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ABSTRACT

The Mediator multiprotein complex (‘Mediator’) is
an important transcriptional coregulator that is evo-
lutionarily conserved throughout eukaryotes. Al-
though some Mediator subunits are essential for the
transcription of all protein-coding genes, others in-
fluence the expression of only subsets of genes and
participate selectively in cellular signaling pathways.
Here, we review the current knowledge of Mediator
subunit function in the nematode Caenorhabditis ele-
gans, a metazoan in which established and emerging
genetic technologies facilitate the study of develop-
mental and physiological regulation in vivo. In this
nematode, unbiased genetic screens have revealed
critical roles for Mediator components in core devel-
opmental pathways such as epidermal growth factor
(EGF) and Wnt/p-catenin signaling. More recently,
important roles for C. elegans Mediator subunits
have emerged in the regulation of lipid metabolism
and of systemic stress responses, engaging con-
served transcription factors such as nuclear hor-
mone receptors (NHRs). We emphasize instances
where similar functions for individual Mediator sub-
units exist in mammals, highlighting parallels be-
tween Mediator subunit action in nematode develop-
ment and in human cancer biology. We also discuss
a parallel between the association of the Mediator
subunit MED12 with several human disorders and
the role of its C. elegans ortholog mdt-12 as a reg-

ulatory hub that interacts with numerous signaling
pathways.

INTRODUCTION

In eukaryotes, gene transcription is regulated by transcrip-
tion factors that recognize and bind specific DNA se-
quences in promoters, enhancers or silencers (1). Through
these physical interactions, transcription factors activate
or repress nearby or distant genes. Although the ability
to interact functionally with specific DNA elements is a
key determinant in the selective regulation of gene expres-
sion, transcription factors do not regulate genes in isolation.
Instead, they form regulatory complexes with transcrip-
tional coregulators (coactivators and corepressors). Coreg-
ulators are essential accessory proteins that link transcrip-
tion factors to the core transcriptional machinery such as
RNA polymerase II (Pol II), and that modulate the struc-
ture of chromatin (2-4). The combinations of individual
coregulators that act at a certain promoter ultimately de-
termine whether a corresponding gene is induced or re-
pressed in a particular cell type or physiological condition.
Among the many coregulators that are potentially available
to transcription factors, the multiprotein Mediator com-
plex (henceforth ‘Mediator’) plays a particularly interesting
and central role (5-7). Originally discovered and purified
in yeast as a factor that promotes activator-dependent gene
transcription (8-11), Mediator mechanistically influences
transcription, Pol II activity and chromatin structure and
function in numerous ways; these functions have been ex-
pertly reviewed elsewhere (7,12) and are not covered herein.

Mediator is evolutionarily conserved from yeast to
humans, although many of its subunits display lim-
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ited sequence similarity between species; some homology
assignments (e.g. MED2/MED29, MED3/MED27 and
MEDS/MED24) are thus tenuous and await experimen-
tal validation (13). Overall Mediator composition is also
variable, typically including 25-30 subunits, dependent on
species. Nevertheless, the key overall features of Mediator
structure and function are evolutionarily conserved (13,14).
Mediator from yeast and human cells exhibits a similar
overall architecture comprising four modules that perform
somewhat separable functions: the head and middle mod-
ules contact Pol I, the tail module serves as a docking site
for Mediator-binding transcription factors, and the disso-
ciable kinase module regulates the activity of Mediator and
of Mediator-binding transcription factors (14,15). Head or
middle module subunits are often broadly required for Me-
diator function and transcription, although certain sub-
units play distinct roles in recruitment of preinitiation com-
plex components; in contrast, some tail and kinase module
subunits apparently are not broadly required for transcrip-
tion and instead are essential in specialized developmental
and physiological gene programs (5,16,17). We note that,
although emerging evidence hints at potential functions for
some Mediator subunits independently of the complex and
outside the nucleus (18,19), the specialized roles reviewed
here are thought to originate not from subunit dissociation
but due to individual activities while part of the complex.
Specificity likely arises from selective physical interactions
with transcription factors that contact Mediator and couple
it to a vast number of signaling pathways (20). Such binding
events may produce a specific output by inducing particular
conformational changes within Mediator, a known effect of
transcription factor binding to Mediator (7,12).

In line with this broad range of biological activities, nu-
merous studies now implicate mutations in Mediator sub-
unit genes in diverse human diseases, including cancers,
neurological diseases and developmental disorders (21,22).
The broad spectrum of disease phenotypes and the fact
that the mutations occur in distinct Mediator subunit genes
supports the notion that at least some subunits influence
gene programs in a specific rather than a general man-
ner. However, in many cases the mechanisms underlying
the pathogenicity of these mutations remain poorly under-
stood. This underscores the need to study individual Medi-
ator subunits and their in vivo functions.

Genetically tractable model organisms offer a powerful
approach to investigate the roles that individual Mediator
subunits play in animal development and adult physiology
(23). As many aspects of Mediator-dependent gene regula-
tion are evolutionarily conserved, such studies can provide
insight into the regulatory functions of Mediator and how
Mediator subunit mutations might impinge on these activi-
ties. In this review, we summarize the current knowledge of
Mediator function in the nematode Caenorhabditis elegans,
a metazoan that provides excellent opportunities to study
developmental regulation as well as adult physiology.

TOOLS AVAILABLE AND GENERAL INSIGHTS INTO
MEDIATOR FUNCTION IN C. ELEGANS

Although it has not yet been purified biochemically, se-
quence comparisons predict that C. elegans Mediator con-
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sists of 29 subunits (Table 1; for nomenclature conven-
tions, see (24)). The availability of a fully annotated genome,
genome-wide RNA interference (RNAIi) libraries, large-
scale collections of promoter reporters, and thousands
of mutant strains, including 2000 completely sequenced
strains jointly harbouring nearly a million mutations, col-
lectively provide some insight into Mediator subunit func-
tion in this metazoan (25-28). For example, the expression
patterns of one third of the 29 C. elegans Mediator subunits
have been examined to date by in vivo promoter::gfp fusions,
and most are broadly expressed (e.g. (25,29,30)). These find-
ings align well with the view that Mediator is likely required
for the bulk of Pol II transcription, and suggest that tissue-
restricted expression is unlikely to be a key driver of Medi-
ator subunit selectivity.

Functional studies using genome-wide RINAI libraries
and/or strains carrying mutations in Mediator subunit
genes suggest that many Mediator components are essential
for viability or fertility (28). These requirements are under-
scored by the fact that three Mediator subunit genes were
initially discovered as essential (lethal, /e?) genes: mdt-13 as
let-19, mdt-6 as let-425 and mdt-7 as let-49 (31-33) (Table 1).
Although these studies likely underestimate the number of
essential Mediator subunits (due to RNAI causing a reduc-
tion rather than a loss of gene function and due to the fact
that certain tissues are refractory to RNAI), it is also worth
noting that some Mediator subunit null mutants do not dis-
play lethality or sterility (e.g. cdk-8) (30). Thus, rather than
being universally required for gene transcription, at least
some Mediator subunits appear to participate in specific
signaling events. Below, we outline the current understand-
ing of how individual Mediator subunits regulate specific
developmental and physiological pathways in C. elegans.

MEDIATOR REGULATES DEVELOPMENT VIA AC-
TION UPON DIVERSE PATHWAYS

The power of genetic analysis in C. elegans and in par-
ticular of large-scale forward and reverse genetic screens
has brought to light the key roles that some Mediator sub-
units play during development. Here, we describe the devel-
opmental phenotypes associated with mutations in certain
Mediator subunits, and the mechanisms by which these sub-
units regulate cell fate by modulating the epidermal growth
factor receptor (EGFR)-Ras—mitogen activated protein ki-
nase (MAPK) signaling pathway, the Wnt signaling path-
way or the cell cycle.

Mediator subunits are required to activate and repress
EGFR-Ras-MAPK signaling

The EGFR-Ras-MAPK pathway is a conserved signal-
ing cascade that regulates cell proliferation and differenti-
ation in eukaryotes (34,35). Mutations in the EGFR sig-
naling pathway cause several human developmental syn-
dromes and underlie numerous human cancers (36,37). Sev-
eral Mediator subunits are required for activation or repres-
sion of EGFR pathway activity. Many of these regulatory
roles were first discovered in studies on C. elegans develop-
ment, and were followed later by the description of similar
regulatory mechanisms in human cancers.
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Table 1. List of C. elegans Mediator subunits

C. elegans subunit

Mammalian ortholog

Alternative C. elegans names

Sequence number

Module (14,15)

Known functions

MDT-1.1 MEDI1 SOP-3
MDT-1.2 MEDIL
MDT-4 MED4
MDT-6 MED6 LET-425
MDT-7 MED7 LET-49
MDT-8 MEDS8
MDT-9 MED9
MDT-10 MEDI10
MDT-11 MEDI1
MDT-12 MEDI12 DPY-22, SOP-1, PSA-6
MDT-13 MEDI13 LET-19, PSA-7, PQN-49
MDT-14 MEDI14 RGR-1
MDT-15 MEDI15
MEDI16
MDT-17 MEDI17
MDT-18 MEDI18
MDT-19 MEDI19
MDT-20 MED20
MDT-21 MED21
MDT-22 MED22
MDT-23 MED23 SUR-2
MDT-24 MED24 (MEDS5 in LIN-25
Saccharomyces cerevisiae)
MED25
MDT-26 MED26
MDT-27 MED27 (MED3 in S.
cerevisiae)
MDT-28 MED28
MDT-29 MED29 (MED2 in S.
cerevisiae)
MDT-30 MED30 PQN-38
MDT-31 MED31
CDK-8 CDKS8
CIC-1 CycC

Y71F9B.10 Middle Canonical Wnt signaling (68); cell
cycle quiescence (72)
T23C6.1 Middle
ZK546.13 Middle
YS57E12AL.S Head EGFR signaling; canonical Wnt
signaling (43); embryonic
viability (75)
Y54E5B.3 Middle Embryonic viability (75)
Y62F5A.1 Head
Y62E10A.11 Middle
TO09A5.6 Middle Embryonic viability (75)
R144.9 Head
F47A4.2 Kinase EGFR signaling (50); canonical
and divergent canonical Wnt
signaling (31,43,67); cell cycle
quiescence (72); embryonic
viability (31); axon guidance (30)
KO8F8.6 Kinase Canonical and divergent
canonical Wnt signaling (31,43);
cell cycle quiescence (72);
embryonic viability (31); axon
guidance (30)
C38C10.5 Tail Embryonic viability (76)
R12B2.5 Tail Lipid metabolism: FA
desaturation and B-oxidation
(29,81,83); xenobiotic
detoxification: fluoranthene,
B-naphthoflavene, phenazines
(91,100); heavy metal
detoxification (91); oxidative
stress responses: arsenite,
t-BOOH (82); innate immunity:
P38 MAPK signaling (100)
Absent? Tail
Y113G7B.18 Head
C55B7.9 Head
Y71H2B.6 Middle
Y104H12D.1 Head
C24H11.9 Middle
ZK970.3 Head
F39B2.4 Tail EGFR signaling (41,44); cell
cycle quiescence (72); muscle
development (78); axon guidance
(30); innate immunity:
ERK/MAPK signaling (112)
F56H9.5 Tail EGFR signaling (42); cell cycle
quiescence (72); Innate immunity
(112)
Absent? Tail
C25H3.6 Middle
T18H9.6 Density between head and
tail
WOIAS.1 Density between head and
tail
KO8E3.8 Density between head and
tail
F44B9.7 Density between head and
tail
F32H2.2 Middle
F39HI11.3 Kinase Cell cycle quiescence (72); axon
guidance (30)
HI4E04.5 Kinase Axon guidance (30)

The table lists the 29 putative C. elegans Mediator subunits, their mammalian orthologs, alternative names, sequence number, hypothetical location within Mediator (inferred from (14)), and functions.
Orthologs for MDT-16 and MDT-25 have not yet been identified and may be absent in C. elegans. The table is based on homologies described by Bourbon (13).

The EGFR signaling pathway is broadly required for
C. elegans development, but the hermaphrodite vulva is
the best-studied EGFR signaling-dependent organogenesis
paradigm (38-40). In the nascent vulva, EGFR and Notch
signaling direct three of six equivalent vulva precursor cells
(VPCs) to adopt a vulval cell fate, while the remaining VPCs
adopt a hypodermal fate. VPC fates are exquisitely sensitive
to perturbations in the EGFR-Ras—-MAPK pathway: in-
creased EGFR signaling activity promotes additional VPCs
to adopt the vulval cell fate, leading to a multivulva pheno-
type with ectopic, non-functional pseudovulvae; vice versa,

reduced EGFR signaling activity inhibits the vulval cell fate
and leads to a vulvaless phenotype (38). These phenotypes
have been used to identify positive and negative regulators
of EGFR signaling, including several Mediator subunits.
Forward genetic screens for positive regulators of EGFR
signaling (41,42) uncovered requirements for mdt-23 /sur-2
and for the divergent MED24 ortholog /in-25 (which we
hereby propose to rename mdt-24, in line with the analy-
sis by Bourbon (13)). Both mdt-23 and mdt-24 are essen-
tial for vulva development in C. elegans, as mutants display
a completely penetrant vulvaless phenotype. Both subunits



are required downstream of Ras, as loss of mdt-23 or mdt-
24 suppresses the multivulva phenotype of let-60/ Ras gain-
of-function mutants (41,42). Similarly, the Mediator head
module subunit mdt-6 may also be essential downstream of
Ras, as mdt-6 depletion partially suppresses the multivulva
phenotype in let-60/ Ras gain-of-function mutants (43).

Mechanistically, mdt-23 is required downstream of the
core EGFR signaling cascade (44,45). Specifically, mdt-23
is essential to coactivate a positive regulatory element in
the lag-2 gene, a key EGFR target. In contrast to mdt-23,
the LIN-1/Ets transcription factor represses /lag-2 through
a distinct regulatory element. Together, mdt-23 and lin-1
are required to restrict lag-2 expression to the appropri-
ate VPCs. However, the transcription factor(s) that partners
with MDT-23 to promote /ag-2 transcription has not yet
been identified (44). Interestingly, in murine cells, MED23
binds the Ets-family transcription factor Elk-1 and is re-
quired to coactivate serum response genes (46). However, at
the C. elegans lag-2 promoter, the Elk-1 ortholog LIN-1/Ets
acts exclusively as a repressor (44), suggesting that MDT-23
may not cooperate with LIN-1/Ets to activate this EGFR
target.

mdt-23 and mdt-24 are required for additional develop-
mental events regulated by EGFR-Ras—-MAPK (47), sug-
gesting that these Mediator subunits are generally essen-
tial within this pathway. However, mdt-23 and mdt-24 do
not appear to be required in certain developmental events
(e.g. fluid homeostasis, oogenesis) wherein LET-60/Ras is
activated by an alternate receptor tyrosine kinase, such as
fibroblast growth factor receptor or others (47-49). The
mechanism for this specificity remains unclear, but likely de-
pends on interactions between Mediator subunits and spe-
cific downstream transcription factors.

In contrast to mdt-6, -23 and -24, a requirement for the
Mediator kinase module subunit mdt-12 was identified in
a forward genetic screen for negative regulators of EGFR
signaling (50). Reduction-of-function mutations in mdt-
12 cause a low penetrance multivulva phenotype in wild-
type worms and strongly enhance multivulva penetrance in
worms heterozygous for gain-of-function mutations in /ez-
60/Ras or the EGFR ortholog let-23. mdt-12 is required
downstream of EGFR, as reduction-of-function of mdt-
12 partially suppresses the vulvaless phenotype of a let-
23/EGFR reduction-of-function mutant (50). Beyond this,
the position of mdt-12 in the EGFR-Ras-MAPK pathway
is unclear, although an MDT-12::GFP fusion protein is ex-
pressed in VPCs (50), suggesting a function in these cells,
perhaps in conjunction with LIN-1/Ets. Alternatively, mdt-
12 may prevent ectopic EGF ligand expression in the sur-
rounding hypodermis (skin), as do several other transcrip-
tional coregulators (51).

mdt-23 and mdt-24 promote, whereas mdt-12 inhibits
EGFR-Ras-MAPK signaling. Thus, it would be informa-
tive to conduct genetic epistasis analyses to determine
whether these Mediator subunits regulate each other’s ac-
tivity in this pathway. Such epistatic relationships have been
observed in yeast between the kinase module subunit CDKS
and the tail module subunits MED2, MED3, and MED15
(52,53); it will be of interest to determine whether a similar
relationship exists in metazoans. Furthermore, other Medi-
ator subunits might also regulate EGFR signaling, and the
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C. elegans vulva provides an excellent system to explore this
possibility. In particular, since the kinase module subunit
mdt-12 has already been implicated in vulva development,
the other kinase module subunits, c¢dk-8, cic-1/Cyclin C and
mdt-13 may also negatively regulate this process.

In the last few years, strong parallels have emerged be-
tween the requirements for mdt-23 and mdt-12 in EGFR-
regulated development in C. elegans and the roles of
MED23 and MEDI2 in EGFR-driven tumorigenesis in
humans. MED23 is essential for the proliferation and tu-
morigenicity of human lung cancer cells with hyperactive
Ras mutations, but not in cells lacking Ras mutations (54).
Thus, just as observed decades earlier in C. elegans (41,50),
loss of human MED23 suppresses the effects of activated
Ras, suggesting a potential role in promoting transcrip-
tional activation downstream of Ras. Moreover, in human
melanoma cells, loss of MEDI2 promotes cellular resistance
to chemotherapeutic agents that inhibit the MAPK signal-
ing pathway component BRAF (55,56). This suggests that,
like C. elegans mdt-12 (50), MEDI2 is required to inhibit
MAPK signaling in melanoma cells by acting downstream
of BRAF, perhaps by promoting transcriptional repression
of downstream target genes. Lastly, the two Mediator sub-
units MEDI2 and CDKS8 are mutated or amplified in hu-
man cancers (57), but their impact upon EGFR signaling
in these contexts has not been examined. Overall, the paral-
lels between C. elegans development and human cancer in-
dicate that further study of C. elegans Mediator subunits in
the context of EGFR signaling may yield clinically applica-
ble findings for cancers bearing activating mutations in this
signaling cascade.

Mediator action in the canonical Wnt signaling pathway

The Wnt signaling pathway is an important regulator of
cell fate and of proliferation and self-renewal of stem and
progenitor cells (58). Reduction of Wnt signaling causes de-
generative diseases such as syndromic osteoporosis, whereas
increased Wnt signaling causes multiple human cancers in-
cluding colon cancer and melanoma (59). Several Mediator
subunits are required for canonical Wnt signaling in C. el-
egans development, and some also modulate Wnt signaling
in Drosophila and in human colon cancer (60-62).

The components of the canonical Wnt signaling path-
way are evolutionarily conserved. In the absence of Wnt, the
transcriptional coactivator BAR-1/B-catenin is targeted for
proteasomal degradation (63). Binding of a Wnt ligand to
a Frizzled receptor relocates the BAR-1/B-catenin degra-
dation complex to the plasma membrane, allowing unphos-
phorylated BAR-1/B-catenin to accumulate, enter the nu-
cleus, and coactivate transcription by the TCF/LEF fam-
ily transcription factor POP-1 (63). This canonical Wnt sig-
naling pathway regulates various aspects of C. elegans de-
velopment, including VPC fusion, generation of seam cell-
derived structures (e.g. male tail rays), neuroblast migra-
tion, and somatic gonad development. Additionally, a di-
vergent canonical Wnt signaling pathway, involving the -
catenin orthologs WRM-1 and SYS-1, regulates asymmet-
ric cell division and endoderm induction (63).

In the C. elegans vulva, mdt-12 and mdt-13 are required
for cell fusion events controlled by BAR-1/B-catenin (31).



2446 Nucleic Acids Research, 2015, Vol. 43, No. 4

In the VPCs, BAR-1/B-catenin prevents fusion of the VPCs
with the surrounding hypodermal tissue by inducing the
Homeobox (Hox) transcription factor /in-39 (64). Loss of
mdt-12 or mdt-13 inhibits VPC fusion and suppresses the
ectopic cell fusion phenotype of bar-1/B-catenin mutants,
but not of /in-39 mutants (31). Thus, mdt-12 and mdt-13 ap-
parently act parallel to or downstream of bar-1/B-catenin,
but upstream of /in-39 to promote cell fusion.

Forward genetic screens additionally identified require-
ments for several Mediator subunit genes in Wnt-dependent
cell fate patterning of C. elegans male tail rays. This
process is governed by Hox factors pal-1/Caudal, mab-
5/ Antennapedia and egl-5/ Abdominal-B (65,66). The kinase
module subunits mdt-12 and mdt-13, and the middle mod-
ule subunit mdt-1.1 are required to prevent aberrant acti-
vation of this transcription factor cascade by BAR-1/B-
catenin (67,68). Conversely, the head module subunit mdt-6
is essential for the aberrant BAR-1/B-catenin-driven pal-1
activation in mdt-12 mutants (43). Thus, as seen in yeast
(52,53) and as suggested for Mediator subunit action in
EGFR-driven development, functional opposition between
Mediator subunits apparently occurs in the Wnt signaling
pathway. Interestingly, mdt-23 is not required for BAR-1/8-
catenin-dependent transcriptional regulation of pal-1 (68),
demonstrating that only some Mediator subunits are re-
quired for Wnt signaling.

Mediator subunits are also essential for asymmetric cell
division mediated by divergent canonical Wnt signaling
in C. elegans. Asymmetric division of the T blast cell,
whose daughters can adopt neural or hypodermal fates,
requires lin-44/Wnt and lin-17/Frizzled to establish polar-
ity of the asymmetrically expressed transcription factors
POP-1/TCF and TLP-1/Spl (69,70). In the T cell daugh-
ters, the Mediator kinase module subunits mdt-12 and mdt-
13 are required downstream of /in-17/Frizzled to establish
the asymmetric expression of TLP-1/Spl but not of POP-
1/TCF (31,43). Unexpectedly, the MDT-12 and MDT-13
proteins themselves are distributed symmetrically in the T-
cell daughters (31), suggesting that their activity may itself
be regulated by the Wnt pathway.

Although mdt-12 and mdt-13 are needed in at least three
developmental processes governed by Wnt signaling, they
do not indiscriminately influence all Wnt-regulated devel-
opmental events. QL neuroblast migration, somatic gonad
development and endoderm induction, all regulated by Wnt
signaling, are refractory to loss of mdt-12 or mdt-13 (31).
Thus, various tissues may differentially require mdt-12 and
mdt-13 to implement Wnt-dependent developmental events.

The requirement for C. elegans Mediator kinase module
subunits in Wnt/B-catenin signaling is intriguing, as human
CDKS influences Wnt signaling in colon cancers. Specifi-
cally, CDKS8 expression is upregulated in a substantial frac-
tion of human colon cancer specimens, often due to CDKS
copy number gain (57). Colon cancer cell lines with CDKS
amplification and high B-catenin activity require CDKS
for cell proliferation and tumorigenicity (61). Additionally,
CDKS binds and inhibits E2F1, a negative regulator of B-
catenin activity (60). Thus, CDKS8 directly and indirectly
promotes oncogenic action of B-catenin in human colon
cancer. These data contrast with the inhibitory role of C.
elegans mdt-12 and mdt-13 in Wnt/B-catenin signaling in

male tail patterning (67) and VPC fusion (31). This may sug-
gest evolutionary divergence of the kinase module’s role in
Wnt signaling, or divergence of the roles of individual ki-
nase module subunits in Wnt regulation. Further work is
needed to answer these questions, particularly to elucidate
whether MDT-12 and MDT-13 regulate BAR-1/B-catenin
directly or indirectly in the context of cell differentiation and
fusion.

Developmental regulation by Mediator control of cell cycle
progression

Cell cycle regulation is essential for animal development,
and certain Mediator subunits influence cell fate by regulat-
ing this process. During vulva development, six VPCs enter
a period of cell cycle quiescence, arresting in an extended
G1 phase that lasts from the first larval stage L1 until the
time of their cell fate determination (vulval versus hypoder-
mal fate) in the third larval stage L3 (71). An elegant genetic
screen for regulators of VPC quiescence revealed that mul-
tiple Mediator subunits are required for cell cycle entry or
exit (72). Loss of the middle module subunit mdz-1.1, the
tail module subunits mdt-23 or mdt-24, or the kinase mod-
ule subunits cdk-8, mdt-12 or mdt-13 prevents establishment
or maintenance of VPC quiescence. Depletion of 13 addi-
tional Mediator subunits caused no observable effect on
cell cycle quiescence, suggesting that only some Mediator
subunits are required for this process (72). Mechanistically,
mdt-13 was not required to express the cyclin-dependent ki-
nase inhibitor cki-1, a key effector of VPC quiescence, im-
plying that Mediator regulates the transcription of other,
unknown genes involved in cell cycle quiescence (72). The
six Mediator subunits identified in this screen are required
in multiple cell signaling pathways (see above), suggesting
that Mediator may integrate information from various sig-
naling cascades to coordinate cellular quiescence in devel-
opment.

The requirement for Mediator kinase module subunits in
cell cycle regulation in C. elegans parallels a function of hu-
man MEDI3L. The cellular senescence or cell cycle arrest
induced by a constitutively active Retinoblastoma (RB) mu-
tant depends on MEDI3L (73). In this context, MEDI3L
corepresses RB/E2F, as loss of MEDI3L causes derepres-
sion of the RB/E2F target Cyclin A even when constitu-
tively active RB is present (73). This cooperation between
a kinase module subunit and RB is similar to the role of
Drosophila CDKS8 in parallel to RB as a corepressor for
E2F1 (60). Together, these data suggest that the Mediator
kinase module and RB may target common transcription
factors to regulate the cell cycle. It may be interesting to
explore this hypothesis further using the C. elegans VPC
quiescence model, to determine whether the kinase module
subunits, and other Mediator subunits required in cell cycle
quiescence (72), cooperate with RB in this capacity.

Other developmental phenotypes of Mediator mutants

Besides the roles described above, Mediator subunits are
essential for additional aspects of C. elegans development.
The underlying molecular pathways are less well defined in
these instances, yet these studies elegantly reveal differen-
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Figure 1. Overview of the biological activities of Mediator subunits in C.
elegans. The figure summarizes the roles of C. elegans Mediator subunits
in developmental and physiological pathways. The model is a hypothetical
adaptation of C. elegans Mediator, based on the architecture of human Me-
diator (14). Subunits labeled with a dashed outline lack apparent C. elegans
orthologs. In cases where the homology between yeast and metazoan Me-
diator subunits is tenuous (13), both C. elegans and yeast names are listed
(MDT-24/MEDS5, MDT-27/MED3 and MDT-29/MED?2); note, that the
positioning of these three subunits is particularly speculative in our model.
Putative functions identified in large-scale genetic screens only (i.e. without
further experimental validation) are not listed.

tial Mediator subunit requirements during embryonic and
post-embryonic development.

C. elegans provides an ideal system to study the require-
ments for Mediator subunits in gene-specific versus general
embryonic transcription, as maternal gene products allow
embryos with null mutations in essential genes to survive to
at least the 100-cell stage despite drastically perturbed tran-
scription (74). In this system, depletion of the head mod-
ule subunit mdt-6, the middle module subunits mdt-7 or
mdt-10, or the kinase module subunit mdt-13 causes em-
bryonic arrest at the ~300-cell stage, before cell differenti-
ation and body morphogenesis begin (32,75). Examination
of transcriptional reporters demonstrated that the depletion
of these Mediator subunits prevents the expression of some
stage- or lineage-specific genes, but not of ubiquitously ex-
pressed genes (32,75). In contrast, depleting mdt-14 causes
embryonic arrest at the 100-cell stage due to a broad loss
of transcription as evidenced by loss of Pol II C-terminal
domain phosphorylation (76). Thus, whereas some Media-
tor subunits are required for specific gene programs in early
embryogenesis, mdt-14 is broadly required for transcription.
The latter is in line with the role of MED14 as a structural
backbone of Mediator, connecting the head, middle and tail
modules (14) (Figure 1).

Interestingly, Mediator subunit knockout mice similarly
display differing phenotypes in early embryogenesis. Some
subunits are required for early events such as compaction,
gastrulation or blastocyst differentiation (CDKS, MEDI2
and MEDZ2I), whereas others are required for later events
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such as placental, circulatory system, nervous system or
limb bud development (MEDI, MED23, MED24 and
MED31, respectively; reviewed in (77)). In the future, it
would be interesting to conduct a systematic study to deter-
mine the embryonic requirements for all C. elegans Media-
tor subunits, and whether these requirements involve gene-
specific or global transcriptional regulation.

Several processes during C. elegans larval development
also depend on Mediator subunits. The tail module subunit
mdt-23 was identified in a screen for genes required for mus-
cle development, as mdt-23 depletion causes aggregation of
muscle myosin myo-3 in myofilaments (78). Furthermore,
mdt-23 and the kinase module subunits c¢dk-8, cic-1/Cyclin
C, mdt-12 and mdt-13 are required for correct navigation of
ventral nerve cord axons (30,79). Genetic epistasis analysis
suggested that, in this context, the kinase module may sup-
press the sax-3/ROBO pathway by molecular mechanisms
that remain to be elucidated (30).

MEDIATOR REGULATES DIVERSE ASPECTS OF
ADULT PHYSIOLOGY

A growing number of studies have identified roles for Medi-
ator in regulating adult physiology in C. elegans. Below, we
review Mediator-dependent regulation of three processes:
lipid metabolism, stress responses and innate immune re-
sponses.

Regulation of lipid metabolism by the Mediator subunit
MDT-15

The tail module subunit gene mdt-15 is essential for the reg-
ulation of lipid metabolism in C. elegans. MDT-15 phys-
ically interacts with nuclear hormone receptors (NHRs)
homologous to mammalian hepatocyte nuclear factor 4«
(HNF4a), such as NHR-49 and NHR-64, and also binds
SBP-1, the worm homolog of sterol regulatory element
binding protein (SREBP) (29,80,81). Like sbp-1 and nhr-
49, mdt-15 is required for the expression of the fatty acid
(FA) desaturase genes fat-5, -6 and -7, whose products gen-
erate mono- and polyunsaturated FAs (MUFAs and PU-
FAs). These FAs are required for many aspects of C. elegans
physiology; accordingly, worms depleted of mdt-15 exhibit
pleiotropic phenotypes that can be partially rescued with
dietary PUFAs (29,82,83). The partial nature of this rescue
suggests that, although a substantial fraction of its role in
animal physiology entails maintaining normal FA desatura-
tion, mdt-15 must also be essential for additional processes
(see below).

mdt-15-dependent FA production is particularly impor-
tant for membrane lipid homeostasis. For instance, worms
depleted of mdt-15 activate the endoplasmic reticulum (ER)
stress response due to imbalances in ER membrane lipid
composition (83). Moreover, an mdt-15 gain-of-function
mutation suppresses the cold-sensitive phenotype of a C.
elegans adiponectin receptor mutant (84). Cold sensitivity
is intrinsically linked to membrane fluidity, which in turn
is affected by membrane lipid composition, again implicat-
ing mdt-15 in membrane lipid homeostasis. Additional mu-
tations that increase unsaturated FA production and sup-
press this cold-sensitive phenotype were identified in n/r-
49 (84). Intriguingly, the mutations in mdt-15 and nhr-49
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lie within or near domains that mediate the physical inter-
action between the two proteins (84), suggesting that these
mutations may modulate the MDT-15:NHR-49 interaction
to alter downstream gene expression and membrane lipid
composition. Lastly, mdt-15 was also identified in genetic
screens for genes involved in yolk receptor endocytosis or
endosome trafficking (85,86). Although it is unclear why
mdt-15 is essential for these processes, the mechanism may
involve membrane lipid desaturation, as both screens also
identified FA desaturases and NHRs that promote desat-
urase expression. Additionally, yolk receptor endocytosis
was impaired by loss of mdt-22 or mdt-30, although their
modes of action are unclear (86).

Lipid molecules, and mdt-15-dependent production
thereof, have been proposed to play a role in the regula-
tion of longevity. Long-lived daf-2 /insulin receptor mutants
show altered expression of many genes due to the acti-
vation of downstream transcription factors such as DAF-
16/FoxO (87,88). DAF-16 acts both cell autonomously and
non-autonomously to regulate target gene expression (89).
Interestingly, the cell non-autonomous upregulation of a
DAF-16 target requires mdt-15 even though mdt-15 is not
expressed in the tissue where this gene is induced; the au-
thors thus speculated that mdt-15 may be required for the
synthesis of a lipid molecule(s) that relays inductive sig-
nals to distant tissues (90). In line with its requirement for
daf-16-dependent gene regulation, mdt-15 is also required
for the long lifespan of daf-2 mutants (82,90); however, the
specificity of this requirement is difficult to interpret, as
mdt-15 is similarly essential for the normal lifespan of wild-
type worms and several other long-lived mutants (82,90-
92). Nevertheless, in the wild-type background, PUFA sup-
plementation partially rescues the short lifespan of mdt-15-
depleted worms (29), suggesting that mdt-15 indeed assures
normal life span through its requirement for the synthesis
of certain lipid molecules.

In addition to their role in FA desaturation, mdt-15 and
nhr-49 are also required to express FA B-oxidation genes,
particularly in response to fasting (29,93). However, not all
mdt-15-dependent fasting-induced genes require nhr-49; in-
stead, some nhr-49-independent B-oxidation genes may be
activated by the MDT-15-interacting transcription factor
SKN-1/Nrf2 (94), which is primarily known for its role in
systemic detoxification ((95); see below). Additional MDT-
15-binding transcription factors, especially NHRs (80), are
likely involved in various aspects of mdt-15-dependent reg-
ulation of lipid metabolism, possibly performing redundant
roles (96).

mdt-15 is required to express genes involved in lipid
breakdown (e.g. B-oxidation genes) and in lipid synthe-
sis (e.g. FA desaturases). What, then, is the overall ef-
fect of mdt-15 loss on fat storage? Worms subjected to
mdt-15 depletion exhibit the Clear phenotype often as-
sociated with reduced fat storage (as seen e.g. in worms
with reduced sbp-1/SREBP levels) (81). In agreement with
this finding, mdt-15 depletion results in reduced staining
with the lipid-labeling dye Oil Red O (80). In contrast, re-
cent quantification of overall extractable fats in mdt-15-
depleted worms and mdt-15 hypomorph mutants revealed
that storage triglyceride abundance resembled that of wild-
type worms (83). One way to reconcile these findings is that

potentially the overall neutral lipid levels are similar in wild-
type worms and in animals lacking mdt-15, yet the assembly
of subcellular structures such as lipid droplets is impaired;
this would explain the discrepancy between the morpholog-
ical phenotypes and the extract-based lipid analysis.

How conserved is mdt-15-dependent regulation of lipid
metabolism? In yeast, the MDT-15 ortholog Gall 1 also reg-
ulates genes involved in B-oxidation (97). The interaction
between MDT-15 and NHRs may also be conserved, as
Galll interacts with Oafl, a member of the Zinc-cluster
type transcription factor family that is distantly related to
NHRs (98,99). In mammals, the MDT-15 ortholog MED15
interacts physically and functionally with SREBP, the or-
tholog of SBP-1 (81), but mammalian MED15 is not known
to interact with NHRs. Instead, many NHRs, including the
lipid metabolism regulators HNF4«, PPAR« and PPARYy,
bind MED1 (20). Additionally, mammalian MED14 also
binds SREBP and HNF4« (20). Thus, whereas C. elegans
MDT-15 interacts physically and functionally with tran-
scription factors that regulate lipid balance, mammalian
MED15 may have evolved into a more specialized regulator
of certain aspects of lipid metabolism, distributing its broad
ancestral regulatory roles to other subunits. To investigate
this possible functional divergence, it will be interesting to
determine if C. elegans Mediator subunits other than mdt-
15 are also required for metabolic homeostasis, and to com-
prehensively assess the function of mammalian MEDI5 in
vivo.

Stress response regulation by C. elegans Mediator subunits

Besides its role in lipid metabolism, mdt-15 is also required
for various stress responses. Gene expression studies re-
vealed a large number of putative xenobiotic detoxification
genes that depend on mdt-15 for expression, both in the
absence of toxins and when worms are exposed to xeno-
biotic compounds (91). Accordingly, mdt-15 is required
for resistance to the xenobiotics fluoranthene and RPW-24
and two compounds evoking oxidative stress (82,91,100).
In contrast, mdt-15 is not required for thermotolerance or
for resistance to the glycosylation inhibitor tunicamycin;
similarly, the induction of detoxification genes in response
to several pesticides is not blocked by loss of mdt-15
(83,91,101). This demonstrates that mdz-15 is required for
specific adaptive responses rather than being a universal
stress resistance factor, and argues against the possibility
that knockdown of mdt-15 simply renders worms too sick
to mount a response against all stresses. Instead, mdt-15’s
specificity may originate from the ability of the MDT-15
protein to selectively bind transcription factors that imple-
ment particular stress responses.

Available data suggest that the evolutionarily conserved
detoxification regulator SKN-1/Nrf2 engages Mediator
through MDT-15. Specifically, mdt-15 is required for detox-
ification gene induction and survival on the oxidative stres-
sor arsenite (82), thus phenocopying loss of skn-1 (102).
(As noted above, mdt-15 is also required to induced skn-1-
dependent transcription of certain lipid metabolism genes
(94).) Moreover, MDT-15 and SKN-1 physically interact in
yeast two-hybrid assays via a central, structurally unchar-
acterized region in MDT-15; this region also contributes



to NHR binding (82). In contrast, the N-terminal KIX-
domain, which is required for NHR binding, is dispensable
for SKN-1 interaction. Interestingly, the yeast MDT-15 ho-
molog Galll binds the transcription factor Gen4 via mul-
tiple hydrophobic bonds in a ‘fuzzy complex’, which may
allow protein-protein interactions to be easily adapted and
dissociated (103-105). Such a binding mode may also apply
for MDT-15, perhaps especially for NHR binding, which
apparently engages at least two surfaces. Further investiga-
tion of the interactions between MDT-15 and its partner
transcription factors should clarify whether ‘fuzzy complex’
formation is evolutionarily conserved.

mdt-15 is also required for the oxidative stress response
to tert-butyl hydroperoxide (z-BOOH), which differs from
the arsenite response by engaging different target genes and
by being largely skn-I-independent (82,102). Potentially,
MDT-15-interacting NHRs are required for this transcrip-
tional response, e.g. nhr-64, which is required for survival
on -BOOH (82), or nhr-8 and nhr-114, both of which en-
gage in detoxification responses (106,107) and interact with
MDT-15 in yeast-two hybrid assays (80,108). --BOOH in-
duced genes that strongly depend on mdt-15 but are refrac-
tory to loss of skn-1 will be useful tools to identify the fac-
tors that cooperate with mdt-15 in this regulatory context.

Mediator subunits other than mdt-15 are also required
for stress responses. Two Mediator subunits were identi-
fied in a screen for cytoprotective genes conferring stress
responses and/or longevity (109). mdt-26 is required to in-
duce chaperones of the ER and mitochondrial UPR, as well
as a detoxification gene responsive to sodium azide. mdt-
26 knockdown causes decreased resistance to sodium azide,
cadmium and paraquat (109). Additionally, mdt-26 is re-
quired for the normal lifespan of wildtype worms and for
the longevity of daf-2 and eat-2 (a genetic mimic of dietary
restriction) mutants (109,110). The same screen also identi-
fied putative roles for the kinase module subunit gene mdt-
12, which is weakly required for detoxification gene induc-
tion, for resistance to paraquat and sodium azide, and for
the extended lifespan of some mitochondrial mutants, but
not daf-2 or eat-2 mutants (109). Another study showed that
mdt-12 is essential to induce the oxidative stress response
gene gcs-1 upon arsenite exposure, although it is not re-
quired for arsenite resistance per se (111). In sum, both mdt-
26 and mdt-12 may have broad cytoprotective activities that
deserve further attention, as relevant mechanisms remain
undefined at this time. Moreover, these data support the no-
tion that MDT-12 is a regulatory hub (see below) not just
in developmental but also in physiological settings.

Mediator subunits participate in innate immune responses

Three tail module subunits of Mediator contribute to in-
nate immune responses in C. elegans. mdt-15 is required
for the innate immune response against the opportunistic
bacterial pathogen Pseudomonas aeruginosa. Specifically,
mdt-15 is essential to induce immune effectors downstream
of the p38 MAPK PMK-1 upon P. aeruginosa infection
and for pathogen resistance (100). Additionally, mdr-15, but
not pmk-1, is essential for the resistance to P. aeruginosa-
produced phenazine toxins, and mdt-15 is also required to
induce PMK-1-independent immune effectors. Thus, mdt-
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15 apparently plays a dual role in the response to P. aerug-
inosa, mediating the response to bacterial infection by reg-
ulating PMK-1-dependent and -independent innate immu-
nity genes, and mediating the response to bacterial toxins by
regulating as yet undetermined target genes. In the future, it
will be interesting to determine which MDT-15-interacting
transcription factor(s) confers the PMK-1-dependent im-
mune response. Together with the findings on MDT-15s
role in the response to xenobiotic compounds, heavy metals
and oxidative stress, these results suggest that MDT-15 is
a key coregulator in the adaptation to environmental chal-
lenges, at least in C. elegans.

Two other Mediator tail module subunits, mdt-23 /sur-2
and mdt-24/lin-25, are required for a distinct pathogen re-
sponse, namely infection by Microbacterium nematophilum
(112). In C. elegans, infection by these bacteria causes a
swollen tail phenotype that reflects the normal immune re-
sponse of the host (113). A screen for mutants that sup-
press infection-induced swelling revealed alleles of mdt-23
and mdt-24 (112). Interestingly, extracellular signal regu-
lated kinase (ERK) MAPK pathway reduction-of-function
mutants also suppress infection-induced swelling, thus phe-
nocopying mdt-23 and mdt-24 mutants, and genetic epista-
sis experiments showed that mdr-23 and mdt-24 act down-
stream of MAPK in this immune response (112). As de-
scribed above, mdt-23 and mdt-24 are also required down-
stream of EGFR-Ras-MAPK signaling in vulva develop-
ment; thus, MAPK signaling pathways similarly engage
mdt-23 and mdt-24 as downstream effectors in organo-
genesis and in an adult adaptive response. Additionally,
the strong functional overlap between mdt-23 and mdt-24
suggests a shared underlying mechanism of action, per-
haps involving physical interactions of these Mediator sub-
units with EGFR-regulated transcription factors such as
LIN-1. By extension, given that mammalian MED23 is
required downstream of MAPK signaling pathways (54),
it would be worthwhile testing for similar roles for mam-
malian MED24.

REGULATORY HUB ACTIVITY OF mdt-12

Network theory can be used to analyze patterns of ge-
netic interactions. Gene networks of various origins typ-
ically conform to a common format, wherein most genes
interact with relatively few other genes, and a few genes
form highly connected regulatory ‘hubs’ (114). A high-
throughput screen for pairwise genetic interactions in C. el-
egans revealed that the Mediator subunit mdt-12 is such a
regulatory hub (115). In this screen, ~65 000 genetic inter-
actions were directly tested by analyzing the phenotypes of
37 ‘query’ mutant strains (covering 31 genes) subjected to
RNAI of 1750 ‘library’ genes (selected for their annotation
as cell signaling-related genes). Strikingly, mdt-12 was one
of six library genes that interacted genetically with multiple
query genes, including genes involved in EGFR signaling,
Notch signaling, Wnt signaling and cell death/migration
(115). Thus, in this genetic network, mdt-12 is one of the six
highly connected hubs that bridge multiple signaling path-
ways (Figure 2). Interestingly, mdt-12 and the other can-
didate hub genes enhanced the loss-of-function phenotype
of genes involved in processes unrelated to cell signaling
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Figure 2. mdt-12 is a regulatory hub with links to human disease. C. elegans
mdt-12 interacts genetically with multiple signaling pathways, indicating a
role as a regulatory hub. In addition, mdt-12 interacts genetically with sev-
eral additional cellular processes, implying a role as a general buffer against
genetic perturbations. Similarly, human MED12 mutations are implicated
in multiple developmental diseases or somatic tumors and are associated
with perturbed cell signaling. Asterisks (*) indicate genetic interactions
with pathways/processes that were identified in a genetic screen (115) but
have not been further validated. IEG: immediate-early genes. ID: intellec-
tual disability; IGF: insulin-like growth factor.

(115). This indicates that mdt-12 acts as a genetic buffer to
moderate the effect of genetic perturbations in an organ-
ism. The results of this screen are supported by previous
studies that implicate mdz-12 in multiple pathways, includ-
ing EGFR signaling, Wnt signaling and cell cycle regula-
tion (see above), as well as in overall animal fertility (50).
Furthermore, mdt-12 may also be required for cytoprotec-
tive functions in adult animals (109,111), indicating that its
role as a regulatory hub may also extend to control of adult
physiology.

All hubs identified in this screen are components of tran-
scriptional coregulator complexes or chromatin modifying
complexes, suggesting that such proteins integrate inputs
from multiple pathways to effect the correct cellular re-
sponses. However, mdt-12 was the only Mediator subunit
identified as a hub, as md-23 and mdt-24, which were in-
cluded as query genes, interacted with very few genes (115).
This suggests that mdt-12 may occupy a unique role in
Mediator as an integration site for various pathways. Sys-
tematic testing of pairwise genetic interactions between cell
signaling pathway mutants and Mediator subunit mutants
may be useful to determine whether additional Mediator
subunits also serve as hubs in C. elegans.

The fact that MEDI2 is implicated in diverse human
diseases may suggest that its role as a regulatory hub is
evolutionarily conserved (Figure 2). Germline mutations
in MEDI2 cause intellectual disability syndromes such as
Opitz-Kaveggia syndrome, Lujan syndrome and Ohno syn-
drome (Maat—Kievit-Brunner type) (116), which are asso-
ciated with disrupted immediate early gene expression (117)
or sonic hedgehog signaling (118). Additionally, somatic
MEDI2 mutations occur in over 50% of uterine leilomyomas
and breast fibroadenomas (reviewed in (119)), and have also
been found in some prostate cancer samples (120). Thus, by
interacting with diverse signaling pathways, and hence con-
ferring a risk for diverse pathologies, human MEDI2 may

represent a regulatory hub as described for C. elegans mdt-
12.

CONCLUSIONS

Mediator is an elaborate multiprotein complex that per-
forms a broad variety of molecular functions and partici-
pates in a remarkable collection of cellular signaling path-
ways. Although much progress has been made in delineat-
ing its molecular functions, the biological, whole-organism
activities of many individual Mediator subunits remain elu-
sive. Studies on C. elegans Mediator have been extremely
insightful in this regard, providing critical information on
requirements for Mediator subunits in specific developmen-
tal and physiological pathways, many of which were later
found to have parallels in mammalian and human biol-
ogy. In the future, it will be important to comprehensively
identify the specific activities of each individual Mediator
subunit. With its powerful experimental toolbox, C. ele-
gans should help reveal tissue-specific activities of Medi-
ator subunits, a relevant line of investigation considering
that several subunits (e.g. mdt-23 and mdt-24) act in both
developmental and physiological regulatory contexts that
engage distinct tissues. Moreover, chromatin immunopre-
cipitation and transcriptome studies should reveal genomic
occupancy of and genes regulated by individual Mediator
subunits in specific developmental and physiological con-
texts. Such studies are complicated by fact that whole an-
imals are composed of many distinct tissues, but emerging
techniques such as the purification of specific cell types from
whole worms may provide cell populations of appropri-
ate homogeneity (121). Lastly, the recent successful adap-
tation of the CRISPR /Cas9 genome editing technology in
C. elegans (122) will enable the introduction of disease-
associated point mutations in Mediator subunits in the na-
tive genomic context. Combined with existing knowledge
on e.g. Mediator subunit action in developmental pathways
that parallel signaling circuits deregulated in human can-
cers, such studies are well suited to assess whether and how
disease-associated mutations in human Mediator subunits
alter cognate pathway activity. Compared to similar meth-
ods in mammalian models, this represents a rapid and com-
parably inexpensive method to investigate pathological mu-
tations. Thus, studies on C. elegans Mediator will continue
to be a valuable tool in basic and translational biomedical
research alike.
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