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Aberrant RET expression affects normal mammary gland
post-lactation transition, enhancing cancer potential
Sabrina A. Vallone1,2, Martıń Garcıá Solá1,2, Carolina Schere-Levy1,2, Roberto P. Meiss3, Gladys N. Hermida1,4,
Lewis A. Chodosh5, Edith C. Kordon1,2,*, Nancy E. Hynes6,7,* and Albana Gattelli1,2,‡

ABSTRACT
RET is a receptor tyrosine kinase with oncogenic potential in the
mammary epithelium. Several receptors with oncogenic activity in the
breast are known to participate in specific developmental stages. We
found that RET is differentially expressed during mouse mammary
gland development: RET is present in lactation and its expression
dramatically decreases in involution, the period during which the
lactating gland returns to a quiescent state after weaning. Based on
epidemiological and pre-clinical findings, involution has been described
as tumor promoting. Using the Ret/MTB doxycycline-inducible mouse
transgenic system, we show that sustained expression of RET in the
mammary epithelium during the post-lactation transition to involution is
accompanied by alterations in tissue remodeling and an enhancement
of cancer potential. Following constitutiveRet expression, we observed
a significant increase in neoplastic lesions in the post-involuting versus
the virgin mammary gland. Furthermore, we show that abnormal RET
overexpression during lactation promotes factors that prime involution,
including premature activation of Stat3 signaling and, using RNA
sequencing, an acute-phase inflammatory signature. Our results
demonstrate that RET overexpression negatively affects the normal
post-lactation transition.
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INTRODUCTION
Cancer can be viewed as a disease of defective development, wherein
the signaling processes that guide normal tissue growth and

morphogenesis become deregulated to facilitate cancer cell
proliferation. To understand the mammary gland tumorigenic
process, normal biology of the organ is probed. Members of the
receptor tyrosine kinase (RTK) family are known breast oncoproteins,
e.g. ERBB2 and FGFR, and are known to have specific functions
during development (Hynes andWatson, 2010). Using a doxycycline
(DOX)-inducible transgenic mouse system (Ret/MTB) [where MTB
indictesMMTV-rtTA transgenic mice (Gunther et al., 2002)] we have
previously demonstrated that the RTK RET is oncogenic in the
mammary epithelium (Gattelli et al., 2018). We identified RET gene
overexpression as a breast cancer driver; however, its function in the
mammary gland remains understudied. Here, we show that RET
protein is expressed during lactation and abnormal RET expression
negatively impacts the post-lactation transition, inducing early
markers of cancer.

The mammary gland undergoes cycles of cell proliferation in
puberty and pregnancy, terminal differentiation in lactation and
regression in involution (Watson and Khaled, 2008), when tissue
remodeling occurs and the mammary gland transitions to a
quiescent state similar to the virgin gland (Stein et al., 2007).
Involution is divided into two distinct phases. The first phase (0-
48 h after weaning in mice) is initiated by local factors triggered by
milk accumulation in the gland due to cessation of suckling (Li
et al., 1997; Quaglino et al., 2009). In this situation, cell and tissue
architecture are maintained, involution is reversible, and lactation
resumes with suckling. The second phase (from 48 h to ∼120 h) is
regulated by systemic hormones and is irreversible; tissue
architecture is disturbed and a robust remodeling is accompanied
by removal of milk and dead cells as well as adipogenesis (Akhtar
et al., 2016). At the end of this phase, the mammary gland is filled
with adipocyte tissue (Baxter et al., 2007). Apoptosis, triggered by
detachment of luminal epithelial cells from the basement
membrane, occurs during involution (Debnath, 2008). Mammary
gland involution is an abrupt tissue-remodeling process also
associated with an inflammatory acute-phase response (Pennock
et al., 2018; Stein et al., 2004). In the clinic, this process is of
particular interest because post-lactation transition to involution has
been proposed to contribute to breast cancer progression (Lyons
et al., 2011; McDaniel et al., 2006; Pennock et al., 2018; Schedin
et al., 2007; Watson, 2006). Interestingly, in ∼50% of young
women, there is an association with post-partum breast cancer
(Callihan et al., 2013; Lima et al., 2020), which has poor prognosis.

Regulation of cell proliferation and apoptosis in the mammary
gland proceeds mainly through the action of the signal transducers
and activators of transcription (Stat) family of proteins (Haricharan
and Li, 2014; Watson, 2001). Stats are activated by phosphorylation
(p-Stat), mainly at tyrosine residues (Bromberg and Darnell,
2000). Stat1, Stat3 and Stat5 have been well studied during
mammary gland development (Haricharan and Li, 2014). Stat1 is
phosphorylated in virgin and in involuting glands (starting at 72 h
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Güiraldes 2160, Ciudad Universitaria, C1428EGA CABA Buenos Aires, Argentina.
3Academia Nacional de Medicina de Buenos Aires, Departamento de Patologıá,
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after weaning) (Haricharan and Li, 2014;Watson, 2001). During early
pregnancy, Stat5 is activated to regulate mammary gland proliferation
and later lactation (Clarkson et al., 2004). At weaning, Stat5 is rapidly
inactivated (Liu et al., 1997), and a Stat3-mediated apoptotic program
is initiated to clear themammary gland of excess cells. During the first
phase of involution, p-Stat3 levels are rapidly elevated, which is
essential for involution (Chapman et al., 1999; Humphreys et al.,
2002). During the second phase, active Stat3 is responsible for
inducing an immune response, polarizing inflammatory cells required
for epithelial cell clearing (Hughes et al., 2012; Kreuzaler et al.,
2011). Targets of Stat3 signaling include pathways of lysosome-
mediated cell death involving cathepsins (Kreuzaler et al., 2011) and
mitochondrial-mediated caspase activation inducing apoptosis (Li
et al., 1997). Several reports indicate that the levels of Stat1, Stat3 and
Stat5 activation affect mammary tumor development (Pensa et al.,
2009; Rädler et al., 2017). It was reported that molecular changes
associated with Stat3-induced apoptosis include downregulation of
PI3K/Akt pro-survival signaling activity (Abell et al., 2005). Other
reports showed that Akt expression leads to the sustained survival of
mammary epithelial cells during involution, despite strong Stat3
activation (Creamer et al., 2010; Li et al., 2002). In contrast to tight
regulation in mammary epithelial cells, Stat3 signaling in breast
cancer is dysregulated (Hughes and Watson, 2018), and, although
indirect, it is active downstream of ERBB2 and RET (Gattelli et al.,
2013; Hynes and Watson, 2010).
The glial-derived neurotrophic factor (GDNF) family of peptides

(GFLs) are RET ligands that bind RET together with GDNF
receptor α family co-receptors (GFRα) (Ibáñez, 2013). GFRα
homodimers are recruited by specific GFLs into a high-affinity
complex, which interacts with and activates RET homodimers

leading to subsequent autophosphorylation (Ibáñez, 2013). RET
activation promotes cancer progression in several tumor types (De
Groot et al., 2006; Drilon et al., 2018; Mulligan, 2019). Although
RET genomic alterations have been described in breast cancer
(Paratala et al., 2018), results from independent studies, including
our own, demonstrate that RET gene overexpression plays a key role
in breast cancer pathogenesis and therapy response (Gattelli et al.,
2020; Spanheimer et al., 2014; Varešlija et al., 2019). We have
previously shown that high RET levels in primary breast tumor
samples correlate with decreased overall survival (Gattelli et al.,
2013). Using different RET-dependent breast cancer models,
including the Ret/MTB transgenic mouse (Gattelli et al., 2018),
we have reported that pharmacological inhibition of RET activity or
Ret downregulation, reduces cell proliferation, inflammation and
metastatic potential (Boulay et al., 2008; Gattelli et al., 2013, 2018),
and that RET-driven tumor outgrowth is accompanied by increased
levels of Stat3 and also Stat1 phosphorylation (Gattelli et al., 2013,
2018). In this study, we show that RET activation stimulates Stat3
signaling in mammary epithelial cell culture and in vivo during post-
lactation transition. Collectively, our data demonstrate that
abnormal RET expression drives the post-lactation process
towards tumorigenesis.

RESULTS
RET expression is regulated during mammary gland
development
The RET receptor has important functions in multiple cell types (De
Groot et al., 2006; Perea et al., 2017); however, its potential role in
the mammary gland has not been explored and we addressed this as
follows. Mammary tissues at different developmental stages were

Fig. 1. RET receptor expression during mammary gland development. (A) Sections of mammary gland tissue from FVB/N females at developmental stages
lactation day 10 (L10) or 48 h of weaning-induced involution (I48) were stained by immunohistochemistry (IHC) using a RET-specific antibody. Representative
pictures are shown. A section from amouse embryo [embryonic day (E)0.5] was used as a positive control for RET staining in the neuroepithelium (NE); a 10 day
lactating gland (L10) without primary antibody (no ab) was used as a negative control. Scale bars: 50 µm. (B) Western blot (WB) analysis of total RET protein and
its tyrosine 1062 phosphorylated form (p-Y1062RET). Mammary lysates from FVB/N wild-type adult females at the indicated developmental stages were
analyzed. Tubulin protein was used as loading control. An unspecific band in the p-Y1062RET samples is indicated by an asterisk. Carets indicate the specific
band used for RET quantification. (C) RET protein levels relative to tubulin were determined by WB quantification using ImageJ on mammary lysates for the
indicated developmental stages. The results are shown as the mean±s.e.m. P-values were calculated by one-way ANOVA (**P=0.007) and Tukey’s multiple
comparisons test (*P<0.05). The number of animals used for each developmental stage is indicated on bars (n=3-12). Designation of stages: V, virgin: 2-month-
old adult virgin female; P, pregnancy: at day 15 or day 18 post-conception; L, lactation: L5 to L15, lactation at day 5, day 10 or day 15 of the first lactation period; I,
involution: I12 to I72, involution period 12, 48 or 72 h after pup withdrawal.
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analyzed by immunohistochemistry (IHC) and western blotting
(WB) using RET-specific antibodies (Fig. 1). IHC revealed that
RET protein is present in 10 day-lactating mammary epithelium
(L10), a time of established lactation. In contrast, no RET protein
was evident in luminal cells from post-lactating glands 48 h after
onset of weaning-induced involution (I48) (Fig. 1A). These
findings are consistent with published data showing that the Ret
gene is most highly expressed in lactating mammary glands
(Bambhroliya et al., 2018; Clarkson et al., 2004; Grinman et al.,
2019; Stein et al., 2004). Analysis of mammary tissue lysates by
WB revealed that glands from lactating animals exhibit high levels
of active RET protein (phosphorylated RET) compared to glands
from post-lactating animals (Fig. 1B). We also found expression of
the RET ligands and co-receptors during lactation and involution
(Fig. S1A), suggesting that the RET network is functional.
The post-lactational period represents a developmental window

contributing to breast cancer risk (Fornetti et al., 2014). To examine
this phase more closely, we performed a kinetic analysis of RET
protein expression focusing on lactation and the two phases of
involution (Fig. 1C). RET expression peaks at pregnancy (P) and
remains high from day 5 through 15 days of lactation (L5, L10
and L15). By 12 h of involution (I12), RET expression levels
rapidly decrease and remain significantly lower 48 h and 72 h (I48
and I72, respectively) after weaning (Fig. 1C; Fig. S1B). Thus, RET
expression begins during pregnancy, remains high during lactation
and rapidly decreases within 12 h of involution, suggesting its tight
control at the post-lactation transition.
RET regulation at post-lactation was further explored using wild-

type (WT) FVB/N female mice with a unilaterally sealed inguinal
mammary gland teat to remove the suckling stimulus (Li et al.,
1997; Schere-Levy et al., 2003). For this, one of the #4 mammary
glands of 10 day-lactating females was sealed, while the other nine
glands remained intact. Using this technique, lactogenic hormones
remain at their systemic level, while involution-associated local
factors are triggered in the sealed gland. The experimental mice
continued nursing their pups for an additional 48 h (L12) then both
#4 glands were removed. Our results clearly show that sealing leads
to downregulation of RET expression (Fig. 2). As readout for
normal mammary development, we examined Stat activation. Intact
glands show high levels of p-Stat5 and no p-Stat3, while lysates
from an involuting mammary gland (I48) show the reverse, high
levels of p-Stat3 and no p-Stat5 (Fig. 2). Milk stasis is known to
cause Stat3 activation (Li et al., 1997; Schere-Levy et al., 2003),
which we observed in the sealed glands. Thus, our results show a
correlation between RETexpression and the transition to involution,
and, importantly, the initial reduction of RET at involution onset is
not due to systemic decreases in circulating lactogenic hormones,
e.g. prolactin and hydrocortisone (Nguyen and Pollard, 2000), but
responds to local signals induced by lactation cessation.

Abnormal RET expression alters the involution process
Using the Ret/MTB mouse model, we have previously shown that
chronic overexpression of WT RET gene in the mammary
epithelium induces hyperplasia and mammary tumors (Gattelli
et al., 2018). In this system, Ret expression is DOX inducible,
allowing its conditional expression during discrete stages of
mammary development. In the next experiments, we conditionally
expressed Ret during the early involution phase, when its levels
drop after lactation. A scheme of the experiment is shown in
Fig. 3A. After 8 days’ lactation, Ret was induced in bitransgenic
Ret/MTB parous females by administration of DOX, and pups were
removed 2 days later, which is considered involution start. Single

transgenic MTB/− or Ret/− females under DOX treatment (DOX)
(Fig. 3A, top) or non-induced Ret/MTB females under normal
feeding (CON) (Fig. 3A, bottom) were used as control groups. Ret
transgene expression was monitored in vivo using bioluminescence
in all animal groups (Fig. 3B, top row). After 72 h of involution
(I72), mammary glands were harvested and analyzed. WB
confirmed that lysates from DOX-treated (DOX), but not control
(CON) mice showed high levels of RET (Fig. 3C). Hematoxylin and
Eosin (H&E) staining of sections from I72 glands revealed a
significant increase in the adipose tissue area in the RET-expressing
glands compared to controls (Fig. 3B, middle row; Fig. S2A),
indicating a more advanced involution process. Quantification of
adipocyte-specific perilipin-1 levels (Hume et al., 2018), which is
significantly increased in RET-expressing glands (Fig. 3B, bottom
row), verified the increase in adipose area. These glands were also
examined for other markers of involution: cleaved caspase 3 (CC3;
also known as CASP3) and p-Stat3 (Fig. 3D). Despite the
histological differences observed, the p-Stat3 levels were similar
in I72 glands from controls and RET-expressing female mice.
Interestingly, staining for CC3 revealed a significant reduction in
the number of dead cells in the RET-expressing glands (Fig. 3D), as
it is observed in a more advanced involution stage (Fig. S2B). These
results indicate that the tissue remodeling changes induced by
continuous RET expression during early phases of the post-lactation
transition alter the normal kinetics of involution, as seen for the
decrease in CC3 and the increase in adipocyte filling, thereby
causing an accelerated involution phenotype.

Sustained post-lactation RET expression promotes
developmental defects, increasing malignancy
To further analyze the impact of sustained RET expression during
the transition from lactation to involution, a period in which the
mammary gland environment experiences distinct features
promoting tumorigenesis (Lyons et al., 2011; McDaniel et al.,
2006; Pennock et al., 2018), we extended the time of its DOX-

Fig. 2. RET expression is regulated locally by milk stasis. RET expression
levels as determined by WB using #4 mammary gland lysates from three
independent nursing females (labeled 1-3) in which, at 10 days of lactation, the
right glands were left intact (Intact, n=3) or milk efflux from the contralateral
glands was blocked by sealing the nipple (Sealed, n=3). The females
continued nursing their pups for an additional 48 h (L12). As a control, RET
expression levels in lysates from a 48 h weaning-induced involuting gland of a
control female were assayed by WB (I48). WB analysis for Stat3 and Stat5
activation using the indicated antibodies is shown. Tubulin detection was used
as a loading control.
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Fig. 3. See next page for legend.
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induced expression up to 2 months (Fig. 4A), the time at which
hyperplasia develops (Gattelli et al., 2018). H&E staining revealed a
significant increase in the number of mammary intra-epithelial
neoplasia (MIN) present in the 2 month DOX-induced RET-
expressing Ret/MTB glands that experience the post-involution
process (Ret/MTB Post-I), in comparison to RET-expressing Ret/
MTB virgin glands (Ret/MTB V) (Table 1, Fig. 4B). Ret transgene
expression was confirmed in mammary tissue by WB (Fig. 4C).
Inspection of H&E-stained histological sections showed that, in

comparison to the Ret/MTB hyperplastic mammary glands from
nulliparous (Ret/MTB V) females, the Ret/MTB mammary glands
from Post-I females (Ret/MTB Post-I) exhibit pronounced aberrant
morphology, consisting of ductal enlargement containing milk
protein β-casein, so-called ectatic ducts, surrounded by persistent
alveoli, as well as aberrant stroma with areas of brown-like fat
(Fig. S2C,D). Control Post-I glands (Ret/− or MTB/− Post-I) show
normal post-involuting morphology with some residual alveoli
(Fig. 4B). Morphology is also shown in thewhole mounts (Fig. 4D).
Taken together, these results provide evidence that aberrant RET
expression affects the tissue-remodeling process, promoting
neoplastic lesion formation during post-lactation.
Next, we analyzed Stat3 activation in the experimental mice. The

results show that RET-expressing post-involuting glands (Ret/MTB
Post-I) have a significant increase in active Stat3 levels, compared to
control virgin glands (Ret/MTB V) (Fig. 4E). We and others have
reported that Stat3 is activated in Ret-driven mammary tumors
(Gattelli et al., 2013, 2018; Plaza-Menacho et al., 2011). These new
data demonstrate that, within 2 months of RET overexpression in the
Ret/MTB glands, increased Stat3 activity is evident, which likely
plays a role favoring tumorigenesis. We confirmed in vitro that RET
activation stimulates Stat3 activity in mammary epithelial cells.
Following RET stimulation with GDNF, non-transformed HC11
mammary epithelial cultures, which express Ret and its co-
receptors, showed an increase in p-Stat3 levels (no p-Stat5) as
well as in RET canonical proliferation markers, p-Erk (also known
as p-MAPK) and p-Akt (Fig. S3).

RET overexpression during lactation induces premature
involutionmarkersand regulates early involution-associated
genes that increase tumor risk
Despite the fact that an increased risk of developing breast cancer is
observed in post-partum women, a protective effect of lactation
against breast cancer has been reported for young (<25 years) child-
bearing females (Borges et al., 2020; Schedin, 2006). To investigate

the consequence of triggering RETexpression during this protective
period, we induced Ret gene overexpression during lactation by
providing DOX-containing drinking water to Ret/MTB lactating
females between day 2 and 10, the day on which glands were
harvested (Fig. 5A). RET expression was monitored using
bioluminescence (Fig. 5B). H&E staining revealed the presence
of detached cells only in the alveoli of lactating mammary glands
from Ret/MTB females (Fig. 5B, insets), suggesting that they
undergo premature cell death. Supporting this, IHC showed a
significant increase in CC3-positive cells in 10 day-Ret/MTB-
induced glands but not in control glands (Fig. 5B, right column of
images). We also detected a significant increase in p-Stat3 levels
(Fig. 5B, bottom row). RET overexpression in the DOX-induced
Ret/MTB bitransgenic glands was confirmed by WB (Fig. 5C),
wherein a significant induction of p-Stat3 (not p-Stat5) was
observed (Fig. S2E). These results strengthen the conclusion that
aberrant RET overexpression induces premature involution.

We noted that p-Stat3 staining was clustered in certain areas of the
RET-overexpressing lactating glands (Fig. 5B, bottom row),
suggesting that Stat3 activation might be an indirect consequence
of RET-triggered local factors, which could also impact the
microenvironment. To explore the underlying mechanism, we
performed RNA sequencing onmammary gland tissue from 10 day-
lactating (L10) RET-overexpressing Ret/MTB females (n=6) and
10 day-lactating (L10) Ret/− and MTB/− control females (for both,
n=3). All animals were under DOX induction. Mammary tissue of
DOX-treated virgin (V) Ret/− females (n=4) was also analyzed.
Comparing gene expression in L10 Ret/−, MTB/−mice to that in V
Ret/− females demonstrated that 1120 (182+938) genes were
differentially expressed (Fig. 6A); 1280 (938+342) genes were
differentially expressed in L10 RET-overexpressing Ret/MTB
glands compared to V control glands (938 genes overlapped)
(Fig. 6A). Finally, 182 genes and 342 genes were specifically
expressed in L10 Ret/−, MTB/− control females and in L10 Ret-
overexpressing Ret/MTB females, respectively. These data
demonstrate that lactation is associated with major changes in
gene expression (73.28%, 938/1280) and that RET upregulation at
this stage causes dysregulation of a smaller fraction of genes
(26.72%, 342/1280) (Fig. 6A). We observed no differences in the
ability of RET-overexpressing females to nurse their pups in
comparison to control females, suggesting that this developmental
process proceeds normally.

Next, we used gene set enrichment analysis (GSEA) to
characterize RET-associated gene expression in L10 RET-
overexpressing Ret/MTB mammary glands compared to L10
control glands. Pathway enrichment using the MSigDB hallmark
gene set collection (Liberzon et al., 2015) showed significant
differences in upregulated oncogenic pathways that were enriched in
Akt (Fig. 6B), a survival signal driven by RET (Gattelli et al., 2013).
There was also a significant increase in the proliferation marker
phosphorylated histone 3 (p-H3) in RET-overexpressing lactating
glands (Fig. 6C), showing that RET is able to deregulate cell fate at
this stage. In addition, performing GSEA on canonical pathways
showed that the top signature corresponded to interferon (IFN)
response (Fig. 6B) and a significant enrichment in biological
process and transcription factors related to the IFN type I response
(Fig. S4A). The IFN pathway is associated with acute inflammation,
and key players in this pathway are the Stat proteins (Haricharan
and Li, 2014). This result also strengthens the conclusion that
RET overexpression in lactation causes a premature involution
phenotype. Moreover, these results may be mechanistically relevant
because gene expression in the first days of involution resembles an

Fig. 3. RET expression in the post-lactation transition causes precocious
involution. (A) Schematic overview of the timing of doxycycline (DOX)-driven
Ret induction (top) or control (bottom) in Ret/MTB, Ret/−, MTB/− strains (top)
or non-DOX treated Ret/MTB mice. (B) Mammary tissue of glands from the
indicated mice at 72 h involution (I72) were monitored for luciferase activity
(Luc Activity) to checkRet transgene expression in the experimental compared
to control animals. R, range; T, threshold. On the indicated sections, H&E
staining and IHC for specific perilipin-1 staining was performed. Data are
presented as the mean±s.e.m. (n=6 in each group). Quantification
corresponding to two independent experiments of the indicated stain is shown.
P-values by Mann–Whitney test. (C) WB shows RET and p-Y705Stat3 levels
using lysates from 72 h-involuting mammary gland tissue taken from the
indicated strains. Mammary tissue lysate from a 10 day-lactating female (L10)
was included to control for normal endogenous RET expression levels.
Phospho- and total Stat3 levels were determined on these samples. Tubulin
was used as a loading control. (D) IHC analysis was performed on sections for
specific p-Y705Stat3 or CC3 staining. Data are presented as the mean±s.e.m.
(n=6 in each group), and corresponding quantifications for two independent
experiments of the indicated stain are shown. P-values by Mann–Whitney test.
LN, inguinal lymph node. Scale bars: 50 μm.
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Fig. 4. Continuous RET expression during post-lactation transition enhances cancer potential. (A) Schematic representation of chronic 2 month DOX-
driven Ret induction in the Ret/MTB mouse model. Single parous (top) and nulliparous (bottom) virgin (V) adult mice of the indicated genotypes were used. DOX
induction started as indicated by green arrows for each control (Ret/−, MTB/− or −/−) and experimental groups (Ret/MTB). The animals were kept under DOX
(2 g/l) treatment for 2 months (2m). Mammary glands from control and experimental groups in conditions of both nulliparous (V) or parous after finishing the
involution period (Post-I) were analyzed. (B) H&E-stained sections of the indicated mice were analyzed and more mammary intra-epithelial neoplasia (MIN),
indicated by carets, were found in the RET-overexpressing glands from post-lactation compared to virgin glands. Scale bars: 50 μm. (C)WB shows RET levels for
lysates of mammary gland tissue from representative females of these experiments. (D) Mammary glands at the indicated conditions were analyzed by whole-
mount preparations. Representative pictures for each condition showing the lymph node (LN) are shown. Scale bars: 1.25 cm. (E) IHC for p-Y705Stat3 was
performed on mammary gland sections from virgin (V: Ret/− or MTB/− n=2, Ret/MTB n=7) or post-involuting (Post-I: Ret/−, MTB/− or −/− n=4, Ret/MTB n=7)
glands. Data are presented as themean±s.e.m. Quantification corresponding to three independent experiments is shown.P-values byMann–Whitney test. Scale
bars: 50 μm.
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acute-phase inflammatory response (Clarkson et al., 2006; Hughes
et al., 2012; Stein et al., 2004), which, at later times, is replaced by a
wound-healing-like immune signature (Martinson et al., 2015).
To examine this further, we compared transcripts in L10 RET-

overexpressing Ret/MTB glands to L10 control mammary glands,
which revealed differential expression of 149 genes (Table S1). A
list of the top genes up- and downregulated (2LogFC≥1.5; P≤0.01)
is shown in Table 2. Several genes corresponding to the first phase
of involution and Stat3 activity are upregulated (Clarkson et al.,
2006; Hughes andWatson, 2018). These include serum amyloid A1
and A2 genes (Saa1, Saa2), genes encoding members of the 2′-5′
oligoadenylate synthetase enzyme family (e.g. Oas1h) and genes
encoding calcium-related proteins (e.g. Clca3a1). Other genes
related to survival and inflammation including the anti-apoptotic
Bcl2-like 1 (Bcl2l1), leucine-rich 2-glycoprotein 1 (Lrg1) and Lif
receptor (Lifr) were also identified (Table 2). Stat1 is also activated
in involution (Haricharan and Li, 2014), and, in addition to known
Stat3-target genes in mammary epithelium, we identified Stat1-
induced genes, e.g. β2 microglobulin (B2m) (Radisky and
Hartmann, 2009). These are highlighted in the volcano plot in
Fig. 6D. Noteworthy, specific upregulated transcripts, including
B2m, Saa1 and Saa2, have been associated in the post-partum
human mammary gland with a condition of high breast tumor risk
(Asztalos et al., 2010; Borges et al., 2020; Jindal et al., 2020). In
summary, this analysis suggests that during lactation abnormal RET
levels drive a transcriptomic signature that is enriched in Stat-driven
genes related to the tumor-promoting inflammatory-phase response
at the onset of involution.

DISCUSSION
We show here that RET is expressed during lactation and is
normally downregulated during the transition to involution. We
demonstrate that the reduction in RET at involution onset is due to
local signals induced by lactation cessation (Fig. 2). The specific
signals responding to milk stasis resulting in decreased RET levels
in involution remain unknown, but a systemic decrease in
circulating lactogenic hormones is not involved. Moreover, we
show that abnormal expression of RET in the mammary epithelium
during the transition to involution causes a defect in the post-
lactation process, leading to cancer predisposition. Mechanistically,
our results suggest that a RET-driven Stat3-mediated acute
inflammatory signature is a part of the process.
Using Ret/MTB mice, we have previously reported that

overexpression of WT Ret gene is oncogenic and that multiparous
females exhibit higher mammary tumor incidence than nulliparous
females (Gattelli et al., 2018). In the present work, we analyzed
earlier steps in tumor development using Ret/MTB mice. We show
that forced RET overexpression in lactation leads to an increase in
epithelial cell proliferation (Fig. 6C), which likely contributes to the
higher tumor incidence of the multiparous females. Indeed, we
identified more neoplastic lesions in the Ret/MTB glands from
parous mice following 2 months of involution (Post-I) compared to
control glands from nulliparous mice (5.94±1.52 versus 2.60±1.39,
respectively) (Table 1), indicating that the involution environment
supports RET-induced tumorigenesis. On that note, our results are

in line with seminal studies in mammary tumor models
demonstrating that involution has pro-tumorigenic effects that are
associated with the late phase of wound healing (Lyons et al., 2011;
Martinson et al., 2015; O’Brien et al., 2010; Pennock et al., 2018).

Overexpression of RET from lactation through early involution
leads to a more rapid appearance of involution markers.
Interestingly, mouse models investigating effects of known breast
oncogenes often showed alterations in normal involution (Radisky
and Hartmann, 2009), similar to what we show for the Ret/MTB
model. In most cases, suppression of cell death delays involution
and facilitates tumor progression, e.g. in mice expressing Akt1
(Hutchinson et al., 2001), ERBB2 (Castillo-Lluva et al., 2015) or
Bcl2 (Jäger et al., 1997). In contrast, mice constitutively expressing
Myc exhibited accelerated involution that correlated with an
increased incidence of cancer (Jäger et al., 1997; Stewart et al.,
1984), as we observe with the Ret/MTB model. The reason for
premature involution in Myc-expressing glands remains unclear
(Radisky and Hartmann, 2009). For RET, it is possible that the pro-
inflammatory signals stimulated by RET-triggered alterations in the
mammary epithelium accelerate involution. In fact, in thyroid
cancer, RET signaling has been related to activation of
inflammatory programs (Guarino et al., 2010).

The acute inflammatory signature observed during early
involution, in which Stat3 has a pivotal role, has also been
described as tumor promotional (Pensa et al., 2009). Indeed, we
demonstrated that Post-I RET-expressing hyperplastic glands show
increased Stat3 activity compared to RET-expressing hyperplastic
glands from virgin females (Fig. 4E). Stat3 has dual functions: it has
an essential role in initiating cell death in involution, but an
oncogenic role when chronically activated in the mammary
epithelium (Dechow et al., 2004; Pensa et al., 2009). Taken
together, these results indicate that RET activation in an involuting
pro-inflammatory environment propels mammary epithelial cells
into a neoplastic state. We propose that Stat3 activation downstream
of persistent RET signaling unleashes apoptosis, accelerating the
involution process, and could simultaneously increase
inflammation, culminating in chronic Stat3 activation-promoting
cancer (Figs S3 and S4). Another possibility is that the Akt
signaling upregulation driven by RET expression (Fig. 6B) also
contributes to oncogenic stress signals, which leads to the presence
of apoptotic cells. Although RET function in normal mammary
gland is not fully elucidated, it might potentially contribute to
survival signals in lactating mammary cells. In the future, this could
be assessed following conditional deletion of Ret in the mammary
epithelium.

Lactation is an important factor affecting breast cancer incidence
in both young and post-menopausal females. Lactation has
significant protective effects against specific breast cancer
subtypes (Palmer et al., 2014), and, overall, breastfeeding reduces
cancer risk in Caucasian females (Amant et al., 2013). Therefore,
understanding how lactation impacts breast cancer risk and whether
it counters adverse effects of involution is critical. Our studies reveal
that RET overexpression in lactation upregulates genes that are pro-
tumorigenic such as Bcl2l1 or Lcn2 (Leng et al., 2009; Williams and
Cook, 2015), but also genes associated with early involution such as

Table 1. Mammary intra-epithelial neoplasia (MIN) lesion index

V Post-I

Number of
MIN/gland

Ret/−, MTB/−a (four glands, n=4) Ret/MTBb (15 glands, n=8) Ret/−, MTB/−, −/−c (five glands, n=4) Ret/MTBd (17 glands, n=9)
0.25±0.25 2.60±1.39 0.20±0.20 5.94±1.52

Data are presented for two independent experiments as the mean±s.e.m. P-values by Mann–Whitney test. **P=0.0013ad; **P=0.0057bd; ***P=0.0003cd.
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Clca3a1 orOas1h (Clarkson et al., 2004; Stein et al., 2007) (Fig. 6).
The highest transcriptionally increased genes are Saa1 and Saa2,
which are direct Stat3-target genes normally increased at involution
onset (Hughes and Watson, 2018). It is worth highlighting that the
transcriptome of RET-expressing lactating glands shares genes
(Asztalos et al., 2010; Jindal et al., 2020) identified in post-partum
breast tissue collected during the first 5 year period, a time frame in
which there is an increased tumor risk (Borges et al., 2020). Thus,
our analysis indicates that, in mammary epithelium, abnormal
RET expression resembles the early involution, characterized by an

acute-phase inflammatory response-like signature more than the
wound-healing-like phase at later stages. This conclusion is
strengthened by our observation that, in the Ret/MTB glands, there
are no differences in macrophage cell influx, an essential component
of the second phase of involution, in comparison to controls
(Fig. S4B). Despite our findings and other research insights in
mammary cancer models (Gattelli et al., 2020), the connection
between RET and inflammation remains understudied. Further
investigation needs to be performed to determine the impact of RET-
expressing mammary cells on the immune/inflammatory population.

Fig. 5. REToverexpression in lactation promotes involution-associatedmarkers. (A) Schematic overview of the DOX-drivenRet induction in the engineered
Ret/MTBmousemodel. (B) Mammary gland sections fromRet/− or MTB/− (n=6) and Ret/MTB (n=7) females at 10 days of lactation (L10) following treatment with
DOX (2 g/l) for 8 days were analyzed by H&E and IHC for CC3 and p-Y705Stat3. Data are presented as the mean±s.e.m. Scale bars: 50 μm. Quantifications
corresponding to two independent experiments of the indicated gland stain are shown.P-values byMann–Whitney test. Miceweremonitored for luciferase activity
(Luc Activity) as a control for Ret transgene expression. R, range; T, threshold. (C) WB shows RET levels at two different exposure times and p-Stat signaling for
lysates from mammary gland tissue from the experiments showed in B. Tubulin was used as a loading control.

8

RESEARCH ARTICLE Disease Models & Mechanisms (2022) 15, dmm049286. doi:10.1242/dmm.049286

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

https://journals.biologists.com/dmm/article-lookup/DOI/10.1242/dmm.049286


In summary, we have discovered that, during mammary gland
development, RET is downregulated early in involution and its
overexpression during this period causes defects in the post-lactation
transition, ultimately leading to an increased cancer predisposition
by a mechanism involving persistent Stat3 activation. We have
observed accelerated involution after forced RET expression, which
is interesting because RET is usually downregulated during normal
involution. RET-induced perturbation at the post-partum stage

results in a pro-tumorigenic phenotype, which might be due to RET-
driven changes in mammary epithelium specifically susceptible to
oncogenic transformation in concert with a pro-inflammatory
microenvironment during early involution. RET is overexpressed
in ∼50% of breast tumors and has been suggested as an alternative
therapeutic target, particularly in light of the recent advances in
novel RET inhibitors (Belli et al., 2020; Gattelli et al., 2020; Paratala
et al., 2018). Our analysis using mouse models offers new insights,

Fig. 6. See next page for legend.
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suggesting that RET expression levels could be a biomarker of post-
lactation-associated breast tumors.

MATERIALS AND METHODS
Mice
WT FVB/N (Taconic) mice were used in specific experiments. Female mice
were mated between 8 and 12 weeks of age. For timed pregnancies (15-
19 days of pregnancy), adult female mice were mated, scored by the
presence of vaginal plugs and confirmed by the examination of embryos at
the time of mammary gland collection. For involution studies, dams were
allowed to nurse litters (normalized to seven to ten pups) for 8-12 days, and
then pups were separated from dams to initiate forced involution. Glands
were harvested from virgin females (V), pregnant females (P), dams
lactating for 5 days (L5), 10 days (L10) or 15 days (L15), or from dams
involuting 12 h (I12), 48 h (I48) or 72 h (I72) following pup removal. At
least three mice per group were analyzed for each developmental stage. Ret/
MTB transgenic mice (Gattelli et al., 2018) were originally generated in the
Friedrich Miescher Institute for Biomedical Research (FMI), Basel,
Switzerland. This transgenic strain was shipped, maintained and
established as a colony in the animal facility from the Institute of
Physiology, Molecular Biology and Neuroscience (IFIBYNE), University
of Buenos Aires (UBA), Buenos Aires, Argentina. Breeding and the
genotypes of offspring were determined by PCR amplification of ear DNA
as described (Gattelli et al., 2018). Transgenic and control mice were
administered a control diet (Kliba Nafag #3302.PM.V20, irradiation
>25 Gy), one enriched with 200 mg/kg DOX in the chow (Sigma by
Chow Manufactures) or received 2 g/l DOX in drinking water (Jenner
Lafarvet). Ret/MTB adult female micewere monitored for luciferase activity
after 3-7 days of DOX or control diet following published procedures
(Gattelli et al., 2018). For transgenic animals, developmental stages, virgin
(V), lactation (L) and involution (I), were considered as described for WT
mice. Specifically, a post-involution stage (Post-I) was defined as a post-
lactation 2 month-regressed gland after pup removal. For that, at day 10 of
lactation, pups were removed (considering this the first day of involution),
treatments were initiated, and, 2 months later, Post-I glands under DOX or

control diet were extracted and stored for analysis. For all mouse
experiments, mouse numbers and independent biological experiments are
listed in the figures and figure legends. Transgenic and non-transgenic mice
were maintained in a specific pathogen-free facility, at constant temperature
and humidity with a 12 h light cycle. Animals were allowed food and
water ad libitum. Mice were housed under hygienic conditions according to
the Swiss and Argentinian guidelines governing animal experimentation.
All treatments and euthanasia protocols used in these studies were reviewed
and approved by the Institutional Animal Care and Use Committee
(IACUC).

Quantitative real-time PCR (qRT-PCR) and RT-PCR
For each stage of mammary gland development, an intact inguinal fourth
(#4) mammary gland was removed and homogenized for 15 s using
Ultraturrax T25 (Ika Labortechnik Staufen) in RNA-PrepZOL (Inbio
Highway), according to the instructions. For HC11 cell cultures, total RNA
was extracted. Two micrograms of total RNA were used for reverse
transcription according to the M-MLV reverse transcriptase protocol
(Promega). RT-PCR was performed in a Bio-Rad instrument using
standard reaction mix containing DNA polymerase (K1001 INBIO
Highway) up to 40 cycles of amplification. The amplification product was
analyzed by electrophoresis in agarose gel (RU1007 LE-Agarose 1200).
The program was as follows: 94°C for 2 min, 40 cycles of 94°C for 15 s,
60°C for 20 s, 72°C for 1 min/Kb, plus a final extension step of 72°C for
4 min. qRT-PCR was performed on the StepOne Plus instrument (Applied
Biosystems) using SYBR Green (Roche) in the reaction mix. For qRT-PCR,
calibration curves were performed for each specific primer pair and used in
the calculation for quantification. The program was as follows: 95°C for
5 min, 40 cycles of 95°C for 15 s, 60°C for 20 s, 72°C for 20 s, plus standard
program for melting curves. The following primers (synthesized by
Invitrogen or Macrogen) were used: Gdnf Fw, 5′-AGGAGGAACTGA-
TTTTTAGGTAC-3′; Gdnf Rv, 5′-TGCCCTACTTTGTCACTCAC-3′;
Nrtn Fw, 5′-CTGGAAGGCAGCGGCCC-3′; Nrtn Rv, 5′-CCCTGGAG-
CAGAGCGCG-3′; Gfra1 Fw, 5′-CTGTGTGCTCCTATGAAGAACGA-
3′; Gfra1 Rv, 5′-TTGCTGCAATCGCACCACGGC-3′; Gfra2 Fw, 5′-
GTATACCTACCGCATGCTCTTC-3′; Gfra2 Rv, 5′-GGGCTTCTCTTT-
GTCCTCATAG-3′; Actb Fw, 5′-TGCGTGACATCAAAGAGAAG-3′;
Actb Rv, 5′-TGCGTGACATCAAAGAGAAG-3′; Ret Fw, 5′-GGACA-
TCCATTACTGAAGAAGTA-3′; Ret Rv, 5′-AGTCCTGGGGGCAAA-
TGTTGGCA-3′.

Morphological and histological analysis
For whole-mount analysis, inguinal fourth (#4) mammary glands were
stretched onto a glass slide and fixed with Carnoy’s fixative (ethanol/
chloroform/glacial acetic acid at proportions of 6:3:1, respectively) for 24 h
at room temperature. Then, they were rehydrated with a graded series of
ethanol solutions, washed for 5 min in distilled water and stained overnight
in alum carmine solution. The following day, the mammary glands were
dehydrated with a graded series of ethanol solutions. Mammary glands
were cleared in xylene until the fat had been sufficiently removed from the
glands. For histopathological studies, mammary glands were fixed in 4%
paraformaldehyde, stored in 70% ethanol, embedded in paraffin, sectioned
and stained with H&E. For analysis of neoplastic lesions, the inguinal #4 as
well as the second (#2) mammary glands were dissected post-euthanasia
for each animal group. For quantification of the neoplastic lesions,
H&E-stained slides of mammary glands were observed with an optic
microscope (40×). Neoplastic lesions were named as MIN and defined as
an accumulation of more than 200 neoplastic cells without tissue
organization. The number of MIN was calculated by examination of three
different slides (4 µm) corresponding to three distinct areas of the gland
obtained by serial intervals (separated by at least 40 µm). For this analysis,
two different mammary glands (#4 and #2) from the same mouse were
used, coming from independent animals, in the experimental and control
groups.

IHC staining
In specific cases, automated chromogenic IHC for different markers
was carried out in paraffin sections using the Ventana DiscoveryXT

Fig. 6. RET promotes acute inflammatory response involution-associated
gene expression. (A) RNA-sequencing data analysis of mammary glands
from lactation day 10 (L10) DOX-induced Ret/MTB females (L10 ret/MTB
DOX) or control Ret/− and MTB/− females (L10 Ret/−, MTB/− DOX) in
comparison to virgin (V) DOX-treated control Ret/− animals (V Ret/− DOX) is
presented as a Venn diagram of the number of differentially expressed (DE)
genes. P≤0.01; P-values were calculated as implemented in R (n=6 L10 Ret/
MTB mice, n=3 L10 Ret/− and n=3 L10 MTB/− mice, n=4 V Ret/– mice).
(B) Gene set enrichment analysis (GSEA) was carried out using publicly
available sets (MSigDB). GSEA shows the correlation with the gene sets
upregulated with more than 120 genes in size between the top ten oncogenic
pathways: top three (3) EGFR_UP.V1_UP, top six (6) AKT_UP.V1_UP and top
nine (9) AKT_UP_MTOR_DN.V1_UP, in the six Ret/MTB in contrast to the six
control 10 day-lactating glands (Ret/−, MTB/−). The bottom-right GSEA
shows the correlation between the top (1) canonical pathway,
REACTOME_INTERFERON_ALPHA_BETA_SIGNALING, in the same
conditions. Peaks or valleys that occur on the edges represent pathways
differentially regulated by RET overexpression. NES, normalized enrichment
score; q, false-discovery rate. P-value was computed as implemented in
GSEA. (C) IHC for p-S10H3 staining and the corresponding quantification was
performed on sections of mammary glands of Ret/MTB or control (Ret/−,
MTB/−) DOX-induced females on lactation day 10 (L10). Data are presented
as the mean±s.e.m. Scale bars: 50 μm. (D) Volcano plot showing gene
expression of RET-expressing bitransgenic mammary glands (Ret/MTB, n=6)
compared with control mammary glands (Ret/−, n=3 and MTB/−, n=3) from
10 day-lactating females on DOX treatment (L10 Ret/MTB DOX versus L10
Ret/−, MTB/− DOX). Black dots correspond to the 149 significantly
deregulated genes (P≤0.01); at the bottom, the non-significant genes are
shown as gray dots. Gene symbols of the most significantly upregulated genes
are indicated [Log2(fold change)≥1.5; –Log10(P)≥2.5; P≤0.01]. From the
literature, we highlighted genes by color code that are Stat3 (or Stat1) regulated
in mammary epithelium. Genes described as post-partum-associated high
breast cancer risk are indicated by asterisks.
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instrument (Roche Diagnostics) and the following antibodies: anti-CC3
(#9661, Cell Signaling Technology, 1:100, DAB Map XT protocol),
anti-RET (#14556, Cell Signaling Technology, 1:150, DAB Map XT
protocol) and anti-p-Y705Stat3 (#9145, Cell Signaling Technology, 1:100,
DAB Map XT protocol). Manual IHC was performed in some cases. After
sample dewaxing and rehydration, heat-induced epitope retrieval was
performed with 10 mM sodium citrate pH 6.0 for 10 min at sub-boiling
temperature. Sections were exposed for 10 min to 3% H2O2 and, after
washing, blocked for 1 h in 2.5% bovine serum albumin (BSA). The
samples were incubated overnight at 4°C with the following antibodies
diluted in 2.5% BSA: anti-perilipin-1 (#3470, Cell Signaling Technology,
1:200), anti-p-Y705Stat3 (#9145, Cell Signaling Technology, 1:100), anti-
p-S10H3 (#9701, Cell Signaling Technology, 1:200), anti-β-casein (sc-
166530, Santa Cruz Biotechnology, 1:1000), anti-F4/80 (#CI:A3-1,
Serotec, 1:50) and anti-S100A9 (#73425, Cell Signaling Technology,

1:800). The next day, after washing, the samples were incubated for 1 h with
an anti-rabbit biotinylated antibody, diluted 1:200 in 2.5% BSA. Next,
samples were washed and incubated with the ABC reagent (PK-6101,
Vector Laboratories) for 30 min. Finally, the sections were washed and
stained with DAB and Hematoxylin as a counterstain. For p-Y705Stat3 and
CC3-staining, pictures (400× and 200×, respectively) covering the whole
area of the gland were taken. Quantification was done using ImageJ software
and expressed as stained area fraction/field±s.d. For perilipin-1 staining,
pictures (40×) covering the whole area of the gland were taken.
Quantification was done by measuring the percentage of positively
stained area/field±s.d. For p-S10H3b and in some cases for p-Y705Stat3,
pictures (400×) of five random areas of the gland were taken. For each
staining, quantification was done by counting and expressing as the number
of positive cells/field±s.d. or by counting positive and negative epithelial
cells and expressing as a percentage (%) of positive cells/field±s.d.,

Table 2. List of genes regulated by RET overexpression in lactation

Symbol Gene a2LogFC Gene ontology biological process

Ace Angiotensin I-converting enzyme 1 3.10 Angiotensin maturation
Antxrl Anthrax toxin receptor-like 1.92 Toxin transport
Basp1 Brain abundant membrane-attached signal protein 1 2.58 Downregulation of transcription
Bcl2l1 (Williams and Cook,
2015)

BCL2-like 1 3.68 Apoptotic mitochondrial changes

Btla B and T lymphocyte associated 3.15 Adaptive immune response
B2m (Li et al., 2014) Beta-2 microglobulin 2.55 Immune response
Clca3a1 (Hughes and Watson,
2018)

Chloride channel accessory 3A1 3.54 Chloride transport

Cttnbp2nl CTTNBP2 N-terminal-like 2.39 Downregulation of transmembrane transport
Dst Dystonin 2.88 Cell motility and adhesion
Dtx1 Deltex 1-E3 ubiquitin ligase 2.04 Cell surface receptor signaling pathway
Fis1 Fission mitochondrial 1 2.37 Apoptotic process
Fth1 (Liu et al., 2014) Ferritin heavy polypeptide 1 1.69 Ferric ion transport
Gm11651 Predicted gene 11651 2.77 –

Lcn2 (Leng et al., 2009) Lipocalin 2 2.75 Extrinsic apoptotic signaling pathway
Lifr (Dhingra et al., 1998) Leukemia inhibitory factor receptor 1.64 Response to cytokine
Lrg1 (Ramirez-Ardila et al.,
2016)

Leucine-rich alpha-2-glycoprotein 1 1.93 Brown fat cell differentiation/upregulation of
angiogenesis

Ltf (Campbell et al., 1992) Lactotransferrin 1.99 Innate immune response in mucosa
Oas1h (Hughes and Watson,
2018)

2’-5’ oligoadenylate synthetase 1H 3.82 Immune response

Prune2 Prune homolog 2 2.04 Apoptotic process
Rell2 Receptor expressed in lymphoid tissues-like 2 1.75 Positive regulation of cell–substrate adhesion
Saa1 (Kho et al., 2008) Serum amyloid A 1 5.23 Acute inflammatory response
Saa2 (Kho et al., 2008) Serum amyloid A 2 6.46 Acute inflammatory response
Slc6a4 Solute carrier family 6 member 4 2.85 Neurotransmitter transport
Sufu SUFU negative regulator of hedgehog signaling 3.85 Negative regulation of transcription (RNA Pol II)
Trim14 (Hu et al., 2019) Tripartite motif-containing 14 1.66 Innate immune response
Trpv6 Transient receptor potential cation channel subfamily V

member 6
1.64 Calcium ion transport

Zfp513 Zinc finger protein 513 2.88 Regulation of transcription
1810062O18Rik RIKEN cDNA 1810062O18 gene 1.82 –

3110035E14Rik (also known as
Vex)

RIKEN cDNA 3110035E14 gene 1.83 –

4930455H04Rik RIKEN cDNA 4930455H04 gene 2.33 –

Adamts5 A disintegrin-like and metallopeptidase with
thrombospondin type 1 motif, 5

−1.99 Extracellular matrix disassembly

AW146154 Expressed sequence AW146154 −1.54 –

DXBay18 (also known as
Pwwp4b)

DNA segment, Chr X, Baylor 18 −2.23 –

Gtf3c5 General transcription factor IIIC, polypeptide 5 −1.80 Transcription initiation from Pol III promoter
Icmt Isoprenylcysteine carboxyl methyltransferase −1.63 Protein tagging activity
Pakap Paralemmin A kinase anchor protein −3.13 Regulation of cell shape
Prrc2b Proline-rich coiled-coil 2B −1.59 Cell differentiation
Rgp1 RAB6A GEF complex partner 1 −2.12 Negative regulation of cyclin catabolism
Selp Selectin P, Leukocyte-endothelial cell adhesion molecule 3 −3.50 Cell adhesion/inflammatory response
Sgsh N-sulfoglucosamine sulfohydrolase −1.54 Glycosaminoglycan degradation
9430069I07Rik RIKEN cDNA 9430069I07 gene −3.19 –

a2LogFC, log 2 of fold change; a value of 1.5 for 2LogFC means a 3-fold change. ‘–’, gene ontology biological process not reported.
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respectively. In the figure legends, the magnification of the pictures is
indicated by scale bars.

Protein extraction and WB
Whole mammary glands were homogenized for 15 s in RIPA buffer
containing a protease and phosphatase inhibitor cocktail (25 mM
β-Glycerophosphate, 25 mM NaF, 1 mM DTT, 1 mM PMSF and 2 mM
orthovanadate), usingUltraturrax T25 (Ika Labortechnik Staufen). Following
30 min on ice, lysates were cleared by centrifugation at 20,000 g, and the
supernatants were collected and stored at −80°C. For cell cultures, cells from
the monolayer were lysed in a buffer containing 50 mM Hepes (pH 7.4),
150 mM NaCl, 25 mM β-Glycerophosphate, 25 mM NaF, 5 mM EGTA,
15 mM PPI, 1% NP40 and 1 mM DTT, containing the inhibitors, 1 mM
PMSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 2 mM sodium orthovanadate
and 10 mM sodium molybdate. Before freezing, an aliquot of lysate was
diluted at 1:10 in PBS 1× for determination of the protein concentration with
a Bradford assay using BSA as standard. Extracts of total protein (40-60 µg)
were separated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and subsequently transferred onto PVDF
blotting membrane by a semi-dry transfer (Bio-Rad). The membranes were
blocked with 5% Teleostean gelatin (#G7765, Sigma-Aldrich) in PBS-T (pH
7.6; 0.5% Tween 20) for 1 h at room temperature. Subsequently, the
membranes were incubated overnight at 4°C with the primary antibody
diluted in 5% Teleostean gelatin in PBS-T. The following primary antibodies
were used for overnight incubations: anti-RET (#3223, Cell Signaling
Technology, 1:1000), anti-p-Y1062RET (sc-2052, Santa Cruz
Biotechnology, 1:1000), anti-p-Y694Stat5 (#4322, Cell Signaling
Technology, 1:5000), anti-p-S779Stat5 (laboratory made, 1:1000), anti-
Stat5 (#9363, Cell Signaling Technology, 1:5000), anti-p-Y705Stat3 (#9131,
Cell Signaling Technology, 1:5000), anti-Stat3 (#610190, Transduction
Laboratories, 1:5000), anti-p-T202/Y204Erk (#9101, Cell Signaling
Technology, 1:5000), anti-Erk (#9102, Cell Signaling Technology,
1:5000), anti-p-S473Akt (#4060, Cell Signaling Technology, 1:5000),
anti-Akt (#9272, Cell Signaling Technology, 1:5000) and anti-α-tubulin
(MS-581-P1, Neomarkers, 1:10,000). The following day, the primary
antibodies were removed, and the membranes were washed in PBS-T.
Subsequently, the secondary horseradish peroxidase (HRP)-conjugated
antibody (Amersham, GE Healthcare) anti-rabbit (#NA934, 1:10,000) and/
or anti-mouse (#NA931, 1:10,000) was added and incubated for 1 h at room
temperature. Finally, the membranes were visualized using the ECLWestern
Blotting System (Amersham, GE Healthcare) and CL-XPosure films
(#34089, Thermo Fisher Scientific) or medical X-ray films Ortho CP-GU
M (Agfa). For RET protein level quantifications, RET as well as tubulin
bands on WBs were quantified using ImageJ. Lysates corresponding to
mammary samples from independent animals at each developmental stage
were used. Results were expressed as ratios, RET relative to tubulin.

RNA-sequencing and enrichment analysis
Mammary gland tissues were processed to obtain RNA from DOX-induced
Ret/MTB, Ret/− and MTB/− 10 day-lactating mice, and Ret/− virgin mice.
Total RNAwas obtained using an RNeasy Mini Kit (Qiagen). After quality
control, sequencing libraries were prepared from 200 ng total RNA using a
TruSeq Stranded mRNA Library Preparation Kit (Illumina). Libraries were
pooled and sequenced on an Illumina HiSeq2500. HCS 2.2.58 was
used with default parameters for base calling and bcl2fastq 1.8.4 (Illumina)
for de-multiplexing and generating fastq files. Raw reads were preprocessed
using the R(v3.3.0)/Bioconductor package QuasR(1.12.0). Reads with
more than 2Ns were removed with the function preprocess reads. The
remaining reads were aligned to mm10 using the qAlign with
splicedAlignments=TRUE and default parameters. The QuasR function
qCount was used to extract a table with raw read counts per gene for
all Entrez genes for each sample. The data have been submitted to the
NCBI and assigned the BioProject ID PRJNA 722027. Pathway analysis
was performed with GSEA (http://software.broadinstitute.org/gsea) on the
complete gene expression profile for each sample. The table was generated
through differentially expressed gene values. The volcano plot was
constructed from complete gene expression data using R.

Cell culture
HC11 cells (Hynes laboratory origin) were grown in RPMI 1640
(Gibco) supplemented with 10% FBS, 100 IU/ml penicillin, 100 μg/ml
streptomycin, 4 mM L-glutamine, 10 ng/ml EGF and 5 μg/ml insulin
(Sigma-Aldrich). HC11 competent cultures (non-proliferating) were
obtained as published (Williams et al., 2009) by allowing cells to reach
confluency and maintaining cultures for 2 days in 2% FBS after EGF and
glutamine withdrawal. HC11 cultures [serum-starved (RPMI+2% FBS)]
were stimulated either with ligand (GDNF) at 10 ng/ml or with vehicle
(H2O) and cells were collected 5, 15 and 30 min post-stimulation. RET-
ligand GDNF (#450-10, PeproTech) was re-suspended according to the
manufacturer’s instructions, aliquoted and stored at −80°C, and the aliquots
were only thawed twice.

Statistical analysis
Datawere plotted using Excel or GraphPad software. Imaging quantification
was performed using ImageJ. Statistical analysis of the results was
determined using the appropriate GraphPad software test. Before selecting
a statistical test, normality was assessed by the Shapiro–Wilk test to ensure
validity of the parametric tests. When the generated data were found
to deviate significantly from a normal distribution, we used non-parametric
tests. Otherwise, we used two-sided two-sample t-tests to compare
measurements between treatment and control groups, and, when several
variables were simultaneously observed, the corresponding multivariate
ANOVA test was performed. The results were considered statistically
significant if the P-value of a statistical hypothesis test was smaller than
the significance level of 0.05. All animal studies were replicated at
least twice and representative or pooled data are shown. The number of
required mice per replicate group was estimated assuming normality
and aiming for a power of 80% using the statistical test and a significance
level of α=0.05. We chose the level of statistical significance to be α=0.05.
The means and s.d. were estimated based on a pilot experiment. For
the overall design of the experiments, we used the randomization method
to allocate the experimental groups. Accordingly, as previously
experienced, we observed no animal dropout or death following the
administration of DOX to induce the overexpression of Ret gene (Gattelli
et al., 2018). We did not omit data points for in vivo experiments. Outlier
robust rank-based nonparametric test was performed when outliers were
suspected.
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