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Abstract

RNA surveillance pathways detect and degrade defective transcripts to ensure RNA fidelity. We
find disrupted nuclear RNA surveillance is oncogenic. Cyclin Dependent Kinase 13 (CDK13)

is mutated in melanoma and patient-mutated CDK13accelerates zebrafish melanoma. CDK13
mutation causes aberrant RNA stabilization. CDK13 is required for ZC3H14 phosphorylation,
which is necessary and sufficient to promote nuclear RNA degradation. Mutant CDK13 fails to
activate nuclear RNA surveillance, causing aberrant protein-coding transcripts to be stabilized and
translated. Forced aberrant RNA expression accelerates melanoma in zebrafish. We find recurrent
mutations in genes encoding nuclear RNA surveillance components in many malignancies,
establishing nuclear RNA surveillance as a tumor-suppressive pathway. Activating nuclear RNA
surveillance is crucial to avoid accumulation of aberrant RNAs and their ensuing consequences in
development and disease.

Transcriptional Cyclin Dependent Kinases (CDKSs) are a family of kinases activated by

a cyclin binding partner (1, 2) that have roles in controlling transcriptional subprocesses
including initiation, elongation, co-transcriptional RNA processing, and termination (3-9).
Transcriptional CDKs, including CDK13, are being investigated as therapeutic targets

for many difficult-to-treat cancers (10-14). Mutations affecting CDK13 cause syndromic
developmental disorders that affect neural crest-derived tissues (congenital heart defects,
dysmorphic facial features, and intellectual development) (15-19). The role of CDK13 in
transcription and RNA processing remains poorly understood.

RNA polymerase 1l (RNAPII) is exquisitely regulated to ensure that transcriptional
initiation, elongation, co-transcriptional processing, and termination are precisely executed
on protein-coding genes. During elongation, a rapid cascade of RNA processing steps takes
place (20). RNA processing errors can result in aberrant transcripts that must be degraded
by RNA surveillance pathways. Messages that prematurely terminate are predicted to evade
nonsense mediated decay (NMD) due to lack of downstream splice events (21) and require
a complementary surveillance pathway to avoid accumulation and translation of pathogenic
transcripts.

Aberrant or unstable nuclear RNAs are recognized by adaptor complexes, which recruit
the MTR4 helicase and the nuclear RNA exosome degradation complex to specific RNAs.
The recently reported PolyA eXosome Targeting (PAXT) complex targets prematurely
terminated RNAs (ptRNAs) for degradation (22, 23). How ptRNAs (and not messenger
RNAs [mRNAs]) are specifically targeted for PAXT degradation is unknown.

In this study, we find that patient-specific mutations in CDK13 accelerate oncogenesis

in human cells and a zebrafish melanoma model and that CDK13 is responsible for
activating nuclear RNA surveillance. When CDK13 is mutated or lost, phosphorylation

of the PAXT component, ZC3H14, is compromised, and ptRNAs fail to be targeted for
nuclear degradation. Consequently, stabilized ptRNAs are translated into truncated proteins.
Overexpression of ptRNAs leads to accelerated melanoma in zebrafish. We find that PAXT
subunits recruited by CDK13 phosphorylation are mutated in 17% of melanomas and

that recurrent mutations in PAXT subunits ZFC3H1 and ZC3H18 occur in many cancer
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types. This work demonstrates that CDK13 normally activates nuclear RNA surveillance
machinery to degrade oncogenic prematurely terminated RNAS.

Results

CDK13 has properties consistent with a tumor suppressor.

We initially examined the transcriptional CDK loci as defined by (2) in melanoma patient
samples from The Cancer Genome Atlas (24) and found CDK13 was mutated in 4.6%

of patients and had a cluster of mutations near the ATP-binding site (Table S1). We then
analyzed a larger set of publicly available patient data (24-33) specifically for CDK13
mutations and found CDK13is somatically mutated in 3.9% of cutaneous melanomas
(52/1347 patients) (Figure S1A, Table S2). To determine if CDK13somatic mutations are
selected for in melanoma, OncodriveFM (34) was used because it accounts for background
mutational load and predicted mutational severity. This analysis suggested that CDK13

is a FDR-significant melanoma driver gene (q=0.042, p=0.0049). We observed 2.2-fold
enrichment of deleterious mutations in the kinase domain vs. the remainder of the protein
(Fisher’s exact test, p = 0.03, OR = 5.4) (Figure 1A red and orange, Figure S1A, Table

S2, Data S1). To assess CDK13 mutational clonality, we identified samples that were copy-
neutral for CDK13and compared the variant allelic fraction (VAF) of CDK13 mutations

to known driver mutations from the same samples (24). Of six evaluable tumors, four were
clonal (P746T, R860Q, E1248K, and P881L), one was subclonal (R1206M), and one was
potentially subclonal (E1448X) with a VAF similar to AFZ (Figure S1B, Data S1). In non-
copy-neutral CDK13 mutant samples, we observed additional samples harboring clonal or
potentially clonal CDK13mutations (9/12). Of the 7 samples with clonal CDK13 mutations,
all were heterozygous. CDK13is mutated in many other malignancies (Figure S1C), which
also display an enrichment in kinase domain mutations (1.8x, n=13269 from 56 studies,
p=2.47x10713) (Data S1). Loss of heterozygosity is infrequently observed in melanoma. Of
the 1347 melanoma patient samples, we assessed those with copy-number and mutational
information for loss of heterozygosity and identified that 0.5% had biallelic loss (n=832, one
biallelic deletion and three with a mutation and heterozygous deletion). These data show
that CDK13is a mutated driver gene with a modest enrichment in kinase domain mutations,
suggesting that kinase domain mutations have additional selection pressure beyond loss of
function, such as dominant negative activity.

De novo heterozygous CDK13 kinase-domain mutation has been reported to cause a
CDK13-associated developmental syndrome (80%, 32/40 patients) (15-19), suggesting
functional importance of these mutations. All but two of the CDK13-developmental kinase
domain variants are found as somatic mutations in cancer. The notable difference is the
N842 variant, the most common variant associated with the developmental disorder, which
was not found as a somatic mutation in melanoma or non-melanoma cancer (Data S1).
While CDK13was not considered a driver gene in prior studies due to its low mutational
rate, these data show that CDK13is a broadly-utilized driver gene with an enrichment in
deleterious kinase-domain mutations, suggesting a function beyond haploinsufficiency.

If mutant CDK13 functions by interfering with WT CDKZ13, in other words has dominant
negative activity, then mutant CDK13 would be expected to result in a similar phenotype
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to CDK13downregulation. Survival analysis using human TCGA melanoma patient (24)
data revealed that patients with CDK13 downregulation (zscore < -1.0, fold change 0.48)
or somatic mutation (CDK13-altered) combined had decreased overall survival (Figure 1B,
S1D-E, log rank p = 0.0028). CDK13alteration remained associated with poor survival after
adjustment in a multivariate model (HRR = 1.81 [95% CI [1.13-2.90], Cox p = 0.014, Table
S3). Patients initially staged with 0/1/2 melanoma that had CDK13-alterations exhibited
reduced overall survival compared to remaining stage 0/1/2 melanoma patients (Figure

S1F, log-rank p = 0.0012). The percentages of CDK13-altered (mutated or downregulated)
melanomas with BRAFY600 mutations or NRASY5Z were compared to the remaining

cases in the TCGA melanoma cohort (24), and no significant differences were found (chi
squared test, p=0.287) (Table 1). These data suggest CDK13 mutation or downregulation are
associated with poor overall survival in melanoma patients.

CDK13 melanoma mutations that occur in the kinase domain were projected onto a
previously solved crystal structure (Figure 1C) (35). The P869 residue is located two
residues away from the T871 phosphorylation site and the R860 residue normally
coordinates with phospho-T871, so these mutations could disrupt kinase activation. The
W878 mutation may change the substrate binding pocket and mutants P881L, P893L,

and 1843N might disrupt the integrity of the kinase domain structure. In vitro, CDK13WT
activated by its canonical cyclin partner, Cyclin K (CCNK), had robust kinase activity
while the R860Q, W878L, and K734R mutants failed to phosphorylate full-length RNAPII
C-terminal domain (CTDs5) and a second substrate (Figure 1D, S1G), but maintained Cyclin
binding (Figure S1G, right). The CDK13X734R mutation replaces the lysine required for
catalysis (36) and occurs in the CDK13-associated developmental syndrome (15). These
data show that CDK13 mutations observed in melanoma abrogate kinase activity.

To examine the role of CDK13 in melanoma, the MAZERATI rapid modeling system

was used with mitfa:.BRAFY600 : p53—/-; mitfa—/- zebrafish, hereafter referred to as the
“Triples” zebrafish melanoma model. These zebrafish lack Mitfa, the master regulator

of melanocyte development, and lack melanocytes (37-39). Melanocytes were rescued
with a vector that expresses Mitfa, allowing cell-autonomous melanocyte-specific gene
expression or CRISPR/Cas9-mediated inactivation using the mitfa promoter. Zebrafish
with melanocyte-specific CRISPR-deletion of zebrafish cak3as compared to that of

a control gene showed significantly decreased melanocyte numbers (one-way ANOVA
g=0.0030), indicating that cak13is required for melanocyte development (Figure 1E-F,
S1H-I). Overexpression of human wild-type CDK13 (CDK13WT) also resulted in fewer
melanocytes during development (Figure 1E-F, S1J) but was able to rescue melanocyte
number loss caused by cdki3 deletion (Figure 1E-F, S1K). Rarely, melanomas arose in
zebrafish with cdk13 melanocyte-specific CRISPR-deletion, and phospho-histone 3 (PH3)
immunohistochemical (IHC) staining revealed that cadk13 CRISPR-deleted vs. control
melanomas were significantly more proliferative (Mann-Whitney two-tailed t test, p =
0.014) (Figure 1G, S1L-M). Proper Cdk13 levels are required for melanocyte development
and human CDK13 complements the loss of zebrafish cak13.

To test whether CDK13 melanoma patient mutations cause more aggressive melanoma
in vivo, mutant CDK13 was expressed in melanocytes in the Triples zebrafish melanoma
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model. Control enhanced green fluorescent protein (EGFP) expression resulted in expected
rescue of mosaic stripes; whereas human CDK13WT expression resulted in few melanocytes
at 9 weeks-post-fertilization (wpf), so CDK13WT-expressing animals were not followed

for tumor onset. In contrast, overexpression of CDK13R860Q CDK13P869S CpDK13W878L
CDK13P881L or CDK13P8%L caused the appearance of black patches at 9 wpf (Figure 1H,
S1N) and expedited tumor onset (Figure 11, SIO-P). Because all tested CDK13 mutations
promoted melanoma to a similar degree, we have used them interchangeably in most assays
(hereafter called CDK13™), CDK13MUlexpressing melanomas had more PH3-positive
cells by IHC than controls (Figure 1J, S1Q). Since both melanocyte-specific cak13 CRISPR-
deletion and forced human CDK13MUt expression caused more proliferative melanomas, our
data support that CDK13M! acts through a dominant negative or antimorphic mechanism,
wherein human CDK13™Ut adversely affects intact zebrafish Cdk13WT activity. Our data are
consistent with the existing human developmental disorder genetics showing that CDK13
mutations work via a dominant negative mechanism (15-19).

We hypothesized that Cyclin-binding is required for CDK13™Ut dominant negative

activity. To test whether CCNK (35, 40-42) or Cyclin T1 (CCNT1) are required for
CDK13™MUt dominant negative melanomagenesis /in vivo, we co-injected vectors that

express melanocyte-specific CDK13MUt and that delete ccnK or ccnT1 in the Triples
zebrafish melanoma model. ccnK melanocyte-specific inactivation expedited melanoma in
the presence of CDK13W878L put not alone (Figure SIR-S). ccn T melanocyte-specific
inactivation suppressed CDK13W878L and CDK13R860Q oncogenesis but had no effect alone
(Figure 1K-L, S1T-U). These data indicate that the oncogenic mechanism of CDK13Mut
requires CCNTL.

To determine the effect of mutant CDK13 expression in human melanoma cells, CLOVER
fluorescent protein, CDK13WT, CDK13W878L or CDK13R860Q was expressed in human
A375 melanoma cells. Cells expressing either CDK13 mutant had a decreased doubling
time (increased growth rate) compared to CDK13WT or CLOVER (Figure 1M, Figure S1V).
These data show that mutant CDK13 expression causes human melanoma cells to proliferate
more quickly, indicating that mutant CDK13’s pro-proliferative function is conserved.

CDK13 mutation results in accumulation of RNAs that prematurely terminate in introns.

As CDK13 is phylogenetically related to known transcriptional kinases, we tested for

a global RNA phenotype by quantifying differential exon usage. Differential expression
analysis of first (F), alternative first (AF), internal (l), last (L), or alternative last (AL) exons
in each gene was performed in zebrafish melanomas. We observed significantly increased
read coverage in the first exon as compared to the last exon in CDK13M!"Lexpressing vs.
control melanomas (two-sided Wilcoxon rank sum test p<2.2x10716) (Figure 2A, S2A).
These data suggest that prematurely terminated RNAs (ptRNAs) are present in CDK13Mut
zebrafish melanomas.

Analysis of poly-A-selected RNA-sequencing (RNA-seq) from patient melanomas (patient
characteristics in Table S4 showed that patients with CDK13MUtexpression vs. CDK13WT-
expression had increased read coverage in the first exon vs. the last exon (Figure 2B),
indicating presence of ptRNAs. ptRNA evidence was of greater magnitude in the patient
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RNA-seq data that were poly-A-selected as compared to non polyA selected, indicating

that ptRNAs are polyadenylated (Figure 2B vs. 2A). We generated mouse embryonic stem
cells (MESCs) that were Cdk13-/- and carried a doxycycline-inducible mouse Cak13rescue
transgene. Poly-A-selected RNA-seq was done at time zero (CDK13-expressed) and at 48
and 72 hours after doxycycline removal (CDK13-depleted) (Figure S2B-D). mESCs that
were CDK13-depleted for 48 hours showed evidence of accumulated ptRNAs, with this
effect intensifying at 72 hours post-depletion (Figure 2C). Accumulated ptRNAs in CDK13-
depleted mESCs were largely non-overlapping from CDK12-depleted mESCs generated
analogously (7) (Figure S2E, Data S1). These data show that CDK13’s role in preventing
accumulation of polyadenylated ptRNAs is conserved.

To determine where ptRNAs terminate in CDK13MUt melanomas, 3° RNA-seq was

pursued. 3’ sequencing was executed on Triples zebrafish melanomas with melanocyte-
specific expression of EGFP (n=3) or mutant CDK13™M! (n=3) and human melanoma

A375 cells expressing CLOVER (n=2) or CDK13™M!t (n=2). 83,660 overall recurrent
termination events were identified in zebrafish melanomas and 47,787 overall termination
events were identified in human melanoma cells. We used DEXSeq (43) to quantify
differential usage of polyA termination sites between CDK13™Ut and eGFP condition in
zebrafish melanomas, which identified 802 significantly different termination events (g<
0.05). Parallel analysis from human melanoma cells revealed 1678 significantly different
termination events (g<0.05) in CDK13™M{t compared to control CLOVER cells. To determine
whether conserved genes or pathways were affected in zebrafish and human melanomas,
affected zebrafish genes were transferred to the nearest ortholog and the gene lists were
overlapped. Only 3.4% of genes were found in both lists and gene ontology analysis showed
no enriched pathways using the “biologic process complete” annotation set. Given the lack
of shared functional pathways, these data suggest that the proliferative phenotype observed
in CDK13 mutant patient melanomas, zebrafish melanomas, and human melanoma cells
may be promoted by cellular stress from accumulated truncated RNAs, as opposed to
truncation of a specific conserved target gene(s).

A significant increase in intronic cleavage sites was observed in CDK13™MUt zebrafish
melanomas (Figure 2D) and human melanoma cells (Figure 2E). In zebrafish melanomas,
the significantly changed sites were enriched in introns (2.54 median fold change) and
depleted from untranslated regions (UTRs) (-1.51 median fold change) (p <2.2 x 10716,
two-sided Kolmogorov-Smirnov test); and in human melanoma cells the significantly
changed sites were also enriched in introns (0.38 median fold change) and depleted from
UTRs (-1.67 median fold change) (p = 9.99 x 10716, two-sided Kolmogorov-Smirnov test).
In CDK13™MUt human melanoma cells, SUV39H1 and CBFB each showed an upregulated
ptRNA that terminated in the third intron (Figure 2F; S2F), while 7P53had an upregulated
ptRNA that terminated in the first intron (Figure S2G). For many upregulated intronic
polyadenylation sites, a canonical RNA polyadenylation site (PAS) motif was observed
(Figure 2F, S2F-G). These data show that CDK13™MUt causes accumulation of ptRNAs
generated from existing cleavage and polyadenylation sites found in intronic DNA in
zebrafish and humans.
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ptRNAs could accumulate from increased production or decreased clearance in CDK13
mutant cells. If transcription elongation is impaired, then ptRNAs should be produced at a
higher rate at the expense of full-length mMRNA synthesis. In this case, the absolute amount
of first exon expression in CDK13 mutant cells should be unchanged compared to control;
whereas the last exon expression should be decreased (Model 1, Figure 2G). Alternatively,
if ptRNA clearance is decreased in CDK13Mt cells, then ptRNA concentration should rise
without affecting full-length mRNA expression. The first exon expression should increase,
while the last exon expression should remain stable (Model 2, Figure 2G). We hypothesized
that absolute quantification of RNA species could help distinguish between these two
models.

To measure concentration of ptRNAs and full-length mRNAs, digital droplet PCR (ddPCR)
was performed for 4 genes with upregulated ptRNAs and two control genes, which were
identified from the 3’ sequencing described above. Signal from first exon probes represented
both ptRNAs and full-length mRNAs while signal from last exon probes represented full-
length mRNAs alone (Figure 2H, S2H). Fold change between CDK13™M!t and control cells
showed that all genes with predicted ptRNAs had an increase in first exon expression,
consistent with ptRNA accumulation in CDK13™\ cells (CBFB, LATSZ, SUV39H1, TP53).
Neither control gene showed evidence of accumulated ptRNAs (C1orf35, AGFATI). All

6 genes showed unchanged last exon expression in CDK13™M! cells as compared to

control cells (Figure 2H). These data verify increased ptRNA levels in human CDK13Mmut
human melanoma cells. Last exon expression was intact for all genes tested, showing that
transcription is intact and suggesting that ptRNAs accumulate in CDK13™MU cells via lack of
clearance (Figure 2G, Model 2).

Prematurely terminated RNAs accumulate post-transcriptionally and are translated -
including intronic sequences.

To directly examine transcription in CDK13MULexpressing human melanoma cells, genome-
wide nascent RNA production was measured via transient transcriptome sequencing
(TT-seq) alongside paired standard RNA-seq (T T-seq schematic, Figure 3A) (44). If
ptRNAs are generated through impaired transcriptional elongation, there should be less
4-thiouridine (4sU) incorporation at the 3’ ends of genes (Figure 3A, Model 1). If

ptRNAs accumulate via a post-transcriptional process such as impaired degradation, 4sU
incorporation should be intact at the 3’ ends of genes (Figure 3A, Model 2). RNA-seq
differential exon analysis confirmed increased 5’ coverage in CDK13™M!t cells consistent
with accumulated ptRNAs (Figure S3A). TT-seq metagenes showed no evidence of an
increase in premature termination by RNAPII; instead, we observed a slight increase in
RNA synthesis across the gene body in CDK13™M! cells (Figure 3B). In both TT-seq and
RNA-seq, the metagene profiles indicate intact cleavage and polyadenylation in CDK13mut
and CLOVER control cells (Figure S3B—C). Nascent RNA production upstream of the
cleavage and polyadenylation site is intact in CDK13M!texpressing human melanoma cells
further showing that elongation is functional (Figure S3B). These data show that CDK13Mmut
cells maintain productive RNAPII elongation. ptRNAs accumulate via a post-transcriptional
mechanism such as loss of ptRNA degradation.
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To measure production and steady-state levels of ptRNAs at intronic polyadenylation (IPA)
sites in CDK13MUt cells, TT-seq and RNA-seq read coverage were quantified across IPA
sites regulated by CDK13 as measured from 3’ seq from Figure 2E (g<0.1). To allow pure
intronic read quantification, IPA sites were included if they were >400bp from the nearest
exon (n=134). The upstream/downstream coverage ratio for IPA sites from CDK13M!ys,
control human melanoma cells was compared to the median ratio in the RNA-seq and

the TT-seq (Figure 3C). The upstream/downstream coverage ratio in the TT-seq (hascent
RNA) was unaffected in CDK13MUt cells (Figure 3D, TT-seq, left), showing that there is
similar low-level intronic transcriptional termination. In contrast, the RNA-seq upstream/
downstream coverage ratio was significantly increased in CDK13Mt cells (p=0.01) (Figure
3D, RNA-seq, right; Figure S3D-E), reflecting higher steady-state RNA levels upstream of
IPA sites. These data show that CDK13Mt cells stabilize ptRNAs post-transcriptionally.

To further investigate the transcriptional effects of chronic CDK13MUt expression, we
performed Chromatin IP sequencing with antibodies to RNAPII (8WG hypophosphorylated
and Ser2 CTD) in CDK13™MUt and control human melanoma cells and zebrafish melanomas.
In both systems, increased RNAPII occupancy was observed in gene bodies in the
CDK13™Mut condition (Figure S3F-J). These data support the ddPCR and TT-seq results
showing that transcriptional elongation is intact and that ptRNA accumulation occurs in
CDK13MUt yvia a highly conserved post-transcriptional mechanism.

ptRNAs have been reported to be exported (23, 45) and are predicted to be translated (21).
We used tandem mass spectrometry to analyze global protein expression in melanomas
isolated from age-matched Triples zebrafish with melanocyte-specific expression of
CDK13MUt (n=3) or EGFP (n=3). Differential protein expression analysis revealed 174
proteins were upregulated, including 32 proteins related to vesicle-mediated transport

with many implicated in lysosomes/autophagy (biologic complete, q = 2.3 e-13) (Figure
S3K). CDK13MUt melanomas have increased lysosomal and autophagic protein expression,
suggesting CDK13™MUt cells have proteomic stress that could be caused by translation of
truncated RNAs into truncated proteins.

If ptRNAs are translated, then there should be increased peptide levels at the beginning of
proteins and fewer at the end of proteins (Figure 3E). To test whether ptRNAs are translated,
individual peptide measurements filtered for changed between CDK13™M!t and control
conditions were analyzed (p<0.1). Log2 fold change CDK13™Mut ys, EGFP control peptide
measurements were binned and plotted as a percentage of canonical protein sequence length.
This analysis revealed that early (N-terminal) protein peptide measurements were increased
in CDK13™MUt melanomas (Figure 3F). The negative slope is consistent with an increase in
short proteins arising from the translation of prematurely terminated transcripts, analogous
to increased 5’ coverage in RNA-seq seen in CDK13™Ut melanomas. This analysis identified
263 proteins with evidence of truncation. Any protein with >3 peptide measurements was
tested for evidence of truncation which identified 103 truncated proteins, including 56
newly identified proteins (Figure S3L). Several identified truncated proteins are predicted to
lose carboxy-terminal enzymatic domains, including Ilk, Crk, Ikbkb. The melanoma tumor
suppressor Idh2 was also affected (Figure 3G, S3M) (46-48). These data show that, rather
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than being degraded by the nuclear exosome, ptRNAs are being exported and translated into
truncated proteins in CDK13MUtexpressing cells.

We asked whether intronic sequences at the end of ptRNAs are translated (schematized in
Figure 3E). ptRNA translation products were predicted by assuming in-frame translation
from the upstream exon until the first stop codon prior to ptRNA termination as determined
from 3’ seq. ptRNA translation products were added to the canonical proteome for tandem
mass spectrometry data search. As predicted, intronic peptides were enriched specifically
in the CDK13™MUt zebrafish melanomas (Figure 3H). The abundance of some intronic
peptides approached that of medium- to lowly-expressed full-length proteins (Figure S3N—
P). To verify truncated protein expression, we selected two predicted truncated proteins
with available N-terminal antibodies for immunoblotting. We identified truncated protein
products from CRBN and CDK13 itself from CDK13-mutant expressing vs. control human
melanoma cells (Figure S3Q-R). These data indicate that some ptRNAs from the CDK13
mutant melanomas are translated, including the intronic sequence preceding IPA sites, which
could result in production of tumor-specific neoantigens.

Mutant CDK13 disrupts the polyA RNA exosome.

To elucidate how CDK13MUt expression results in ptRNA accumulation via a
post-transcriptional mechanism, CDK13WT was tagged, transiently expressed, and
immunoprecipitated (IPed) from human melanoma cell nuclear extracts and co-1Ped proteins
were identified by mass spectrometry (MS) (Figure 4A). CDK13WT |P-MS identified 37
proteins enriched in the CDK13WT IP vs. control (Figure 4B). The most enriched ontology
among these 37 proteins was “mRNA 3’ end processing” (Reactome, FDR = 7.15 e-13)
(49). CDK13 bound CCNT1 (Figure 4B—C), again implicating CCNT1 as an important
binding partner for CDK13 in melanoma as our functional data suggested (Figure 1K-L;
Figure S1U). The canonical cyclin-binding partner of CDK13, CCNK, was detected at
levels above background but below thresholding. No other Cyclins were detected above
background. Native CDK13 IP identified CCNT1 and CCNK by immunoblot (Figure
S4A). This unbiased approach suggests that CDK13 binds CCNT1 in addition to CCNK

in melanoma.

Of the enriched proteins in the CDK13WT IP (Figure 4C), both PABPN1 and ZC3H14
interact with the PolyA tail eXosome Targeting (PAXT) complex (22), which is responsible
for targeting ptRNAs for degradation (23). CDK13 binding to ZC3H14 was verified by
immunoblot (Figure S4B. As ptRNAs accumulate in CDK13™M!! melanoma via a post-
transcriptional mechanism, and ptRNAs are degraded by the PAXT complex (50), we
hypothesized that CDK13 normally works to activate PAXT. We hypothesized that loss

of CDK13 kinase activity would fail to activate PAXT, leading to accumulated ptRNAS in
melanoma.

As PABPN1 and ZC3H14 are genetically antagonistic (51, 52) and because we observed
more ZC3H14 in our CDK13WT IP, we chose to characterize ZC3H14 phosphorylation

and binding partners in the presence and absence of CDK13 kinase activity. The nuclear
isoform of ZC3H14 and a control protein were tagged, transiently expressed, and IPed from
CDK13WT and CDK13™MUt human melanoma cells (Figure S4C; white, black, and blue).
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IPed ZC3H14 from CDK13WT cells had four phosphorylation sites, while in CDK13Mut
cells, ZC3H14 lost phosphorylation only at S475 (Figure 4D, S4D-E). Thus, CDK13
kinase activity is required for ZC3H14 S475 phosphorylation. /n vitro kinase reactions
(radioactive kinase assay in Figure 4E and labeled ATP immunoblot (53) in Figure S4F)
demonstrated CDK13/CCNT1 was able to phosphorylate full-length WT ZC3H14 but not
ZC3H14 S475A.

We looked at ZC3H14’s binding partners in the presence and absence of CDK13 kinase
activity. When ZC3H14 was IPed from CDK13M!t cells, fewer binding partners were
identified (ZC3H14 peptides were not statistically different) (Figure S4G, row 2-3; Figure
S4H, left columns). Total I1Ped peptides were normalized to total bait (ZC3H14) peptides.
Differential binding was calculated between CDK13WT and CDK13™MUt conditions (t-test
p-value <0.05), which identified 18 proteins that required intact CDK13 kinase activity to
promote binding to ZC3H14. The three most abundant proteins that required CDK13 kinase
activity to promote binding to ZC3H14 were THOC2, ZFC3H1, and MTR4 (Figure 4F,
black vs. blue bars) (THOC2 g<0.0001, ZFC3H1 g<0.0001, and MTR4 g=0.018). THOC2
functions in RNA export and binds ZC3H14 (54), ZFC3H1 is a linker between the PAXT
and the nuclear RNA degradation machinery, and MTR4 is a helicase required for nuclear
RNA degradation (22). We also observed that ZC3H14 bound PAXT proteins PABPN1

and ZC3H18; however binding of these proteins to ZC3H14 was independent of CDK13
kinase activity (Figure 4F). These data show that ZC3H14 binds to multiple PAXT members
and that CDK13 kinase activity promotes ZC3H14 binding to THOC2 and two key PAXT
components - ZFC3H1 and MTRA4.

To test whether the ZC3H14 S475 phosphorylation was sufficient to recruit PAXT binding,
phospho-mimetic ZC3H145475D was tagged, transiently expressed, and IPed from cells
lacking CDK13 kinase activity. ZC3H145475D was sufficient to rescue binding of PAXT
components to ZC3H14 (Figure 4F red bars; S41, fourth row, Figure S41-J), even in

cells lacking CDK13 kinase activity. To test whether ZC3H14 S475 was necessary for
PAXT recruitment, non-phosphorylatable ZC3H145475A was IPed from CDK13WT cells.
ZC3H145475A fajled to recruit PAXT components (Figure 4F, yellow bars; S4G last row,
Figure S4K-L), even in cells with intact CDK13 kinase activity. The amount of ZC3H14
IPed was statistically unchanged (Figure S4H, right columns). Together, these data show that
ZC3H14 S475 phosphorylation promotes PAXT recruitment to ZC3H14.

To test whether ZC3H14 S475 phosphorylation is also necessary and sufficient to activate
ptRNA degradation, a two-pronged approach was undertaken. First, short interfering
RNASs were used to decrease levels of ZFC3H1 (n=3) or ZC3H14 (n=3), and differential
RNA expression was assessed using 3’seq and RNA-seq (Figure S4M) as compared to

a scrambled control (n=3). Second, stable human melanoma cell lines expressing non-
phosphorylatable ZC3H145475A (n=2), phospho-mimetic ZC3H145475E (n=3) or a control
protein (n=3) were subjected to RNA-seq (Figure S4N). ZC3H145475E was used because
we were unable to make stable lines with ZC3H145475D, 3” sequencing from siZFC3H1,
siZC3H14, siControl, and prior CDK13™t and control samples were used to build an
expression map for ptRNAs and dominant isoforms in human melanoma cells. This ptRNA
isoform expression map was used to calculate differential RNA expression using DEXseq
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in all conditions as compared to appropriate controls. A boxplot of significantly changed
RNASs (g<0.1) from ZFC3HL1 vs. control knockdown in human melanoma cells demonstrated
an increase in ptRNA isoforms, but minimally changed last exons and constitutive internal
exons as expected (Figure 4G, red). siZC3H14 visualized in the same manner showed very
few significant expression changes (Figure S40), which may be due to activity of residual
protein or redundancy with another protein. Expression of ZC3H145475A vs, CLOVER
(9<0.1) showed a modest increase in ptRNA expression, while last and constitutive

internal exons were minimally changed (Figure 4G, yellow). Expression of ZC3H145475E
vs. CLOVER (g<0.1) caused a decrease in ptRNAs while not affecting last or internal

exons (Figure 4G, blue) (Median fold change and wilcoxon rank sum comparing ptRNAs,
internal exons, and last exons in Table S5). The 7P53 ptRNA, which is upregulated in
CDK13MUt cells, was upregulated in ZFC3H1 knockdown, and upon non-phosphorylatable
ZC3H145475A expression, consistent with loss of PAXT nuclear RNA degradation. In
contrast, phospho-mimetic ZC3H145475E caused lower expression of the 7P53 ptRNA,
consistent with hyper-activation of PAXT RNA degradation (Figure 4H). Together these data
show that ZC3H14 S475 phosphorylation is necessary and sufficient to activate PAXT to
degrade ptRNAs.

To test whether expression of ZC3H14 phosphomimetic and non-phosphorylatable mutants
affected human melanoma cell growth rate, doubling time was measured. ZC3H145475A
expressing-cells proliferated at a similar rate to CDK13M!t-expressing cells, whereas
ZC3H143475E_expressing cells had an increased doubling time (grew more slowly) (Figure
41, columns 1-2, 4). These data are consistent with the hypothesis that cells with higher
ptRNA levels have an increased growth rate, whereas cells with lower ptRNA expression
have a slower growth rate. To determine whether effects of CDK13™Ut and ZC3H145475
expression function in the same or a parallel ptRNA surveillance pathway, ZC3H145475
phosphomimetic and non-phosphorylatable mutants were expressed in CDK13™MUt human
melanoma cells. We were unable to recover CDK13™MUt cells that expressed ZC3H145475E,
indicating that CDK13™MU cells are addicted to ptRNA expression or that carrying both
mutations is deleterious to cell viability. Importantly, CDK13MUt +ZC3H145475A cells had
a similar growth rate to either mutant alone (Figure 4l, column 3) and affected the same
ptRNAs to a similar magnitude as CDK13MUt (Figure S4P-Q). Our data demonstrate that
mutant CDK13 expression caused inefficient PAXT recruitment and ptRNA stabilization,
supporting an oncogenic role for ptRNAs (Figure S4R).

Prematurely Terminated RNA Accumulation is Oncogenic.

To determine whether CDK13M!t causes accumulation of ptRNAs in other cancers, publicly
available RNA-seq from patient tumor samples from multiple tumor types were examined
(bladder, colorectal, lung, melanoma, lung, and uterus). RNA-seq from tumors with CDK13
kinase-domain or nonsense mutations were compared to CDK13WT tumors with matched
tumor and patient characteristics (Table S6) using the PAXT-regulated ptRNA isoform map
developed for Figure 4. PAXT-regulated ptRNA isoforms are significantly upregulated in
CDK13™MUt cancers, as compared to internal exons (Figure 5A, p<2.2e~16). Last exons are
also upregulated relative to internal exons, suggesting a general increase in the stability

of polyadenylated RNAs in CDK13 mutant tumors (Figure 5A), which may have been
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revealed due to the high RNA degradation levels typically observed in patient samples. The
CDK13/PAXT target 7P53 ptRNA was more highly expressed in RNA-seq coverage profiles
of CDK13 mutant tumors as compared to matched CDK13WT controls (Figure 5B). These
data show that patient tumors with CDK13 mutations from many cancer types exhibit an
accumulation of PAXT-sensitive ptRNAs.

To test whether ptRNA expression is oncogenic, human 7P53 ptRNA or SUV39HI ptRNA
vs. control EGFP were expressed in melanocytes in the Triples zebrafish melanoma model.
Human 7P53 ptRNA expression caused increased black patches at 7 weeks consistent

with early melanoma (p<0.0001, two side chi square) (Figure 5C-D, S5A) and expedited
melanoma onset (p=0.0391) (Figure 5E). Expression of human SUV39HI1 ptRNA also
caused increased black patches at 7 weeks (p=0.0051) (Figure 5F-G, S5B) and expedited
melanoma onset (p<0001) (Figure 5H). gPCR confirmed ptRNA expression (Figure S5C-
D). As the 7P53ptRNA is oncogenic and derives from the 7253 locus, we performed

p53 immunoblots and found that CDK13™Ut human melanoma cells have intact p53 full-
length protein (Figure S5E). These data show that human ptRNAs are sufficient to expedite
melanoma onset in zebrafish, and more generally that ptRNAs can be oncogenic.

Since loss of PAXT activity may represent a more widespread mechanism of oncogenesis,
we probed public databases and found that CDK13-regulated PAXT members are deleted or
mutated in 17% of melanomas (Table 2). Analysis with OncodriveFM in melanoma samples
found ZC3H18is a marginally significant genome-wide driver gene (q=0.057; p=0.0074);
while ZFC3H1 was not found to be a likely driver (q=0.22; p=0.051) (Figure S5F-G). The
PAXT adaptor protein ZFC3H1 is recurrently mutated (K385Nfs*9) in 23 different patient
tumors representing a wide variety of cancers (Figure 51) and has non-recurrent mutations
in 5-11% of multiple cancer types including non-melanoma skin cancer, endometrial cancer,
colon adenocarcinoma, and small cell lung cancer (Figure S5H). ZC3H18 s recurrently
mutated (R680Q/Gfs*) in 48 individual samples from a broad variety of cancers (Figure

5J) and has non-recurrent mutations in many cancers including non-melanoma skin cancers,
vaginal, and endometrial cancers (Figure S5I). Together these data suggest that nuclear
RNA quality control via the PAXT complex is critical to avoid accumulation of prematurely
truncated RNAs and their aberrant protein products in multiple cancer types and supports
deficient nuclear RNA surveillance as a general oncogenic mechanism.

Discussion

Our data show that CDK13has properties consistent with a tumor suppressor whose
mutations lead to accumulation of prematurely terminated transcripts by preventing their
normal degradation. CDK13 normally phosphorylates ZC3H14 S475, which is necessary
and sufficient to promote PAXT recruitment and ptRNA degradation. When CDK13 is
mutated, failure to recruit the PAXT complex results in the accumulation of truncated
oncogenic transcripts which are exported to the cytoplasm and translated into truncated
proteins. Expression of ptRNAs observed in CDK13 mutant melanoma can cause more
aggressive cancer. Our data show that mutant CDK13 disrupts a deeply conserved pathway
to cause ptRNA accumulation and that ptRNA accumulation is oncogenic.
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In the CDK13-associated developmental disorder, de novo CDK13 mutations are thought
to work via a dominant negative mechanism. Homozygous CDK13 loss of function causes
lethal heart malformations in mice (55) and likely causes embryonic lethality in humans as
homozygous deletion is not observed in phenotypically normal people (n=54,980) (56) or
in patients with a developmental disorder (n=43,173) (57). Heterozygous CDK13 deletions
have been identified in normal humans in two genomic aggregate databases (gnomAD,
Database of Genomic Variants) (19). In contrast, heterozygous CDK13kinase domain
mutations cause a syndromic developmental disorder that affects heart development as well
as other neural crest-derived tissues. Our work raises the possibility that individuals with
the CDK13-related disorder could be predisposed to developing cancer, which is supported
by a recent report of a 9-year-old CDK13-related disorder patient developing leukemia (58).
The strong mutant CDK13-associated disorder phenotypes are more severe than loss of
one CDK13allele, which supports that CDK13 kinase-domain mutations have dominant
negative activity.

Our initial insight for this work came from the observation of that CDK13 mutations

in melanoma were enriched in the kinase domain, which suggested a genetic function
beyond haploinsufficiency. Our data support a model where CDK13 heterozygous loss of
function is selected for (50% activity loss) while heterozygous kinase domain mutations are
additionally selected for. This is because non-phosphorylatable CDK13 acts in a dominant
negative manner, ie blocks CDK13WT from activating its targets (>50% activity loss). Loss
of both alleles is infrequently observed, possibly due to reduced cellular fitness as was

seen for a cancer cell line (59). We supposed that CDK13 kinase-domain mutations cause

a more severe PAXT deficiency and thus are more selected for than mutations that cause
CDK13 haploinsufficiency. Our zebrafish genetics and the lack of CDK13 mutations in
melanoma Cyclin-binding residues suggested that CDK13™MUt dominant negative activity
requires Cyclin binding. Expression of CDK13™!tin a CDK13WT background recapitulated
the RNA cancer phenotypes observed in melanoma patients with heterozygous CDK13
mutations. In multiple CDK13 experimental systems, we found that mutant CDK13 causes
the same RNA and cancer phenotype, namely accumulated ptRNAs and more aggressive
melanoma. We hypothesized that, only by modeling the human genetics and chronically
expressing kinase-mutant CDK13 in the presence of CDK13WT, we would be able to
uncover CDK13’s role in RNA surveillance. Our work shows that CDK13’s function in
ptRNA degradation is utilized broadly.

ptRNAs in CDK13Mt cells are exported and translated into truncated proteins. Transcripts
that terminate via intronic polyadenylation sites are predicted to be exported and translated
if they escape nuclear decay (21, 45). We are not aware of any studies documenting
proteome-wide measurements of ptRNA translation including intronic sequences. Large-
scale truncated protein expression would be predicted to cause protein stress in cells,

which is consistent with the observed upregulation of autophagic and lysosomal proteins in
CDK13 mutated melanomas. Of potentially great importance for predicting immunotherapy
responses in patients, we found evidence that the truncated proteins can end in translated
intronic sequences. Translated intronic sequences have the potential to produce neoantigens
that would be absent from CDK13WT cells and thus would be predicted to elicit a highly
tumor-specific immune response.
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ptRNAs derived from intronic polyadenylation sites are enriched in cancers (60). We
hypothesize that different cancers will accumulate different ptRNAs depending on the
RNAs expressed and the mechanism of ptRNA accumulation. Loss-of-function mutations
in CDK12 in metastatic castration-resistant prostate cancer and serous ovarian carcinomas
cause increased production of truncated RNAs in DNA repair genes (7, 8), contributing to
CDK12’s tumor suppressive properties. The IPA sites upregulated by CDK12 loss appear to
be mostly but not fully distinct from those seen when CDK13 is lost (Figure S2E, Data S1),
consistent with CDK12 and CDK13 having divergent mechanisms of ptRNA regulation.

Widespread ptRNA formation has also been reported to take place when the U1 snRNA

is prevented from pairing with 5’ splice sites, in a phenomenon called “telescripting” (61).
Interestingly, the U1 spliceosomal RNA is recurrently mutated in multiple cancers at base
3 which pairs with the 5” splice site (62). This mutationis predicted to cause increased
generation of ptRNAs and could represent a third mechanism by which ptRNA expression
promotes oncogenesis. We envision mechanisms that govern 3’ end formation, such as
telescripting and those that govern ptRNA stability such as CDK13 as complementary
ptRNA control mechanisms. It will be important to investigate expression of ptRNAs and
other aberrant RNAs in different cancers with different driver mutations as aberrant RNA
accumulation could represent a final common pathway.

Germline mutations in PAXT-associated proteins ZC3H14 and THOC2 cause a
neurodevelopmental disorder (51, 63), suggesting that the regulation of prematurely
terminated RNAs in the nucleus has broad implications in development and disease. We
propose that loss of nuclear RNA surveillance via CDK13 and PAXT is a general oncogenic
mechanism. PAXT members regulated by CDK13 are mutated in 17% of melanomas in
addition to the 3.9% of melanomas harboring CDK13 mutations, raising the possibility
that loss of nuclear surveillance is a contributing factor in up to 21% of melanoma. We
showed that patients with other malignancies harboring CDK13 mutations also accumulate
prematurely terminated RNAs. We also found that recurrent mutations in key PAXT
members ZFC3H1 and ZC3H18 occur in many cancers, implying that these mutations may
potentially be selected for; further work will be required to support this hypothesis. The
finding that mutant CDK13is oncogenic via deficient RNA surveillance and that recurrent
mutations occur in multiple PAXT components suggests a broad, previously unrecognized
tumor suppressive role for nuclear RNA surveillance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: CDK 13 has properties consistent with a tumor suppressor.
A) CDK13melanoma mutation plot. red *=phosphorylation site. B) Patient survival plot

with CDK13mutation or downregulation vs. remaining patients. p=0.0028 Log-rank. n=
patients. C) Patient kinase-domain mutations mapped on the CDK13 crystal structure.
pT871=phosphorylation site. D) /n vitro kinase assay of wild-type and patient-mutated
CDK13 using full-length CTDs5 as the substrate. One-way ANOVA with no kinase vs. all
conditions; WT CDK13 ****=q=0.0001, all other comparisons non-significant. Mean +SD.
E) Representative photos of mitfa:BRAFV60%E - p53-/-- mitfa~/- (Triples melanoma model
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zebrafish) with 1) control guide RNA (gRNA), 2) cak13gRNA, 3) human CDK13WT,

or cak13gRNA and human CDK13WT at 4 weeks post-fertilization. F) Quantification of
melanocytes at 3 days post-fertilization for Triples zebrafish injected with 1) control gRNA,
2) cdk13gRNA, 3) human CDK13WT, or cak13gRNA and human CDK13WT. p=one-way
ANOVA, multiple comparisons. Mean +/- SD. *= q=0.0186, **=q=0.0030, ****=q<0.0001.
(N)=zebrafish. G) Phospho Histone H3 Serine 10 (PH3) antibody staining/mm? of
melanomas from Triples zebrafish injected with cakZ3gRNA compared with control
gRNA. p=0.014 (Mann Whitney two-tailed t test). (N)=melanomas. H) 9-week photos of
melanocyte-specific expression of EGFP, human CDK13WT, patient-mutant CDK13, or
CDK13K734R (catalytically dead control) in Triples zebrafish. Arrows=melanomas. 1) %
melanoma-free survival of Triples zebrafish with melanocyte-specific expression of EGFP,
CDK13R860Q matient mutation), and CDK13K734R atalytically dead). ****=p<0.0001
(log-rank). (n)=zebrafish. J) PH3 antibody staining/mm? of melanoma from Triples
zebrafish expressing EGFP vs. CDK13 mutant (W878L or P893L ). p=0.0125 (Mann
Whitney test, two-tailed). (n)=melanomas. K) Melanoma-free survival of zebrafish with
melanocyte-specific expression of CDK13W878L with melanocyte-specific CRISPR of
either a control gene or ccn71. p=0.0098 (log-rank). (n)=zebrafish. L) Melanoma-free
survival of zebrafish with melanocyte-specific CRISPR of a control gene or ccn71 alone.
ns=non-significant (log-rank). (n)=zebrafish. M) Doubling time for human melanoma cells
expressing CLOVER, CDK13WT, CDK13W878L or CDK13R860Q, One-way ANOVA with
CLOVER vs. all conditions. CDK13W878L =0.0044, CDK13R860Q 4=0.0009. ns = non-
significant. Mean +/-SD. n=3 biologic replicates. All box plots with box demonstrating the
25-75 percentile range, solid line represents median, and whiskers show max to min.
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Figure 2: CDK 13 mutation resultsin accumulation of RNAsthat prematurely terminatein

introns.

A) log2-fold normalized exon expression in CDK13R860Q.(n=5) vs. EGFP-(n=4) expressing
zebrafish melanomas. ****=p<2.2x10-16, first vs. last exon. B) log2-fold normalized exon
expression for CDK13MUt (n=3) vs. CDK13WT (n=5) matched control patient melanomas.
**r*k=p<2.2x10-16, F/AF vs. L/AL exon. C) log2-fold normalized exon expression in
Cdk13-/- vs. Cdk13—/-; Cdk13+ (control) mouse embryonic stem (ES) cells. 48 and 72
hours = hours of Cdk13 depletion (n=4 for each). ****=p<2.2x10-16, F/AF vs. L/AL exon.
D-E) log2-fold CDK13™control cleavage site utilization (3’ seq) in UTRSs, introns, and
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exons. D) Zebrafish melanomas and E) human melanoma cells. F) Integrative Genomics
Viewer plot of 3’ sequencing showing increased SUV:39H1 ptRNA in CDK13M!Lexpressing
vs. control human melanoma cells. Red box indicates the ptRNA 3’ end. G) Models for
ptRNA accumulation in CDK13M!t cells. H) RNA expression in CDK13M!Ycontrol human
melanoma cells measured by digital droplet PCR for 4 genes with increased ptRNAs by

3’ sequencing and 2 control genes. F=first exon. L = last exon. 2-way ANOVA, multiple
comparisons. adjusted p-values from left to right= **** <0.0001, ***=0.0006, * = 0.0280,
***=(,0004, ns=0.8626, ns=0.9158. +/- SD. In box plots, the black horizontal line indicates
the median and whiskers extend to 1.5 x the interquartile range (IQR). p-values A-C =
two-sided Wilcoxon rank sum tests.
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Figure 3: Prematurely terminated RNAs accumulate post-transcriptionally and aretranslated -

including intronic sequences.

A) Models for ptRNA accumulation as measured by Transient Transcriptome Sequencing

(TT-seq). TSS = transcriptional start site. TES =

transcriptional end site. B) Metagene

plots are shown for TT-seq coverage over exons within non-overlapping transcripts from

expressed genes (n = 7452) from CDK13Mut ys

analysis of TT-seq and RNA-seq coverage aroun

. CLOVER-expressing human melanoma
cells. TSS to TES regions are shown, flanked +/-

1kb genomic sequence. C) Schematic for
d intronic polyadenylation sites. D) Box

plots of the ratio of upstream (=300 to —1 nt) to downstream (+1 to +300 nt) read coverage
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at the 3’ cleavage locations as schematized in C). P-values by Wilcoxon Signed Rank Test
compared to the median ratio from all samples. E) Schema of tandem mass spectrometry
data analysis from CDK13™MUL vs, EGFP-expressing zebrafish melanomas. F) Log2 peptide
summed signal to noise (SSN) CDK13™MUL ys. EGFP-expressing zebrafish melanomas
plotted across a normalized protein length. n=3 zebrafish melanomas each condition. Black
lines = 95% confidence intervals. G) Log2 CDK13™MUL ys, EGFP-expressing zebrafish
melanoma peptide measurements plotted by % protein length for significantly affected
proteins for Ik (upper) and Crk (lower). Gray squares = individual measurements. Error
bars = SD. H) Log?2 intronic peptides SSN from CDK13MUt- yvs, EGFP-expressing zebrafish
melanomas as predicted from 3’ sequencing on the horizontal axis plotted by —log p-value
on the vertical axis (t-test, two tailed). Labels = enriched intronic peptides.
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Figure 4: Mutant CDK 13 disruptsthe polyA RNA exosome.

A) CDK13 IP-MS schema. B) Heatmap of average total peptides from anti-V5 IP-MS of
CDK13 WT-V5 (n=3) or CLOVER-V5 (n=2). C) Log2 fold change CDK13WT/control total
peptides by (=) log p-value (two-tailed t test). Upper right quadrant indicates proteins with a
(=) p-value <0.05 and a log fold change enrichment over control >3.3. D) Graphic depicting
ZC3H14 phosphorylation sites identified from ZC3H14 1Ped from either CDK13WT - or
CDK13Mutexpressing human melanoma cells. E) /n vitro kinase assay of wild-type CDK13/

CCNT1 using ZC3H14 full-length WT and S475A substrate. p
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WT vs. S475A, n=3 each condition. F) Total peptides as a % of bait (ZC3H14 total peptides)
for proteins with binding most regulated by CDK13 kinase activity. Mean +SD. n=biologic
replicates. Gray dots = individual values. G) Box plot showing log2 fold change of
SIZFC3H1, ZC3H145475A or ZC3H145475E as compared to the relevant control for ptRNAs
(left), last exons (middle), or internal exons (right). Significantly changed genes (q<0.1)
plotted for all RNA types in each experiment. Z1 = ZFC3H1, Z14 = ZC3H14. ptRNA =
RNAs generated by usage of intronic polyadenylation sites. Internal exon = constitutive
internal exon (non-alternatively spliced) isoform. In box plots, the black horizontal line
indicates the median and whiskers extend to 1.5 x the interquartile range (IQR). Statistics

in Table S5 (medians and two-sided Wilcoxom rank sum p values). H) IGV plot of 7P53
ptRNA which is regulated by CDK13, ZFC3H1, and ZC3H14 S475 phosphorylation. Scale
= normalized RNA expression (note different scales). 1) Doubling time of human melanoma
cells expressing CDK13MUt, ZC3H145475A ZC3H145475E or CDK13MUt+ZC3H145475A,
One-way ANOVA multiple comparisons.
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Figure5: Prematurely Terminated RNA Accumulation is Oncogenic.
A) ptRNA quantification from somatic CDK13M!t (n=14) as compared to matched

CDK13WT (n=14) cancers (many types). ****=p<2.2e~16 (two-sided Wilcoxon rank sum)
The black horizontal line indicates the median and whiskers extend to 1.5 x the interquartile
range (IQR). B) IGV RNA-seq coverage plot of PAXT-target 7P53 ptRNA from sample
subset from A). C) 7P53ptRNA in 7P53locus. IPA = intronic polyadenylation site.

CDS = coding sequence. D-E) Triples melanoma model zebrafish with melanocyte-specific
expression of EGFP vs. human 7P53 ptRNA. D) 7-week photos. E) % melanoma-free
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survival (log-rank). (n)=zebrafish. F) SUV39H1 ptRNA in SUV39H1 locus. G-H) Triples
melanoma model zebrafish with melanocyte-specific expression of EGFP vs. human
SUV39H1 ptRNA. G) 7-week photos. H) % melanoma-free survival (log-rank). 1-J)
Lollipop plots of ZFC3H1 (1) and ZC3H18 (J) mutations in non-redundant publicly available
sequencing data from all cancers.
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CDK13 Alterations Occur in All Genetic Subtypes in Melanoma TCGA Patients with DNA mutational and

Table 1:

RNA expression data available.

CDK13 Mutated and Downregulated % (# mutated, # downregulated)
(33/287 total)

All Other Cases % (n= cases)
(254/287 total)

BRAF V600 Mutations | 36.4 (5,7) 50.8 (129)
NRAS Q61 Mutations | 36.4(5,7) 26.8 (68)
Other 273(2,7) 22.4 (57)
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CDK13-Regulated PAXT Subunits Aie Mutated/Deleted in Melanoma TCGA Patients.

Table 2:

Gene

Mutation % (# of cases/287)

THOCZ2

7% (19)

ZFC3H1

5% (14)

ZC3H14

3% (8)

MTR4

2% (6)
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CDKZ13 has a related but distinct biologic role and mechanism from CDK12.

Table 3:

Page 32

CDK13

CDK12

Mutated in Cancer

Melanoma (3.9%), cancer cell lines (8%)

Prostate (64, 65)

Mutated in
Developmental
Disorders

De novo heterozygous kinase domain mutations and truncating
mutations cause developmental disorders that affect neural crest-
derived tissues (congenital heart defects, dysmorphic facial features,
and intellectual development disorder)(CHDFIDD)) (15-19)

Not detected

RNA Signature

No loss of DNA repair gene expression.

Loss of DNA repair gene expression (7,
8, 40, 66)

RNA Mechanism

Required to activate PAXT degradation of prematurely terminated
RNAs.

Required to suppress usage of intronic
polyadenylation sites (7) (8)
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