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Abstract
The Noonan syndrome (NS) is an autosomal dominant genetic disorder characterized by short stature, craniofacial
dysmorphism, and congenital heart defects. A significant proportion of NS patients may also develop myeloprolif-
erative disorders (MPDs), including juvenile myelomonocytic leukaemia (JMML). Surprisingly, scarce information
is available in relation to other tumour types in these patients. We have previously developed and characterized a
knock-in mouse model that carries one of the most frequent KRAS-NS-related mutations, the K-RasV14I substitu-
tion, which recapitulates most of the alterations described in NS patients, including MPDs. The K-RasV14I mutation
is a mild activating K-Ras protein; thus, we have used this model to study tumour susceptibility in comparison with
mice expressing the classical K-RasG12V oncogene. Interestingly, our studies have shown that these mice display
a generalized tumour predisposition and not just MPDs. In fact, we have observed that the K-RasV14I mutation is
capable of cooperating with the p16Ink4a/p19Arf and Trp53 tumour suppressors, as well as with other risk fac-
tors such as pancreatitis, thereby leading to a higher cancer incidence. In conclusion, our results illustrate that the
K-RasV14I activating protein is able to induce cancer, although at a much lower level than the classical K-RasG12V

oncogene, and that it can be significantly modulated by both genetic and non-genetic events.
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Introduction

The RAS/MAPK pathway is an essential pathway for
embryo development, cell signalling, and proliferation
[1,2]. Germline mutations in the RAS genes or in com-
ponents or regulators of the RAS/MAPK pathway result
in developmental disorders known as RASopathies that
include the Noonan syndrome (NS), Costello syndrome
(CS), and neurofibromatosis type 1 (NF1) [3]. NS is
a relatively frequent developmental disorder mainly
characterized by craniofacial dysmorphia, short stature,
cardiovascular and skeletal defects, delayed puberty,
and learning difficulties [1,3,4]. NS may result from
germline mutations in 11 different loci (PTPN11, SOS1,
KRAS, NRAS, RAF1, BRAF, MEK1, SHOC2, CBL,
RIT1, and RRAS), which are not usually found in cancer
[5–7]. However, the somatic KRASV14I-NS-associated
mutation has been identified in some human tumours,
mainly in intestinal tumours (COSMIC database).

Misregulation of the RAS/MAPK pathway has been
previously implicated in cancer biology [1,2]. RAS
somatic missense mutations are found in about 30%
of human cancers. KRAS is the most frequent mutated
oncogene in pancreatic (90%), colon (50%), and lung
tumours (25%). Furthermore, it is the initiating onco-
genic event in lung and pancreatic cancers [1,8]. Thus,
deregulation of this pathway during embryo develop-
ment could lead to an increased tumour predisposition.
Indeed, this is the situation for CS and NF1 [9,10].
Moreover, about 10% of NS patients exhibit transient
MPDs. Less frequently, these patients develop severe
MPDs, juvenile myelomonocytic leukaemia (JMML),
and/or other haematological malignancies [11]. In
spite of the high number of NS patients and their
potential tumour predisposition, only four studies have
described haematopoietic malignancies as the most
frequent tumours, followed by rhabdomyosarcoma,
neuroblastoma, central nervous system tumours, scarce
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angiosarcomas, colon cancer, and basal cell carcinoma
[11–14]. A review of 1151 NS patients with unknown
mutations identified 3.9% of cancer cases. This study
showed a cumulative cancer incidence of 4% by the age
of 20, which is still lower than the 15% for CS [13].
Furthermore, a cohort study of 297 young NS patients
with PTPN11 mutations provided a cumulative risk
for developing cancer of 23% at the age of 55, which
represents a 3.5-fold increased risk compared with the
general population [11]. Recently, a population-based
study identified an 8.1-fold increased cancer risk in
NS children with PTPN11, NRAS, SOS1, and RAF1
germline mutations. Interestingly, infants with KRAS
germline mutations displayed a 75.8-fold increased risk
[14]. These results suggest that germline mutations in
genes of the RAS/MAPK pathway are associated with
a significantly higher cancer risk.

We have generated a mouse model that expresses
one of the most frequent NS-associated germline KRAS
mutations, the K-RasV14I mutation, which recapitu-
lates most of the alterations described in NS patients
[15]. We used these mice to study the tumour pre-
disposition associated with the expression of this
mutation alone or in combination with non-genetic
risk factors such as pancreatitis, as well as with the
loss of tumour suppressor genes. Interestingly, the
K-RasV14I mice had an overall increased tumour pre-
disposition, not just MPDs, which cooperated with
both pancreatitis and the loss of p16Ink4a/p19Arf and
Trp53 tumour suppressor genes. Hence, human epi-
demiological studies should be conducted in order to
unveil the real impact of KRAS-NS-associated muta-
tions in tumour development. Further studies should
analyse other KRAS mutations, additional risk factors,
and the cooperation with other genetic events. Our
model could help to challenge tumour development
and test new therapies aimed at preventing or treating
cancer.

Materials and methods

Mice
Animal use was approved by the Ethical Com-
mittee of the Spanish National Cancer Research
Center. The strains used were K-Ras+/LSLV14I and
K-RasV14I [15], RERT [16], Elas-tTA/tetO-Cre [17],
p16Ink4a/p19Arf −/− [18], Trp53−/− [19], and K-Ras+/−

(unpublished data). Pancreatitis was induced by
i.p. injection of caerulein for 6 months (125 μg/kg,
5 days/week; Sigma, St Louis, MO, USA) [17]. Tamox-
ifen treatment was performed by ad libitum adminis-
tration of a tamoxifen-containing diet (Tekland68 CRD
Tam400/CreER). Infection with adeno-Cre particles
(3× 108 PFU/mouse) was performed in 8-week-old
mice via intratracheal instillation after anaesthesia
(ketamine 75 mg/kg, xylaxine 12 mg/kg, i.p.) [20].
Blood extraction from the renal vein was performed at
necropsy. Blood populations were quantified using a

blood analyser (Abacus Junior Vet; Diatron, Budapest,
Hungary).

Histopathology and immunohistochemistry
Specimens were fixed in 10% buffered formalin,
embedded in paraffin, serially sectioned (3 μm), and
every tenth section was stained with H&E. Rehydrated
sections were incubated with a primary antibody:
(goat polyclonal anti-CD3 (1:250; 1127; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), rabbit poly-
clonal anti-CD31 (1:50; ab28364; Abcam antibodies,
Cambridge, UK), rat monoclonal anti-F4/80 (1:10;
Monoclonal Antibodies CNIO core unit; CNIO, Madrid,
Spain), pre-diluted rabbit monoclonal Ki67 (SP6;
000311OQD; Master Diagnóstica, Granada, Spain),
and goat polyclonal anti-Pax5 (1:500; 1974;Santa
Cruz Biotechnolgy, Heidelberg, Germany), and then
with the corresponding secondary antibody (rabbit
anti-goat; Dako, Sant Just Desvern, Spain); and rab-
bit anti-rat; Vector Labs, Burlingame, CA, USA)
and visualization systems as needed (OmniRabbit,
Ventana; Roche Diagnostics, Sant Cugat del Val-
lésSpain) conjugated with horseradish peroxidase.
Immunohistochemical reactions were developed using
3,3’-diaminobenzidine tetrahydrochloride (DAB) as
a chromogen (Chromomap DAB, Ventana, Roche
or DAB solution, Dako) and nuclei were counter-
stained with Carazzi’s haematoxylin. Finally, the
slides were dehydrated, cleared, and mounted with
a permanent mounting medium for microscopic
evaluation.

Laser capture microdissection (LCM) and loss
of heterozygosity (LOH) analysis
LCM (PALM microbeam Zeiss Axio Observer; Carl
Zeiss, Jena, Germany) was used to isolate 10 000
cells from H&E-stained sections (3 μm) of tumours
from K-Ras+/V14I mice. DNA was amplified by
PCR with the following primers: forward (5IO_2:
5’-TACCGCAAGGGTAGGTGTTGG-3’ and reverse
(3Ex1_2: 5’-ACCAGCTCCAACCACCACAAG-3’),
with a denaturing step of 94 ∘C at 5 min followed by 55
cycles of 60 s at 94 ∘C, 60 s at 60 ∘C, 60 s at 72 ∘C, and
a final elongation step at 72 ∘C for 10 min. The PCR
products were analysed by agarose gel electrophoresis,
resulting in 403 and 669 bp fragments for the wild-type
and the K-RasV14I allele, respectively.

Statistical analyses and data presentation
Data are presented as their means and respective stan-
dard errors (SEM) or as statistical scatter plots gen-
erated with Microsoft Excel, GraphPad Prism, and
GraphPad calculator. The log-rank (Mantel–Cox) test
was used to obtain p values when comparing survival
curves. Mice were scored based on their highest-grade
lesion and Fisher’s exact test was used for histologi-
cal tumour grading. p< 0.05 was considered statistically
significant.
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208 I Hernández-Porras et al

Figure 1. B6/129-K-RasV14I mice develop histiocytic sarcomas, lymphomas, and adenomas. (A) H&E-stained paraffin section and Pax5
and CD3 immunostaining of a representative lymphoma from K-RasV14I mice. (B) H&E-stained paraffin section and F4/80 and Pax5
immunostaining of a representative histiocytic sarcoma from K-RasV14I mice. (C) H&E-stained paraffin section of a representative lung
adenocarcinoma, hepatocarcinoma, and intestinal tubular adenoma from K-RasV14I mice.

Results

K-RasV14I mice develop multiple malignancies
We have previously described the reduced longevity
of K-Ras+/V14I and K-RasV14I/V14I (K-RasV14I) mice
in a mixed C57BL6J/129S2Sv (B6/129) background
(half-life of 62 and 36 weeks, respectively) [15]. We
have now determined that this reduction is due not only
to MPD, but also to the development of haematopoi-
etic alterations such as splenomegaly, leucocytosis, and
anaemia (Supplementary Table 1). Histological evalua-
tion of K-Ras+/V14I (n= 26) and K-RasV14I mice (n= 12)
sacrificed at humane endpoints revealed the presence
of multiple malignancies such as lymphomas, histi-
ocytic sarcomas, and carcinomas. Furthermore, two
K-Ras+/V14I animals developed leukaemia (Supplemen-
tary Tables 1 and 2 and Figure 1). Tumour develop-
ment was slightly more prevalent in K-Ras+/V14I (24/26;
92%) than in K-RasV14I mice (9/12; 75%), possibly
due to their longer survival. Other pathologies included

renal changes, vasculitis, and areas of heart infarction
(Supplementary Tables 1 and 2 and Supplementary
Figure 1). These alterations could be either due to the
expression of the K-RasV14I mutation or a consequence
of the haematological disorder since they were always
associated.

Wild-type mice were either sacrificed at a humane
endpoint (n= 6) or between 89 and 113 weeks, which
corresponds to the latest humane endpoint of their
mutant littermates (n= 6). As expected, K-Ras+/+

wild-type mice displayed a significantly lower tumour
incidence than mutant mice, regardless of the time point.
Histological evaluation of wild-type mice revealed the
presence of early (17%; 1/6 mice) and advanced tumours
(50%; 3/6 mice) at the humane endpoint, with the most
frequent malignancies being lymphomas and histiocytic
sarcomas. Renal pathological changes were found in 3
out of 12 mice (Supplementary Table 3). These results
indicate that K-RasV14I expression enhances tumour
development. K-RasV14I mice develop a diverse spec-
trum of haematological disorders, which in combination
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Tumour predisposition and Noonan syndrome 209

with MPDs triggers their death. Moreover, germline
expression of the K-RasV14I mutation induces the devel-
opment of some lung tumours that are typical of the
somatic expression of K-Ras oncogenes [2].

We have previously described that the survival rate
of K-RasV14I mice depends on the genetic background.
K-RasV14I mice backcrossed onto a 129S2/SvPasCrl
(129) background results in an increased lifespan. In
contrast, no alterations in longevity have been found
in a C57BL/6 J.OlaHsd (B6) background [21]. As
in the B6/129 mixed genetic background, reduced
lifespan was linked to splenomegaly and leucocytosis
(Supplementary Tables 4 and 5). While B6-K-RasV14I

mice preferentially developed lymphomas (71%) and
histiocytic sarcomas (43%), histological analysis of
129-K-RasV14I mice revealed the presence of a severe
multifocal perivascular mixed inflammatory reaction
in 83% of K-Ras+/V14I and in 67% of K-RasV14I mice
(Supplementary Tables 4 and 5). This inflammatory
process was characterized by a concentric perivascular
cuffing of neutrophils, plasma cells, lymphocytes, and
occasional eosinophils mainly observed in kidney,
liver, and lung medium-size arteries. Progressively,
necrotizing arteritis was developed with media and
adventitia destruction, followed by granulation tissue
replacement (Supplementary Figure 2). Renal patholog-
ical changes were observed in 50% of 129-K-Ras+/V14I

mice and in 67% of 129-K-RasV14I mice (Supplemen-
tary Tables 4 and 5). B6 and 129 wild-type littermates
were analysed at similar ages of the mutant’s humane
endpoint. B6-wild-type mice (n= 5) displayed a lower
haematological tumour incidence (1/5) and none of
the 129-wild-type mice (n= 3) showed inflammatory
alterations.

The inflammatory situation and the vasculitis
observed in 129-K-RasV14I mice suggest the devel-
opment of an autoimmune reaction. Further studies are
needed to understand the nature of this phenomenon
observed in 14% of NS patients [22]. Our results advo-
cate that the kidney alterations and vasculitis found in
B6/129 mice are a direct consequence of the expression
of the K-RasV14I mutation linked to the 129 genetic
background.

K-RasV14I has the potential to induce lung tumours
KRAS oncogenes are found in 25% of human lung
adenocarcinomas [23]. Somatic expression of oncogenic
K-RasG12D or K-RasG12V alleles induces the appearance
of lung adenomas in mice [16,24–26].

Lung tumours were only observed in 2 out of
26 K-Ras+/V14I mice, but not in K-RasV14I mice, which
might be related to their shorter longevity (Supple-
mentary Tables 1 and 2). To study K-RasV14I-induced
lung tumours discarding the problem of the early
lethality, we used the conditional strain K-Ras+/LSLV14I

[15] and the K-Ras+/LSLG12Vgeo mice [16] as controls.
In order to induce the expression of the K-RasV14I

allele, we followed two different strategies: first,
we performed intratracheal infection of 2-month-old

K-Ras+/LSLV14I mice with a Cre-recombinase-expressing
adenovirus. However, K-RasV14I expression in adult
lungs did not induce lesions at 18 months of age
(n= 12) (Figure 2A), when all K-Ras+/LSLG12Vgeo

mice were sacrificed due to breathing difficulties as
a result of tumour burden (Figure 2B) [27]. Second,
we crossed the K-Ras+/LSLV14I mice with a knock-in
strain (RERT) that expresses a ubiquitous and inducible
Cre-ERT2 recombinase [16]. This strategy allows
K-RasV14I expression in all the tissues upon tamoxifen
treatment. To this end, K-Ras+/LSLV14I;RERT (n= 7),
K-Ras+/LSLG12Vgeo;RERT (n= 5), and K-Ras+/+;RERT
(n= 4) mice were exposed to tamoxifen for 3 months
from weaning. K-Ras+/LSLV14I;RERT mice (n= 7) sur-
vived for at least 16 months without any alteration.
Histological analysis of K-Ras+/LSLV14I;RERT (n= 7)
and K-Ras+/+;RERT (n= 4) mice sacrificed at 16
months of age revealed the absence of lesions in the
lung (Figure 2C) or in any other organ (data not shown).
As expected, K-Ras+/LSLG12Vgeo;RERT (n= 5) mice had
to be sacrificed before 1 year of age, due to multiple
lung adenomas and adenocarcinomas [16] (Figure 2D).

Importantly, these observations indicate that although
the postnatal expression of the K-RasV14I mutation does
not have enough oncogenic capacity to induce lung
tumours, its germline expression has the potential to
induce lung tumour development at a low incidence.

K-RasV14I-induced pancreatic lesions in the context
of pancreatitis
KRAS mutations have been found in 90% of human
pancreatic ductal adenocarcinomas (PDACs) [28,29],
one of the tumours with the worst prognosis [30]. Mouse
models have illustrated that K-Ras oncogenes are the
initiating oncogenic event [17,31,32]. However, we
observed a PDAC in only one out of six 129-K-RasV14I

mice (Supplementary Table 4). Chronic pancreati-
tis, an important risk factor for PDAC development
[33,34], has been shown to cooperate with oncogenic
K-Ras mutations to induce a high number of pancreatic
intraepithelial neoplasias (PanINs) and PDACs [17,34].
Thus, we studied whether chronic pancreatitis may
have increased this risk in K-RasV14I mice by treating
2-month-old mice with daily doses of caerulein for 6
months. As expected, wild-type littermates did not dis-
play PanIN lesions, neither just after caerulein treatment
(n= 3) nor 3 months after treatment (n= 4) (Figures 3A,
3B and Supplementary Figures 3A, 3B). In contrast,
treatment of K-Ras+/V14I (n= 15) and K-RasV14I (n= 13)
mice led to the appearance of PanIN lesions in most ani-
mals, including PanIN3, a direct PDAC precursor [35].
Just after caerulein treatment, 62% of K-Ras+/V14I mice
and 87% of K-RasV14I mice displayed low-grade (LG)
PanIN lesions. Moreover, 37% of K-Ras+/V14I mice and
87% of K-RasV14I mice developed high-grade (HG)
PanIN2 and PanIN3 lesions (Supplementary Figure 3),
yet no bona fide PDAC tumours were identified in
K-RasV14I mice. Three months after treatment, only one
out of seven K-Ras+/V14I mice displayed LG and HG
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210 I Hernández-Porras et al

Figure 2. Expression of the K-RasV14I mutation in lung does not induce tumour development. (A) H&E-stained paraffin section of the lung
of 18-month-old K-Ras+/LSLV14I mice infected intratracheally with adeno-Cre at 2 months of age. (B) H&E-stained paraffin section of the
lung of 10-month-old K-Ras+/LSLG12Vgeo mice infected intratracheally with adeno-Cre at 2 months of age. (C) H&E-stained paraffin section
of the lung of 16-month-old K-Ras+/LSLV14I;RERT mice exposed to a tamoxifen diet for 3 months, starting at weaning (P21). (D) H&E-stained
paraffin section of the lung of 8-month-old K-Ras+/LSLG12Vgeo;RERT mice exposed to a tamoxifen diet for 3 months, starting at weaning
(P21).

PanINs and three out of five K-RasV14I mice displayed
LG and HG lesions. Again, no bona fide PDAC tumours
were identified at this time (Supplementary Figure 3).
Although K-RasV14I mice displayed PanIN lesions in the
context of pancreatitis, the number of lesions was much
lower than in K-Ras+/LSLG12Vgeo mice (Figures 3A and
3B), which usually develop pan-lobular lesions [17].

As previously reported, caerulein treatment induces
tissue remodelling at the level of the stroma and aci-
nar atrophy in both wild-type and K-RasG12V mice [17].
Interestingly, K-RasV14I mice, and to a lesser extent
K-Ras+/V14I mice, displayed an exacerbated response
to caerulein treatment, characterized by more fibrosis,
oedema, acinar cell atrophy, and metaplasia than the
wild-type (Figure 3C). Hence, these results suggest that
NS patients might be more affected by inflammation
than the general population and that K-RasV14I mutation
could also predispose to tumour development in combi-
nation with certain chronic pathologies.

Finally, in order to clarify if the low number
of lesions was due to germline expression of the
K-RasV14I mutation and to perform a comparative
study with our K-RasG12V PDAC model [17], we gen-
erated conditional K-Ras+/LSLV14I;Elas-tTA/tetO-Cre
mice. The Elas-tTA/tetO-Cre Tet-off system achieves
expression of genes in about 30% of acinar cells
[17]. K-Ras+/LSLV14I;Elas-tTA/tetO-Cre mice (n= 19)

expressed the K-RasV14I mutation in acinar cells from
embryonic day (E) 16.5. At 2 months, these mice
were treated with caerulein for 6 months. Under
these conditions, oncogenic K-RasG12V mice dis-
played multiple all-grade PanIN lesions and PDACs
[17]. In contrast, just after caerulein treatment,
K-Ras+/LSLV14I;Elas-tTA/tetO-Cre mice only displayed
30% (3/10) LG lesions and 10% (1/10) HG lesions
(Figure 4 and Supplementary Figure 3C). Furthermore,
only one out of nine K-Ras+/LSLV14I;Elas-tTA/tetO-Cre
mice displayed HG lesions 6 months after treatment
(Figure 4A).

These results suggest that acinar-cell-specific
K-RasV14I expression induces a lower PanIN incidence
than germline expression. Furthermore, they illustrate a
substantial difference in the oncogenic potential of the
K-RasV14I and K-RasG12V activating mutations in the
pancreas. However, even though K-RasV14I expression
induced a low number of lesions, its presence should
be considered an increased risk for PDAC development
since wild-type mice do not develop any PanIN lesions.

Cooperation with the loss of tumour suppressor
genes
Next, we examined whether the K-RasV14I

mutation cooperated with the loss of the
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Tumour predisposition and Noonan syndrome 211

Figure 3. K-RasV14I expression induces PanIN lesions in the context of pancreatitis. (A) Number of low- (LG) and high-grade (HG) PanINs
and PDACs per mouse in wild-type (+/+), K-Ras+/ V14I (+/V14I), and K-RasV14I (V14I) mice. Mice were exposed to caerulein at P60 for 6
months and sacrificed just after treatment. Horizontal bars indicate the average number of lesions per mouse. (B) Number of LG and HG
PanINs and PDACs per mouse in wild-type (+/+), K-Ras+/ V14I (+/V14I), and K-RasV14I (V14I) mice. Mice were exposed to caerulein at P60
for 6 months and sacrificed 3 months after treatment. Horizontal bars indicate the average number of lesions per mouse. (C) H&E-stained
paraffin sections of the pancreas of wild-type (+/+) and K-RasV14I (V14I) mice treated with caerulein for 6 months and sacrificed just after
treatment. Asterisk indicates a PanIN3 lesion.

p16Ink4a/p19Arf and Trp53 tumour suppressor genes.
p16Ink4a/p19Arf -deficient mice develop sponta-
neous tumours at an early age, including lymphomas
and sarcomas, mainly fibrosarcomas [18]. Ablation
of p16Ink4a/p19Arf in K-RasV14I mice, but not
in K-Ras+/V14I littermates, led to a 15% lifespan

reduction (Figure 5A), which could be attributed to
the faster development of haematopoietic malignan-
cies, mainly lymphomas (3/8 mice) and histiocytic
sarcomas (7/8 mice), spreading to different organs
(Figure 5B, Supplementary Figures 4A and 4B,
and Supplementary Table 6). Although these are
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212 I Hernández-Porras et al

Figure 4. K-RasV14I expression in acinar cells induces a low number of PanIN lesions in the context of pancreatitis. (A)
K-Ras+/LSLV14I;Elas-tTA/tetO-Cre mice were exposed to caerulein (grey box) for 6 months. The open box indicates the time of the K-RasV14I

expression. The number of animals positive for low-grade PanIN1, high-grade PanIN2/3 lesions, and PDAC is indicated for each time point.
(B) H&E-stained paraffin sections of the pancreas of K-Ras+/LSLV14I;Elas-tTA/tetO-Cre mice treated with caerulein for 6 months and sacrificed
6 months after the end of treatment illustrating a PanIN3.

characteristic tumours of p16Ink4a/p19Arf -deficient
mice [18], the incidence was significantly different
since histiocytic sarcomas have only been observed
in around 10% of p16Ink4a/p19Arf -deficient mice
[18]. This is a very low percentage compared with
K-RasV14I;p16Ink4a/p19Arf −/− mice (87%; 7/8
mice). Interestingly, no fibrosarcomas were found in
K-RasV14I;p16Ink4a/p19Arf −/− mice. Therefore, these
results suggest that the elimination of p16Ink4a/p19Arf
in mice that express two copies of the K-RasV14I

mutation promotes the development of haematological
abnormalities, preferentially histiocytic sarcomas rather
than mesenchymal tumours, such as fibrosarcomas.

Moreover, the K-RasV14I mutation also cooperated
with the loss of Trp53. K-Ras+/V14I;Trp53−/− mice
(n= 27) died significantly earlier than Trp53−/− animals
(n= 9) (Figure 5A). Trp53-deficient mice spontaneously
develop neoplasms at 6 months of age, including lym-
phomas and sarcomas [19]. The reduction in the lifespan
of K-Ras+/V14I;Trp53−/− mice was due to an increase
in the number and in the aggressiveness of the tumours
previously described in Trp53−/− animals (Figure 5C
and Supplementary Table 7) [19]; lymphomas spread
to more organs (Figure 5C) and angiosarcomas were
multicentric (Supplementary Figure 5). Furthermore,
most of the mice (7/10) were affected by more than one
tumour.

Thus far, we have not been able to obtain
K-RasV14I;Trp53−/− mice, suggesting that the increased
dosage effect of the K-RasV14I allele in a Trp53 null
background may lead to embryonic lethality (Supple-
mentary Table 8).

Loss of heterozygosity (LOH) at the wild-type locus
in K-RasV14I mice
Loss of wild-type Ras alleles has been observed in
aggressive tumours and wild-type Ras has been pro-
posed to function as a tumour suppressor [36–38].
Although we were not able to detect LOH in the
tumours of K-Ras+/V14I mice by laser capture microdis-
section of tumour cells (Supplementary Figure 6), we
addressed whether the elimination of the wild-type
allele has a potential role in the development of any
K-RasV14I-driven malignancies. Hence, we crossed the
K-Ras+/V14I mice with heterozygous K-Ras+/−-deficient
mice. Hemizygous B6/129-K-RasV14I/– mice (n= 14)
were born at the expected Mendelian ratio. At 4
months of age, they displayed an enlarged heart and
splenomegaly, mimicking the phenotype of K-RasV14I

mice (data not shown) [15]. Moreover, K-RasV14I/–

mice (n= 29) displayed a similar survival rate to
K-Ras+/V14I mice (Figure 6). Therefore, the elimination
of the wild-type allele did not significantly affect the

Copyright © 2016 Pathological Society of Great Britain and Ireland. J Pathol 2016; 239: 206–217
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Tumour predisposition and Noonan syndrome 213

Figure 5. K-RasV14I cooperates with the loss of tumour suppressor genes. (A) Left: survival curve of K-Ras+/+;p16Ink4a/p19Arf −/− (n= 6;
open triangles), K-Ras+/V14I;p16Ink4a/p19Arf −/− (n= 13; grey triangles), and K-RasV14I;p16Ink4a/p19Arf −/− mice (n= 9; black triangles).
Right: survival curve of K-Ras+/+;Trp53−/− (n= 9; open squares) and K-Ras+/V14I;Trp53−/− mice (n= 27; grey squares). Statistics were
calculated using the log-rank (Mantel-Cox) test. *p < 0.1; **p < 0.01. (B) Histiocytic sarcoma from a K-Ras+/V14I;p16Inka/p19Arf −/−

mouse. H&E-stained paraffin sections of the spleen, pancreas, duodenum, liver, urinary bladder, and uterine horn. (C) Lymphoma from
a K-Ras+/V14I;Trp53−/− mouse. H&E-stained sections of the spleen, kidney, and lung.

progression of MPDs (Figure 6). Histological char-
acterization of eight animals at humane endpoints
revealed the presence of the same malignancies as those
found in K-RasV14I mice: lymphomas (50%), histiocytic
sarcomas (38%), and lung adenocarcinomas (12.5%)
(Supplementary Table 9). Our results suggest that the
loss of the wild-type K-Ras allele is not required for the
development or the progression of the haematological
disorders and it is not sufficient to induce any other kind
of tumours.

Discussion

Since RASopathies are disorders that result from
germline mutation of genes that encode components or
modulators of the RAS/MAPK pathway, which is highly
involved in tumour development, it is conceivable to
think that these patients might display an increased
cancer risk. In the case of NS, there is not enough clini-
cal or epidemiological data to rule out this hypothesis.
Only four studies have suggested a small increased risk

Copyright © 2016 Pathological Society of Great Britain and Ireland. J Pathol 2016; 239: 206–217
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214 I Hernández-Porras et al

Figure 6. Loss of the wild-type copy of K-Ras has no effect on the survival rate. Survival curve of wild-type (n= 25; open circles), K-Ras+/V14

(n= 68; grey circles), K-RasV14I (n= 30; black circles), and K-RasV14I/– mice (n= 29; blue circles). Statistics were calculated using the log-rank
(Mantel-Cox) test. ***p < 0.001.

of cancer in NS patients, but the underlying molecular
mechanisms are currently unknown [11–14].

Interestingly, less than 5% of NS patients carry
mutations in the KRAS gene [1], but they display lower
activation of the MAPK pathway than the classical
oncogenic KRAS mutations [2]. KRAS/NS mutations
have intermediate GTPase activity and intermediate
levels of GTP hydrolysis in response to GAP-related
domains compared with the wild-type and the oncogenic
forms [39–41].

Currently, the oncogenic potential of the
KRAS/NS-associated mutations is unknown. The
COSMIC database (http://www.sanger.ac.uk/genetics/
CGP/cosmic) reveals KRASV14I mutations in 20 human
tumours (13 colon carcinomas, two pancreatic tumours,
two lymphoid neoplasms, one haematopoietic neo-
plasm, one lung carcinoma, and one endometrial
carcinoma). According to the NSEuroNet database
(http://www.nseuronet.com), at least 23 KRAS amino
acid substitutions, affecting 17 codons, have been
identified in NS patients. Among them, 17 KRAS muta-
tions have been found in human cancers in the colon,
haematopoietic system, lung, pancreas, peritoneum,
and liver. Ten mutations have been found exclusively in
NS patients (Q22L, N26I, P34Q, P34R, G60S, Y71D,
M72L, N85S, N116S, and V152G). While mutations
in codons 22, 34, 60, 71, and 72 have been identified
in cancer, mutations in codons 26, 85, 116, and 152
remain exclusive to NS patients. Besides, no mutations
in codon 61, frequently mutated in cancer, have been
found in NS patients so far.

We examined in mice the oncogenic potential of
the K-RasV14I mutation, one of the most frequent in
NS patients [42]. Our study provides the first evidence
showing that K-RasV14I expression is associated with an
increased risk of tumour development. K-Ras+/V14I and
K-RasV14I mice present with reduced longevity mainly
due to the development of haematopoietic alterations.
These alterations were developed in combination with
MPDs. Similar results were found in mice that express

the oncogenic N-RasG12D mutation in the haematopoi-
etic compartment, which developed an indolent MPD
at 6 months of age, which in some mice became fatal.
The rest of the N-RasG12D mice succumbed due to
other haematological cancers, including a disorder
reminiscent of human myelodysplastic syndrome, lym-
phoid expansion or lymphoproliferation and histiocytic
sarcomas [43].

In the three genetic backgrounds studied (B6/129,
129, and B6), the reduced longevity was linked
to splenomegaly and leucocytosis. Interestingly,
B6-K-RasV14I mice preferentially developed lym-
phomas and histiocytic sarcomas, while 129-K-RasV14I

mice, which displayed a longer survival, were preferen-
tially affected by a severe multifocal perivascular mixed
inflammatory reaction. The presence of acute inflam-
matory areas and vasculitis, suggesting autoimmune
problems, was mostly linked to a 129 background.
Autoimmune disorders, such as lupus erythematosus,
have already been described in NS patients [44]. A
prospective study also revealed a two- to three-fold
increased risk of autoimmune diseases in PTPN11/NS
patients [22].

Curiously, some K-RasV14I mice also developed ade-
nomas and adenocarcinomas in the intestine, liver, and
lung. These lesions were only found in the K-Ras+/V14I

mice, likely due to their longer survival, but their inci-
dence was very low compared with mice expressing
the classical K-Ras oncogenes from adulthood, which
developed multiple lung and pancreatic tumours with a
complete penetrance [16,17,24–26].

Here, we have demonstrated that in contrast to the
K-RasG12D or K-RasG12V mouse models [16,24–26],
mice that express the K-RasV14I mutation at postna-
tal stages, either in all cells or only in the lungs,
did not develop tumours. Moreover, no other solid
tumours were found when the K-RasV14I mutation was
expressed from adult stages in all cells. These results
suggest that K-RasV14I does not have enough oncogenic

Copyright © 2016 Pathological Society of Great Britain and Ireland. J Pathol 2016; 239: 206–217
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Tumour predisposition and Noonan syndrome 215

potential. Since adult pancreas seems to be resistant to
K-RasG12V oncogenic transformation [17], it was not
surprising that K-RasV14I expression from adult stages
only induced pancreatic lesions in one 129-K-Ras+/V14I

mouse. However, as for the oncogenic K-Ras muta-
tions [17], K-RasV14I cooperated with chronic pancreati-
tis to induce preneoplastic lesions. This cooperation was
found either when the mutation was expressed through
the germline, affecting all pancreatic cells, or only in
20–30% of acinar cells using the conditional pancre-
atic mouse model. The percentage of LG and HG PanIN
lesions was higher in the germline model, likely due
to the expression of this mutation in the entire pan-
creas. In contrast to the oncogenic mutations [17,32], no
PDAC lesions were developed upon expression of the
K-RasV14I mutation, maybe due to the lower oncogenic
capacity of the K-RasV14I mutation.

K-Ras oncogenes cooperate with p16Ink4a/p19Arf
[34,45,46] and Trp53 tumour suppressor genes
[17,26,47,48]. We found that the K-RasV14I muta-
tion cooperated with loss of p16Ink4a/p19Arf and
Trp53 genes. Germline expression of two copies of the
K-RasV14I mutation significantly accelerated tumour
development in mice lacking the p16Ink4a/p19Arf
genes, resulting in reduced survival. Although these
mice developed the typical tumours described for the
p16Ink4a/p19Arf loss, the incidence of histiocytic
sarcomas was greater in K-RasV14I;p16Ink4a/p19Arf −/−

mice than in p16Ink4a/p19Arf −/− mice [18]. In contrast
to published results [18], we did not find mesenchy-
mal tumours such as fibrosarcomas, which might be
explained by genetic background differences. Although
K-Ras oncogenes and p16Ink4a/p19Arf loss cooperate,
accelerating PDAC and lung tumour development in
mouse models [34,45,46], no other tumours were found
in K-RasV14I;p16Ink4a/p19Arf −/− mice.

Germline expression of the K-RasV14I mutation also
accelerated tumour development in mice lacking the
Trp53 tumour suppressor gene. K-Ras+/V14I;Trp53−/−

mice died significantly earlier than Trp53−/− mice,
due to the development of more aggressive tumours.
Although these mice developed the typical tumours
described for the Trp53-null mice [19], they developed
faster and were multifocal. Co-existence with different
tumour types was also frequently observed. Cooperation
between Trp53 deficiency and the K-RasG12D oncogene
expressed by spontaneous recombination reduced
longevity, mostly due to the development of aggressive
lung tumours, thymic lymphomas, haemangiosarcomas,
and fibrosarcomas [26]. This cooperation, in embryonic
or adult acinar cells, reduced longevity due to a fast
PDAC development [17,48]. In addition, Trp53 loss
promoted the progression of K-RasG12D-induced lung
adenocarcinomas [47]. However, we did not detect
lung or PDAC tumours in K-Ras+/V14I;Trp53−/− mice,
maybe due to the faster development of tumours that
resulted in early lethality. Studies with a conditional
Trp53 knock-out mouse should help to clarify this issue.

Finally, RAS wild-type alleles are considered tumour
suppressors since allelic loss of the wild-type KRAS

allele (LOH) is found in most human lung adenocar-
cinomas with KRAS oncogenic mutations [49]. Exper-
imentally, it has been observed that the LOH enhances
K-Ras oncogene-induced lung tumourigenesis [38,50].
Furthermore, LOH of the HRAS allele in tumours of
some CS patients has also been described [51]. In CS
mice, LOH was also described in some papillomas [52].
However, we did not obtain any alteration of the pheno-
type by elimination of the wild-type H-Ras allele in our
CS strain (ref 53 and unpublished data). Similarly, our
studies did not show cooperation between the loss of the
wild-type K-Ras allele and the expression of K-RasV14I.
K-RasV14I/– mice and K-Ras+/V14I mice displayed the
same latency, progression, tumour pattern, and survival.
So far, there have been no reports illustrating the pres-
ence of LOH in NS patients. In agreement, we did not
detect LOH in the tumours of the K-Ras+/V14I mice.

lAlthough K-RasV14I can be considered a weak onco-
gene, this mutation confers a higher tumour develop-
ment risk, yet the low incidence of lung tumours in these
mice was unexpected. However, we cannot rule out that
non-genetic events could cooperate with the K-RasV14I

mutation in lung tumour development, as occurs for the
pancreas in the context of pancreatitis. Hence, in view of
these results, more studies are needed to learn about the
specific tumour development risk of patients carrying
the KRASV14I mutation and other KRAS/NS-associated
mutations. Mouse models are important tools for these
studies, helping to verify the cooperation with other
genetic and non-genetic events. Moreover, our results
support the need for epidemiological studies with NS
patients to learn more about the real cancer risk of dif-
ferent NS mutations.
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SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article:

Figure S1. B6/129-K-RasV14I mice develop renal pathological alterations and vasculitis.

Figure S2. 129-K-RasV14I mice develop an acute inflammatory reaction and vasculitis.

Figure S3. K-RasV14I expression induces PanIN lesions in the context of pancreatitis.

Figure S4. K-RasV14I;p16Ink4a/p19Arf –/– mice develop histiocytic sarcomas and B-cell lymphomas.

Figure S5. K-RasV14I;Trp53–/– mice develop lymphomas and angiosarcomas.

Figure S6. The wild-type K-Ras+ allele is maintained in K-Ras+/V14I tumours.

Table S1. Summary of the pathological alterations found in B6/129 mice.

Table S2. Summary of the pathological alterations found in B6/129 K-Ras+/V14I and K-RasV14I mice sacrificed at humane endpoint.

Table S3. Summary of the pathological alterations found in K-Ras+/+ mice.

Table S4. Description of the pathological alterations found in B6- and 129-K-RasV14I mice.

Table S5. Summary of the pathological alterations found in B6- and 129-K-RasV14I mice.

Table S6. Summary of the tumours observed in K-RasV14I;p16Ink4a/p19Arf –/– and K-Ras+/V14I;p16Ink4a/p19Arf –/– mice.

Table S7. Summary of the tumours observed in the K-Ras+/V14I;Trp53–/– mice.

Table S8. Offspring from matings between K-Ras+/V14I;Trp53–/– and K-Ras+/V14I;Trp53+/– mice.

Table S9. Summary of the pathological alterations observed in K-RasV14I/– mice.
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