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SUMMARY

Aerobic glycolysis, also known as the Warburg effect, is a hallmark of cancerous tissues. Despite
its importance in cancer development, our understanding of mechanisms driving this form of
metabolic reprogramming is incomplete. We report here an analysis of colorectal cancer cells
engineered to carry a single point mutation in the active site of the Mediator-associated kinase
CDKS, creating hypomorphic alleles sensitive to bulky ATP analogs. Transcriptome analysis
revealed CDKS8 kinase activity is required for expression of many components of the glycolytic
cascade. CDKS8 inhibition impairs glucose transporter expression, glucose uptake, glycolytic
capacity and reserve, as well as cell proliferation and anchorage independent growth, both in
normoxia and hypoxia. Importantly, CDK8 impairment sensitizes cells to pharmacological
glycolysis inhibition, a result reproduced with Senexin A, a dual inhibitor of CDK8/CDK19.
Altogether, these results contribute to our understanding of CDKS8 as an oncogene and justify
investigations to target CDKS in highly glycolytic tumors.

eTOC BLURB

Galbraith et al. use a chemical genetics approach to examine the role of CDKS8 kinase activity in
cancer cells. CDK8 activity is required for transcription of multiple genes encoding enzymes
required for glucose metabolism. Impaired CDK8 activity reduces glucose uptake and glycolysis,
and sensitizes cells to the glucose analog 2-deoxy-D-glucose.
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INTRODUCTION

Despite their diverse sites of origin and genetic heterogeneity, most tumors display a
common set of hallmarks that support their continued ability to proliferate (Hanahan and
Weinberg, 2011). One of these key features is reprograming of energy metabolism, and
cancer cells exhibit high rates of glucose consumption and glycolysis relative to normal
tissues (Hay, 2016). This is in part an adaptation to the intermittent hypoxia experienced by
tumors as they outgrow their blood supply because glycolysis is necessary for continued
ATP production during hypoxia. In fact, many genes encoding glycolytic enzymes are
induced by the hypoxia inducible factor 1 alpha (HIF1A), a master transcriptional regulator
of the hypoxic response (Gatenby and Gillies, 2004; Semenza, 2012). Increased glycolysis
also helps to support proliferation by supplying intermediates for anabolic processes such as
nucleotide and amino acid synthesis (Hay, 2016), and most cancer cells exhibit constitutive
upregulation of glycolysis even under aerobic conditions, a phenomenon known as the
Warburg effect (Koppenol et al., 2011; Warburg et al., 1927). Despite a wealth of evidence
indicating that the Warburg effect could provide a therapeutic opportunity to target cancer
cells, there are currently few drugs that inhibit this hallmark feature of cancer cells (Vander
Heiden and DeBerardinis, 2017). Although HIF1A itself is recognized as a key regulator of
the Warburg effect, its value as a pan-cancer therapeutic target remains unclear (loannou et
al., 2015; Keith et al., 2011). Therefore, investigations aimed at identifying other master
regulators of the Warburg effect could reveal potential therapeutic targets for a wide range of
cancers.

CDK& has been described as an oncogene in colorectal carcinoma (CRC) and several other
cancer types including melanoma and breast cancer (Clark et al., 2015; Firestein et al., 2008;
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Firestein et al., 2009; Galbraith et al., 2010; Kapoor et al., 2010). However, the exact
mechanisms by which CDKS8 activity promotes cancer development remain to be elucidated.
In fact, in certain contexts CDK8 has been described as a tumor suppressor (Clark et al.,
2015; Gu et al., 2013; Li et al., 2014). We and others have shown that CDK8 is a positive
regulator of transcriptional programs that drive the proliferation and survival of cancer cells,
including those controlled by Wnt/B-catenin (Firestein et al., 2008), ERK/MAP kinase
signaling (Donner et al., 2010), and HIF1A (Galbraith et al., 2013; Perez-Perri et al., 2016).
Thus, it is possible that pharmacological inhibition of CDKS8 could have therapeutic value by
simultaneously decreasing the activity of multiple oncogenic pathways.

CDKS8 is one of the two kinases associated with the Mediator complex. Mediator is a
conserved transcriptional coactivator required for transcription of most protein coding genes.
Mediator is composed of ~30 subunits in vertebrates and many human subunits have been
implicated in tumorigenesis (Clark et al., 2015; Poss et al., 2013), as well as other
pathologies (Yin and Wang, 2014). CDKS, along with Cyclin C, MED12, and MED13 form
a ‘CDK module’ that is reversibly associated with core Mediator, and that can regulate its
transcriptional activity both positively and negatively (Galbraith et al., 2010; Poss et al.,
2013). Interestingly, three of the four genes encoding CDK module subunits are duplicated
in vertebrates, giving rise to the paralogous pairs CDK8/CDK19, MED12/MED12L, and
MED13/13L. Each subunit variant can assemble with the rest of the CDK module in a
mutually exclusive fashion with its paralog, thus allowing for up to eight variants of the
CDK module (Daniels et al., 2013), which may be functionally specialized to enable
regulatory diversity and specificity. Furthermore, the CDK module is likely to have
additional functions and targets independent of core Mediator (Knuesel et al., 2009). Despite
the obvious importance of Mediator in gene expression control, little is known about shared
and unique functions of the CDK-module paralogs. Recently, a number of dual inhibitors of
CDK&8 and CDK19 have been developed, including Cortistatin A, Senexin A, CCT251921
and MSC2530818 (Cee et al., 2009; Clarke et al., 2016; Czodrowski et al., 2016; Dale et al.,
2015; Koehler et al., 2016; Mallinger et al., 2015; Mallinger et al., 2016a; Mallinger et al.,
2016b; Porter et al., 2012; Schiemann et al., 2016). While many of these compounds appear
to have efficacy against cancer cell lines /n7 vitro, it remains unclear whether the effects are
due to inhibition of CDK8, CDK19 or both. Furthermore, while studies using mouse models
demonstrated reduced tumor growth, testing in rats and dogs suggested that therapeutic
application of dual CDK8/19 inhibitors could be limited due to adverse effects in a range of
tissues (Clarke et al., 2016). Therefore, elucidating the functional specialization of CDK8
versus CDK19 and their relative value as therapeutic targets in cancer is a high priority.

To further investigate the oncogenic functions of CDKS8, and to distinguish CDKS8 action
from that of CDK19, we have employed a chemical genetic strategy, enabled by CRC cells
engineered to express an ATP analog-sensitive CDKS8 variant (CDK8-AS). Using this
approach, we identified widespread direct and indirect effects of impaired CDKS8 activity on
the transcriptome. This revealed a key role for CDK8 in expression of genes involved in
glycolysis, and led to the discovery that impaired CDK8 activity reduces glucose uptake and
sensitizes cells to the glycolysis inhibitor 2-deoxy-D-glucose (2DG). These effects of CDK8
are apparent in both hypoxia and normoxia, indicating that CDKS8 activity promotes the
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Warburg effect. Altogether, these results suggest that CDK8-based combinatorial therapeutic
strategies could be valuable in targeting cancer cells with altered glucose metabolism.

RESULTS

Generation of analog-sensitive CDK8 mutant cells

In vertebrates, the Mediator CDK module contains either of two paralogous protein kinases,
CDKS8 or CDK19 (Daniels et al, 2014). Previous work using genetic depletion, both in mice
and human cells, indicates that CDK8 and CDK19 have specialized functions in
development and gene expression control (e.g. Galbraith et al. (2013); Westerling et al.
(2007)). However, it remains unclear to what degree their catalytic activities contribute to
this functional specialization. To address this knowledge gap, we engineered HCT116 CRC
cells to express CDK8-AS that is sensitive to inhibition by non-hydrolysable ATP analogs.
Mutation of a conserved phenylalanine ‘gatekeeper’ residue in kinase active sites (F97 in
CDKB8) to glycine creates ‘analog-sensitive’ kinases able to accept bulky ATP analogs such
as 3AMB-PP1 (Figure 1A) (Blethrow et al., 2004), an approach that has been used to dissect
the function of other transcriptional CDKSs (Larochelle et al., 2006; Larochelle et al., 2007;
Sanso et al., 2016). We utilized a two-round genome editing strategy that combined
transcription activator-like effector nuclease (TALEN)-mediated double-strand break
generation with a recombinant adeno-associated virus (rAAV)-based homology donor
construct to sequentially introduce the F97G mutation at both CDK8alleles (Figure 1B and
S1A) (see also Experimental Procedures). We validated the resulting homozygous CDK&3s
HCT116 clones against wild-type (WT) and heterozygous cells using Southern blot
hybridization (Figure 1C), and by restriction digestion and sequencing of PCR products
(Figure S1B-C). These cells display unaltered levels of CDKS8 protein, and mutant CDK8
retains its ability to interact with Cyclin C and the CDK module subunit MED12, as well as
the core Mediator subunit MED14 (Figure 1D and S1D-E). In addition to
autophosphorylation, CDK8 phosphorylates other members of the CDK module including
MED12, MED13, and MED13L (Poss et al., 2016). Therefore, we next examined the
sensitivity of CDK8-WT and CDKB8-AS to inhibition by the ATP analogs 3MB-PP1 and
INM-PP1 in an /n vitroimmunoprecipitation-kinase assay with y-P32-ATP. While an
obvious autophosphorylation signal is evident for both CDK8-WT and —AS (Figure 1E,
lanes 1, 4, 7), the mutant kinase is less active in this context (Figure 1E, lanes 1-3).
Importantly, only the mutant kinase is inhibited by either ATP analog (Figure 1E, lanes 4-9).
As a further test, we treated WT and CDK&/2 cells with interferon gamma to stimulate
phosphorylation of STAT1, a known substrate of CDK8 (Bancerek et al., 2013). This
demonstrated that the mutant kinase is indeed less active against this target /n vivo, and
confirmed that it is sensitive to inhibition by 3MB-PP1 (Figure 1F).

CDKa8 kinase activity is required for proliferation and tumorigenic properties of colorectal
carcinoma cells

Given that the CDKS protein regulates pro-proliferative and hypoxia-inducible genes
(Firestein et al., 2008; Galbraith et al., 2013), and that its kinase activity was shown to be
required for transformation of NIH-3T3 cells (Firestein et al., 2008), we examined the effect
of impaired CDKS8 activity on proliferation and tumorigenic properties of HCT116 cells.

Cell Rep. Author manuscript; available in PMC 2017 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Galbraith et al. Page 5

Vehicle (DMSO)-treated CDK8?/25 cells displayed slower proliferation than WT cells in
both normoxia and hypoxia (1% O5), and this was further exacerbated by treatment with
3MB-PP1 (Figure 2A-B). Clonogenic efficiency of single cells was reduced in CDK&5/
cells compared to WT, particularly in normoxia (Figure 2C-D), although 3MB-PP1 had
little effect over that of the AS mutation alone. Notably, CDK&%35 cells formed smaller
colonies, particularly in hypoxia (Figure 2E), in agreement with a proliferation defect.
Another important property of transformed cells is the ability to escape anoikis and grow in
an anchorage-independent fashion. CDK8225 cells seeded into soft agar formed fewer
colonies than WT cells in both normoxia and hypoxia, and these colonies were reduced in
size (Figure S2A-C). Furthermore, while HCT116 cells readily formed three-dimensional
spheroids when seeded into ultra-low attachment plates, the growth rates of these spheroids
were reduced for CDK8/25 cells (Figure 2F-G). Finally, when injected into the flanks of
nude mice, CDK&%/3 xenograft tumors grew at a significantly lower rate than wild-type
HCT116 (Figure 2H), while retaining normal CDK8 expression levels Figure S2D). Taken
together, these results demonstrate that CDK8 kinase activity influences both proliferation
and tumorigenic properties of HCT116 cells, consistent with its role as a positive regulator
of several oncogenic signaling pathways in CRC.

Inhibition of CDK8 kinase activity has widespread effects on gene expression

We and others have shown that CDKS8 is a positive transcriptional coactivator of genes in
pathways important for cancer development and progression, including MAPK signaling to
serum-responsive genes, B-catenin activated transcription, and hypoxia (Donner et al., 2010;
Firestein et al., 2008; Galbraith et al., 2013). However, none of these studies examined the
role of the kinase activity in transcription per se. Therefore, we next sought to define the
impact of impaired CDK8 kinase activity on the transcriptome of HCT116 cells in normoxia
and hypoxia.

We first verified that stabilization of HIF1A during hypoxia is unaffected by CDK8-AS or
treatment with 3MB-PP1 (Figure S3A). We then carried out RNA-seq analysis for WT and
CDK&%/35 HCT116 cells grown in normoxic or hypoxic conditions (1% O, 24 hrs), and
treated with vehicle (DMSO) or 3MB-PP1. Principle component analysis of the 500 most-
variable mRNAs in these samples revealed large amounts of variation associated with
hypoxia treatment (~58%), and CDK8 genotype (~35%) (Figure S3B). We next used
DESeq?2 to detect differentially expressed genes (Love et al., 2014). To identify changes
caused by hypomorphic CDK8-AS, and to control for potential off-target effects of 3MB-
PP1, we conducted separate comparisons of CDK&%5to WT cells treated with DMSO or
3MB-PP1 (Figure S3C-D and Table S1). This revealed that mutation of the gatekeeper
residue in CDK8 has profound effects on the transcriptome, even in the absence of the ATP
analog (Figure S3C-D, DMSO). Addition of 3MB-PP1 affects a greater number of genes
(Figure S3C-D, 3MB-PP1), including most of those observed with the AS mutation alone
(Figure 3A-B). These global patterns confirm that CDK8-AS is a hypomorph, which can
then be further inactivated by 3MB-PP1, leading to both down-regulation and upregulation
of genes, which we define as CDK8 kinase-dependent and kinase-repressed, respectively
(Figure 3A-B). This is most obvious under normoxic conditions (Figure 3A and S3C),
where almost all genes affected by CDK8-AS alone are also altered in the presence of 3MB-
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PP1. Together, this indicates ~7.5% of all expressed genes require CDK8 for maximal
expression during normoxia. In terms of absolute numbers, and as a fraction of all expressed
genes, the impact of CKD8 inhibition is greater under hypoxic conditions, where ~17% of
all expressed genes require CDKS8 kinase activity (Figure 3A and S3D). Remarkably, ~23%
of hypoxia-inducible genes require CDK8 activity for maximal expression (Figure 3A). For
simplicity, we combined the genes affected in CDK8-AS-1 + 3MB-PP1 for subsequent
analyses (see Table S1).

We previously identified a role for CDK8 as a direct coactivator of hypoxia-inducible genes
using shRNA-based knockdown in HCT116 cells (Galbraith et al., 2013). Interestingly, the
overlap in gene expression changes observed when comparing data from CDK8-AS cells
and shCDKS8 cells was greatest for hypoxia-inducible genes (~65%, Figure 3C). This
indicates that most hypoxia-inducible genes require the kinase activity of CDKS, rather than
a scaffold function, for maximal expression, something that is not conserved among the
other gene sets defined here (Figure 3C). Hence, we took a closer look at CDK8-dependent
hypoxia-inducible genes. A volcano plot of transcriptome changes illustrates the widespread
requirement for CDK8 kinase activity among hypoxia inducible genes (Figure 3D).
Examples of hypoxia-inducible genes that require CDK8 kinase activity are shown in the
bubble plots in Figure 3E. Whereas some genes are strongly affected by the AS mutation
alone without further impact of the ATP analog 3MB-PP1 (e.g. VGF, FAT4), others are
inhibited more strongly in the presence of the drug (e.9. ANKRD37, IRF7, ISG20). Notably,
when we performed gene ontology and pathway enrichment analysis using Metascape
(Tripathi et al., 2015) for the 292 hypoxia-inducible genes dependent on CDK8 kinase
activity, the most significantly enriched gene sets were the Hallmark Hypoxia and
Glycolysis gene sets (Liberzon et al., 2015), and the HIF1 TF and Glycolysis pathways
(Figure 3F and Table S2). Of note, these two pathways were also enriched among CDK8-
dependent genes in the normoxic condition, suggesting that the kinase activity is also
required for basal expression of these genes (Figure S3E).

Altogether, these results indicate that CDKS8 kinase activity could play an important role in
the transcriptional programs required for the metabolic reprograming of cancer cells, under
both basal and hypoxia-induced conditions.

Inhibition of CDK8 kinase activity impairs glucose uptake and glycolysis, and sensitizes
HCT116 cells to 2-Deoxy-D-glucose

Having observed an enrichment of the glycolysis pathway among the CDK8 kinase-
dependent genes in both normoxia and hypoxia, we decided to focus on a potential role for
CDKS8 in regulating glucose metabolism. During hypoxia, genes encoding enzymes at every
step of the glycolytic cascade are induced in WT HCT116 cells (Figure 4A and Table S1),
and half (11/22) require CDKS kinase activity for their full expression (labeled red in Figure
4A). Of these, more than half (7/11) also depend on CDK8 kinase activity during normoxia
(underlined in Figure 4A-B), suggesting that CDK8 may regulate glycolysis during both
normoxia and hypoxia. Using our previously published ChIP-seq data for CDK8 in HCT116
cells (Galbraith et al., 2013), we observed CDKS8 binding to all but one of the glycolytic
genes affected by the CDKB8-AS allele, indicative of direct CDK8 action (e.g. SLC2A3,
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HK1, ENOI, Figure 4C). We confirmed the effect of CDK8 inhibition on expression of
several mMRNAs by gRT-PCR (Figure 4D), with the most profound effect observed for
SLC2A3, which encodes the glucose transporter GLUT3. The expression of these genes is
also reduced in HCT116 CDK&/%S xenograft tumors (Figure S2D). Importantly, GLUT3
also displays reduced protein levels in the mutant cells with lower CDK8 activity (Figure
4E).

We previously reported that CDK8, but not CDK19, is a coactivator of HIF1A target genes
(Galbraith et al., 2013). We therefore asked if the effect on glycolytic genes is also exclusive
to CDK8. Analysis of our published microarray data for stable knockdown of CDKS8 or
CDK19 (Galbraith et al., 2013) indicates that while the majority of CDK8 kinase-dependent
glycolytic genes, including SLC2A3, HK1, ENOJ, have reduced expression with CDK8
knockdown, depletion of CDK19 does not affect their expression (Figure S4A). To explore if
the regulation of glycolytic genes by CDK8 might be a common feature across cancers, we
examined the association between expression of CDK8 or CDK19 and genes in the
glycolysis pathway using TCGA data for 25 cancer types (https://cancergenome.nih.gov/).

In a pan-cancer analysis, many glycolytic genes display strong positive correlations with
CDKS8 expression (i.e. SLC2A1, HK1, HKZ, Figure S4B). Of note, this pattern is not
conserved for CDK19 (Figure S4B). At the level of individual cancer types, there is clearly a
more prevalent positive association between expression of CDK8 and glycolytic genes than
for CDK19 (Figure S4C). These correlations were stronger for specific cancer types, such as
lung adenocarcinoma (LUAD).

To test whether CDK8 activity influences glucose uptake, we used the fluorescent glucose
analog 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG). WT
HCT116 cells grown in normoxic conditions exhibited strong labelling after 1 hr incubation
with 2-NBDG, with a slight increase when grown in hypoxic conditions (Figure 4F-G and
S4D). However, 2-NBDG uptake by CDK&%/25 cells was significantly reduced in both
normoxia and hypoxia. We next assessed the performance of WT and CDK82/2 cells during
a glycolysis stress test using extracellular acidification (ECAR) as a measure of glycolytic
activity (Figure 4H). Compared to WT, the CDK8?25 cells have a reduction in both their
basal and maximal ECAR, indicating that they have significant defects in glycolysis,
glycolytic capacity, and glycolytic reserve (Figure S4E). Additionally, the differences in
glycolytic activity were accompanied by a decrease in basal oxygen consumption rate (OCR,
Figure S4F), although this was not significant.

Finally, we hypothesized that, due to impaired glucose uptake and glycolysis, CDK8/4s
cells would be more sensitive to inhibition of glycolysis than WT HCT116 cells. To test this,
we treated cells with 2-Deoxy-D-glucose (2DG) under both normoxic and hypoxic
conditions (Figure 41). 2DG is phosphorylated by hexokinases to form 2-Deoxy-D-
glucose-6-phosphate which cannot be metabolized further and in turn inhibits the
hexokinases, leading to inhibition of glycolysis (Pelicano et al., 2006). While at higher 2DG
concentrations we observed reduced viability of WT cells (ICsg of ~1.4 mM and ~1.6 mM in
normoxia and hypoxia), the CDK&%/25 cells displayed a clear increase in sensitivity in both
normoxia and hypoxia (ICgg of ~0.8 mM and ~0.9 mM, respectively). Taken together, these
results demonstrate that CDKS8 activity is required for HCT116 cells to maintain maximal
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rates of glucose uptake and glycolysis. This function is conserved in both normoxia and
hypoxia, suggesting that not only is CDK8 important for the cellular adaptation to hypoxia,
but that it also promotes aerobic glycolysis i.e. the Warburg effect that is exhibited by many
cancer types.

The dual CDK8/19 inhibitor Senexin A impairs glucose uptake and sensitizes cancer cells

to 2DG

Given the importance of hypoxic metabolism and the Warburg effect in solid tumors such as
CRC, we next looked to test if the effects of CDK8 inhibition demonstrated using our
chemical genetics approach could be recapitulated using a potential therapeutic compound in
HCT116 and additional cancer cell lines. SW480 CRC cells exhibit amplification of CDK8
locus, and are more sensitive to depletion of CDK8 than HCT116 (Firestein et al., 2008),
and Senexin A is one of several recently developed dual CDK8/CDK19 inhibitors (Porter et
al., 2012). We first confirmed that 10 uM Senexin A treatment is able to reduce IFN gamma-
stimulated phosphorylation of STAT1 (Figure S5A). We next examined the effect of Senexin
A on expression of several glycolytic enzymes in the two CRC cell lines (Figure 5A).
Surprisingly, in HCT116 cells, GLUT3 expression was increased by Senexin A treatment,
potentially due to its dual effects on CDK8 and CDK19. However, expression of GLUT1
and HK1 was reduced by Senexin A treatment, consistent with our results for CDK8%5/
cells. In SW480 cells, expression of both glucose transporters and HK1 was reduced by
Senexin A. Accordingly, Senexin A had a more significant impact on 2-NBDG uptake in
SW480 cells (Figure 5B-C and S5B).

To serve as a proof of principle for potential therapeutic strategies, we next tested the effect
of Senexin A on viability of the HCT116 and SW480 CRC cell lines, as well two non-small
cell lung cancer lines, A549 and H460. Note that all four lines express readily detectable
amounts of both CDK8 and CDK19 at the protein and RNA levels (Figure S5C-D), with
SW480 expressing the highest level of CDKS8, consistent with the known amplification of
the CDK8locus in this cell line (Firestein et al., 2008). Treatment with 10 uM Senexin A
alone led to modest reductions in viability of all four cell lines during normoxia, but not
hypoxia (Figure S5C). Combination treatment with 2DG further decreased viability in both
normoxia and hypoxia (Figure 5D), confirming that CDK®8/19 inhibition can enhance the
effects of 2DG on cancer cells. Finally, while the growth of HCT116 spheroids is essentially
unaffected by treatment with either compound alone, the combination treatment causes a
significant defect in spheroid growth (Figure S5D). These results suggest that
pharmacological inhibition of both CDK8 and glycolysis may be an effective strategy for
targeting CRC and other tumor types.

DISCUSSION

Upregulation of glycolysis is important for the proliferation and survival of cancerous cells
in both aerobic and hypoxic conditions, with most cancer cells displaying constitutively high
rates of glucose consumption regardless of oxygen availability. This glycolytic switch may
initially be driven by adaptation to the intermittent hypoxia experienced by proliferating
cells early in the transformation process prior to angiogenesis and metastasis (Gatenby and
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Gillies, 2004). Furthermore, there is also evidence that elevated glycolysis confers a
proliferative advantage upon cancer cells over and above maintaining ATP production (Hay,
2016). Both hypoxia and high levels of glucose uptake are associated with poor prognosis
(Chen et al., 2017; Kunkel et al., 2003). However, high rates of glycolysis are also a feature
of normal cells with high rates of proliferation which may lead to on-target toxicities with
prolonged high-dose treatment with glycolysis inhibitors such as 2DG.

Control of glycolytic flux in cancer appears to be mainly at the level of glucose import and
phosphorylation, by the SLC/GLUT family of transporters and the hexokinases, respectively
(Gatenby and Gillies, 2004). These enzymes can be upregulated by HIFs in response to
hypoxia, or constitutively by oncogenic pathways and transcription factors, such as
oncogenic KRAS and BRAF mutants, PI3K/AKT signaling and c-MYC overexpression,
either directly or via upregulation of HIFs (Barthel et al., 1999; Kim et al., 2007; Yun et al.,
2009). In fact, transformation of primary fibroblasts driven by oncogenic HRAS increases
dependence on glucose (Ramanathan et al., 2005), and glucose starvation can select for
acquisition of activating KRAS pathway mutations (Yun et al., 2009).

The reprogrammed glucose metabolism of cancer cells distinguishes them from most normal
cells and has been exploited as an /n vivo diagnostic and prognostic marker using
[18F]fluoro-2-deoxyglucose (FDG) positron emission tomography (PET) imaging (Patel et
al., 2010). However, therapeutic targeting of the Warburg effect in cancer cells has proven
difficult, owing to their use of the same glycolytic enzymes as normal cells and the
consequent risk of on-target adverse effects, as well as the expression of multiple isoforms
of these enzymes (Hay, 2016; Vander Heiden and DeBerardinis, 2017). Although 2DG has
been explored as a therapeutic agent (Landau et al., 1958; Raez et al., 2013), poor efficacy
and undesired side effects such as hypoglycemia, fatigue, and tachycardia have limited its
application as a single agent therapy (Bost et al., 2016). Interestingly, 2DG does seem to
hold some promise in sensitizing cancer cells when used in combination with other
pharmacological agents, such as Metformin (Cheong et al., 2011), Docetaxel (Raez et al.,
2013), and BCL2 antagonists (Yamaguchi et al., 2011).

The discovery of CDK8as a CRC oncogene has generated considerable interest in its
therapeutic targeting in various cancer types, and numerous small molecule inhibitors have
been reported recently, all of which inhibit both CDKS8 and its highly similar paralog
CDKZ19 (Clarke et al., 2016). Many of these compounds have demonstrated efficacy /n vitro
and in preclinical models, most notably Cortistatin A in AML cells (Pelish et al., 2015),
Senexin A in fibrosarcoma cells (Porter et al., 2012), and CCT251921 and MSC2530818 in
CRC cells (Clarke et al., 2016). However, the most comprehensive evaluation of the
therapeutic potential of dual CDK8/19 inhibitors to date, using two different classes of
compounds, demonstrated only modest activity in a p-catenin-driven mouse model of CRC,
and various adverse effects in rat and dog tolerability studies (Clarke et al., 2016). Although
the mouse model was not driven by CDK8 amplification, these results nonetheless suggest
that on-target activity will lead to adverse effects that would limit the therapeutic application
of these dual CDK8/19 inhibitors as single agents. Identification of CDK8-based
combination strategies may allow for more effective tumor responses at lower doses and
shorter times that would minimize adverse side-effects. In this context, our findings reported
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here suggest that combined inhibition of CDK8 and glycolysis as a therapeutic strategy
warrants further investigation.

As discussed above, there are several reports demonstrating that dual CDK®8/19 inhibitors
are able to suppress /n vitro or in vivo growth of different cancer types. However, it is not yet
clear the extent to which these effects are due to inhibition of CDK8 versus CDK19. In
addition to overcoming the challenges associated with adverse side-effects, predicting
responses to CDK8/19 inhibitors will benefit from a detailed understanding of the functional
specialization of these the two kinases. In CRC, only CDKS8 is subject to recurrent
amplification (Firestein et al., 2009), and we previously reported that CDK8, not CDK19, is
a widespread coactivator of hypoxia-inducible genes (Galbraith et al., 2013). Here, we report
a requirement for the kinase activity of CDK8 in expression of glycolytic genes. While we
found measurable defects in glucose uptake and the rate of glycolysis in cells with impaired
CDKS8 activity, we cannot exclude effects on additional metabolic pathways that rely on
glucose uptake, such as the pentose phosphate pathway and glutathione/redox homeostasis.
It would be interesting to determine if CDK8 kinase activity has more global effects on
metabolism beyond glycolysis. Microarray data for depletion of either kinase, and analysis
of expression data for human cancers suggest that CDK8 plays the dominant role in
expression of these genes, particularly in certain cancer types such as lung adenocarcinoma.
Therefore, tumors that overexpress CDK8 may be more likely to respond to combination
treatments with inhibitors of CDK8/19 and glycolysis than tumors overexpressing CDK19.

EXPERIMENTAL PROCEDURES

Cell Culture and proliferation, growth, and viability assays

HCT116 human colon carcinoma cells were cultured in McCoy’s 5A (Gibco/Thermo Fisher
Scientific) supplemented with 10% Fetal Bovine Serum (FBS, Peak Serum). SW480 human
colon carcinoma and H460 human lung adenocarcinoma cells were cultured in RPMI 1640
medium (Gibco/Thermo Fisher Scientific) supplemented 10% FBS. A549 human lung
adenocarcinoma cells were cultured in DMEM (4.5 g/l glucose, Gibco/Thermo Fisher
Scientific) supplemented 10% FBS. All media were supplemented with 1% antibiotic/
antimycotic solution (Gibco/Thermo Fisher Scientific). Accutase cell detachment solution
(Thermo Fisher Scientific) or 0.25% Trypsin/EDTA solution (Thermo Fisher Scientific) was
used to generate single cell suspensions for proliferation, clonogenic and soft-agar assays,
and spheroid formation. For normoxic treatments, cells were maintained at 37°C in a
humidified atmosphere with 5% CO». For hypoxic treatments, cells were maintained in a
humidified atmosphere at 37°C, with 1% O, and 5% CO», or were placed in humidified
sealed incubation chambers (Billups-Rothenburg), flushed twice with 120 | of a mixture of
1% O,/5% CO,/94% N, (Airgas), and maintained at 37°C. Assays for 2D proliferation rate,
3D tumor spheroid growth, soft agar colony formation, xenograft growth in nude mice, and
Sulforhodamine B viability measurements are described in Supplemental Experimental
Procedures.
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AS CDK8 Genome Editing

Full details of TALEN design and assembly (Briggs et al., 2012), and rAAV homology
donor construction (Kohli et al., 2004) are provided in Supplemental Experimental
Procedures. To generate CDK823/3 cells, parental HCT116 cells were transfected with
plasmids encoding the TALEN pair, followed by rAAV infection, selection, and single-cell
cloning. Heterozygous clones were identified by PCR screening, pooled, and subjected to a
second round of editing. A full description of clone validation by PCR, Southern
hybridization, and sequencing can be found in Supplemental Experimental Procedures.

Western Blotting

Sample preparation, quantitation, and western blotting were carried out as described
previously (Henry et al., 2012). Detection was by enhanced chemiluminescence, and images
were captured using an ImageQuant LAS4000 digital camera system (GE Healthcare).
Antibodies used are described in Supplemental Experimental Procedures.

CDK8 Immunoprecipitation Kinase Assay

Briefly, CDK8 was immunoprecipitated from whole cell lysates, and incubated with
[y-32P]-ATP in the presence of vehicle (DMSO) or 10 uM of the ATP analogs 3MB-PP1 or
1INM-PP1. Following SDS-PAGE, the dried gel was analyzed using a STORM 860 scanner
(Molecular Dynamics). Complete details can be found in Supplemental Experimental
Procedures.

RNA-seq and gRT-PCR
HCT116 cells were plated and treated as described under experimental procedures, followed
by harvesting in cold PBS. Total RNA was extracted from cell pellets using TRI Reagent
(Sigma Aldrich), according to the manufacturer’s instructions. RNA-seq library preparation
and sequencing, and cDNA synthesis / qRT-PCR analysis are described in Supplemental
Experimental Procedures.

RNA-seq data analysis

Data quality assessment, filtering, and mapping are described in Supplemental Experimental
Procedures. Differential expression analysis was assessed using DESeq2 (Love et al., 2014).
Full details are provided in Supplemental Experimental Procedures.

2NBDG Uptake Assay

Glucose uptake was measured using fluorescent glucose analog 2-NBDG (2-deoxy-2-[(7-
nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose, Cayman Chemical). Treatment conditions
and flow cytometry are described in Supplemental Experimental Procedures.

Glycolysis Stress Test, ECAR and OCR Measurement

Extracellular Acidification Rate (ECAR) and Oxygen Consumption Rate (OCR) were
measured on a Seahorse XFe24 Analyzer (Agilent). ECAR and OCR values were
normalized to the total amount of protein per well. See Supplemental Experimental
Procedures for additional details.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
A chemical genetics approach allows specific inhibition of CDK8
CDKS8 kinase activity is required for expression of multiple glycolytic genes
Inhibition of CDKS8 activity impairs glucose uptake and glycolysis

Inhibition of CDKS8 activity sensitizes cancer cells to glycolysis inhibitors
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(A) Cartoon depicting the creation of ‘analog sensitive’ CDK8-AS by altering the ‘gate-
keeper’ residue in the kinase active site. Structures of ATP and the analog 3MB-PP1 are

shown for reference.

(B) Outline of genome editing strategy to generate CDK&?2S HCT116 cells. Each round
entailed generation of a DNA double-strand break (DSB) in exon 3 of CDKBS, using a
transcription activator-like effector nuclease (TALEN) pair, followed by homologous
recombination with a recombinant adeno-associated virus (rAAV)-based repair donor
construct containing the F97G mutation and a /oxP-flanked neomycin resistance (NeoR)
cassette, selection for resistance, and finally removal of the NeoR cassette using transient
expression of CRE recombinase. TAL-1 and TAL-2, TALEN binding sites; HA, homology

arm; ITR, inverted terminal repeat.

(C) Southern blot hybridization analysis of Avrll-digested genomic DNA from WT and two
independent homozygous CDK8/25 clones (AS-1 and AS-2), using a probe spanning the
novel Avr//restriction site introduced along with the F97G mutation in CDK&exon 3.

Fragment sizes in kilo-base pairs are indicated at right.

(D) Western blot analysis of CDK8, Cyclin C (CCNC) and MED12 levels for inputs (2.5%)

and CDK8 immunoprecipitations from WT and AS lysates.

(E) /n vitrokinase assay with CDK8 immunoprecipitated material, as in D, showing
labelling of proteins with 32P-ATP in the presence of vehicle (DMSO) or the ATP analogs

3MB-PP1 (10 uM) or INM-PP1 (10 uM). Arrows indicate bands

representing

phosphorylation of CDK8 itself, or additional proteins present in the immunoprecipitation.
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(F) Western blot showing levels of S727-phosphorylated STAT1 (STAT1-pS727), total
STAT1, and CDK8 in HCT116 WT or CDK8 AS-1 cell lysates following treatment with
interferon gamma (IFN-y) and/or 10 uM 3MB-PP1.
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Figure 2. CDKS8 activity is required for proliferation and tumorigenic properties of HCT116 cells
(A and B) Growth curves for WT and two independent homozygous CDK8?2S clones (AS-1

and AS-2) under normoxic and hypoxic (1% O,) conditions, and treated with (A) DMSO
vehicle, or (B) 10 pM 3MB-PP1. Percentage confluence was monitored using an Incucyte
imaging system. Data are represented as mean + SEM from three independent replicates.
Asterisks indicate significant differences (unpaired t test, p < 0.05).
(C) Clonogenic cell survival assay for WT and CDK8 AS-1 in normoxia and hypoxia (1%
0,), and treated with vehicle (DMSO) or 10 uM 3MB-PP1. Representative images shown.
(D) Clonogenic colony number for cells treated as in C. Individual replicates are shown as
circles. Lines and whiskers represent mean + SEM from three independent replicates.
Asterisks indicate significant differences (unpaired t test, p < 0.05).
(E) Clonogenic colony area for cells treated as in C. Individual replicates are shown as
circles. Lines and whiskers represent mean + SEM from three independent replicates.
Asterisks indicate significant differences (unpaired t test, p < 0.05).
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(F) Spheroid growth assay for WT and two independent homozygous CDK&%/2S clones
(AS-1 and AS-2) in normoxia, treated with vehicle (DMSO) or 10 uM 3MB-PP1.
Representative images acquired using an Incucyte imaging system are shown.

(G) Growth curves for WT, AS-1, and AS-2 spheroids, treated as in G. Spheroid volume was
calculated from area as monitored using an Incucyte imaging system. Data are represented
as mean + SEM from three independent replicates. Asterisks indicate significant differences
(unpaired t test, p < 0.05).

(H) Xenograft tumor growth assay with wild-type and CDK825/as HCT116 cells injected into
the flanks of nude mice. Data are represented as mean £ SEM from 20 tumors per group.
Asterisks indicate significant differences (unpaired t test, p < 0.05).
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Figure 3. Inhibition of CDKS8 has widespread effects on the transcriptome
(A and B) Proportions of genes expressed during normoxia and hypoxia, or induced by

hypoxia, that (A) depend on CDK8 kinase activity or (B) are repressed by CDKS8 kinase
activity. Colors indicate the relative numbers of genes affected in CDK8-AS-1 treated with
vehicle (DMSO) (light blue) or 10 uM 3MB-PP1 (dark blue), or in both conditions (medium
blue). All subsequent analyses combine genes affected in CDK8-AS-1 +3MB-PP1 (see
Table S1).

(C) Proportions of CDKS8 kinase-dependent or —repressed genes for which CDK8
knockdown (shCDKS8) produces an effect in the same direction.

(D) Wolcano plot of log, fold change (hypoxia/normoxia) against -log,o(FDR adjusted p
value) for WT HCT116 cells, with hypoxia inducible CDK8-dependent genes highlighted in
green. Selected genes of interest are labelled.

(E) Bubble plots showing relative mRNA levels for example CDK8-dependent hypoxia
inducible genes. Circle area corresponds to mean RPKM values relative to condition with
maximum expression.

(F) Top 20 clusters from Metascape pathway enrichment analysis of the 292 CDK8-
dependent hypoxia-inducible genes. Color and length of bars represents —logg(p value),
based on the best-scoring term within each cluster.

See also Figure S3, Table S1, and Table S2.
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Figure 4. Inhibition of CDK8 impairs glucose uptake and glycolysis
(A) Outline of the glycolysis pathway with metabolites in boxes. Glycolytic genes induced

by hypoxia in HCT116 cells are listed at their corresponding step. Genes dependent on
CDKS8 kinase activity in hypoxia are listed in red, while those also dependent on CDK8
kinase activity in normoxia are underlined.

(B) Heat map showing relative expression of CDKS8 kinase-dependent glycolytic genes in
WT and CDK8-AS-1 cells across normoxic and hypoxic conditions + treatment with 10 pM
3MB-PP1. Data are represented as z-scores of mean RNA-seq RPKM values.
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(C) Genome browser views of CDK8 binding at selected CDK8 kinase-dependent glycolytic
genes under normoxic (blue) and hypoxic (red) conditions.

(D) Relative mRNA levels for selected CDK8 kinase-dependent glycolytic genes, as
assessed by gRT-PCR, under normoxic and hypoxic conditions + treatment with 10 uM
3MB-PP1. Expression values were normalized to 18S ribosomal RNA and are expressed
relative to the mean of DMSO treated wild-type samples. Data are represented as mean +
SEM from three independent replicates. Asterisks indicate significant differences (unpaired t
test, p < 0.05).

(E) Western blot showing levels of GLUT3, HIF1A, and CDK8 in WT vs. CDK8-AS-1 and -
AS-2 cells under normoxic and hypoxic conditions.

(F) Representative histograms of relative fluorescence for unlabeled vs. 2-NBDG-labelled
WT and CDK8-AS-1 and -AS-2 cells in normoxic and hypoxic conditions, treated with
vehicle (DMSO).

(G) Relative uptake of 2-NBDG by WT and CDK8-AS-1 and -AS-2 cells in normoxic and
hypoxic conditions, and treated with vehicle (DMSO) or 10 uM 3MB-PP1. Data are
represented as mean £ SEM from three independent replicates. Asterisks indicate significant
differences (unpaired t test, p < 0.05).

(H) Glycolytic function of WT vs. CDK8-AS-1 and -AS-2 cells, as measured by
extracellular acidification rate (ECAR), when starved of glucose for 1 hr, and after addition
of glucose followed by oligomycin (oligo) and 2DG. Data are represented as mean + SEM
from five independent replicates. Asterisks indicate significant differences (unpaired t test, p
< 0.05).

(1) 2DG dose-response curves for WT and CDK8-AS-1 cells under normoxic and hypoxic
conditions. Data are represented as mean + SEM from three independent replicates.

See also Figure S4 and Table S1.
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Figure 5. Senexin A reduces glucose uptake and sensitizes CRC cells to 2DG
(A) Western blots showing levels of GLUT1, GLUT3, HK1, HIF1A, and CDK8 in HCT116

and SW480 cells under normoxic conditions, and treated with vehicle (DMSO) or 10 uM
Senexin A.

(B) Relative uptake of 2-NBDG by HCT116 and SW480 cells in normoxic and hypoxic
conditions, and treated with vehicle (DMSO) or 10 uM Senexin A. Data are represented as
mean + SEM from three independent replicates. Asterisks indicate significant differences
(unpaired t test, p < 0.05).

(C) Representative histograms of relative fluorescence for unlabeled vs. 2-NBDG-labelled
SW480 cells in normoxic and hypoxic conditions, treated with vehicle (DMSO) or 10 pM
Senexin A.

(D) 2DG dose-response curves for the indicated cells under normoxic and hypoxic
conditions, and treated with vehicle (DMSO) or 10 uM Senexin A. Data are represented as
mean + SEM from three independent replicates.

See also Figure Sb.
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