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Costello syndrome is a “RASopathy” that is characterized by growth retardation, dysmorphic facial appearance,
hypertrophic cardiomyopathy and tumor predisposition. >80% of patients with Costello syndrome harbor a het-
erozygous germline G12S mutation in HRAS. Altered metabolic regulation has been suspected because patients
with Costello syndrome exhibit hypoketotic hypoglycemia and increased resting energy expenditure, and their
growth is severely retarded. To examine the mechanisms of energy reprogramming by HRAS activation in vivo,

Keywords: we generated knock-in mice expressing a heterozygous Hras G12S mutation (Hras®’?’* mice) as a mouse
Costello syndrome model of Costello syndrome. On a high-fat diet, Hras®’?* mice developed a lean phenotype with microvesicular
Hras G12S hepatic steatosis, resulting in early death compared with wild-type mice. Under starvation conditions,

hypoketosis and elevated blood levels of long-chain fatty acylcarnitines were observed, suggesting impaired mi-
tochondrial fatty acid oxidation. Our findings suggest that the oncogenic Hras mutation modulates energy ho-

Mitochondrial fatty acid oxidation
Diet-induced obesity

Cancer metabolism meostasis in vivo.

ERK © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Costello syndrome is a rare disorder with multiple congenital anom-
alies that is characterized by intellectual disability, high birth weight,
postnatal growth retardation with feeding difficulties, curly hair, rela-
tive macrocephaly, dysmorphic facial features, loose skin, hypertrophic
cardiomyopathy and a predisposition to malignancies (Costello, 1977;
Hennekam, 2003). In 2005, we discovered that germline mutations in
Harvey rat sarcoma viral oncogene homolog (HRAS) cause Costello syn-
drome (Aoki et al., 2005). Approximately 80% of patients with Costello
syndrome have germline mutations in HRAS, which is one of the compo-
nents of the RAS-MAPK signaling pathway (Aoki et al., 2005; Gripp et al.,
2006; Kerr et al., 2006). Disorders resulting from germline mutations in
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components of the RAS-MAPK signaling pathway are now collectively
referred to as RASopathies or RAS-MAPK syndromes, including Noonan
syndrome, Costello syndrome, cardio-facio-cutaneous (CFC) syndrome,
Noonan syndrome with multiple lentigines (LEOPARD syndrome) and
neurofibromatosis type 1 (Aoki et al., 2016; Aoki et al., 2008; Rauen,
2013; Tidyman and Rauen, 2009).

Somatic HRAS mutations at residues 12, 13 and 61 are frequently
found in bladder cancer, head and neck cancer, vulvar and cutaneous
squamous cell carcinoma and lung cancer (Lawrence et al., 2014;
McDaniel et al., 2014; Oliva et al., 2004; Trietsch et al., 2014; COSMIC da-
tabase http://cancer.sanger.ac.uk/cosmic/gene/analysis?In=HRAS).
The most common somatic mutation at codon 12 of HRAS is the G12V
mutation, ¢.35G > T (p.Gly12Val). In contrast, the most frequent
germline mutation in Costello syndrome patients (>80%) is the HRAS
G12S mutation, ¢.34G > A (p.Gly12Ser) (Aoki et al., 2005; Gripp et al.,
2006; Kerr et al., 2006). It has been reported that the levels of the
GTP-bound active form of HRAS G12V are higher than those of HRAS
G12S (Wey et al., 2013). Two groups have developed Costello syndrome
mouse models that express Hras G12V (Hras®'?” knock-in mice). How-
ever, mice with the Hras G12S mutation, which is the most common
mutation in Costello syndrome, have not been generated.

2352-3964/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Costello syndrome patients with germline HRAS mutations exhibit
fasting hypoglycemia with growth hormone and cortisol deficiencies,
and hypoglycemia with or without decreased ketone bodies
(Hennekam, 2003). Moreover, patients with Costello syndrome have
resting energy expenditure, which indicates enhanced basal metabo-
lism (Leoni et al., 2016). Recent studies have provided evidence that pa-
tients with RASopathies and associated mouse models exhibit
mitochondrial dysfunction, including morphological defects, oxidative
phosphorylation disorders and enzyme deficiencies in the oxidative
phosphorylation system (Aeby et al., 2007; Kleefstra et al., 2011;
Moriya et al., 2015). However, the metabolic homeostasis of individuals
with oncogenic germline mutations (RASopathies) remains unclear. Re-
cent studies have shown that cancer cells with RAS mutations exhibit al-
tered metabolism characterized by enhanced glucose uptake, glycolysis,
lipid synthesis and glutamine catabolism (Bryant et al., 2014; Zheng et
al., 2015; Zhou et al,, 2016). To gain an understanding of the effects of
RAS activation on energy homeostasis in vivo, we generated knock-in
mice expressing the Costello syndrome-associated Hras G12S mutation
and examined energy homoeostasis in the liver.

2. Material and Methods
2.1. Generation of Hras®'S Knock-in Mice

Two BAC clones containing the Hras gene, ID: RP23-210J2 and RP-
23-112C12, were used to generate the targeting vector. To construct
the targeting vector for Hras®'?* knock-in mice, DNA fragments includ-
ing Hras exon 0, loxp-SA-Exon 1, Hras cDNA (Exon1-4)-polyA and SA-
Exon1-4 were amplified using mouse BAC clones. These DNA fragments
were ligated into the pBSIISK + or pBS vector. The Hras G12S (exon 1)
mutation was introduced using site-directed mutagenesis. For construct
1, the loxp-SA-Exon 1 regions were inserted into the pBS vector contain-
ing Hras cDNA (Exon1-4)-poly A. For construct 2, the FRT-Neo-FRT-loxp
cassettes and construct 1 fragments were inserted into the pBSIISK +
vector containing Hras exon 0 DNA fragments. For the targeting vector,
the construct 2 fragments were inserted into the pBSIISK+ vector con-
taining SA-Exon1-4 regions. The targeting vector was linearized with
Sall and electroporated into the C57B6-derived BRUCE-4 ES cells. We
used genotyping and sequencing and tested the Cre-mediated
recombination system to confirm the correctly targeted ES clones. Fur-
thermore, homologous recombination was confirmed by Southern blot-
ting using 5’, 3’ and Neo probes. The probe sequences are shown in
Supplementary Table 1. Screened ES clones were then microinjected
into BALB/c blastocysts, and the resulting chimeras were crossed with
C57BL/6] mice to obtain Hras®?S Neo/+ heterozygous mice. Excisions of
the SA-Hras cDNA-poly A and Neo cassette were achieved by crossing
the Hras®'?S Neo/* heterozygotes with CAGCre transgenic mice on the
C57BL/6] background (RIKEN BioResource Center, Tsukuba, Japan;
RBRC01828) (Matsumura et al., 2004). To generate the Hras¢!?5/*

mice, the Hras®'?5/*;Cre mice were crossed with C57BL/6 ] mice
(Charles River Laboratories Japan, Yokohama, Japan). All animal exper-
iments were approved by the Animal Care and Use Committee of
Tohoku University.

2.2. Genotyping

Genomic DNA was purified from mouse tail tissue using the Max-
well 16 Mouse Tail DNA Purification Kit (Promega, Madison, WI).
Genotyping of Hras*/* and Hras®'?>'* alleles was carried out by PCR
amplification using KOD Fx Neo (TOYOBO, Osaka, Japan). The primers
used for PCR were 5'-CGCTCAGTAAATAGTTGTAGGTTGC-3’ and 3'-
CTCAGACCAGAGAATCCACAGAAC-5'.

2.3. Mouse Feeding and Care

The female mice were housed in a temperature-controlled room
with a 12-h light/dark cycle and fed a conventional laboratory diet (con-
trol diet (CD); Labo MR Stock, Nosan Corporation Life-Tech Department,
Yokohama, Japan) before weaning at 5 weeks of age. After weaning, the
mice were fed a HFD containing 60% fat (HFD-60; Oriental Yeast Corpo-
ration, Tokyo, Japan) and housed in individual cages. The compositions
of the Labo MR Stock and HFD-60 are shown in Supplementary Tables 2
and 3. Body weight and food intake were measured every 7 days.

2.4. Analysis of Serum Parameters

Mice were fed a HFD from 5 to 16 weeks of age. Serum samples from
16-week-old mice were obtained from the inferior vena cava while the
mice were under anesthesia. The fasted blood samples were obtained
after 24 h of fasting. All parameters were measured at the Oriental
Yeast Corporation Nagahama Laboratory, Nagahama, Japan.

2.5. Measurement of Lipid Content

Liver and fecal samples were obtained from mice fed a HFD from 5 to
16 weeks of age. Total lipid extraction was performed by the Folch ex-
traction procedure (Folch et al., 1957). The content of triglyceride,
total cholesterol and free fatty acid were measured by using Triglyceride
E-test Wako, Cholesterol E-test Wako and NEFA C-test Wako (Wako
Pure Chemical Industries, Osaka, Japan), respectively.

2.6. Glucose and -Hydroxybutyric Acid Measurement

Mice were fed a HFD from 5 to 16 weeks of age before the fasting
test. Blood glucose and -hydroxybutyric acid levels were measured
after 0, 24 and 48 h of fasting. Samples were obtained from the tail
veins of anesthetized mice and analyzed using a FreeStyle Precision
Neo (Abbott Laboratories, Chicago, IL).

Fig. 1. Generation of Hras G125 knock-in mice and the Hras*/* and Hras®'?5*

mouse phenotypes. (a) Gene-targeting strategy to generate the Hras®’>>* knock-in mice. Exons (solid boxes),

neomycin cassettes (hexagonal boxes), Hras cDNA (Exons 1-4)-poly A cassettes (open boxes), splice acceptor sites (SA, labeled gray boxes), loxP sites (open arrowheads) and Flp
recombination target (FRT) sites (solid arrowheads) are indicated. The SA-HRAS cDNA-poly A and Neo cassettes were removed by crossing with CAG-Cre transgenic mice. (b, ¢, d)
Representative facial appearance, tooth arrangement and anal images of Hras*/* and Hras®>* mice. (b) The panels indicate the round facial appearance (upper panel) and shortened
nasal bridge (lower panel) in Hras®’?* mice compared with Hras*/* mice. (c) Malocclusion in Hras®’** mice. (d) Rectal prolapse in Hras®’>* mice. (e) Body weights of male (upper
graph) and female (lower graph) Hras*/* and Hras®'?* mice fed a control diet (CD). The data are presented as the mean =+ SD (Hras™'* (n = 17) and Hras®'?’* (n = 16) for males;
Hras*/* (n = 17) and Hras®'?* (n = 18) for females). *p < 0.05, *p < 0.01 (Welch's t-test) compared with Hras*/* mice. (f) Gross morphology of hearts from Hras*/* and Hras®'?5*
mice at 1 year of age. The lower bar graph shows the heart weight (HW) to body weight (BW) ratios of Hras*/* and Hras®’?’* mice at 16 weeks and 1 year of age. The data are
expressed as the mean + SD (Hras"/* (n = 8) and Hras®'?** (n = 8) at 16 weeks of age; Hras™/* (n = 10) and Hras®'?* (n = 7) at 1 year of age). *p < 0.05, **p < 0.01 (Welch's t-
test) compared with Hras™/* mice. Scale bar = 5 mm. (g) Transverse sections of wheat germ agglutinin-stained hearts from Hras*/* and Hras®'>"'* mice at 16 weeks and 1 year of
age. The lower bar graph shows the average area of left ventricular (LV) cardiomyocytes in Hras*/* and Hras“'* mice at 16 weeks and 1 year of age. The data are expressed as the
mean + SD (Hras*/* (n = 5) and Hras®'?* (n = 7) at 16 weeks of age; Hras*/* (n = 5) and Hras®'?* (n = 7) at 1 year of age). **p < 0.01 (Tukey's test) compared with Hras*/*
mice at 16 weeks and 1 year of age. **p < 0.01 (Tukey's test) compared with Hras®>’* mice at 16 weeks of age. Scale bar = 50 um. (h) Gross morphology of kidneys from Hras™/*
and Hras®'>* mice at 1 year of age. The bar graph indicates the kidney weight (KW) to body weight (BW) ratios of Hras*/* and Hras®'?** mice at 16 weeks and 1 year of age. The
data are expressed as the mean =+ SD (Hras*/* (n = 8) and Hras®'?’* (n = 8) at 16 weeks of age; Hras™/* (n = 10) and Hras®'?’* (n = 7) at 1 year of age). **p < 0.01 (Welch's t-
test) compared with Hras*/* mice. Scale bar = 5 mm. (i and j) Coronal sections of kidneys from Hras*/* and Hras®'?*/* mice at 1 year of age stained with HE, PAS and Sirius red.
Scale bar = 100 pm. (j) The box plot shows the proportion of fibrosis area in Sirius red-stained sections (Hras™* (n = 9) and Hras®’?* (n = 8)). The open circle (O) indicates an
outlier. *p < 0.05 (Mann-Whitney U test) compared with Hras*/* mice. (K) Gross morphology of a cystic kidney from a Hras®’?* mouse at 16 weeks of age.
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Fig. 2. Resistance to HFD-induced obesity in Hras®’?* mice. (a) Representative appearance of Hras*/* and Hras®?* mice fed a HFD at 16 weeks and 1 year of age. (b) Body weights of
Hras™/* and Hras®'?** mice fed a HFD. The data are expressed as the mean =+ SD (Hras*/* (n = 17) and Hras®'?* (n = 18)).*p <0.05, **p < 0.01 (Welch's t-test) compared with Hras*/*

mice. (c and d) Food intake and body weight gain in Hras™* and Hras®'?*

mice fed a HFD from 5 to 16 weeks of age. The data are expressed as the mean = SD (Hras™* (n = 7) and

Hras®'?/* (n = 7)). *p < 0.05 (Welch's t-test) compared with Hras*/* mice. (e) Representative appearance of inguinal white adipose tissue (IWAT) and IWAT weight in Hras*/* and
Hras®™'* mice fed a HFD at 16 weeks and 1 year of age (Hras*/* (n = 8) and Hras®’?* (n = 5)). *p < 0.05 (Mann-Whitney U-test) compared with Hras*/* mice. (f) Survival rates
of Hras™/* and Hras®'?'* mice fed a CD or a HFD (Hras™'* CD (n = 13) and Hras®'?** CD (n = 18); Hras™/* HFD (n = 17) and Hras®'?’* HFD (n = 18)). *p < 0.05, *p < 0.01 (log-
rank test) compared with Hras*/* CD mice; **p < 0.01 (log-rank test) compared with Hras*/* HFD mice.

2.7. Blood Acylcarnitine Profiling

Mice were fed a HFD from 5 to 22-27 weeks of age. Blood samples
were obtained from tail vein after 24 h of fasting and spotted on filter
paper. The samples were prepared as previously described (Kobayashi
et al., 2007). Blood acylcarnitine was measured using an API 3000 triple
quadrupole tandem mass spectrometer along with a SIL-HTc
autosampler (Shimadzu, Kyoto, Japan) and analyzed using

ChemoView™ software (Applied Biosystems/MDS SCIEX, Toronto,
Canada).

2.8. Urinary 3-Hydroxybutyric Acid and Pyruvic Acid Measurement
Mice were fed a HFD from 5 to 22-27 weeks of age. Urine sam-

ples were blotted to filter paper then dried at room temperature.
B-hydroxybutyric acid and pyruvic acid were measured by GC/MS.
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Table 1
Biochemical parameters in Hras™* and Hras®'?* mice in fed or fasted state.

Fed Fasted

Hras*/* Hras®!?S/+ Hras*/* Hras®'25/+
TP (g/dl) 50+ 02 49+ 02 50+ 02 49402
Alb (g/dl) 36+0.2 34402 36+0.2 34402
BUN (mg/dl) 26.2 + 5.7 214 458 175+ 54 182 £33
Creatinine (mg/dl) 0.1 £ 0.02 0.1 £ 0.02 0.2 £+ 0.04 0.1 4 0.02
UA (mg/dl) 29+ 08 35+ 04
Amy (IU/]) 2115.1 + 391.3 1931.0 + 1198
AST (1U/1) 456 + 6.3 51.0+ 7.1 96.4 4+ 21.0 77.8 +£29.8
ALT (IU/1) 182 £ 28 19.6 £ 4.7 50.0 £ 26.7 358 +204
TG (mg/dl) 67.2 + 59.8 342+ 136 294 + 134 418 +279
Total Cho (mg/dl) 98.6 4+ 12.1 94.0 4+ 15.2 99.0 £+ 13.9 73.0 £ 10.7
F-Cho (mg/dl) 202 + 2.8 20.8 + 3.8 206 + 2.6 134 + 54*
E-Cho (mg/dI) 78.4 + 10.4 732 +£ 119 784 + 12.2 59.6 + 6.8
LDL-Cho (mg/dl) 68+ 13 10.6 + 1.8* 64423 6.0 + 1.4
HDL-Cho (mg/dl) 5204+ 7.1 46.6 + 7.6 458 + 4.8 37.8 + 4.6
NEFA (pEq/1) 783.6 + 343.9 647.2 +£ 735 909.6 + 197.3 1066.4 + 170.3*
Total Bil (mg/dl) 0.1 +0.03 0.1 £ 0.07 0.1 £ 0.02 0.1 4 0.02
TBA (umol/1) 58+ 6.3 14.8 £ 231 94 +£55 94 +38
Insulin (ng/ml) 0.5+ 0.2 04 +0.2
Leptin (ng/ml) 122 £ 6.6 6.0 + 3.8

The mice were fed a HFD from 5 to 16 weeks of age. Blood samples were obtained using the protocol (Supplementary Fig. 5). The data are expressed as the mean + SD. (Hras™* (n = 5)
and Hras®'?9* (n = 5) in fed state. Hras*/* (n = 5) and Hras®'>"/* (n = 5) in fasted state.) Significantly different than Hras*/* in each fed and fasted conditons, *p < 0.05 (Tukey's test).
Significantly different than fed condition in each Hras*/” and Hras®'?* groupes, *p < 0.05, **p < 0.01 (Tukey's test).

The procedures of sample preparation and measurement were as
previously described (Fu et al., 2000; Kimura et al., 1999).

2.9. Histology and Immunohistochemistry

Tissues were fixed in 10% neutral buffered formalin and then em-
bedded in paraffin. The sections were stained with hematoxylin and
eosin (HE), periodic acid-Schiff (PAS) or picrosirius red. To measure
the cross-sectional areas of the cardiomyocytes, the sections were
stained with fluorescein isothiocyanate-labeled wheat germ agglutinin
(FITC-WGA, L4895; Sigma-Aldrich, St Louis, MO) for 1 h at room
temperature. The slides were mounted using the ProLong Gold antifade
reagent with 4’,6-diamidino-2-phenylindole. The areas of the
cardiomyocytes with nuclei were measured using Image] software
(http://rsbweb.nih.gov/ij/).

2.10. Quantitative RT-PCR

Total RNA extraction and cDNA synthesis were performed as previ-
ously described (Inoue et al., 2014). Quantitative PCR analysis was per-
formed using the Universal Probe Library (Roche Life Science, Basel,
Switzerland) with StepOnePlus (Thermo Fisher Scientific). Amplifica-
tion primers and hydrolysis probes are described in Supplementary
Table 4.

2.11. Western Blotting
Liver tissues were homogenized in lysis buffer (10 mM Tris-HCL,

pH 8.0 and 1% SDS) containing phosphatase and protease inhibitor
cocktails (P5726 and P8340, respectively; Sigma-Aldrich). These lysates

were centrifuged at 15,000 rpm for 30 min at 20° C, and the protein con-
centration was determined using the Bradford method with the Bio-Rad
Protein Assay (Bio-Rad Laboratories, Hercules, CA). The lysates were
subjected to SDS-PAGE electrophoresis (4-20% Criterion TGX Precast
Gels; Bio-Rad Laboratories) and transferred to either a nitrocellulose
or PVDF membrane (Trans-Blot Turbo Transfer pack; Bio-Rad Laborato-
ries) using the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories).
After blocking with 5% non-fat milk, the membranes were incubated
overnight at 4° C with following antibodies (the catalog numbers are
in parentheses). H-Ras (sc-520) and AMPKo 1/2 (sc-25,792) from
Santa Cruz Biotechnology (Santa Cruz, CA) and ERK1/2 (9102),
phospho-ERK1/2 (9101), AKT (9272), phospho-AKT (on Ser473;
9018), phospho-AMPKa (on Thr172; 2535) from Cell Signaling (Dan-
vers, MA). All of the membranes were visualized using the Western
Lightning ECL-Plus Kit (PerkinElmer, Waltham, MA). The band intensi-
ties were quantified using Image] software.

2.12. Intraperitoneal Glucose Tolerance Test (IPGTT)

Mice were fed a HFD from 5 to 16 weeks of age before IPGTT. 2 g/kg
body weight of glucose was injected intraperitoneally in mice after 6 h
fasting. Blood glucose levels were measured before glucose injection
and after 30, 60, 90 and 120 min of glucose injection. Samples were ob-
tained from the tail veins of anesthetized mice and analyzed using a
FreeStyle Precision Neo (Abbott Laboratories).

2.13. Statistical Analysis

The data are presented as the mean =+ standard deviation (SD). The
Mann-Whitney U-test and Welch's t-test were used for comparisons of

Fig. 3. Hepatic microvesicular steatosis in Hras®'?/* mice fed a HFD. (a) Representative gross morphology of livers from Hras
liver weight (left bar graph) and liver weight (LW) to body weight (BW) ratio (right bar graph) of Hras*/* and Hras

+/+ G125/ +

and Hras mice fed a HFD at 1 year of age. (b) Crude

G125+ mice fed a CD or HFD at 1 year of age. The data are expressed as

the mean + SD (Hras*/* (n = 11) and Hras®'*/* (n = 8) for CD-fed mice; Hras*/* (n = 8) and Hras®'?* (n = 8) for HFD-fed mice). (c) HE-stained liver sections from Hras*/* and
Hras®'?/* mice fed a HFD at 1 year of age. The arrows and arrowheads indicate macrovesicular and microvesicular lipid drops, respectively. Scale bars = 100 um (upper panel) and 50 um
(lower panel). (d) HE-stained liver sections from Hras ”* and Hras®'?* mice fed a HFD under fed or fasted conditions at 16 weeks of age. Samples were obtained using the described protocol
(Supplementary Fig. 5). Scale bar = 50 um. (e-h) Samples were obtained according to the described protocol (Supplementary Fig. 5). Total lipid (e), triglyceride (f), total cholesterol (g) and
free fatty acid (h) levels in the liver from fed or fasted Hras*/* and Hras®'*** mice. The data are expressed as the mean + SD (Hras*/* (n = 5) and Hras®’>* (n = 6) in the fed condition;
Hras™* (n = 6) and Hras®'** (n = 6) in the fasted condition). **p < 0.01 (Welch's t-test) compared with fed Hras*/* and Hras“'?¥* mice. (i-k) Blood glucose (i), urinary 3-hydroxybutyric
acid (j) and blood B-hydroxybutyric acid (k) levels in Hras*/* and Hras®'?* mice. Blood and urinary samples were obtained as described (Supplementary Fig. 5). The data are expressed as the
mean = SD (Hras** (n = 7) and Hras®'?* (n = 6) in the blood samples; Hras™/* (n = 7) and Hras®'?'+ (n = 7) in the urinary samples). *p < 0.05, **p < 0.01 (Welch's t-test) compared with
Hras™/* mice.
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two groups, and Tukey's test was used for multiple comparisons. The
log-rank test was used for the survival curve, which was constructed
using the Kaplan-Meier method. All data were analyzed using JMP
Pro12 software (SAS, Cary, NC), and p < 0.05 was considered statistically
significant.

3. Results
3.1. Generation of Hras G12S Knock-in Mice

To generate Hras G12S knock-in mice, a targeting vector with a GGA
(Gly) to AGC (Ser) mutation in codon 12 (Fig. 1a) was electroporated
into C57B6-derived ES cells. The targeted clones were confirmed by
Southern blotting (data not shown). Screened ES cells were
microinjected into BALB/c blastocysts. To obtain Hras®'?S*;Cre mice,
the chimeras (Hras®'%> N¢’* mice) were crossed with CAG-Cre trans-
genic mice. Male Hras®'?s/*;Cre mice were crossed with female
C57BL/6] mice to remove Cre, and the genotype was confirmed by PCR
(Supplementary Fig. 1). Hras®’?>* mice were present at the expected
Mendelian ratios at weaning and were fertile. In contrast, all of the ho-
mozygous Hras G12S knock-in mice died during the prenatal period
(data not shown).

3.2. Hras®'?5/" Mice Exhibit Facial Dysmorphia, Growth Alterations, Car-
diomyocyte Hypertrophy and Kidney Anomalies

Patients with Costello syndrome have postnatal onset of growth de-
ficiency associated with feeding difficulty; several facial features, in-
cluding macrocephaly with a prominent forehead, low-set ears with
thick lobes, strabismus, a depressed nasal bridge, thick lips, curly hair
and dental anomalies; cardiac anomalies; skin anomalies and renal
anomalies (Hennekam, 2003; Myers et al., 2014; Takahashi and
Ohashi, 2013). All Hras®'?9 * mice exhibited dysmorphic facial features,
including a round head and a shortened nasal bridge (Fig. 1b). These fa-
cial features were reminiscent of the Hras G12V knock-in mouse (Chen
et al., 2009; Schuhmacher et al., 2008). In addition, malocclusion and
rectal prolapse were observed in Hras®’?* mice (Fig. 1c and d; Supple-
mentary Table 5). Skin anomalies and curly hair were not observed in
Hras®'?5'* mice. Both male and female 5-week-old Hras®!?** mice
displayed significant growth retardation, although the body weights of
these mice normalized by 6 weeks of age (Fig. 1e). Thereafter, the fe-
male, but not male, Hras®'?** mice displayed significant overgrowth
after 9 weeks of age compared with Hras ™™ mice (Fig. 1e).

The representative cardiac anomalies in Costello syndrome are ar-
rhythmia, hypertrophic cardiomyopathy, atrial septal defects and ven-
tricular septal defects (Hennekam, 2003). Hras®>* mice had
cardiomegaly, which was characterized by a significantly increased
heart weight (HW) to body weight (BW) ratio compared with Hras™*
mice (Fig. 1f). Morphometric analysis of left ventricular (LV)
cardiomyocytes indicated that these cells were significantly larger in
Hras®?'* mice than in Hras?* mice; this cellular enlargement
progressed over time but did not result in the development of cardiac fi-
brosis (Fig. 1g and Supplementary Fig. 2). At 1 year of age, electrocardio-
graphic analysis revealed significantly deep S waves, low T waves and a
short PR interval in Hras®'*>* mice compared with Hras™* mice (Sup-
plementary Table 6). Despite the cardiomegaly and cardiomyocyte hy-
pertrophy, there were no significant changes in intraventricular septum
thickness or left ventricular systolic function, including ejection fraction
and fractional shortening on echocardiograms, in Hras®'?>* mice com-
pared with Hras™* mice at 1 year of age. These results suggest that
there were no significant changes in cardiac function (Supplementary
Table 7). Furthermore, the heart structure of Hras®’?’* mice appeared
normal in the echocardiographic and histological analyses, suggesting
that there were no atrial septal defects or ventricular septal defects
(data not shown). A significantly increased kidney weight (KW) to BW
ratio, mesangial proliferation and kidney fibrosis indicated renal

enlargement in Hras®’?* mice at 1 year of age (Fig. 1h-1j) but not at

16 weeks of age (data not shown). Furthermore, 4.6% of the Hras®'?>/*
mice had a unilateral cystic kidney (Fig. 1k; Supplementary Table 5).
These observations indicate that Hras®’* " mice have dysmorphic facial
features, overgrowth (in females), cardiomegaly with cardiomyocyte hy-
pertrophy and kidney anomalies.

3.3. Hras%'?'* Mice Are Resistant to HFD-Induced Weight Gain

Because we did not observe any differences in body weight between
Hras™™ and Hras%'?** mice on a normal diet, we used a model of HFD-
induced obesity to explore the metabolic status of Hras®'?>'* mice. Male
Hras®'?'* mice were significantly lighter than Hras™'* mice after
13 weeks of age with HFD feeding. In female mice, there were no differ-
ences in body weight between Hras*/* and Hras®'?** mice from 14 to
23 weeks of age. After 24 weeks of age, Hras®'?'* mice were significantly
lighter than Hras*/* mice (Fig. 2a and b). Food intake from birth to
11 weeks was comparable between Hras** and Hras®?* mice, except
during the third and fifth weeks of HFD feeding (Fig. 2c); during these
weeks, food intake by Hras®’?* mice was significantly higher than
that by Hras™™ mice (Fig. 2c). The average weight gain of Hras®'?'*
mice was significantly lower than that of Hras™* mice after 8 weeks
but not after 9 weeks, despite the increased or comparable levels of
food intake by Hras®'** mice (Fig. 2d). Furthermore, there was less in-
guinal white adipose tissues in Hras®’?’* mice at both 16 weeks and
1 year of age compared with Hras™™ mice (Fig. 2e). A dramatic increase
in mortality was observed among Hras®’> * mice fed a HFD compared
with Hras®™?¥* mice fed a CD, whereas Hras®’** mice were resistant
to HFD-induced obesity (Fig. 2f). Consistent with the increased mortality
of HFD-fed Hras®?'* mice, Hras“'?'* mice developed progressive car-
diomyocyte hypertrophy and kidney injury (Supplementary Fig. 3). Fur-
thermore, the Hras®'>>* mice that died at 60 weeks of age had developed
the aging phenotype, including hair loss, kyphosis and cutaneous lesions
due to scratching (data not shown). These phenotypes, including in-
creased mortality, cardiomyocyte hypertrophy and kidney injury, were
more pronounced in female Hras®’?" mice than in male Hras¢'?5+
mice (data not shown). Thus, a subsequent study was performed using
female Hras®™> " mice.

34. Hras®'?'* Mice Fed a HFD Exhibit Impaired Fatty Acid Oxidation
Since Hras®'?/* mice were resistant to HFD-induced obesity, we
conducted a biochemical analysis of the blood and liver to examine
the metabolic status of these mice. Serum LDL cholesterol levels were
significantly higher in Hras®>* mice fed a HFD than in Hras™/* mice
fed a HFD (Table 1). However, there were no differences in the other pa-
rameters. Gross observation of the livers revealed a yellowish, steatotic
appearance in the 1-year-old Hras™ ™ mice, whereas Hras®’?* mouse
livers were normal (Fig. 3a). There were no significant differences in
liver weight between the Hras ™" and Hras®'?>* mice that were fed ei-
ther a HFD or a CD (Fig. 3b). The 1-year-old Hras*/* mice fed a HFD ex-
hibited hepatic steatosis with macrovesicular lipid droplets, whereas
the corresponding Hras®'?>* mice exhibited hepatic steatosis with
microvesicular lipid droplets (Fig. 3c). Hepatic steatosis with
microvesicular lipid droplets was already evident in Hras®'?'" mice
that had been fed a HFD for 11 weeks (Supplementary Fig. 4).

Hepatic steatosis with microvesicular lipid droplets, which indicates
fatty acid accumulation, is observed in cases of mitochondrial injury
and impaired mitochondrial fatty acid oxidation (such as in Reye syn-
drome) (Fromenty et al., 1997; Fromenty and Pessayre, 1997). Under
starvation conditions, patients with impaired mitochondrial fatty acid ox-
idation are not able to utilize fatty acids in the liver, which leads to in-
creased free fatty acid levels in the blood, lipid accumulation in the
liver, and decreased ketone body production (Vishwanath, 2016). To elu-
cidate if the hepatic steatosis with microvesicular lipid droplets observed
in Hras®'?>* mice is caused by impaired mitochondrial fatty acid
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Fig. 4. Changes in parameters related to mitochondrial fatty acid oxidation in liver tissues from fed or fasted Hras*/* and Hras®*>* mice. (a and b) Relative blood acylcarnitine (a) and
amino acid (b) levels in Hras*/* and Hras®'?'* mice after 24 h of fasting. Blood samples were obtained as described (Supplementary Fig. 5). The data are expressed as the mean =+ SD
(Hras™* (n = 7) and Hras®'®/* (n = 7)). *p < 0.05, *p < 0.01 (Welch's t-test) compared with Hras™/* mice. Val, valine; Leu, leucine; lleu, Isoleucine; Met, methionine; Cit, citrulline;
Phe, phenylalanine; Tyr, tyrosine; Arg, arginine; Ala, alanine. (c) Relative mRNA expression of genes related to mitochondrial 3-oxidation in liver tissues from Hras*/* and Hras®'?/*
mice (Hras*/* (n = 6) and Hras®’?* (n = 7) in the fed condition; Hras*/* (n = 6) and Hras®'?** (n = 6) in the fasted condition). Samples were obtained as described
(Supplementary Fig. 5). mRNA levels of target genes were normalized to those of Gapdh. *p < 0.05,** p < 0.01 (Welch's t-test or Mann-Whitney U-test) compared with Hras™/* mice.

hepatic levels of total cholesterol, triglycerides and free fatty acids
were lower in Hras®'** mice than in Hras ™" mice on a HFD. However,
under fasted conditions, the lipid content (including triglycerides, total

oxidation, we examined liver tissues, blood glucose levels, blood and uri-
nary R-hydroxybutyric acid levels and serum biochemical parameters in

fasted mice that were fed a HFD from 5 to 16 weeks of age (Supplemen-
tary Fig. 5).

Under fasted conditions, liver sections from Hras®'?'* mice showed
the accumulation of large lipid droplets (Fig. 3d). In contrast, Hras ™™
mice exhibited an increase in microvesicular lipid droplets in the liver.
Serum non-esterified fatty acid (NEFA) levels, one free fatty acid (FFA)
parameter, were significantly elevated in fasted Hras®?'* mice com-
pared with non-fasted mice. In contrast, serum NEFA levels in Hras*/*
mice were comparable in fed and fasted conditions (Table 1). The

cholesterol and free fatty acids) in the liver of Hras®’** mice increased
to the same levels as those in Hras™ " mice. These liver histology and
lipid content results (Fig. 3e-3h) suggested decreased FFA utilization
in the liver of Hras®™*>* mice in the fasted condition.

The blood glucose levels were comparable in Hras®'?** mice and
Hras™" mice during 48 h of fasting (Fig. 3i). Urinary 3-hydroxybutyric
acid levels after 24 h of fasting were significantly lower in Hras®'?>'*
mice than in Hras*/* mice (Fig. 3j). Thereafter, blood B-hydroxybutyric
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acid levels were significantly reduced in Hras®'?* mice after 48 h of

fasting (Fig. 3k), suggesting decreased ketone body production. A line
of evidence suggests that under fasted conditions, Hras®?>* mice fed
a HFD develop impaired fatty acid oxidation, including decreased lipid
utilization in the liver, elevated levels of NEFA and hypoketosis.

3.5. Hras®'?5/* Mice Fed a HFD Exhibit an Increase in Long-Chain Fatty
Acylcarnitines

Impaired mitochondrial fatty acid oxidation leads to hypercatab-
olism and an increase in various types of fatty acylcarnitines in the
blood under starvation conditions (Vishwanath, 2016). After 24 h
of fasting, tandem mass spectrometry analysis of blood acylcarnitine
profiles showed a significant increase in long-chain fatty
acylcarnitines, including C16, C18, C18:1 and C18:2, in Hras®'?/*
mice fed a HFD (Fig. 4a), suggesting decreased activity of an earlier
step in mitochondrial fatty acid oxidation. In the blood amino acid
profiles, the methionine and phenylalanine levels were significantly
higher in Hras®’?>’* mice than in Hras*'* mice (Fig. 4b), suggesting
hypercatabolism.

In addition, we evaluated the mRNA expression of genes related to
mitochondrial fatty acid oxidation. In the fed condition, the hepatic
mRNA expression of peroxisome proliferator-activated receptor alpha
(Pparc), acyl-CoA synthetase long-chain family member 1 (Acsl1), car-
nitine palmitoyltransferase 2 (Cpt2), medium-chain acyl-CoA dehydro-
genase (Acadm) and mitochondrial trifunctional enzyme subunit beta
(Hadhb) was significantly lower in Hras®’?** mice than in Hras ™™
mice (Fig. 4c). A significant decrease in Acadm and short-chain-3-
hydroxyacyl-CoA dehydrogenase (Hadh) gene expression was observed
in fasted Hras®"?>'* mice compared with Hras™/* mice (Fig. 4c). These
findings indicate that mitochondrial fatty acid oxidation is impaired in
the livers of Hras®'?%* mice.

3.6. Hras®'?5/* Mice Fed a HFD Exhibit Alterations in Glucose, Organic Acid
and Glutamine Metabolism

We hypothesized that the introduction of the Hras G12S mutation in
vivo causes metabolic changes in addition to those to fatty acid oxidation
that might be similar to those observed in cancer cells (Bryant et al., 2014;
Zheng et al., 2015; Zhou et al., 2016). We then performed comprehensive
RT-qPCR analysis of genes involved in glucose, organic acid and gluta-
mine metabolism in liver tissues (Supplementary Table 4). The mRNA
levels of genes involved in glucose metabolism (glucose-6-phosphate de-
hydrogenase, G6pd) and glutaminolysis (aspartate aminotransferase 1,
Got1) were significantly increased in fed and/or fasted Hras®?’* mice
(Fig. 5a and b). Furthermore, pyruvate dehydrogenase alpha (Pdha)
mRNA expression was significantly decreased in fed Hras®'?>* mice,
and glutaryl-CoA dehydrogenase (Gcdh), glutamate dehydrogenase 1
(Glud1) and malic enzyme 1 (Me1) mRNA levels were decreased in
both fed and fasted Hras®'?’* mice (Fig. 5a-5c). To evaluate the differ-
ences in glucose metabolism between Hras*/* and Hras®?* mice, we
performed an intraperitoneal glucose tolerance test (IPGTT) and mea-
sured urinary pyruvic acid. Hras®'?* mice displayed significantly
lower blood glucose levels than Hras*/* mice after 30 min in the IPGTT
(Fig. 5d). Moreover, Hras¢®* mice fed a CD showed significantly
lower blood glucose levels after 30 min of fasting. Hras®’>* mice fed a
HFD also had significantly lower blood glucose levels after 90 min of

fasting (Supplementary Fig. 6a). Under these conditions, blood insulin
levels after 90 min of fasting were comparable between Hras™* and
Hras®'>'* mice (Supplementary Fig. 6b). Urinary pyruvic acid levels
after 24 h of fasting were significantly higher in Hras®’?* mice than in
Hras™/* mice (Fig. 5e). These results suggest that Hras®>* mice fed a
HFD show changes in glucose, organic acid and glutamine metabolism
and indicate that fasting leads to insulin-independent early hypoglyce-
mia and enhanced glutaminolysis.

We also performed western blotting to elucidate the signaling path-
ways altered in the Hras®'?>* mouse liver. Phosphorylated ERK levels in
the livers of Hras™* and Hras®'?>* mice showed no significant differ-
ences under the fed condition (Supplementary Fig. 7). In contrast, the
hepatic levels of phosphorylated ERK were significantly higher in fasted
Hras®'?5* mice than in fasted Hras7/* mice (Fig. 5f). There were no sig-
nificant differences between the Hras** and Hras®’?>* mice in the
levels of phosphorylated AKT (Ser 473), which is activated by RAS sig-
naling, or of phosphorylated AMPK (Thr 172), which is associated
with fatty acid and glycogen metabolism and cell growth (Carling,
2004; Hardie, 2004) (Fig. 5f).

4. Discussion

In this study, we generated heterozygous Hras G12S knock-in
mice as a mouse model of Costello syndrome to explore the implica-
tions of germline HRAS activation in vivo on metabolic homeostasis.
Hras®'?/* mice fed a HFD exhibited poor weight gain, decreased
fatty acid oxidation and altered metabolism of glucose, organic
acids and glutamine in the liver. Impaired fatty acid oxidation,
hypoketosis and insulin-independent early hypoglycemia were
clearly evident under fasted conditions after HFD feeding. Taken to-
gether, our results demonstrate that knock-in mice expressing
germline Hras G12S exhibit impaired hepatic energy homeostasis
when fed a HFD.

Our investigation revealed that Hras®'?* mice fed a HFD exhibit
microvesicular steatosis with decreased mRNA levels of genes involved
in fatty acid oxidation, suggesting impaired mitochondrial function and
mitochondrial fatty acid oxidation. Furthermore, increased lipid accu-
mulation in the liver, blood methionine and phenylalanine levels, and
long-chain fatty acylcarnitines, including C16, C18, C18:1 and C18:2,
and decreased ketone body and blood glucose levels were observed in
fasted Hras®™?* mice. Abnormal accumulation of long-chain fatty
acylcarnitines, including C12-18, is observed in patients with mito-
chondrial trifunctional protein (MTP), CPT2 and carnitine-acylcarnitine
translocase (CACT) deficiencies (Hori et al., 2010; Olpin et al., 2005;
Rubio-Gozalbo et al., 2004). Biallelic Mtp knockout mice have been
shown to exhibit microvesicular hepatic steatosis, neonatal hypoglyce-
mia, sudden death and elevations of C14, C16, C16:1, C18:1 and C18:2
acylcarnitines, whereas heterozygous Mtp knockout mice do not show
hypoglycemia (Ibdah et al,, 2001). A recent publication on liver-specific
Cpt2 knockout mice reported microvesicular hepatic steatosis and sig-
nificantly low levels of serum B-hydroxybutyric acid without hypogly-
cemia (Lee et al., 2016). Moreover, recent studies have reported
mitochondrial dysfunction in both HRAS-transformed cells and patients
with RASopathies (Aeby et al., 2007; Biaglow et al., 1997; Kleefstra et al.,
2011; Telang et al., 2007; Yang et al,, 2010). It is possible that impaired
mitochondrial fatty acid oxidation is associated with hypoglycemia,

Fig. 5. Changes in hepatic gene expression related to glucose, organic acid and glutamine metabolism and glucose and pyruvic acid utilization in fed or fasted Hras*/* and Hras®'>¥* mice.
(a—c) Samples were obtained as described (Supplementary Fig. 5). Relative mRNA expression levels of genes related to glucose (a), glutamine (b) and organic acid (c) metabolism in liver
tissues from fed or fasted Hras*/* and Hras®'?* mice. (Hras*/* (n = 6) and Hras®'?>** (n = 7) in the fed condition; Hras*/* (n = 6) and Hras®’?* (n = 6) in the fasted condition).
mRNA levels of target genes were normalized to those of Gapdh. The open circle (O) indicates an outlier. *p < 0.05, **p < 0.01 (Welch's t-test or Mann-Whitney U-test) compared with

++ G12S/+

Hras™*/* mice. (d) IPGTT analysis of blood glucose levels in Hras*/* and Hras

mice at 16 weeks of age. The data are expressed as the mean =+ SD (Hras*/* (n = 8) and Hras®'?%*

(n=5)).*p<0.05, **p <0.01 (Welch's t-test) compared with Hras*/* mice. (e) Urinary pyruvic acid levels in Hras*/* and Hras'?* mice (Hras*'* (n = 7) and Hras®'?* (n = 7)).
Urine samples were obtained as described (Supplementary Fig. 5). The bars indicate the mean. Statistical analysis was performed using the Mann-Whitney U-test. (f) Western blotting

of liver tissues from fasted Hras*/* and Hras®'?/*

mice. The lower bar graphs show the relative phospho-ERK and phospho-AKT levels. The band intensity was normalized to that of

the non-phosphorylated protein. The data are expressed as the mean + SD (Hras™* (n = 5) and Hras®'?* (n = 5)). **p < 0.01 (Welch's t-test) compared with Hras*/* mice.
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poor weight gain and cardiomyopathy in patients with Costello

syndrome.
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and Hras®"?Y knock-in mice exhibited no growth retarda-

tion or feeding difficulty on the control diet (Chen et al., 2009;

Schuhmacher et al., 2008). However, Hras

G12S/+

mice developed a lean
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phenotype with poor weight gain, reduced adiposity and fat malabsorp-
tion during HFD feeding. The mouse model of Noonan syndrome with
multiple lentigines (LS mice) expressing a heterozygous Ptpnil
T468M mutation exhibited resistance to HFD-induced obesity and re-
duced adiposity (Tajan et al., 2014), which are similar findings to
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b) Changes in gene expression in the liver of Hras®>* mice under fed (a) and fasted (b)

conditions. Upregulated or activated proteins and genes are shown in red. Decreased gene expression is shown in blue. (a) In the fed condition, the pentose phosphate pathway is activated
due to an increase in G6pd gene expression. A decrease in Pdha gene expression inhibits the conversion of pyruvate to acetyl-CoA. Low Glud1 and Got2 gene expression results in a decrease
in alpha-ketoglutaric acid. In the fatty acid oxidation pathway, decreased Acsl1, Cpt2, Acadm and Hadhb gene expression leads to a lack of acetyl-CoA. (b) In the fasted condition, the Hras
G12S mutation leads to increased Got1 expression and decreased Glud1 expression through ERK activation. The G6pd gene is also activated in the fed condition. Upregulation of Got1 and

downregulation of Glud1 lead to diminished levels of alpha-ketoglutaric acid, which is used to

produce ATP in the TCA cycle. The reduced gene expression of Acadm and Hadh leads to

impaired fatty acid oxidation, which is the main energy supplier under conditions of starvation. Gln, glutamine; Glu, glutamate; Asp, aspartic acid; OAA, oxaloacetic acid; a-KG, alpha-

ketoglutaric acid.

those of our present study. Furthermore, LS mice show decreased adipo-
genesis, increased energy expenditure and enhanced insulin signaling.
MEK inhibitors lead to increased body weight and adiposity in LS mice
and increased body weight in the mouse model of Noonan syndrome
and CFC syndrome (Inoue et al., 2017; Tajan et al., 2014; Wu et al,,
2011). Interestingly, mouse models of CFC syndrome from our group
and another group also exhibited a reduction in adiposity (Urosevic et
al., 2011). A recent study showed that patients with Costello syndrome
exhibit an increased energy expenditure (Leoni et al., 2016). Patients
with Noonan or CFC syndrome have been shown to have intestinal
lymphangiectasia, which results in fat malabsorption and growth retar-
dation (Joyce et al., 2016; Mistilis et al., 1965; Vignes and Bellanger,
2008). Thus, these metabolic alterations, including decreased adipogen-
esis, fat malabsorption, lymphatic disorders, increased energy

expenditure and enhanced insulin signaling, may be common in
RASopathies. Future studies will increase our understanding of the
mechanism behind the lean phenotype of Hras®?* mice fed a HFD.
Normal differentiated cells metabolize glucose to carbon dioxide
through the mitochondrial tricarboxylic acid (TCA) cycle, which is the
most effective way to generate ATP. In contrast, cancer cells prefer to
metabolize glucose to lactate through glycolysis under aerobic
conditions, which is known as “the Warburg effect” (Warburg,
1956). Several reports have suggested that the RAS oncogene
promotes anaerobic glycolysis, glucose uptake, lipid synthesis
and nucleotide synthesis through the pentose phosphate pathway
(PPP) (Tian et al., 1998). Under both fed and fasted conditions,
the metabolic alterations observed in Hras®'?'* mice (Fig. 6), in-
cluding changes in glucose, organic acid and glutamine


Image of Fig. 6

D. Oba et al. / EBioMedicine 27 (2018) 138-150 149

metabolism, are similar to those in several previous reports on
cancer. For example, HRAS-transformed human breast epithelial
cells have been reported to have increased glycolysis and lactate
production and enhanced expression of G6pd, which encodes a
PPP regulatory enzyme (Zheng et al., 2015). Moreover, approxi-
mately 50% of diethylnitrosamine-induced liver tumors have
HRAS mutations in codon 61, an HRAS hot spot in cancer. In a mi-
croarray analysis, diethylnitrosamine-induced liver tumors
showed upregulation of G6pd, which is involved in glycolysis,
and downregulation of GCDH and ME1, which are involved in or-
ganic acid and glutamine metabolism (Unterberger et al., 2014).
These results were similar to the phenotype of Hras®'>'* mice
fed a HFD (Fig. 6). Studies of pancreatic ductal adenocarcinoma
with a KRAS mutation showed an upregulation of glycolysis-asso-
ciated genes, including glucose transporter 1 (GLUT1), hexokinase
1 and 2 (HK1 and HK2), phosphofructokinase 1 (PFK1) and lactate
dehydrogenase A (LDHA) (Bryant et al., 2014; Son et al., 2013). In
addition, these cancers exhibited an upregulation of GOT1 and
GOT2 and a downregulation of GLUD1. These results are somewhat
similar to our results, in which hepatic phosphorylated ERK levels
and Got1 expression increased in fasted Hras®'?>* mice after HFD
feeding (Fig. 5b and f). Collectively, somatic RAS mutations and
the germline Hras G12S mutation in mice are associated with glu-
cose, organic acid and glutamine metabolism.

Hras®?Y knock-in mice have been generated in two laboratories. Phe-
notypes between two Hras®'2¥ knock-in mice were different because
of the different genetic background. Hras®’?¥ knock-in mice reported
by Schumacher et al. showed normal weight and size, facial
dysmorphia, cardiomegaly with cardiomyocyte hypertrophy, aortic
valve thickening, cardiac and kidney fibrosis. However, tumor devel-
opment was rare in these mice (Schuhmacher et al., 2008). In con-
trast, Hras®’?" knock-in mice reported by Chen et al., showed high
perinatal lethality, dysmorphic facial features, defective dental
ameloblasts, malocclusion, papillomas and angiosarcomas, but did not
develop any cardiac defects (Chen et al., 2009). In this study, Hras¢!?/*
mice exhibited dysmorphic facial features (including a round head and
a shortened nasal bridge), a malocclusion, cardiomegaly with cardiomyo-
cyte hypertrophy and kidney fibrosis. These phenotypes were reminis-
cent of the characteristic features of Costello syndrome patients and
Hras®'" knock-in mice (Chen et al., 2009; Schuhmacher et al., 2008;
Viosca et al., 2009). However, the papillomas and angiosarcomas report-
ed in Hras®™" knock-in mice (Chen et al., 2009) were not observed in
Hras®'?'* mice, even at 1 year of age. These differences are consistent
with the higher cancer frequency associated with HRAS G12V than with
HRAS G12S and the higher population of the GTP-bound active form of
HRAS G12 V than HRAS G12S ((Wey et al., 2013) and the cosmic data-
base). Hras®?* mice also exhibited rectal prolapse, metabolic changes,
a unilateral cystic kidney and glomerulopathy, which have not been re-
ported in Hras®’?" knock-in mice. Although histological examination of
the kidneys of patients with Costello syndrome have not been reported,
ultrasonographic changes, including pelviectasis, hydronephrosis, in-
creased kidney size and echogenic kidneys, have been observed in
RASopathy patients during the perinatal period (Myers et al., 2014), sug-
gesting a presymptomatic state of polycystic kidneys (Avni et al., 2002).
Indeed, polycystic kidneys have been observed in Hras G12V transgenic
mice (Gilbert et al., 1997; Schaffner et al., 1993). These results suggest
that oncogenic HRAS mutations may be associated with the development
of renal cysts.

Here, we developed Hras mice as a model that recapitulates
the pathophysiology of Costello syndrome. Our study provides evi-
dence that individuals expressing the germline Hras G12S mutation
could have altered energy homeostasis when consuming a HFD.
Given that cells with oncogenic RAS mutations exhibit cancer-specif-
ic alterations in energy homeostasis, our Hras®’?$/* mice will pro-
vide an in vivo model for studying cancer metabolism. Additional
studies will be necessary to understand the precise mechanism of

G12S/+

energy homeostasis in Hras¢'?/*

syndrome and cancer.

mice and in patients with Costello
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