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Simple Summary: The genes of the RAS family are among the group of genes most frequently
mutated in human cancer. ERAS is a relatively unknown gene of this family. Although ERAS is
overexpressed in some tumoral samples and in several cancer cell lines of human origin, it is not
known if its expression drives tumor formation or if, alternatively, its expression is a secondary
event in tumoral transformation. In this report, in order to clarify the role of ERAS in mammary
tumorigenesis, we studied transgenic mice expressing ERAS in myoepithelial cells of mammary
and other exocrine glands and in basal cells of stratified epithelia. These mice displayed an altered
development and function of the mammary glands, and suffered high-frequency tumoral lesions in
the mammary glands resembling a rare human breast tumor named malignant adenomyoepithelioma.
Our results clearly demonstrate that ERAS is a true oncogene able to produce mammary tumors
when inappropriately expressed.

Abstract: ERAS is a relatively uncharacterized gene of the Ras superfamily. It is expressed in ES
cells and in the first stages of embryonic development; later on, it is silenced in the majority of
cell types and tissues. Although there are several reports showing ERAS expression in tumoral
cell lines and human tumor samples, it is unknown if ERAS deregulated expression is enough to
drive tumor development. In this report, we have generated transgenic mice expressing ERAS in
myoepithelial basal cells of the mammary gland and in basal cells of stratified epithelia. In spite of
the low level of ERAS expression, these transgenic mice showed phenotypic alterations resembling
overgrowth syndromes caused by the activation of the AKT-PI3K pathway. In addition, their
mammary glands present developmental and functional disabilities accompanied by morphological
and biochemical alterations in the myoepithelial cells. These mice suffer from tumoral transformation
in the mammary glands with high incidence. These mammary tumors resemble, both histologically
and by the expression of differentiation markers, malignant adenomyoepitheliomas. In sum, our
results highlight the importance of ERAS silencing in adult tissues and define a truly oncogenic role
for ERAS in mammary gland cells when inappropriately expressed.
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1. Introduction

Ras proteins, which belong to the large family of small GTPases, act as molecular
switches in the signal transduction from extracellular signals that activate receptors with
tyrosine-kinases activity (RTKs) to the nucleus. Ras GTPases achieve this by changing
between the inactive GDP-bound and active GTP-bound states; the conversion between
these states is regulated by GTPase-activating proteins (GAPs), such as NF1 and RASA1,
and guanine nucleotide exchange factors (GEFs), such as SOS (reviewed in [1]). Ras
proteins control a number of basic cellular functions whose alterations can lead to tumor
development, as proliferation, differentiation, cell adhesion and apoptosis. Data contained
in The Cancer Genome Atlas indicate that the Ras pathway is altered in more than 45%
of human tumors [2]. Based on the databases of cancer mutations, it has been estimated
that 19% of cancer patients harbor mutations in the three main RAS genes, i.e., H-, N- and
K-RAS [3], K-RAS being the most frequently mutated gene in human cancer. In addition
to these three main Ras members, there are around other 30 additional members in this
family, whose role in cancer is less known [4].

ERAS (Embryonic Ras) is a Ras family gene member located both in humans and mice
in the X-chromosome and, due to its particular sequence in critical regulatory residues
(Ser instead of Gly in the conserved residue “Gly12” present in most of RAS genes), it is
insensitive to GAPs and hence constitutively activated [5]. It is expressed in embryonic
stem (ES) cells of mice, where it seems to have a role in promoting tumor-like properties [5]
and in early embryonic development [6], being later silenced by epigenetic mechanisms,
namely promoter methylation and histone acetylation [7,8]. Its expression pattern appears
to be somewhat species-specific, as ERAS is expressed in primate non-tumoral ES cells [9]
but not in human ES cells [10]. Its study in human samples has advanced slowly, partly
because it was considered a pseudogene [10] and consequently left aside for years from the
RNA arrays formerly used for the study of gene expression.

ERAS, as many other genes important in early development, seems to be implicated in
cancer, as it is expressed in some cell lines derived from gastric, colorectal, pancreatic and
breast cancers, as well as in neuroblastomas [8]. Mechanistically, several studies in cultured
cells have shown that ERAS acts by binding and activating phosphoinositide-3 kinase
(PI3K). The activation of the PIK3CA-AKT axis by ERAS can result in different outcomes,
as increased proliferation, cell growth and cell motility [5,11,12]. These changes, in turn,
could affect the ability for cellular reprogramming of somatic cells [13], and other processes
important in cancer, such as epithelial-mesenchymal transition (EMT) and the metastasis of
cancer cells, in a process at least partially mediated by the downregulation of miRNAs of the
miR-200 family [12,14,15]. In addition, immunohistochemical and microarray expression
analyses have revealed that ERAS is expressed in up to 45% of gastric carcinomas and in
their liver metastasis [16–18] and in a lower percentage of breast tumors [12], although it is
not known if this expression is relevant in tumorigenesis or simply a secondary effect of
gene expression deregulation associated to tumor development.

The effect of the expression of ERAS in a living organism has not been studied yet.
In order to further our knowledge of the role of ERAS in the physiology and tumoral
transformation of the mammary gland, we have forced the expression of this Ras member
in mammary cells of transgenic mice by means of a transgene directed by regulatory
elements of keratin K5. This K5-ERAS transgene is expressed in myoepithelial basal cells
of the mammary glands and other exocrine glands, as well as in basal cells of stratified
epithelia. Here we show the macroscopic phenotypic effects caused by ERAS expression
in keratin K5-positive cells and study the effects of ERAS deregulated expression over
mammary gland physiopathology. We have found that the presence of ERAS leads to the
overgrowth of epithelial tissues and to alterations in the development and function of
mammary glands, giving rise to the cancerous transformation of mammary epithelia with
high penetrance. ERAS causes the activation of proliferative pathways, morphological
modifications in the myoepithelial cells and alterations in the expression of adhesion
molecules characteristic of myoepithelial cells. Altogether, these results demonstrate the
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oncogenic nature of ERAS in mammary and other epithelial cells, highlight the importance
of ERAS in epithelial pathophysiology, and open up the possibility that alterations in the
expression of ERAS could be the causative agent of some of the syndromes of the PIK3CA-
related overgrowth spectrum or of some RASopathies with unknown genetic cause.

2. Materials and Methods
2.1. Mice, Genotyping and Southern Blot

All mice husbandry and experimental procedures were performed according to Euro-
pean and Spanish laws and regulations and were approved by the local Animal Ethical
Committee and the competent authority (code PROEX087/15). The HA-tagged human
ERAS gene [12] was placed under the control of a 5.2 kb-upstream fragment of bovine
keratin K5 promoter and a rabbit β-globin intron [19]. Transgenic mice were generated
by microinjection of this construct into C57BL/6J × DBA/2J F2 (B6D2F2) embryos using
standard techniques [20]. Transgenic lines were maintained by crossing transgenic mice
with B6D2F1 mice. The mice were genotyped by a PCR analysis of tail genomic DNA using
primers specific for the rabbit β-globin intron, as described in [21]. Alternatively, the mice
genotype was assigned based on their phenotypic alterations, and confirmed by PCR once
these mice were used in experiments and sacrificed. Non-transgenic littermates or B6D2F1
mice were used as control animals. A Southern blot analysis was performed using standard
techniques. Transgenic copy numbers were estimated by densitometric analyses of the
bands of 1.2 Kbp in EcoRI Southern and the bands of 792 and 976–982 base pairs in the PstI
Southern blot (Figure S1a,b) and simple linear regression against the values obtained for
the lanes loaded with the DNA of a non-transgenic mouse plus K5-ERAS plasmid in an
amount equivalent to 1 and 10 transgenic copies per diploid genome. Quantitative PCR
analyses of genomic DNA also confirmed that the transgenic lines carried similar copy
numbers (Figure S1c).

2.2. Ear Surface Measurement and Organ Weighing

The mice were sacrificed and the ears carefully dissected. Then, the ears were placed
avoiding any creases between two slides, and the surface of each auricle was carefully
drawn in the slide and photographed including a ruler. Ear surfaces were measured by
using Image J. For organ weighing, the weight of each organ—thymus, heart and the
right kidney—was recorded and represented as the percentage of animal weight in 4 WT
and 4 K5-ERAS male mice at the age of 10 weeks; in this way, the differences in organ
weight are not due to differences in the global size of the animal. For tail skin, the 4-cm
proximal portion of the skin was dissected, weighted and represented as the percentage of
animal weight.

2.3. Whole Mount (Carmine Alum) Staining of Mammary Glands

For whole mount preparations, inguinal (number 4) mammary glands were fixed
in Carnoy’s fixative and stained in carmine alum, following the protocols described in
https://www2.lbl.gov/LBL-Programs/lifesciences/BissellLab/protocols.html, accessed
on 20 October 2021. For quantification, the length of the colonized gland related to the total
length of the gland was calculated.

2.4. Histology and Immunohistochemistry

Mouse tissues were dissected and immediately fixed in 10% buffered formalin or
70% ethanol and embedded in paraffin. Sections with a thickness of 5 µm were used for
H&E staining or immunohistochemical preparations. The primary antibodies used are
listed in Table S1. The sections were then incubated with biotinylated secondary antibodies
(Jackson Immunoresearch Laboratory, Ely, UK). Immunoreactivity was revealed using the
ABC-peroxidase system and the DAB substrate kit (Vector Laboratories; Burlingame, CA,
USA), and the sections were counterstained with hematoxylin. The control experiments
without the primary antibody gave no signals.

https://www2.lbl.gov/LBL-Programs/lifesciences/BissellLab/protocols.html
https://www2.lbl.gov/LBL-Programs/lifesciences/BissellLab/protocols.html
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2.5. Western Blot Analysis

Whole-cell protein extracts were obtained from the mammary glands of virgin, 17.5-day
pregnant female mice or from mammary tumors using standard techniques. The protein
content was determined by the Bradford colorimetric protein assay (Bio-Rad Laboratories,
Hercules, CA, USA). Total protein extracts (40 µg) were subjected to SDS/PAGE. The
separated proteins were transferred to Amersham nitrocellulose membranes and probed
with the antibodies listed in Table S1.

The blots were visualized with the Clarity Western ECL substrate (Bio-Rad, Hercules,
CA, USA) using a ChemiDoc MP System and the ImageLab software (Bio-Rad, Hercules,
CA, USA).

2.6. RNA Isolation and Quantitative RT-qPCR

Total RNA was isolated from the mammary glands of virgin, 17.5-day pregnant
female mice or from mammary tumors by using miRNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. The reverse transcription reaction
was performed by using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Waltham, MA, USA). A quantitative RT-qPCR was performed in a 7500 Fast
Real Time PCR System by using GoTaq qPCR Master Mix (Promega, Madison, WI, USA).
The sequences of the oligonucleotides used are shown in Table S2. The geometrical mean
of Tbp, Hprt and Gusb was used for gene expression normalization. Fold changes were
calculated using the formula 2−(∆CtA−∆CtB), where ∆CtA corresponds to the normalized
expression level of K5-ERAS mammary glands or K5-ERAS tumors and ∆CtB to the
normalized expression level of WT mammary glands [22].

2.7. Flow Cytometry Studies of Mammary Glands

Mammary gland cells from K5-ERAS and wild type mice (non-transgenic littermates
or B6D2F1 mice) were harvested and analyzed as described in [23], but including 1 µg/mL
of DNAse I in the digestion medium and skipping the inclusion of dispase. We studied in
cell suspensions lacking lineage markers (i.e., cells negative for the hematopoietic marker
CD45, the erythroid marker TER119 and the endothelial marker CD31) the distribution of
luminal, myoepithelial and stromal populations in WT and K5-ERAS mammary glands by
CD24 and CD29 staining, as described in [24]. The references of the antibodies used are
shown in Table S1.

3. Results
3.1. ERAS Expression in K5-Positive Cells Causes Gross Phenotypic Alterations

Previously, we have determined that ERAS expression leads to the development of
several tumoral features in the non-transformed mammary cell line MCF10A [12]. With
the aim of studying in depth the effects of ERAS expression in a more physiological
mammary gland model, we generated transgenic mice expressing the human ERAS gene
under the control of keratin K5 regulatory sequences (Figure 1a). Transgenes directed
by these K5-derived regulatory sequences are consistently expressed in basal cells of
stratified epithelia and in myoepithelial cells of exocrine glands, including mammary
glands [21,25]. We obtained five founder mice and were able to derive transgenic lines
from three of them (lines L1, L2 and L3). These lines carried a low number of copies
(estimated in 3–4 copies) in a head-to-tail integration (Figure 1b and Figure S1a,b), expressed
approximately similar amounts of transgenic protein (Figure 1c) and showed comparable
phenotypes; so, they were used indistinctly in this article. The two other transgenic mice
generated carried a higher copy number (Figure S1c) and died prematurely, being unable
to transmit the transgene. Cell-type specific expression of the transgene was confirmed
by immunohistochemical staining with antibodies directed against ERAS (Figure S2) or
against the HA-epitope included in the transgenic construct (see the staining in the basal
epidermal cells and in the outer root sheath of the hair follicles in Figures 1d and S2);
as this HA antibody performed better in our hands in immunohistochemistry than the
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ERAS antibody (see Figure S2), we used it along this study. The K5-ERAS transgene
was expressed in a pattern similar to keratin K5 (Figure S3). Interestingly, the staining
was detected mainly associated to membranes (arrowheads in Figure 1d), suggesting that
transgenic ERAS is capable of performing its functions, as it is located in its expected
subcellular location.

Figure 1. Genetic characterization and transgene expression in K5-ERAS lines. (a) Schematic representation of the K5-ERAS
transgene structure. The location of EcoRI sites and the expected fragments in a Southern blot analysis are shown. The
junction of 5′- and 3′-terminal fragments (sizes framed in red) would result in a fragment of approximately 2.7 Kbp in the
case of head-to-tail tandem insertion. (b) Southern blot analysis of EcoRI-digested tail DNA from two mice of each line—L1,
L2 and L3—and from WT mice (lane marked 0) and WT mice with the addition of the K5-ERAS plasmid insert used to
obtain the transgenic mice in amounts corresponding to 1 or 10 copies per diploid genome (lanes marked +1 and +10). The
approximate mobility of each band is indicated on the left; the 2.7 Kbp band resulting from head-to-tail junctions between
adjacent copies is indicated in red. As a loading control, the prominent 1.3 Kbp fragment observed in the ethidium bromide
staining of the EcoRI-digested mouse DNA is shown. (c) Western blot analysis of ERAS expression in tail skin of transgenic
mice. An antibody recognizing the HA epitope was used. β-Actin was used as a loading control. (d) Immunohistochemical
staining of tail skin of a K5-ERAS transgenic mouse with an antibody recognizing the HA epitope. ERAS expression is
detected in epidermal basal cells and in the outer root sheath of hair follicles, mimicking the expression pattern at the
cellular level of keratin K5. Note that the staining is stronger in the cell membrane, which is suggestive of the functionality
of transgenic ERAS. Bar: 50 µm.

K5-ERAS transgenic mice showed clear phenotypes visible to the naked eye: all of
them showed big ears (Figure 2a,b) and nail overgrowth and deformity (onychogryphosis,
Figure 2c), clearly visible as mice age (from 4-week-old mice onwards). In addition, their
incisor teeth were whitish, in contrast with the usual yellowish color in WT mice (Figure 2d).
K5-ERAS transgenic mice were smaller in size and lighter in weight than non-transgenic
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