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Abstract

Transcriptional dysregulation induced by disease-defining genetic alterations of proteins in
transcriptional machinery is a key feature of cancers. MED12 is the central architectural subunit in
the kinase module of Mediator, a large transcriptional regulatory complex that controls essential
steps of transcription. Emerging evidence links deregulated MED12 to human cancers. MED12is
frequently mutated in benign tumors and cancers. While the missense mutations of MED12in
benign tumors disrupt the kinase activity of Mediator, MED12 mutations in cancers could
eliminate the interaction between Mediator complex and RNA polymerase 11, leading to severe
transcriptional misregulation. Aberrant expression of MED12 is associated with the prognosis of
various types of human cancers. Loss of MED12 function has been associated with the
development of resistance to chemotherapeutics. Moreover, MED12 is modified by post-
transcriptional regulations. Arginine methylation of MED12 has been shown to regulate MED12-
mediated transcriptional regulation and response to chemotherapeutics in human cancer cell lines.
In this mini-review, we will provide an overview of the roles of MED12 in the development of
benign and malignant tumors as well as its roles in chemo-resistance. The studies of MED12
exemplifies that aberrant transcriptional programming is a therapeutic vulnerability for certain
types of cancer.
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MEDIATOR COMPOSITION AND FUNCTIONS

Using genetic and biochemical approaches, the Mediator of RNA polymerase 11 (RNAPII)
was first identified in 1990s as a central integrator for transcription through interaction with
gene-specific transcription factors as well as RNAPII, both in yeast and mammalian cells.
Mediator is a multi-subunit complex, comprised of 25 subunits in budding yeast and
approximately 30 subunits in humans. Because Mediator interacts with over 3000
transcription factors (TFs), it controls a vast array of the gene transcription in an
evolutionarily conserved manner.! Mediator is assembled in four distinct modules, termed
“head”, “middle”, “tail”, and “kinase”.2 Structural and biochemical data obtained from yeast
and humans revealed that the head and middle modules are functionally essential for
transcription regulation, whereas the tail and CDK kinase modules play regulatory roles.:
Mediator interacts with RNAPII primarily through head module contacts. Gene-specific TFs
generally bind Mediator through its tail and kinase domains, then transduce the regulatory
information through the middle and head modules of Mediator to RNAPII (Figure 1). Thus,
all Mediator modules are involved in gene-specific transcriptional regulation and the
architecture of Mediator enables long-range gene activation.

FUNCTIONS OF MED12 IN MEDIATOR COMPLEX AND PHYSIOLOGICAL
PROCESSES

MED12, along with MED13, Cyclin C (CycC), and either CDK8 or CDK19, comprise the
“kinase” module that reversibly associates with the core Mediator. MED12 activates the
kinase activity of CDKS8 by bridging the interaction between MED13 and CycC-CDK8
(Figure 1). The kinase-stimulating activity of MED12 depends on its direct interaction with
CycC.3 CycC, a highly conserved cyclin family member, consists of a negatively charged
surface groove mediating its CDK8-binding as well as a CycC-specific surface for MED12
binding. MED12 binds to CycC via its N-terminus encoded largely by exons 1 and 2, where
the hotspot mutations most frequently reside in hormone-dependent tumors. 3 Notably,
reciprocal mutation of residues at the interface of MED12 and CycC on either protein
uncouples CycC-CDKS8 from core Mediator and severely impairs CycC-dependent CDK8
kinase activity.* Moreover, MED13 interacts with the C terminus of MED12 and plays an
allosteric role in regulating the interaction between a mutant form of MED12 and CycC-
CDK&8/CDK19. Thus, when MED13 is present, mutant MED12 can bind, but is unable to
activate CycC-CDK8/CDK19.° These studies implicate MED12-CycC interface as a
putative target in CDK8-driven cancers.

Because MED12 regulates essential physiological processes such as development and cell
fate determination, deregulation of MED12 is often linked to human cancers. MED12
knockout mice elicit full developmental arrest at E7.5, demonstrating that MED12 plays
critical roles in early development.5 MED12 (also called TRAP230 or HOPA) maps to Xq
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13.1, a region highly mutated (~70%) in uterine leiomyomas. Missense mutations of
MEDI12 can cause X-linked mental retardation, notably Opitz-Kaveggia syndrome (also
known as FG syndrome) and Lujan-Fryns syndrome.’:8 The protein encoded by MED12L
shares 67% amino acid sequence similarity to MED12 and contains MED12-like PQL and
OPA domains,* thus MED12L may compensate MED12 function in a context-dependent
manner (Figure 2). This review will provide an overview of MED12 in human
carcinogenesis and its regulation of therapeutic drug response.

MED12 MUTATIONS IN HUMAN CANCERS

With the advance of next generation sequencing, the incidence of MEDI2 missense
mutations in human tumors have been continuously growing. MED12 mutations occur at a
high frequency (59-80%) in estrogen-dependent benign tumors, including uterine
leiomyomas and fibroadenomas and phyllodes tumors of the breast. These mutations are
clustered on highly conserved amino acids residues (L36, Q43 and G44) mapped to exon
2.9-11 As described above, MED12 activates CycC-CDKS8 through a direct interaction
between MED12 amino acids 1-100 (encoded by exons 1 and 2) and a conserved surface
groove on CycC. Therefore, the benign tumor-linked mutations at the MED12 CycC-binding
interface substantially impair CycC binding and CDK8 activation, leading to global gene
expression changes in MED12 mutant expressing tumors. Because the kinase module is the
regulatory unit in the assembly of transcription complex engaging signal-activated TFs,
alteration of genes in transforming growth factor-g (TGF-B), Wnt/B-catenin and estrogen
receptor a (ERa) signaling pathways have been reported, which may lead to initiation of
tumorigenesis. Moreover, uterine leiomyomas associated MED12 mutation, Med12c.
131G>A, was reported as a “gain-of-function” mutation, which causes genomic instability
and drives tumor formation.12

Large-scale genomic analyses have identified highly recurrent MED12 somatic mutations,
albeit at a lower frequency, in hormone-dependent cancers, such as breast cancer, prostate
cancer, and ovarian cancer, as well as in other cancers, such as lung cancer, colon cancer,
and leukemia. Notably, the spectrum of MED12 mutations and cell types harboring MED12
mutations are different between benign tumors in estrogen-responsive tissues and in cancers.
Barbieri et. al. reported recurrent MED12 missense mutations in 5.4% of prostate cancer by
exome sequencing.!3 In contrast to MED12exon 2 mutations found in the stromal stem cells
in uterine leiomyomas, the MED12 mutation in prostatic carcinoma resides in exon 26. The
prominent mutation found in epithelial cells is the substitution of leucine 1224 by
phenylalanine (L1224F). MED12 mutations in prostate cancer has been proposed to interfere
with the androgen signaling pathway and the CDK8-dependent transcriptional regulation of
p53.13 However, this notion was challenged by the finding of Kampjarvi and colleagues that
the L1224F mutation affects neither the interaction between MED12 and Cyclin C-CDK8/19
in the kinase module nor the Mediator-associated CDK activity. Rather, the L1224F
mutation on MED1?2 effected its binding to other Mediator subunits (MED1, MED13,
MED13L, MED14, MED15, MED17, and MED24).14 In order to validate the prevalence of
MED12p.L1224F mutation, Stoehr et. al. analyzed a cohort of Caucasian patients with
prostate cancer (n=223) and could not detect MED12 p.L1224F mutation in any cases.1®
Similarly, Yoon and colleagues investigated the mutation sites in exons 2 and 26 of MED12
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among 102 Korean patients who underwent radical prostatectomy for prostate cancer and
could not identify MED12 mutations.1® Thus, the prevalence of MEDI2somatic mutations
in prostate cancer, and functional effects of the mutation in prostate carcinogenesis requires
further study.

The distribution of MED12 mutations in leukemia is diverse. The first identified MED12
mutation (c.97G>T, p.E33X) in T-cell acute lymphoblastic leukemia (T-ALL) is a nonsense
mutation.1” The mutation affects the last codon of exon 1 and results in the usage of
alternative translation start site. As the result, an N-terminal truncated protein was generated
which failed to localize to the nucleus due to the absence of nuclear localization signal
(NLS).17 The mis-localization of MED12 abrogates its interaction with other Mediator
components.}? Subsequent genome-sequencing identified additional MED12 mutations
including a frame shift mutation p.V167fs, a missense mutation p.R1989H, and a splice site
mutation g.chrX:70339329T>C.18 Interestingly, nearly 60% of MED12 mutations were
identified from immature T-ALL cases, implying that pediatric T-ALL harbor genomic
complexity. Identifying early disease driven mutations will help to stratify patients for
personalized treatments.18:19 In Chronic Lymphocytic Leukemia (CLL), N-terminal MED12
mutations were identified with a frequency of 5.2% (37/709), 6.9% (12/188), and 8.8%
(10/110) in three independent studies.20-21 NOTCH signaling is known to regulate
differentiation and tumorigenesis in multiple cancers, such as CLL.22 Although the
occurrence of MED12and NOTCHI mutations in CLL are mutually exclusive, NOTCH1
intracellular domain (NICD), the active form of NOTCH1, were found elevated in CLL
samples harboring MED12 mutations. Because NICD is a substrate of Cyclin C-CDK8
kinase, this finding is congruent with the N-terminal MED12 mutations affecting CDK8
kinase activity and NOTCH1 activation. Therefore, mutating MED12 appears to be an
alternative route to activate NOTCH signaling in CLL pathogenesis.19:21

MED12 mutations have also been identified in colorectal cancer (CRC), gastric cancer, and
non-anaplastic thyroid cancer by next-generation sequencing. A MEDI12exon 2 mutation
was observed in 389 patients with colon cancer (0.3%).23 Subsequent reports by Kampjarvi
et. al. and The Cancer Genome Atlas (TCGA) Network identified two MED12exon 2
mutations in 392 (0.5%) and 224 (0.4%) CRC samples, respectively, indicating that
mutations of MEDI12are rare and may not contribute to CRC tumorigenesis.23-25 The
frequency of MEDI2mutations is much higher in hereditary diffuse gastric cancer and non-
anaplastic thyroid cancer. MED12 mutations occur in 48% (14/30) of sporadic gastric
cancers (ILe1115Thr) and in 14% (8/57) of non-anaplastic thyroid cancers (Gly44Cys).26:27
However, the number of patients in these series were small and these findings require
validation. To date mutations of MED12do not appear to correlate with prognosis, and the
clinical relevance of MED12 mutations in pathogenesis of these cancer types remains to be
determined. It is unclear if MED12 mutations are passenger or driver mutations and if
MED12 mutations alter essential signaling pathways that cancer cells become addicted to.

Collectively, MED12 mutations are frequently found in different human cancer types,
meeting the criteria of so-called “cancer driver genes” identified through large-scale
genomic analyses.28 Coincidentally, a functionally related MED12L was implicated as a
putative cancer driver gene in oral squamous cell carcinomas.2® The spectrum of MED12
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mutations in human cancers is diverse, and distinct from mutations noted in benign tumors,
in which mutations are largely clustered in exon 2. Table 1 and Figure 2 illustrate the
MED12mutations in different types of cancers in the COSMIC database (the Catalogue of
Somatic Mutations in Cancer, http://cancer.sanger.ac.uk). Additional studies are needed to
determine mutation prevalence using large cohorts of samples, and interrogate the functional
significance of MED12mutations in human carcinogenesis.

DEREGULATION OF MED12 EXPRESSION IN HUMAN CANCERS

In addition to mutations, MED12 is often overexpressed in human cancers (Table 1).
Nuclear accumulation of MED12 can be detected in 40% of castrate-resistant prostate
cancers (CRPC) and 20% of locally recurrent prostate cancers (LOC), as compared to less
than 11% in the androgen-dependent prostate cancer, and non-detectable level in the benign
prostatic tissues.30 Because knockdown of MED12 decreases proliferation, reduces G1- to
S-phase transition, and increases cell cycle inhibitor p27 level, MED12 expression levels
have been associated with a high proliferative index. Positive feedback regulation between
TGF- signaling and MED12 transcriptional function has been reported. The activation of
TGF-p signaling stimulates the nuclear accumulation of MED12 in cell lines, while
knocking down MED12 reduced the expression of TGF-p target genes, such as vimentin.
Moreover, genomic and epigenomic dysregulation of the MED12/MED12L axis also occurs
frequently in CRPC. These studies indicate that MED12 may promote the proliferation of
prostate cancer cells and contribute to anti-androgen resistance.30

In contrast to prostate cancer, MED12 expression shows the opposite prognostic association
in breast cancer patients. Higher MED12 expression is associated with longer relapse-free
survival (RFS) in patients treated with chemotherapy.31:32 The expression levels of CDK8
positively correlate with MYC, as well as CDK19, CycC, and MED13 in breast tumors but
are inversely correlated with MED12. Moreover, p53 mutant expressing breast tumors
typically have higher levels of expression of CDK8, CDK19 and CycC but lower levels of
expression of MED12, indicating that MED12 may have distinct roles in regulating the
CDKS8 kinase module, or eliciting kinase module-independent function in breast cancers.33

The level of MED12 expression is important for hematopoietic stem cell (HSC)
homeostasis, as /n vivo knockout of MED12 results in rapid bone marrow aplasia, leading to
acute lethality. Aranda-Orgilles and colleagues showed that MED12 maintains HSC function
in a cell-autonomous manner and is independent of CycC/CDKS, as deletion of mediator
kinase module subunits does not affect HSC survival. MED12, together with p300, preserves
the enhancers in an active state. Loss of MED12 causes depletion of H3K27Ac, an active
histone modification marked by p300, at the enhancers of essential HSC genes and abrogates
hematopoietic-specific transcriptional programs. This MED12-dependent enhancer
regulation may be essential for maintaining the normal physiological functions of HSC, and
as a result, aberrant regulation leads to malignant hematopoiesis.3* MED12 expression is
also strongly associated with the sensitivity of leukemia to chemotherapeutics. In Jurkat
leukemia cells, loss of MED12 prevented cells from entering apoptosis following T
chemotherapy18.
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The oncogenic function of MED12 may involve crosstalk with oncogenic signaling
pathways in ovarian and lung cancer. Loss of MED12 decreases the expression of EGFR in
epithelial ovarian cancer (EOC). This coincides with the positive correlation of MED12 with
EGFR expression in EOC patients. MED12 knockout in ovarian cancer cell lines decreases
EGFR protein levels. Thus, MED12 may regulate the dormancy of EOC through regulation
of EGFR.3° Besides the function of MED12 in genomic signaling, MED12 was reported to
activate TGF-beta receptor 2 (TGFBR2) in the cytoplasm, constituting a non-genomic
signaling pathway. MED12 has been detected in both the nucleus and cytoplasm in lung
cancer cells. It is highly plausible that MED12 in different cellular compartments elicits
different functions: nuclear MED12 may be involved in modulating the function of CDK8
kinase module to regulate transcription, whereas the cytoplasmic MED12 might interact
with cell surface growth factors such as TGFBR2, both of which may contribute to
therapeutic drug resistance. How MED12 cellular localization is regulated and the
contribution of nuclear vs. cytoplasmic MED12 to the development of cancers are questions
that remain to be elucidated.

FUNCTIONS OF MED12 METHYLATION IN HUMAN CARCINOGENESIS

Transcriptional abnormalities caused by aberrant epigenetic events are an emerging theme of
the cancer epigenome.36 TFs, co-factors, and epigenetic enzymes are often subjected to post-
transcriptional modifications (PTMs) that regulate their respective activities. Protein arginine
methylation catalyzed by protein arginine methyltransferases (PRMTSs) in mammalian cells
share many of the attributes with other covalent modifications.3” We have identified MED12
as a substrate for coactivator-associated arginine methyltransferase 1 (CARM1), which
asymmetrically dimethylates protein substrates on the arginine residues.3® We have shown
that the expression levels of CARM1 and MED12 in cancers are positively correlated. In
addition, their high expression often predicts better prognosis in breast cancer patients
treated with chemotherapy. We identified two MED12 methylation sites, arginine 1862
(R1862), and arginine 1912 (R1912).38 By searching the COSMIC database (http:/
cancer.sanger.ac.uk/cancergenome/projects/cosmic/) for mutations on R1862 and R1912, we
found that R1862 is mutated in a case of lung carcinoma, and a somatic, homozygous
mutation at R1912 was identified in a melanoma from a patient who developed resistance to
combined treatment with RAF and MEK (mitogen-activated protein kinase) inhibitors. Most
recently, Mark Bedford’s group reported a third CARM1-catalyzed MED12 methylation
site, arginine 1899 (R1899), is involved in recruitment of the Tudor domain-containing
effector molecule (TDRD3), and potentiates the interaction of MED12 with activating
noncoding RNAs (ncRNAs).39 These studies suggest that MED12 is modulated by
methylation and possibly other PTMs, and distinct methylation sites may engage different
functions of MED12 in cancer cells.

MED12 IN DRUG RESISTANCE

The finding of and mechanism by which MED12 is involved in mediating therapeutic drug
response were described in two studies. It is known that mutations of oncogenes could be

acquired during the course of treatment and lead to failure of response to therapeutic drugs.
Lung cancers harboring activating EGFR mutations develop resistance to EGFR inhibitors.
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Similarly, melanomas with activating BRAF mutations develop resistance to BRAF
inhibitors. Using a large-scale RNAI screen, Huang and his colleagues identified MED12 as
a predictor of response to ALK and EGFR inhibitors in non-small-cell lung cancer (NSCLC)
cells.#0 They noted that a portion of MED12 is localized in cytoplasm, where it physically
interacts with TGFBR2 and negatively regulates TGFBR2 signaling. MED12 suppression is
accompanied by activation of TGF-pR signaling through the RAS-RAF-MEK-ERK
pathway, causing resistance to EGFR, ALK, and BRAF inhibitors. In MED12-deficient
cells, the inhibition of TGF-BR signaling could restore drug responsiveness, indicating that
TGF-BR signaling is downstream of MED12 and ablation of both induces synthetic lethality
in MED12-deficient, drug-resistant tumors.*% The findings by Huang and colleagues
highlight the causal effects of MED12 deficiency in tumor resistance to tyrosine kinase
inhibitor treatment (Figure 3).4041 Reduced MED12 function was later confirmed by Rosell
and colleagues as a hallmark of resistance to tyrosine kinase inhibitors in EGFR-mutant
NSCLC.#2 In contrast to NSCLC, MED12 function seems to be intact in small-cell lung
cancer (SCLC), in which, no association has been found between the expression of MED12
and TGF-BR2 or with clinical variables such as overall survival. Thus, the functional link of
MED12 and TGF-BR2 only exists in NSCLC subtype of lung cancer, and MED12 and
TGFBR2 should not be taken as universal biomarkers for all types of lung cancer.43

We have shown that the higher levels of MED12 and CARML1 predict better response to
chemotherapeutics in breast cancer.3! Methylation of MED12 by CARM1 renders cells
sensitive to 5-fluorouracil, but not to the RTK (Receptor Tyrosine Kinases) inhibitors /in vitro
and /n vivo, suggesting that the mechanism of mediating drug response in breast cancer cells
is different from TGF-pR2-mediated pathways in NSCLC. Moreover, p21/WARF1 levels are
up-regulated in MED12 methylation defective cells. In breast cancer, high levels of p21/
WAF1 are associated with a poor prognosis in patients with breast cancer treated with
chemotherapy. Thus, MED12 methylation may serve as a predictive biomarker for patients
with breast cancer who receive chemotherapy (Figure 3).3! This is in keeping with the study
of Huang et. al. where loss of MED12 not only resulted in TKI resistance, but also rendered
lung cancer cells resistant to 5-fluorouracil and cisplatin.? Thus, these findings demonstrate
that alterations of MED12, both transcriptionally and post-translationally, modulate
chemotherapeutic response, suggesting that interruption of MED12 signaling pathway could
be a new strategy for treating drug-resistant cancers.

THE ROLES OF MED12 IN REGULATION OF SUPERENHANCER-
ASSOCIATED GENES

Besides gene amplification, high levels of oncogene expression in cancer cells is often
attributed to transcriptional regulation by highly active enhancers, so called super-enhancers.
Inhibiting cancer-acquired, super-enhancer-addicted transcription has emerged as a new
means to target historically non-druggable oncogenic proteins, such as c-Myc, in highly
proliferative cancer cells. Because transcriptional regulators, such as Mediator and BRD4,
are enriched in super-enhancers, super-enhancer-associated genes are often highly sensitive
to the inhibition of BRD4. BET (bromodomain and extraterminal motif) inhibitors have been
extensively investigated for treating hematopoietic cancers.#4 Tumors can develop resistance
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to BET inhibitors with prolonged treatment. Thus, there is sustained interest in identifying
combinatory therapies to selectively decrease the expression of super-enhancer-associated
oncogenes, such as MYC. A functional ShRNA screen conducted in AML cells identified
MED12, MED13, MED23, and MED24 subunits as sharing functional similarity with
BRD4, i.e., restrain myeloid maturation.?® These findings indicate that BRD4 and Mediator
functionally coordinate in gene-specific transcriptional activation that are essential for AML
maintenance. Therefore, targeting Mediator subunits MED12, MED13, MED23, and
MED?24 can potentially inhibit cell proliferation in AML cells.#

Recently, Kuuluvainen and colleagues showed that depletion of MED12 or MED13/
MED13L drastically reduced the expression of super-enhancer addicted oncogenes (e.g.,
MY C) in colon cancer cells, leading to growth inhibition. The transcription factor involved
is B-catenin, a known TF that interacts with MED12. B-catenin depletion causes reduction of
MED12 binding to the super-enhancer of MY C. Although both Mediator components and
BRD4 regulate the expression of oncogenes in super-enhancer dependent fashion in cancer
cells, the set of genes effected by MED12 or MED13/MED13L depletion and inhibition of
BRD4 do not completely overlap, suggesting that more efficient inhibition may be achieved
by co-targeting MED12 and BRDA4. At least in colon cancers, the oncogenic gene expression
shows dependency of three Mediator subunits, MED12 and MED13/MED13L. Therefore,
targeting the Mediator subunits alone, or in combination with BRD4 inhibition, may provide
new treatment strategy for colon cancer.46

RELEVANCE OF MED12 TO ESTROGEN PATHWAY

Although, in breast cancer cell line models, MED12 is in the activator complex regulating
estrogen receptor (ER) transcriptional activity, the mechanism by which MED12 affects
estrogen receptor (ER) signaling remains unclear. One model is that Mediator and cohesin
cooperate to enforce the long-range chromosomal interactions (via looping) that are essential
for enhancer-driven RNAP |1 transcription (Figure 1). Mediator and cohesin co-occupy
different promoters to generate cell-type-specific DNA loops to control gene expression
program.*’ Recently, MED12 was found to co-localize on the estrogen receptor-alpha
(ESRI) gene with the cohesion subunit SMC3. The occupancy of either subunit across the
ESR1 gene depends on the other, and both are required for RNAP Il mediated transcriptional
initiation, suggesting that high order chromatin architecture controlled by MED12 and
cohesin may be exploited for regulation of ER expression and treatment of estrogen-
dependent breast cancer.8 However, control of ER expression and ER-regulated
transcription in ER-driven malignancies is far more complex and has been elegantly
reviewed by others.4%:50 Dr. Wen Liu’s group recently reported that MED12 interacts with
the JmjC-domain-containing protein (JMJD6) and recruits JMJD6 to the active enhancers
bound by ERa, releasing paused RNA polymerase on cognate estrogen target genes. These
studies identified JMJDG6 as a critical regulator for productive transcription of estrogen/ERa.-
bound enhancer coding genes. JMJD6 is a multi-functional protein: it is an iron (Fe2+) and
2-oxoglutarate (2-OG)-dependent dioxygenase as well as protein arginine demethylase.
Because JMJD6 plays an essential role in ER transcription and can hydroxylate lysines on
both histones and non-histone proteins,51:52 it may be exploited as a molecular target for
developing epigenetic therapies for ERa-positive breast cancers.>3 Although MED12
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functionally regulates ERa signaling, mutations of MED12were more common in triple
negative breast cancer (TNBC) than ERa.-positive breast cancer, indicating that MED12
might play different roles in the TNBC and estrogen-dependent breast cancer,>* as in the
cases for lung cancer.

CONCLUSIONS

The reason for the dispersed mutation spectrum of MED12in human cancers is intriguing.
MED12 mutations are frequently found in estrogen-dependent benign tumors and in various
cancer types, suggesting that mutation of MEDI12 could be a tumor initiating event.
However, whether MEDI2 mutations in benign tumors in conjunction with other genetic
mutations drive cancer progression await further investigation. The expression levels of
MED12 are frequently altered in various types of human cancers, yet the prognostic
association may be cancer type-specific. Attention should also be drawn to the subcellular
localization of MED12 and post-transcriptional regulation of MED12, since both genomic
and non-genomic functions of MED12 have been associated with therapeutic drug
resistance. While the exact function of MED12 overexpression or mutations in the context of
Mediator complex remain to be elucidated, MED12 is a therapeutic vulnerability in broad
types of human cancers and synthetic lethal screens should be exploited for treatment of
MED12 deregulated cancers in the future.

Despite the strong implication of MED12 in human carcinogenesis, many questions remain
to be addressed. For example, why the frequency of MED12 mutations in malignant tumors
is much lower than in benign tumors? How is MED12 protein nuclear localization
controlled? Are PTMs of MED12 involved in the regulation of genomic and non-genomic
functions of MED12? Although our search of the COSMIC database reveals copy-number
variations of MED12 in various human cancers (Table 1), the alteration of copy number
changes related to human carcinogenesis has not been reported. It is worth noting that
MED12is located on the X-chromosome, thus future mutation analyses should take into
consideration whether mutation of MED12 occurs on the activated or inactivated X-
chromosome in gynecological cancers. Finally, more effort is needed to delineate the cell-
and tissue-type specific functions of MED12 and its mechanism of action in normal cells
and cancer cells.
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Figure 1. Mediator isa central integrator and processor of RNA polymerasel| transcription.
Mediator transduces regulatory information conveyed by signal-activated transcription

factors to elicit gene expression changes in diverse biological processes, including
development, differentiation, and homeostasis. Mediator is structurally organized into four
functional modules: “head”, “middle”, “tail”, and “kinase”. The Mediator kinase module
comprises of four subunits: MED13, MED12, CycC, and CDKS8, which dynamically interact
with the core modules during transcription elongation. The schematics show the relative
position of Mediator components in transcription complex. Gene-specific transcription
factors generally bind Mediator through its tail and kinase domains. Cohesion stabilizes the
enhancer-promoter loop to enable the middle and head modules of Mediator to interact with
RNA Pol Il to conduct signaling dependent transcription.

Cancer. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al. Page 14

Exon 1/2
1 1 2190
ol 11 Tl | | MED12
1 153 2057 217
PQL OPA

FG syndrome - Ohdo syndrome - Thyroid cancer - Colorectal cancer - Oesophagus cancer
. Lujan syndrome | Leukemia - Breast cancer Lung cancer - Prostate cancer

Figure 2. Somatic mutations of MED12 in human cancers.
Pathogenic mutations and their approximate locations in MED12 are colored and annotated

in the legend. The CycC/CDKS binding interface on MED12, corresponding to its N-
terminal 100 amino acids, is disrupted by exon1/2 mutations, leading to loss of Mediator-
associated CDK activity. Besides the hot spot of exon 1/2, the distribution of MED12
mutations is dispersed in human cancers. Mutations shown here are drawn based on data
from COSMIC database.
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Figure 3. MED12 and Cancer Drug Resistance.
In the canonical TGF-p pathway, TGF-BR2 activates TGF-BR1, which in turn

phosphorylates Smad2 and Smad3. Smad2 and Smad3 then translocate to the nucleus and
regulate the expression of TGF-p target genes. TGF-p signaling induces EMT through the
phosphorylation of B-catenin, leading to the up-regulation of Snail, vimentin, and N-
cadherin. Loss of MED12 causes drug resistance by increasing the level of TGFBR2, which
activates the ERK and SMAD pathways. This leads to cell proliferation and features of
EMT. Additionally, methylation of MED12 by CARML renders cancer cells sensitive to
chemotherapy drugs through suppression of p21 transcription.

Cancer. Author manuscript; available in PMC 2021 March 01.



Page 16

Zhang et al.

Author Manuscript

8¢'TT | 99¢/0€ 1BAO L0 TEYT/OT Areno
80 SeTT Jspun S50 9vs/e §S07
| &44 S¢T/8¢ 1BAO 0T €EIT/LT snBeydosa0
18°L 95€/8¢ SN
Sv'¢ | 6T0T/S¢ Jspun €60 | S8TIT/TT SS071
¢E€v | 6T0T/VY 1BNO G¢'0 | S8TT/E ureg SC'e €GTV/SET BunT
9€'S§ €1€/0¢ 1BAO 850 ¢69/v SS071 19T 08¢e/8€ JaNIT
16T 0T9/CT Jspun ¢S0 ELLIV §S07
¥S'LT | 0T9/L0T 1BAO €10 €LLT ureg 16 609¥/08T aunseul abireTy
€ee 009/02 Jspun 6v'0 | L20T/S §S07
€8¢ 009/LT 1BAO 980 899¢/€¢ Kaupry
JARS TeelL 13NO [4N] GE8/T §S07 187 6809/0TT | PproydwA| pueanatodoreluseH
6.0 Tt 1oel] [eNus
8L ¢09/Ly 13NO T 869/9 §S07 179 160T/L9 wnLiswopus
€¢ L69/9T Jspun ¥9'0 | €60T/L §S07 waishs
18°€ 169/1¢ 13NO ITT 990€/9¢ SNOAJsU [ejuad
€1 L0EY Jspun
99'vT | LOE/SY 1800 960 | €T€/E ures €9°¢ 98¢e/vT XINIBD
¥S'¢ | ¥0T1/8¢ Jspun 850 | ¥¥ST/6 §S07
8'g Y0TT/¥9 13NO 900 | PVST/T ureg 9.'vT | 9709/888 Isealg
S¢'T 08/T §S07 10T 96./8 auog
97 YT8/ET 1081 Aseljig
800 T€CT/T el]6ueh olwouoiny
LT 6L/1 Jspun S0 89¢/¢ §S07
9v'9T 6./€T JBAO (44" GELI6 pue|B [eusipy
% a|dwes | spun/BeAO % a|dures | sso/ur9 % a|dures adA] anssi|
uoissa Idx3 aue uolrelrep quinN AdoD uoleIN |l Wiod uolre RIY

T alqeL

Author Manuscript

"S19oued UewWNY Ul ZTAI JO suonesaly

Author Manuscript

Author Manuscript

Cancer. Author manuscript; available in PMC 2021 March 01.



Page 17

Zhang et al.

19T 61v/L $S07
1241 80v/€9 1B3NO 2’0 61v/T ureg 89°¢ YITT/TY 10811 Areurin
Sy'e 2¢S/8T J9pun 680 €95/9 $S07
96 | ccsies 18h0 LET | vL9T/EC 1081 snnsafiposse Jaddn
€€ €T9/LT J9pun 0 90S/T $S07
T8 | €191 1870 €L | 8981/1S ploJAy L
4504 [4<1714 $S07 S0 86€/C Snsal
SL'T §8¢/S Jspun e T0S/CT $S07
86°CT §8¢/LE 1B3NO 0 T0S/T ureg Ge'e YOTT/LY Yorwols
8¢€°0 €9¢/T Jspun €0 98¢/T $S07
67 €9¢/E€T 1B3NO 8L'T€ | 006S/G.8T anssi} Jos
LC T7/e aunsaul [lews
0y €LV/6T 1B3NO T€0 099/ $S07 6v'v 6ELT/8L ums
6ET 6S€/S pue|B Ateales
19T 88¢€/99 aleIsold
950 85€/C eInd|d
0¢ ST BlUSoR|d
vy 6.T/8 Jspun 170 6¢6/T $S07
GE'€ 6.T/9 1B3NO 180 L0ve/Te Sealoued
88T 99¢/S Jspun 690 6¢L/S $S07
% a|dwes | Jepun/eAO % a|dwes | ssoqures % a|dwes adA ] anssi|
uossa Jdx3 aue9 uolrelep Lqunn AdoD uolreIN N iod uolje ey

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Cancer. Author manuscript; available in PMC 2021 March 01.



	Abstract
	Abstract
	MEDIATOR COMPOSITION AND FUNCTIONS
	FUNCTIONS OF MED12 IN MEDIATOR COMPLEX AND PHYSIOLOGICAL PROCESSES
	MED12 MUTATIONS IN HUMAN CANCERS
	DEREGULATION OF MED12 EXPRESSION IN HUMAN CANCERS
	FUNCTIONS OF MED12 METHYLATION IN HUMAN CARCINOGENESIS
	MED12 IN DRUG RESISTANCE
	THE ROLES OF MED12 IN REGULATION OF SUPERENHANCER-ASSOCIATED GENES
	RELEVANCE OF MED12 TO ESTROGEN PATHWAY
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1

