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Abstract 

 

The protein kinase PKN2 is required for embryonic development and PKN2 knockout mice 

die as a result of failure in expansion of mesoderm, cardiac development and neural tube 

closure.  In the adult, cardiomyocyte PKN2 and PKN1 (in combination) are required for 

cardiac adaptation to pressure-overload.  The specific role of PKN2 in contractile 

cardiomyocytes during development and its role in the adult heart remain to be fully 

established. We used mice with cardiomyocyte-directed knockout of PKN2 or global PKN2 

haploinsufficiency to assess cardiac development and function using high resolution 

episcopic microscopy, MRI, micro-CT and echocardiography.  Biochemical and histological 

changes were also assessed.  Cardiomyocyte-directed PKN2 knockout embryos displayed 

striking abnormalities in the compact myocardium, with frequent myocardial clefts and 

diverticula, ventricular septal defects and abnormal heart shape. The sub-Mendelian 

homozygous knockout survivors developed cardiac failure. RNASeq data showed 

upregulation of PKN2 in patients with dilated cardiomyopathy, suggesting an involvement in 

adult heart disease.  Given the rarity of homozygous survivors with cardiomyocyte-specific 

deletion of PKN2, the requirement for PKN2 in adult mice was explored using the 

constitutive heterozygous PKN2 knockout.  Cardiac hypertrophy resulting from hypertension 

induced by angiotensin II was reduced in these haploinsufficient PKN2 mice relative to wild-

type littermates, with suppression of cardiomyocyte hypertrophy and cardiac fibrosis. It is 

concluded that cardiomyocyte PKN2 is essential for heart development and formation of 

compact myocardium and is also required for cardiac hypertrophy in hypertension.  Thus, 

PKN signalling may offer therapeutic options for managing congenital and adult heart 

diseases. 

  

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20220281/934002/bcj-2022-0281.pdf by U
niversity C

ollege London (U
C

L) user on 11 July 2022

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20220281



 4

Introduction 

Heart disease, a major cause of death and disability worldwide, develops from numerous 

underlying causes.  These include genetic/environmental interactions causing congenital 

cardiac defects [1, 2], in addition to diseases in later life resulting from various 

pathophysiological stressors (e.g. coronary artery disease, hypertension, diabetes, obesity) [3-

8].  The increasing prevalence of heart disease worldwide accounts for an expanding patient 

cohort who go on to develop and die of heart failure. The heart contains three main cell types 

(cardiomyocytes, endothelial cells, fibroblasts) with cardiomyocytes providing the contractile 

force.  In the embryo/foetus, cardiomyocytes proliferate whilst the heart develops, but then 

withdraw from the cell cycle in the perinatal/postnatal period, becoming binucleated and fully 

terminally differentiated [9, 10].  Further growth of the heart to the adult size requires an 

increase in size and sarcomeric/myofibrillar apparatus of individual cardiomyocytes 

(maturational growth).  The adult heart experiences pathophysiological stresses (e.g. 

hypertension) requiring an increase in contractile function.  This is accommodated by 

cardiomyocyte hypertrophy (sarcomeric replication in parallel or series) with associated 

cardiac hypertrophy (enlargement of the heart) [11].  This adaptation is initially beneficial, 

but pathological hypertrophy develops over prolonged periods with cardiomyocyte 

dysfunction and death, loss of capillaries and deposition of inelastic fibrotic scar tissue [11].  

These processes are all regulated by a complex interplay of intracellular signalling pathways, 

driven by numerous protein kinases that play central roles both in mammalian development 

and in adult tissue homeostasis [12].  These regulatory proteins offer themselves as potential 

targets for intervention both in management of congenital cardiomyopathies and in 

pathological states. Insight into the key regulatory players at each and every stage is central 

for prevention, in addition to the development and delivery of improved treatments and 

outcomes.   
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The Protein kinase N (PKN) family of kinases are emerging as potential therapeutic targets 

for heart disease [13]. Whilst PKN1 and PKN2 are ubiquitously expressed in tissues 

throughout the body, PKN3 is expressed in a smaller subset of tissues, especially endothelial 

cell types [14, 15].  Of the three PKNs, only Pkn2 knockout is embryonic lethal.  This is due 

to failure in the expansion of mesoderm tissues, failure of cardiac development and 

compromised neural tube closure [16, 17]. Further studies with conditional knockouts of 

Pkn2 employed cell-targeted Cre under the control of a smooth muscle protein 22α (SM22α) 

promoter [17]. SM22α (and therefore SM22α-Cre) is expressed in the heart tube from 

embryonic day E7.5/8 [18], with expression declining from E10.5 becoming restricted to the 

right ventricle by E12.5. By E13.5, SM22α is  undetectable in the heart [19] and expression 

is subsequently confined to smooth muscle cells and myofibroblasts [18, 20-22]. Conditional 

gene deletion of Pkn2 results in sub-mendelian survival of SM22α-Cre+/- Pkn2fl/fl offspring, 

with approximately 1/3 of mice surviving to 4 weeks postnatally [17].  These data indicate 

that PKN2 is not only important in the heart during embryonic development, but (whilst the 

phenotype is not fully penetrant in the SM22α-Cre model) is also required for maturational 

growth of the heart.  This raises the question of what is compromised and how loss of PKN2 

manifests in the adult. 

 

There are few studies of PKNs in the adult heart.  PKN1 is activated in neonatal 

cardiomyocytes by hyperosmotic shock [23] and reduces ischaemia/reperfusion injury in ex 

vivo perfused hearts [24].  In vivo studies suggest there may be redundancy between PKN1 

and PKN2 in cardiomyocytes, and double knockout of both kinases simultaneously in 

cardiomyocytes inhibits cardiac hypertrophy in pressure-overload conditions induced by 

transverse aortic constriction (TAC) or angiotensin II (AngII) [25]. Fundamental questions 
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remain concerning the functional redundancy of PKN1 and 2 in cardiomyocytes.  Here, we 

demonstrate that the loss of PKN2 in cardiomyocytes has a catastrophic effect on ventricular 

myocardial development, suggesting that alterations in PKN2 signalling may contribute to 

congenital cardiac problems/cardiomyopathy.  We also demonstrate that PKN2 

haploinsufficiency compromises cardiac adaptation to hypertension in adult mouse hearts.  

We conclude that PKN2 plays a significant and non-redundant role in cardiac development 

and adaptation. 

 

 

Results 

 

Cardiac-specific knockout of Pkn2 

Evidence from the SM22α-Cre conditional Pkn2 knockout indicates reduced survival (Table 

1 and [17]), which might reflect in part an impact on heart function but may also be 

determined by loss of Pkn2 expression in smooth muscle. To dissect the functional 

contributions more selectively, we sought to refine the pattern of knockout by using the 

XMLC-Cre line, where Cre expression is cardiac restricted [26]. Genotyping pups from the 

Pkn2fl/fl mice crossed with XMLC2-Cre+/- Pkn2fl/+ animals at 2-4 weeks of age identified only 

one XMLC2-Cre+/- Pkn2fl/fl mouse (of 126), consistent with a severe phenotype with this Cre 

line (Table 1). This potentially results from higher efficiency of XMLC2-Cre activity in 

cardiomyocytes (95% [26]) compared with SM22α-Cre (75-80% [20]) and more specifically 

indicates that there are cardiac-associated phenotypes of PKN2 loss. The single surviving 

male was small (11.2 g relative to 22.4g for a XMLC2-Cre+/- Pkn2fl/+ littermate) and was 

culled at 5 weeks due to poor condition. Histological analysis of the heart from this animal 

showed that it was highly abnormal. Both ventricles were dilated, with a hypertrophic right 
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ventricle and thin-walled (hypotrophic) and disorganised left ventricular myocardium and 

interventricular septum.  There were partial discontinuities in the cardiac muscle of the 

compact layer, and sections with highly disorganised cardiomyocytes and fibrosis (Figure 

1a). It was noted also that the lungs from the XMLC2-Cre+/- Pkn2fl/fl mouse displayed grossly 

enlarged alveolar spaces (Figure 1b). 

 

To explore this impact of PKN2 further, we genotyped gestational day 14.5 embryos from 

Pkn2fl/fl mice crossed with XMLC2-Cre+/- Pkn2fl/+ and found that 6 of 24 were XMLC2-Cre+/- 

Pkn2fl/fl consistent with a Mendelian distribution at this developmental stage. However, 

analysis of the hearts using high resolution episcopic microscopy (HREM) showed various 

abnormalities (Figure 1c; Video 1 see also Figure S1). Notably, hearts from these mouse 

embryos displayed multiple surface nodules (diverticula; see below) distributed across both 

ventricles, unusually large perimembranous ventricular septal defects and thin compact 

myocardium indicative of significant cardiac developmental complications. 

 

Characterising the cardiac requirement of PKN2 

Whilst the XMLC-driven knockout of Pkn2 clearly demonstrated a cardiac phenotype 

associated with PKN2 loss, the fatal consequences of the XMLC-driven knockout of Pkn2 

led us instead to investigate in more detail the more frequent survivors derived in the SM22α-

Cre model. On re-derivation of the SM22α model into a new facility and crossing the Pkn2fl/fl 

with SM22α-Cre+/- Pkn22fl/+ animals, we found there remained a sub-Mendelian distribution 

of the SM22α-Cre+/- Pkn2fl/fl genotype (28% of expected numbers with no male/female bias; 

Table 1). Crossing 10 of these mice with Pkn2fl/fl animals produced 62 weaned pups but again 

a sub-Mendelian representation of the SM22α-Cre+/- Pkn2fl/fl genotype (32% of expected). 
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Typically, surviving SM22α-Cre+/- Pkn2fl/fl mice became overtly unwell as they aged, 

displaying a range of adverse phenotypes including body weight differences compared to 

littermates, loss of condition, hunched appearance or reduced activity. Amongst a cohort of 

23 animals, there were 50% asymptomatic SM22α-Cre+/- Pkn2fl/fl mice at 24 weeks of age, 

with the oldest two mice reaching 72 weeks and only then started to display phenotypes 

(echocardiography showed aortic valvar stenosis and echo-dropout across the long-axis view 

of the left ventricle in one, suggestive of mitral annular calcification; see below). A typical 

example of an ageing SM22α-Cre+/- Pkn2fl/fl animal was a 38-week-old fertile female which 

upon culling due to loss of condition displayed a heart weight: body weight ratio = 0.99% 

(compared to 0.37-0.48% for female littermates). 

 

Similar to the single weaned XMLC2-Cre+/- Pkn2fl/fl mouse, histology of the SM22α-Cre+/- 

Pkn2fl/fl mice showed hypertrophic ventricular walls with disorganised cardiomyocytes and 

extensive fibrosis, consistent with a form of cardiomyopathy and heart failure (Figure 2a,b; 

Figure S2). Histological assessment of the lungs showed SM22α-Cre+/- Pkn2fl/fl mice culled 

with breathlessness had grossly enlarged alveolar spaces (Figure 2c), corresponding to the 

anecdotal finding in the one XMLC-Cre+/- Pkn2fl/fl survivor. The timing of symptom onset is 

illustrated in Figure 2d. Functional cardiac MRI analysis of a further set of five surviving 

SM22α-Cre+/- Pkn2fl/fl mice with initial symptoms of heart failure, indicated that they had 

reduced left ventricular ejection fraction (Figure 2e,f). Imaging did not identify a single 

unifying cause, with examples of reduced right ventricular mass, potentially associated with 

pulmonary hypertension (n=2 of 5), or completely abnormal architecture with hearts 

exhibiting a bulbous shape (n=3 of 5) (see histology and HREM in Figures S2 and S3).  
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Micro-CT imaging was used to assess disease in a further subset of survivors. This revealed 

variously: pulmonary oedema and pleural effusion, and marked, unusual calcification in the 

centre of the rib cage (Figure 2g). Subsequent micro-CT of fixed hearts showed that 

calcification appeared to be associated with both the aortic and mitral valves (Video 2). The 

evidence suggests that surviving SM22α-Cre+/- Pkn2fl/fl mice had congenital defects in the 

heart and/or lungs resulting in heart failure and as with human congenital heart disease, there 

was heterogeneity with respect to age of disease onset, severity of disease and specific 

cardiac phenotype.  

 

Cardiomyocyte PKN2 is essential for normal cardiac development 

Although previous studies reported that PKN2 is essential for embryonic development, E13.5 

embryos were produced at a normal mendelian ratio [17]. Data from surviving SM22α-Cre+/- 

Pkn2fl/fl mice (above) suggest the cardiac defect is most likely the result of developmental 

cardiac abnormalities, however defects in lung development resulting from loss of Pkn2 in 

smooth muscle cells would impact cardiac function and also lead to heart failure. We 

therefore collected embryos at E14.5-E18.5 generated by crossing Pkn2fl/fl and SM22α-Cre+/- 

Pkn2fl/+ mice for further analysis to examine the Mendelian ratios at these later embryonic 

stages, and to enable pathological examination of the developing hearts and lungs. Genotype 

distribution was Mendelian at both E14.5 and E18.5 (Table 1). Notably, histological analysis 

failed to identify any difference between lungs from SM22α-Cre+/- Pkn2fl/fl embryos and 

those from littermates that were either Cre negative or heterozygous for the floxed Pkn2 

allele or both (Figure 3a), suggesting normal lung development to E18.5 and implying that 

the enlarged alveolar spaces in some of the rare surviving adults may be a secondary 

consequence of cardiac abnormalities.  
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Given that the E18.5 genotype distribution was Mendelian but only ~30% of SM22α-Cre+/- 

Pkn2fl/fl mice survived to weaning, this suggested that lethality occurred in the perinatal 

period. Analysis of deceased pups including part-cannibalised carcasses demonstrated that 

this genotype was selectively lost in this very early neonatal stage (Table 1). Veterinary 

pathologist characterisation of P1.5-P5.5 carcasses showed that all had normal palates, lungs 

that floated and milk spots. There were no observations of pericardial bleeding, which might 

have been observed if one of the cardiac diverticula had ruptured causing tamponade (see 

below).  

 

Analysis of embryo hearts using HREM showed that of 16 SM22α-Cre+/- Pkn2fl/fl E14.5 

embryos, 15 had overt defects in cardiac development compared with littermates 

(exemplified in Figure 3b; see also Supplementary Figure S3)). Defects included 

perimembranous ventricular septal defects (pVSDs), small muscular VSDs (mVSDs), thin 

compact myocardium (right and left ventricle) and overt nodules on the external surface of 

either or both ventricles. The degree of phenotype varied, with the most abnormal hearts 

showing pVSD with overriding of the aorta (OA), and many showing an overall abnormally 

squat shape with an indistinct apex. The nodules on the surface of the ventricles were 

examined histologically and identified as diverticula with internal lumens connected to the 

ventricular cavities (Figure 3c).  

 

Cardiac septation would expect to be completed by E15, however of 60 embryos analysed in 

crosses of Pkn2fl/fl and SM22α-Cre+/- Pkn2fl/+ mice, we obtained 18 SM22α-Cre+/- Pkn2fl/fl 

embryos of which seven had persistent VSDs along with thin compact 

myocardium/ventricular walls. The nodules on the ventricle surfaces apparent at E14.5 also 
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persisted. There was additional abnormal development of the trabecular layer in the 

ventricular walls – analogous to hypertrabeculation (Figure 3d).  

 

The congruence of developmental defects in the SM22α-Cre and the XMLC-Cre strains 

indicates that the dominant effect of tissue-specific Pkn2 loss relates to the shared aspect 

between these models, namely an impact on cardiac myocytes rather than, for example any 

later embryonic stage stromal loss of Pkn2. Although there is the potential for additional 

influences of the SM22α-Cre Pkn2 knockout model via vascular smooth muscle (VSM), this 

is unlikely to have any profound impact given the phenotype of the XMLC-Cre strain is more 

penetrant not less so. It is surmised that this reflects the higher efficiency of this latter 

promoter in cardiac myocytes [26]. These observations of developmental abnormalities in the 

heart are consistent with the conclusion that the failure of these Cre+/- Pkn2fl/fl mice to thrive, 

and in particular the cardiac abnormalities in the rare survivors, reflect congenital problems. 

The rarity of these survivors and the legacy of the developmental defects compromise the 

assessment of the role of PKN2 in adults in these models and alternative strategies are 

required. 

 

Expression of PKN2 in the adult heart 

Pkn2 is expressed in adult cardiomyocytes [12]. Although expression levels relative 

to total protein decline during postnatal development, this is because cardiomyocyte size 

increases substantially, and the relative amount of PKN2 per cell increases in the adult 

(Supplementary Figure S4). To determine if variations in PKN2 expression may be associated 

with human heart failure, we mined an RNASeq database of patients with dilated 

cardiomyopathy (n=97) vs normal controls (n=108)[27]. All PKN isoforms were detected in 

human hearts, but PKN2 expression increased in dilated cardiomyopathy (DCM) hearts 
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relative to controls, whilst PKN1 and PKN3 declined (Figure 4a). To determine if PKN2 may 

be involved in disease aetiology, we assessed expression in a mouse model of hypertension 

induced by angiotensin II (AngII; 0.8 mg/kg/d, 7 days). Expression of PKN2, but not PKN1, 

increased with AngII treatment relative to vehicle-treated controls (Figure 4b). This suggests 

that altered expression may contribute to the adaptive response to hypertension and/or may be 

associated with progression towards a pathological state. To assess whether altered 

expression might impact this response and in view of the impact of Pkn2 knockout as 

described above, we focused on the effects of haploinsufficiency (global loss of a single 

allele, i.e. Pkn2Het mice). PKN2 protein expression was reduced in hearts from male 

Pkn2Het mice relative to WT littermates (Figure 4c). There was no compensatory increase in 

PKN1 expression although the relative level of phosphorylation of PKN2 was increased. 

Pkn2Het mice thus provide a model for assessment of altered expression in the adult heart. 

 

The role of PKN2 in the adult heart 

We assessed the baseline dimensions and function of the hearts from Pkn2Het mice 

and WT littermates using echocardiography (Figure 4d and 4e; Supplementary Table S1). M-

mode imaging of the short-axis view revealed that Pkn2Het mice had a small but significant 

reduction in left ventricle (LV) wall thickness compared to WT littermates. Assessment of 

cardiac function using speckle-tracking strain analysis confirmed that overall LV mass was 

significantly decreased in Pkn2Het mice and there was a small, albeit non-significant, 

increase in ejection fraction (Figure 4e; Supplementary Table S1). We conclude that there are 

abnormalities in surviving Pkn2Het mice and, although these changes appear relatively 

minor, they may compromise cardiac adaptation to pathophysiological stresses such as 

hypertension. 
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 To determine if the hearts from Pkn2Het mice can adapt to hypertension, adult male 

Pkn2Het mice or WT littermates (aged 11-14 weeks) were treated with AngII or vehicle for 

7d and cardiac dimensions/function were assessed by echocardiography (Figure 4f-h; 

Supplementary Table S2). As in previous studies[28, 29], AngII promoted cardiac 

hypertrophy in WT mice, with decreased LV internal diameter and significantly increased LV 

wall thickness (Figure 4f,h). AngII promoted similar changes in Pkn2Het mice, although 

ventricular wall thickening appeared reduced with no significant difference relative to 

vehicle-treated mice (Figure 4h). Strain analysis of B-mode images confirmed that the 

increase in LV mass induced by AngII was attenuated in Pkn2Het mice (Figure 4g,h). In 

addition, AngII significantly increased ejection fraction and fractional shortening in WT 

mice, but not Pkn2Het mice, indicating that cardiac adaptation to hypertension in response to 

AngII was attenuated. Histological staining showed that AngII increased cardiomyocyte 

cross-sectional area in WT mice, but not in Pkn2Het mice (Figure 5a). AngII increased 

cardiac fibrosis in interstitial areas of the myocardium, particularly at the junctions between 

the outer LV wall and the interventricular septum, but this was similar in both WT and 

Pkn2Het mice (Figure 5b). AngII also increased fibrosis in the perivascular regions of 

arteries/arterioles, and this was reduced in Pkn2Het hearts compared with hearts from WT 

mice (Figure 5c). Overall, cardiac adaptation to hypertension was reduced in Pkn2Het mice 

compared with WT littermates, with both reduced cardiomyocyte hypertrophy and 

perivascular fibrosis. 

 To gain mechanistic insight into the effects of PKN2 in the cardiac response to 

hypertension, we used RNASeq to assess the transcriptional differences in the AngII response 

of hearts from Pkn2Het mice compared with WT littermates (Figure 5d). No differentially-

expressed genes (DEGs) were identified when comparing Pkn2Het and WT hearts from mice 

treated with either vehicle or AngII. AngII-treatment resulted in 2272 DEGs in hearts from 
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WT or Pkn2Het mice (p<0.01): 699 were identified in both genotypes, 1371 were only 

detected in WT hearts and 202 were only detected in Pkn2Het hearts (Figure 5d(i), 

Supplementary Tables S3-S8). Clustering the DEGs according to function highlighted 

significant changes in a subset of genes for the myofibrillar apparatus and cytoskeletal 

structures, particularly the actin cytoskeleton, but there were no overall differences between 

the genotypes/treatment in these gene classes as a whole (Figure 5d(ii)). In contrast, genes 

associated with fibrosis were significantly upregulated by AngII (Figure 5d(iii)), particularly 

those associated with collagen production (Figure 5d(iv)). The response in hearts from 

Pkn2Het mice was reduced relative to WT littermates, consistent with a reduction in 

perivascular fibrosis seen by histology (Figure 5c). Another notable feature of the AngII 

response was the reduction in expression of genes for mitochondrial proteins (Figure 5d(v)). 

The overall response was reduced in Pkn2Het mice, but the effect was more pronounced for 

some genes, particularly those of the tricarboxylic acid (TCA) cycle (Figure 5d(vi)). AngII 

cardiac hypertrophy is associated with inflammation and we detected a clear interferon 

response (Figure 5d(vii)) with upregulation of the complement pathway (Figure 5d(viii)). 

Both of these responses were reduced in hearts from Pkn2Het mice relative to WT 

littermates. Data for individual genes in each of the clusters are in Supplementary Table S9. 

We mined the data for classical markers of cardiac hypertrophy and detected increased 

expression of Myh7, Nppa and Nppb with AngII as expected[30], but expression was similar 

in Pkn2Het and WT mice (Supplementary Figure S5). We also detected upregulation of 

Tagln (SM22α) by AngII in WT, but not Pkn2Het mouse hearts (Figure 5e). SM22α is a 

marker of smooth muscle cells in the adult, and this is potentially a reflection of the 

perivascular fibrosis induced by AngII around arteries/arterioles. 

The importance of PKN2 in cardiac development and disease led us to investigate 

what the consequences might be with aging, comparing echocardiography data for male mice 
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with an average age of 12 weeks with those obtained from mice with an average age of 42 

weeks. As expected, hearts from the older mice had a significantly greater LV mass than the 

12 week animals, but there was no difference between WT and Pkn2Het mice (Figure 6a). 

The largest diameter of the aortae (measured during cardiac systole) increased with age to 

some extent in both genotypes, but the distensibility of the aorta was compromised in the 

older mice as shown by a reduction in the ratio between the diameter measured at cardiac 

systole and after the aortic valve has closed when the diameter is at its narrowest (Figure 6b). 

This appeared to be mitigated to some degree in the Pkn2Het mice. Pulsed-wave Doppler was 

used to assess blood flow from the heart into the aorta and the pulmonary artery. We detected 

no differences in blood flow in either vessel in the young mice (Figure 6c-f; Table 3). Older 

WT and Pkn2Het mice had reduced pulmonary velocity time interval (VTI), with a reduction 

in velocity and gradient, and the degree of change was similar (Figure 6c,d; Table 4). In WT 

mice, the aortic velocity time interval (VTI), along with the mean/peak velocity and gradient 

were all significantly reduced in older mice compared with the young mice, but aortic VTI, 

velocity and gradients were relatively preserved in the older Pkn2Het mice (Figure 6e,f; 

Table 4). This may be a consequence of greater flexibility/elasticity of the aorta in these mice 

compared with the WT animals (Figure 6b). This raises the possibility that some of the long 

survival of a minor subset of SM22aCre+/- Pkn2fl/fl mice may have been supported by loss of 

PKN2 in the aorta. 

Overall, our studies of PKN2 in the adult heart indicate that it plays a significant role 

in cardiovascular adaptation to pathophysiological stresses, both in disease and as animals 

age, affecting both the contractile cardiomyocytes themselves and the major vessels.  

 

Discussion 
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This study addresses the role of PKN2 throughout development, from its importance in 

cardiomyocytes in the embryo, through influence on cardiac remodelling in pathological 

cardiac hypertrophy in the adult heart and to a potential role in aging.  It shows that there can 

be a continuous spectrum between heart disease defined as being ‘congenital’ and what might 

be considered as ‘acquired’ heart disease in adults. As previously reported [16, 17], PKN2 is 

critical for embryonic cardiac development but our data demonstrate that PKN2 plays a 

crucial role in cardiomyocytes, having a particular effect on development of the compact 

myocardium.  PKN2 also supports cardiac remodelling in response to hypertension, but has 

apparently little impact on the aging heart, potentially having a greater effect on the 

vasculature. 

Previous studies using the SM22α promoter in mice suggested that PKN2 is required 

in cardiomyocytes for embryonic cardiac development [17].  Our data, using the XMLC 

promoter for specific cardiomyocyte deletion of Pkn2 reinforce this conclusion and XMLC-

driven knockout of Pkn2 was of even greater severity, with only one homozygote survivor 

from the XMLC-driven knockout.  In both models, embryos were produced at a normal 

Mendelian ratio, but the ventricular walls of the hearts in E14.5-E18.5 embryos were very 

thin, and the integrity and contiguousness of these walls was compromised, impacting on the 

overall architecture of the heart as it developed in utero.  The heart is the earliest functioning 

organ to form in the embryo and, in mice, cardiac looping is generally completed by E9.0 

with chamber development apparent by E9.5 [31-33].  Although looping may be delayed, 

cardiac development appears relatively normal through to E11.5 with SM22α-driven Pkn2 

knockout, with no evidence of any significant effect on cardiomyocyte proliferation or global 

cardiac structure [17].  Here, we showed that by E14.5, there were significant effects of Pkn2 

deletion in cardiomyocytes (Figures 1 and 3): cardiac trabeculae had developed between E9.5 

and E14.5, projecting into the ventricular chambers as expected, but there was a failure in 
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formation of the compact myocardium, resulting in thin walls. Consistent with this, amongst 

other changes, there is a decrease in expression of the compact layer marker, Hey2 [34] in 

these mutant embryos (unpublished observations). This phase of cardiac development is still 

poorly understood, but cardiomyocytes required for compaction develop largely from a 

different pool of cells from the base of the trabeculae that are less differentiated and have 

higher proliferative potential [31, 32].  The compaction process requires proliferation of these 

cells and, although the trabecular cells contribute to the compact myocardium, they also form 

part of the vasculature within the myocardium and the Purkinje fibre network.  PKN2 can 

control migration and influence intercellular adhesion in other cells (e.g. fibroblasts, 

epithelial cells, skeletal muscle myoblasts [14, 17, 35, 36]), factors that potentially influence 

cardiac compaction in embryonic development.   

Although mice with cardiomyocyte Pkn2 knockout had normal Mendelian ratios 

throughout embryonic development, even with the milder SM22α-driven knockout model, 

only ~30% survived the perinatal phase.  This is probably because of myocardial 

developmental malformations in particular the lack of an adequate compact myocardium 

compromising neonatal cardiac adaptation to an increased workload and oxidative 

metabolism, along with cell cycle withdrawal of cardiomyocyte and a switch from 

hyperplasia to maturational (hypertrophic) growth [33].  The data have clear implications for 

congenital heart disease both with respect to PKN2 itself and its downstream signalling, 

particularly in relation to a potential role in formation of the compact myocardium and left 

ventricular non-compaction.  Although left ventricular hypertrabeculation or non-compaction 

is a recognised genetic disease, it varies in presentation and severity.  Cardiomyocyte Pkn2 

knockout appears to have the greatest similarity with the most severe form associated with 

fetal/neonatal disease that is often lethal by or within the first year of life and which (as for 

the Pkn2 knockout mice) is often associated with structural cardiac abnormalities [37, 38]. 
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Mice with heterozygous PKN2 deletion have no obvious abnormalities and cardiac 

development appears normal [17].  Moreover, we did not detect any profound differences in 

cardiac function/dimensions between WT and Pkn2Het mice into middle/old age (42 weeks).  

This means that PKN2 is largely dispensable once the heart has formed and is only required 

for cardiac remodelling in response to a severe stress such as that induced by sudden 

imposition of pressure-overload in the AngII experiments.  We did detect a difference in 

aortic flow and the reduction in flow in the WT mice was largely prevented in the Pkn2Het 

mice.  The meaning of this is not currently clear, but there may be some adaptation of the 

aorta that preserved LV function.  The difference was not apparent in pulmonary flow 

suggesting that the effect was specific for the highly muscularised aortic wall. 

Even though it may have little role in a non-stressed heart, PKN2 is important in the 

adult cardiac response to pathophysiological stressors since expression is increased in 

patients with DCM and in mouse hearts subjected to pressure-overload resulting from AngII 

treatment.  In our hands, PKN2 haploinsufficiency compromised cardiac adaptation to AngII, 

with reduced LV hypertrophy and an overall reduction in the increase in the LV mass, 

resulting from inhibition of cardiomyocyte enlargement and fibrotic ECM.  This contrasts 

with a recent study reporting that tamoxifen-inducible, cardiomyocyte-specific knockout of 

both PKN1 or PKN2 (not either gene alone) in adult mice, reduced cardiac hypertrophy in 

models of pressure-overload, namely thoracic aortic constriction (TAC) or AngII [25].  The 

most obvious difference is our use of global heterozygotes rather than cardiomyocyte-specific 

knockout, and inhibition of fibrosis induced by AngII in our studies may result from PKN2 

haploinsufficiency in cardiac non-myocytes, causing a reduction in fibrosis that reduces 

cardiomyocyte workload.  Alternatively, the effect may be due to PKN2 haploinsufficiency 

in cardiomyocytes, and the differences reflect the higher degree of stress imposed on the 

heart in our studies (0.8 mg/kg/d AngII) compared with Sakaguchi et al., who used 0.1 
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mg/kg/d, a sub- or slow pressor dose [39]. Another difference is the duration of the 

experiment, here the study was conducted over 7 d, whilst the study by Sakaguchi et al. was 

over 28 d. It is possible that the heart may adapt such that differences in function/dimensions 

are no longer apparent by 28 d, however, our experience is that the phenotype becomes more 

pronounced with prolonged duration of treatment as heart failure develops [29]. With global 

knockout, there are also potential systemic effects on the heart that influence cardiac 

adaptation to AngII.  Although PKN2 does not appear to play a significant role in endothelial 

cells during development [17], endothelial cell specific knockout in adult mice increases 

blood pressure in vivo, potentially due to loss of phosphorylation of eNOS with consequent 

reduction in NO production in the peripheral vasculature.  There was no evidence for this in 

our studies of mice with global PKN2 haploinsuffiency, with no increase in fibrosis or 

cardiomyocyte hypertrophy at baseline.  Furthermore, we detected no difference in 

phosphorylation of eNOS (data not shown).  A final consideration relating to all of these 

studies is the background strain of the mice.  Our studies used mice with a C57Bl/6J 

background, rather than C57Bl/6N and the cardiac responses of these two strains can differ 

substantially (see, for example, [40]). 

The PKNs family of enzymes remain poorly understood.  PKN1 is the most well-

investigated and is implicated in protection against ischaemia/reperfusion injury in ex vivo 

models but, even for this family member, there is little information on mechanism of action.  

For PKN2, there is less.  It may influence gene expression directly via interaction and 

phosphorylation of HDAC5 [41], preventing HDAC5 import into the nucleus and thus 

increasing chromatin remodelling or it may act via MRTF to regulate hypertrophy-associated 

gene expression [25].  Our RNASeq data are not consistent with this because, although AngII 

induced changes in gene expression as expected with increases in classic hypertrophy-

associated gene expression (e.g. Nppa, Myh7, Nppb), there was no apparent effect of Pkn2 
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haploinsufficiency.  Instead, Pkn2 haploinsufficiency had a more general effect to moderate 

the changes induced by AngII on collagen production, mitochondrial TCA genes, interferon 

response genes and genes in the complement system (it is noted that mitochondrial TCA gene 

expression is also down-regulated in embryonic hearts from SM22α-Cre+/- Pkn2fl/fl mice; 

data not shown).  The net effect would be to maintain cardiac energetics, reduce 

inflammation and reduce fibrosis.  The marked inhibition of the induction of Transgelin 

(Tagln, or SM22α) upon AngII treatment of Pkn2Het mice compared to WT littermates, 

suggests a potential mechanism.  SM22α is an actin binding protein although its function is 

still obscure.  In vascular smooth muscle cells (VSMCs), SM22α facilitates stress fibre 

formation and contractility [42] so, with reduced SM22α, the response to AngII would be 

dampened in Pkn2Het mice, as observed.  The mechanism for SM22α upregulation may be 

due to hypoxia and activation of HIF2α [43].   

 Irrespective of the mechanism of action, this study adds to an increasing body of work 

indicating that the PKNs play an important role in cardiac remodelling in the adult; for 

PKN2, haploinsufficiency impacting the reponse to AngII and on early knockout (driven by 

XMLC2 or SM22α) formation of the heart during development.  With further understanding 

of regulation, specific targets and functions, PKN signalling may offer therapeutic options for 

managing congenital and adult heart diseases.  This undoubtedly requires further research 

but, since the PKNs are not redundant and have specific roles in different cells/tissues, it will 

be essential to develop specific tools for inhibition and manipulation of the different family 

members.   

The ROCK inhibitor Fasudil is a known broad specificity PKN inhibitor [44], already 

in clinical use in Japan and China as a vasodilator [45, 46].  More discriminating inhibitors 

are necessary and, although it may prove challenging to target individual PKNs by small 

molecule approaches [44], other approaches may be useful.  For example, an siRNA against 
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PKN3 (Atu027) has been in clinical trials as a novel chemotherapeutic agent for solid cancers 

and pancreatic cancer (in combination with Gemcitabine) [47-49], and exogenous application 

of the auto-inhibitory PLK peptide from PKN1 has been explored also [50].  Similar 

approaches might work for PKN2 [51] and, as with other protein kinases, developing these 

inhibitory systems will not only form the basis for novel therapeutics for the future, but their 

use as biochemical tools to elucidate mechanisms of action can facilitate the identification of 

other targets in the pathway. 

 

Data Sharing 

The RNA sequence data generated in this study will be deposited in the ArrayExpress 

database. Accession code released on publication. 
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Mouse strains, in vivo mouse imaging and experiments, and ex vivo imaging.  

 Pkn2Het, floxed Pkn2 and SM22α-Cre mouse strains were maintained on a 

C57Black6J background, and each sourced as described in Quetier et al. [17]. The XMLC2-

Cre mouse strain [26] was provided from within the Francis Crick Institute and was on a 

mixed background, subsequently in this study back-crossed onto the C57Black6J 

background. Most Cre mice in this study also carried the mTmG reporter allele at the Rosa26 

locus, sourced as described previously [17]. Genotyping was carried out by Transnetyx using 

real-time PCR, with methods based upon the PCR genotyping described in Quetier et al. [17]. 

In vivo imaging of mice from SM22α-Cre and XMLC2-Cre crosses was carried out at 

UCL-CABI (up to 2017; SM22α-Cre only) or the Francis Crick Institute (post 2017). MRI, 

micro-CT and ultrasound imaging technologies were utilised. All in vivo mouse imaging was 

carried out under continuous inhalation anaesthesia using isoflurane (1.5-5%) supplied with 

oxygen at 1-2 L/min, and with appropriate restraint. We note 5% isoflurane was used to 

induce anaesthesia initially, and maintenance was typically at 1.5-2%, but some strongly 

phenotypic SM22α-Cre+/- Pkn2fl/fl mice required higher levels of isoflurane for successful 

maintenance. Procedures typically lasted only 20 minutes, with exception for cine-MRI, 

which necessitated longer non-recovery procedures. At UCL-CABI, the micro-CT was 

performed on mice in the supine position in a nanoScanPET/CT scanner (Mediso, Hungray) 

with a 50 kVP X-ray source, with 300 ms exposure time in 720 projections with an 

acquisition time of 8 minutes. Ultrasound of young PKN2Het mice (at St Georges) and of a 

subset of SM22α-Cre+/- Pkn2fl/fl mice (at UCL-CABI) was performed using VEVO2100 

ultrasound machines (VisualSonics Inc., Toronta, ON, Canada) with MS400 18-38 MHz 

transducer mouse probes, whilst middle-aged mice were imaged using a VEVO3100 with a 

MS-550D 25-55 MHz transducer.  Mice were restrained on a heated VEVO Imaging Station, 
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and cardiac scans of the parasternal long-axis and short-axis were recorded in B mode and M 

mode, and flow velocity waveforms of the aorta near the aortic valve were obtained with 

colour Doppler and then placing the pulsed wave Doppler sample gate over the colour 

Doppler signals. The ultrasound used at the Francis Crick Institute was a VEVO3100, but 

otherwise scans were performed as described above. At the Francis Crick Institute, cardiac 

cine-MRI was performed using a 9.4T MRI (Bruker GmbH) equipped with a 4-channel 

receive only mouse cardiac coil and 86 mm volume transmit coil, and Paravision 6.0.1 

software. Mice were set up lying prone head-first with a heat pad and breathing movement 

sensor pad. A series of fast low-angle shot (FLASH) scans used for localization of the 

heart and to determine the short-axis. Short-axis retrospectively-gated cine-MRI (intragate-

FLASH sequence) was performed using the follow parameters: 0.8 mm slices covering the 

entire left and right ventricles; 128 x 128 pixels matrix and field of view of 25 x 25 mm, 

giving a resolution of ~195 μm; TR=5.5ms, TE=2.233ms, 10° flip angle; 300x oversampling 

with 24 cine frames reconstruction.  

MRI data was converted using in-house MATLAB scripts to obtain tiffs, followed by 

ImageJ for image analysis, following published procedures [52], and entailed determining the 

area of lumen in each the LV and RV in each slice at each systole and diastole, and 

calculating an approximate volume for the lumens of LV and RV at each systole and diastole 

based on the slice thickness of 0.8mm. Stroke volumes and the ejection fractions were 

determined by comparing diastolic and systolic chamber volumes. The relative volumes of 

the LV and RV, and number of slices containing LV and RV enabled assessment of 

abnormalities of shape of the hearts, as reported in Results.  

Ex vivo imaging of 10% buffered formalin-fixed, and subsequently PBS-soaked (24h) 

whole carcasses or extracted plucks (heart and lungs) from a cohort of mice from the SM22α-

Cre crosses was carried out at the Francis Crick Institute by micro-CT using a SkyScan1176 
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CT scanner (Bruker MicroCT, Kontich, Belgium). 394 projections were acquired over a 180º 

trajectory with an exposure time of 65ms, frame averaging of 3, X-ray source voltage and 

current of 50kV and 500µA, and a 0.5mm Al filter. Scans were reconstructed at a 34.2µm 

isotropic resolution using nRecon software (version 1.6.10.1, Bruker MicroCT). Video 2 was 

generated by segmentation of heart, lungs and cardiac calcification using Analyze (version 

12.0, AnalyzeDirect, Overland Park, KS USA) using threshold based segmentation. 

For in vivo basal and AngII-challenge studies with young mice, male Pkn2Het and 

wild-type (WT) littermates (average age 11 weeks) on a C57Bl/6J background were imported 

into the BioResource Facility at St. George’s University of London and allowed to 

acclimatise for 7 d. Mice were randomly allocated to each treatment group; body weights are 

provided in Supplementary Table S10. Drug delivery used 1007D Alzet osmotic pumps, 

filled according to the manufacturer’s instructions. Mice received minipumps for delivery of 

0.8 mg/kg/d  AngII (Merck) or vehicle (acidified PBS) Minipumps were incubated overnight 

in sterile PBS (37°C), then implanted subcutaneously under continuous inhalation 

anaesthesia using isoflurane (induction at 5%, maintenance at 2-2.5%) mixed with 2 l/min 

O2. A 1 cm incision was made in the mid-scapular region and mice were given 0.05 mg/kg 

(s.c.) buprenorphine (Ceva Animal Health Ltd.) to repress post-surgical discomfort. 

Minipumps were implanted portal first in a pocket created in the left flank region of the 

mouse. Wound closure used a simple interrupted suture with polypropylene 4-0 thread 

(Prolene, Ethicon). Mice were allowed to recover singly and returned to their home cage once 

fully recovered. Echocardiography was performed on anaesthetised mice using the 

VEVO2100 imaging system equipped with a MS400 18-38 MHz transducer (Visualsonics). 

Mice were anaesthetised in an induction chamber with isoflurane (5% flow rate) with 1 l/min 

O2 then transferred to the heated Vevo Imaging Station. Anaesthesia was maintained with 

1.5% isoflurane delivered via a nose cone. Baseline scans were taken prior to 
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experimentation (-7 to -3 days). Further scans were taken at intervals following tamoxifen 

treatment or minipump implantation. Imaging was completed within 20 min. Mice were 

recovered singly and transferred to the home cage once fully recovered.  

For in vivo studies with middle-aged mice, male Pkn2Het and wild-type (WT) 

littermates (average age 42 weeks) were housed in the Francis Crick Institute and 

echocardiograms were taken with the VEVO3100 imaging system (Visualsonics).  

Data analysis was performed using VevoLAB software (Visualsonics) by an 

independent assessor blinded to any AngII intervention. Left ventricular cardiac dimensions 

were assessed from short axis M-mode images with the axis placed at the mid-level of the left 

ventricle at the level of the papillary muscles. Data were gathered from two M-mode scans at 

each time point, taking mean values across 4 cardiac cycles for each echocardiogram. The 

diameter of the aorta was measured with the calliper function from B-mode images at the end 

of cardiac systole (with the aorta at its widest) and following aortic contraction, taking an 

average of measurements across two cardiac cycles. Cardiac function and left ventricular 

mass were measured B-mode long axis images using Vevo Strain software for speckle 

tracking. Blood flow was assessed using pulsed-wave Doppler. 

Mice were euthanized either by cervical dislocation followed by exsanguination, or 

by CO2 inhalation followed by cervical dislocation. Hearts were excised quickly, washed in 

PBS and blotted to remove excess PBS. The apex of the heart was snap-frozen in liquid N2 

and the remainder fixed in 10% buffered formalin for histology.  

 

Ethics statement for adult mouse experiments.  

Animals were housed in the Biological Resource Unit (BRU) at Cancer Research 

UK’s London Research Institute (LRI to 2016), University College London (UCL)’s Centre 

for Advanced Biomedical Imaging (for pilot imaging experiments) and the Biological 
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Research Facility (BRF) at the Francis Crick Institute (from 2016 onward), or the 

BioResource Facility at St. George’s University of London. Each site is UK registered with a 

Home Office certificate of designation. Studies were performed in accordance with European 

Parliament Directive 2010/63/EU on the protection of animals used for scientific purposes, 

institutional animal care committee procedures (CRUK’s London Research Institute, 

University College London, The Francis Crick Institute, University of Reading and St. 

George’s University of London) and the UK Animals (Scientific Procedures) Act 1986 

(under Procedure Project Licences 77/8066, P166DEA98, 70/7474, 70/8248, 70/8249, 

70/8709 and P8BAB0744).  

 

HREM, histology and assessment of myocyte size and fibrosis. 

  
Samples for high resolution episcopic microscopy (HREM) were fixed in Bouin’s for a 

minimum of 12h followed by extensive washing in PBS, dehydration in a graded methanol 

series, incubation in JB-4 (Sigma) /Eosine (Sigma)/Acridine orange (Sigma) mix overnight to 

ensure proper sample infiltration and then embedded in fresh mix by adding the accelerator 

(see [53] ). Once polymerised the blocks were imaged as previously described [54, 55.]; 

details of the process can be found at: https://dmdd.org.uk/hrem/. Samples were sectioned on 

a Leica sledge microtome at 1 or 2 µm or on a commercial HREM (Indigo Scientific) at 0.85 

or 1.7 µm. An image of the surface of the block was then acquiered under GFP excitation 

wavelenght light using Olympus MVX10 microscope and a high resolution camera 

(Jenoptik). After acquisition the stacks were adjusted for gray levels using Photoshop CS6 

and then processed for isotropic scaling, orthogonal resectioning, 25% downscaling, using a 

mixture of commercial and homemade software (see Wilson R et al. NAR 2016, Vol. 44 

D855-D861). 3D volume rendering of the datasets were typically produced from the 25% 

downscaled stack using OsirixMD or Horos. 
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Histological staining and analysis were performed as previously described [28], by board 

certified veterinary pathologists, assessing general morphology by haematoxylin and eosin 

(H&E), general fibrosis by Masson’s or Gomori’s trichrome (as indicated in figure legends 

and below) and collagen deposition using picrosirius red (PSR). Images of heart sections 

were captured and stored digitally using a Hamamatsu slide scanner. For analysis of myocyte 

cross‐sectional area, cells stained by H&E within the LV (excluding epicardial and 

endocardial regions) were outline traced using NDP.view2 software (Hamamatsu). Only cells 

with a single nucleus that were clearly in cross-section were included in the analysis, and all 

cells in a given area meeting these criteria were measured. For assessment of interstitial 

fibrosis, PSR-stained sections were used and the areas of the myocardium in the middle of 

the left ventricular free wall, plus the points of intersection between the left ventricle and the 

interventricular septum were scored (0, no fibrosis; 1, limited fibrosis; 2, significant fibrosis; 

3, extensive fibrosis permeating the tissue) and the mean value taken for each mouse. To 

assess perivascular fibrosis, Masson’s Trichrome images were used. All arteries/arterioles 

with a clearly defined elastic lamina in cross section were measured across the diameter. 

Vessels > 20µm diameter were scored as for interstitial fibrosis. The mean values for each 

mouse were taken. Data analysis was performed by an independent assessor blinded to 

treatment groups.  

 

RNASeq, qPCR and immunoblotting of adult mouse heart samples. 

The apex of each of the mouse hearts was ground to powder under liquid N2. Samples 

(10-15 mg) were homogenised with 1 ml RNA Bee (AMS Biotechnology Ltd). RNA was 

prepared according to the manufacturer's instructions and dissolved in nuclease-free water. 

The concentration and purity were assessed from the A260 and A260/A280 values measured 
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using an Implen NanoPhotometer.  

The nf-core/rnaseq pipeline version 3.1 [56] was used to prepare quantified 

expression matrices. The pipeline takes FastQ files as input and runs quality control checks 

on the data, trims reads for low quality nucleotides, aligns reads and quantifies aligned data to 

gene models. The GRCm38 reference and Ensembl release-95 gene models were provided. 

The '--aligner star_rsem' option was specified to align the reads with STAR [57] and quantify 

expression with RSEM [58] via RSEM version 1.3.1. Raw gene-level counts were imported 

into R using tximport [59] and DESeq2 version 1.32.0 [60] used to test for differential 

expression with a FDR threshold of 1%. 

Quantitative PCR (qPCR) was performed as previously described [61]. Total RNA 

(0.5 µg) was reverse transcribed to cDNA using High Capacity cDNA Reverse Transcription 

Kits with random primers (Applied Biosystems) according to the manufacturer's instructions. 

qPCR was performed using an ABI Real-Time PCR 7500 system (Applied Biosystems) using 

optical 96-well reaction plates and iTaq Universal SYBR Green Supermix (Bio-Rad 

Laboratories Inc.). GAPDH was used as the reference gene for the study. Results were 

normalized to GAPDH, and relative quantification was obtained using the ΔCt (threshold 

cycle) method; relative expression was calculated as 2−ΔΔCt, and normalised to vehicle or time 

0. Primers were from Eurofins Genomics; sequences are provided in supplementary Table 

S11. 

Samples of heart powders (10-15 mg) were extracted in 8 vol (relative to powder 

weight) Buffer A [20 mM Tris pH 7.5, 1 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-

100, 100 mM KCl, 5 mM NaF, 0.2 mM Na3VO4, 5 mM MgCl2, 0.05% (v/v) 2-

mercaptoethanol, 10 mM benzamidine, 0.2 mM leupeptin, 0.01 mM trans-epoxy succinyl-l-

leucylamido-(4-guanidino)butane, 0.3 mM phenylmethylsulphonyl fluoride, 4 µM 

microcystin]. Samples were vortexed and extracted on ice (10 min). Extracts were 
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centrifuged (10,000 × g, 10 min, 4°C). The supernatants were removed, a sample was taken 

for protein assay and the remainder boiled with 0.33 vol sample buffer [0.33 M Tris-HCl pH 

6.8, 10% (w/v) SDS, 13% (v/v) glycerol, 133 M dithiothreitol, 0.2 mg/ml bromophenol blue]. 

Protein concentrations were determined by BioRad Bradford assay using bovine serum 

albumin (BSA) standards.  

Proteins were separated by SDS-PAGE using using a BioRad mini-gel system with 

8% (w/v) polyacrylamide resolving gels and 6% stacking gels (200 V, 90 min) for PKN1/2 

(40 µg total protein), or 12% polyacrylamide resolving gels and 6% stacking gels (200 V, 50 

min) for GAPDH (5 µg total protein). Proteins were transferred electrophoretically to 

nitrocellulose using a BioRad semi-dry transfer cell (10 V, 60 min) and detected as 

previously described [61]. Bands were visualised by enhanced chemiluminescence using 

ECL Prime Western Blotting detection reagents and using an ImageQuant LAS4000 system 

(GE Healthcare). ImageQuant TL 8.1 software (GE Healthcare) was used for densitometric 

analysis. Raw values for phosphorylated PKN1/2 were normalised to the total kinase. Values 

for all samples were normalised to the mean of the controls. Primary antibodies for total 

PKN2 (Cat. No. 2612), phospho-PKN1/2 (Cat. No. 2611) and GAPDH (Cat. No. 2118) were 

from Cell Signalling Technology. Antibodies for PKN1 were from BD Transduction 

Laboratories (Cat. No. 610686). Phospho- and total PKN antibodies were used at 1/750 

dilution; GAPDH antibodies were used at 1/1000 dilution. 

 

Bioinformatics analysis for transcript expression in dilated cardiomyopathy.  

mRNA expression of PKN1 (ENSG00000123143), PKN2 (ENSG00000065243) and 

PKN3 (ENSG00000160447) in control and diseased human hearts was determined using a 

published RNASeq dataset for left ventricular samples of 97 patients with end-stage dilated 

cardiomyopathy taken at the time of transplantation or left ventricular assist device 
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implantation, and 108 non-diseased controls [27]. Differential expression analysis was 

carried out using DESeq2 (V1.18.1, Wald test) [60]. 

 

 

 

Figure legends 

 

Figure 1. PKN2 knockout in cardiomyocytes causes defective embryonic heart 

development leading to failure prior to adulthood. (a) H&E and Gomori’s Trichrome 

stained histological cardiac short-axis sections of the longest surviving XMLC2Cre+/- Pkn2fl/fl 

genotype mouse (left; male), and two littermates (middle & right; male XMLC2Cre+/- Pkn2fl/+ 

& female XMLC2Cre+/+ Pkn2fl/fl, respectively) all culled aged 5 weeks. Scale bars are 1 mm. 

In lower boxed regions, various sections are also shown at 20x zoom relative to whole-heart 

cross-sections. (b) H&E sections of lungs of the same XMLC2Cre+/- Pkn2fl/fl genotype mouse 

(left), and its XMLC2Cre+/- Pkn2fl/+ littermate (right; both male). Scale bars are 200 µm. (c) 

Images of High-Resolution Episcopic Microscopy (HREM) reconstructions of E14.5 embryo 

hearts for the genotypes indicated, showing surface and four chamber views. Boxed regions 

of sections are shown at 4x zoom; a diverticulum is indicated by the yellow arrowhead. 

 

Figure 2. SM22aCre+/- Pkn2fl/+ mice suffer cardiac failure on aging. (a,b) Short-axis mid-

ventricle sections of hearts of 39 week male littermates of the genotypes indicated, stained 

with H&E (a), or  Gomori’s Trichrome (b). (c) H&E stained sections of lungs, littermates as 

in (a,b). (d) Time course of symptom onset for mice of genotype SM22αCre+/- Pkn2fl/fl 

(n=23). (e,f) Montage of time-series through the cardiac cycle recorded by cine-cardiac-MRI 

through the short-axis plane at mid-ventricle from SM22αCre+/+ Pkn2fl/fl (e) and 
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SM22αCre+/- Pkn2fl/fl (f) 32 week old female littermates. (g) micro-CT of the thorax of a 24 

week SM22αCre+/- Pkn2fl/fl female shown as a projected image and slice images in 3 planes. 

Scale-bars in histopathology images are 1 mm in whole heart sections (panels a and b) and 

200 µm in zoomed sections (panels b and c). Scale-bars in MRI montages are 2 mm (panels e 

and f). 

 

Figure 3. The heart-specific defects in SM22αCre+/-Pkn2fl/fl mice. (a) H&E stained 

sections of (E18.5) lungs of littermates with the indicated genotypes. Lower boxed panels are 

5x zoomed; scale bars indicate 200 µm in upper panels and 40 µm in lower zoomed panels. 

(b) Reconstructions of E14.5 hearts imaged by HREM are shown in surface (top images) and 

slice (lower images) views. The genotypes are as indicated. (c) H&E stained E14.5 heart 

sections featuring an outer ventricular surface nodule, identified as a diverticulum. Scale bars 

are 100 µm. (d) Reconstructions of E18.5 hearts imaged by HREM shown as per panel (b). 

Genotypes are as indicated. 

 

Figure 4. PKN2 is associated with human heart failure and required for cardiac 

adaptation to hypertension in mice. (a), Expression of PKN1, PKN2 and PKN3 in human 

hearts. Data were mined from an RNASeq database of patients with dilated cardiomyopathy 

(DCM; n=97) and normal controls (Con; n=108). Data for individual samples are shown with 

false discovery rates (FDR). (b,c), Immunoblotting of phospho-PKN1/2, total PKN1, total 

PKN2 and GAPDH in hearts from wild-type (WT) or Pkn2Het mice treated for 7 d with 

vehicle (Veh, V) or 0.8 mg/kg/d angiotensin II (AngII, A). Immunoblots are shown on the 

left with densitometric analysis on the right (normalised to the mean of vehicle-treated 

controls). Individual data points are provided with means ± SEM. Analysis used 2-way 

ANOVA with Holm-Sidak’s post-test. (d-h), Echocardiography of hearts from WT and 
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Pkn2Het mice at baseline (d,e) or treated with vehicle or AngII for 7 d (f-h). Representative 

short-axis M-mode images used for assessment of cardiac dimensions are shown at baseline 

(d) and after treatment (f) (the same animals are shown). (g), Representative long-axis B-

mode images used for speckle-tracking and strain analysis to assess cardiac function are 

shown after 7 d treatment. (e,h), Echocardiograms were analysed. Individual data points are 

provided with means ± SEM. Additional data are provided in Supplementary Tables S1 and 

histology in S2. Analysis used unpaired, two-tailed t tests (e) or 2-way ANOVA with Holm-

Sidak’s post-test (g). LV, Left ventricle; ID, internal diameter; AW, anterior wall; PW, 

posterior wall; EDLVM, end diastolic LV mass.  

 

Figure 5. Pkn2 haploinsufficiency reduces cardiac adaptation to hypertension, affecting 

cardiomyocyte size, perivascular fibrosis and gene expression. WT or Pkn2Het mice were 

treated with vehicle or AngII (0.8 mg/kg/d) for 7 d. (a-c), Sections of WT and Pkn2Het 

mouse hearts were stained with haematoxylin and eosin (H&E), picrosirius red (PSR), or 

Masson’s Trichrome. Representative images are shown with quantification provided below. 

Individual data points are provided with means ± SEM. Analysis used 2-way ANOVA with 

Holm-Sidak’s post-test. (d), RNASeq analysis of hearts from WT and Pkn2Het mice. (i) 

Summary of differentially-expressed genes (p<0.01 resulting from AngII treatment. (ii)-(viii) 

Clusters of DEGs according to function. Results are the mean normalised count values with 

95% CI for the n values indicated. Analysis used 1-way ANOVA with Holm-Sidak’s post-

test. (e), Comparison of Tagln (SM22α) mRNA expression assessed by RNASeq and qPCR. 

Individual data points are shown with means ± SEM. Analysis used 2-way ANOVA with 

Holm-Sidak’s post-test.  
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Figure 6. Effects of aging on aortic and pulmonary blood flow in WT and Pkn2Het 

mice. Echocardiograms were taken for Pkn2Het and WT littermates with an average age of 

12 or 42 weeks. (a), End diastolic left ventricular mass (EDLVM) was measured from long-

axis B-mode images using speckle-tracking strain analysis. (b), The width of the aorta was 

measured from B-mode images from the widest diameter taken at cardiac systole (upper 

panel) and assessing the ratio of this to the narrowest diameter taken after the aortic valve 

closed (L/S). (c-f), Pulsed wave Döppler was used to assess blood flow as it leaves the heart 

into the pulmonary artery (c,d) and the aorta (e,f). Additional data are provided in 

Supplementary Table S1. Representative images are shown (c,e) and with the analysis (d,f). 

Individual data points are shown with means ± SEM. Analysis used 2-way ANOVA with 

Holm-Sidak’s post-test.  

 

Table 1. SM22αCre and XMLC2Cre mouse strain crosses are indicated in column 1, with 

numbers of experimentally determined genotypes shown in rows for the age ranges defined. 

The representation of the PKN2 knockout (i.e. PKN2fl/fl in the context of Cre expression) was 

analysed as a function of the all genotypes using Fisher’s test.  

 

Video 1. HREM reconstruction of the heart from a day 14.5 XMLC2Cre+/- Pkn2fl/fl embryo. 

Video progresses to show long-axis sections through the heart and features include a large 

ventricular-septal defect with over-riding aorta, surface nodules which are ventricular 

diverticula, thin-walled ventricles and an overall abnormally squat shape. 

 

Video 2. CT reconstruction of fixed heart and lungs from a 16-week SM22αCre+/- Pkn2fl/fl 

male mouse, with segmentation of the tissues: heart (pink, initially opaque, becoming 

partially transparent from 5 seconds), lungs (blue, partially transparent) and high-intensity 

signal from calcified plaques under the aortic and mitral valves (white solid). 
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Table 1. Surviving genotypes of conditional PKN2 knockouts. 
 
 

 
 
 

PKN2fl/+ PKN2fl/fl PKN2fl/+ PKN2fl/fl

E14.5-E18.5 54 43 33 46 >0.5 Mendelian

3 weeks 166 215 176 44 0.0001 under-represented

E14.5-E18.5 5 3 10 6 >0.5 Mendelian

3 weeks 37 41 47 1 0.0001 under-represented

XMLC2-Cre+/-PKN2fl/+  

x PKN2fl/fl

SM22-Cre+/-PKN2fl/+  

x PKN2fl/fl

Fisher's test RepresentationAgeParent Genotypes

Cre negative Cre positive
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