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Abstract

Aberrant activation of the canonical Wnt/B-catenin pathway occurs in almost all colorectal cancers
and contributes to their growth, invasion and survival. Although dysregulated B-catenin activity
drives colon tumorigenesis, additional genetic perturbations are required to elaborate fully malignant
disease. To identify genes that both modulate B-catenin activity and are essential for colon cancer
cell proliferation, we conducted two loss-of-function screens in human colon cancer cells and
compared genes identified in these screens with an analysis of copy-number alterations in colon
cancer specimens. One of these genes, CDK8, which encodes a member of the mediator complex, is
located at 13q12.13, aregion of recurrent copy number gain in a substantial fraction of colon cancers.
Suppression of CDKB8 expression inhibited proliferation in colon cancer cells characterized by high
levels of CDK8 and B-catenin hyperactivity. CDK8 kinase activity was necessary for p-catenin driven
transformation and expression of several B-catenin transcriptional targets. Together these
observations suggest that therapeutic interventions targeting CDK8 may confer clinical benefit in
f-catenin-driven malignancies.
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The Wnt/B-catenin pathway is implicated in over 90% of colon cancers and in a fraction of
other human malignancies. Loss of the tumor suppressor APC or activating CTNNBL1 (-
catenin) mutations results in constitutive activity of the B-catenin-T cell factor (TCF)
transcriptional complex, which drives adenoma formationl:2. Although mutations in TP53 or
K-RAS co?erate with dysregulated p-catenin signaling to program a fully malignant
phenotype®, these mutations are found in less than half of -catenin-driven colon cancers?.

To identify oncogenes that modulate B-catenin-dependent transcription and regulate colon
cancer cell proliferation, we conducted two RNAI-based loss-of-function screens. We
engineered DLD1 colon cancer cells, which harbor APC deletions and depend on B-catenin for
proliferations, to stably express “TOPFLASH” B-catenin-luciferase and “FOPFLASH”
mutant-Renilla reporter constructs®:’ (DLD1ReP), Suppression of p-catenin expression in
DLD1ReP cells by three p-catenin-specific short hairpin RNAs (sShRNA) markedly reduced the
TOPFLASH/FOPFLASH ratio (Fig. 1a), confirming that reporter activity requires B-catenin
expression. We then screened DLD1REP cells with a ShRNA library containing 4849 shRNAs
that target 1000 genes, including 95% of the human kinome®. We found 34 genes whose
expression was necessary for B-catenin activity, including two known B-catenin regulators,
CSNK1G38 and CSNK1E? (Fig. 1b and Supplementary Table 1).

In parallel, we performed an arrayed, kinase-enriched sShRNA screen in another B-catenin-
dependent colon cancer cell line, HCT116, to identify genes essential for cancer cell
proliferation. We identified 166 candidate genes necessary for proliferation using the criteria
that at least two shRNAs targeting the same gene induced a decrease in proliferation. Among
the genes identified in this screen were the oncogenes KRAS and MYC (Fig. 1c and
Supplementary Table 2). Compilation of genes from the two screens revealed nine whose
suppression affected both B-catenin transcriptional activity and colon cancer cell proliferation
(Fig. 1d).

To determine whether any of these genes are amplified in colon cancers, we used single-
nucleotide polymorphism (SNP) arrays and the GIsTIC10.11 statistical method to conduct a
genome-wide analysis of autosomal copy number (CN) alterations in primary resection
specimens from 123 human colorectal adenocarcinomas (Fig. 2a). Among the nine genes
identified by our RNAI screens, only CDK8 resides within a particularly significant amplicon
at 13912.13-13q12.2 (false discovery rate (FDR) =1x10729) (Fig. 2a). These findings confirm
recent reports that a large portion of chromosome 13 is amplified in colon cancersl?/13, Fifty-
eight of 123 (47%) samples harbored this region of CN gain (Fig. 2b and Supplementary Table
3).

To confirm these findings, we performed fluorescence in situ hybridization (FISH), using
probes specific for CDK8 and RB1 (chromosome 13 control probe), on a tissue microarray
(TMA) carrying 50 evaluable colon cancer specimens. We detected CDK8 CN gain in 31 of
50 (62%) cases. 20 out of these 50 cases exhibited gains in both CDK8 and RB1 indicative of
polysomy and consistent with recent observations linking RB/E2F1, B-catenin and CDksgl4,
We also found CDK8 amplifications in 7 of these tumors (defined as CDK8:Control ratio >2)
and low to moderate level CN gain (CDK8:Control ratio >1 and <2) in an additional 4
specimens (Fig. 2c and Supplementary Table 4). Immunohistochemical analysis of CDK8
expression in the same 50 specimens revealed elevated protein levels in 13 of 50 (26%) colon
cancer samples, including those that showed CDK8 CN gain (Supplementary Fig. 1 and
Supplementary Table 4). These observations indicate that CDK8 is amplified and
overexpressed in a substantial fraction of colon cancers.

The minimal region shared by these tumors encompasses 16 annotated genes (Supplementary
Fig. 2a). To determine if CDK8 is the primary target of this amplicon, we first assessed
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expression of these genes in colon cancer cells harboring chromosome 13g CN gain and found
that 4 of the genes were not expressed (Supplementary Figure 2b). We suppressed the
expression of the remaining 12 genes in four cell lines, two (HT29, COLO-205) that harbor
139 CN gain and two (SW837, T84) that show 13q loss (Supplementary Fig. 3a, b). To analyze
the screen results on a per-gene basis in cell lines with either 13q12 CN gain or deletion, we
used an adaptation of the GSEAL® method and found that CDK8 was the only gene in this
region required for proliferation of cell lines harboring 13q gain (FDR=0.24) (Fig. 2d and
Supplementary Table 5). These observations suggested that colon cancer cells harboring
13qg12.2 amplification are particularly dependent on CDK8 expression for proliferation.

We then analyzed CDK8 CN gain and protein expression in a panel of 12 colon cancer lines.
Four (COLO-205, HT29, SW1463, and SW480) 6 of these 12 lines were found to harbor
CDKa8 gain (Supplementary Fig. 3a, b), and these cell lines exhibited the highest levels of
CDKS8 protein (Fig. 2e). Two additional colon cancer cell lines disomic for CDK8 (DLD1 and
HCT116) also exhibited elevated CDK8 protein levels (Fig. 2d and Supplementary Fig.3a, b).
Suppression of CDK8 expression induced substantially decreased proliferation in all six cell
lines with elevated CDKS8 protein levels (Fig. 2f,g) but inhibited proliferation rates in the cell
lines with lower CDKS8 protein levels to a lesser degree (Fig. 2h,i). Suppressing CDK8 in colon
cancer cells reduced the fraction of cells in G1 and S phase, increased the number of aneuploid
cells, and dramatically slowed cell proliferation without inducing apoptosis (Supplementary
Fig. 4), similar to what was observed upon suppression of -catenin. These observations
demonstrate that colon cancer cells that express elevated CDKS8 levels are highly dependent
on its expression for proliferation.

To determine if CDK8 induces cell transformation, we overexpressed wild type CDK8 or a
previously reported kinase inactive, substitution mutant (D173A,; CDK8-KD)17 in immortal
murine fibroblasts (NIH 3T3) (Fig. 3a). CDK8 expression induced focus formation, anchorage-
independent colony growth, and tumor formation in immunodeficient animals (Fig. 3b-e),
whereas the CDK8-KD mutant failed to transform the cells. These observations confirm that
CDKa8 is a bona fide oncogene, whose Kinase activity is necessary for oncogenic activity.

To dissect the relationship between CDK8 and B-catenin activity, we measured endogenous
B-catenin activity in the 12 cell lines used above. The RKO, COLO-741, HCA-7 and FHC cell
lines do not harbor known APC or B-catenin mutations18:19.20 and, as predicted, exhibited
low levels of B-catenin activity. Of these four cell lines, suppression of CDK8 induced a
substantial proliferation effect only in COLO-741 (Fig. 2h and Supplementary Fig. 5a).
Similarly, of the 12 cell lines tested, the six cell lines with highest CDK8 elevated levels showed
a greater dependence on B-catenin for proliferation (Supplementary Fig. 5b).

CDKS8 is a cyclin-dependent kinase member of the mediator comflex, which couples
transcriptional regulators to the basal transcriptional machinery2 . To explore the role of
CDKa&8 in modulating B-catenin transcriptional activity, we confirmed that suppressing CDK8
with two independent, CDK8-specific ShRNAs (shCDK8-1, shCDKS8-2) in an additional cell
line, SW480, also reduced p-catenin-dependent transcriptional activity (Fig. 4a). CDK8 kinase
activity depends on the co-factor Cyclin C22, and we found that Cyclin C knockdown
preferentially affected colon cancer cell lines with chromosome 13q gain (Supplementary Fig.
6a, b). To test whether CDKS8 kinase activity is required to regulate -catenin activity, we
expressed wild-type CDK8 or CDK8-KD in DLD1ReP cells carrying a sShRNA targeting the
3'-untranslated region, shCDK8-1 and found that only wild-type CDKS8 partially rescued the
effects of suppressing endogenous CDK8(Supplementary Fig. 6¢). These observations
demonstrate that the kinase activity of CDKS8 is necessary for both CDK8-induced
transformation and B-catenin driven transcription.
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The TCF-B-catenin complex regulates exgression of several genes implicated in colon cancer,
including MYC23, Axin228, and LEF12 Suppression of CDK8 in DLD1 and COLO-205
cells reduced expression of each of genes (Fig. 4b). In contrast, we failed to observe changes
in the expression of Notch or HES-1 (Fig. 4c), previously reported targets of CDK824. Thus,
g(lsDKS modulates a subset of B-catenin driven genes previously implicated in cancer23 25,

We then performed chromatm immunoprecipitation (ChIP) near two verified p-catenin/TCF
binding elements (TBE) in the MYC promoter, as an example of a -catenin regulated gene,
to test whether CDKS8 directly modulates MYC expression at the promoter level. We found
CDKB8 associated with the MYC promoter (Fig. 4d). We therefore asked if loss of CDK8 binding
at the MYC promoter affects the ability of B-catenin to bind at the proximal and distal TBEs.
Suppression of CDK8 expression reduced the amount of B-catenin bound to the proximal
element within the MYC promoter but had little effect on the amount associated with the distal
element (Fig. 4e). These observations implicate CDK8 and the mediator complex 21 s a direct
regulator of B-catenin-driven transcription.

To test whether CDKS8 activity is required for J3 -catenin driven transformation, we expressed
the dominantly interfering CDK8-KD mutant?8 in transformed NIH-3T3 cells expressing a
constitutively active B-catenin mutant (Fig. 3c). Disruption of CDKS8 activity inhibited p-
catenin driven transformation, whereas a dominantly interfering TCF construct, previously
shown to inhibit B-catenin-induced cellular transformationzg, only partially abrogated CDK8-
mediated transformation (Fig. 3d). These observations suggest that while CDK8 is required
for B-catenin mediated transformation, the full capacity of CDK8 to transform cells may extend
beyond its ability to activate p-catenin.

In summary, we have used an integrated approach to identify CDKS8 as an oncogene in a
substantial fraction of colorectal cancers and demonstrate that its kinase activity is essential
for its ability to regulate B-catenin dependent transcription and transformation. These
observations indicate that CDKS8 acts in part by co-activating g-catenin driven transcription in
colon cancers characterized by both high CDKB8 expression and p-catenin activity.
Accordingly, therapeutic interventions that target the CDK8 kinase activity in such cancers
may be of clinical value.

Methods Summary

Lentiviral infections were performed using pLKO.1 lentiviral ShRNA constructs generated by
the RNAI Consortium (TRC) and are listed in Supplementary Table 6. For high throughput
screening, cells infected with lentiviruses were allowed to grow for 4 d (DLD1Rep) or5d
(HCT116). Suppression of B-catenin activity was defined as the ability of at least one ShRNA
to decrease activity more than 2 standard deviations (SD) below the Z score. Suppression of
proliferation was defined as the capacity for at least one ShRNA to decrease proliferation more
than 1.5 SD below the mean Z score and at least one additional ShRNA targeting the same
kinase to decrease proliferation more that 1 SD below the mean Z score. For tissue analyses,
a Tissue Microarray (TMA) composed of human colon cancer tissue and matching patient
normal colon was subjected to immunohistochemical staining. For FISH, BAC clones were
hybridized in dual colors to four-micron TMA sections as follows: the RB1 probe labeled in
SpectrumGreen was used as a chromosome 13 control probe and the RP11-726120 BAC,
spanning CDKS8, was labeled with SpectrumOrange dUTP (both from Abbott Molecular/Vysis,
Inc.).
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Figure 1. RNAI screens to identify genes essential for colon cancer cell proliferation and g-catenin
activity

(a) Schematic of the DLD1ReP cell line showing the engineered 8X TOPFLASH and 8X
FOPFLASH elements and relative TOP/FOP activity in the DLD1ReP cell line. (b) Distribution
curve showing Z-scores representing p-catenin activity for all ShRNAs tested in the
DLD1ReP screen. shRNAs that reduced FOPFLASH levels to near background or activated
FOPFLASH more than 2 standard deviations (SD) above mean were excluded (FOP <800 and
FOP >2600 luciferase units). 2 of 5 CDK8-specific ShRNAs were excluded on this basis.
shRNA that induced Z-scores > 4 are not shown. Dashed line indicates Z score cutoff for
shRNAs scored as hits. (c) Distribution curve showing Z-scores representing cell proliferation
for shRNAs tested in HCT116 cells. This screen contained shRNAs targeting 1004 genes, and
there was 92% overlap between the screens in (b) and (c). Blue and black dashed lines indicates
Z score cutoff for shRNAs scored as hits. (d) Venn Diagram representation of 9 genes that
reduced both B-catenin activity and colon cancer cell proliferation.
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Figure 2. Amplification and overexpression of CDKS8 defines a subset of colon cancers

(a) Significance (y-axis) of recurrent amplifications at loci across the 22 autosomes (x-axis)
identified by GISTIC analysis. Chromosomal location of RNAI hits is indicated above plot.
(b) Heat map showing clustering of SNP array data, based on chromosome 1312 copy number
in 123 colon cancer specimens. Red indicates allelic gain, blue denotes loss. (c) Pie chart depicts
the percentage of colon tumors exhibiting CDK8 CN gain, chromosome 13 polysomy or disomy
(n=50) by FISH. Cutoff criteria for FISH are shown in Supplementary Table 4. (d) GSEA
comparative analysis of suppressing resident genes in the minimal 13912 region. Blue lines
represent differential scores of cell proliferation effects for each validated sShRNA that
suppressed target gene expression by greater than 70%. The leftmost column demonstrates the
total pool of validated hairpins for all genes on 13q12. Red lines represent a normalized
enrichment score for each gene that takes into account the cell proliferation effects of all
shRNAs and scores the specificity of the effects in cell lines that harbor or lack 13q gain. (e-
i) Immunoblot analysis of CDK8 expression in 12 colon cancer cell lines. B-actin serves as a
loading control (e). Effect of CDK8 suppression on proliferation of colon cancer cells that
harbor chromosome 13 gain (f), harbor chromosome 13 loss (g), are disomic with higher CDK8
protein expression (h) and are disomic with lower CDK8 protein expression (i). Bar graph
depicts cell proliferation normalized to the shGFP control for triplicate determinations. Error
bars represent mean + SD for a representative experiment performed in triplicate.
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Figure 3. CDKS8 and transformation

(a) Immunoblot analysis showing CDK8 and CDKS8 kinase-dead (CDK8-KD) expression in
NIH-3T3 cells. (b) Focus formation assay of NIH-3T3 cells expressing CDK8 or CDK8-KD.
(c) CDKB8 kinase activity drives anchorage independent (Al) growth and is necessary for 3-
catenin mediated Al growth. Al colony growth in NIH-3T3 cells infected with the indicated
retroviral vectors. (d) B-catenin suppression only partial blocks CDK8 induced Al growth.
Dominant negative TCF (dnTCF) was introduced in the presence of B-catenin or CDK8. Al
colony growth was performed as indicated in (c). (¢) CDK8 kinase activity drives tumor
formation. Mean tumor volume from subcutaneous tumors formed NIH-3T3 cells expressing
CDK&8 or CDK8-KD constructs in immunodeficient mice. The difference in tumor formation
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between CDK8 and CDK8-KD was statistically significant, as assessed by unpaired t-test (p
value = 0.0001). All experiments were performed in triplicate, and mean = SD is shown.
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Figure 4. CDK8 mediates transcription of p-catenin driven downstream target genes

(a) Bar graph depicts p-catenin activity as normalized TOPFLASH (TOPFLASH/FOPFLASH)
after introduction of CDK8-specific ShRNAs. An immunoblot shows CDK8 protein levels at
time of assay. B-actin serves as a loading control. (b, c) Bar graphs shows mRNA abundance
of endogenous B-catenin and Notch transcriptional targets after CDK8 suppression in
COLO-205 and DLD1 cells. Myc, B-catenin, and Notch expression changes were assessed by
immunoblotting. B-actin expression serves as a loading control. (d) CDK8 binds the MYC
promoter. Schematic representation depicts the location of proximal and distal TCF binding
elements (TBE, gray boxes) and MYC promoter TATA box. Dashed Lines indicate the distance
from TBEs to TATA box. Hatched lines depict the PCR primers used for chromatin
immunoprecipitation (ChIP). Bar graph shows CDK8 binding to the MYC TATA box in
COLO-205 colon cancer cells treated with the indicated shRNAs and assayed by ChlIP. (d, €)
Asterisk indicates statistically significance as assessed by unpaired student t-test (p value <
0.013) and p < 0.14 for the control 1gG for (d) and (p value <0.005) and p < 0.34 for the 1gG
control. For (e). (e) Bar graph depicts p-catenin binding to the indicated MYC promoter
elements in the presence or absence of CDK8. ChIP assays were performed as above. All
experiments were conducted at least two times in triplicate. Error bars represent the mean +
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SD for a representative experiment performed in triplicate. Asterisk indicates a statistically
significance as assessed by unpaired student t-test
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