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Summary

The enzyme carbamoyl phosphate synthetase 1 (CPS1; EC 6.3.4.16) forms carbamoyl phosphate 

from bicarbonate, ammonia, and ATP and is activated allosterically by N-acetylglutamate. The 

neonatal presentation of bi-allelic mutations of CPS1 results in hyperammonemia with reduced 

citrulline and is reported as the most challenging nitrogen metabolism disorder to treat. As 

therapeutic interventions are limited, patients often develop neurological injury or die from 

hyperammonemia. Survivors remain vulnerable to nitrogen overload, being at risk for repetitive 

neurological injury. With transgenic technology, our lab developed a constitutive Cps1 mutant 

mouse and report its characterization herein. Within 24 hours of birth, all Cps1−/− mice developed 

hyperammonemia and expired. No CPS1 protein by Western blot or immunostaining was detected 

in livers nor was Cps1 mRNA present. CPS1 enzymatic activity was markedly decreased in 

knockout livers and reduced in Cps1+/−mice. Plasma analysis found markedly reduced citrulline 

and arginine and markedly increased glutamine and alanine, both intermolecular carriers of 

nitrogen, along with elevated ammonia, taurine and lysine. Derangements in multiple other amino 

acids were also detected. While hepatic amino acids also demonstrated markedly reduced 

citrulline, arginine, while decreased, was not statistically significant; alanine and lysine were 

markedly increased while glutamine was trending towards significance. In conclusion we have 

determined that this constitutive neonatal mouse model of CPS1 deficiency replicates the neonatal 

human phenotype and demonstrates the key biochemical features of the disorder. These mice will 

be integral for addressing the challenges of developing new therapeutic approaches for this, at 

present, poorly treated disorder.
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Introduction

Carbamoyl phosphate synthetase 1 (CPS1; EC 6.3.4.16) is the initial and rate-limiting 

enzyme of the urea cycle, located primarily in hepatocytes as 20% of total mitochondrial 

matrix protein (Clarke 1976). It exists as a monomeric enzyme of 1462 amino acids. Its 

function is to catalyze carbamoyl phosphate formation in a multistep reaction that requires 

ammonia, bicarbonate and two molecules of ATP (Diez-Fernandez and Häberle 2017), and it 

is allosterically activated by N-acetylglutamate (Rubio and Grisolia 1981).

CPS1 deficiency is a rare disorder with an incidence that is estimated to be from 1 in 

539,000 (Keskinen et al 2008) to 1 in 1.3 million births (Summar et al 2013). Some have 

described the disorder as the most difficult of the nitrogen metabolism enzyme deficiencies 

to treat (Ah Mew et al 2003–2015). If not recognized and treated early, CPS1 deficiency 

typically leads to encephalopathy and death (Maestri et al 1991). Typical human plasma 

analysis has shown reduced citrulline and arginine (Funghini et al 2012), and the 

recommended treatment is for patients to adhere to a low protein diet that also includes the 

supplementation of arginine and administration of nitrogen scavenging drugs (Batshaw et al 

1982; Batshaw et al 2001). Present day therapies (other than liver transplantation) are only 
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marginally effective; patients continue to be at elevated risk for subsequent 

hyperammonemic crises and progressive, irreversible brain damage. With the substantial 

advances made in gene therapy in the last 20 years, a mouse model of this disorder is 

essential to develop gene-based approaches to treat this condition and decrease the nitrogen-

mediated central nervous system vulnerability. However, no mouse model currently exists 

that phenocopies neonatal-onset CPS1 deficiency seen in humans.

We generated and extensively characterized a novel constitutive Cps1 knockout mouse 

model as the next step toward the advancement of novel therapies for this intractable 

disorder. To characterize the extensive derangement of metabolism by CPS1 enzyme loss, 

we closely analyzed hepatic CPS1 protein and RNA, as well as both hepatic and circulating 

plasma amino acids. As such, we demonstrate its biochemical similarity to the human 

condition, important for its future use in the further study of the CPS1 deficiency and the 

examination of new clinically relevant therapies.

Materials and Methods

Development of the Transgenic Constitutive CPS1 Knockout Mouse

We took an approach for both homologous recombination and subsequent post germline 

allelic modification to develop the constitutive Cps1 mutant mice (Figure 1). The targeting 

vector PG00187_Z_8_A08 was obtained from EuMMCR (European Conditional Mouse 

Mutagenesis) (Chan et al 2007; Skarnes et al 2011) and was utilized to generate a 

conditional Cps1 knockout mouse as previously described (Khoja et al 2018).

Heterozygous Cps1 tm1a mice were crossed to a ubiquitous Cre expressing strain 

C57BL/6N-Hprttm1(CMV-cre)Wtsi/Mmucd (stock number 034412 at MMRRC) in order to 

excise the exogenous promoter-driven neomycin cassette as well as floxed exons 3 through 4 

for a lacZ expressing constitutive KO tm1b allele. DNA (50 ng) was subjected to PCR for 

the Cre transgene amplification product (F-primer CTTTCCTCATGCCCCAAAATCTTAC 

paired with R-primer GCTATCAGGACATAGCGTTGGCTAC to yield a 700 bp Cre 

transgene amplification product). Cre-excised Cps1 tm1b allele was subjected to PCR-

amplification using F-primer GCTACCATTACCAGTTGGTCTGGTGTC paired with R-

primer CCTTCCTATGCCCTTTGTGTTTCAGG to yield a Cre excised amplicon of 981 bp. 

Progeny of the backcrossing of Cps1 tm1b positive animals with C57BL/6N wildtype 

animals were screened as above. Both Flpo and Cre crosses were performed as previously 

described (Khoja et al 2018).

Mouse Procedures

Housing under specific pathogen-free conditions was maintained for the mice in these 

studies; food and water were provided ad libitum. The mice were handled according to the 

guidelines of the US National Institutes of Health. All experimental procedures were 

performed following the guidelines of our institution. Mice did suckle shortly after birth as 

milk spots were visible in newborn litters. Mice were euthanized if they showed symptoms 

of hyperammonemia which in neonates primarily consisted of inactivity compared to normal 
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littermate controls. In general, all assays were performed with 5 mice per group. In the CPS1 

enzyme assay 3 Cps1+/− and 4 Cps1+/+ mice were studied along with 5 Cps1−/− mice.

Biochemical Analysis

Plasma Ammonia—After euthanizing the mice with isoflurane, a thoracotomy was 

performed and the heart was transected. Blood was collected utilizing soda lime 

microhaematocrit tubes coated with sodium heparin (80 IU/ml) (Globe Scientific Inc., 

Paramus, New Jersey). Plasma was immediately collected by low-speed centrifugation at 

4ºC and promptly frozen at −80ºC. Samples were stored until ready for ammonia 

determination and then tested in the same setting; prolonged storage was avoided, and 

testing was generally performed with all samples simultaneously to avoid any batch effect. 

Ammonia determination was performed utilizing 5 μl of plasma per sample using an 

Ammonia Assay Kit following the instructions of the manufacturer (ab83360, Abcam, 

Cambridge, MA) and optical density was performed at 570 nm as previously described 

(Khoja et al 2018).

Plasma Amino Acids—HPLC was performed to determine amino acid concentrations 

with pre-column derivatization with o-phthalaldehyde as previously described (Jones and 

Gilligan 1983).

Liver Amino Acids—Amino acids profile in the liver was determined as in (Nissim et al 

2012). Briefly, the frozen liver tissue was ground into a fine powder and then extracted with 

4% perchloric acid, neutralized with KOH, and used for measurement of amino acids. The 

concentration of amino acids was determined with an Agilent 1260 Infinity LC system, 

utilizing pre-column derivatization with o-phthalaldehyde (Nissim et al 2012; Jones and 

Gilligan 1983).

Immunohistochemistry

Whole livers were carefully dissected from euthanized mice, fixed in 10% neutral buffered 

formalin for 48 hours and stored in 70% ethanol. Routine paraffin embedding with standard 

procedures followed. Immunohistochemical detection of CPS1 was performed as previously 

described (Khoja et al 2018).

Western Blot

Liver samples were homogenized using RIPA buffer (Sigma, St. Louis, MO) along with 

protease inhibitor cocktail kit (ThermoFisher Scientific, Waltham, MA). Performance of 

Western blots was as previously reported (Khoja et al 2018).

CPS1 Enzyme Assay

CPS1 activity was assayed at 37°C by a coupled reaction where the formed carbamoyl 

phosphate was immediately converted to citrulline by ornithine transcarbamylase (OTC), as 

described (Diez-Fernandez et al 2013).
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Quantitative Real-Time RT-PCR for CPS1

Total RNA from liver was extracted, cDNA synthesized, and gene expression levels 

quantified by real-time PCR as previously described (Khoja et al 2018). Target gene 

expression was normalized to that of endogenous β-Actin with fold enrichment measured 

using the 2-ΔΔCt method. Primers: Cps1: Forward CACCAATTTCCAGGTGACCA, Reverse 

TACTGCTTTAGGCGGCCTTT; β-Actin: Forward CTAAGGCCAACCGTGAAAAG, 

Reverse ACCAGAGGCATACAGGGACA. Conditions for qPCR: 1 min at 98°C, then cycle 

40x with 15 sec at 98°C and 30 sec at 60°C.

Statistical Analysis

The data presentation is as the arithmetic mean ± standard deviation. GraphPad Prism 

Software 6.0 (La Jolla, CA) was utilized for statistical analyses as Student’s t-test. A value 

of p<0.05 was considered statistically significant.

Results

Knockout of CPS1 in murine liver leads to hyperammonemia and early postnatal death

Neonatal Cps1−/− mice (Cps1tm1b) were developed and used for these studies (Figure 1). 

Neonatal biallelic Cps1−/− mice were produced by mating adult Cps1+/− mice and screening 

pups by PCR. In progeny, we compared the observed vs the expected frequencies of the 

Cps1 allele using the chi-square goodness of fit test. The test statistic was computed as the 

sum of the (observed - expected)2/expected across the 3 groups (Cps1−/−, Cps1+/−, and 

Cps1+/+). Assuming there is a good fit between observed vs expected frequencies, the above 

test statistic is known to follow the chi-square distribution with degrees of freedom 

computed as number of groups minus 1. For 3 groups, the degrees of freedom = 3 – 1 = 2. 

Our data demonstrate an excellent fit between the observed vs the expected frequencies (chi-

square = 0.21, 2 degrees of freedom, p = 0.8914) revealing a distribution of genotypes that is 

Mendelian (Cps1+/+ 24%, Cps1+/− 49%, Cps1−/− 27%) without a deficiency of mutant 

alleles in the population (Figure 2A). These findings demonstrate that there is not a loss of 

mutant mice because of intrauterine demise.

Quantitative real-time PCR demonstrated a lack of Cps1 hepatic mRNA in Cps1-deficient 

mice compared to wild types (Figure 2B) (Cps1+/+ 1.000; Cps1+/− 0.171 ± 0.083; 

Cps1−/− 0.021 ± 0.017). Cps1-deficient mice also completely lacked hepatic CPS1 protein as 

demonstrated by immunohistochemistry (Figure 2C-E) and Western blot (Figure 2F), while 

enzymatic activity was markedly diminished (Figure 2G). Compared to Cps1+/+ animals 

(360.6 ± 147.1 uM), ammonia levels in plasma of Cps1−/− mice in metabolic crisis were 

elevated 6-fold (2255.8 ± 927.5 uM; p = 0.0038) (Figure 2H); all Cps1−/− mice died by 24 

hours after birth (n=28). There was no statistical difference in plasma ammonia between 

Cps1+/+ (360.6 ± 147.1 μM) and Cps1+/− (475.3 ± 214.2 μM; p=0.4) mice. Histologically, 

the livers of Cps1−/− mice appeared normal under H&E staining (data not shown).

Plasma amino acid analysis demonstrates hyperglutaminemia and other derangements

The plasma levels of multiple amino acids were significantly disturbed in the Cps1−/− versus 

Cps1+/+ mice (n=5 per group, all studies) (Figure 3). Knockout mice, assayed within 12 
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hours after birth, had significantly elevated plasma glutamine (1855.4 ± 862.6 μmol/L) 

compared to that found in Cps1+/+ mice (621.1 ± 153.2; p=0.0218). Citrulline was 

significantly depleted in Cps1−/− mice (1.54 ± 3.45 μmol/L) compared to the Cps1+/+ (53.4 

± 21.8 μmol/L; p=0.0003); a similarly marked reduction was found in plasma arginine 

(Cps1−/−: 19.5 ± 18.1 μmol/L; Cps1+/+: 79.8 ± 15.5 μmol/L; p=0.0004). Plasma ornithine 

was increased with a trend towards significance in Cps1−/− mice (185.0 ± 83.6 nmol/ml) 

compared to Cps1+/+ mice (94.4 ± 38.8 μmol/L; p=0.07).

Other plasma amino acids were markedly altered concomitantly with glutamine, citrulline, 

arginine, and ornithine. Alanine (568.9 ± 140.7 μmol/L vs. 217.4 ± 61.5 μmol/L; p = 

0.0012), glycine (729.5 ± 190.9 μmol/L vs. 338.9 ± 107.4 μmol/L; p = 0.0089), lysine 

(1280.0 ± 189.3 μmol/L vs. 621.2 ± 263.1 μmol/L; p = 0.0015) and taurine (2207.3 ± 256.0 

μmol/L vs. 1198.8 ± 441.6 μmol/L; p = 0.0033) were all significantly elevated while aspartic 

acid (458.5 ± 388.9 μmol/L vs. 73.8 ± 20.2 μmol/L; p = 0.06), glutamic acid (527.1 ± 381.5 

μmol/L vs. 149.2 ± 17.8 μmol/L; p = 0.08) and tyrosine (187.8 ± 63.2 μmol/L vs. 106.9 

± 49.3 μmol/L; p = 0.08) were trending toward elevated values (Cps1−/− vs Cps1+/+, 

respectively, all groups). Asparagine, tryptophan, methionine, phenylalanine, the branched 

chain and hydroxyl amino acids were not different (p > 0.5) between Cps1+/+ and Cps1−/− 

animals (data not shown). Comparison of Cps1+/+ plasma with that of Cps1+/− was not 

statistically different for all of these amino acids.

Hepatic amino acid analysis demonstrates more limited derangement

The levels of hepatic amino acids were altered but to a more limited extent compared to the 

plasma (n=5 per group, all studies) (Figure 4). Cps1−/− mice, similarly assayed within 12 

hours of birth, had elevated hepatic glutamine (27.4 ± 5.6 nmol/mg protein) compared with 

levels found in Cps1+/+ mice (21.6 ± 5.5 nmol/mg protein), and there was a trend towards 

elevated glutamine (p = 0.13). Citrulline was nearly depleted from hepatocytes in Cps1−/− 

mice (0.01 ± 0.03 nmol/mg protein) compared to Cps1+/+ (2.1 ± 2.2 nmol/mg protein; p = 

0.06). However, ornithine (Cps1−/−: 6.47 ± 4.46 nmol/mg protein; Cps1+/+: 5.17 ± 5.04 

nmol/mg protein; p = 0.67), arginine (Cps1−/−: 0.60 ± 0.75 nmol/mg protein; Cps1+/+: 1.30 

± 1.49 nmol/mg protein; p = 0.37), and taurine (Cps1−/−: 50.89 ± 18.72 nmol/mg protein; 

Cps1+/+: 61.59 ± 11.67 nmol/mg protein; p = 0.30) levels were not different in the liver 

samples.

A more limited number of other amino acids were altered compared to plasma. Alanine 

(27.4 ± 9.2 nmol/mg protein vs. 9.8 ± 4.5 nmol/mg protein; p = 0.0048), glycine (27.8 ± 4.0 

nmol/mg protein vs. 21.7 ± 5.7 nmol/mg protein; p = 0.08), lysine (27.4 ± 5.7 nmol/mg 

protein vs. 13.6 ± 11.7 nmol/mg protein; p = 0.045), aspartic acid (32.3 ± 13.8 nmol/mg 

protein vs. 9.9 ± 3.2 nmol/mg protein; p = 0.0076), and glutamic acid (30.8 ± 9.8 nmol/mg 

protein vs. 15.2 ± 2.3 nmol/mg protein; p = 0.008) were all elevated while phenylalanine 

(0.77 ± 0.31 nmol/mg protein vs. 1.21 ± 0.19 nmol/mg protein; p = 0.026) was reduced 

(Cps1−/− vs Cps1+/+, respectively, all groups). Asparagine, tryptophan, methionine, 

isoleucine, valine and the hydroxyl amino acids showed no statistically significant 

differences (p > 0.25) when compared to Cps1+/+ mice (data not shown).
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Discussion

Clinically two CPS1 deficiency phenotypes have been described: 1) severe neonatal onset 

presenting shortly after birth caused by complete loss of protein function; and 2) less severe 

late onset of disease seen in both children and adults caused by low/moderate protein and 

activity levels (Klaus et al 2009; Ono et al 2009; Funghini et al 2012). With the neonatal 

onset form of the disorder, patients are healthy at birth and often do well for the subsequent 

few days. They then develop lethargy with reduced oral intake, progressing to vomiting, 

hypothermia, seizures, and coma. Due to disease severity, prognosis is poor; many patients 

die from brain edema despite aggressive attempts to lower blood ammonia (Kurokawa et al 

2007). Surviving patients suffer irreversible brain injury and continue to remain vulnerable 

to nitrogen overload. Present day medical and dietary therapies are limited in their efficacy 

and have not advanced significantly in the past 30 years.

Using standard gene replacement technology, we have developed a novel constitutive Cps1 
loss of function murine model by excising exons 3–4 and introducing a stop codon in exon 5 

of the knockout Cps1 allele. Genotypic analysis from matings between Cps1+/− mice by 

PCR demonstrates the distribution of genotypes was Mendelian, strongly suggesting that 

Cps1 deficiency does not result in intrauterine demise. This predominantly hepatic 

mitochondrial enzyme is essential for mammalian nitrogenous waste removal via the urea 

cycle. As expected, these Cps1−/− mice have rapid development of marked 

hyperammonemia in the early postnatal period resulting in 100% lethality within 24 hours of 

birth. Quantitative RT-PCR, Western blot, immunohistochemistry, and functional enzyme 

activity demonstrated a lack of CPS1 mRNA, protein, and activity respectively. In 

heterozygotes, while biochemically normal, we did detect a greater than expected reduction 

in Cps1 mRNA. The reason for such a finding is unclear but it has been reported that allelic 

variation can effect gene expression in human CPS1 deficiency (Klaus et a 2009). Obtaining 

a better understanding of this finding will be the focus of future studies with this murine 

model.

A constitutive Cps1-deficient mouse was reported nearly 20 years ago by another group; 

they targeted exon 17 and inserted a PGK-neo selection cassette into an ATP binding domain 

(Schofield et al 1999). However, this murine model was not submitted to a repository and is 

no longer available (Deignan et al 2008). In that model, double mutants of Cps1 succumbed 

by 36 hours suffering from marked hyperammonemia. As limited characterization was 

performed of this prior model, we have demonstrated in this new Cps1-deficient mouse that 

the biochemical features consistent with human neonatal onset CPS1 deficiency are present.

CPS1 catalyzes the first step of the urea cycle (2ATP + NH3 + HCO3
- → 2ADP + HPO4 2- 

+ NH2CO2PO3
2-) (Rubio 1993), converting ammonia to carbamoyl phosphate, which is then 

utilized by OTC to produce citrulline in the second reaction of the urea cycle. Generally, the 

differences in both plasma and liver amino acid profiles between Cps1−/− mice and Cps1+/+ 

littermates are explained by the expected disruption of nitrogen metabolism inflicted by loss 

of CPS1 enzyme activity. In comparison to Cps1+/+ (and less so to Cps1+/− mice), Cps1−/− 

mice demonstrate significant divergence in the plasma concentrations of many amino acids. 

These include marked reductions in plasma citrulline and arginine and increases in 
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glutamine, alanine [both interorgan carriers of nitrogen (Nurjhan et al 1995)], aspartic acid, 

and glutamic acid. Similar changes are detected (albeit to a lesser extent of derangement) in 

the hepatic amino acids of Cps1−/− mice, with the exception of arginine which is not 

significantly decreased in hepatocytes as it is in the plasma.

The urea cycle perturbations caused by the lack of carbamoyl phosphate result in the 

expected amino acid alterations. Aspartic acid is likely increased as limited citrulline is 

restricting the enzymatic step of argininosuccinate synthetase to produce argininosuccinate. 

Plasma arginine is also likely decreased due to reduced citrulline limiting urea cycle flux. 

Elevated plasma glycine levels are typical of CPS1 deficiency and are a direct target of the 

nitrogen scavenging drug sodium benzoate. Covalent binding of benzoate reduces plasma 

glycine, and thus nitrogen, by forming hippurate, followed by renal excretion.

While the liver contains enzymes to metabolize all of the amino acids (with some limitation 

with the branched chain group) and possesses the urea cycle, interorgan amino acid transport 

is also a major metabolic process. This allows for distribution of amino acids to different 

organs and tissues to support their physiologic functions and to maintain amino acid 

homeostasis (Brosnan 2003). Many dietary amino acids (glutamine, threonine, leucine, 

lysine and phenylalanine) are also extensively metabolized in the intestine while the kidney 

also plays a significant role including interorgan metabolism of arginine (Wakabayashi et al 

1994), glycine, glutamine, serine and citrulline (Brosnan 1987). Importantly, the presence of 

developmental differences in intestinal flux of amino acids between neonatal and adult 

animals can affect plasma levels in enzyme deficiencies. Together these may in part explain 

the differences in plasma and hepatic amino acids found in the Cps1−/− mice.

Initial limited investigations by our laboratory suggest that gene therapy for this neonatal 

onset disorder will be challenging for multiple reasons. First, the consumption of milk by 

neonatal Cps1−/− mice likely leads to an early rise in plasma ammonia shortly after suckling 

begins. Treatment after birth, even in the neonatal period, may already be too late to 

effectively control ammonia. For example, we have intravenously administered a helper-

dependent adenoviral vector expressing Cps1 by a liver-specific promoter (Khoja et al 2018) 

when pups were found after birth; often milk could be visualized in the neonatal stomach. 

While limited and preliminary, a life extension of not greater than 1 day was detected in a 

small number of mice (data not shown). Second, the size of the Cps1 cDNA is challenging 

for potential clinical vector development. The cDNA for CPS1 is 4.5 kb, limiting which viral 

vectors may be developed for gene therapy. For example, adeno-associated viral (AAV) 

vectors, which are currently in clinical trials for certain single gene disorders including OTC 

deficiency, have a wild type genome size of 4.7 kb (Hastie and Samulski 2015). In 

development of an AAV that will express CPS1, the vector genome must also include a 

promoter, polyadenylation signal and inverted terminal repeats at a minimum. These 

together will exceed the wild type genome size and may affect packaging efficiency and 

yield. To date, our lab has been unable to produce a single chain AAV vector that expresses 

CPS1 (data not shown).

Promising delivery approaches and new vehicles other than viral vectors and neonatal 

administration should be considered. Development of mRNA delivered in lipid 
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nanoparticles, with rapid onset of translation, may be a potential therapy for the neonatal 

onset disease (An et al 2017). Furthermore, prenatal screening does allow for the diagnosis 

of CPS1 deficiency before birth (Finckh et al 1998). In studies conducted by our lab 

(Lipshutz et al 1999; Lipshutz et al 1999; Lipshutz et al 1999; Lipshutz et al 2000; Lipshutz 

et al 2001; Lipshutz et al 2003) and those of others (Dejneka et al 2004; Sugano et al 2012), 

in utero gene administration, as an alternative to early postnatal administration, can be 

performed in mice and other animal models. This may present a promising avenue of 

therapy that could be successful in this murine model if an appropriate method of CPS1 

protein expression can be developed.

With the recent identification of CPS1 variants correlating with increased plasma glycine 

and protective effects against atherosclerosis (Hartiala et al 2016), in addition to the role of 

CPS1 in vascular signaling (Summar et al 2004; Kaluarachchi et al 2018), this new model 

may also serve as a useful tool for the in-depth study of the relationship of short- and long-

term cardiovascular effects and CPS1 enzymatic activity. Additional preliminary findings 

implicate CPS1 in Alzheimer’s disease and other neurological disorders (Griffin et al 2018). 

These new studies, combined with the more established studies of CPS1 in cancer initiation 

and progression (Liu et al 2011; Kim et al 2017), make the murine model described here 

more broadly applicable beyond the field of urea cycle disorders.

In conclusion, we have developed and characterized a novel constitutive mouse model of 

Cps1 deficiency that recapitulates the biochemical and physiological symptoms found in 

human patients. This model will be crucial to deepen the understanding of biochemical 

changes that occur, to develop methods to blunt toxic ammonia (and glutamine) buildup, and 

to investigate translatable gene- and cell-based therapies.
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Synopsis:

A constitutive carbamoyl phosphate synthetase 1-deficient transgenic mouse was 

developed that replicates the human neonatal onset form of this disorder and will be an 

effective specimen for the study of hepatic gene-based and cell-based therapies for this 

deficiency.
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Figure 1. Strategy to generate the Cps1KO (tm1b) murine model.
The genomic outline for this mouse is shown (left). In the top right image, 5’ LRPCR shows 

confirms the targeting in the N1 (tm1a) mice. With this approach, we were able to 

successfully introduce the gene specific forward primer 5’ in the homology arm. We also 

included a reverse primer in lacZ at en2/Frt junction. 3’ loxP image (middle right): In the 

middle image (right), loxP confirmation of the targeted N1 mice is demonstrated. This 

demonstrates germline transmission and that this is conditionally ready (tm1a). In the 

bottom right image, the demonstration of the Cre transgene positive mice confirms that 

successful recombination at the loxP sites has taken place. With this step a constitutive 

knockout is generated. With the LacZ cassette having a forward primer and a reverse in the 

downstream distal LoxP homology arm, determination of the Cps1 and Cre positive animals 

successfully recombined at the loxP sites and generated the mutant (tm1b). (Abbreviations: 

LRPCR refers to long range polymerase chain reaction and DTA refers to the Diphtheria 

Toxin A gene. The black rectangles represent exon regions of Cps1).
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Figure 2. Characteristics of Neonatal CPS1-Deficient Mice.
A) The genotypes are distributed among 104 progeny of CPS1 matings of heterozygote 

mice; B) Western blot showing hepatic CPS1 protein in wild type (+/+), heterozygote (+/−) 

and knockouts (−/−); representative immunostaining for CPS1 shows hepatic CPS1 

expression in liver in Cps1+/+ (C) and Cps1+/− (D) mice with absent expression in knockout 

mouse liver (E); (F) CPS1 activity in hepatic extracts from Cps1+/+, Cps1+/− and knockout 

mice correspond with that of CPS1-specific mRNA (G); plasma ammonia levels of neonatal 

Cps1+/+, Cps1+/− and knockout mice (n=5 per group; except in the CPS1 enzyme assay [n=3 

Cps1+/−, n=4 Cps1+/+ and n=5 Cps1−/−]). (Data are presented as mean ± standard deviation.) 

(CP = Carbamoyl Phosphate).
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Figure 3. Plasma Amino Acids.
Amino acids were analyzed from plasma from constitutive CPS1 knockout mice and 

littermate controls within 12 hours of birth (n=5 per group; data presented as mean ± 

standard deviation in μmol/L). (ASP = aspartic acid, GLU = glutamic acid, GLN = 

glutamine, ALA = alanine, CIT = citrulline, ARG = arginine, ORN = ornithine; LYS = 

lysine, TAU = taurine, GLY = glycine, PHE = phenylalanine, TYR = tyrosine)
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Figure 4. Hepatic Amino Acids.
Amino acids were analyzed from liver lysates from constitutive CPS1 knockout mice and 

littermate controls within 12 hours of birth (n=5 per group; data presented as mean ± 

standard deviation in nmol/mg protein). (ASP = aspartic acid, GLU = glutamic acid, GLN = 

glutamine, ALA = alanine, CIT = citrulline, ARG = arginine, ORN = ornithine; LYS = 

lysine, TAU = taurine, GLY = glycine, PHE = phenylalanine, TYR = tyrosine)
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