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Abstract:

Disruption of Cyclin Dependent Kinase 12 (CDK12) is known to lead to defects in
DNA repair and sensitivity to platinum salts and poly(ADP-ribose) polymerase 1/2
inhibitors. However, CDK12 has also been proposed as an oncogene in breast

cancer. We therefore aimed to assess the frequency and distribution of CDK12
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protein expression by immunohistochemistry (IHC) in independent cohorts of breast
cancer and correlate this with outcome and genomic status. We found that 21% of
primary unselected breast cancers were CDK12 high, and 10.5% were absent, by
IHC. CDK12 positivity correlated with HER2 positivity but was not an independent
predictor of breast cancer specific survival taking HER2 status into account, however
absent CDK12 protein expression significantly correlated with a triple negative
phenotype. Interestingly, CDK12 protein absence was associated with reduced
expression of a number of DDR proteins including ATR, Ku70/Ku80, PARP1, DNA-
PK and gamma-H2AX, suggesting a novel mechanism of CDK12 associated DDR
dysregulation in breast cancer. Our data suggest that diagnostic IHC quantification of
CDK12 in BC is feasible, with CDK12 absence possibly signifying defective DDR
function. This may have important therapeutic implications, particularly for triple

negative breast cancers.



Introduction

Breast cancer (BC) is a complex disease comprising a variety of molecular and
clinically distinct subtypes. Substantial progress has been made in the management
of BC mortality over the last 25 years, in part due to improved treatment modalities
such as endocrine therapies, HER2-targeted therapy and combination
chemotherapies (1-4). However, a proportion of sporadic primary BC remain difficult
to treat. Hence, there is an urgent need for stratification and biomarker discovery

within this cohort.

The CycK/CDK12 (Cyclin K/Cyclin dependent kinase 12) complex is involved in the
regulation of RNA polymerase Il (RNA pol 1) and mRNA processing (5-7) and is
known to protect normal cells from genomic instability by regulating the transcription
of DNA damage response (DDR) genes (8). Moreover, CDK12 has been postulated
as a tumor suppressor gene in high-grade serous ovarian cancer (HGSOC), where it
is one of the only significantly recurrently mutated genes (9). Recurrent point
mutations have been shown to abrogate the functional activity of CDK12, resulting in
defects in multiple DNA repair pathways, leading to genomic instability, down-
regulation of some homologous recombination (HR) genes such as BRCA1, FANCI
or FANCD2 (10,11) and selective sensitivity to both platinum agents and poly (ADP-
ribose) polymerase (PARP1/2) inhibitors (12,13). Indeed, recent data in HGSOC
suggests that CDK12 inactivated tumors have a unique signature of genomic
instability characterized by frequent mega-sized gains scattered over the genome,
that is a result of numerous tandem duplications, indicative of gross defects in DNA
repair (14). In addition, recent profiling studies have also identified CDK12 mutations
in primary and castration resistant prostate cancer that are mutually exclusive with
other mutations in DNA repair genes (15,16), and akin to HGSOC, result in large
tandem duplications (14). On the other hand, in BC, CDK12 gene amplification often
co-occurs with ERBB2 amplification as both are co-located at locus Ch17g12

(17,18), and CDK12 overexpression has been correlated with indicators of
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aggressive disease, suggesting that CDK12 could act as a oncogenic driver and

prognostic biomarker in BC as a result of this co-location (19).

We have previously shown that in BC, CDK12 is recurrently targeted by both DNA
rearrangements (13% of HER2-amplified BC) and recurrent point mutations (2.6% of
unselected BC) (13) in a similar manner to HGSOC, and that loss of CDK12 in BC
models confers sensitivity to PARP1/2 inhibitors in vitro through defects in HR
(12,13). Loss of CDK12 in BC may therefore signify response to platinum salts and/

or PARP1/2 inhibitors (12,13).

Here we sought to i) investigate the distribution and frequency of CDK12 protein
expression in a large series of unselected and Herceptin treated HER2-positive BC,
using immunohistochemistry (IHC) and examine any correlation with survival; ii)
evaluate CDK12 protein and mRNA expression with genomic alterations and iii)
assess whether CDK12 would constitute an oncogenic driver in CDK712 amplified

tumors.

Materials and Methods

Tissue Microarray Patient Cohorts

Unselected BC

Primary operable BC cases (n= 1,650) from the Nottingham Tenovus Primary Breast
Carcinoma Series were utilized as previously described (20-22). Patients were under
the age of 71 years (median, 55 years), diagnosed between 1986 and 1999, and
treated uniformly in a single institution. Clinicopathological parameters for this series

are summarized in Supplementary Table S1.

HER2-positive adjuvant trastuzumab series



The HER2-positive adjuvant trastuzumab series comprises 143 primary operable BC
from patients presenting between 2003 and 2010 who received adjuvant
trastuzumab (21). HER2 status was determined according to the American Society of
Clinical Oncology (ASCO) guidelines as previously described (21).
Clinicopathological parameters for this series are summarized in Supplementary

Table S2.

METABRIC Nottingham Breast Cancers
This series comprised 282 primary BC from Nottingham, which form part of the

METABRIC cohort (23), (Supplementary Table S3).

Tissue Microarray (TMA) Construction
Tumor samples were arrayed as previously described (22). Briefly, one core per
tumor of 0.6 mm thickness was obtained from the most representative areas then re-

embedded in microarray blocks.

CDK12 Immunohistochemistry

IHC was optimized in-house, using a standard Labelled Polymer technique, on 4um
sections of formalin-fixed paraffin embedded (FFPE) normal human tonsil; cell blocks
containing the MCF7 breast cancer cell line known to express CDK12 transfected
with a previously validated siRNA pool targeting CDK12 or non-targeting control and
BT474 cells as a positive control (13) (Fig. 1). Cells were cultured as previously
described (13) and authenticated by short tandem repeat (STR) typing using the
StemElite Kit (Promega, UK). Briefly, slides were dewaxed in xylene and rehydrated
through graded alcohols. Following heat-induced antigen retrieval in citrate buffer (pH
6.0), sections were incubated with a mouse anti-human CDK12 monoclonal antibody
(1:5000 final dilution, Abcam clone 57311 that was raised against an immunogen
peptide corresponding to amino acids 1281-1380 of Human CDK12) for one hour at

room temperature. The staining was visualized using the Dako Flex Envision K8002



Kit (Dako), counterstained with Gills hematoxylin (Leica). Sections were then

dehydrated and mounted.

TMAs were assessed for nuclear CDK12 protein expression in the malignant
epithelium only, using a modified Allred score (14). Only technically sound cores
containing >20% invasive tumor cells were included in the analysis. Cores were
evaluated for both intensity (0 = no stain; 1 = mild; 2 = moderate; 3 = strong), and
percentage of epithelial cells that stained positive (0 = absent; 1 = background; 2 =
1-25%; 3 = 26-50%; 4 = 51-75%; 5 = > 75%), Fig. 1. Scores were derived from a
sum of the intensity and percentage of immunoreactive cells; an average score of 0
for each tumor was considered negative/absent, and a score of 7 or 8, high, and a
score of 2-6 as intermediate expression. Scores of 1 were excluded from further
analysis as these equated to background non-specific staining. IHC staining and
dichotomization of the other biomarkers included in this study were as per previous

publications (24-30). Scoring was performed blinded to the study endpoint.

Mining of public datasets

In order to corroborate our findings, we re-analysed publicly available data from The
Cancer Genome Atlas (31,32) and METABRIC (23) datasets, to ascertain the
frequency of CDK12 copy number breakpoints, somatic mutations and methylation
and correlate these with RNA expression levels. Low and high CDK12 gene
expression were defined by using an optimal threshold for dichotomizing gene
expression data as described (33). This was carried out by a stepwise analysis from
40 to 60 percentiles at an interval of 5. The cut-offs that displayed the highest
prognostic significance with log-rank test were selected. In addition, analysis of
published whole genome shRNA (34) and kinome wide siRNA (35) genetic
perturbation screens was performed to correlate cell viability of breast cancer cell

lines with and without CDK12 amplification after CDK12 knockdown.

Assessment of Tandem Duplicator Phenotype



Affymetrix SNP6.0 copy number data of 224 METABRIC samples were preprocessed
using PennCNV-affy package (affy: http://penncnv.openbioinformatics.org/en/latest/
misc/credit/ and segmented absolute copy number and ploidy was established with
ASCAT 2.1 (36). The two tandem duplication phenotypes were established as

previously described in Watkins et al., 2016 (37).

Statistical Analysis

Retrospective statistical analysis was performed using SPSS 21.0 statistical software
(SPSS Inc., Chicago, IL, USA), in compliance with reporting recommendations for
tumor marker prognostic studies (REMARK) criteria (38). A chi-squared or Fisher’s
exact test of <0.05 was considered significant. Survival curves were analyzed by the
method of Kaplan-Meier, with a p-value <0.05 being considered significant with a 10-
year BC specific survival as the endpoint. Multivariate survival analysis was carried
out using CDK12 expression status, node status, estrogen and progesterone
receptor (ER/PR) status, HER2 status, age, tumor size and grade. A Student's t-test
was employed to compare CDK12 expression of mined samples with genetic
aberrations and normal controls. For comparisons, scores of 0 (absent) and high
(7-8) were compared, given known correlations with high expression and
amplification (19) and uncertainty regarding intermediate levels of expression. A p-
value <0.05 (two-sided) was considered statistically significant. Differential gene
expression analysis of CDK12 absent versus high tumors with gene expression
known to be involved in DNA repair was performed using data from METABRIC using

Limma with FDR (False Discovery Rate) multiple correction adjustment.

Results

Distribution of CDK12 expression and clinicopathological correlation
In the first instance, we assessed CDK12 protein expression by IHC in 696
unselected BC samples that met the inclusion criteria (described in methods; Fig. 1).

Overall 73/696 tumors were absent/negative for CDK12 (10.5%) by IHC, and 146
8
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had CDK12 high expression (21%; Fig. 1A, Supplementary Table S1). Breaking this
down by subtype, in ER+ patients, 50/510 (9.8%) and 101/510 (19.8%) were CDK12
absent and high; in HER2+ patients 3/102 (2.9%) and 55/102 (53.9%) were CDK12
absent and high; and in TN patients, 21/123 (17%) and 17/123 (13.8%) were CDK12
absent and high respectively. Expression of CDK12 significantly correlated with
HER2 expression; 96% of CDK12 absent tumors were HER2 negative and 95% of
HER2 positive tumors had high CDK12 expression (p < 0.001, Chi-Square test).
Interestingly, no significant correlation of CDK12 expression with ER or PR status
was observed, but a greater proportion of CDK12 absent tumors showed a triple-
negative phenotype (21/73, 29%) than CDK12 high tumors (17/143, 11.9%, p =
0.002, Chi-Square test, Supplementary Table S1). There was no association with
CDK12 high expression and breast cancer specific survival in this cohort (p = 0.354,
HR = 1.295, 95% Cl= 0.75-2.24, Log Rank (Mantel-Cox), Fig. 2A, Supplementary

Table S4).

These findings were validated in a subset of tumors from the METABRIC cohort of
unselected BC, in which CDK12 was highly expressed in 63/250 tumors (25.2%) and
absent in 89/250 tumors (35.6%), Fig. 1 Supplementary Table S3. Again, a significant
correlation with HER2 status was observed, with 83/89 (93.3%) of CDK12 absent
tumors being HER2 negative and 13/36 (36.1%) of HER2 amplified tumors being

CDK12 high (p < 0.0001, Chi-Square test). CDK12 expression also conferred a
significantly poorer BC specific survival (p < 0.001, HR = 3.161, 95% CI =

1.632-6.125, Log Rank (Mantel-Cox)) in this cohort in univariate analysis (Fig. 2B).
This was also significant in multivariate comparisons when taking account for HER2
positivity (p= 0.038, HR = 2.26, 95% CI = 1.045-4.887, Supplementary Table S4).
These associations were further corroborated at the mRNA level in a larger cohort of
primary tumors (n=1961) from METABRIC, where high CDK12 expression was
associated with a worse BC specific survival (p < 0.001, HR = 1.28, 95% Cl = 1.17 -



1.41, Log Rank (Mantel-Cox), Fig. 2C), however this was not substantiated in

multivariate analysis when taking HERZ2 into account (Supplementary Table S4).

We previously identified a proportion of HER2 amplified tumors harbour out-of-frame
CDK12 fusion genes. As CDK12 is known to map to the smallest region within the
HERZ2 amplicon (17,18) these fusions are the result of an amplification breakpoint in
the HER2 amplicon that converges on CDK12, disrupting its expression (13). We
also found that tumor cells with loss of CDK12 due to the presence of a breakpoint in
the HERZ2 amplicon were sensitive to PARP1/2 inhibitors suggesting that a fraction of
HER2 amplified patients with CDK12 fusions might also benefit from treatment with
PARP1/2 inhibitors or platinum chemotherapy (13). To ascertain the frequency of
CDK12 protein absence in HER2 amplified patients, and possible associations with
outcome subsequent to anti-HER2 therapy, we assessed CDK12 protein expression
in HER2 positive patients whom had been treated with Herceptin (21). Overall, 4/119
(3.4%) tumors were CDK12 absent and 71/119 (59.7%) tumors were CDK12 high
(Fig. 1A). Lack of CDK12 expression did not improve survival in this cohort following
Herceptin treatment (p= 0.586; HR= 22.636, 95% Cl = 0-1718290, Log Rank
(Mantel-Cox)), Fig. 2D).

In summary (Supplementary Table S1), overall, absence of CDK12 protein
expression was seen in 10.5% of unselected BC; with a similar proportion of ER+
tumours showing absent CDK12 (9.8%). Interestingly, a higher frequency of absent
CDK12 was seen in TNBC within this unselected cohort (17%); however, no
association with BC specific survival was seen (p= 0.577, HR= 2, 95% CI = 1.8-3.4,
Log Rank (Mantel-Cox)). As expected, in all three cohorts analysed, a lower
proportion of HER2-positive tumours were CDK12 absent. Rather, most HER2
positive tumours were CDK12 high (protein and mRNA). Although high CDK12
expression was associated with a worse BC specific survival in these cohorts, this
association was significant in the METABRIC dataset in multivariate analysis taking

HERZ2 status into account, but not borne out in additional datasets.
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Association of CDK12 expression and amplification

We subsequently investigated the associations of CDK12 mRNA expression with
genomic status in primary BC from METABRIC (23) where there is copy number and
gene expression data on the same tumor specimen. Of 1979 tumors with matched
copy number and gene expression data available for CDK12, 208 (10.5%) harboured
amplification encompassing the CDK712 gene and a concurrent increase in its
transcript expression, (p< 0.0001; Mann-Whitney U test; Fig. 3A). Of these, 99%
(205/208) were also HERZ2 amplified. There was a significant association with BC
specific survival comparing CDK72 amplified versus non-amplified tumors (p<
0.0001, Log Rank (Mantel-Cox), (HR = 0.45; 95% CI = 0.35 — 0.57), however,
similarly to CDK12 protein expression this was lost in multivariate analysis taking
HER2 status into account (Supplementary Table S4). Assessment of CDK12 protein
expression by IHC in the METABRIC TMA, stratifying tumors as absent (0) versus
highly expressed (7-8), however, revealed a significant association between CDK12
amplification and increased CDK12 protein expression with 12/16 (75%) amplified
and 42/120 (35%) non-amplified tumors showing high protein expression, p= 0.0049,

Fishers exact-test, Fig. 3B).

Recent evidence has pointed to the role of CDK12 as a potential oncogene, given
that that its amplification is associated with increased protein expression and
aggressive clinical characteristics (19) and that CDK712 amplified tumors show
significantly increased CDK12 protein activation (39). To seek any evidence of

oncogenic addiction to the downstream consequences of activated CDK12, we

mined publicly available genetic perturbation screens in BC cell line models using
validated reagents (12,13), to ascertain if CDK72 amplified cells were addicted to
CDK12 expression and downstream signalling for their survival. Analysis of both

genome-wide pooled shRNA screen data (34) and siRNA kinome screen data (35)
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failed to identify any association between CDK712 amplification and sensitivity to

shRNA or siRNA designed to target CDK12 (Fig. 3C-D).

Genetic mechanisms of absent CDK12 expression

Given our previous findings that disruption of CDK72 can occur as a result of an
amplification breakpoint in the ERBB2 amplicon that converges on CDK12, disrupting
its expression (13), we sought to confirm our findings in primary tumors from
METABRIC (23). Of all cases that showed CDK172 amplification, 14.4% (30/208)
harboured a breakpoint in CDK12 that was associated with a significant reduction in
CDK12 transcript levels (p< 0.0001, Mann Whitney U test; Fig. 4A). In HER2
amplified patients, there was no significant difference in BC specific survival between
patients with a breakpoint in CDK12 and those without (p= 0.32, Log Rank (Mantel-
Cox) HR=0.9897, 95% CIl= 0.5107-1.918).

To ascertain the frequency of absent CDK12 protein in tumors with copy number
alterations in CDK12, we intersected the IHC data from a subset of the METABRIC
cohort performed above with the available copy number data for CDK72. Of all
CDK12 amplified tumors, 14% (4/28) showed absent CDK12 protein expression and
33% (2/6) of tumors with a breakpoint in CDK12 were CDK12 absent. This highlights
that only a proportion of tumors with CDK712 genomic breakpoints lead to loss of

CDK12 protein expression.

In HGSOC, CDK12 inactivating mutations have been reported to inactivate gene
expression and consequently abrogate HR DNA repair pathways (10,11,14).
Examination of DNA sequencing data from The Cancer Genome Atlas (TCGA) (32)
identified CDK712 mutations in 1.5% (20/1373) of unselected BC (Fig. 4B),
(Supplementary Table S5 and S6). These included 12 missense mutations, and 8
truncating mutations. Overall, 45% (9/20 (8 truncating and 1 missense) were
predicted to disrupt protein function, and of these 25% (2/9) were seen in patients

with triple-negative disease, whereas the remaining patients had ER+ or ER-/HER2+
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disease. In contrast with recent data in HGSOC (11), predicted deleterious mutations
did not correlate with reduced transcript expression, or with down-regulation of DNA
damage response (DDR) genes, (Supplementary Table S7). CDK12 promoter
methylation was a rare event seen in 1/696 (0.14%) of unselected BC
(Supplementary Table S6). We next looked for other genomic alterations that would
lead to absent CDK12 protein expression by interrogation of METABRIC cases with
copy number and miRNA expression (23,40). This identified that heterozygous loss
of CDK12 accounted for 7.1% (6/84) cases with absent CDK12 protein expression,
however this was not enriched in the CDK12 absent group compared to the CDK12
high group (p>0.999, Fishers exact test). In addition, of the 14/162 miRNA's, that are
known or predicted targets of CDK12, present in METABRIC (40) none showed
correlation with CDK12 protein expression after multiple correction (Supplementary
Table S8), suggesting there are additional mechanisms that lead to CDK12 protein

loss.

Absent CDK12 protein expression is associated with reduced protein
expression of genes involved in DNA repair

Although predicted deleterious mutations in CDK12 did not correlate with reduced
expression of DDR genes (see above), we assessed whether loss of CDK12 protein
expression correlated with a reduction in the transcript expression of DNA repair
proteins or biomarkers of DNA damage in the unselected series of BC cases (Table
1). Although no significant correlations were observed (after multiple testing
correction) with DDR genes at the mRNA level (Supplementary Table S9), absent
CDK12 protein was significantly correlated with reduced protein expression of ATR,
APE1, nuclear and cytoplasmic SMC6, Ku70/Ku80, DNA-PK and yH2AX nuclear
positivity. Absent CDK12 protein expression also significantly correlated with both
cleaved PARP1 (p= 0.003, Chi-Square) and non-cleaved PARP1 (p= 0.005, Chi-
Square) expression suggesting that PARP1 levels are higher in tumors with absent

CDK12. Interestingly, absent CDK12 expression also correlated with a decreased
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expression of TP53 (p= 0.001; Chi-Square) and RB1 (p= 0.003, Chi-Square),
however there was no significant correlation between absent CDK12 protein and
TP53 mutations in the METABRIC cohort of tumors (17.5% CDK12 absent and
26.4% CDK12 high tumours harbouring TP53 mutations p= 0.2779, Fishers exact

test).

Since absent CDK12 protein expression was seen in 17% of TNBC within our
analysis, we assessed this subset of tumors for correlations with the expression of
DNA repair proteins as above. Even within this relative small subset, some significant
correlations were still seen with DDR genes at the protein level: ATR (p= 0.018, Chi-
Square); Ku70/Ku80 (p= 0.01, Chi-Square); and loss or decrease in nuclear and
cytoplasmic SMC6 (p= 0.045, Chi-Square; Table 1). Of note comparison of CDK12
absent (0) and intermediate (2-6) levels of expression together as one group versus
high (7-8) failed to identify any significant associations with DNA repair genes both in
unselected BC and TNBC (Supplementary Table S10). This suggests that functional
loss of CDK12 is only observed in tumors with absent CDK12 protein expression in

breast cancer and not low levels of CDK12 expression.

It has been shown that in HGSOC CDK12 mutations are consistently associated with
a particular genomic instability pattern characterized by hundreds of tandem
duplications of up to 10 megabases (Mb) in size, dubbed the ‘CDK12 TD-plus
phenotype’ (14). Assessment of this pattern in both unselected and TNBC with
absent CDK12 protein failed to identify any association with large numbers and sizes
of tandem duplications (Fig. 4C-D). Together these results suggest that absent
CDKA12 protein in BC is associated with some defects in DNA repair related genes,

however the resultant genomic scars are likely to be different to that seen in HGSOC

(11).

Discussion
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In this study, we were able to analyze, for the first time, the distribution of CDK12
protein in cohorts of primary BC. We show that high CDK12 expression is
significantly correlated with HER2 status and that absent CDK12 is associated with a

triple-negative phenotype and disruption of proteins involved in DNA repair.

The significant correlation of CDK12 with HER2 expression in these data is not
surprising, since CDK12 is known to map to the smallest region within the HER2
amplicon (17,18). Therefore, although we observed significant correlations with
CDK12 expression and patient survival, this significance was subsequently lost when
HER?2 positivity was taken into account. However, this association was substantiated
in the METABRIC cohort at the protein level, suggesting investigation of additional
cohorts are warranted. It has been postulated that CDK12 may act in an oncogenic
manner, given observed associations with amplification and increased transcript and
protein expression and subsequent phosphorylation (19,39). This may perhaps occur
through its reported roles in transcription through phosphorylation of RNA Pol Il and
regulation of pre-mRNA processing (5,7). By analyzing published siRNA and shRNA
cell viability screens, using validated reagents (12,13) we show here that amplified
cells are not addicted to CDK12 for their survival. We concede the assay length
(average 4-7 days) in these experiments, may be too short to detect a loss of viability
to depletion of a cyclin dependent kinase and additional time may be required to
reduce DNA repair protein expression and accumulate damage required to affect
viability. Interestingly, a recent study has suggested that CDK12 does act in an
oncogenic manner in HER2 amplified cells by promoting cell invasion via alternative
splicing and subsequent down-regulation of the long isoform of DNAJB6 (41),
suggestive of a mechanism by which CDK12 acts in an oncogenic manner to
promote cell invasiveness. Of note, elevated levels of CDK12 in HER2 positive
tumors have been a proposed reason why tumors arising in BRCA1 carriers are
usually ERBB2-negative, given elevated expression would oppose the defects in HR

mediated by BRCAT loss (34).
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We have shown previously that a proportion of HER2-positive tumors harbor
inactivating (out-of-frame) fusion genes in CDK12 that are due to a copy number
breakpoint in the HER2 amplicon converging on CDK12, resulting in a significant
decrease in both transcript and protein levels (13). Furthermore, cell lines with
breakpoints in CDK12 that result in loss of protein expression are sensitive to
PARP1/2 inhibitor therapy, due to impaired HR mediated DNA repair (13). By
assessing the distribution of CDK12 protein expression in CDK12 amplified breast
cancers in the METABRIC cohort, we identified 14% that were CDK12 absent.
Moreover, of the tumors with a breakpoint in CDK12, 33% had absent CDK12 protein
expression. Whilst the numbers we were able to assess are small, this nevertheless
suggests a proportion of HER2 positive patients show absent CDK12 protein as a
result of both copy number breakpoints and additional mechanisms. Overall, our data
suggest there may be a small proportion of HER2-positive patients that may benefit
from treatment with DNA damage response targeted therapies such as PARP1/2

inhibitor therapy.

Recent data in HGSOC has shown that CDK712 point mutations inactivate gene
expression subsequently abrogating HR DNA repair pathways (10,11). Although in
our study CDK12 mutations did not themselves correlate with decreased expression
of DNA repair genes (perhaps due to residual CDK12 activity, given some of these
are not associated with loss of heterozygosity), we show that BC with absent CDK12
protein show down-regulation of a number of genes involved in functional HR DNA
repair at the protein level, suggesting that absent CDK12 protein in BC may also be
associated with HR defects. Although we were unable to assess all proteins known to
be dysregulated in CDK12 mutant HGSOC such as RAD51, FANCI and FANCD?2, it
is reasonable to postulate that CDK12 may have other targets, including DNA repair
proteins themselves, phosphorylation of which is required for protein stability. Lack of
any observed associations at the mRNA level, may be due to small numbers in the
study, however, our observed associations warrant further investigation in larger

cohorts. Recent evidence in HGSOC points to a unique signature of genomic
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instability in CDK12 mutated tumors that is indicative of gross defects in DNA repair
characterized by tens to hundreds of large tandem duplications scattered throughout
the genome, although this was not observed in CDK12 mutated breast cancers (14).
Consistent with this, we observed no correlation with large tandem duplications of
neither all BC nor TNBC specifically. It is intriguing however that we observed absent
CDK12 protein in 17% of TNBC from the unselected primary BC analyzed in this
study. Of course, this could be a consequence of the small number of cases
included, however CDK12 inactivation may play a role in a subset of TNBC’s possibly

through mechanisms distinct from those observed in HGSOC.

In conclusion, we have shown that a subset of HER2-positive patients show absent
CDK12 protein expression and have shown an enrichment of absent CDK12 protein
expression in TNBC. Moreover, we have provided evidence that absent CDK12
expression is associated with defects in DNA repair proteins. These results suggest
that CDK12 IHC could potentially be useful, once validated in sufficiently powered

studies, for stratification of patients for treatment with DDR targeted therapies.
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Figure Legends

Figure 1: Distribution of CDK12 protein expression in breast cancer

A, Modified CONSORT diagram depicting the distribution of CDK12 positive and
negative breast cancers in each of the cohorts analysed. B, Representative
micrographs of CDK12 protein expression in i, MCF7 cell line treated with non-
targeting siRNA controls; ii, MCF7 cell line treated with previously validated siRNA
against CDK12 (13); iii. BT474 CDK12 amplified cells all at x400 magnification; iv,
tonsil positive control (x 200 magnification). v-viii, Representative images of staining

intensity in primary breast cancers, where CDK12 expression was quantified using a

modified Allred score, which assessed both intensity (highest score = 3) and
percentage positivity (highest score = 5): (v) negative; (vi) 1+; (vii) 2+; and (viii) 3+;
all images at 200x magnification. A score of 0 was considered absent and a score of

7 or 8, as high expression.

Figure 2: CDK12 positive breast cancer has a poorer survival in univariate
analysis

Kaplan-Meier curves showing breast cancer specific survival for CDK12 high (7-8)
versus negative (0) breast cancers asses by IHC in A, Nottingham unselected

primary breast cancer series (n= 203); B, tumors from METABRIC (n= 140); C, Gene
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expression correlations of CDK12 low versus high from METABRIC (n= 1961) and D,

HER2-positive tumors treated with Herceptin (n= 75).

Figure 3: CDK12 amplified cells are not dependent on CDK12 expression for
their survival

A, Scatter dot plot depicting a significant association of CDK12 transcript expression
with gene amplification (n= 208) versus no amplification (h= 1769) (error bars
represent median with the interquartile range). B, bar-chart depicting a significant
increase of CDK12 protein expression as measured by IHC in CDK712 amplified
tumors (n= 16) compared to non-amplified (n= 103). C-D, Relative cell viability after
CDK12 silencing in CDK12 amplified (Campbell, n= 8; Marcotte n= 14) versus non-
amplified cell lines (Campbell, n= 19; Marcotte n= 40), showing no significant

difference in cell survival from c) Marcotte et al (34) and d) Campbell at al (35).

Figure 4: CDK12 protein loss is associated with DNA repair defects in breast
cancer

A, Box and whisker plot (min-max) showing a significant decrease in CDK12
transcript levels in HER2-amplified tumors with breakpoints (n= 30) in CDK12
compared with no breakpoints (n= 178) from METABRIC. B, Lollipop diagram
depicting the distribution of CDK72 mutations in breast cancer (red= frameshift and
nonsense mutations, green= non-synonymous coding mutations). C, Scatter dot plot
diagrams showing significant associations between CDK12 absent (n= 74) (IHC
score 0) versus CDK12 high (n= 51) (IHC score 7-8) in unselected METABRIC
tumors with large tandem duplication score, indicative of gross genomic defects. D,
Scatter dot plot diagrams showing significant associations between CDK12 absent
(n= 8) (IHC score 0) versus CDK12 high (n= 4) (IHC score 7-8) in TNBC from

METABRIC, with large tandem duplication score, indicative of gross genomic defects.
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Table 1: Association of CDK12 expression with DNA repair proteins in

unselected and TNBC

CDK12 Absent | CDK12 High p-value
(0) (7/8)
No. of cases No. of cases
(%) (%)

Unselected Series

BRCA1 (n=170)
Negative 27 (51.9) 50 (42.4) 0.249
Positive 25 (48.1) 68 (57.6)

PARP1 cleaved (n= 170)
Negative 18 (30) 13 (11.8) 0.003**
Positive 42 (70) 97 (88.2)

PARP1 non-cleaved (n= 175)
Negative 36 (62.1) 46 (39.3) 0.005**
Positive 22 (37.9) 71 (60.7)

ATR (n=173)
Negative 46 (70.8) 45 (41.7) <0.001**
Positive 19 (29.2) 63 (58.3)

APE1 (n=89)
Negative 10 (38.5) 10 (15.9) 0.02*
Positive 16 (61.5) 53 (84.1)

Ku70/Ku80 (n= 153)
Negative 18 (34.0) 11 (11.0) 0.001**
Positive 35 (66.0) 89 (89.0)

DNA-PK (n= 156)
Negative 17 (32.1) 12 (11.7) 0.002**
Positive 36 (67.9) 91 (88.3)

SMC6 cytoplasmic (n= 166)
Negative 30 (54.5) 33 (29.7) 0.002**
Positive 25 (45.5) 78 (70.3)

SMCS6 nuclear (n= 166)
Negative 33 (60.0) 34 (30.6) <0.001**
Positive 22 (40.0) 77 (69.4)

yYH2AX (n= 150)
Negative 24 (47.1) 22 (22.2) 0.002**
Positive 27 (52.9) 77 (77.8)
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TP53 (n= 209)

Negative 56 (80.0) 80 (57.6) 0.001**
Positive 14 (20.0) 59 (42.4)

CHEK?1 cytoplasmic (n= 103)
Negative 29 (50.9) 44 (42.7) 0.321
Positive 28 (49.1) 59 (57.3)

CHEK1 nuclear (n= 161)
Negative 48 (84.2) 87 (83.7) 0.927
Positive 9(15.8) 17 (16.3)

CHEK2 (n= 108)
Negative 31 (50.8) 63 (58.3) 0.345
Positive 30 (49.2) 45 (41.7)

Triple Negative Breast Cancer

BRCA1 (n= 28) 0.430
Negative 10 (71.4) 8 (57.1)
Positive 4 (28.6) 6 (42.9)

PARP1 cleaved (n= 28) 0.378
Negative 8 (50.0) 4 (33.3)
Positive 8 (50.0) 8 (66.7)

PARP1 non-cleaved (n= 29) 0.103
Negative 11 (68.8) 5(38.5)
Positive 5(31.2) 8 (61.5)

ATR (n= 33) 0.018*
Negative 18 (90.0) 7 (53.8)
Positive 2(10.0) 6 (46.2)

APE1 (n=17) 0.453
Negative 2 (25.0) 1(11.1)
Positive 6 (75.0) 8 (88.9)

Ku70/Ku80 (n= 27) 0.010*
Negative 8 (47.1) 0 (0.0)
Positive 9 (52.9) 10 (100.0)

DNA-PK (n= 31) 0.283
Negative 6 (37.5) 3 (25.0)
Positive 10 (62.5) 12 (75.0)

SMC6 cytoplasmic (n= 31) 0.018*
Negative 9 (60.0) 3(23.1)
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Positive 6 (40.0) 13 (76.9)

SMCG6 nuclear (n= 31) 0.045*
Negative 11 (73.3) 6 (37.5)
Positive 4 (26.7) 10 (62.5)

YH2AX (n= 29) 0.089
Negative 9 (60.0) 4 (28.6)
Positive 6 (40.0) 10 (71.4)

TP53 (n= 36) 0.187
Negative 12 (63.2) 7 (41.2)
Positive 7 (36.8) 10 (58.8)

CHEK1 cytoplasmic (n= 27) 0.384
Negative 8(47.1) 3 (30.0)
Positive 9(52.9) 7 (70.0)

CHEK1 nuclear (n= 28) 0.068
Negative 17 (100.0) 9(81.8)
Positive 0 (0.0) 2(18.2)

CHEK2 (n=32) 0.961
Negative 13 (68.4) 9 (69.2)
Positive 6 (31.6) 4 (30.8)

Supplementary Tables:

Supplementary Table S1: CDK12 expression in relation to clinicopathological

parameters for the unselected TMA series

Supplementary Table S2: CDK12 expression in relation to clinicopathological

parameters for the HER2-positive Herceptin treated series

Supplementary Table S3: CDK12 expression in relation to clinicopathological

parameters for the METABRIC TMA series

Supplementary Table S4: Univariate and multivariate analysis of CDK12 in the TMA

cohorts
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Supplementary Table S$5: CDK12 mutations in breast cancer. Taken from cBioportal

(42,43).

Supplementary Table S6: Correlations of CDK12 mutations, methylation, gene

expression and ERBB2 copy number in primary breast cancers from TCGA

Supplementary Table S7: Correlations of CDK12 mutations and gene expression of
DNA repair genes in primary tumors from METABRIC. P values from heteroscedastic

2-tailed, t-test

Supplementary Table S8: Correlations of CDK12 protein expression, and miRNA
expression in primary tumors from METABRIC. Wilcoxon rank P values are corrected

for multiple testing.

Supplementary Table S9: Correlations of CDK12 protein expression and gene
expression of DNA repair genes in primary tumors from METABRIC. Limma analysis

corrected for multiple testing.

Supplementary Table S10: Association of CDK12 absent and intermediate (0, 2-6)

versus high (7-8) expression with DNA repair proteins in unselected and TNBC. P

values from Fishers exact test.
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Figure 3
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Supplementary Table S1

Parameter Distribution CDK12 Expression p-value
Intermediate Intermediate vs

Absent (0) (2-6) High (7-8) Absent vs High High

Age

<50yrs 243 (34.9%) 28 164 51

> 50 yrs 453 (65.1%) 45 313 95 0619 0903

Tumour Size

<2cm 366 (48.3%) 34 235 61

>2cm 330 (51.7%) 39 242 85 0500 013

Grade

1 92 (13.2%) 13 66 13

2 245 (35.2%) 23 177 45 0.133 0.047

3 359 (51.6%) 37 234 88

Tumour Type

Ductal (inc mixed) 602 (86.5%) 64 409 129

Lobular 60 (8.6%) 4 43 13

Medullary-like 14 (2.0%) 2 10 2 0.560 0.621

Miscellaneous 4 (0.6%) 1 2 1

Special type 16 (2.3%) 2 13 1

Vascular Invasion




Definite 246 (35.5%) 24 167 55

Negative/Probable 447 (64.5%) 49 307 91 0.486 0.591
Lymph Node Stage

1 423 (60.8%) 48 293 82

2 220 (31.6%) 23 148 49 0.112 0.416
3 53 (7.6%) 2 36 15

NPI Groups

Good 191 (27.4%) 19 141 31

Moderate 392 (56.3%) 44 267 81 0.233 0.018
Poor 113 (16.2%) 10 69 34

ER Status

Negative 180 (26.1%) 23 187 44

Positive 510 (73.9%) 50 359 101 0.861 0.121
PR Status

Negative 295 (43.5%) 33 187 75

Positive 383 (56.5%) 40 275 68 0.314 0.012
HER2 Status

Negative 571 (84.8%) 70 415 86




Positive 102 (15.2%) 3 44 55 5.2x 108 1.8 x 10-16
Triple Negative Status

Non Triple Negative | 559 (82.0%) 52 381 126

Triple Negative 123 (18.0%) 21 85 17 0.002 0.075




Supplementary Table S2

Parameter Distribution CDK12 Expression p-value
Intermediate Intermediate (vs
Absent (0) (2-6) High (7-8) Absent vs High High
Age
<50yrs 55 (46.2%) 2 20 33
0.891 0.915
=50 yrs 64 (53.8%) 2 24 38
Tumour Size
<2cm 67 (57.3%) 3 24 40
>22cm 50 (42.7%) 1 19 30 0.481 0.890
Grade
1 3 (2.5%) 0 2 1
2 32 (26.9%) 3 16 13 0.027 0.044
3 84 (70.6%) 1 26 57
Vascular Invasion
Definite 45 (37.8%) 2 20 23
0.467 0.159
Negative/Probable 74 (62.2%) 2 24 48
Lymph Node Stage
1 70 (59.8%) 2 26 42
2 40 (34.1%) 1 15 24
Nn 007 n o7




V.00/

V.01 o

3 7 (6.0%) 2 5
NPI Groups
Good 9 (8.3%) 5 4
Moderate 69 (63.3%) 23 43
0.472 0.443
Poor 31 (28.4%) 13 18
ER Status
Negative 55 (46.2%) 15 37
0.372 0.059
Positive 64 (53.8%) 29 34
PR Status
Negative 60 (60.6%) 18 39
Positive 39 (39.4%) 18 21 0.209 0.147




Supplementary Table S3

Parameter Distribution CDK12 Expression p-value
Intermediate Intermediate vs

Absent (0) (2-6) High (7-8) Absent vs High High

Age

<50 yrs 79 (31.6) 31 27 21

> 50 yrs 171 (68.4) 58 71 42 0.848 0.434

Tumour Size

<2cm 99 (40) 41 36 22

>2cm 149 (60) 47 61 41 0.152 0.778

Grade

1 28 (11.3) 17 5 6

2 85 (34.4) 33 33 19

3 134 (54.3) 37 59 38 0069 0539

Tumour Type

Ductal (inc mixed) 212 (86.2) 73 86 53

Lobular 18 (7.3) 7 7 4

Medullary-like 5(2.0) 0 3 2 0.261 0.180




Special type 11 (4.5) 8 0 3

Vascular Invasion

Definite 101 (40.9) 31 37 33

Negative/Probable 146 (59.1) 57 59 30 0.035 0.086
Stage

1 127 (51.4) 52 47 28

2 94 (38.1) 29 36 29 0.178 0.446
3 26 (10.5) 6 14 6

NPI Groups

Good 59 (24) 28 19 12

Moderate 123 (50) 42 51 30 0.127 0.773
Poor 64 (26) 18 26 20

ER Status

Negative 63 (25.5) 13 34 16

Positive 184 (74.5) 75 62 47 0.102 0.183

PR Status




Negative 95 (40.3) 26 45 24

Positive 141 (59.7) 58 50 33 0.174 0.137
HER2 Status

Negative 200 (84.7) 83 75 42

Positive 36 (15.3) 4 19 13 0.001 0.623
Triple Negative Status

Non Triple Negative 201 (83.1) 76 73 52

Triple Negative 41 (16.9) 12 23 6 0.626 0.036




Supplementary Table S4

Unselected series 0 v 7-8

Patient statistics Univariate Cox Regression analysis Multivariate
Events Hazard Hazard
Variables No. of patients | (Censored) [ Ratio (HR) | 95% Cl of HR | p-value | Ratio (HR) [ 95% CIl of HR p-value
Grade 203 63 (140) 2.439 1.498-3.970 <0.001 2.222 1.313-3.761 0.003
Stage 203 63 (140) 2.175 1.534-3.084 <0.001 2.243 1.560-3.224 <0.001
Age 203 63 (140) 1.04 0.804-1.343 0.767 1.294 0.991-1.689 0.058
HER2 198 62 (136) 2.496 1.511-4.121 <0.001 2.012 1.123-3.605 0.019
CDK12 203 63 (140) 1.295 0.750-2.237 0.354 0.426 0.989-1.005 0.997
HER2 series 0 v 7-8
Patient statistics Univariate Cox Regression analysis Multivariate
Events Hazard Hazard
Variables No. of patients | (Censored) | Ratio (HR) | 95% Cl of HR | p-value | Ratio (HR) [ 95% CI of HR p-value
Grade 74 9 (65) 1.219 0.281-5.288 0.792 0.593 0.132-3.175 0.593
Stage 73 9 (64) 2.526 1.093-5.838 0.03 2.377 1.030-5.486 0.043
Age 74 9 (65) 0.444 0.111-1.780 0.252 0.45 0.100-2.029 0.299
CDK12 74 9 (65) 22.636 0-1718290 0.586 1.186 0-1.03x1013 0.991
METABRIC IHC 0 v 7-8
Patient statistics Univariate Cox Regression analysis Multivariate
Events Hazard Hazard
Variables No. of patients [ (Censored)| Ratio (HR) | 95% Cl of HR | p-value Ratio (HR) | 95% CIl of HR p-value
Grade 138 37 (101) 2.824 1.500-5.317 0.001 2.937 1.275-6.766 0.011
Stage 138 37 (101) 2.35 1.455-3.795 <0.001 1.503 0.844-2.678 0.166
Age 140 38 (102) 0.901 0.651-1.248 0.53 1.245 0.6-2.583 0.557
HER2 123 31 (92) 4.001 1.833-8.731 <0.001 2 0.883-4.530 0.097
CDK12 140 38 (102) 3.161 1.632-6.125 <0.001 2.26 1.045-4.887 0.038
METABRIC Gene Expression
Patient statistics Univariate Cox Regression analysis Multivariate
Events Hazard Hazard
Variables No. of patients | (Censored) | Ratio (HR) | 95% Cl of HR | p-value Ratio (HR) | 95% Cl of HR p-value
Grade 1878 434(1444) |1.81 1.54 - 2.14 <0.001 1.48 1.2-1.82 <0.001
Stage 1451 322(1129) |14.4 0 - Inf <0.001 1.97 1.58-2.45 <0.001
Age 1964 446(1518) |1 0.99 -1 <0.001 1 0.99-1 0.35
HER2 1963 446(1517) |2.13 1.7 -2.67 <0.001 1.65 1.2-2.26 0.0018
CDK12 1961 446(1515) |1.28 1.17 -1.41 <0.001 0.98 0.85-1.13 0.79
METABRIC Copy Number
Patient statistics Univariate Cox Regression analysis Multivariate
Events Hazard Hazard
Variables No. of patients |(Censored) |Ratio (HR) [95% CI of HR [p-value Ratio (HR) [95% CIl of HR [p-value
Grade 1391 313 (1006) | 1.81 1.54 -2.14 <0.0001 1.5 1.22-1.84 0.24
Stage 1391 314 (1006) | 2.41 2.05-2.84 0 1.92 1.55-2.39 <0.0001
Age 1391 315 (1006) ' 1.05 0.87 -1.26 0.64 1.15 0.91-1.45 0.24
HER2 1391 317 (1006) 2.13 1.7 -2.67 <0.0001 1.85 1.17-2.93 0.0085
CDK12 amp 1391 318 (1006) ' 0.45 0.35-0.57 <0.0001 1.15 0.68-1.93 0.61







Supplementary Table S5

Sample ID
BR-V-060

PD4596a

SA065
TCGA-A2-A0CU-01
TCGA-A2-AOCW-01
TCGA-A7-A26G-01
TCGA-A8-AQ07E-01
TCGA-AN-A046-01
TCGA-AN-AOAK-01
TCGA-BH-AOH9-01
TCGA-BH-AOHB-01
TCGA-BH-A1FJ-01
TCGA-BH-A204-01
TCGA-BH-A204-01
TCGA-C8-A12W-01
TCGA-C8-A26Y-01
TCGA-E2-A1LG-01
TCGA-E9-A1NH-01
TCGA-EW-A1PD-01
TCGA-GM-A2DD-01

Cancer Study
Breast (Broad)
Breast (Sanger)
Breast (BCCRC 2012 Y901*

T794R
E1198*

AA change Subtype

N/A
ER-/HER2+
TNBC

Breast (TCGA 2015) T146