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Abstract
Congenital heart disease (CHD) has an incidence of approximately 1%. Over the 
last decade, sequencing studies including large cohorts of individuals with CHD 
have begun to unravel the genetic mechanisms underpinning CHD. This includes 
the identification of variants in cyclin-dependent kinase 13 (CDK13), in individuals 
with syndromic CHD. CDK13 encodes a serine/threonine protein kinase. The cyclin 
partner of CDK13 is cyclin K; this complex is thought to be important in transcrip-
tion and RNA processing. Pathogenic variants in CDK13 cause CDK13-related dis-
order in humans, characterised by intellectual disability and developmental delay, 
recognisable facial features, feeding difficulties and structural brain defects, with 
35% of individuals having CHD. To obtain a greater understanding for the role 
that this essential protein kinase plays in embryonic heart development, we have 
analysed a presumed loss of function Cdk13 transgenic mouse model (Cdk13tm1b). 
The homozygous mutants were embryonically lethal in most cases by E15.5. X-gal 
staining showed Cdk13 expression localised to developing facial regions, heart and 
surrounding areas at E10.5, whereas at E12.5, it was more widely present. In the 
E15.5 heart, staining was seen throughout. RT-qPCR showed significant reduction 
in Cdk13 transcript expression in homozygous compared with WT and heterozy-
gous hearts at E10.5 and E12.5. Detailed morphological 3D analysis of embryonic 
and postnatal hearts was performed using high-resolution episcopic microscopy, 
which affords a more detailed analysis of structures such as cardiac valve leaflets 
and endocardial cushions, compared with more traditional histological techniques. 
We show that both the homozygous and heterozygous Cdk13tm1b mutants exhibit 
a range of CHD, including ventricular septal defects, bicuspid aortic valve, double 
outlet right ventricle and atrioventricular septal defects. 100% (n = 4) of homozy-
gous hearts displayed CHD. Differential expression was seen in Cdk13tm1b homozy-
gous mutants for two genes known to be necessary for normal heart development. 
The types of defects, and the presence of CHD in heterozygous mice (17.02%, 
n = 8/47), are consistent with the CDK13-related disorder phenotype in humans. 
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1  |  INTRODUC TION

Congenital heart disease (CHD) is a structural defect that occurs due 
to a disruption to the normal morphogenesis of the heart. Collectively, 
it is the most common congenital anomaly and has a higher associ-
ated mortality than many other congenital defects, representing a 
major health issue (Ossa Galvis et al., 2023). The majority of CHD 
cases are associated with a genetic cause. This can include chromo-
somal or structural variants, as well as sequence variants. Exome se-
quencing in large CHD cohorts has been used to understand better 
the genetic contributions (Homsy et al., 2015; Jin et al., 2017; Richter 
et al., 2020; Sifrim et al., 2016; Zaidi et al., 2013), with variants in 
some genes significantly over-represented in syndromic CHD (hav-
ing a distinct facial gestalt or at least one extra-cardiac malforma-
tion) (Sifrim et al., 2016). In non-syndromic (isolated) CHD, there was 
evidence of reduced penetrance of seemingly deleterious variants in 
known CHD genes. One novel gene associated with CHD, recently 
identified by our group, was CDK13 (Sifrim et al., 2016).

Cyclin-dependent kinase 13 (CDK13; also known as CDC2L5, 
CHED, CDC2L and KIAA1791) encodes a serine–threonine protein 
kinase. It is formed of 1512 amino acids, with a centrally located 
kinase domain. The cyclin partner for CDK13 is cyclin K. The active 
CDK13-cyclin K complex is thought to play a role in the regula-
tion of transcription and RNA processing (Chepelev,  2012; Even 
et al., 2016; Liang et al., 2015). To date, research on CDK13 func-
tion has focussed on its role in cancer; amplification of CDK13 
has been seen in tumour cells (Kim et al., 2012) and CDK13 RNA 
over-editing is a marker of poor prognosis in certain cancers (Dong 
et al., 2018).

Pathogenic variants in CDK13 cause CDK13-related disorder. 
This is characterised by intellectual disability, developmental delay, 
dysmorphic facial features, feeding difficulties and structural brain 
and heart defects (Hamilton & Suri, 2019). Pathogenic variants are 
mainly clustered within the kinase domain, emphasising the critical 
role of this domain in CDK13 function (Hamilton & Suri,  2019). A 
total of 91 different pathogenic and likely pathogenic variants in 
172 affected individuals have been reported in the literature (Sifrim 
et al., 2016, Hamilton et al., 2018, Trinh et al., 2019, Bostwick et al., 
2017, Uehara et al., 2018, van den Akker et al., 2018, Yakubov et al., 
2019, Morison et al., 2023, Rouxel et al., 2022, Carneiro et al., 2018, 
Cui et al., 2022, Acharya et al., 2021, Gibbs et al., 2023, Cui et al., 
2022, (Kacpura & Rodriguez-Buritica, 2021, Wang et al., 2020), in 
the public repositories ClinVar (Landrum et al., 2018) and Decipher 
(Firth et al., 2009). The majority of these variants were heterozygous, 

and only a single consanguineous family with homozygous missense 
variants has been described (Acharya et al., 2021). Reported variants 
included missense, frameshift, truncating and splice-site variants. 
Fifty-three of these 91 variants (58.2%) were located in the kinase 
domain. In patients with a reported phenotype (138/172), CHD was 
present in 42% (58/138). A single common missense variant was 
seen (p.N842S), occurring in 48 patients, with CHD affecting 52.1% 
(n = 25) of this group.

In this study, we demonstrate that CDK13 is essential for car-
diogenesis. This had been indicated by a previous analysis of a hy-
pomorphic CDK13 mouse model, where homozygous embryos died 
mid-gestation, possibly due to cardiac insufficiency (Nováková 
et al., 2019). To obtain a greater understanding for the role that this 
essential protein kinase plays in normal embryonic heart develop-
ment and in the formation of structural heart defects, we analysed 
a Cdk13 transgenic mouse model (Cdk13tm1b). This mouse model car-
ries a deletion of exons 3 and 4, which results in a premature stop 
codon prior to the critical functional domains, causing loss of func-
tion. We characterised this Cdk13 transgenic mouse model by high-
resolution episcopic microscopy (HREM) to determine the types of 
CHD at E15.5 and in the postnatal day 6 heart. In addition, we ana-
lysed Cdk13 expression and potential downstream targets of Cdk13 
and performed an assessment of lethality.

2  |  MATERIAL S AND METHODS

2.1  |  Animal maintenance and genotyping

Studies were conducted in accordance with UK Home Office 
Animals (Scientific Procedures) Act (1986), under project license 
PPL PP5876461. Cdk13tm1b(EUCOMM)Hmgu mice were obtained from 
Wellcome Trust Sanger Institute which carried a Cre-mediated ex-
cision of the parental Cdk13tm1a(EUCOMM)Hmgu allele resulting in the 
removal of the promoter-driven neomycin selection cassette, and 
critical exons 3 and 4, leaving behind the inserted lacZ reporter se-
quence (see Figure S1). Wild-type mice (C57BL/6N) were obtained 
from Charles River. Heterozygous mice for Cdk13tm1b (Cdk13tm1b/+) 
were backcrossed with wild-type (WT; Cdk13+/+) mice for colony 
maintenance, and with heterozygous mice for obtaining homozy-
gous (Cdk13tm1b/tm1b) embryos. The day of visualising a vaginal plug 
was considered as E0.5. The day of birth was considered as P0.

Genotyping was done by end point PCR. The thermal cycler 
conditions comprised of 5-min polymerase activation at 94°C and 

This study provides important insights into the effects of reduced function of 
CDK13 in the mouse heart and contributes to our understanding of the mechanism 
behind this disorder as a cause of CHD.

K E Y W O R D S
Cdk13, CHD, congenital heart disease, congenital heart disorders, cyclin-dependant kinase 13, 
high-resolution episcopic microscopy
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    |  3WAHEED-­ULLAH et al.

30 cycles of 94°C, 30 s; 58°C, 30 s; and 72°C, 1 min. Primer sequences 
are provided in Table 1 of the supplementary information—Data S1.

2.2  |  Measurement of CRL and tissue collection

All animals were humanely culled. Embryos were collected at E10.5, 
E12.5 and E15.5. Crown-rump length (CRL) of the collected embryos 
was measured as the maximum distance between their cephalic and 
their caudal poles (Mu et al., 2008). Embryos and postnatal Day 6 
(P6) pups were dissected using a stereo microscope (Zeiss Discovery 
V8) and staged (Kaufman,  1995). For HREM, E15.5 and P6 hearts 
were isolated and washed in PBS (37°C), fixed in 4% PFA (37°C) for 
20 min, washed in distilled water (37°C) for less than an hour until 
clear of blood, then fixed in 4% PFA (4°C) overnight. For qPCR and 
X-gal staining experiments, embryos were dissected in 1X DEPC-
PBS (4°C). For qPCR, hearts were snap frozen in liquid nitrogen and 
stored at −80°C. The embryos for X-gal staining were fixed in 3.7% 
PFA (in 1X DEPC-PBS, 4°C) for 20–50 min before further processing.

2.3  |  RNA extraction and RT-qPCR

Total RNA was extracted from E10.5 and E12.5 hearts using RNeasy 
Micro kit (Qiagen Cat. # 74004) and treated with RNase-free DNase 
I provided in the kit following the manufacturer's protocol. The qual-
ity and quantity of extracted RNA was assessed using NanoDrop™ 
spectrophotometer (ND1000, Thermo Fisher Scientific®). A 260/280 
of ~2.0 was considered pure. 500 ng of RNA was reverse transcribed 
using SuperScript™ II Reverse Transcriptase kit with random hexamers 
(Invitrogen Cat. # 18064014) following the manufacturer's protocol, 
then diluted five times with nuclease-free water. A no-reverse tran-
scriptase reaction (RT-) was included for each sample to assess for 
gDNA contamination. SYBR green dye (iTaq Universal SYBR Green 
Supermix BIO-RAD Cat. # 1725121) was used for the qPCR reactions. 
To determine primer efficiencies, generate melt curves and determine 
the best dilution to use for qPCR, a standard curve was generated with 
six dilution points of 1:3 from stock cDNA. Efficiencies between 85% 
and 110% were accepted, with R2 values ≥0.98. For relative quantifi-
cation, three biological and three technical replicates, a no-template 

control (NTC) and RT- controls were included in each plate. The reac-
tion mix (10 μL) contained 1 μL of stock cDNA, 250 nM of reverse and 
forward primers and 5 μL of SYBR green. Pgk1 and Rpl4 were used as 
reference genes. Reactions were run on Applied Biosystems® 7500 
fast real-time PCR system. The thermocycler conditions were similar 
for all reactions and comprised of 50°C, 2 min; 95°C, 1 min; 40 cycles of 
95°C, 15 s; and 60°C, 15 s; followed by melt curve stage that comprised 
of 94°C, 15 s; 60°C, 1 min; 95°C, 30 s; and 60°C, 15 s. Primers for qPCR 
were designed and checked for specificity using primer3 and BLAST 
(Koressaar & Remm, 2007; Untergasser et al., 2012; Ye et al., 2012). 
The primer sequences for Cdk13 and the cardiac-specific genes Sall4, 
Vegfa, Edn1, Ednra and Eln are in Table S1. Primers for reference genes 
(Ruiz-Villalba et al., 2017) were as previously described (Waheed-Ullah 
et al., 2024) (Table S1). PCR products were run on 2% agarose gel to 
check for the correct amplicon length.

2.4  |  Hearts processing for HREM

A detailed protocol has been provided for HREM previously 
(Waheed-Ullah et  al.,  2024). In summary, hearts previously fixed 
in 4% PFA were washed in PBS, then dehydrated with increasing 
concentrations of methanol (from 10% to 100%) and embedded 
in JB4 methacrylate resin containing eosin and acridine orange 
(Sigma Aldrich EM0100-1KT) as described previously (Weninger 
et al., 2018). Briefly, the samples were immersed in a 50:50 mix of 
100% methanol:JB4 dye mix overnight, and then in pure JB4 dye 
mix overnight. The hearts were then placed in embedding blocks 
containing polymerising JB4 dye mix, and left overnight to solidify 
at room temperature, and stored at 4°C. Before sectioning, hearts 
were baked at 95°C for 24 h and then kept at 4°C for 24 h. E15.5 
and P6 hearts were sectioned at 2 and 3 μm thickness, respec-
tively, using high-resolution episcopic microscopy (HREM) (Indigo 
Scientific®). Images of block surface were captured by JENOPTIK 
GRYPHAX® ProgRes® microscope camera. The z stack of images 
obtained after sectioning was downsized, cropped and inverted 
using GraphicConverter® v9 (Lemkesoft, Germany), ImageJ® v1.52 
and Adobe Photoshop® CC 2019 (version 20.0), and were then 
visualised in three dimensions using OsiriXä 11.0 (Pixmeo SARL, 
Switzerland).

TA B L E  1  Genotype distribution of Cdk13tm1b embryos from heterozygous × heterozygous crosses at E12.5 and E15.5.

WT Het Hom Chi-square test

E12.5

Expected 66.75 (25%) 133.5 (50%) 66.75 (25%) p = 0.0000055

Observed 70 (26.2%) 164 (61.4%) 33 (12.4%)

E15.5

Expected 35.25 (25%) 70.5 (50%) 35.25 (25%) p = 0.0000002

Observed 52 (36.9%) 81 (57.4%) 8 (5.7%)

Pearson's chi-square test p = 0.0196

Abbreviations: Het, heterozygous; Hom, homozygous; WT, wild type.
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2.5  |  X-gal staining and sectioning

The protocol used was adapted from those previously reported 
(Gierut et  al.,  2014; Loughna & Henderson,  2007). The previously 
fixed embryos were permeabilised using rinse buffer. The rinse 
buffer was prepared in DEPC-PBS using sodium phosphate dibasic 
(0.5 M; pH 7.0–7.5), sodium phosphate monobasic (0.5 M; pH 7.0–
7.5), magnesium chloride (1 M), sodium deoxycholate (1.5 mM) and 
octylphenoxypolyethoxyethanol (IGEPAL CA-630, 3%; Cat no. 
I8896, Sigma-Aldrich®). Rinse buffer was added to the embryos and 
left overnight at 4°C on rocker. X-gal staining was carried out the 
next day at 37°C in incubator overnight using freshly prepared X-
gal staining solution (1 mg/mL), prepared from 20 mg/mL X-gal stock 
(Thermo Scientific™ Cat. # R0941) in 3 mM rinse buffer. The next 
day, samples were rinsed with rinse buffer, and then fixed in 3.7% 
PFA (in 1X DEPC-PBS) at 4°C overnight. Thereafter, the samples 
were placed in 50% glycerol (prepared in 1X PBS) at 4°C overnight 
for imaging next day. Imaging was performed by using microscopes 
(ZEISS Stemi SV11 and ZEISS SteREO Discovery.V8) with attached 
camera.

The E15.5 stained heart was embedded using an adapted version 
of a previously described protocol (Blanco et al., 2018). The heart 
was washed in PBS and then dH2O before dehydration in a graded 
ethanol series to 100% ethanol. Ethanol was then replaced with 
100% isopropanol for 30 min at room temperature. The heart was 
then incubated in pre-warmed isopropanol and incubated at 60°C 
for 30 min, and then transferred to a pre-warmed 50% isopropa-
nol/50% paraffin wax solution and incubated for 4 h at 60°C. It was 
immersed in 60°C paraffin with two wax changes of 30 min each 
prior to embedding. Paraffin blocks were sectioned at 10 μm. For 
deparaffinisation, slides were incubated at 60°C for 45 min and then 
immersed in isopropanol at 60°C for 5 min, followed by 3 min at room 
temperature. Rehydration was carried out by incubating in an etha-
nol series at room temperature, and then rinsed twice with dH2O. 
Counterstaining was performed using 1% eosin for 5 min at room 
temperature, followed by washing in dH2O for 1 min. After stain-
ing, sections were dehydrated in 95% ethanol twice for 2 min each, 
100% ethanol twice for 2 min each and briefly washed in xylene. 
Slides were mounted with DPX mounting medium and cover slipped 
for microscopy. Imaging was performed using a ZEISS Axioscan 7 
slide scanner.

2.6  |  Data analysis

HREM-sectioned hearts were initially evaluated being blind to the 
genotype, independently by two researchers, followed by group 
analysis with four researchers for detailed morphological assess-
ment. Reference genes for qPCR were validated using Refinder 
(http://​blooge.​cn/​RefFi​nder/​). qPCR standard curves and melt 
curves were examined using software for7500 fast real-time PCR 
system (Applied Biosystems™) v2.0.6.

Comparative qPCR data were analysed using a modified Pfaffl 
method to normalise to two reference genes as described previ-
ously (Hellemans et al., 2007; Vandesompele et al., 2002). In case 
of negative control amplification, a difference of 10 Cq values or 
more between the RT- or NTC and the corresponding RT+ sample 
was accepted. For quantitative data, one-way ANOVA (p ≤ 0.05) was 
applied using GraphPad Prism 9.2.0 to compare the three groups 
followed by post hoc Tukey (multiple comparisons) test. For compar-
ing two groups, unpaired t-test (p ≤ 0.05) was applied. To carry out 
lethality assessment, chi-squared test and Pearson chi-squared test 
(p ≤ 0.05) were applied using MS-Excel.

3  |  RESULTS

3.1  |  Increased embryonic lethality and reduced 
Cdk13 expression in the Cdk13tm1b homozygous heart

Genotype distribution of E12.5 and E15.5 embryos from 
CDK13TM1B heterozygous crosses was determined (Table  1). At 
E12.5, of the total 267 embryos collected, 70 (26.2%) were WT, 
164 (61.4%) heterozygous and 33 (12.4%) homozygous. At E15.5, 
of the total 141 embryos collected, 52 (36.9%) were WT, 81 
(57.4%) were heterozygous and 8 (5.7%) were homozygous. on le-
thality assessment, based on genotype of embryos collected, we 
found that the observed ratios of homozygotes were less than the 
expected mendelian ratios and that this difference was statisti-
cally significant at both stages (chi-squared test, P = 0.0000055 
and P = 0.0000002, respectively). comparing E12.5 with E15.5 
in terms of expected mendelian ratios, significantly less homozy-
gotes were obtained at E15.5 compared with E12.5 (Pearson's chi-
squared test, p = 0.0196). After breeding and genotyping 866 mice 
from this colony, live-born homozygous CDK13TM1B pups were not 
obtained. This indicates that loss of both alleles of CDK13 is mostly 
embryonically lethal by E15.5 and is not compatible with extrau-
terine life, although later than E15.5, embryonic stages were not 
analysed. External phenotypic analysis of the heterozygous em-
bryos (N = 245) shows that pericardial effusion was present in 
4 (1/164 at E12.5 and 3/81 at E15.5) and midfacial cleft (due to 
incomplete fusion of the medial nasal prominences) in one E12.5 
embryo. In one E15.5 heterozygous embryo, right side anophthal-
mia and tongue protrusion, possibly due to mandibular hypoplasia, 
were noted. In homozygous embryos (N = 41), midfacial aplasia 
(a deficiency of midline facial structures) was seen in seven (5 at 
E12.5 and 2 at E15.5), pericardial effusion in four (3 at E12.5 and 1 
at E15.5) and hydrocephalus in one E12.5 embryo. Growth retar-
dation was present in eight heterozygous embryos (7/164 at E12.5 
and 1/81 at E15.5) and 22 homozygous embryos (17/33 at E12.5 
and 5/8 at E15.5). For comparison, a E12.5 homozygous embryo 
is shown in Figure 1Bc, compared to heterozygous and wild type 
(Figure 1Be,d, respectively) E12.5 embryos. A heartbeat was not 
seen in 4/164 E12.5 heterozygous embryos and 7/41 homozygous 
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embryos (2/33 at E12.5 and 5/8 at E15.5). CRL measurements 
show that there was statistically significant reduction in CRL in 
homozygous compared to WT and heterozygous embryos at both 
E12.5 (N = 27, P = 0.0002, ANOVA) and E15.5 (N = 15, p < 0.0001, 
ANOVA) (Figure S2). No other defects were observed.

To determine if CDK13 mRNA expression level was affected in 
the CDK13TM1B mouse embryonic heart, RT-qPCR was performed 
on homozygous (CDK13TM1B/TM1B), heterozygous (CDK13TM1B /+) and 
WT (CDK13+/+) hearts at E10.5 and E12.5. E10.5 and E12.5 were 
selected as the E10.5 heart is at an early stage of development 
(looping is in progress), and E12.5 when looping has completed but 
important processes, such as outflow tract and ventricular septa-
tion, are ongoing. Using one-way ANOVA and post hoc Tukey test, 
there was a significant decrease in mRNA expression in the homo-
zygous hearts, compared to both heterozygous and WT controls 
(p = 0.0263 and 0.0073, respectively, for E12.5, and p = 0.0330 and 
0.0129, respectively, for E10.5) (Figure 1A and Figure S3). However, 
there was no significant difference in expression levels between 
heterozygotes and WT controls (p = 0.5049 at E12.5 and p = 0.7023 
at E10.5).

3.2  |  X-gal staining shows Cdk13 expression is 
widely expressed in the mouse heart

To determine where in the embryo Cdk13 is expressed, X-gal stain-
ing was performed on mouse embryos. In Cdk13tm1b/+ (heterozy-
gous) E10.5 embryos, X-gal staining was localised to the heart and 
the developing facial regions (Figure 1Bb). At E12.5, X-gal staining 
was more widely present with intense staining seen to the thoracic 
and abdominal regions, and faint staining to the head (Figure 1Be). 
X-gal staining was not seen in WT controls (Figure  1Ba,d). 
Staining was also seen throughout the Cdk13tm1b/+ heart at E15.5 
(Figure 1Ca). Sectioning of this heart showed low levels of staining 
to all regions (Figure 1Cb), with punctate expression seen to the 
trabeculae of the ventricular chambers (Figure 1Cb'). In addition, 
two slightly more intense areas of LacZ expression were to the 
superior aspect of the interventricular septum (denoted by a small 
and large circle in Figure 1Cb″); this is the region where fusion of 
the endocardial cushions with the components for ventricular sep-
tum has occurred. In a different more anterior section, expression 

F I G U R E  1  Expression of Cdk13 in Cdk13tm1b mouse line. (A) 
Expression in E12.5 mouse hearts by RT-qPCR. The log2FC of 
Cdk13 (mean with SEM) in heterozygous (Het; Cdk13tm1b/+) and 
homozygous (Hom; Cdk13tm1b/tm1b) hearts collected at E12.5 
compared to WT (Cdk13+/+). Using one way-ANOVA and post 
hoc Tukey test, no statistically significant difference is present 
in the level of Cdk13 transcript in heterozygous compared to 
WT (p = 0.5049) hearts. In contrast, the difference is significant 
in homozygous compared to WT (p = 0.0073) and heterozygous 
(p = 0.0263) hearts. Het, heterozygous; Hom, homozygous; ns, 
not significant; WT, wild type. (B) X-gal staining to show Cdk13 
expression in Cdk13tm1b/+ (Het) embryos. At E10.5, in comparison 
to WT control (a), X-gal staining is localised to the developing facial 
regions (asterisk denotes maxillary and mandibular processes of 
1st pharyngeal arch), and the heart (H) and surrounding area (b). 
A whole E12.5 embryo is shown (c) to allow comparison to WT 
(d) and heterozygous (e); note that the WT and heterozygous are 
littermates, but the homozygous is not. At E12.5, X-gal staining 
is more widely present with staining seen to the heart (H) and 
abdominal regions, and faint staining to the head (d). X-gal staining 
was not seen in WT control (c). To visualise the heart, the upper 
limb in (d) has been removed. E, eye; H, heart; Hd, head; Het, 
heterozygous; U, upper limb bud; L, lower limb bud; T, tail; WT, 
wild type. Scale in a, c and d 1 mm, same magnifications in b and d 
respectively. (C) Anterior view of a E15.5 X-gal stained Cdk13tm1b/+ 
(Het) heart shows widespread staining (a). Upon sectioning, 
expression could be seen to all regions (b), with noticeably punctate 
staining in the trabeculae of the ventricular chambers (b'). Slightly 
more intense areas of staining were seen at the superior aspect 
of the interventricular septum (within small and large circles in 
b″). Another section also shows this more intense staining at the 
superior aspect of the interventricular septum (denoted in oval in 
c); two lumens of the left coronary artery branches can be seen 
within. Ao, aorta; IVS, interventricular septum; LA, left atrium; 
LV, left ventricle; PT, pulmonary trunk; RA, right atrium; RV, 
right ventricle. Scale bar: A, 500 μm; b, 200 μm; b', 50 μm (same 
magnification for b″ and c).
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6  |    WAHEED-­ULLAH et al.

could again be seen quite distinctly in this region (denoted by oval 
in Figure 1Cc).

3.3  |  Simple and complex congenital heart 
defects were seen in heterozygous mutant 
(Cdk13tm1b/+) hearts

To determine if any structural defects were present in the Cdk13tm1b 
mutant heterozygous hearts, HREM was performed at E15.5. If car-
diogenesis occurs normally, at this stage, a four-chambered struc-
ture with correctly aligned outflow vessels can be seen, with the 
outflow tract and ventricular chambers having completed septation 
(Geyer et al., 2017). A total of 44 WT, 47 heterozygous and four ho-
mozygous embryos were analysed by HREM (Table 2).

Of the 47 heterozygous hearts at E15.5, eight had CHD (17%). 
Externally, the hearts appeared similar to that of the WT em-
bryo (Figure  2B compared to Figure  2A). None of the WT hearts 
had evidence of CHD (Table 2). Of the eight heterozygous hearts 
with structural heart abnormalities, four had simple defects (50%; 
Table  2; Figure  3). Three of these were ventricular septal defects 
(VSD; an opening between the right and left ventricular chambers). 
The VSDs were classified further. A perimembranous outlet VSD 
was present in two hearts (Figure 3B in comparison to WT shown 
in Figure 3A), and one heart displayed a muscular VSD (denoted by 
black arrows in Figure  3D,D'; compare to WT control in 3C) and 
spongy myocardium (Figure  3D). The trabeculae were also hyper-
trophic in two of these heterozygous hearts (Figure 3B and D)). In 
the fourth heterozygous heart with simple CHD, a bicuspid aortic 
valve (BAV) was identified (Figure 3F). In a normal heart, the three 
aortic valve leaflets are arranged as right, left and non-coronary, as 
seen in control WT hearts (Figure 3E). However, this heterozygous 

heart with isolated BAV had two leaflets (the right and left leaflets) 
and two sinuses (Figure 3F).

Of the four heterozygous hearts with more complex defects 
(Table 2), two had double outlet right ventricle (DORV) (Figure 4Ab, 
compared to control in Aa). In DORV, the aorta and the pulmonary 
trunk both arise completely or predominantly from the morpholog-
ical right ventricle (Yim et  al.,  2018); in a normal heart, the aorta 
should arise from the left ventricle. There is usually an interventric-
ular communication with DORV. In these two heterozygous hearts 
with DORV, both had a perimembranous VSD (denoted by asterisk 
in Figure  4Ab). The perimembranous VSDs in both hearts had in-
terconnected inlet and outlet components (Table 2). In addition, the 
trabeculae were hypertrophic (Figure 4Ab).

A more complex set of defects was seen in the third of these four 
heterozygous hearts with complex CHD (Figure 4B). The ventricular 
septum appeared to have recesses in its inferior region and the tra-
beculae had a sponge-like appearance (Figure 4Ba, Bb). In addition, 
at least one small muscular VSD could be seen within this region 
(Figure 4Bb', denoted by arrows). There were additional defects seen 
in the valves of the outflow vessels. The aortic valve was bicuspid 
with two sinuses, with the non-coronary leaflet absent (Figure 4Bc). 
Furthermore, this same heart had four leaflets in the pulmonary 
valve, instead of the normal three (Figure 4Bc). The final heterozy-
gous heart with complex CHD had a perimembranous outlet VSD 
and BAV, with two leaflets and two sinuses (Table 2).

3.4  |  Complex CHD was seen in all homozygous 
mutant (Cdk13tm1b/tm1b) hearts

The homozygous Cdk13tm1b mutant hearts were all abnormal ex-
ternally, with a rounded (Figure  2C) or cobblestone appearance 

TA B L E  2  Congenital heart disease seen in E15.5 Cdk13tm1b mouse hearts.

Genotype Total N with CHD (%) CHD phenotype

WT 44 0 -

Het 47 8 (17%) pMem VSD (outlet)
pMem VSD (outlet)
musc VSD
BAV (two-sinus type)
DORV and *pMem VSD
DORV and *pMem VSD
pMem VSD (outlet), BAV (two-sinus type)
BAV (two-sinus type), Quad PV, musc VSD

Hom 4 4 (100%) AVSD, DORV, doubly committed subarterial inlet to outlet 
(confluent) single VSD
AVSD, DORV, PS, inlet to outlet (confluent) single VSD, musc 
VSD
AVSD, DORV, doubly committed subarterial inlet to outlet 
(confluent) single VSD, musc VSD
AVSD, DORV, inlet to outlet (confluent) single VSD

Note: Each row indicates a separate embryo. *pMem VSD were single VSD with interconnected inlet and outlet components.
Abbreviations: Ao, aorta; AVSD, atrioventricular septal defect; BAV, bicuspid aortic valve; CHD, congenital heart disease; DORV, double outlet right 
ventricle; Het, heterozygous; Hom, homozygous; musc VSD, muscular ventricular septal defect; pMem VSD, perimembranous ventricular septal 
defect; PS, pulmonary stenosis; Quad PV, quadricuspid pulmonary valve; VSD, ventricular septal defect; WT, wild type.

 14697580, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joa.14175 by U

niversity O
f N

ottingham
, W

iley O
nline L

ibrary on [04/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  7WAHEED-­ULLAH et al.

(Figure  S4A) in comparison to both heterozygous and wild types 
(Figure 2A,B, respectively). The penetrance of defects in these four 
homozygous hearts analysed was 100%, with all having complex de-
fects (Table 2; Figure 5 and Figure S4A). They all had AVSD (atrio-
ventricular septal defect), DORV and a VSD (two had a single VSD 
with connected inlet and outlet components, and two had a doubly 
committed inlet to outlet VSD). One had pulmonary stenosis in ad-
dition (Figure S4A).

An AVSD forms when there is a failure of fusion between the 
primary atrial septum, dorsal mesenchymal protrusion (also known 
as the vestibular spine), mesenchymal cap or atrioventricular en-
docardial cushions (Burns et al., 2016; Taqatqa & Vettukattil, 2021; 
Webb et al., 1998). A common atrioventricular junction and valve 
are present (Anderson et al., 2010). At both the atrial and ventric-
ular levels, the degree of septal deficiency and communication is 
highly variable (Franklin et  al.,  2017). One of these homozygous 
hearts with AVSD and DORV is shown in Figure 5. Externally, this 
homozygous heart was rounded (Figure  5B compared to WT in 
Figure 5A). Internal analysis shows that the atrial septal compo-
nents were absent (denoted by white dotted line in Figure  5C) 
in comparison to controls, where the atrial septum can be seen 
(Figure  5D). Furthermore, there were deep recesses in the ven-
tricular septum (denoted by bracketed region in Figure 5C; com-
pared to the ventricular septum in a WT heart in Figure 5D) and 
the trabeculae were hypertrophic with a sponge-like appearance. 
A more ventral view shows that both the aorta and pulmonary 
trunk arise from the right ventricle (Figure 5E,G). The aortic and 
pulmonary valve leaflets could be discerned in the outflow vessels 
and were otherwise normal (denoted by oval in Figure 5E). In addi-
tion, the interventricular communication was a doubly committed 
VSD with interconnected inlet and outlet components. The outlet 
VSD is shown in Figure 5G, and again from a more inferior view in 
Figure 5H (denoted by white arrows in both panels). The inlet VSD 
can be seen between the dorsal and ventral endocardial cushions, 
which have failed to fuse (Figure 5H, denoted by black arrow).

Further complex defects were seen in other homozygous 
hearts (Table  2). A representative heart is shown in Figure  S4. 

These homozygous hearts had a cobblestone appearance on the 
external aspect (Figure S4A), possibly due to resorption as these 
embryos died before harvesting. Internal analysis shows that the 
atrial septal components were partly absent; the open arrow de-
notes some septal components in Figure  S4B. The superior and 
inferior endocardial cushions had failed to fuse with the dorsal 
mesenchymal protrusion, resulting in an ostium primum defect 
(black arrow, Figure  S4B) and hence an AVSD. In addition, the 
myocardial wall appeared deeply trabeculated and the ventricular 
septum appeared spongy with potentially several muscular VSDs 
(Figure S4B). Finally, this heart also had DORV with doubly com-
mitted subarterial single VSD with interconnected inlet and outlet 
components. Furthermore, the pulmonary trunk appears much 
smaller than the proximal aorta (Figure S3C,D), resulting in pulmo-
nary arterial stenosis. However, both aortic and pulmonary valve 
leaflets appeared normal.

3.5  |  Abnormalities in heterozygous mutant 
(Cdk13tm1b/+) hearts at neonatal stage P6

P6 hearts from Cdk13tm1b heterozygous (n = 9) mice were analysed 
by HREM and compared to WT (n = 6). In three of the nine hete-
rozygous hearts analysed, there was right and left ventricular wall 
thickening, resulting in narrowing of the right ventricle outflow re-
gion into the pulmonary trunk (Figure 6B,C compared with wild-type 
control A). In addition, in one P6 Cdk13tm1b/+ heart, there were three 
coronary ostia in the aortic sinuses (Figure S5). There was one for 
the right coronary artery (RCA) in the right aortic sinus (black arrow), 
and two in the left coronary sinus; one each for the circumflex and 
anterior interventricular arteries (or left anterior descending branch) 
(white arrows) (Figure S5B). In contrast, in the wild-type heart, there 
were the two expected ostia, from the right and left aortic sinuses 
(Figure S5A). In the same heterozygous heart, there were what ap-
peared to be two closing or recently closed muscular VSDs, with 
the tissue density being less than the rest of the ventricular septum 
(Figure S6B compared with control in A).

F I G U R E  2  External analysis of E15.5 Cdk13tm1b homozygous, heterozygous and wild type hearts. (A–C): 3D reconstruction of wild type 
(a), heterozygous (b) and homozygous (c) whole hearts. Scale bar in (A) = 500 μm; same magnification for (B, C). Ao, aorta; Het; heterozygous; 
Hom, homozygous; LA, left atrium; LV, left ventricle; PT, pulmonary trunk; RA, right atrium; RV, right ventricle; WT, wild type.
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8  |    WAHEED-­ULLAH et al.

F I G U R E  3  Isolated defects in heterozygous (Cdk13tm1b/+) E15.5 
mouse hearts. (A,B) Four chamber view of WT (Cdk13+/+) heart 
(a) showing the left and right ventricular chambers separated 
by a complete interventricular septum (IVS). In comparison, a 
heterozygous (Cdk13tm1b/+) heart (b) has a perimembranous outlet 
ventricular septal defect (denoted by asterisk). The trabeculae 
also appear hypertrophic in comparison to the control heart in A. 
(C, D) Coronal section of WT (Cdk13+/+) mouse heart (c) showing 
the left and right ventricular chambers separated from each other 
by an IVS in comparison to a heterozygous (Cdk13tm1b /+) heart 
(D and inset D′) which had a muscular ventricular septal defect 
(denoted by black arrows). The myocardium also appears spongy 
in D compared to C. (E, F): Superior view of the WT heart (E) 
showing aortic valve having three leaflets and corresponding three 
sinuses—right (R), left (L) and non-coronary (NC). In comparison, a 
heterozygous (Cdk13tm1b/+) heart (f) has bicuspid aortic valve, with 
just two leaflets and two sinuses. Scale bar in (A) = 500 μm; same 
magnification for (B). Scale bar in (C) = 500 μm; same magnification 
for (D). AV, aortic valve; Het; heterozygous; IVS, interventricular 
septum; L, left leaflet and sinus; LA, left atrium; LV, left ventricle; 
NC, non-coronary leaflet and sinus; PT, pulmonary trunk; PV, 
pulmonary valve; R, right leaflet and sinus; RA, right atrium; RV, 
right ventricle; WT, wild type.

F I G U R E  4  Complex defects are seen in heterozygous 
(Cdk13tm1b /+) E15.5 mouse hearts. (A) A coronal section of E15.5 
WT (Cdk13+/+) mouse heart (a) showing the left and right ventricular 
chambers separated from each other by the interventricular 
septum (IVS), and the aorta (Ao) originating from left ventricle 
(LV), as denoted by the black line. In contrast, a coronal section 
of a heterozygous (Cdk13tm1b/+) heart (b) shows double outlet 
right ventricle and a single interventricular communication 
(perimembranous ventricular septal defect, denoted by asterisk) 
with interconnected inlet and outlet components. The black line 
denotes that more than 50% of the diameter of the aorta connects 
to the RV instead of the LV. The trabeculae are also hypertrophic. 
Scale bar in a = 500 μm; same magnification for b. (B) A four-
chamber view of a heterozygous (Cdk13tm1b/+) heart (a) appears 
to have recesses in the lower region of the ventricular septum 
(denoted by bracket). This can also be seen in a more ventral view 
of the same heart (b; see bracket). The trabeculae had a sponge-
like appearance. In addition, the boxed area (b') denotes a small 
muscular ventricular septal defect (shown by black arrows). This 
heart also had a two-sinus bicuspid aortic valve (c; denoted by two 
black asterisks in aorta) and a quadricuspid pulmonary valve (c; 
denoted by 4 black asterisks in pulmonary trunk). Ao, aorta; LA, left 
atrium, LV, left ventricle; PT, pulmonary trunk; RA, right atrium; RV, 
right ventricle; IVS, interventricular septum. Scale bar in a = 500 μm; 
same magnification for b.

 14697580, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joa.14175 by U

niversity O
f N

ottingham
, W

iley O
nline L

ibrary on [04/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  9WAHEED-­ULLAH et al.

3.6  |  Differential expression of genes essential for 
cardiogenesis

In order to determine if the Cdk13 null mutation results in modu-
lated expression of genes related to heart development and CHD, 
a number of genes were selected for further study. Sal-like 4 (Sall4), 
vascular endothelial growth factor A (Vegfa), endothelin 1 (Edn1), 
endothelin A receptor (Ednra) and the extracellular protein elastin 
(Eln) were selected for expression analysis by RT-qPCR comparing 

WT (Cdk13+/+) with homozygous (Cdk13tm1b/tm1b) hearts at E12.5. 
Prior to qPCR, expression of these genes of interest at the selected 
mouse embryonic age (E12.5) was determined from Bgee (Bastian 
et al., 2021) and MGI (Baldarelli et al., 2021), and their interactions 
with heart development pathways were analysed using STRING 
(Szklarczyk et al., 2015). Significant change in expression was noted 
only for Eln (p = 0.0352, unpaired t-test) and Ednra (p < 0.0001, un-
paired t-test) in homozygous (Cdk13tm1b/tm1b) hearts compared to WT 
(Cdk13+/+) (Figure 7).

F I G U R E  5  Homozygous (Cdk13tm1b /tm1b) E15.5 heart with AVSD and DORV. Externally, this homozygous heart (B) has an abnormal 
shape with a rounded appearance compared with WT (A). Coronal view shows that the Cdk13tm1b homozygous heart (C) has AVSD with 
apparent absence of atrial septation (white line) in comparison to WT heart (D) where an atrial septum (AS) is present. The trabeculae are 
hypertrophic, and recesses are present in the interventricular septum (IVS) (C; denoted by bracket). A sagittal view from the right of the 
heart shows that there are aortic and pulmonary valve leaflets (encircled by black oval) present, but there is no underlying outlet septum 
(E); the expected number of leaflets were seen. In the homozygous heart, a ventral view shows both the aorta and pulmonary trunk arising 
from the right ventricle (F and G, respectively; denoted by black arrows). An outlet ventricular communication can be seen (G; denoted by 
small white arrow). Viewed in anteroinferior plane (H), the outlet (small white arrow) and inlet VSD (small black arrow) can both be seen and 
were found to be interconnected. The inlet ventricular communication (black arrow) is there as the ventral (*) endocardial cushion has failed 
to fuse with the dorsal endocardial cushion and muscular interventricular septum (IVS). Scale bar in (A) = 500 μm; same magnification for 
(B). Scale bar in (C, D) = 500 μm. Ao, aorta; AS, atrial septum; AVSD, atrioventricular septal defect; DORV, double outlet right ventricle; LA, 
left atrium; LV, left ventricle; PT, pulmonary trunk; RA, right atrium; RV, right ventricle; IVS, interventricular septum; VSD, ventricular septal 
defect.
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4  |  DISCUSSION

There have been 91 pathogenic or likely pathogenic variants asso-
ciated with CDK13-related disorder to date, affecting at least 172 
individuals. Of 138 individuals with a known phenotype, 58 (42%) 

had a CHD. However, there is variability in expression of the heart 
phenotype, even in individuals with the same variant. In the study 
described here, 17% of heterozygous mouse hearts had a CHD.

This is the second published work detailing a Cdk13 null mu-
tant mouse. The first study was the analysis of the parent allele, 
Cdk13tm1a (Nováková et al., 2019). The Cdk13tm1a allele produces a 
CDK13 protein that is truncated around exon 2, which has been 
proposed to represent a hypomorphic allele. Certainly, it is known 
that the tm1a allele may not result in a true knockout, and hence 
can be phenotypically hypomorphic or WT (Ryder et  al.,  2014). 
Cdk13tm1d mice were then produced, in which exons 3 and 4 
were deleted (Nováková et  al.,  2019). CDK13 protein levels in 
Cdk13tm1d/+ embryonic brain tissue was reduced, and absent in 
Cdk13tm1d/tm1d mice. The results of lethality assessments were con-
sistent between this (Table 1) and the previous work by Nováková 
et  al.  (2019). This points to a clear and essential role of CDK13 
for successful embryogenesis. Novakova et al. used micro-CT to 
try and determine the cause of embryonic lethality (Nováková 
et al., 2019). They noted that ventricular wall thickness was thin-
ner in Cdk13tm1a/tm1a mice compared to control and their results 
suggested heart failure as the cause of death. Furthermore, ul-
trasound Doppler imaging found that blood flow was impaired by 
E15.5. However, they did not perform a focused analysis for the 
presence of congenital heart disorders.

X-gal staining shows that Cdk13 is widely expressed in the de-
veloping heart. The low levels of Cdk13 expression seen in homozy-
gous hearts by qPCR suggests that there is some ‘leakiness’, with the 
knockout not complete. Although normal levels of mRNA were seen 
here in heterozygous hearts, the protein levels could be reduced in 
the heterozygous and absent in homozygous hearts in comparison 
to controls, as in Cdk13tm1d mice with similar deletion (Nováková 
et al., 2019).

BAV is the most common CHD in humans, occurring in over 2% 
of the population. BAV is not always symptomatic, but some will de-
velop sequalae such as aortic dilatation and aortic stenosis or regur-
gitation, and it can be associated with other abnormalities such as 
aortic coarctation (SHAH ET AL., 2018, LIONCINO ET AL., 2022). 
heart failure, aortic dissection and sudden death do occur (Bravo-
Jaimes & Prakash, 2020). BAV is seen in both CDK13-related disor-
der and three heterozygous mouse embryos in this work, suggesting 
that it may be a specific CHD phenotype linked with CDK13. Six in-
dividuals with CDK13-related disorder had BAV, with three of these 
harbouring the N1097K variant (Acharya et  al.,  2021). However, 
these three individuals had homozygous variants and were from the 
same consanguineous family. In the study described here, of the 51 
CDK13TM1B heterozygous and homozygous hearts analysed, three 
of the heterozygous hearts had a BAV (6%). The two-sinus type of 
BAV, seen in CDK13TM1B E15.5 heterozygous mutant hearts (also de-
scribed as bisinuate, bileaflet), had left and right aortic leaflets and 
sinuses, with the non-coronary leaflet not discerned. This type of 
BAV occurs in 5%–7% of cases in humans (Michelena et al., 2021). 
It has been suggested that lack of the intercalated leaflet swellings 
(intercalated valve cushions) in development results in the absence 

F I G U R E  6  Increased ventricular wall thickness and 
narrowed right ventricle outflow region in P6 heterozygous 
(Cdk13tm1b /+) hearts. Coronal sections of two P6 neonatal 
heterozygous (Cdk13tm1b/+) hearts (B, C) with thickened ventricular 
walls (denoted by double headed arrows) compared to wild-type 
control (A). Narrowing of the right ventricular outflow region 
(pulmonary trunk; PT) is denoted by a black arrow. Scale bar in 
(A) = 1 mm; same magnification for (B and C). Ao, aorta; LA, left 
atrium; LV, left ventricle; PT, pulmonary trunk; RA, right atrium; RV, 
right ventricle; IVS, interventricular ventricular septum; WT, wild 
type.

F I G U R E  7  Modulated expression of genes related to 
cardiogenesis in E12.5 mouse homozygous (Cdk13tm1b /tm1b) 
heart. Modulated expression of genes related to cardiogenesis 
in homozygous Cdk13tm1b mouse hearts compared to WT was 
seen, shown as mean log2FC ± SD. The difference was statistically 
significant only in case of Eln and Ednra (p < 0.05, unpaired t-test). 
Sall4, Sal-like 4; Vegfa, Vascular endothelial growth factor A; 
Edn1, Endothelin 1; Ednra, Endothelin A receptor; Eln, Elastin; SD, 
standard deviation; FC, fold change. Single asterisk (*) denotes 
p = 0.0352 whereas four asterisks (****) denote p < 0.0001.
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    |  11WAHEED-­ULLAH et al.

of the non-coronary leaflet (Anderson et al., 2014). SOX17-PDGRB 
signalling is known to be involved in the formation of the two-sinus 
type (Lu et al., 2022). It is not known if CDK13 is involved in these 
signalling mechanisms.

One of the heterozygous hearts that had BAV also had an abnor-
mal pulmonary valve (Figure 4B). Instead of the normal three pulmo-
nary valve leaflets (anterior, left and right), there were four leaflets. 
In contrast to BAV, quadricuspid aortic or pulmonary valve is a rare 
congenital defect. However, when a quadricuspid pulmonary valve 
(QPV) is present, it can occur with bicuspid (two-sinus) aortic valve 
defects (Davia et al., 1977), as has been seen in the Cdk13tm1b hetero-
zygote heart in Figure 4B. However, not all individuals with QPV are 
symptomatic and it has not been associated with pulmonary valve 
stenosis or insufficiency (Berdajs et al., 2003).

Two aortic ostia in the respective sinuses were seen in the em-
bryonic hearts analysed by HREM. However, one of P6 hearts had 
three aortic ostia. The left sinus has two ostia; one of these led 
to the circumflex artery, with the other to the anterior interven-
tricular artery (or the left anterior descending branch). However, 
this arrangement could be considered a rare but normal variation 
(Angelini, 2002).

While static imaging such as HREM does not allow assessment of 
flow across a valve, there are other indicators of valve dysfunction 
and discrepant outflow septation. Pulmonary stenosis is likely to be 
present in three P6 and at least one of the E15.5 Cdk13tm1b mutant 
hearts. The P6 hearts were similar in presentation, with thickened 
ventricular walls and a narrow right ventricular outflow region into 
the pulmonary trunk. The E15.5 homozygous heart had a noticeably 
enlarged proximal aorta and small pulmonary trunk, suggesting that 
there may have been reduced flow across the valve. As this embryo 
died before harvesting, we cannot be certain whether these pheno-
types are a consequence of the Cdk13 null mutation or due to growth 
delay. However, we suggest such a difference in size is not a normal 
occurrence that would take place in development. Therefore, we pro-
pose this small pulmonary trunk and large aorta is a true phenotype as 
a consequence of this Cdk13 deletion, resulting in pulmonary stenosis.

It is notable that 17% of heterozygous E15.5 hearts had CHD. 
Other features included poor growth and pericardial effusion. 
Pericardial effusion in the embryo has been used as an indica-
tor of cardiac failure and impending demise (Shen et al., 2005; Yu 
et al., 2004) and was seen in 4% of E15.5 embryos, suggesting poor 
cardiac function. Abnormal trabeculae (hypertrophic, sponge-like 
appearance) were seen in the Cdk13tm1b mutant hearts, and this 
has been seen in other pathological conditions, such as adaptation 
to increased pressure on the right ventricle (Fatemifar et al., 2019; 
Loukas et al., 2013; van de Veerdonk et al., 2014). However, abnor-
malities with trabeculation may not always present pathologically 
(Petersen et al., 2023). The clinical significance of this is therefore 
unclear. Three out of four homozygous hearts had a cobblestone ap-
pearance, which could be due to post-mortem embryonic resorption 
as these embryos died before harvesting. Therefore, it is uncertain if 
the phenotypes observed could partially be due to the embryo being 
at an earlier developmental stage.

The uncertainty surrounding how CDK13 variants cause the 
features of CDK13-related disorder makes it difficult to adequately 
counsel families with other variants affecting CDK13, such as in-
tragenic deletions and duplications. It is interesting that the mouse 
model suggests that homozygous loss of function of CDK13 results 
in embryonic lethality, and yet a family has been reported with ho-
mozygous variants in CDK13 (Acharya et al., 2021). Of note is that 
the phenotype reported in the consanguineous family is that of 
Wolfram Syndrome (diabetes insipidus and diabetes mellitus with 
optical atrophy, and deafness, DIDMOAD) (Pallotta et  al.,  2019), 
which is quite distinct from the phenotype of CDK13-related disor-
der described so far. Optic atrophy was not present in the reported 
siblings and the only real similarity was BAV and clinodactyly. These 
children had no intellectual disability or facial dysmorphism (Acharya 
et al., 2021), which is present in CDK13-related disorder. Whilst it is 
possible that the onset of diabetes and deafness might have not yet 
developed in the young individuals with CDK13-related disorder, it 
is perhaps more likely that this is a distinct syndrome because of a 
different mechanism of action. The variant reported in this family 
(p.Asn1097Lys) is outside of the kinase domain and was predicted to 
cause a hypomorphic allele (Acharya et al., 2021).

Several mechanisms have been suggested in CDK13-related 
disorder. Gain of function has been proposed due to the clustering 
of missense variants within the kinase domain, as well as a domi-
nant negative effect due to sequestration of cyclin K (Hamilton & 
Suri, 2019; Sifrim et al., 2016). However, loss of function or haploin-
sufficiency is also possible (Gibbs et al., 2023).

Little is known of downstream targets for CDK13, but the range 
of phenotypes seen in humans indicates that it is involved in a va-
riety of signalling pathways, and hence, pathogenic variants have a 
widespread effect. A recent study investigated the molecular path-
ways associated with craniofacial defects resulting from CDK13 de-
letion (Hampl et al., 2024).

Therefore, to provide a greater understanding of potential down-
stream targets of Cdk13, several genes were selected, due to their 
critical but differing roles in cardiogenesis, to be analysed by qPCR 
to see if they showed differential expression in the Cdk13tm1b E12.5 
homozygous hearts in comparison to WT controls. Significant differ-
ential expression was not seen for the zinc finger transcription factor 
Sall4, which has been associated with ASDs, VSDs and conduction 
anomalies (Kohlhase, 1993), or the angiogenic growth factor Vegfa 
which has been associated with AVSD (Ackerman et al., 2012; Redig 
et al., 2014). Differential expression was also not significant for the 
endothelin 1 (Edn1) gene which is associated with cardiac neural crest 
cells (CNCC) (Kurihara et al., 1999), and their defective migration is 
associated with CHDs (Thattaliyath & Firulli, 2024). Conversely, two 
genes were downregulated in the Cdk13tm1b/tm1b E12.5 heart, com-
pared to controls. Endothelin A receptor (Ednra) is the receptor with 
the highest affinity for Edn1. Ednra is essential for correct cardiac 
neural crest cell (CNCC) migration (Fritz et al., 2019). Mice deficient 
in Ednra have heart defects such as perimembranous VSD, DORV 
and transposition of the great arteries (Clouthier et al., 1998). The de-
creased expression in Ednra observed in the Cdk13tm1b homozygous 
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heart is therefore suggestive of CNCC being affected in individuals 
with a Cdk13 variant. Another gene that was decreased was elastin 
(Eln). Eln encodes an extracellular matrix protein ELN, that provides 
elasticity to the arterial wall, allowing both stretch and recoil with 
each cardiac cycle (Lin et al., 2022). Williams syndrome is a rare mi-
crodeletion disorder which is strongly associated with ELN deletion 
(Ewart et  al.,  1993; Pérez Jurado et  al.,  1996). ELN mutations are 
commonly associated with aortic stenosis, predominately supraval-
var, but other defects associated with it include tetralogy of Fallot, 
ASD, PS, BAV and VSD (Kozel et al., 2021). Deletion mutation of ELN 
is possibly associated with growth abnormalities (Kozel et al., 2021), 
which was seen in Cdk13tm1b homozygous mice with significantly 
reduced CRL (p < 0.05) at both E12.5 and E15.5. These defects are 
consistent with the abnormalities seen in individuals with CDK13-
related disorder and herein in the Cdk13tm1b mutant mouse. These 
two genes are of interest and worthy of further study with regard to 
Cdk13 function and heart morphogenesis.

The types of defects observed in the heterozygous mouse hearts 
are consistent with the human phenotype, where VSDs, DORV and 
BAV were also present. However, the specific type of VSD identified 
in individuals with CDK13-related disorder was unfortunately not 
reported in the literature. It can be challenging to gather detailed 
clinical information in rare diseases such as CDK13-related disorder, 
when affected individuals are spread across multiple medical centres 
worldwide. Closer collaboration between clinicians and researchers 
and consistent use of standardised phenotype classification systems 
would go some way to improving this situation. Unfortunately, this is 
not straightforward due to the use of multiple classification systems, 
such as Human Phenotype Ontology terms, European Paediatric 
Cardiac Codes and ICD11, with each system having its own limita-
tions. The presence or absence of CHD in CDK13-related disorder 
does not appear to show a specific genotype/phenotype correlation. 
The finding of reduced penetrance of CHD in the heterozygous mice 
studied here demonstrates an important role of CDK13 in heart 
morphogenesis but implies that there may be additional modifying 
factors.

While it is likely that the full phenotypic spectrum of CDK13-
related disorder has not yet been established, we have provided 
further evidence of the role of CDK13 in cardiogenesis. This sup-
ports CHD as a significant part of the phenotype, even if CHD does 
not occur in every single individual with CDK13-related disorder. 
Like many other rare genetic conditions (Jongmans et al., 2006; Li 
et al., 1997; Roberts et al., 2013), expressivity and penetrance of spe-
cific abnormalities such as CHD is variable. This work demonstrates 
that loss of function of CDK13 is associated with CHD in mice, even 
in the heterozygous state, indicating haploinsufficiency of Cdk13 re-
sults in CHD. This analysis and our previous study (Waheed-Ullah 
et al., 2024) demonstrate the utility of HREM for detailed morpho-
logical analysis in the mouse embryonic heart, providing enough 
resolution to classify structural defects such as BAV, and to assess 
finer details such as the endocardial cushions, valve leaflets, myo-
cardial trabeculae, small muscular VSDs and to classify the types of 
VSD. Understanding the effects of reduced function of CDK13 in 

the mouse heart, and being able to compare the CHDs seen here, 
with that of individuals with CDK13-related disorder, allows us to 
strengthen the phenotypic associations and potentially understand 
the mechanism behind this condition. Going forward, this should en-
able us to refine and improve care for affected individuals and their 
families.
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