor (19). Binding of SHH to PTCH
liberates SMO from inhibition, triggering the accumulation and
translocation of full-length GLI3 into the nucleus whereupon it is
phosphorylated and converted to a labile transcriptional activator
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(19). SHH thus dictates the transcriptional output of a cell by
altering the ratio of GLI3 repressor to GLI activator species.
Whereas the GLI3 repressor is known to exert a broad and
essential function in development by antagonizing SHH activity,
emerging studies have also established important developmental
roles for a GLI3 activator function in proper patterning of the
ventral spinal cord, brain, limb digits, inner ear, and sclerotome
(18,20-23). Nonetheless, relatively few studies have focused on the
mechanism by which GLI3 stimulates target gene transcription
in the nucleus. In this regard, we previously showed that SHH-
activated GLI3, through a unique C-terminal transactivation
domain (MED12/Mediator-binding domain, MBD) physically
targets both Mediator and the histone acetyltransferase CBP to
activate transcription (12). Furthermore, we found that the GLI3
MBD targets Mediator through both an unidentified subunit(s),
likely required for MBD-directed Mediator recruitment onto
GLI3-target genes, and MED12 within the kinase module. The
GLI3-MED12 interaction was shown to be functionally important,
because dominant negative disruption of this interaction by over-
expression of the GLI3-binding domain on MED12 (PQL domain)
inhibited GLI3 transactivation in response to SHH. Surprisingly,
however, RNAi-mediated MED12 depletion enhanced GLI3
transactivation induced by SHH, implicating MED12/Mediator
in suppression of GLI3 transactivation activity. Based on these
findings, we proposed a model in which SHH-activated GLI3,
through its MBD, targets the MED12 interface in Mediator to
reverse a Mediator-imposed constraint on GLI3 MBD trans-
activation activity (12). Given the physical and functional in-
teraction between GLI3 and MED12 coupled with the fact that
mutations in each of these interacting proteins elicit congenital
anomaly syndromes with overlapping phenotypes, we hypothesized
that pathogenic mutations in MEDI2 leading to FG and Lujan
syndromes elicit dysregulated GLI3-dependent SHH signaling.
Herein we confirm this prediction with important implications for
the pathology of MED12-associated syndromal XLID disorders.

Results

FG and Lujan Mutations in MED12 Disrupt a Mediator-imposed
Constraint on GLI3-Dependent Shh Signaling. Our prior work
revealed that an essential function of the GLI3 MBD in gene ac-
tivation induced by Shh is to physically bind the MED12 interface
in Mediator to functionally reverse a MED12/Mediator-imposed
constraint on its transactivation activity (12). Notably, the isolated
GLI3 MBD, when fused to a heterologous (ie., Gal4) DNA-
binding domain, will drive high levels of activated transcription in
the absence of Shh through an identical mechanism (12), because
the principal function of Shh is to promote the nuclear accumu-
lation of a full-length GLI3 activator carrying its C-terminal MBD.
This Gal4-MBD-dependent transactivation assay thus offers
afacile means to assess the functional consequences of the FG and
Lujan mutations in MED12 on GLI3 transactivator function.
Therefore, to examine the impact of the FG/R961W and Lujan/
N1007S mutations in MED12 on GLI3 MBD-driven trans-
activation, we initially compared siRNA-resistant WT MEDI12
(MED12r) and its corresponding FG and Lujan mutant derivatives
for their respective abilities to suppress enhanced GLI3
MBD activity observed in cells depleted of endogenous MED12
by RNAi. As seen previously (12), siRNA-mediated MED12
depletion enhanced Gal4-MBD-driven transactivation from
a Gal4-responsive reporter gene due to removal of a MED12-de-
pendent constraint on the GLI3 MBD (Fig. 14). Strikingly,
whereas MED12r was fully competent to reverse this effect, both
the FG and Lujan mutant derivatives were severely compromised
in this ability (Fig. 14). By contrast, neither mutation influenced
the established ability of MED12 to function as a coactivator of
pB-catenin (10); diminished levels of p-catenin-dependent trans-
activation observed following MED12 knockdown were similarly
rescued by WT and mutant MED12r derivatives (Fig. 14). These
results reveal a selective defect in the GLI3-specific suppressor as
opposed to the B-catenin—specific coactivator function of MED12
arising from the FG/R961W and Lujan/N1007S mutations.
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Fig. 1. MED12 mutations R961W and N1007S disrupt a Mediator-imposed
constraint on GLI3-dependent Shh signaling. (A and B, Upper) Hela (A) or
CH310T1/2 (B) cells were transfected or electroporated, respectively, with con-
trol (CNTL) or MED12-specific siRNA and subsequently transfected with an
internal control pact-g-galactosidase expression plasmid along with a pG5-E 1B-
Luc reporter and either Gal4, Gal4-GLI3 MBD, or Gal4-f-catenin (A) or an 8 x 3’
Gli-BS-Luc reporter and GLI3 (B). Where indicated (MED12r), DNA transfections
also included siRNA-resistant WT, FG/R961W, or Lujan/N1007S mutant MED12
expression plasmids. Where indicated in B. CH310T1/2 cells were treated with
conditioned medium from control (-Shh) or Shh-expressing (+Shh) 293 cells.
Normalized luciferase activities were calculated relative to the luciferase activity
obtained in cells transfected with control siRNA and Gal4 (A) or cells transfected
with control siRNA and treated with control-conditioned medium (B). For
comparative purposes on the same plot in A, the relative luciferase activity for
each activator in control siRNA-transfected cells was arbitrarily assigned a value
of 1, yielding a relative transactivation level; their corresponding transactivation
levels in MED 12 siRNA-transfected cells are expressed relative to this value. The
actual transactivation levels for Gal4-MBD and Gal4—g-catenin in these experi-
ments averaged 531-and 211-fold, respectively. Data represent the mean + SEM
of at least three independent experiments performed in duplicate. Asterisks
denote statistically significant differences compared with MED12r WT (Student
t test, *P < 0.05, **P < 0.01). (A and B, Lower) Western blot (WB) analyses of
extracts from representative knockdown/rescue assays using antibodies specific
for either MED 12, the FLAG epitope on MED12r derivatives, or transcription
factor (TF) IIH TFIIH p89 as an internal loading control.

To investigate the impact of the FG and Lujan mutations in
MED12 on GLI3-dependent transactivation induced by Shh, we
comparatively examined WT MEDI12r and its corresponding
R961W and N1007S mutant derivatives for their respective abili-
ties to suppress enhanced Shh-induced activation of a GLI3-re-
sponsive reporter gene (8 x 3’ Gli-BS-Luc) in murine CH310T1/2
cells depleted of endogenous Med12 by RNAi. Previously, we
showed that in CH310T1/2 cells, the 8 x 3’ Gli-BS reporter is
induced by Shh in a manner dependent upon ectopically expressed
GLI3 (12). Consistent with our previous observations (12), Med12
knockdown in CH310T1/2 cells enhanced GLI3-dependent
reporter gene induction in response to Shh (Fig. 1B). Notably, both
the FG/R961W and Lujan/N1007S mutations severely compro-
mised the ability of MED12r to suppress enhanced GLI3-de-
pendent transactivation induced by Shh (Fig. 1B). Taken together,
these results reveal that the FG/R961W and Lujan/N1007S mis-
sense mutations in MED12 disrupt a Mediator-imposed constraint
on GLI3-dependent Shh signaling.

Zhou et al.
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CDKS8 Is a Suppressor of GLI3 Transactivation Activity. To investigate
the mechanistic basis for this disruption, we initially considered the
impact of the FG and Lujan mutations in MED12 on its bio-
chemical properties critical for suppression of GLI3 transactivation
activity. In this regard, we previously showed that the FG and Lujan
mutations in MED12 do not deleteriously impact its intrinsic sta-
bility or its incorporation into Mediator (24). Furthermore, neither
mutation disrupts the interaction of MED12 with GLI3. Thus, WT
MED12 and each of its corresponding FG and Lujan mutant
derivatives bound comparably to full-length GLI3 or the GLI3
MBD in coimmunoprecipation and GST pull-down assays, re-
spectively (Fig. S1). Collectively, these findings suggest that the FG
and Lujan mutations in MEDI12 disrupt its ability to suppress
GLI3-dependent Shh signaling through a mechanism downstream
of its role as a stable GLI3 interface in Mediator.

On the basis of these findings, we therefore sought to clarify
the role of MED12 in Mediator-imposed suppression of GLI3
transactivation activity. Previously, we showed that MED12
anchors CDKS8 in Mediator (10, 24), and others have implicated
CDKS directly in transcriptional repression (25, 26). Therefore,
we asked whether CDKS contributes to suppression of the GLI3
transactivation domain. To this end, we comparatively examined
the influence of CDKS versus MED12 knockdown on the trans-
activation activities of the GLI3 MBD (Gal4-MBD) as well as
that of full-length GLI3 induced by Shh. As a control for these
experiments, depletion of MED23, whose stable incorporation
into Mediator is independent of either MED12 or CDKS (24),
was also evaluated for its influence on GLI3 transactivation

activity. Knockdown of CDKS, but not MED23, triggered en-
hanced GLI3 MBD activity (Fig. 2 A and D) as well as Shh-in-
duced GLI3-responsive reporter (Fig. 2 B and E) and endogenous
Gli3 target gene (Fig. 2C) induction comparably to MED12 de-
pletion, thus implicating CDKS in suppression of GLI3 trans-
activation domain function. To determine whether CDKS kinase
activity is required for this suppression, we comparatively exam-
ined siRNA-resistant WT CDKS8 (CDK8r WT) and a kinase-dead
CDKS derivative (CDKS8r D173A) (25) for their respective abil-
ities to suppress enhanced GLI3 MBD activity triggered by en-
dogenous CDKS knockdown. Compared with WT CDKS, kinase-
dead CDKS8 was unable to constrain the GLI3 MBD, confirming
a role for enzymatically active CDKS8 in suppression of GLI3
transactivation activity (Fig. 2F).

FG and Lujan Mutant MED12/Mediator Complexes Exhibit Impaired
Recruitment of CDK8 onto GLI3-Target Gene Promoters Leading to
Hyperactivated GLI3-Dependent Shh Signaling. Because MEDI12 is
an anchor in Mediator for CDKS, which in turn, suppresses
GLI3 transactivation function, reduced incorporation of CDKS8
into mutant MED12/Mediator complexes could explain how the
FG and Lujan mutations in MED12 disrupt a Mediator-imposed
constraint on GLI3-dependent SHH signaling. To explore this
hypothesis, we examined both the levels of GLI3-dependent
SHH signaling and the physical composition of Mediator in
lymphoblastoid cell lines derived from FG and Lujan patients
harboring, respectively, the R961W or N1007S MED12 missense
mutations. First we monitored by RT-qPCR the expression levels
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Fig. 2. CDK8 kinase activity is required to suppress the Gli3 transactivation domain. HeLa (A) or CH310T1/2 (B and C) cells were transfected or electroporated,
respectively, with control (CNTL), MED12-, CDK8-, or MED23-specific siRNAs and subsequently with an internal control pact-p-galactosidase expression
plasmid along with a pG5-E1B-Luc reporter and either Gal4 or Gal4-GLI3 MBD (A) an 8 x 3’ Gli-BS-Luc reporter and GLi3 (B) or no plasmid DNA (C). Where
indicated (B and C) CH310T1/2 cells were treated with conditioned medium from control (-=Shh) or Shh-expressing (+Shh) 293 cells. Normalized luciferase
activity is expressed relative to the luciferase activity obtained in cells transfected with control siRNA and Gal4 (A) or cells electroporated with control siRNA
and treated with control-conditioned medium (B). Endogenous G/i1T mRNA levels in C were determined by RT-gPCR, normalized to B-actin levels, and
expressed relative to the level of G/i7 RNA in cells treated with CNTL siRNA and control-conditioned medium. Data for all transient reporter assays including F
represent the mean + SEM of at least three independent experiments performed in duplicate. Asterisks denote statistically significant differences compared
with CNTL siRNA (Student t test, *P < 0.05, **P < 0.01). (D and E) WB analyses of extracts from representative assays in A and B, using antibodies specific for
MED12, CDK8, MED23, or TFIIH p89 as an internal loading control. (F, Upper) Hela cells infected with lentiviruses expressing control (CNTL) or CDK8-specific
shRNAs were subsequently transfected with internal control, reporter and activator plasmids as in A. Where indicated (CDK8r), DNA transfections also in-
cluded siRNA-resistant WT or kinase dead (D173A) CDK8 derivatives. Relative luciferase activities were calculated as described in (A). (F, Lower) WB analysis
from a knockdown/rescue assay using antibodies specific for CDK8 or transcription factor (TF) IIEB as an internal loading control. Endogenous (end) CDK8 and
ectopically (ect) expressed FLAG-tagged CDK8r derivatives are indicated.
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of SHH pathway genes including SHH ligand, its downstream
effector, and GLI3-target gene GLII, and SHH/GLI3 target genes
ASCLI, BMP4, CREBS, and NGN2 (12, 27, 28). SHH was
detectably expressed at comparable levels in control (CNTL) as
well as FG and Lujan patient-derived cell lines, indicative of con-
stitutive pathway activation (Fig. 34). Strikingly, however, ex-
pression levels of GLI1, ASCL1, BMP4, CREB5, and NGN2 were
all significantly increased in FG and Lujan patient-derived cells,
suggesting dysregulated (hyperactivated) signaling downstream of
SHH in MED12 mutant cells (Fig. 34). Importantly, enhanced
expression of GLI1,ASCL1, BMP4, CREB5, and NGN2 in FG and
Lujan patient-derived cells was inhibited by cyclopamine (Fig. S2)
as well as RNAi-mediated GLI3 depletion (Fig. S3), confirming
that their induction was indeed both SHH and GLI3 dependent.
Next, we used chromatin immunoprecipitation (ChIP) to
monitor the presence and subunit composition of GLI3 and
Mediator on both the GLII and ASCLI gene promoters in
control as well as in FG and Lujan patient-derived lymphoblasts.
We detected specific occupancy of GLI binding sites, but not
upstream gene sequences, in the GLII and ASCLI promoters by
GLI3 and MED12-containing Mediator in control as well as in
FG and Lujan patient-derived lymphoblasts (Fig. 3 C and E and
Fig. S4). Strikingly, however, whereas CDKS8 was readily detec-
ted on GLI binding sites within the GLII and ASCL1I promoters
in control lymphoblasts, its respective presence on these pro-
moter elements in FG and Lujan patient-derived lymphoblasts
was significantly reduced, suggesting impaired recruitment of
CDKS by mutant MED12/Mediator complexes (Fig. 3 C and E).

Impaired CDK8 Recruitment by FG and Lujan Mutant MED12/Mediator
Complexes Is Manifest in a Gene-Specific Manner. To determine
whether impaired CDKS recruitment into FG and Lujan mutant
MED12/Mediator complexes is restricted to GLI3-target genes,
we extended ChIP analyses to other active genes in control, FG,
and Lujan patient-derived lymphoblasts. For this purpose we
monitored the composition of Mediator on validated PPARYy-
target genes AKT?2 and KLFI10 (Fig. S5), because peroxisome pro-
liferator-activated receptor (PPAR)y is known to be expressed and
active in lymphoid cells (29). AKT2 and KLFI10 were comparably
expressed in control, FG, and Lujan patient-derived cells, indi-
cating no apparent dysregulation of PPARYy signaling in MED12
mutant cells (Fig. 3B). ChIP analysis further revealed specific
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occupancy of PPARy response elements (PPREs), but not up-
stream gene sequences, in the AKT2 and KLFI0 promoters by
PPARy and MED12-containing Mediator in control as well as in
FG and Lujan patient-derived cells (Fig. 3 D and F and Fig. S4).
Importantly, CDK8 was comparably detected on PPARYy response
elements within the AKT?2 and KLF10 promoters in control as well
as FG and Lujan patient-derived cells, indicating that mutant
MED12/Mediator complexes are not defective for CDKS8 re-
cruitment onto PPARy-target genes (Fig. 3 D and F). Taken to-
gether, these findings reveal that impaired CDKS recruitment into
mutant MED12/Mediator complexes is manifest in a gene-specific
manner, occurring on GLI3-target genes but not on PPARy-
target genes.

To extend this analysis further, we comparatively examined the
composition of soluble (nonchromatin associated) Mediator
immunoprecipitated from control, FG, and Lujan patient-derived
cells using antibodies specific for MED30 or CDKS8 within the
Mediator core or kinase module, respectively. Resultant immu-
noprecipitates were then monitored for the presence of additional
Mediator subunits, including components of the head (MED6 and
MED18), middle (MED1 and MED4), tail (MED23), and kinase
(CDK8 and MEDI12) modules. Analysis of MED30-specific
immunoprecipitates from control and patient-derived cells
revealed comparable levels of all Mediator subunits examined,
including CDKS8 (Fig. 44). Concordantly, analysis of CDK8-spe-
cific immunoprecipitates from control and patient-derived cells
revealed comparable levels of all Mediator subunits corresponding
to the four Mediator modules (Fig. 44). These data indicate that
the FG and Lujan mutations in MED12 do not disrupt the re-
cruitment of CDKS into soluble Mediator. Furthermore, analysis
of immunopurified WT and mutant MED12-containing kinase
modules reconstituted from recombinant baculovirus-expressed
proteins revealed comparable levels of all four kinase module
subunits and MED12-dependent kinase activities, indicating that
the FG and Lujan mutations in MED12 do not disrupt the com-
positional or functional integrity of a soluble kinase module (Fig. 4
B and C). Together, these findings indicate that mutant MED12/
Mediator complexes are not compromised for CDKS incorpo-
ration before their conscription onto GLI3-target genes, pro-
viding further support for the concept that impaired CDKS8
recruitment by mutant MED12/Mediator complexes is manifest
in a gene-specific context. Collectively, our findings suggest that

Fig. 3. SHH-responsive GLI3-target genes show enhanced
expression and impaired CDK8 promoter recruitment in FG
and Lujan patient-derived cells. (A and B) RNAs from control
(CNTL), FG, and Lujan patient cells treated without cyclop-
amine (see Fig. S2 for cyclopamine treatment) were used for
RT-gPCR. mRNA levels for each gene were normalized to
p-actin mRNA and expressed relative to their corresponding
mRNA levels in CNTL patient cells. Data represent the mean +

‘W SEM of at least three independent experiments performed in
I“ duplicate. Asterisks denote statistically significant differences

‘W

Lujan

in the relative mRNA levels for each gene compared with their
corresponding levels in CNTL cells (Student t test, *P < 0.05,
**P < 0.01). (C-F) Soluble chromatin prepared from CNTL, FG,
and Lujan patient cells was subjected to immunoprecipitation
(IP) using the indicated antibodies. Immunoprecipitated
chromatin was analyzed by gPCR using primers flanking GLI
binding sites (GBSs) within the GL/7 and ASCLT genes (C and E)
I . or PPARy response elements (PPREs) within the AKT2 and
i KLF10 genes (D and F). DNA occupancy for each protein is
expressed relative to control IgG. Data represent the mean +

SEM of at least three independent experiments performed in

triplicate. Asterisks denote statistically significant differences

in relative DNA occupancy for a given protein compared with

that in control (CNTL) patient cells (Student t test, *P < 0.05).
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a gene-specific CDKS8 recruitment defect into Mediator as a
consequence of pathogenic mutations in MED12 removes a con-
straint on GLI3 transactivation resulting in enhanced SHH signal
output in individuals with FG and Lujan syndromes.

Discussion

Our findings provide a possible molecular explanation for the
phenotypic overlap between congenital anomaly syndromes
arising from mutations in MED12 and its direct interaction
target GLI3. In this regard, we previously reported that the FG
and Lujan mutations in MED12 disrupt epigenetic suppression
of neuronal gene expression imposed by the RE1 silencing
transcription factor REST, suggesting a possible basis to attri-
bute the cognitive deficits associated with these XLID disorders
with altered neuronal development (24). Our findings herein that
the FG and Lujan mutations in MED12 also elicit aberrant
GLI3-dependent SHH signaling not only suggests an additional
basis for cognitive dysfunction through altered brain development
(30, 31), but may further explain a broad range of clinically diverse
non-CNS phenotypes associated with these syndromal disorders.
In this regard, many of the digit, craniofacial, corpus callosal, and
anorectal malformations that typify FG and/or Lujan syndromes
are similarly observed, to varying extents, in congenital anomaly
syndromes (GCPS and PHS) arising from mutations in GLI3 (14,
32, 33). Thus, mutagenic impairment of two interacting compo-
nents within a common signaling pathway could serve to explain
the phenotypic overlap observed in these monogenic syndromes.
Phenotypes restricted to FG and/or Lujan syndromes are likely
explained by defects in REST-dependent and possibly other SHH-
independent signaling pathways that converge on MED12.

Our studies further illuminate the mechanistic basis by which
Mediator modulates GLI3-dependent SHH signaling and how
pathogenic mutations in MED12 disrupt this regulation. Pre-
viously, we reported that MED12 suppresses GLI3 transactivation
activity in response to Shh, and we proposed a model whereby
a Mediator-imposed constraint on GLI3 transactivation is reversed
by direct interaction of the GLI3 MBD with the MED12 interface
in Mediator (12) (Fig. 54). In this context, we envision Mediator to
function much like a rheostat to modulate the magnitude of GLI3-
dependent SHH signal output. However, neither the mechanistic
basis of Mediator-imposed GLI3 repression nor the specific con-
tribution of MEDI12 to this process has heretofore been clarified.
Here, we show that enzymatically active CDKS is responsible for
suppression of GLI3 transactivation activity, and further, that
MED12 most likely contributes to this suppression through its role
as an anchor for CDKS8 in Mediator. A repressive requirement for
CDKS is further substantiated by our findings that the FG and
Lujan mutations in MED12 disrupt Mediator-dependent CDKS8
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recruitment onto GLI3-target gene promoters and concordantly
trigger their enhanced GLI3-dependent transactivation in re-
sponse to SHH signaling. Based on these findings, we propose
a model in which the FG and Lujan mutations in MED12 disrupt
its ability to recruit CDK8 onto GLI3-target gene promoters,
leading to unrestrained GLI3-dependent SHH signaling (Fig. 5B).

Our studies reveal an unanticipated level of gene specificity in
this model. In this regard, we found that the impaired ability of
mutant MED12/Mediator complexes to recruit CDKS is not
a constitutive defect associated with these complexes, because
CDKS was efficiently recruited into soluble mutant MED12/Me-
diator complexes as well as those bound to PPARy-target genes.
Thus, impaired CDKS recruitment by mutant MED12/Mediator
complexes occurs selectively on GLI3-target genes. This may help
to explain why the developmental phenotypes associated with FG
and Lujan syndromes, although profound, are less catastrophic

GLI1: ASCL1
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Fig. 5. Schematic model for how XLID mutations in MED12 disrupt a Me-
diator-imposed constraint GLI3-dependent SHH signaling. (A) In a WT
MED12 background, SHH-activated GLI3, through its MBD, physically binds
the MED12 interface in Mediator to functionally reverse CDK8-mediated
inhibition of GLI3 transactivation activity. The balance achieved between
these antagonistic interactions contributes to the level of GLI3-dependent
gene expression output in response to SHH. (B) FG/R961W and Lujan/N1007S
mutations in MED12 disrupt its ability to recruit CDK8 onto GLI3-target gene
promoters, effectively removing a constraint on Gli3 transactivation activity,
leading to hyperactivated GLI3-dependent SHH signaling. The unknown fate
of cyclin C and MED13 is indicated by a question mark.
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than might otherwise be expected from mutational disruption of an
essential protein linked to multiple developmental pathways.

The identity of the CDKS substrate involved in suppression of
GLI3 transactivation activity is presently unknown, but could cor-
respond to a component of the general transcription machinery or
GLI3 itself, because CDKS has previously been shown to inhibit
transcription by phosphorylation of activators and general tran-
scription factors (25, 26). Our initial efforts to distinguish among
these possibilities indicate that CDKS8 does not phosphorylate GLI3,
pointing to the ostensible involvement of other functionally relevant
CDKS substrates. In this regard, our model for CDK8-mediated
suppression of GLI3 is similar in some respects to that proposed for
Mediator-dependent inhibition of the Rcs/Aftl transcriptional ac-
tivator in yeast, which occurs through CDK8-mediated phosphory-
lation of Saccharomyces cerevisiae Med2 (34). It is thus possible that
CDKS8-mediated phosphorylation of another subunit(s) in Mediator
contributes to suppression of GLI3 transactivation activity.

Finally, regarding the basis by which the FG and Lujan mutations
in MED12 disrupt CDKS recruitment into Mediator, our findings
imply a principal contribution from DNA-bound GLI3, because no
CDKS recruitment defect is associated with soluble mutant
MED12/Mediator complexes or those bound to PPARy-target
genes. We speculate that a distinct GLI3-induced conformational
change in mutant versus WT MEDI12 triggers the gene-specific
dissociation of CDKS8 from mutant MED12/Mediaor complexes. In
this regard, prior work has shown that activator-induced structural
shifts can trigger selective Mediator—-cofactor interactions sufficient
to dictate gene-specific transcription control (35). Our findings
herein suggest that activator-induced structural shifts may also re-
veal the disruptive potential of otherwise latent mutations in Me-
diator, leading to gene-specific transcriptional defects. In summary,
our findings uncover evidence for the gene-specific manifestation of
pathogenic mutations in MED12, leading to dysregulated GLI3-
dependent SHH signaling in individuals with FG and Lujan syn-
dromes. These findings clarify the mechanistic basis of Mediator in
the modulation of GLI3 transactivation activity and shed light on
the pathology of MED12-associated XLID syndromes.
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Methods

Expression and Reporter Plasmids. A complete description of expression and
reporter plasmids used in this study is provided in S/ Methods.

Transfection, Reporter Assays, and RNAi. A complete description of trans-
fection-based transient reporter assays and RNAi is provided in S/ Methods.

Cell Culture. Hela, 293, and CH310T1/2 cell lines were cultured as described
previously (12, 24). Control, FG, and Lujan patient-derived lymphoblastoid
cell lines were established by EBV transformation according to standard
protocols after obtaining informed consent (Self Regional Healthcare In-
stitutional Review Board, Greenwood, SC) and were cultured in RPMI 1640
supplied with 0.3 g/L -glutamine, 2 g/L NaHCO3 (Sigma; R8758), 15% (vol/
vol) FBS (Sigma), 100x antibiotic (Sigma; A5955), and (100 units penicillin/100
1g/0.25 pg)/mL at 37 °C, 10% CO,.

Antibodies. A complete list of antibodies used in this study is provided in
SI Methods.

ChIP. Control, Lujan, and FG patient cell lines were treated with 1% form-
aldehyde for 15 min at room temperature. Cross-linking reactions were
quenched with 0.125 M glycine, and soluble chromatin was obtained by
sonication of pelleted cells in cell lysis buffer (50 mM Pipes [piperazine-N, N-bis
(2-ethanesulfonic acid)], pH 8.0, 85 mM KCl, 1% Nonidet P-40) before pro-
cessing as described previously (24). DNA isolated with a QIAquick PCR pu-
rification kit was subsequently used in gPCR using primers specific for the
GLI-binding sites and upstream gene regions within the GL/T and ASCL1
genes as well as the PPARy response elements and upstream gene regions
within the AKT2 and STAT3 genes. Primer sequences used for ChIP are
provided in S/ Methods.
Additional materials and methods are described in S/ Methods.
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