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The Russian population consists of more than 100 ethnic groups, presenting a unique
opportunity for the identification of hereditary pathogenic mutations. To gain insight into
the landscape of heredity pathogenic variants, we employed targeted next-generation
sequencing to analyze the germline mutation load in the DNA damage response and
repair genes of hereditary breast and ovary cancer syndrome (HBOCS) patients of Tatar
ethnicity, which represents ~4% of the total Russian population. Several pathogenic
mutations were identified in DNA double-strand break repair genes, and the spectrum of
these markers in Tatar patients varied from that previously reported for patients of Slavic
ancestry. The CDK12 gene encodes cyclin-dependent kinase 12, the key transcriptional
regulator of the genes involved in DNA damage response and repair. CDK12 analysis
in a cohort of HBOCS patients of Tatar decent identified a ¢.1047-2A>G nucleotide
variant in the CDK72 gene in 8 of the 106 cases (7.6%). The ¢.1047-2A>G nucleotide
variant was identified in 1 of the 93 (1.1%) HBOCS patients with mixed or unknown
ethnicity and in 1 of the 238 (0.42%) healthy control patients of mixed ethnicity (Tatars
and non-Tatars) (p = 0.0066, OR = 11.18, Cl 95% = 1.563-492.95, Tatar and non-Tatar
patients vs. healthy controls). In a group of mixed ethnicity patients from Tatarstan, with
sporadic breast and/or ovarian cancer, this nucleotide variant was detected in 2 out of
93 (2.2%) cases. In a cohort of participants of Slavic descent from Moscow, comprising
of 95 HBOCS patients, 80 patients with sporadic breast and/or ovarian cancer, and 372
healthy controls, this nucleotide variant was absent. Our study demonstrates a strong
predisposition for the CDK72 ¢.1047-2A>G nucleotide variant in HBOCS in patients of
Tatar ethnicity and identifies CDK172 as a novel gene involved in HBOCS susceptibility.

Keywords: breast cancer, BRCA1, BRCA2, CDK12, homologous recombination repair, next-generation
sequencing, ovarian cancer
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INTRODUCTION

Ovarian (OC) and breast (BC) cancers are the leading causes
of oncological mortality in women worldwide (1). Both cancers
are highly heterogeneous with a strong hereditary component,
as ~10-15% of OC and 5-7% of BC cases are hereditary (2).
The hereditary predisposition for these cancers (hereditary breast
and ovarian cancer syndrome, HBOCS) is caused by germline
mutations in several genes, primarily those linked to DNA
damage recognition and repair. Early diagnosis reduces the
disease-associated mortality rate. Therefore, genetic testing for
HBOCS predisposition would be a beneficial addition to routine
clinical practices.

Currently, genetic risk assessment for HBOCS profiles
pathogenic DNA nucleotide variants for a panel of candidate
genes. This approach allows for a stratification of patients
into different subgroups with tailored therapies and for the
identification of individuals at risk of HBOCS before there is
a clinical manifestation of the disease (3). Importantly, the
distribution pattern of the pathogenic DNA nucleotide variants
may differ significantly across different ethnic populations
due to the “founder effect” (4), and genetic tests developed
for European populations may be clinically uninformative
for patients of non-European ancestry. Therefore, genetic
testing of patients with diverse ethnic backgrounds should be
performed using a panel of markers established specifically for
their ethnic group. In Russia, most genetic risk assessment
tests for HBOCS include a panel of pathogenic nucleotide
variants that are common among patients of European descent
such as 5382insC, C61G, 185delAG, 4154delA, and 2080delA
variants in the BRCAI gene. While those nucleotide variants
have been comprehensively characterized in Russian Slavic
populations (2, 5-7), recent data indicates that many of them are
absent in patients from the Tatar ethnic origin (8). Therefore,
there is a clear clinical demand for identification of novel
HBOCS predisposing nucleotide variants specific for the Tatar
population.

Genomic instability is a hallmark of cancer (9). Defects
in DNA damage recognition and repair are associated with
a plethora of malignancies including prostate cancer, ovarian
cancer, leukemia, and breast cancer (10-13). In hereditary
cancers, a major cause of genomic instability is the inability of the
cell to repair DNA damage properly due to germline mutations in
genes encoding DNA-repair proteins.

In mammals, the major pathways for DNA repair are
base-excision repair (BER), nucleotide-excision repair (NER),
non-homologous end joining (NHEJ), and homologous
recombination repair (HRR) (14). DNA double-strand breaks
(DSBs) are repaired by NHE] and HRR. The NHE] pathway
orchestrates re-ligation of DSB ends, after removal of damaged
nucleotides (15). The HRR pathway repairs DSBs using
undamaged homologous DNA as a template sequence. NHE]
is less accurate than HRR, while HRR is characterized by
high fidelity and is, therefore, essential for the maintenance
of genomic integrity. For many of the genes involved in the
HRR pathway, an association with tumorigenesis was clearly
demonstrated in both sporadic and hereditary cancers.

The role of DSB repair pathway genes in susceptibility to
breast and ovarian cancer has been heavily investigated. The
panel of the genes contributing to HBOCS includes several
DSB repair genes such as BRCAI, BRCA2, and others (16-19).
Mutations in BRCAI and BRCA2 genes, which inactivate the
corresponding proteins and compromise the function of HRR
pathways, contribute to ~20-25% of HBOCS cases (20, 21).
However, the remaining cases are comprised of patients with
functional BRCA1 and BRCA2 proteins (BRCA1/2 negative
HBOCS). For many of these cases, none of the currently used
diagnostic markers are present and the predisposition genes
remain obscure.

A number of publications indicate that Cyclin-dependent
kinase 12 (CDK12), also known as KIAA0904, CRK7, CRKR,
or CRKRS, is involved in human tumorigenesis (22). There
are recurrent somatic mutations in the CDKI2 gene identified
in OC (23). Moreover, somatic mutations resulting in CDK12
inactivation are associated with genomic instability in OC (24).
CDK12 is also an emerging candidate BC tumor suppressor gene
(25).

CDK12 is a serine/threonine protein kinase, a member of the
cyclin-dependent kinase family. It is a multifunctional protein
involved in many cellular processes such as alternative last exon
mRNA splicing (21), embryonic stem cells renewal (26), cellular
stress-response (27), and regulation of global transcription by
targeting of RNA polymerase II, the polymerase that transcribes
mRNA for protein-coding genes (28). Importantly, CDK12
is a key regulator of expression of DNA damage response
genes. While depletion of CDK12 does not significantly affect
global transcription, it dramatically diminishes transcription
of the genes involved in DNA damage response and repair
pathways including BRCA 1, a gene established to convey HBOCS
predisposition. Furthermore, cells with CDKI12 depletion are
more sensitive to DNA damaging agents and exhibit a higher rate
of spontaneous DNA damage (29). Thus, CDK12 plays a pivotal
role in the maintenance of genomic stability (30). However,
currently there is little data on the role of CDKI2 germline
mutations in HBOCS pathogenesis. We propose that CDKI2 is
a candidate gene for HBOCS predisposition.

The aim of this study was to identify a panel of DNA
nucleotide variant markers for HBOCS syndrome genetic
screening in patients of Tatar ethnic origin. Using Targeted
Next Generation Sequencing, we tested a panel of markers in
the ATM, BARDI1, BRCA1l, BRCA2, CDHI, CDK4, CDKI2,
CDKN2A, CFTR, CHEK1, CHEK2, CTNNA1, EPCAM, FANCI,
FANC]J/BRIP1, FANCL, MLH1, MSH2, MSH6, MUTYH, PALB2,
PARPI1, PDGFRA, PMS2, PPP2R2A, PRSS1, RAD51B, RAD51C,
RAD51D, RAD54L, SPINK1, STK11, TP53, and XRCC3 genes
of 199 HBOCS patients (Tatars and non-Tatars from the Volga
District, Tatarstan Republic). Several pathogenic nucleotide
variant markers were identified in the BRCA1, BRCA2, CDHI1,
CDK12, CHEK2, FANCI, MUTYH, MSH2, and RAD51C genes.
The marker distribution profile in Tatars was found to be
different than those in the Slavic group, though there is
a relatively low prevalence of BRCA1 and BRCA2 founder
mutations in Slavic populations. This suggests that HBOCS
genetic predisposition tests for Tatar patients should be different
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than those used for Slavic populations. We found a novel ¢.1047-
2A>G nucleotide variant of the CDK12 gene that was strongly
associated with HBOCS and present only in HBOCS patients
of Tatar ethnic origin. To the best of our knowledge, our study
is the first demonstrating that CDK12 ¢.1047-2A>G nucleotide
variation results in HBOCS predisposition, indicating CDK12
involvement in HBOCS.

MATERIALS AND METHODS

The study cohort comprised of female patients with a familial
history of OC and/or BC (HBOCS) as well as healthy donors
without a familial history of OC and/or BC obtained from the
Republican Clinical Oncology Dispensary of the Ministry of
Healthcare of Tatarstan Republic (RCOD MHTR), Volga District
of Tatarstan Republic, or the Federal Scientific Clinical Centre
of Federal Medical-Biological Agency Russian Federation (FSCC
FMBA RF), Moscow, Russia. The clinical and demographic
characteristics for the study participants are summarized in
Tables 1, 2. The study participants in the Tatar group self-
identified as Tatars. The non-Tatar group included participants
of unknown or mixed ancestry from Volga District of Tatarstan
Republic. The study participants in the Slavic group self-
identified with some or several Slavic ethnicities from Moscow,
Russian Federation. All participants provided informed consent.

DNA Isolation

Whole blood samples were collected from all study participants.
Genomic DNA was isolated from the blood using the QlAamp
DNA Blood Mini QIAcube Kit (Qiagen) and quantified using the
NanoVue Plus Spectrophotometer (GE Healthcare).

Targeted Next-Generation Sequencing

(NGS)

Targeted NGS was performed in a cohort of 199 HBOCS
patients from the Volga District of the Tatarstan Republic.
DNA (100 ng) was used to generate sequencing libraries. The
NimbleGen SeqCap EZ Choice kit (“Roche”) was used for target
enrichment and sequencing was performed using the Illumina
MiSeq (“Illumina”) following the manufacturer’s protocol. Raw-
data reads were aligned to the human reference genome (hgl19)
using the aligner BWA (MEM algorithm) with BamQC, FastQC,
and NGSrich quality control checks. GATK Haplotype v3.6
was applied for variant calling. Variant Call Format files were
annotated using SnpSift & SnpEff, ANNOVAR, and Alamut
Batch. MaxEnt, NNSPLICE, and HSF were used as in silico
splice-prediction tools. The HGMD Professional 2017.1 and
BIC databases were used to identify pathogenic nucleotide
variants. Prediction of pathogenicity was determined by in silico
tools SIFT, PolyPhen2, MutationTaster, FATHMM, CADDI3,
DANN, REVEL. The gene panel included ATM, BARDI, BRCA1I,
BRCA2, CDHI, CDK4, CDKI12, CDKN2A, CFTR, CHEKI,
CHEK2, CTNNAI, EPCAM, FANCI, FANCJ/BRIP1, FANCL,
MLHI1, MSH2, MSH6, MUTYH, PALB2, PARPI, PDGFRA,
PMS2, PPP2R2A, PRSS1, RAD51B, RAD51C, RAD51D, RAD54L,
SPINK1, STK11, TP53, and XRCC3.

RT-PCR Assay

RT-PCR analysis was used to assess the presence or absence
of a CDKI2 ¢.1047-2A>G nucleotide variant in 93 patients
with sporadic OC and/or BC, 238 healthy participants of
Tatar ethnic origin, 95 HBOCS patients, 80 patients with
sporadic OC and/or BC, and 372 healthy participants of
Slavic ethnic origin. RT-PCR was performed using TagMan
probes (FAM-atttcCtAcTgGaAaa-BHQ-1 for wild-type, VIC-
atttcCtAcCgGaAaa-BHQ-2 for ¢.1047-2A>G mutation) and the
following primers: forward 5'-TGGCACTTAATCTATTTTACA-
3, reverse 5-GGATCTCTTCTTTTTACTATGA-3'. RT-PCR
was carried out on a thermal cycler “StepOnePlus” (Applied
Biosystems, USA) with a 10 pL final volume containing
TurboBuffer (Evrogen, Russia), 400 nM forward and reverse
primers, 150 nM probes, 1.5 unit Taqg DNA polymerase, and 20-
50 ng of genomic DNA. Thermocycling conditions: a first cycle
at 95°C for 2min; 40 cycles at 94°C for 10s, and 40 cycles
at 56°C for 90s. PCR product size was 200 bp. Analysis of
the amplification product was performed with the “end point”
detection method using built-in thermocycler software tools
accompanying SDS version 1.4. Positive control DNA was used
to validate assay sensitivity of and analyzed in parallel with all
samples. Presence of CDKI2 c.1047-2A>G nucleotide variation
was determined by targeted NGS and confirmed by RT-PCR
assay.

Statistical Analysis

Standard statistical tests were used to analyze the data, including
a two-tailed Fisher exact test performed with the R software
(v.3.3). Statistical significance was defined as a p value less than
0.05. Values was obtained from fisher.test function.

RESULTS

In a group of 199 HBOCS patients from the Volga district,
Republic of Tatarstan (106 of Tatar ancestry and 93 of mixed or
unknown ancestry) we employed Targeted NGS to detect a total
of 38 germline nucleotide variant markers in 8 genes from a panel
of 33 genes. The frequencies of the markers are shown in Table 3.

We also performed Targeted NGS for the CDKI2 gene and
identified a c.1047-2A>G nucleotide variant in 8 of the 106
patients of Tatar descent. The presence of ¢.1047-2A>G in the
CDKI12 gene, identified by Targeted NGS, was confirmed by
RT-PCR (data not shown). In a cohort of Slavic participants
from Moscow, this nucleotide variant was absent in 95 patients
with HBOCS, 80 patients with sporadic BC and/or OC, and
372 healthy controls as determined by RT-PCR. In a cohort of
participants from the Volga District, Republic of Tatarstan, the
frequency of c.1047-2A>G mutation was significantly higher
in HBOCS patients compared to healthy controls (9/199 vs.
1/238, p = 0.0066, OR = 11.18, CI 95% = 1.53-492.95, Table 4).
The cohort of HBOCS patients from the Republic of Tatarstan
included 106 patients of Tatar ethnicity, and 93 patients of non-
Tatar, mixed, or unknown ethnicity. Given that the Tatars ethnic
group is one of the most common in the Republic of Tatarstan,
constituting almost 50% of the total population, we assume that

Frontiers in Oncology | www.frontiersin.org

October 2018 | Volume 8 | Article 421


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Brovkina et al.

CDK12 ¢.1047-2A>G Nucleotide Variant in Tatar

TABLE 1 | The demographic characteristics of the participant cohorts.

Geographic region Healthy donors Sporadic HBOCS patients
BC and/or OC
No. Mean age, No. Mean age, All BC ocC
years (range) years (range)
No. (%) No. (%) Mean age, No. (%) Mean age,
years (range) years (range)
Volga District of Tatarstan 238 54 (32-74) 93 56 (32-86) 199 (100) 88 (44) 49 (23-88) 111 (56) 55 (22-86)
Republic
Moscow 372 55 (34-78) 80 55 (34-75) 95 (100) 40 (42) 48 (32-72) 45 (58) 52 (30-74)
TABLE 2 | The clinical characteristics of the HBOCS patients from Tatarstan Republic.
Geographic region All patients, BRCA1 BRCA2 Mutations in No mutations or variants of
No. (%) mutation, mutation, non-BRCA1/2 genes, uncertain significance,
No. (%) No. (%) No. (%) No. (%)
Volga District of Tatarstan 199 (100) 54 (27) 24 (12) 22 (11) 99 (50)
Republic
Age at disease manifestation
Mean age, years (range)
51 (22-88) 48 (28-82) 51 (32-70) 52 (31-79) 54 (22-88)

about half of the healthy donors randomly recruited to this study
in the Tatarstan Republic were also of Tatar ancestry.

Al HBOCS patients with in silico pathogenic mutations of the
CDK12 gene had negative HER?2 status.

We also found several other nucleotide variants in the CDK12
gene in the group of HBOCS patients (Table 5), with a deleterious
prediction of pathogenicity determined by in silico tools (SIFT,
PolyPhen2, MutationTaster, CADD, DANN, REVEL). Among
the patients with HBOCS harboring CDK12 nucleotide variants
determined as pathogenic, 21% also had pathogenic nucleotide
variants in BRCALI gene.

Forty three percent of the patients in HBOCS cohort were
HER?2 positive, but all patients carrying CDK12c.1047-2A>G
nucleotide variant were HER2 negative (Table 5).

We hypothesized that the c.1047-2A>G nucleotide variant in
the CDK12 gene could potentially affect splicing. In-silico splice
site prediction analysis of the CDK12 ¢.1047-2A>G variant by
MaxEnt, NNSPLICE, and HSF tools suggests that the variant
is a splice site substitution in the acceptor splice site of intron
1, likely resulting in a skip of exon 2. Therefore, the CDKI2
c.1047-2A>G mutation may lead to production of a shorter
alternative splice transcript. Interestingly, we also found several
other nucleotide variants in the CDK12 gene in the group of
HBOCS patients (Table 5), with a greater than 90% deleterious
prediction of pathogenicity determined by in silico tools. Among
the patients with HBOCS harboring CDK12 nucleotide variants
determined as pathogenic, 21% also had pathogenic nucleotide
variants in BRCA1 gene.

DISCUSSION

The Russian population includes many ethnicities, and is
characterized by huge genetic diversity. Slavic and non-Slavic

ethnicities in Russia may have different profiles of nucleotide
variants resulting in HBOCS predisposition. Therefore, it is
possible that identification of novel ethno-specific markers
will decrease false-negative results of genetic risk assessment.
There is a degree of variability in the frequency of HBOCS-
associated nucleotide variants in the BRCA1 and BRCA2 genes
of non-Caucasian populations (31, 32). Indeed, one of the most
common markers in European populations, BRCA1 5382insC,
was not found in hereditary BC patients from several non-Slavic
indigenous populations (Altaians, Buryats, and Tuvinians) in
Russia (31). Our previously published data on germline BRCA1
and BRCA?2 nucleotide variants in a small group of Tatar patients
with BC indicated the same trend (8). To the best of our
knowledge, no data exists on the spectrum of disease-associated
nucleotide variants in HBOCS patients of Tatar descent.

We tested multiple-gene panels for the presence of HBOCS
predisposition markers in Tatar patients and detected several
germline nucleotide variants in the BRCA1, BRCA2, CDK12,
CDH]1, CHEK?2, FANCI, MUTYH, MSH2, and RAD51C genes,
including some pathogenic variants previously reported in other
populations. Strikingly, their prevalence and spectrum in Tatar
HBOCS patients was found to be different to that reported in
European populations, particularly in Russia (2, 6, 32).

Currently, nucleotide variants in the CDKI2 gene are not
included in panels of HBOCS predisposition markers, despite
the fact that several lines of evidence strongly suggest CDK12
involvement in OC and BC pathogenesis. CDKI2 has been
found to be one of the most frequently mutated genes
in high grade serous OC, harboring mutations in 3% of
cases (23). In OC, CDKI2 mutations deregulate expression
of HRR pathway genes (33). In BC, CDKI2 is found to
be frequently co-amplified with the oncogene ERBB2. Such
amplification may contribute to BC pathogenesis (34). Recent
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TABLE 3 | Germline nucleotide variants in HBOCS patients from Volga District, Republic of Tatarstan and in healthy subjects from Non-Finish European population (NFE).

Gene Hg19 coordinate Transcript:cDNA Protein N Frequency in HBOCS Frequency
patients from Tatarstan, % in NFE
BRCA1 chr17:41209079 NM_007300.3:¢.5329dup p.GIN1777Profs*74 9 4.5 1.610~4
(also known as 5382insC)
BRCAT1 chr17:41215382 NM_007300.3:¢.5224C>T p.GIn1742* 4 2.0 8.910~6
BRCA1 chr17:41258504 NM_007300.3:c.181T>G p.Cys61Gly 2 1.0 6.3:107°
(also known as T300G)
BRCA1 chr17:41209095 NM_007300.3:¢.5314C>T p.Arg1772* 2 1.0 7.910°6
BRCA2 chr13:32906576 NM_000059.3:¢.965_966dup p.Val323Lysfs*2 2 1.0 N/A
CDH1 chr16:68844220 NM_004360.4:c.808T>G p.Ser270Ala 2 1.0 471074
CHEK2 chr22:29130389 NM_001005735.1:¢.319+2T>A - (splice site) 2 1.0 1141074
MUTYH chr1:45797228 NM_001128425.1:c.1187G>A p.Gly396Asp 2 1.0 48103
BRCA1 chr17:41246513 NM_007300.3:¢.1034_1035insC p.Pro346Serfs*4 1 0.5 0.0
BRCA1 chr17:41245587 NM_007300.3:c.1961del p.Lys654Serfs*47 1 0.5 6.71075
(also known as 2080delA)
BRCAT1 chr17:41243924 NM_007300.3:¢.3624del p.Lys1208Asnfs*2 1 0.5 N/A
BRCA1 chr17:41245587 NM_007300.3:¢.1961del p.Lys654Serfs*47 1 0.5 6.77107°
(founder mutation 2080delA)
BRCA1 chr17:41244614 NM_007300.3:c.2934del p.Arg979Valfs*21 1 0.5 N/A
BRCA1 chr17:41244282 NM_007300.3:c.3266del p.Leu1089Cysfs*20 1 0.5 N/A
BRCA1 chr17:41215890 NM_007300.3:¢.5215+1G>T - (splice site) 1 0.5 N/A
BRCA1 chr17:41244761 NM_007300.3:¢c.2787del p.Pro930Leufs*70 1 0.5 N/A
BRCA1 chr17:41246083 NM_007300.3:¢.1465G>T p.Glu489* 1 0.5 N/A
BRCA1 chr17:41245918 NM_007300.3:c.1630del p.GIn544Lysfs*2 1 0.5 N/A
BRCA1 chr17:41246633 NM_007294.3:c.9156T>A p.Cys305* 1 0.5 1.8107°
BRCA2 chr13:32900279 NM_000059.3:¢.468dup p.Lys157* 1 0.5 6.71075
BRCA2 chr13:32906625 NM_000059.3:¢.1010_1011insTG ~ p.Asp339Leufs*11 1 0.5 N/A
BRCA2 chr13:32907409 NM_000059.3:¢.1796_1800del p.Ser599* 1 0.5 9.241076
BRCA2 chr13:32968950 NM_000059.3:¢.9381G>A p.Trp3127* 1 0.5 N/A
BRCA2 chr13:32968836 NM_000059.3:¢.9269del p.Phe3090Serfs*14 1 0.5 48105
BRCA2 chr13:32906843 NM_000059.3:c.1231del p.lle411Tyrfs*19 1 0.5 N/A
BRCA2 chr13:32915113 NM_000059.3:¢.6622_6623del p.Asn2208Tyrfs*16 1 0.5 0.0
BRCA2 chr13:32915062 NM_000059.3:c.6574del p.Met2192Trpfs*14 1 0.5 N/A
BRCA2 chr13:32914265 NM_000059.3:c.5773del p.GIN1925Argfs*38 1 0.5 9.0110°6
CHEK2 chr22:29091857 NM_001005735.1:c.1229del p.Thr410Metfs*15 1 0.5 25106
CHEK2 chr22:29099504 NM_001005735.1:c.1022_1026del ~ p.Tyr341Cysfs*12 1 0.5 N/A
CHEK2 chr22:29090060 NM_001005735.1:¢.1550G>A p.Arg517His 1 0.5 1441074
FANCI chr15:89838324 NM_001113378.1:c.2635C>T p.Arg879* 1 0.5 1.74107°
MSH2 chr2:47630353 NM_000251.2:¢.23C>T p.ThréMet 1 0.5 1.6"104
MUTYH chr1:45800146 NM_001128425.1:c.74G>A p.Gly25Asp 1 0.5 N/A
MUTYH chr1:45800167 NM_001128425.1:¢.53C>T p.Pro18Leu 1 0.5 3.1710°
MUTYH chr1:45798269 NM_001128425.1:¢c.667A>G p.lle223Val 1 0.5 3.410™%
RAD51C chr17:56801399 NM_058216.2:¢.905-2_905- - (splice site) 1 0.5 0.0

1del

*N/A, not available.

breakthroughs in molecular diagnostic techniques have allowed
the incorporation of NGS into clinical practice, allowing
identification of small deletions/insertions, single nucleotide
variants, and other variations in the sequence of candidate
genes predisposing patients to various diseases such as HBOCS
(34). We proposed that CDKI2 is involved in HBOCS
and performed a Targeted NGS-based approach to identify

disease-associated nucleotide variants of the CDKI2 gene in the
Tatar population.

In this study, we detected a novel germline nucleotide variant
c.1047-2A>G in the CDKI2 gene in a group of Tatar patients
with HBOCS. The percentage of CDKI2 c.1047-2A>G variants
in Tatar and non-Tatar patients (106 and 93 patients assessed,
respectively) was 4.5%, that is significantly higher than the
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TABLE 4 | CDK12 gene ¢.1047-2A>G nucleotide variant frequency distribution.

Geographic region Ethnicity HBOCS Sporadic BC Healthy HBOCS vs. Sporadic BC/OC vs.
and/or OC controls controls controls
(9/199 vs. 1/238) (2/93 vs. 1/238)
Volga District, Republic Tatars 8/106 9/199 2/93 1/238 p = 0.0066 p =0.20
of Tatarstan (7.6%) (4.5%) (2.2%) (0.42%) OR=11.18 OR =5.07
Cl95% = Cl95% =
1.53-492.95 0.26-301.34
Non-Tatars, Mixed 1/93
or Unknown (1.1%)
Moscow Slavic 0/95 0/80 (0%) 0/372 (0%) - -
(0%)

TABLE 5 | All in silico pathogenic CDK 12 nucleotide variants in HBOCS patients from Volga District, Tatarstan Republic.

Patient Hg19 coordinate Frequency Number Frequency Other mutations Immunohistochemistry(%)
transcript:cDNA in gnomAD in our in our
protein NFE(%) study  study(%)
ER PR HER2 KI-67
Pat.1 0.052 9 4.5 BRCA2:NM_000059.3:¢.3689C>T:p.Ser1230Phe 8 6 0 20
RAD54L:NM_001142548.1:¢.2213G>A:p.Arg738His
Pat.2 BRCA1:NM_007300.3:c.181T>G:p.Cys61Gly* 0 0 0 0
Pat.3 FANCI:NM_001113378.1:¢.286G>A:p.Glu96Lys 7 7 0 60
ATM:NM_000051.3:¢.5975A>C:p.Lys1992Thr
Pat.4 chr17:37627130 BRCA2:NM_000059.3:¢.9976A>T:p.Lys3326* - - - -
NM_016507.3:
Pat.5 .1047-2A>G p.? Absent - - - -
Pat.6 Absent 3 4 0 10
Pat.7 BRCA1:NM_007300.3:c.5224C > T:p.GIn1742* 5 5 0 10
Pat.8 Absent - - - -
Pat.9 CDKN2A:NM_001195132:¢.C496T:p.H166Y ? ? ? ?
MSHB6:NM_000179.2:¢.2633T>C:p.Val878Ala
Pat.10  chr17:37687333 0.0019 1 0.5 BRCA1:NM_007300.3:c.4946T>C:p.Met1649Thr 8 8 0 0
NM_016507.3:c.4237C>T
p.His1413Tyr
Pat.11  chr17:37627556 0.0045 1 0.5 BARD1:NM_000465.3:c.104C>G:p.Ala35Gly 0 0 0 97
NM_016507.3:c.1471C>T
p.Leud91Phe
Pat.12  chr17:37627187 0.02 1 0.5 MLH3:NM_001040108.1:¢.1870G>C:p.Glu624GIn 7 8 0 30
NM_016507.3:c.1102T>A
p.Ser368Thr
Pat.13  chr17:37673748 0.0045 1 0.5 BRIP1:NM_032043.2:¢.728T>C:p.lle243Thr 0 0 0 0
NM_016507.3:c.2902T>C
p.Tyr968His
Pat.14  chr17:37676286 0.0012 1 0.5 BRCA1:NM_007300.3:¢.4327C>T:p.Arg1443* 0 0 0 0

NM_016507.3:¢c.3041C>T
p.Thr1014lle

RAD54L:NM_001142548.1:¢.1317G>C:p.Glu439Asp

*“-"- patients with ovarian cancer, receptor status is usually not determined in clinical practice; “?” — patients with breast cancer with unknown receptor status.

0.42% observed in a group of 238 healthy donors of mixed
or unknown ancestry (Tatar and non-Tatar) from the same
geographical region. One potential weakness of this study is the
possibility that the healthy control group consists of primarily
non-Tatar participants, which would result in a difference in
the ¢.1047-2A>G nucleotide variant frequency between the
HBOCS and control groups solely because the c.1047-2A>G
variant occurs more frequently in the Tatar population. However,

given that Tatar is one of the major ethnic groups in the
Republic of Tatarstan, comprising almost 50% of the total
population, we assume that about half of the healthy donors are
of Tatar ethnicity. We also recruited a relatively large number
of participants in a healthy control group (238 participants),
to ensure a cohort that better represents the entire population.
The frequency of the CDKI2 ¢.1047-2A>G nucleotide variant
in Tatar patients is relatively high and similar to the frequency

Frontiers in Oncology | www.frontiersin.org

October 2018 | Volume 8 | Article 421


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Brovkina et al.

CDK12 ¢.1047-2A>G Nucleotide Variant in Tatar

of the BRCAI 5382insC, a founder-mutation present in many
Russian populations. The ¢.1047-2A>G variant was detected in
patients from apparently non-related families. Therefore, it is
possible that CDK12 ¢.1047-2A>G is a founder mutation in the
Tatar population, at least for the Tatar sub-population in the
Kazan region. Importantly, carriers of the CDK12 c.1047-2A>G
variant in the group of non-Tatar HBOCS patients from the
Volga District were of Chuvash ethnicity, which is closely related
to Tatars and belongs to the Turkic ethnic group under which
Tatars are classified.

Overall, we conclude that CKDI2 is a candidate gene for
HBOCS syndrome. Currently, there is only one other report
describing cancer patient carrying the CDKI2 c.1047-2A>G
nucleotide variant. Remarkably, it is also a patient with OC
found in a cohort of OC patients in USA (35). We propose
that CDK12 is involved in pathogenesis of other malignancies
characterized by impaired HRR (10, 12), and that ¢.1047-2A>G
may be associated with such diseases. This indicates that CDK12
€.1047-2A>G could be used as a diagnostic marker.

Frequencies of this mutation in samples from the
Exome Aggregation Consortium database [http://gnomad.
broadinstitute.org/](36) are  extremely low (Table6).

Nevertheless, it is present in several populations, with highest
frequency of 0.1% occurring in South Asian populations. We
determined the frequency of CDKI2 c.1047-2A>G mutation
in healthy participants from the Volga District of the Republic
of Tatarstan to be 0.42%. This raises the question whether
€.1047-2A>G should be classified as a mutation or a nucleotide
polymorphism (37). Therefore, we define c.1047-2A>G as a
nucleotide variant and classify it as pathogenic in accordance
with recommendations of the American College of Medical
Genetics and Genomics (ACMG) (38).

The Tatar population in the Volga region has low
interpopulation differentiation (39), which indicates that
the results of the current study may be extrapolated to the
whole Tatar population in the Volga region of the Republic of
Tatarstan. Importantly, Tatars who live in the eastern regions of
Tatarstan have genetic similarity to the Bashkirs ethnic group
(39). Thus, we expect that the ¢.1047-2A>G nucleotide variant
in the CDKI2 gene might be involved in HBOCS in individual
of Bashkirs ethnicity as well, which should be addressed in
further studies. The relatively high percentage of ¢.1047-2A>G
among healthy participants in our study may have several
explanations. There is a possibility that even if asymptomatic
carriers of ¢.1047-2A>G have not developed the disease yet,
they eventually will. Alternatively, c.1047-2A>G may result in
a “disease predisposing” phenotype, but the second mutation,
present among patients but is absent in healthy controls, is
necessary to trigger the disease as delineated by the “two hit”
hypothesis (40). Finally, carriers of the c¢.1047-2A>G nucleotide
variant in healthy group may also harbor “protective” nucleotide
variant(s) (yet unknown), which neutralize the pathogenic
effect of ¢.1047-2A>G (41). Identifying such protective
nucleotide variants would open an avenue for new therapeutic
strategies.

The CDKI2 gene is located on chromosome 17ql12 and
is comprised of 14 exons. Currently, there are two identified

TABLE 6 | CDK12 gene ¢.1047-2A>G nucleotide variant frequencies in
populations (Genome Aggregation Database).

Population Allele number Allele frequency
South Asian 26564 0.1%
European (Non-Finnish) 120204 0.05%
European (Finnish) 25106 0.02%
African 23590 0.004%
Latino 28642 0.003%
Ashkenazi Jewish 8670 0%

East Asian 17724 0%

isoforms of the CDKI2 gene, a shorter and longer isoform,
differing in one exon. The shorter splice isoform results in an
1481 amino acid protein and the longer splice isoform encodes
an 1,490 amino acid protein, with both harboring the same
functional domains (22). It should be noted that mutations
introducing a new splice-site sequence may result in loss of
functional domains or altered folding of the CDK12 protein. The
¢.1047-2A>G mutation in the CDKI2 gene may alter splicing.
We speculate that the ¢.1047-2A> G variant results in a truncated
CDK12 protein and loss of function, leading to impaired HRR.
It has previously been shown that CDK12 protein inactivation
results in cells more sensitive to genotoxic insult and that
tumors with an HRR pathway deficiency are highly sensitive to
poly(ADP-ribose) polymerase (PARP) inhibitors. In particular,
inactivation of CDK12 in OC cells sensitizes them to the DNA
cross-linking agent cisplatin and to PARP inhibitors such as
veliparib and olaparib (42, 43). In BC, pharmacological inhibition
of CDK12 reverses PARP inhibitor resistance in both BRCA wild-
type and BRCA-mutant cells (44). If carriers of the ¢.1047-2A>G
nucleotide variant have non-functional CDK12 protein, they may
exhibit increased sensitivity to PARP inhibitors.

CDKI12 gene is located in close proximity to the oncogene
ERBB2, also known as HER2. In BC, CDKI2 is frequently
co-amplified with the HER2 (34). Previously, a correlation
of HER2 status and CDK12 level was found in a cohort of
BC patients. In most of the HER2 amplified tumors level of
CDK12, both mRNA and protein, was high, while absence of
CDKI12 was rarely observed (45). While 43% of patients in the
cohort were HER2 positive, all patients harboring pathogenic
nucleotide variants in CDKI12 were HER2 negative. Whether
HER?2 negative status is a functional consequence of the presence
of pathogenic nucleotide variants in CDKI2 is beyond the
scope of current research, but should be addressed in future
studies.

Overall, our study demonstrates that prevalence of disease-
associated mutations in the BRCAI and BRCA2 genes in
the Russian population is significantly different in patients
of Tatar and Slavic ethnic origins. We identified the c.1047-
2A>G germline nucleotide variant in the CDKI2 gene, which
may result in an alternative CDKI2 splice variant and is
strongly associated with HBOCS. We recommend that this
variant become part of the standard testing panel for HBOCS
susceptibility markers in Tatar patients with a family history
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of OC and BC. Incorporation of the ¢.1047-2A>G marker
in this genetic diagnostic panel may also lead to improved
therapeutic strategies, such as stratification of the patients
according to potential sensitivity to PARP inhibitors. This finding
also confirms the role of CKD12 as a candidate gene for HBOCS
predisposition.
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