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Abstract

Appropriately controlled gene expression is fundamental for normal growth and survival of all
living organisms. In eukaryotes, the transcription of protein-coding mRNAs is dependent on RNA
polymerase 1l (Pol I1). The multi-subunit transcription cofactor Mediator complex is proposed

to regulate most, if not all, of the Pol II-dependent transcription. Here we focus our discussion

on two subunits of the Mediator complex, cyclin-dependent kinase 8 (CDKS8) and its regulatory
partner Cyclin C (CycC), because they are either mutated or amplified in a variety of human
cancers. CDK8 functions as an oncoprotein in melanoma and colorectal cancers, thus there

are considerable interests in developing drugs specifically targeting the CDKS8 kinase activity.
However, to evaluate the feasibility of targeting CDK8 for cancer therapy and to understand how
their dysregulation contributes to tumorigenesis, it is essential to elucidate the /7 vivo function
and regulation of CDK8-CycC, which are still poorly understood in multi-cellular organisms.

We summarize the evidence linking their dysregulation to various cancers and present our
bioinformatics and computational analyses on the structure and evolution of CDK8. We also
discuss the implications of these observations in tumorigenesis. Because most of the Mediator
subunits, including CDK8 and CycC, are highly conserved during eukaryotic evolution, we expect
that investigations using model organisms such as Drosophila will provide important insights into
the function and regulation of CDK8 and CycC in different cellular and developmental contexts.
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1. Introduction

The normal development and function of an organism require precise and coordinated
control of gene expression. In general, cells respond to extracellular stimuli by activating
and integrating distinct signal transduction pathways, which eventually process and relay
the information from cell surface receptors to a variety of transcription factors, resulting in
altered gene expressions. As a result, cells proliferate, differentiate, or commit apoptosis.
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Modulating gene expression is a critical step to ensure normal development and maintain
tissue homeostasis.

Dysregulated transcription is at the root of many diseases, such as cancer—the major cause
of mortality and morbidity in modern societies. The World Health Organization estimated
that cancer alone accounts for approximately 13% of the total number of human deaths
globally (7.9 million) in 2007 (McAloose and Newton, 2009). Genetic alterations, epigenetic
perturbations, and environmental factors are often recognized as the multi-factorial causes
of cancer. Genetic changes include gene mutations, deletions, and duplication as well as
chromosomal abnormalities, which result in the loss of tumor-suppressor gene functions
and/or the gain of oncogene functions (Kinzler and Vogelstein, 1997; Hanahan and
Weinberg, 2000). Epigenetic changes include chromatin-mediated changes such as aberrant
DNA methylation, histone modification, and loss of imprinting (Feinberg and Tycko, 2004;
Sharma et al., 2010). Dysregulated gene transcription by these genetic and epigenetic
changes is a universal feature of human cancers and many other diseases, which further
highlights the importance of precisely regulated gene expression during development. Thus,
the study of the transcriptional regulatory mechanisms is pivotal in understanding not only
normal development and tissue homeostasis, but also tumorigenesis.

Function of the Mediator complex in transcription

Gene expression begins with the interactions between specific transcription factors and their
DNA binding sites at the promoter region, and subsequent recruitment of the Mediator
complex and the general transcription factors, such as TFIIA, TFIIB, TFIID, TFIIE, TFIIF,
TFIIH, and RNA polymerase Il (Pol 1), forming the pre-elongation (or preinitiation)
complex (Hahn, 2004; Taatjes, 2010). To initiate transcription, these general transcription
initiation factors are required for the recruitment of RNA Pol |1 to the promoters of

target genes. Next, DNA surrounding the transcription start site is melted and allows

the transcription initiation and elongation to occur. After the release of Pol 11, several
general transcription factors including TFIIA, TFIID, TFIIE, TFIIH, and the Mediator,
remain behind at the promoter, forming the scaffold complex, which is thought to facilitate
subsequent rounds of transcription or transcription re-initiation (Yudkovsky et al., 2000;
Hahn, 2004).

Compared to other general transcription factors, the Mediator is unique in that it is the
largest complex, in terms of both the size (about 1.2 MDa) and the number of subunits
(~30 polypeptides in different species) (Bjorklund and Gustafsson, 2005; Conaway et

al., 2005; Kim and Lis, 2005; Malik and Roeder, 2005; Casamassimi and Napoli, 2007;
Taatjes, 2010). The Mediator complex is proposed to regulate most, if not all, of the Pol
I1-mediated transcription (Kornberg, 2005). Despite extensive biochemical and molecular
studies, together with elegant genetic studies in yeast, the function and regulation of most
Mediator subunits in metazoans are still poorly understood. The shear size and enormous
complexity of the Mediator complex provide many possible mechanisms to fine-tune gene
expression in different biological contexts, but at the same time pose a daunting challenge
for researchers to elucidate its function and regulation /n vivo.
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Biochemical studies support a general model for the role of the Mediator complex, which
functions as a molecular bridge between specific transcription activators and the general
transcription machinery (Fig. 1A). Most of the Mediator subunits are highly conserved in
eukaryotes (Bourbon et al., 2004; Bourbon, 2008; references therein). Biochemical analyses
have identified two distinct Mediator complexes: a “small” complex of over 20 polypeptides
that activates the transcription of Pol 1l-dependent genes, and a “large” complex with

four added subunits that generally represses transcription (Myers and Kornberg, 2000;
Mittler et al., 2001; N&ar et al., 2001; Bourbon et al., 2004; Malik and Roeder, 2005).

The evolutionarily conserved, four-subunit module that defines the large Mediator complex
comprises cyclin-dependent kinase 8 (CDK8), Cyclin C (CycC), MED12, and MED13 (Fig.
1B). The mammalian MED12 and CycC are required for the kinase activity of CDK8, while
MED13 is necessary to recruit the CDK8 module to the small Mediator complex (Knuesel
et al., 2009a, 2009b). Another difference between the small and the large Mediator complex
is the subunit MED26 (ARC70 or CRSP70), which is only present in the small Mediator
complex (Mittler et al., 2001; Taatjes et al., 2002; Sato et al., 2004; Ebmeier and Taatjes,
2010). Recently, human MED26 is proposed to regulate the transition from paused Pol Il to
productive elongation (Takahashi et al., 2011). It is still unclear how the conversion between
the small and the large Mediator complexes is dynamically regulated during transcription.

Several reviews were published in recent years, discussing how the CDK8 module and
Mediator complexes modulate Pol I1-dependent gene expression (Casamassimi and Napoli,
2007; Galbraith et al., 2010; Taatjes, 2010; Conaway and Conaway, 2011; Knuesel and
Taatjes, 2011), and the role of CDKS8 in regulating cell cycle progression (Ji and Dyson,
2010). Essentially, two major mechanisms have been proposed to explain how association
of the CDK8 module with the small Mediator complex can repress transcription: first,

the CDK8 submodule induces conformational change of the small Mediator complex that
physically disrupts the interaction between RNA Pol Il and the small Mediator complex,
thereby blocks the subsequent rounds of transcription (i.e., transcription re-initiation)

(Fig. 1B) (Né&ér et al., 2002; Taatjes et al., 2002; Samuelsen et al., 2003; Bjorklund and
Gustafsson, 2005; Elmlund et al., 2006; Knuesel et al., 2009a; Ebmeier and Taatjes, 2010;
Bernecky et al., 2011). Interestingly, this effect of the CDK8 module is independent of

the kinase activity of CDK8. Second, CDK8 phosphorylates different substrates, which
include several general transcription factors, such as RNA Pol Il C-terminal domain, MED?2,
MED13, the Cyclin H subunit of the transcription initiation factor TFIIH, and certain
transactivators, such as Notch intracellular domain and E2F1 in metazoans (Hengartner

et al., 1998; Akoulitchev et al., 2000; Fryer et al., 2004; Hallberg et al., 2004; Liu et

al., 2004; van de Peppel et al., 2005; Morris et al., 2008; Knuesel et al., 2009b). In the
latter mechanism, the CDKS8 kinase activity is required for the inhibitory effect of the
CDK&8 module, and this elegant mechanism explains why phosphorylation of transcription
activators is often coupled with their degradation (Tansey, 2001). One common feature of
both mechanisms is that the CDK8 module negatively regulates the rate of transcription
re-initiation, thereby limiting the quantity of mMRNA production. These mechanisms provide
complex but efficient ways to fine-tune gene expression.

Thus, in a number of contexts, the CDK8 module appears to inhibit the activities of the
small Mediator complex (N&ar et al., 2002; Taatjes et al., 2002; Malik et al., 2004; Malik
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and Roeder, 2005). However, accumulating evidence indicates that CDK8 can also positively
regulate transcription, for examples, by directly phosphorylating p53, SMADs, and histone
H3, or by facilitating assembly of Pol Il elongation complex (Galbraith et al., 2010; Taatjes,
2010). These results suggest that the role of CDK8 on transcription is context-specific: it is
dependent on the specific biological contexts and identity of transcription factors with which
it interacts.

3. Distinguishing activities of CDK8 kinase versus the CDK8 module

To understand the context-specific functions of CDKS, it is important to distinguish the
activities of CDKS8 kinase with the activities of the CDK8 module. These concepts are
different for the following two reasons. First, CDK8 may function outside of the Mediator
complexes. CDK8, CycC, MED12, and MED13 form the CDK8 module ina 1:1:1:1
stoichiometry /n vitro (Fig. 1B) (Knuesel et al., 2009b). Earlier work in yeast showed that all
CDK8 module component deletions are viable, have similar phenotypes, and share common
transcriptional defects, suggesting a uniform function for the four subunits (Carlson, 1997;
van de Peppel et al., 2005). However, emerging evidence in yeast and metazoans is
inconsistent with this picture. For examples, subunits of the CDK8 module have different
roles in activating multidrug resistance gene expression in yeast: Med12 is uniquely required
for the multidrug resistance transcription factor Pde3-induced PDR5 gene expression (Shahi
et al., 2010). In addition, the mutants of Drosophila MED12 and MED13 behave differently
from CDK8 and CycC mutants in genetic analyses, and MED12 and MED13 are particularly
important in the differentiation of the eye and leg imaginal discs and the hematopoietic cells
(Janody et al., 2003; Loncle et al., 2007; Gobert et al., 2010). In mammals, CDK8 knockout
mice are lethal prior to compaction and implantation at embryonic days 2.5, suggesting a
critical role of CDKS8 for cell-fate determination in early embryos (Westerling et al., 2007).
Conditional CDK8 knockout mice, or knockout mice for other subunits of the CDK8 module
have not been reported. Nevertheless, MED12 is reported to recruit the histone H3 Lys9
methyltransferase G9a in a CDKS8-independent manner, thereby inhibiting the expression of
neuronal genes in non-neuronal cells (Ding et al., 2008; Ding et al., 2009). Furthermore,
only a fraction of CDK8 is associated with MED12 and MED13 in mammalian cells, thus
CDKB8 may function outside of Mediator (Meyer et al., 2008; Knuesel et al., 2009a, 2009b).
These observations suggest that the four subunits of the CDK8 module do not have identical
roles and possibly that CDK8-CycC could have Mediator-independent functions that remain
to be discovered.

Second, CDK8 module can inhibit transcription independent of the CDKS8 kinase activity.
The current models suggest that CDKS8 is recruited to promoters through the small Mediator
complex via MED13 subunit of the CDK8 module (Taatjes, 2010). CDK8 can inhibit Pol
I1-dependent transcription through the CDK8 module, which can induce the conformational
change of the small Mediator complex, thereby disrupting the interaction between the large
Mediator complex and RNA Pol 1l (Knuesel et al., 2009a; Taatjes, 2010; Bernecky et al.,
2011). However, this effect is independent of the CDKS8 kinase activity.

Taken together, the activities of CDK8 kinase and transcription function of CDK8 module
are not the same. The universal requirement of the CDKS8 kinase function in various cellular
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and developmental contexts and the specific requirements for other conserved module
members are unknown. Distinguishing these two concepts may have important implications
in developing therapeutic approaches (see Section 6).

For the following two reasons we focus our discussion and analyses on two subunits of

the Mediator complex: CDK8 and CycC with an emphasis on CDKS8. First, both CDK8
and CycC are dysregulated in a variety of human cancers (see below). Second, the function
and regulation of CDK8 and CycC in vivoare still poorly understood. Because CDK8

and CycC are highly conserved in evolution (Bourbon, 2008), we expect that studies using
model organisms such as Drosophilamay provide important insights into the function and
regulation of CDK8 during development.

4. Dysregulation of CDK8 and CycC in human cancers

As summarized in this section, genes encoding CDK8 (CDK®8) and CycC (CCNC) are
found to be frequently dysregulated in various human cancers. There are only a few cases
where the role and potential mechanisms of CDK8 dysregulation in tumorigenesis have been
studied to some extent. These include colorectal cancers and melanoma in humans, and skin
cancer in walleye, a freshwater fish native to North America. The causes and consequences
of CDK&8 and CycC dysregulation in other cancers have not been explored.

The dysregulation of CDK8 is best studied in colorectal cancers. CDK8 was identified as an
oncoprotein that promotes the proliferation of colorectal cancer cells (Firestein et al., 2008).
In this study, two RNAI screens were carried out to search for kinases and phosphatases
required for both colon cancer cell proliferation and p-catenin-dependent transcription. Nine
kinases were identified, but CDK8 was the only one exhibiting frequent copy humber gain
in human colorectal cancers: CDK8gene is amplified in ~47% of colorectal adenocarcinoma
patient samples (/= 123). This observation is consistent with other reports showing that

the chromosomal region that harbors CDK&in chromosome 13 (13g12.13) is gained in
~60% of colorectal cancers (Tsafrir et al., 2006; Martin et al., 2007; Sheffer et al., 2009).
Ectopic expression of wild-type CDKS8, but not the kinase dead mutant (CDK8-D173A), in
immortal murine fibroblasts (untransformed NIH 3T3 cells) led to anchorage-independent
colony growth and tumor formation in immunodeficient mice, while the expression of the
CDK&8-D173A inhibited p-catenin-induced 3T3 cell transformation (Firestein et al., 2008).
These results suggest that the gain of CDK8 activity is sufficient to transform 3T3 cells,

and CDKaB activity is necessary for p-catenin-driven transformation of the 3T3 cells. Finally,
knocking down CDKS8, but not neighboring genes, significantly slowed tumor cell growth.
An important implication of this observation is that CDK8 may serve as a promising drug
target. These seminal observations established that CDK8 is a bona fide oncoprotein in
colorectal cancers and that CDKS8 is required for the expression of p-catenin target genes
(Firestein et al., 2008; Firestein and Hahn, 2009).

Following up work with large cohorts of clinical samples further confirmed the importance
of CDKS8 overexpression in colorectal cancers. For example, CDK8 expression is increased
in 70% of colorectal cancer samples (N = 470), which is significantly correlated with
increased colon cancer-specific mortality (Firestein et al., 2010). However, no correlation
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between the expression of CDK8 and clinical outcome among rectal cancers was observed,
suggesting that CDKS8 is a particularly valuable molecular biomarker for the prognosis

of a subset of colon cancer patients (Firestein et al., 2010). The expression of CDK8 is
significantly higher in samples from women than from men but is not correlated with tumor
stage, body-mass index, or age of patients at diagnosis (Firestein et al., 2010). At the
molecular level, CDKS8 expression is correlated with high B-catenin activation, expression
of tumor suppressor p53, and overexpression of FASN (fatty acid synthase), suggesting
that CDKS8 activity may regulate multiple pathways involved in colorectal tumorigenesis
(Firestein et al., 2010).

The potential link between CDK8 and p-catenin is also supported by an independent study
with 127 cases of colorectal adenocarcinoma patients (Seo et al., 2010). In this study
positive expression of CDK8 was detected in 76% of the cases. Consistent with the study
by Firestein et al. (2010), CDK8 expression is closely associated with the high mortality

of colorectal cancer patients, gender (more common in women than in men), as well as the
expression of B-catenin in the cytoplasm (Firestein et al., 2010; Seo et al., 2010). However,
unlike the study by Firestein et al. (2010), this independent study observed significantly
positive correlations between the expression of CDK8 and disease stage, or lymph node and
distant metastasis (Seo et al., 2010).

Consistent with these reports, recent bioinformatic analyses identified CDKS8 as one of
the most significant colorectal cancer-associated genes (Nagaraj and Reverter, 2011).
Collectively, these studies support an important role of CDKS8 in colorectal tumorigenesis.
Thus, targeting CDK8 may represent a promising approach in treating a substantial set of
colorectal cancers.

In addition to colorectal cancers, CDKB8 expression is significantly associated with p-catenin
activation in gastric adenocarcinoma (A= 60) (Kim et al., 2011). Positive correlation was
observed between CDKS8 levels and lymph node metastasis, suggesting that, similar to
colorectal cancers, elevated expression of CDKS8 predicts poor prognosis in gastric cancers
(Kim et al., 2011).

How does CDKS affect the transcription activities of p-catenin? At least two mechanisms
were proposed. First, CDK8 may directly modulate p-catenin-activated transcription. The
[B-catenin target genes are suppressed by the homologs of CDK8 module subunits MED12
and MED13 in Wnt-regulated cell fusion in Caenorhabditis elegans (Yoda et al., 2005), but
activated by homologs of MED12 and MED13 during the development of wing and eye
imaginal discs in Drosophila (Carrera et al., 2008). A positive effect of MED12 and MED13
on B-cetenin-activated transcription is also observed in cultured mammalian and Drosophila
cells (Kim et al., 2006; Carrera et al., 2008). B-catenin is shown to directly interact with
MED12 viaits C-terminal domain in mammalian cells, or indirectly interacts with MED12
and MED13 viaPygopus (Kim et al., 2006; Carrera et al., 2008). Pygopus interacts with
Armadillo (the B-catenin ortholog in Drosophila) through Legless, and Pygopus and Legless
serve as transcription coactivators for p-catenin (Townsley et al., 2004; Hoffmans et al.,
2005). The mechanisms underlying these opposite effects are still not known. CDKS8 is

J Genet Genomics. Author manuscript; available in PMC 2022 December 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu and Ji

Page 7

proposed to phosphorylate B-catenin at several serine residues, but this possibility remains to
be rigorously examined (Firestein and Hahn, 2009; Galbraith et al., 2010).

An alternative mechanism is that CDK8 may indirectly activate p-catenin-dependent
transcription by inhibiting E2F1, which antagonizes with p-catenin (Morris et al., 2008).
In this indirect mechanism, CDKS8 directly phosphorylates E2F1, thereby inhibiting
transcription activities of E2F1 in Drosophilaand mammalian cells (Morris et al., 2008).
E2F1 may antagonize with p-catenin by directly competing with p-catenin in binding with
the promoter of target genes, such as - MYC, PPARS and CD44 (Morris et al., 2008;

Ji and Dyson, 2010), or by directly activating the expression of factors that promote

the degradation of p-catenin, such as AX/N1, AXINZand SIAHI (Hughes and Bradly,
2005; Hallstrom et al., 2008; Morris et al., 2008). Interestingly, E2F1 promotes -catenin
destruction through unknown mechanisms that are independent of GSK3 (Hughes and
Brady, 2005; Hallstrom et al., 2008; Morris et al., 2008). Together, these mechanisms

may explain how CDK8 positively regulates p-catenin-dependent transcription. It is unclear
whether the same regulatory network among CDKS8, E2F1, and B-catenin operates during
normal development, or in other types of cancer, such as gastric cancers.

In addition to amplification of CDKS8 in colorectal cancer, elevated expression of the CDK8
gene is reported to play a major role in promoting the proliferation of melanoma cells
(Kapoor et al., 2010). The histone variant macroH2A (mH2A) is lost in over 80% of vertical
growth phase and metastatic melanomas (/= 218). Gene expression profiling analyses
revealed CDK8 as one of the five genes that are elevated for more than 2 folds in mH2A-
deficient melanoma cells. Moreover, knocking down CDK8 suppresses the proliferative
advantage induced by mH2A loss in melanoma cells /n vitro and in vivo, suggesting that
CDKa& is the major effector of melanoma progression caused by mH2A loss (Kapoor et al.,
2010). Knockdown of MED12 resulted in a similar effect to knockdown of CDKS8 in the
proliferation of melanoma cells, suggesting that the effect of CDKS8 is dependent on the
Mediator complex (Kapoor et al., 2010). It will be important to identify the transcription
programs that are dysregulated by increased CDK8 in melanoma cells. Overall, these results
suggest that CDK8 functions as an oncoprotein in melanoma like colorectal cancers.

The examples discussed above revealed that CDK8 is aberrantly gained in human cancers.
However, loss or reduction of CDKS8 is also found in a few types of cancers. For example,
the CDK8 gene is deleted in esophageal squamous cell carcinoma (Chattopadhyay et al.,
2010). Likewise, the expression of CDK8 is significantly reduced in bladder cancers (Mitra
et al., 2006). In addition, a CDKS8 point mutation (D189 N) was found in diverse tumor
samples (Greenman et al., 2007), but the functional consequence of this point mutation is
still unknown. Our bioinformatic analyses suggest that this point mutation is likely to cause
a loss of CDK8 kinase activity (see below). This implies that CDK8 may not always behave
as an oncoprotein in all human cancers, and its activity needs to be tightly regulated.

CycC is the major regulatory partner of CDK8 (Tassan et al., 1995; Leclerc et al., 1996;
Taatjes, 2010; Schneider et al., 2011). Genome-wide gene expression analyses have revealed
that the CCNC gene (encoding CycC) is significantly up-regulated in gastric cancer,
colorectal cancers, adenocarcinoma, leukemia, lymphoma patients, and a few hepatoma cell
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lines (Liu et al., 2003a, 2003b; Su et al., 2004; Galamb et al., 2007). However, the CCNC
gene is also frequently deleted in a subset of acute lymphoblastic leukemia, osteosarcoma,
and gastric cancers (Li et al., 1996; Ohata et al., 2006; Yang et al., 2007; van Delft et

al., 2011). The discrepancies of CycC status in gastric cancers are likely due to different
patient samples analyzed by these two studies (Galamb et al., 2007; Yang et al., 2007).
Nevertheless, these observations suggest that dysregulation of CycC may play important
roles in gastric cancers. Because CDKS8 is over-expressed in gastric adenocarcinoma (Kim et
al., 2011), systematic analyses of CDK8 and CycC in the same set of gastric cancer samples
may help to clarify the status of these factors in gastric cancers. It is important to note

that the functional consequences of overexpression or deletion of CCNC on the activities of
CDKa& kinase or the CDK8 module have not been examined.

Dysregulation of CDK8-CycC causes cancers not only in humans, but also in fish. Walleye
dermal sarcoma is a type of common skin tumor caused by walleye dermal sarcoma

virus. Recent studies have revealed that the virus encodes a nuclear retro-viral Cyclin,
which specifically competes with the endogenous CycC in binding with CDK8 and CDK3,
thereby deregulating cell proliferation and differentiation (Rovnak and Quackenbush, 2002;
Brewster et al., 2011). This mechanism is proposed to explain how the virus causes the
dermal sarcoma in walleye. Interestingly, CDK3 is present only in vertebrates (Malumbres
and Barbacid, 2009), and CDK3-CycC is reported to regulate the GO to G1 transition of
the cell cycle in mammalian cells (Ren and Rollins, 2004). However, several commonly
used mouse strains harbor a nonsense mutation in the T-loop of CDK3, resulting in loss

of CDK3 protein and its activity, suggesting that CDK3is not an essential gene for

normal development of mice (Ye et al., 2001). Together, these observations suggest that
deregulation of CDK8-CycC by the retro-viral Cyclin may represent the major cause for
walleye sarcoma. This case is similar to the afore-mentioned examples of melanoma and
colon cancers: dysregulation of CDK8-CycC “drives” tumorigenesis.

Besides these types of cancers, whether CDK8 and CycC are also aberrant in other types
of cancers is still not explored. Given the fundamental roles of the CDK8 module and

the Mediator complex in regulating transcription, we predict that analyzing clinical data
from other types of cancers may yield additional evidences linking the dysregulation of
CDKS8 with tumorigenesis. Nevertheless, the clinical data that we summarized here raise
an important question: how does deregulated CDK8-CycC contribute to tumorigenesis? To
address this question, it is critical to elucidate the upstream pathways that control CDK8-
CycC activity and identify the downstream substrates of CDK8-CycC.

Currently, very little is known about the upstream regulators of CDK8 or CycC in different
cellular and developmental contexts (Fig. 2). The only information available is that oxidative
stress destabilizes CycC in yeast, and CycC levels are developmentally regulated in the
social amoeba Dictyostelium (Krasley et al., 2006; Greene et al., 2010). The downstream
consequences of CDK8-dependent phosphorylation in metazoans are also poorly understood
(Taatjes, 2010). So far several CDK8 substrates have been identified in metazoans. These
include RNA Pol Il C-terminal domain; histone H3; general transcription factors, such as
Cyclin H of CDK7-CycH, MED13 and CDKS8 itself; and several transcription factors, such
as p53, E2F1, Notch-intracellular domain, and SMADs (reviewed in Galbraith et al., 2010

J Genet Genomics. Author manuscript; available in PMC 2022 December 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu and Ji Page 9

and Taatjes, 2010). The effects of phosphorylation can be either positive or negative, or

even unknown in some cases (Fig. 2). If the Mediator complex is required for most of the
RNA Pol Il-dependent transcription, then we expect that CDK8 has additional substrates that
remain to be identified.

5. Bioinformatic and computational study of CDK8

Although addressing the function and regulation of CDKS8 /n vivo requires rigorous
experimentation, here we sought to gain insights into the function of CDKS8 by using a
bioinformatics and computational approach. Genome sequences of many organisms are
essentially completed. By taking advantage of available DNA and protein sequences and
bioinformatics tools, we performed sequence and structural analyses of CDK8 to understand
its function. The predictions from this bioinformatics and computational approach may help
to guide future experimentation.

5.1. Functional domain analysis of CDK8

Human CDKS8 has 464 amino acids (Fig. 3A) with a molecular weight of 53 kDa.

The Ser/Thr kinase (STK) domain of human CDKS includes the overlapped ATP and

cyclin binding sites and the activation loop located at its N-terminal region (~19-335

aa). The C-terminal region (336-464 aa) of human CDKS8 was searched against InterPro,

an integrated database of predictive protein “signatures” used for the classification and
automatic annotation of proteins and genomes, but no functional domains were identified.
CDK activity is typically regulated through four major mechanisms: (i) binding by activating
cyclins, (ii) binding by inhibitory cyclin-dependent kinase inhibitors (CKIs), (iii) inhibitory
phosphorylation of the CDK, and (iv) activating phosphorylation of the CDK. The activating
phosphorylation is catalyzed by a CDK-activating kinase (CAK) (Liu and Kipreos, 2000).
Therefore, we discuss the relationship between sequence and function of CDK8 by focusing
on the ATP binding site, the cyclin binding site, and the activating loop of the CDKS8 kinase
domain.

Comparative genomics analysis of all MED subunits, including CDK8 and CycC, has
revealed highly conserved motifs in evolution (Bourbon, 2008). Four CDKS8 evolutionary
conserved motifs, including two CDKB8-specific inserts, one CDK8-specific activation
segment and one CDK8-specific kinase domain extension, have been identified. We
selected CDK8 from the representative species for sequence analysis in order to focus

on investigating the ATP, cyclin binding sites and activation loop. The sequence alignment
analysis of CDKS8 by Vector NTI ClustalW algorithm reveals the conserved amino acids
across the species including yeast and metazoans (Fig. 3B). CDKS8 catalyzes transfer of the
y-phosphory! group from ATP to Ser/Thr residues on protein substrates. Eighteen amino
acids of human CDKS8 are predicted to participate in ATP binding based on the structures
of other CDKs with bound ATP or ATP analogs (Russo et al., 1996; Brown et al., 1999;
Lolli et al., 2004). Those eighteen residues are highlighted in Fig. 3A and listed in Table

1. The CDK8 alignment study shows that among those predicted residues, G30, V35, A50,
K52, 179, D103, A155, N156 and D173, are highly conserved across the representative
species. The Lys41 of CDKY7 interacts with the triphosphate of ATP in the active site (Lolli
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et al., 2004). Its corresponding residue Lys52 in human CDKS8 is conserved in all the
species that we analyzed. It has been experimentally shown that the D173A point mutation
completely inactivates the kinase activity (Akoulitchev et al., 2000; Firestein et al., 2008),
but this D173A mutation does not affect the transcription repression function of CDK8 for
certain genes (Knuesel et al., 2009a). Our sequence alignment study shows that Asp173 is
highly conserved from yeast to man. Lys52 and D173 of CDK8 are conserved in all of the
eukaryotes (Bourbon, 2008).

Next, we analyzed the cyclin binding site of CDK8. The thirty-five predicted amino acids
of CDKS for cyclin binding are summarized in Table 1 and Fig. 3A. Our sequence
alignment indicates that 15 residues (R13, G57, C64, R65, E66, R71, E72, L73, L86,

H88, H143, N145, W146, R178 and D191) out of 35 are conserved as predicted based

on literature. Ironically, CDKs are known by their predicted cyclin-association element
sequence (PFTAIRE or PCTAIRE). In contrast, CDK8 has a SMSACRE motif (Fig. 3B)
in the region corresponding to the PFTAIRE or PCTAIRE motif. Our sequence alignment
shows that the SMSACRE motif of CDKS8 is only conserved in vertebrates and SACRE

in the SMSACRE motif is conserved from yeast to metazoan. The structure of human
CDKS8 and CycC complex recently solved by X-ray crystallography shows the contacts
between Met61 and Arg65 in the SMSACRE motif of human CDK8 and CycC (Schneider
et al., 2011). This structure information explains the experimental data that the double-point
mutation of R65A/E6G6A in the SMSACRE motif greatly affects the capacity of CDK8 to
bind to CycC (Barette et al., 2001).

For full activation, most protein kinases require the phosphorylation of Thr, Ser, or Tyr
residues within the activation loop (or A-loop), also known as the regulatory T-loop. It
contains the predicted residues for both ATP and cyclin binding. It has been suggested

that the activation loop is flexible. Without cyclin, this loop blocks the ATP binding site
because the position of several key amino acid residues is not optimal for ATP binding. In
the presence of cyclin, two a-helices change their positions to permit ATP binding (Lolli
et al., 2004). Thus, we analyzed the putative activation loop of CDKS8, which is shown in
both Fig. 3A and Table 1. Our alignment study of CDK8 sequences identified a conserved
Thr196 in the activation loop from yeast to human (Fig. 4A). This Thr residue is conserved
across a vast spectrum of eukaryotes (Bourbon, 2008). In addition, we found that Thr196
of CDK8 is conserved in both CDK8 and CDK?7 of the representative species we analyzed
(Fig. 4B). The experiment demonstrated that Thr170 of CDK?7, corresponding to Thr196 of
CDKS, is phosphorylated and Ser164 of CDK7 is not phosphorylated (Lolli et al., 2004).
The phosphorylated Thr170 makes one hydrogen bond through its phosphate group to the
main chain nitrogen of GIn22 from the glycine loop between p1/p2 and approaches the y
phosphate of ATP (Lolli et al., 2004), suggesting the importance of Thr phosphorylation in
ATP binding and/or its kinase activity.

CDKZ7 associates with Cyclin H and MAT1 to form a complex called CDK-activating
kinase (CAK), which has essential roles in both the cell-division cycle and transcription
(Fisher, 2005). CDK7 or CAK has been reported to phosphorylate CDK1, CDK2, CDK4
and CDKG® (Fisher, 2005) including CDK?7 itself at its activating residue Thr170 (Larochelle
etal., 2001). In order to answer whether this Thr is conserved in other CDKSs or not, we
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performed sequence alignments of all human CDKs and CDK likes. We found that this Thr
is conserved in all human CDKs and CDK likes except CDK20, which does not have a
corresponding amino acid at position of Thr170 of CDK?7 in the alignment (Fig. 4C). Our
sequence studies along with the literature demonstrate that this Thr residue in the activation
loop is highly conserved. No study has shown that Thr196 of CDKS8 can be phosphorylated
in vivoor in vitro, thus it will be interesting to test this hypothesis. In addition, we have
noticed that both Asp residues (D173 and D189) of the kinase-dead point mutation and
human cancer mutation (Akoulitchev et al., 2000; Greenman et al., 2007; Firestein et al.,
2008) are located in this putative activation loop (Fig. 4).

Finally, our sequence alignment analysis shows a short and conserved polyglutamine
(polyQ) stretch at the C-terminal regions in the majority of species compared in Fig.

3B. Kluyveromyces lactis and yeast cells lack of an obvious polyQ motif. The polyQ

motif has been found in transactivation domains of transcription factors or regulators.
Drosophila has ~5 times longer polyQ motif than other species (Fig. 3B). The longer

polyQ of CDKS8 appears to be the unique feature of insect species (Bourbon, 2008). It is
unclear whether transactivation function of Drosophila and yeast CDKS8 differ from other
species. Collectively, the bioinformatics analysis based on literature and our CDK8 sequence
alignment has identified putative ATP and cyclin binding and phosphorylation sites in
CDKa8.

5.2. Phylogenetic study of CDK8

Phylogenetic studies of all CDKs have been reported (Doonan and Kitsios, 2009;
Malumbres and Barbacid, 2009). To explore more details of CDK8 evolution, we built
phylogenetic trees of CDK8 using MEGA 5. Our study shows four distinct CDK8 groups:
vertebrate, insect, worm and yeast (Fig. 5A). Yeast CDK8 is distinct from CDK8 of multi-
cellular organisms. Drosophila CDK8 is closely related to vertebrates (Fig. 5A).

The duplication of genes and their subsequent functional divergence is a fundamental
process of adaptive evolution. CDK19 (also known as CDC2L6, CDK8-like or CDK8L)

is the paralog of CDK8 with a highly conserved amino acid sequence in the kinase

and cyclin binding domains at the N-terminal regions. Disruption of CDK19 has been
linked to microcephaly and mild mental retardation in human (Mukhopadhyay et al.,
2010). Both CDK8 and CDK19 contain an identical SMSACRE motif (Sato et al., 2004).
Additionally, CDK8 and CDK19 associate with seemingly identical Mediator complexes
(Galbraith et al., 2010; Taatjes, 2010), suggesting not only sequence homology, but also
functional similarities. While CDK8 and CDK19 share sequence and functional similarity,
they differ in their C-terminal regions (Sato et al., 2004), which raise the possibility that
differential interactions mediated through their C-terminal regions might provide them with
substrate specificity (Galbraith et al., 2010). CDK19 has been found only in vertebrates, and
interestingly, some vertebrates do not have CDK19.

We performed phylogenetic study of CDK8 and CDK19 to explore when gene duplication
of CDK8 and CDK19 occurred. Not surprisingly, we have observed two distinct groups:
CDK&8 and CDK19, suggesting the ancestor of CDK8 and CDK19 was duplicated during the
early vertebrate evolution (Fig. 5B). Intriguingly, MED12 and MED13 have also undergone
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gene duplication to generate MED12L and MED13L (Sato et al., 2004; Bourbon, 2008). It is
unknown whether different combinations of CDK8, CDK19, MED12, MED12L, MED13
and MED13L are assembled /n vivo depending on different physiological conditions
(Galbraith et al., 2010). Taken together, our phylogenetic analysis may be helpful to guide
future experimentation to understand the specific function of CDK8 and CDK19.

5.3. Computational study of CDK8

During the course of our computational study of CDKS, its structure was not experimentally
determined, but human CDK4 structure has been examined by X-ray crystallography
(Takaki et al., 2009). When our manuscript was under review, the structure of human
CDKS8-CycC complex with sorafenib, an anti-cancer drug, was solved (Schneider et al.,
2011). Human CDK4 and CDKS8 sequences share 30.8% identity and 44.2% similarity. As

a step toward a more complete understanding of CDK8 function, we sought to develop

a hypothetical structure of human CDKS8 by using human CDK4 (PDB ID: 3G33) as the
template. Human CDK8 has 464 amino acids and only the region corresponding to human
CDK4 structure solved by experiment was included in our molecular modeling (Modeller
9.9) and molecular dynamics (MD) simulations (Amber 11). The alignment of human CDK4
and CDKa& by ClustalW was imported into Modeller version 9.9 (Sali and Blundell, 1993) to
generate the initial structure of the human CDKS8, which was then optimized and analyzed
by MD simulations.

Thanks to increased software efficiency and computational power, molecular dynamics
simulation is a growing computational and theoretical field to study protein structure and
function. The molecular dynamics simulations were based on the procedure described
previously (Simmerling et al., 2002). This hypothetical structure of human CDK8 with

the lowest energy during our 50-ns MD simulation was generated, which can be used

as a starting point for understanding the detailed function of the protein and for future
modification and optimization by more sophisticated theoretical methods and/or for
comparison with actual structures solved by experiment (Schneider et al., 2011). The
hypothetical CDKS8 structure is shown in Fig. 6A. The residue D173 was predicted to

be involved in ATP binding and the D173A mutant completely lost its kinase activity. In
our hypothetical model, the side chain of D173 is hydrogen-bonded to the side chains of
Lys134 and Asn137. The point mutation D189 N was found in human cancers (Greenman
et al., 2007). The side chain of Asp189 participates in three hydrogen bonds, two with
amino group of Phe20 and one with the main chain of Leu190. Thr196 is predicted to be
phosphorylated based on the sequence similarity of this site with CDK7 Thr170 (Lolli et al.,
2004). Thr196 is hydrogen bonded to the main chain of Pro232. The predicted activation
loop of human CDKS8 contains 27 amino acids (Fig. 4). The CDKS8 structure experimentally
solved contains a 16-amino acid deletion in the activation loop (Schneider et al., 2011). The
activation loop of human CDKA4, the template of our hypothetical CDKS8 structure, has 23
amino acids with four-amino acid shorter than human CDK8 (Fig. 4C). Fig. 6B shows two
representative conformations of CDK8 activation loop during the MD simulation.
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Important implications in therapeutic approaches

As summarized earlier, both CDK8 and CycC are either amplified or deleted in a variety

of human cancers. It is important to clarify the functional consequence of these dosage
variations: amplifying one of two subunits of the CDK8 module may generate partial
complexes with MED12 and MED13, which may lead to a gain of CDK8 kinase activity but
at the same time generate dominant negative effects on the function of the CDK8 module.
By contrast, the CDK8 point mutation (D189 N) found in cancer patients (Greenman et al.,
2007) likely causes reduced or loss of CDK8 kinase activity. If this point mutation does not
affect CDKS8 protein stability and its ability to interact with other proteins, then we expect
that the structure of the CDK8 module will be intact and such a mutant CDK8 module

may be still capable of inducing the conformational changes of the small Mediator complex.
Therefore, to understand the molecular mechanisms of amplification, deletion, and mutation
of CDK8 and/or CycC on tumorigenesis, it will be important to understand the consequence
of such perturbations on the activities of the CDK8 kinase or the transcription function of
the CDK8 module. Distinguishing these differences will help to define the role of CDKS8 as
an oncoprotein or a tumor suppressor in different cancers, which will guide the design of
more effective therapeutic strategies.

Given the potent effect of CDK8 in cancer cell proliferation and the high frequency of the
gain of CDK8 in melanoma and colorectal cancers, it is of great interest to target CDK8 for
cancer therapy. There are two straightforward approaches for this: first, one can screen for
small molecule inhibitors of CDKS8 kinase activity. This approach has attracted considerable
interest of pharmaceutical companies (Osherovich, 2008). While the effort to identify such
CDKS8-sepcific inhibitors is certainly worth trying, it may be challenging to achieve because
it is difficult to ensure that such inhibitors do not affect other CDKs considering their close
similarities. Another major obstacle for this approach is to develop sophisticated readouts
for CDK8-specific activities in multi-cellular organisms (Osherovich, 2008). Furthermore,
irreversibly inhibiting CDK8 kinase over an extended period may also generate adverse
effects on cell viability. An alternative approach is to design methods to reduce the protein
levels of CDK8 or CycC, such as RNA interference (RNAI) in cancer cells with amplified
CDKa&8 or CycC. Compared to the small molecular inhibitor approach, this method is easier
in specifically targeting CDK8. However, the major technical challenge for this alternative
approach is to deliver such CDK8-specific ShRNAs that target CDK8 or CycC in cancer
cells.

If successful, these approaches may specifically benefit patients with increased levels of
CDKS8 or CycC. This idea is exciting and supported by recent reports showing that silibinin,
an active ingredient of the health supplement milk thistle extract, can effectively block the
proliferation of colon cancer cells by down-regulating CDK8 and CycC (Kaur et al., 2010;
Velmurugan et al., 2010). It will be important to determine whether silibinin inhibits the
activities of both CDK8 kinase and CDK8 module and if so, how.
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7. Drosophila as a model system to study the function and regulation of

CDK8

The study of the fundamental roles of the Mediator complex and the CDK8 module in
fine-tuning transcription has progressed rapidly since its discovery in yeast two decades
ago. As we summarized here, the accumulating evidence in recent years clearly links
dysregulation of CDK8 and CycC to a variety of human cancers. Several challenges remain
for future studies. In particular, it will be important to understand how dysregulation of
CDKS8 contributes to tumorigenesis. To address this question, it is essential to identify

both upstream regulators and downstream effectors of CDK8. An important task will be to
identify such CDKS8 targets and then elucidate how these interactions are regulated /n vivo.
Furthermore, because CDKS8 is a kinase and functions as an oncoprotein in a number of
cancers, it will be important to develop CDK8 specific inhibitors and evaluate the specificity
and efficacy of such inhibitors in treating cancers.

Because of many advantages, Drosgphilais an ideal experimental system to elucidate the
function and regulation of CDKS8 /n vivo. CDK8 is highly conserved during evolution and
Drosophila CDK8 is closely related to human CDKS8 (Fig. 5). The sequence alignment
identifies the conservation of amino acid residues and domains (Fig. 3), and this information
has important implications in its structure, function, and regulation. Furthermore, functions
and regulations of many proteins are conserved, but are less complex in Drosophilathan in
mammals. For examples, paralogs for CDK8, MED12 and MED13, known as CDK8L (or
CDK19), MED12L, and MED13L respectively, exist in mammals, which can also form very
similar CDK8 modules (Taatjes, 2010). No paralog is found for all of the Mediator subunits
in Drosophila (Bourbon, 2008), making it easier to identify the exact functions of these
subunits compared to mammalian cells. Drosophila also provides a plethora of sophisticated
genetic tools and reagents, and molecular markers for /n vivo analyses. The rich literature of
Drosophila developmental biology provides an ideal system to study the specific functions
of CDK8 in different cellular and developmental contexts. Finally, this system allows one to
perform un-biased large-scale genetic screens at relatively low cost. These unique features
enable to address more challenging questions using other experimental systems.

Taken together, we expect that combined with other model systems and experimental
approaches, Drosophilawill continue to provide insights into the fundamental mechanisms
of cancer biology. These complementary approaches will facilitate the efforts to develop
more efficient treatment of human cancers and other diseases.
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Fig. 1.
A model for Mediator complexes in regulating Pol 11-dependent gene expression. A:

Mediator complex serves as a molecular bridge between specific transcription factors (TFs)
and the general transcription machinery, which is composed of the general transcription
factors (GTFs) and RNA Polymerase 11 (RNA Pol I1). B: CDK8 module represents a major
difference between the small and the large Mediator complexes.
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Other stimuli?

Additional
substrates?

Effects on transcription:
positive (or activating),

negative (repressive),
or unknown.

Context-specific functions of CDK8-CycC. Very little is known about the upstream
regulators of CDK8-CycC. About 10 downstream effectors of CDK8 have been identified
in multi-cellular organisms, and the transcriptional effect of their phosphorylation by
CDK® varies. It is likely that CDK8 has additional substrates that remain to be identified.
Characterization of both upstream regulators and downstream effectors of CDK8-CycC is
the key to understand how dysregulation of CDKS8 contributes to tumorigenesis.
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The sequence analyses of CDK8. A: the amino acid sequence of human CDK8. The amino
acids of human CDKS8 predicted to be involved in ATP binding are represented in red and
highlighted in yellow; the amino acids of CDK8 predicted to have interactions with cyclin
are in pink and highlighted in green; the predicted CDKS8 activation loop is highlighted

in blue. B: the sequence alignment of CDKS8 in several representative species. The red

rectangles highlight the SMSACRE motif and the activation loop.

J Genet Genomics. Author manuscript; available in PMC 2022 December 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xu and Ji

Page 24

A D173 D189 T196 C
* J 1l D173 DISY  TI9%
C. elegans Cdk8 Mn l l l
K. lactis Cdk8 BDEIG L
Yeast Cdk8 EDEIC L Human COK1 D! GIPIR----—
Hydra Cdk8 @D i Human COK2 BD|
Drosophila Cdk8 BD T Human COK3 D)
Zebrafish Cdk8 D! T Human COK4 D)
Frog Cdk8 B0 T Human COKS @D
Human CDK8 D! T Human COKe &0
Mouse Cdks D T :ng ggg g
Consensus ADMGFARLFNS PLKPLADLDPVVVTF Human coke BB
Human CDK10 8ol
B D173 D189 T196 Human COK 114 [@D)
Human CCK 118 |@D)
HUman CDK12 @D
Yeast Cdk7 Human COK13 &D|
Zebrafish Cdk7 Human CDK14 §8D
Drosophila Cdk7 gﬂmgz EBE iz g
Frog Cak7 Human CDK17 @Dl
Mouse CdK7 Human CDK18 8D
Human CDK7 Human COK1S BDMGEA
Yeast Cdk8 Hurman COK20 cHARVESP-—-- -
Zebrafish Cdk8 Human COKL1 GFA
Drosophila Cdk8 Human CDKL2 CFARTLAA----PGE
Frog Cdk8 Human COKL3 GFARTLAA----PGDI|
Mouse Cdk8 Human COKL4 GFAQILI-----—
Human CDK8 Human COKLS CFARNLSEGNN---AN
Consensus ADFGLARSF SPLK L LT VVVTRW Consensus ADFGLAR F

Fig. 4.
The sequence alignment of the predicted activation loop of CDKSs. A: the sequence

alignment of the predicted CDKS8 activation loops from the representative species. B: the
sequence alignment of CDK8 and CDKY activation loops from the representative species. C:
the sequence alignment of human CDK activation loops.
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The phylogenetic analyses of CDK8. A: the phylogenetic tree of CDK8 from yeast to
humans. B: the phylogenetic tree of CDK8 and CDK19 in the representative species.
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The hypothetical structure and the predicted activation loop of CDKS8. A: the hypothetical
structure of human CDK8 with the lowest energy from the molecular dynamics simulations.
The molecular dynamics simulations revealed the heating phase to show a gradual increase
in temperature with a few abrupt elevations; temperature at the equilibration phase was
approximately 325 K, as expected. The energy profile (kinetic energy, potential energy, and
total energy) was calculated. The kinetic energy was stable, as predicted by the stability

of the temperature plot, which is directly proportional to the kinetic energy. The total and
potential energy plots showed a gradual decrease, implying that the system had achieved

an energy state more stable than the starting structure. The potential energy plot, which
showed the structure with the lowest energy, was of greatest interest; its coordinates will be
provided upon request. The backbone root-mean-square deviation (RMSD) plot, generated
by using the lowest-energy structure as the reference, showed a decrease in RMSD during
the simulation trajectory, indicating the equilibration steps are gradually approaching to the
structure with the lowest energy. B: the models of human CDKS8 activation loop. Cyan color
represents the activation loop from the lowest potential energy structure (—7313 kcal/mol)
during 50-ns simulation. Orange color represents the activation loop from the highest energy
structure (—6677 kcal/mol) during 50-ns simulation. All the molecular dynamics simulation
input, output and trajectory files are available upon request.
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