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ABSTRACT In cancer, oncogene activation is partly mediated by acquired superen-
hancers, which therefore represent potential targets for inhibition. Superenhancers are
enriched for BRD4 and Mediator, and both BRD4 and the Mediator MED12 subunit are
disproportionally required for expression of superenhancer-associated genes in stem
cells. Here we show that depletion of Mediator kinase module subunit MED12 or MED13
together with MED13L can be used to reduce expression of cancer-acquired superen-
hancer genes, such as the MYC gene, in colon cancer cells, with a concomitant decrease
in proliferation. Whereas depletion of MED12 or MED13/MED13L caused a dispropor-
tional decrease of superenhancer gene expression, this was not seen with deple-
tion of the kinases cyclin-dependent kinase 9 (CDK8) and CDK19. MED12-MED13/
MED13L-dependent superenhancer genes were coregulated by �-catenin, which
has previously been shown to associate with MED12. Importantly, �-catenin deple-
tion caused reduced binding of MED12 at the MYC superenhancer. The effect of
MED12 or MED13/MED13L depletion on cancer-acquired superenhancer gene ex-
pression was more speci�c than and partially distinct from that of BRD4 depletion,
with the most ef�cient inhibition seen with combined targeting. These results iden-
tify a requirement of MED12 and MED13/MED13L for expression of acquired super-
enhancer genes in colon cancer, implicating these Mediator subunits as potential
therapeutic targets for colon cancer, alone or together with BRD4.

KEYWORDS BRD4, CDK19, CDK8, cancer, MED12, MED13, MED13L, Mediator,
superenhancer, transcription

In cancer cells, activation of oncogenes is partly mediated by highly active enhancers
termed acquired superenhancers. Thus, inhibiting cancer-acquired superenhancer-

dependent transcription represents a potential way to speci�cally target proliferation of
cancer cells. Superenhancers are enriched for many transcription regulators, including
lineage-speci�c transcription factors Mediator and BRD4 (1�3). Superenhancer-
associated genes (SE genes) have been identi�ed to be highly sensitive to inhibition of
BRD4, and targeting of BRD4 by BET (bromodomain and extraterminal motif) inhibitors
has shown potential in the treatment of hematopoietic cancers (4�6). However, as with
most cancer drugs, BET inhibitors also cause side effects and resistance (7, 8). Thus,
there is continued interest in identifying other ways to speci�cally decrease expression
of cancer-acquired SE genes, such as the MYC gene, alone or in combination with BET
inhibitors.

The Mediator kinase module has been implicated in regulation of superenhancer-
dependent transcription. The Mediator kinase module, which reversibly associates with
Mediator, consists of the catalytic subunit cyclin-dependent kinase 9 (CDK8) or CDK19,
its cognate cyclin (CCNC), MED12 or MED12L, and MED13 or MED13L (9). In �ies, which
lack the alternative subunits CDK19, MED12L, and MED13L, the functions of Cdk8 and
CCNC are dependent on Med12 and Med13 (10). The kinase module regulates tran-
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scription through multiple mechanisms. In HeLa cells, MED12 can activate Wnt target
genes through association with �-catenin (11). In mouse embryonic stem cells (mESCs),
MED12 activates pluripotency genes through mediating enhancer-promoter looping
via an interaction with the cohesin loading factor NIPBL (12). In mESCs, pluripotency
genes are associated with superenhancers, and depletion of MED12 preferentially
decreases SE gene expression in mESCs and mouse hematopoietic stem cells (mHSCs)
(3, 13). This was linked to BRD4 in mouse acute myeloid leukemia (AML) cells, where
MED12 depletion or BRD4 inhibition caused similar transcriptional defects, including a
decrease of SE gene expression (14). In mHSCs, MED12 activates superenhancers
independently of MED13, suggesting that the kinase module does not always function
as an entity (13).

Colon cancer cells have also acquired superenhancers around oncogenes, including
the MYC oncogene (1). Reducing MYC expression is suf�cient to prevent formation of
intestinal tumors of APCMin mice (15). Interestingly, inhibition of BRD4 in colon cancer
cells results in decreased MYC superenhancer activity and proliferation (16). Also, the
Mediator kinase module has been implicated in colon cancer, as CDK8 ampli�cation
drives colon cancer cell proliferation and stimulates �-catenin activity (17). In colon
cancer cells, CDK8 is also required for recruitment of BRD4 and pTEFb during elonga-
tion, suggesting an activating role in transcription for CDK8 in these cells (18, 19). Thus,
we hypothesized that the Mediator kinase module subunits may be preferentially impor-
tant for expression of acquired SE genes in colon cancer cells and explored whether
depletion of these could be used to speci�cally target cancer-acquired SE genes and
restrain colon cancer cell proliferation.

RESULTS
To study the potential role of the Mediator kinase module in regulating superenhancer-

associated genes (SE genes) in colon cancer cells, we analyzed the transcriptome by using
RNA sequencing (RNA-seq) after small interfering RNA (siRNA)-mediated depletion of
several kinase module subunits and BRD4 in HCT116 colon cancer cells.

Coregulation by Mediator kinase module subunits and BRD4. Ef�cient depletion
of all targets was noted 3 days after siRNA transfection (Fig. 1A), and RNA-seq analysis
demonstrated signi�cant changes in gene expression (Fig. 1B; see Table S1 in the
supplemental material). Effects on selected highly deregulated genes were validated by
quantitative PCR (qPCR) using independent siRNAs (Fig. 1C) and in a second colon
cancer cell line, DLD1 (Fig. 1D). Depletion of MED12, BRD4, or MED13 together with
MED13L resulted in the largest number of changed transcripts (Fig. 1B; Table S1). CDK8
depletion alone led to a small number of altered transcripts, whereas simultaneous
depletion of CDK8 and CDK19 caused more changes (Fig. 1B; Table S1), as expected (14,
19). Similarly, simultaneous depletion of MED13 and MED13L led to a 10-fold increase
in altered transcripts compared to the levels with separate depletions, demonstrating
redundant functions (Fig. 1B; Table S1). Therefore, subsequent analyses were per-
formed with the combined depletion of MED13 and MED13L (MED13/13L). Signi�cant
correlation was observed for siMED12- and siMED13/13L-regulated genes (Fig. 1E)
(Pearson�s correlation � 0.82; P � 0.01), including highly regulated genes, such as the
ANKRD1, TNFSF18, SUSD2, and MYC genes (Table S1). MED13/13L are required for
association of the kinase module with core Mediator (20), and depletion of MED13/13L
caused reduced protein levels of MED12 (Fig. 1A), as shown previously (20), which may
partly explain the observed correlation. However, MED12 depletion did not decrease
levels of MED13/13L. Thus, the lack of signi�cant amounts of transcripts speci�c to
siMED13/13L (Table S1) suggests limited MED12-independent functions for MED13/13L
in these cells, similar to what we showed previously for Med12-Med13 in �ies (10).
Signi�cant overlap was also noted for genes regulated by depletion of CDK8/19 or
MED12 and MED13/13L, including genes such as ANKRD1 and SUSD2 (Fig. 1E and F;
Table S1), although the majority (around 80%) of siMED12/13/13L-regulated transcripts
were unaffected by depletion of CDK8/19 (Fig. 1F). MED12 has been shown to link
CDK8/19 to the kinase module via CCNC (20, 21). Accordingly, MED12 and MED13/13L
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FIG 1 Transcriptome pro�ling of Mediator kinase module-depleted cells. (A) Western blot of HCT116 cells showing protein levels of CDK8 module
subunits and BRD4 72 h after siRNA treatment. Gapdh is shown as a loading control. *, unspeci�c background. (B) Hierarchical clustering
by Euclidean distance of 24 RNA-seq samples based on genes with �1.7-log2 fold expression changes relative to expression with siNT.
Colors indicate log2 cpm relative to the average for all samples. Ordering of the nodes has been changed to aid in visualization, e.g., so
that siNT is at the left. (C) qPCR validation of genes deregulated in RNA-seq, normalized to Gapdh expression, in HCT116 cells 72 h after
treatment with the indicated siRNA (2 individual siRNAs/target). Columns and error bars show log2 fold changes relative to the average for
siNT_1 and siNT_2 � standard errors of the means (SEM) for at least 3 experiments. (D) qPCR validation of genes deregulated in RNA-seq,
normalized to Gapdh expression, in HCT116 (upper panel) and DLD1 (lower panel) cells at 72 h, using pools of 4 siRNAs. Columns and error
bars show log2 fold changes relative to expression with siNT � SEM for at least 2 experiments. (E) Matrix showing Pearson�s correlation
coef�cients between the indicated samples of genes (n � 3,840) with �0.59-log2 fold changes (adjusted P � 0.05) in any sample. (F) Venn
diagram showing overlap of genes regulated in the indicated direction (�0.59-log2 fold change; adjusted P � 0.05) as determined by
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