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G E N E T I C S

Genetic determinants of blood pressure and heart rate 
identified through ENU-induced mutagenesis with 
automated meiotic mapping
Samantha K. Teixeira1, Roberto Pontes1, Luiz Fernando G. Zuleta1, Jianhui Wang2, Darui Xu2,  
Sara Hildebrand2, Jamie Russell2, Xiaoming Zhan2, Mihwa Choi2, Miao Tang2, Xiaohong Li2,  
Sara Ludwig2, Bruce Beutler2, Jose E. Krieger1*

We used N-ethyl-​N-nitrosurea–induced germline mutagenesis combined with automated meiotic mapping to 
identify specific systolic blood pressure (SBP) and heart rate (HR) determinant loci. We analyzed 43,627 third-
generation (G3) mice from 841 pedigrees to assess the effects of 45,378 variant alleles within 15,760 genes, in 
both heterozygous and homozygous states. We comprehensively tested 23% of all protein-encoding autosomal 
genes and found 87 SBP and 144 HR (with 7 affecting both) candidates exhibiting detectable hypomorphic char-
acteristics. Unexpectedly, only 18 of the 87 SBP genes were previously known, while 26 of the 144 genes linked to 
HR were previously identified. Furthermore, we confirmed the influence of two genes on SBP regulation and three 
genes on HR control through reverse genetics. This underscores the importance of our research in uncovering 
genes associated with these critical cardiovascular risk factors and illustrate the effectiveness of germline muta-
genesis for defining key determinants of polygenic phenotypes that must be studied in an intact organism.

INTRODUCTION
Resting blood pressure (BP) and heart rate (HR) are independent fac-
tors that contribute to the risk of cardiovascular disease and mortality. 
The extremes of the BP distribution, low and high levels, have been 
linked to cardiovascular dysfunction (1–4). Similarly, HR acts as an 
independent predictor of mortality (5), and elevated HR has been as-
sociated with both cardiovascular-related and all-cause mortalities 
(6), including sudden death (7).

Despite the high heritability rates of BP (25 to 68%) (8, 9) and HR 
(21 to 39%) (10–12), the identification of causal variants or associated 
genes through genome-wide association studies (GWAS) in human 
populations has been limited, revealing only a modest number of 
small effect variants (13). A GWAS meta-analysis conducted on 1 mil-
lion individuals identified 901 loci associated with BP traits that ex-
plains a 10.4 mmHg increase in systolic BP (SBP) in a European 
population sample (14). This increase represents only 27% of the ex-
pected genetic contribution. Similarly, 64 loci explain only 2.5% of the 
total variance in HR, equivalent to a 5-bpm (beats per minute) incre-
ment (15).

The forward genetic screening approach addresses some of these 
limitations by systematically identifying numerous disease-related 
genes in mice (16, 17). This approach capitalizes on model systems 
that are amenable to mutagenesis and benefits from the short gen-
eration times of mice (18, 19) and zebrafish (20), enabling efficient 
high-throughput phenotypic characterization combined with muta-
tion identification through next-generation sequencing (17, 21).

In our study, we performed phenotypic screening on thousands of 
N-ethyl-​N-nitrosurea (ENU)–mutagenized third-generation (G3) 
mice using automated meiotic mapping (AMM) (17) and machine 

learning assessments (22) to rapidly identify induced mutations 
affecting SBP and HR through dominant, additive, or recessive effects. 
Here, we present mutations in 231 candidate genes that influence SBP 
and/or HR, including mutations in genes previously known to affect 
these phenotypes, validating the efficacy of our screening. In addition, 
we used reverse genetics to generate knockout (KO) mice to further 
validate causation by a subset of mutation candidates. The compre-
hensive physiological and molecular characterization of model sys-
tems created for a subset of these identified genes can provide valuable 
insights into gene pathways and subsystems critical for the regulation 
of BP and HR.

RESULTS
Mapping cardiovascular quantitative traits: SBP and HR
We used AMM (17) combined with a dedicated software Candidate 
Explorer (CE) (22) to identify genes affecting SBP and HR (described 
in detail in Materials and Methods). In short, G1 males harboring 30 
or more ENU-induced single-nucleotide substitutions in coding re-
gions or splicing sites were considered as founders and were bred with 
C57BL/6J females, resulting in G2 mice carrying the mutations. The 
G2 females backcrossed with the G1 males gave rise to 30 to 100 G3 
offspring per pedigree, carrying all the identified mutations in either 
homozygous or heterozygous states. We assessed SBP and HR using 
a noninvasive method of plethysmography amenable to high-
throughput phenotypic screening. All animals underwent a training 
session on day 1, followed by two subsequent days of data collection. 
Each session consisted of 10 plethysmography measurements with a 
minimal tolerance of three good records (Fig.  1A). In total, we 
screened 43,627 G3 mice derived from 841 pedigrees and analyzed 
45,378 variant alleles within 15,760 genes (fig.  S1). Among these, 
230 genes (235 alleles) and 402 genes (419 alleles) were found to be 
associated with SBP and HR, respectively.

We specifically focused on mutations that consistently influenced 
SBP or HR values in the same direction on days 2 and 3. This approach 
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Fig. 1. Comprehensive overview of genetic screening with automated meiotic mapping. (A) Founder animals (G1) were characterized by whole-exome sequencing 
to identify ENU-induced coding variants and used to develop a pedigree of 30 to 100 mice. The zygosity of these mutations was then confirmed in the second and third 
generations (G2/G3) of mice before their phenotypic traits were evaluated. For measuring SBP and HR in conscious G3 mice, we used a noninvasive tail cuff method. Link-
age Analyzer software used within individual pedigrees revealed significant linkage between specific mutations and changes in phenotypic scores. (B) Total number of 
G3 mice and their corresponding pedigrees assessed in our study are depicted, along with the extent of genome coverage achieved. The number of genes and alleles 
linked to variations in phenotypes, after refining our data analysis to include only information consistent between two consecutive days, is also shown. (C) Total number 
of candidate BP and HR genes including known genes, the ones affecting multiple systems and genes previously unrelated to BP or HR, and categorizing the gene variants 
as either excellent or good candidates based on a machine learning algorithm’s classification. (D) Gene pathways influenced by the genes known to influence BP or 
HR. Genes marked in green were identified as excellent candidates, while those in orange were deemed good candidates by the machine learning algorithm.
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led us to select 87 SBP candidates (89 alleles) out of the initially impli-
cated 230 genes and 144 HR candidates (157 alleles) out of the ini-
tially implicated 402 genes affecting the phenotypes (Fig.  1B and 
tables  S1 and S2). Manhattan plots [depicting statistical 
association(s)] revealed cosegregation of multiple mutations within 
peaks on several occasions, as depicted in Fig. 2A. This made it chal-
lenging to promptly identify the most likely candidate gene, although 
CE strongly favored one mutation over alternative mutation(s) in 
most of the cases. Cosegregation was observed in 44 of 87 loci associ-
ated with SBP and 84 of 144 loci associated with HR.

Regarding the 89 SBP mutations, 71 (80%) were missense muta-
tions. According to Polyphen-2 predictions, 33 (37%) were catego-
rized as probably damaging, 16 (18%) as possibly damaging, and 22 
(25%) as probably benign. The remaining 18 mutations (20%) were 
classified as putative null mutations (nonsense, makesense, start loss, 
indels, and splicing mutations). Similarly, of the 157 HR mutations, 
129 (82%) were missense mutations. Polyphen-2 predicted that 79 
(50%) were probably damaging, 21 (13%) were possibly damaging, 
and 29 (19%) were probably benign. The remaining 28 mutations 
(18%) were considered putative null mutations (nonsense, make-
sense, start loss, indels, and splicing mutations) (fig. S1). Furthermore, 
most of the mutations exhibited a recessive pattern of inheritance, ac-
counting for 60% (53 of 89 mutations) and 71.3% (112 of 157 muta-
tions) of the cases for SBP and HR, respectively. Additive inheritance 
was observed in 24% (21 of 89 mutations) of SBP cases and 20.4% (32 
of 157 mutations) of HR cases, while dominant inheritance occurred 
in 16% (15 of 89 mutations) of SBP cases and 8.3% (13 of 157 muta-
tions) of HR cases. Last, 2 SBP and 11 HR candidate genes displayed 
more than one mutation associated with BP/HR changes (tables S1 
and S2, respectively). In 50% of the cases, the mutations resulted in 
discordant phenotypes (Neb, an SBP gene, and Gcm2, Hcn1, Usp34, 
Gad2, and Ryr2, HR genes).

Of the 87 candidate genes associated with SBP, 8 were considered 
excellent candidates and 5 were deemed good candidates by 
CE. Similarly, among the 144 candidate mutations associated with 
HR, 23 were recognized as excellent candidates and 19 were classified 
as good candidates (Fig. 1C).

We estimated that approximately 22% of all mouse genes or spe-
cifically 23% of all autosomal genes underwent true protein-damaging 
mutations in at least two homozygous mice. Our assessment involved 
analyzing more than 45,000 mice from 800 pedigrees to determine 
their phenotypic characteristics (Fig. 1B). To arrive at these figures, 
we used a comprehensive genome saturation analysis that incorpo-
rated the Polyphen-2 algorithm and other algorithms for damage es-
timation, calibrated on a curated set of essential genes in which 
individual ENU-induced mutations unlinked to any other ENU-
induced mutations were tested for lethal effects (23). On the basis of 
these calculations, we speculate that there are approximately 400 
genes capable of harboring hypomorphic mutations that could affect 
SBP. Similarly, there may be around 600 genes in which hypomorphic 
mutations could potentially influence HR.

Literature-verified genes
Among the extensive list of candidate genes, only a small fraction has 
been thoroughly studied and established in the field. Of 87 potential 
genes associated with SBP, a mere 18 have been verified (Fig. 1C) and 
well characterized (Fig. 1D). Similarly, out of 144 candidates linked to 
HR, only 26 genes have been identified and adequately studied 
(Fig. 1, C and D).

Known genes affecting only BP
Focusing on genes specifically affecting BP, we observed that muta-
tions in known genes contributed to increase in SBP in 50% of cases. 
The magnitude of these effects was comparable to that of mutations 
causing SBP reduction (table  S3A). Unexpectedly, only five genes 
(Uox, Duox2, Fbn1, Mc4r, and Lepr) were considered excellent candi-
dates based on CE, but among them, only Uox mutations were associ-
ated with increased SBP (fig. S2A and table S3A).

Examining the excellent SBP genes in more detail, two of them 
displayed nonsense mutations: Uox (R187* in a 303–amino acid–long 
protein) and Mc4r (Y287* in a protein consisting of 332 amino acids). 
Mutations in these genes were associated with the expected altera-
tions in BP as reported in the literature, with Uox mutations leading to 
increased BP (24) and Mc4r mutations resulting in decreased BP (ta-
ble S3A and fig. S2, A and B, respectively) (25, 26).

Known genes affecting only HR
Among the genes affecting HR, we found that mutations in known 
genes caused a decrease in HR in 70% of cases. Furthermore, the mag-
nitude of HR reduction phenotypes exceeded the magnitude of HR 
elevation phenotypes (table  S3B). CE identified four genes (Hcn1, 
Gad2, Duox2, and Tg) as excellent candidates, along with five genes 
(Pcsk1, Lepr, Fbn1, Kcnq3, and Slc8a1) as good candidates (table S3B). 
Among these genes, three were affected by nonsense mutations: Hcn1 
(K340* in a 910–amino acid–long protein), Gad2 (critical splicing site 
alteration resulting in a 108-nucleotide deletion of exon 14, predicting 
an in-frame deletion of 36 amino acids after amino acid 462), and Tg 
(C2452* in a protein consisting of 2766 amino acids) (table S3B and 
fig. S2, C to E). In addition, missense mutations in these genes were 
also associated with the HR phenotype; however, they resulted in op-
posing phenotypic changes in the cases of Hcn1 and Gad2 genes (ta-
ble S3B and fig. S2, C and D).

Known genes affecting both phenotypes
Mutations in three excellent/good candidate genes have been identi-
fied to affect multiple phenotypes. A missense mutation (H1110D) in 
the Duox2 gene was found to be associated with lower SBP, HR, and 
body weight. This mutation cosegregated precisely with a missense 
mutation in Zfp106, making it challenging to determine the direct 
cause and effect relationship [Figs. 2A and 3A and table S3 (A and B) 
for Duox2 and Fig. 3C and table S5 (A and B) for Zfp106, regarding 
the SBP and HR phenotypes, respectively]. In another pedigree, a 
separate variant allele of Duox2 with the amino acid change Q1341R 
was observed. Homozygosity for this second variant allele resulted in 
decreased HR and body weight but without significant changes in 
SBP (Figs. 2B and 3A).

In addition, a Lepr missense mutation causing the amino acid 
change P874T was found to cause a recessive decrease in SBP and HR, 
as well as weight gain (fig. S3A and table S3, A and B). Lepr and Mc4r 
are both part of the leptin-melanocortin pathway, which plays a criti-
cal role in energy balance. Studies using KO mice and experimental 
models have demonstrated that deletion of Mc4r or Lepr is associated 
with lower BP, obesity, and sympathetic inhibition (27, 28).

Last, an Fbn1 missense mutation (C2320R) was associated with 
lower BP and HR (Fig. 3B and table S3, A and B). Mutations in Fbn1 
are known to cause Marfan syndrome, a connective tissue disorder 
that predisposes individuals to musculoskeletal, ocular, and cardio-
vascular abnormalities, including aortic rupture, dissection, and 
congestive heart failure (29). It has been reported that patients with 
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Fig. 2. Duox2 linkage analysis that displays pleiotropic effects. Linkage analysis data for each pedigree depicted by Manhattan plots. The y axis displays the negative 
logarithm of the P value (−log10 P value), while the x axis indicates the chromosomal locations of mutations identified in the G1 founder of each pedigree. Gene names, 
P values, modes of inheritance, and allele names are shown where applicable. Red and beige lines signify the P value thresholds of 0.05, with and without Bonferroni’s 
correction, respectively. The scatterplots summarize the average SBP [in millimeters of mercury (mmHg)] and HR [beats per minute (bpm)] measurements over two 
consecutive days, as well as weight [in grams (g)]. Genetic backgrounds are color-coded: C57 control mice (WT, orange), homozygous WT littermates (REF, orange), het-
erozygous littermates (HET, light green), and homozygous mutated mice (VAR, dark green). Each data point corresponds to an individual mouse, and we also display the 
mean (μ) and SD (σ) for these values. Instances labeled “Failed” indicate unknown genotypes resulting from unsuccessful genotyping reactions. (A) Duox2 allele in R6409 
pedigree: The stumblebum mutation affects BP, HR, and weight. (B) Duox2 allele in R5493 pedigree: The minor mutation influences only HR and weight.
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Marfan syndrome experience hypertension (30, 31), increased HR 
(32), and reduced HR recovery after exercise (33), suggesting auto-
nomic dysfunction.

Genes with secondary involvement in SBP and 
HR phenotypes
We have identified genes associated with conditions or syndromes 
that can affect pathways or systems leading to changes in BP and 
HR. However, direct evidence linking these genes to BP and HR al-
terations is lacking. Among the genes, we identified three SBP genes 
with mutations found in patients with diseases causing substantial 
cardiac defects, such as Carpenter [Megf8 (34)] and Noonan syn-
drome [Lztr1 (35)] (fig. S4A and table S4A). However, there is no evi-
dence of BP alterations in these diseases. In addition, none of these 
genes were considered excellent or good candidates according to CE 
(Fig. 1C).

In contrast, we found 30 HR genes with mutations or common 
variants associated with diseases where HR alteration may be a sec-
ondary effect. Most of these genes (21 of 30) are involved in neuro-
developmental diseases that have an extensive phenotype but no 
evidence of HR alteration (Fig.  1C and fig.  S4A). Fifty percent of 
these genes (10 of 21) were considered excellent or good candidates 
by CE (fig. S4A and table S4B).

One of these excellent candidates, Ap4e1, showed a recessive 
increase in HR due to a null mutation causing a start codon loss in 
our study (table S4B). Mutations in this gene lead to autosomal reces-
sive spastic paraplegia 51 (SPG51), a neurodegenerative disorder 

characterized by intellectual disability, speech and movement disor-
ders, and, in some cases, seizures (table S4B) (36). However, a recent 
study by Spielmann et al. (37) using transthoracic echocardiography 
(TTE) on Ap4e1 KO mice demonstrated that homozygous loss-of-
function mutations in Ap4e1 actually cause a decrease in HR and an 
increase in the time between two successive R waves on the ECG (RR 
interval), showing an opposite phenotype to what we reported. The 
underlying mechanism by which this gene causes HR alteration re-
mains unknown.

The remaining genes we identified were associated with cardiac 
structural and/or conduction system defects (three genes), heart 
disease (four genes), or hypo- and hyperthyroidism (two genes). 
Four of these nine genes were considered excellent or good candi-
dates (Fig.  1C and fig.  S4A). Nevertheless, the relationship be-
tween these genes and phenotypes is not clearly understood. For 
instance, we observed missense mutations in Usp34 associated 
with both HR increase and decrease (table S4B). Szot et al. (38) 
also identified a likely pathogenic variant in the USP34 gene that 
segregates with congenital heart disease in a study involving three 
families and whole-exome sequencing, but the influence of this 
gene on the disease is unclear.

We also discovered a significant association between the Nae1D208G 
allele and a recessive increase in HR (pedigree R6318; fig. S4B and 
table  S4B). This allele was not considered a good candidate by 
CE. Muffels et al. (39) reported a biallelic variant in NAE1 associated 
with a neurodevelopmental disorder characterized by dysmorphic 
faces and ischiopubic hypoplasia.

Fig. 3. Dissecting the cosegregation between Duox2 and Zfp106 alleles on SBP, HR, and weight phenotype using reverse genetics. (A and C) The image illustrates the struc-
ture of the mouse protein, highlighting the ENU (red) and KO (black) alleles. (B and D) It also shows the SBP and HR data, gathered over two consecutive days using plethysmography, 
to compare different genotypes in mice from KO strains developed for Duox2 and Zfp106 genes. Each dot signifies an individual animal, while the boxes indicate the average value 
± SD. A significant P value of less than 1 × 10−4 is noted in the posttest analysis. The protein domains are labeled as follows: TM, transmembrane; SP, signal peptide; EF hand, calcium-
binding domain; FAD-binding FR type, domain associated with ferric reductase NAD binding; ZF, N-terminal zinc finger; WD, the WD40 repeat domain. Gender: F, female; M, male.



Teixeira et al., Sci. Adv. 10, eadj9797 (2024)     1 March 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A rt  i c l e

6 of 16

To validate the association of Nae1 with the HR phenotype, we 
engineered two strains of mice. The first strain contained a missense 
mutation (C294G) resulting from a 1–base pair replacement, while 
the second strain had a frameshift mutation caused by a 4–base pair 
deletion. The frameshift mutation led to a protein alteration starting 
at amino acid 297, with the inclusion of eight abnormal amino acids 
followed by a stop codon (I297fs*8) (fig. S4C). Because the Nae1I297fs*8 
mutations were lethal, we did not develop homozygous mice for this 
allele. As a result, all engineered homozygous mice were either homo-
zygous for the missense allele C294G or compound heterozygotes for 
both alleles (fig. S4D). In contrast to the observations from the for-
ward genetic screening, altering the Nae1 protein resulted in a reces-
sive decrease in HR (fig. S4D and table S6A).

Neddylation is a process similar to ubiquitination, where the 
ubiquitin-like protein NEDD8 is conjugated to specific protein targets 
using E1-E2-E3 enzymes. It has recently emerged as a previously un-
known regulatory mechanism controlling various cellular functions, 
including transcriptional regulation, cell cycle progression, and dif-
ferentiation. E1 consists of a heterodimer of NAE1 and UBA3 pro-
teins, which activate NEDD8 in an adenosine 5′-triphosphate 
(ATP)–dependent manner (40). NEDD8 is highly expressed in the 
heart, particularly in skeletal and cardiac muscles, compared to other 
organs (41, 42). Furthermore, neddylation enzymes and neddylated 
proteins are highly expressed in embryonic hearts but significantly 
down-regulated 1 week after birth (41). Mice lacking Nae1 exhibit re-
duced neddylation, myocardial hypoplasia, and ventricular noncom-
paction due to dysregulation of cell cycle–regulatory genes and 
inhibition of cardiomyocyte proliferation both in vivo and in vitro. 
These effects can lead to heart failure and perinatal lethality. Consis-
tent with our engineered mouse model, Nae1 KO mice also display 
decreased HR compared to control mice. Previous studies have dem-
onstrated that neddylation is essential for proper cardiac development 
by inhibiting the Hippo pathway and activating yes-associated protein 
signaling, which are crucial for cardiac morphogenesis (41).

Recently, it was shown that the administration of a specific and 
potent inhibitor of NAE, MLN4924, on postnatal days 1, 3, and 5 re-
sulted in modest neddylation inhibition. This led to a reduction in 
cardiomyocyte proliferation, the development of cardiac dysfunction 
and hypertrophy, and a significant decrease in HR on postnatal day 7. 
Therefore, the neonatal cardiomyopathy resulting from MLN4924 
suggests that even modest and transient inhibition of neddylation 
during key phases of heart development can be detrimental to cardiac 
structure and function (43).

In summary, it appears that the lack of Nae1 gene product, as pre-
viously described and also observed in our CRISPR model, is associ-
ated with decreases in HR, while the more discrete ENU-induced 
variant is associated with HR increases. These findings provide addi-
tional evidence supporting the involvement of Nae1 in heart develop-
ment and the HR phenotype. However, the complex neddylation 
influence is timing and context dependent, resulting in a wide range 
of HR phenotypes.

Validation of candidate BP and/or HR genes using 
reverse genetics
Dissecting the cosegregation between Duox2 and Zfp106 
alleles on BP, HR, and weight phenotype
We identified a significant association between the Duox2H1110D allele, 
also known as stumblebum, in a recessive mode and a decrease in SBP, 
HR, and body weight (Fig. 2A; pedigree R6409). The Duox2H1110D 

allele cosegregated with a Zfp106 allele (Zfp106S868T), named lepton, 
which made it challenging to promptly identify the responsible gene 
for these phenotypes [Figs. 2A and 3 (A and C) and table S5 (A and 
B)]. In addition, we found a significant association between the 
Duox2Q1341R allele, named minor, and a recessive decrease in HR and 
weight only (Figs. 2B and 3A).

The Duox2 gene serves as a positive control for BP and HR due to 
the established evidence that inactivating mutations in the DUOX2 
gene in humans are associated with permanent and transient congen-
ital hypothyroidism (44). Thyroid hormones have wide-ranging ho-
meostatic effects, particularly targeting the cardiovascular and 
neuroendocrine systems. For example, hypothyroidism is accompa-
nied by increased systemic vascular resistance, vascular permeability, 
and catecholamine levels, as well as decreased blood volume, arterial 
compliance, density of β-adrenergic receptors, plasma renin activity 
levels, aldosterone levels, cardiac output, and HR (45). Hence, the 
phenotype observed in pedigree R6409 aligns with an altered Duox2 
allele (table S3, A and B). Duox2 KO mice confirmed the results of the 
ENU mutation screening, exhibiting decreased SBP, HR, and body 
weight (Fig. 3, A and B, and table S6B), consistent with the previously 
reported dwarfism (46).

Zfp106S868T is a strong candidate for influencing HR regulation by 
CE score (table S5B). To validate the association with Zfp106, we used 
engineered Zfp106 KO mice (Fig. 3C), which resulted in a recessive 
decrease in HR and body weight, while SBP remained unchanged 
(Fig. 3D and table S6C). These findings indicate that the Zfp106S868T 
allele affects HR and body weight phenotypes, while SBP is specifi-
cally affected by the Duox2H1110D allele, as observed in the data from 
pedigree R6409. Furthermore, this demonstrates the power of CE in 
selecting strong candidates for further investigation.

The Zfp106 gene encodes a zinc finger protein highly expressed in 
muscle (skeletal muscle and heart) and brain. It has recently been 
found to localize to nuclear speckles and interact with the core splic-
ing factor RBM39, playing a role in the postnatal maintenance of 
myofiber innervation by motor neurons. Previous observations using 
Zfp106 KO mice demonstrated muscle wasting and a significant re-
duction in hindlimb skeletal muscle weight compared to wild-type 
(WT) littermates, without a significant decrease in body weight (47). 
On the basis of these findings, we speculate that knocking out the 
Zfp106 gene also affects the myofiber innervation of cardiac muscle, 
which is consistent with the observed decrease in HR.
Mouse model of aging causing alteration in BP and HR
We also discovered a significant recessive association between the 
KlM689K allele (referred to as anatolia) and a decrease in HR (Fig. 4, A 
and B, and table S5B). To confirm the link between Kl and the HR 
phenotype, we engineered two strains: The first strain had a single–
base pair replacement resulting in a missense mutation causing the 
alteration of the same amino acid by ENU (M689L), while the second 
strain had a 1–base pair insertion leading to a frameshifted protein 
starting from amino acid 689. This frameshifted protein included 28 
aberrant amino acids and terminated with a stop codon (M689fs*28) 
(Fig. 4B).

Besides validating the initially identified HR phenotype, these en-
gineered strains also exhibited altered SBP and body weight (Fig. 4C 
and table S6D). These findings are consistent with what has been re-
ported in other KO models of Klotho, as described below.

Initially characterized as an anti-aging factor, Klotho is known 
to play a crucial role in various physiological processes. Lack of 
Klotho expression results in a syndrome resembling human aging, 
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characterized by normal development for the first 3 weeks, followed 
by growth retardation, atrophy of genital organs and thymus, arterio-
sclerosis, ectopic calcification, osteoporosis, and premature death 
(48). The gene is highly expressed in the kidney, parathyroid gland, 
and choroid plexus, and it encodes different isoforms: a transmem-
brane protein, a soluble protein produced through cleavage, and a 
truncated soluble protein produced through alternative splicing (49). 
The transmembrane protein acts as a receptor for Fgf23, inducing 
phosphaturia, down-regulation of the vitamin D–regulatory hor-
mone, and compromising salt-handling by the kidney (50, 51).

Both Fgf23-deficient mice and Klotho-deficient mice exhibit simi-
lar phenotypes, including renal sodium wasting, hypovolemia, and 
decreased BP. Conversely, haplodeficiency of the Kl gene has been 
shown to induce renal damage and hypertension, possibly through 
the up-regulation of the Cyp11b2 gene, which increases aldosterone 
synthesis (52). Furthermore, down-regulation of Kl in the intracere-
broventricular region of Wistar Kyoto rats impairs baroreflex BP regu-
lation (53). In addition, Klotho may directly influence HR by affecting 
sinoatrial node function (54).
Mouse model of vascular integrity causing alteration in BP
We observed a decrease in SBP in homozygous mice with a mutation 
in the Notch3 gene compared to heterozygous and WT littermates 

(Fig. 5, A and B, and table S5A). This mutation, called divide, may 
cause aberrant splicing, resulting in a transcript with a 71-nucleotide 
deletion in exon 28. This deletion leads to a frameshift in the 2318–
amino acid–long protein at amino acid 1706, ultimately terminating 
after the inclusion of 5 abnormal amino acids (Fig. 5B). To validate 
the association between Notch3 and BP phenotype, we developed two 
KO strains. One strain contains a 16–base pair deletion, resulting in a 
frameshifted protein starting from amino acid 58, with the inclusion 
of 96 abnormal amino acids followed by a stop codon (Q58fs*96). The 
second strain contains a 2–base pair insertion, leading to a frame-
shifted protein starting from amino acid 61, with the inclusion of 99 
abnormal amino acids followed by a stop codon (S61fs*99) (Fig. 5B). 
Despite the fact that CRISPR targeting abrogates the entire Notch3 
protein compared with the discrete changes associated with ENU-
induced mutagenesis, both resulted in a decrease in SBP when in re-
cessive mode (Fig. 5C and table S6E), suggesting that deletion of the 
intracellular domain suffices to decrease BP levels.

Notch3 is a member of the Notch family and functions as a recep-
tor for membrane-bound ligands Jagged1 and Jagged2, as well as 
delta-like 1, 3, and 4. Upon ligand binding and activation, Notch un-
dergoes two proteolytic cleavages, releasing the extracellular and in-
tracellular domains (ECD and NICD, respectively). The NICD is 

Fig. 4. Kl linkage analysis and validation using reverse genetics. (A) Manhattan plot for linkage analysis data and scatterplot showing the average HR over two consecutive 
days in mice identified during the ENU screen in pedigree R6158. The Manhattan plot shows −log10 P values (calculated using a recessive transmission model) on the y axis 
against the chromosomal positions of mutations identified in the G1 founder on the x axis, with linkage peaks annotated with gene name, P value, inheritance mode, and 
allele name. Red and beige lines indicate P value thresholds of 0.05, with and without Bonferroni’s correction, respectively. The HR data (in bpm) is plotted against genotype 
for the Kl-specific mutation. The scatterplot, from left to right, shows C57 control mice (WT, orange), homozygous WT littermates (REF, orange), heterozygous littermates (HET, 
light green), and homozygous mutants (VAR, dark green), with each point representing one mouse. The mean (μ) and SD (σ) are also shown. (B) Protein domain diagram for 
Kl, highlighting the ENU-mutated residue and allele name in red and engineered alleles in black. The protein domains are labeled as follows: (C) SBP and HR data collected 
over two consecutive days using plethysmography across different genotypes of mice from engineered strains for the Kl gene. Each data point represents one animal, with 
boxplots showing the mean ± SD. Statistical significance is indicated with asterisks: **P < 1 × 10−2, ***P < 1 × 10−3, and ****P < 1 × 10−4 in posttest analysis.
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involved in differentiation, proliferation, and apoptotic events at all 
developmental stages (55). Extensive evidence suggests that Notch3 
primarily affects the vascular smooth muscle and its function and 
structure. Notch3 influences the identity, proliferation, and apoptosis 
of vascular smooth muscle cells (vSMCs) (56–58), and its expression 
appears to be restricted to vSMCs in adult human tissues (59). Notch3-
deficient mice exhibit structural defects in distal arteries and altered 
myogenic response, and these phenotypes are a result of the deficient 
arterial specification of vSMCs (58). In addition, Boulos et  al. (60) 
demonstrated that the absence of Notch3 compromises renal vascular 
reactivity in mice, resulting in an inadequate adaptation of renal resis-
tance vessels to abrupt changes in SBP or the cardiac and renal damage 
associated with chronic exposure to angiotensin II, despite reduced 
BP levels. In humans, mutations in the NOTCH3 gene cause CADA-
SIL, a cerebral autosomal dominant arteriopathy that leads to dementia 
and stroke associated with white matter abnormalities (61). Con-
versely, it has been observed that the overexpression of Notch3 in the 
lungs of mice with pulmonary hypertension can be reversed by treat-
ment with a γ-secretase inhibitor, which blocks Notch3 signaling in 
vSMCs. Furthermore, the absence of the Notch3 gene prevents pul-
monary hypertension induced by hypoxia (62).

In previous studies, the BP differences between KO and WT mice 
were not observed in basal conditions. This may be related to the 
complete abrogation of the Notch3 gene product reported here 

compared to the more discrete changes in the gene product reported 
previously, affecting only part of the extracellular domain. Of note, 
the latter mutation recapitulates better the CANDASIL phenotype 
observed in human (63). We speculate that the lower SBP levels are 
consistent with disrupted vSMC development, lower peripheral resis-
tance, and reduced susceptibility to target organ damage.

IMPC data providing additional validation for the SBP and 
HR candidates
In their recent study, Spielmann et  al. (37) examined 3894 single-
gene–null mouse strains from the International Mouse Phenotyping 
Consortium (IMPC) using electrocardiography (ECG) and TTE. They 
wanted to identify genes responsible for structural and functional car-
diac abnormalities. We cross-verified our findings and identified that 
13 of 87 SBP candidates and 30 of 144 HR candidates were also exam-
ined in the IMPC database.

Focusing on HR, four genes with null mutations exhibited HR 
phenotype changes: Kcnj3, Ap4e1, Gpr153, and Fbxo24 (table S7A). 
Notably, Kcnj3 served as a positive control, with both ENU and IMPC 
null mice showing increased HR compared to their WT counterparts. 
Ap4e1 and Gpr153, indirectly involved in HR regulation, presented 
contrasting phenotypes: ENU mice exhibited HR increases, while 
IMPC null mice showed increased interval between the end of the S 
wave and the beginning of the T wave on the ECG (ST interval) and 

Fig. 5. Notch3 linkage analysis and validation using reverse genetics. (A) Manhattan plot illustrating linkage analysis data, alongside a scatterplot showing the 
average SBP measurements (in mmHg) taken over two consecutive days in mice identified by the ENU screen in pedigree R6316. This mutation was found to be sig-
nificantly associated with SBP as indicated. (B) The diagram illustrates the protein domain structure of Notch3, highlighting both the ENU-mutated residue (shown in 
red) and engineered alleles (depicted in black). The ENU mutation may cause aberrant splicing, resulting in a transcript with a 71-nucleotide deletion in exon 28. The 
protein domains are color-coded as follows: blue for EGF like, pink for EGF-like calcium binding, light green for the notch domain, and yellow for ankyrin repeats. 
(C) SBP and HR data, averaged over two consecutive days, obtained through plethysmography in different genotypes of mice from both Notch3 KO strains. Each data 
point represents an individual animal, while the boxes indicate the mean ± SD. A P value of less than 0.01 (1 × 10−2) was noted in the posttest analysis. Gender: F, fe-
male; M, male.
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decreased HR in Gpr153 and Ap4e1, respectively. Fbxo24, a previ-
ously unknown HR regulation candidate, demonstrated consistent 
HR increases in both studies (table S7A).

Although Spielmann et al. (37) did not directly assess BP, chang-
es in heart structure and function may result from pressure over-
load. In this context, Vps13c, a positive control, showed increased 
left ventricular posterior wall thickness in the IMPC study, aligning 
with our findings of elevated BP (table S7B). In addition, the IMPC’s 
ECG and TTE results for the identified genes Rsbn1 and Nrxn1 im-
ply their influence on BP. For instance, increased ejection fraction 
and reduced end-systolic diameter in Nrxn1 mutants could result 
from decreased afterload due to lower BP, while a significant BP in-
crease in Rbsn1 mutants might heighten parasympathetic activity, 
counteracting BP changes observed in both ENU and IMPC null 
mutants (table S7B).

In summary, Spielmann et al.’s work (37) corroborates the sig-
nificance of seven candidate genes identified in our forward genetic 
screening, furthering the potential to improve our understanding of 
cardiovascular abnormalities at the genetic level.

GWAS catalog highlighting potential human 
translational targets
Our study explores further into how many candidate genes identified 
in the mouse model using AMM have corresponding human ortho-
logs located near genome-wide significant associations for BP and HR 
traits, as indicated in the GWAS catalog. Of the 87 BP candidate genes, 
79 have human orthologs and 15 are in proximity to 40 single-
nucleotide polymorphisms (SNPs) significantly linked with BP traits. 
This is within a broader context of 9369 significant associations and 
4552 SNPs near 4047 genes (table S8). In the case of the 144 HR can-
didate genes, 140 have human orthologs and 18 are close to 62 SNPs 
significantly associated with HR traits, taken from a total of 3669 sig-
nificant associations and 2147 SNPs near 2006 genes (table S9).

Furthermore, we noted a significant enrichment of our candidate 
genes among those genes mapped near SNPs identified in GWAS for 
both BP and HR traits. This was evidenced by P values of 0.032 and 
5.6 × 10−4 for BP and HR-related traits, respectively, in hypergeometric 
tests, considering only coding genes.

DISCUSSION
The genetic architecture underlying complex cardiovascular traits re-
mains poorly understood, but results from our study provide valuable 
insights. Here, we present a comprehensive strategy and compelling 
findings elucidating genes that may be involved in pathways and sub-
systems influencing BP and HR phenotypes. By examining 841 pedi-
grees comprising 45,261  G3 mice and analyzing more than 45,000 
ENU mutations, which collectively damage 22% of the mouse ge-
nome so as to cause detectable phenovariance in those genes support-
ing normal functions placed under surveillance, we have identified 87 
candidate genes associated with SBP and 144 candidate genes associ-
ated with HR.

Among the identified candidates, 18 genes related to SBP and 26 
genes related to HR have already been implicated in BP or HR regula-
tion. However, the remaining 69 SBP candidates and 118 HR candi-
dates have not yet been linked to these phenotypes, presenting an 
exciting opportunity for insights into BP and HR regulation.

Animal models have played a substantial role in replicating and 
analyzing the genetic makeup of complex traits. In the late 1950s, 

specific rat strains were created in which alleles associated with hyper-
tensive, hypotensive, or salt-sensitive traits were fixed by selectively 
breeding pairs with extreme phenotypes. Decades later, using 
genome-wide molecular markers, we and others mapped BP quanti-
tative trait loci that contained genes influencing BP using these rat 
strains (13, 64). These regions were subsequently segregated through 
backcrossing, leading to the development of congenic and consomic 
strains. Although this approach initially showed promise in transfer-
ring candidate regions and expected phenotypic characteristics, it 
proved to be laborious and resulted in the identification of only a few 
genes involved with the expected trait characteristics. Further investi-
gation revealed that the complexity of the rat genome and the interac-
tions among different chromosomal regions hindered the prompt and 
definitive identification of critical BP genes. Nevertheless, these rat 
strains have served as valuable supporting evidence for the involve-
ment of candidate genes, as indicated in the present study. Our study 
detected similar BP changes to those observed in successful congenic 
strains (65). For instance, mutations in the Lepr and Mc4r genes were 
associated with a decrease of 30 to 40 mmHg in BP levels in homozy-
gous var mice compared to ref mice.

We have also identified genes that are associated with conditions 
or syndromes affecting pathways or systems that can ultimately lead 
to changes in BP and HR, although direct evidence is lacking. Our 
findings were particularly notable in relation to HR genes, as we dis-
covered that 21% of HR genes (30 of 144) exhibited genetic variations 
associated with syndromes in the ClinVar database. Most of these 
syndromes are related to neurodevelopmental diseases that result in 
extensive phenotypic effects. Thus, in addition to the pathways regu-
lating action potential in the heart, pacemaker function, and heart 
contractility, the central nervous system plays a crucial role in HR 
regulation and is associated with changes in heart rhythm. However, 
investigating the effects of these genes on HR is challenging due to 
their pleiotropic effects when disrupted or their essentiality, which 
can lead to lethal phenotypes.

We observed discordant phenotypes between different ENU mu-
tations in half of the genes with more than one mutation, as well as 
between ENU and KO mutations. For instance, an ENU mutation in 
the Nae1 gene led to an increased HR, while our engineered mice with 
a missense mutation in the same gene exhibited a decreased HR. Both 
mutations followed a recessive inheritance pattern. Consistent with 
this fact, Spielmann et  al. (37) investigated a Nae1 null allele 
(Nae1<tm1b(EUCOMM)Wtsi>) in heterozygosity due to the gene’s 
essentiality, but no alteration in HR phenotype was observed (37). 
This phenotypic discordance between ENU-induced and engineered 
alleles was also observed for the HR candidate gene Ap4e1 developed 
by IMPC. The concept of phenotypic heterogeneity arising from mu-
tations in the same gene has been observed both in experimental 
models and in various human genetic disorders. This variability man-
ifests as incomplete penetrance or differing levels of expressivity. 
These phenomena are influenced by several factors. First, the charac-
teristics of the causal variants, such as their position in the protein and 
subsequent impact on protein function, play a crucial role. Second, 
the mutation’s effect on gene expression is substantial. This includes 
variations in allelic expression, impacts on different protein isoforms, 
interactions with cis/trans elements, and epigenetic factors. Last, 
global modifiers also contribute, encompassing genetic background 
and compensatory mechanisms (66).

Moreover, studies involving gene overexpression and down-
regulation through transgenic mice and small interfering RNA 
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(siRNA) have shown that the phenotypes observed with these ma-
nipulations do not always replicate or confirm data from KO mice 
(27). This limitation is important to acknowledge in our strategy since 
the development of KO mice is the primary approach for confirming 
findings from the forward genetic screening. Our study’s use of ENU 
mutations, despite some limitations, presents a distinct advantage. 
These mutations offer a unique means to explore both loss- and gain-
of-function alterations in specific genes and assess their effects on 
phenotypes. This approach is particularly valuable considering the 
more labor-intensive and less efficient process of creating knock-in 
mice using CRISPR, although it is achievable. In addition, examining 
the phenotypic diversity resulting from multiple ENU mutations in 
the same gene provides deeper insights into the nuances of incom-
plete penetrance and variable expressivity, especially relevant in the 
study of complex and polygenic phenotypes.

In light of efforts to understand the genetic architecture of com-
plex cardiovascular traits, the knowledge gained from human studies 
is somewhat underwhelming. Despite studying millions of individu-
als, the identified SNPs associated with BP and HR traits explain only 
a modest 5.7% (14) and 2.5% (15) of the variances in SBP and resting 
HR, respectively. Unexpectedly, the weighted genetic risk score (GRS) 
for BP, considering all 901 loci identified in a large GWAS meta-
analysis, is associated with just a 10.4 mmHg increase in the UK pop-
ulation (14). The GRS effect size is comparable to that of single 
mutation reported in one gene in our study, which primarily investi-
gates the coding regions of genes influencing cardiovascular pheno-
types. In contrast, the variants identified through GWAS are 
predominantly located in noncoding DNA regions enriched in regu-
latory elements (67).

Our findings suggest that genes in proximity to SNPs signifi-
cantly linked to BP and HR traits in GWAS could play a causal 
role. This highlights the importance of investigating genetic vari-
ants that affect the expression and splicing of these candidate 
genes, particularly in tissues that regulate BP and HR. Such re-
search could reveal pathways or subsystems unknown to be in-
volved in hypertension and arrhythmia disorders. However, caution 
is warranted when using our data to assign human genes influenc-
ing BP and HR phenotypes, as our study covers only 22% of the 
mouse genome. In addition, the lack of a significant association 
between mutations in a gene deemed fully analyzed and the stud-
ied phenotypes does not rule out its potential as a candidate gene. 
This is because our saturation estimation is based on loss-of-
function mutations, and rare gain-of-function alleles might still 
have an impact on phenotypes.

BP and HR traits, along with associated diseases such as hyper-
tension and arrhythmia, are multifactorial and substantially influ-
enced by genetics. The polygenic nature of these traits and their 
association with disease risk encompass a wide range of influences, 
ranging from a few to hundreds of gene variants with varying indi-
vidual contributions (68). While GWAS have been instrumental in 
mapping and identifying numerous common genetic variants as-
sociated with specific traits or diseases, the individual contribution 
of each variant tends to be small. In contrast, the identification of 
rarer variants with moderate to large contributions remains largely 
unknown, despite their potential to explain the missing heritability 
(69). The task of identifying these rare variants is challenging, as 
evidence suggests that it may require sequencing between 75,000 
and 185,000 cases to identify a rare variant with exome-wide sig-
nificance for type 2 diabetes (70). In this context, the data presented 

here contribute to expanding the list of candidate genes with loss- 
or gain-of-function mutations that affect BP and HR, potentially 
shedding light on hypertension and arrhythmias, complementing 
the results of genome-wide searches that require a large number of 
human cases.

Together, these findings provide insights and elucidate on the un-
derlying mechanisms and subsystems contributing to the develop-
ment of critical cardiovascular risk factors. Moreover, they underscore 
the effectiveness of germline mutagenesis as a tool for defining key 
determinants of polygenic phenotypes that must be studied in an in-
tact organism.

MATERIALS AND METHODS
All procedures were approved by the University of Texas Southwest-
ern Medical Center (animal protocol number 2011-0145) and the 
University of São Paulo Medical School Institutional Animal Care and 
Use Committee (CEUA 113/16) to ensure compliance with ethical 
standards.

ENU mutagenesis, breeding, and genotyping
The ENU mutagenesis, breeding, and genotyping procedures 
have been previously described (17). In summary, C57BL/6J 
male mice were subjected to ENU mutagenesis (referred to as G0 
mice) and subsequently mated with C57BL/6J females to pro-
duce G1 males carrying the mutations. The entire exomes of all 
G1 mice were sequenced to identify ENU-induced alleles. Among 
them, G1 males harboring 30 or more mutations in coding re-
gions or splicing sites were considered as founders and were bred 
with C57BL/6J females, resulting in G2 females carrying the 
mutations.

To maintain the mutations, the G2 females were backcrossed with 
their G1 fathers. High-throughput target capture sequencing was per-
formed to genotype both the G2 females and the resulting G3 off-
spring. This comprehensive pipeline allows for the generation of 30 to 
100 G3 mice per pedigree, each carrying all the identified mutations 
in either homozygous or heterozygous states. This approach ensures 
accurate identification and clear lineage tracing for each mouse in the 
pedigree.

BP and HR screening
We used a noninvasive screening method using tail cuff plethys-
mography (BP-2000 Blood Pressure Analysis System for Mice, Visi-
tech Systems Inc.) to measure SBP and HR in conscious mice. All 
mice of the G3 pedigree, spanning ages from 50 to 250 days, were 
registered collectively in a single batch. Age-matched WT animals 
were screened together with G3 mice, and normalization was per-
formed relative to the screening results of the WT controls. Each 
mouse was gently secured in an animal holder for a duration of 
20 min, and its tail was positioned to accommodate a cuff and sen-
sor for SBP/HR measurement.

To ensure the animals’ comfort and familiarization, five prelimi-
nary assessments were conducted on each experiment day before ob-
taining the final results. Subsequently, an additional 10 automated 
assessments were performed at 15-s intervals, and the average value 
was recorded as the measurement for that day. This entire procedure 
was repeated for three consecutive days, wherein the data from the 
initial day were disregarded as it served solely for training purposes 
and was not included in the analysis.
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AMM of ENU alleles
The SBP/HR values obtained from days 2 and 3 were used to calculate 
average SBP and HR values, enabling automated mapping of ENU al-
leles. Automated genetic mapping for monogenic traits was conduct-
ed following a previously described protocol (17). In summary, the 
analysis involved automated computational linkage analysis for each 
mutation in a pedigree using recessive, additive, or dominant models 
of transmission, employing the Linkage Analyzer software. To exam-
ine the relationship between the quantitative phenotype and genotype 
(REF: homozygous for reference allele; HET: heterozygous for refer-
ence and variant allele; VAR: homozygous for variant allele) at each 
mutation in all mice within the pedigree, a generalized linear mixed 
model was used. Maternal information was treated as a random effect 
variable in the analysis. For each gene, a likelihood ratio test derived 
from the generalized linear mixed model was used to evaluate the as-
sociation between numerical genotypes and BP and HR, with adjust-
ments made for G3 mouse gender. The resulting P values were 
corrected using the Bonferroni procedure.

We investigated the necessity of adjusting models for age and body 
weight, in addition to gender, since these covariates are commonly 
used in BP association studies in human populations. To this end, we 
evaluated the impact of these covariates on SBP using a generalized 
linear model, analyzing data from the first 10 phenotyped experimen-
tal groups of C57BL/6J control mice. Furthermore, we monitored 10 
C57BL/6J control mice (comprising four females and six males) from 
the 6th to the 37th week of age, using a linear mixed model to deter-
mine the influence of age, gender, and weight on SBP, treating indi-
vidual animals as a random effect. Our analysis revealed that age and 
weight did not significantly affect SBP values in either analysis (P val-
ues of >0.05 in both linear and linear mixed models).

The criteria for candidate declaration included at least two homo-
zygous mice for each implicated mutation site, a pedigree size of at 
least 20 mice, and a P value of <0.05 with Bonferroni correction test-
ing the null hypothesis of non-association between mutation and 
phenotype in any of three inheritance models (dominant, additive, or 
recessive), according to both raw and normalized averages of data 
from the 2 days of phenotyping (Fig. 1A).

Detecting lethal effects
The probability of a gene being lethal when disrupted was estimated 
using a model trained on the known functions of seven essential 
genes. In addition, the likelihood of encountering equally rare or rarer 
G3 mice with VAR genotypes was determined using Fisher’s exact 
test. This assessment also incorporated data on the essentiality of cor-
responding human orthologs, as derived from cell line studies and 
population genetics.

Candidate Explorer
CE is an advanced supervised machine learning tool designed to 
enhance the identification of mutations that play a causal role in 
screened phenotypes and are promising candidates for future stud-
ies involving engineered mice (22). By integrating 67 distinct fea-
tures into a unified numeric score, CE effectively evaluates the 
mutations and classifies them into categorical assessments, includ-
ing “excellent candidate,” “good candidate,” “potential candidate,” 
and “not good candidate.”

To train CE, a comprehensive dataset comprising verified and 
excluded mutation-phenotype associations is used. These associa-
tions are established through germline retargeting techniques using 

CRISPR-Cas9 KO or replacement alleles, with the latter applied in 
cases involving homozygous lethality. CE leverages diverse input data, 
such as phenotype, linkage, mutation, and gene features assessed in 
the Beutler laboratory. Notably, it incorporates measures like pheno-
typic overlap between genotypes, phenotypic overlap between VAR 
mice and C57BL/6J control mice, magnitude of phenotypic effect be-
tween genotypes, phenotypic variance between genotypes, and muta-
tion classification by Polyphen2 and Sift algorithms.

Regarding the classification of BP and HR genes identified by 
AMM, the CE results from November 2022 were used. These results 
serve as a valuable resource for the categorization and prioritization of 
these genes in the context of their potential causal roles and suitability 
for further investigation.

Literature evidences
To identify candidate genes associated with BP and HR phenotypes, 
we conducted a thorough investigation using multiple reliable sourc-
es of information. First, we extensively searched the National Center 
for Biotechnology Information (NCBI) database at https://ncbi.nlm.
nih.gov/ to explore the functional aspects of genes related to these 
phenotypes. In addition, we thoroughly reviewed the scientific litera-
ture for evidence supporting their impact on BP and HR. To ensure a 
comprehensive analysis, we used Pharos, an upstream literature-
based tool available at https://pharos.nih.gov/, to gather further in-
sights. Moreover, we extended our investigation to the ClinVar 
database, accessible at https://ncbi.nlm.nih.gov/clinvar/. This al-
lowed us to examine genetic variations within our candidate genes 
that have been linked to various human syndromes and conditions. 
By incorporating these diverse resources, we aimed to distinguish the 
candidate genes associated with BP and HR phenotypes and gain a 
comprehensive understanding of their functional relevance, docu-
mented evidence, and potential genetic variations related to human 
health conditions.

Validation of candidate genes with reverse genetics
Generation of KO mice
We used the CRISPR Design tool (https://chopchop.cbu.uib.no/) to 
select target sites for CRISPR editing in five candidate genes (Duox2, 
Zfp106, Kl, Notch3, and Nae1). The corresponding CRISPR guide 
RNAs were synthesized as previously described (17). The microinjec-
tion technique was used to introduce CRISPR components into zy-
gotes for precise gene targeting, following an established protocol (17). 
Initially, female C57BL/6J mice were super-ovulated and then mated 
with C57BL/6JJcl male mice (obtained from The Jackson Laboratory) 
overnight. Fertilized eggs were collected from the oviducts the next 
day, and Cas9 mRNA and guide RNA were in vitro transcribed and 
injected into the pronucleus or cytoplasm of the fertilized eggs. To gen-
erate mutant mice, two-cell stage embryos were transferred to pseudo-
pregnant Hsd:CR (CD-1) females (sourced from Harlan Laboratory).

Tail samples were obtained from the surviving mice (C1) for DNA 
extraction and subsequent genotyping through sequencing. By ana-
lyzing the genetic alterations, including frameshift mutations, stop 
loss, or stop gain, we identified mice carrying heterozygous or homo-
zygous mutations, resulting in modified or absent protein expression. 
Heterozygous C1 mice were then bred with C57BL/6J mice to obtain 
C2 mice with heterozygous mutations. Subsequent mating between 
these C2 mice allowed us to generate C3 progeny, encompassing WT, 
heterozygous, and homozygous mutant mice for further evaluation of 
phenotypic traits using plethysmography.

https://ncbi.nlm.nih.gov/
https://ncbi.nlm.nih.gov/
https://pharos.nih.gov/
https://ncbi.nlm.nih.gov/clinvar/
https://chopchop.cbu.uib.no/
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Target genes KO mice phenotype confirmation by 
plethysmography
The BP differences between KO and WT mice were evaluated using a 
noninvasive method to measure tail cuff BP in conscious mice, which 
was the same method used in the G3 phenotypic screening using the 
BP-2000 Blood Pressure Analysis System for Mice, developed by Visi-
tech Systems Inc. Homozygous KO, heterozygous, and WT mice from 
the same progeny were included in the study. During the validation 
phase, animals were registered for three consecutive days. Similar to 
the initial screening, data from the first day were considered as train-
ing data and disregarded. To assess the SBP/HR differences between 
mutations, genotypes, and gender, a three-way analysis of variance 
(ANOVA) with an interaction term was performed. Bonferroni post 
tests were conducted on the average SBP/HR values obtained from 
2 days. In cases where only one mutated strain was developed, a two-
way ANOVA with an interaction term was used to assess the SBP/HR 
differences between genotypes and gender.

Enrichment of candidate genes nearby BP and HR 
significant GWAS loci
Our study involved a detailed association analysis to understand 
the relationship between genetic variants in or near candidate genes 
and BP or HR traits in humans. This analysis was conducted using 
the GWAS catalog database (https://ebi.ac.uk/gwas/, version 1.0.3, 
accessed on 29 October 2023). We focused on studies linked to BP 
and HR traits, specifically those containing keywords like HR, 
atrial fibrillation, various medication usages (e.g., beta blockers, 
calcium channel blockers, and diuretics), and electrocardiographic 
traits. Our aim was to determine whether our candidate genes 
showed significant enrichment near SNPs identified in GWAS 
studies for these traits. This was assessed using the hypergeometric 
test, employing the phyper function in R. The analysis was confined 
to coding genes within the human genome (GRCh38, from Ensem-
ble release 110) and the BP- and HR-related trait entries from the 
GWAS catalog.
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