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Abstract

Fluorescent biosensors offer a powerful tool for tracking and quantifying protein activity in living systems with high tem-
porospatial resolution. However, the expression of genetically encoded fluorescent proteins can interfere with endogenous
signaling pathways, potentially leading to developmental and physiological abnormalities. The EKAREV-NLS mouse
model, which carries a FRET-based biosensor for monitoring extracellular signal-regulated kinase (ERK) activity, has been
widely utilized both in vivo and in vitro across various cell types and organs. In this study, we report a significant defect
in mammary epithelial development in EKAREV-NLS C57BL/6J female mice. Our findings reveal that these mice exhibit
severely impaired mammary epithelial outgrowth, linked to systemic defects including disrupted estrous cycling, impaired
ovarian follicle maturation, anovulation, and reduced reproductive fitness. Notably, estrogen supplementation was suf-
ficient to enhance mammary epithelial growth in the EKAREV-NLS C57BL/6J females. Furthermore, outcrossing to the
ICR genetic background fully restored normal mammary epithelial outgrowth, indicating that the observed phenotype is
dependent on genetic background. We also confirmed the functional performance of the biosensor in hormone-supple-
mented and outcrossed tissues through time-lapse imaging of primary mammary epithelial cells. Our results underscore
the critical need for thorough characterization of biosensor-carrying models before their application in specific research
contexts. Additionally, this work highlights the influence of hormonal and genetic factors on mammary gland development
and emphasizes the importance of careful consideration when selecting biosensor strains for mammary studies.

Keywords EKAREV-NLS mouse - Estradiol supplementation - ERK signaling - Biosensor - Mammary epithelium -
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Introduction biosensors. FRET biosensors operate on the principle that

energy can be transferred non-radiatively from a donor fluo-

Fluorescent biosensors are powerful tools in biological
research, which employ fluorescent molecules to report
on the presence or activity of specific biological targets,
and thus detect and measure various cellular processes in
real-time. Among the most advanced types of fluorescent
biosensors are FRET (Forster resonance energy transfer)
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rophore to an acceptor fluorophore when they are in close
proximity, typically less than 10 nanometers. The efficiency
of this energy transfer depends on the distance between the
two fluorophores, making FRET biosensors ideal for moni-
toring dynamic interactions, such as protein-protein interac-
tions, conformational changes within molecules, or catalytic
functions.

Biosensors can be used in vitro as well as in vivo, where
they can be expressed constitutively in all cells or condi-
tionally upon induction, e.g. in a specific cell type. How-
ever, the expression of biosensors in mice, particularly those
involving genetically encoded reporters or fluorescent pro-
teins, can have potentially negative effects on mouse viabil-
ity, reproductive fitness, or other physiological processes.
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Potential negative effects depend on factors like the type of
biosensor, its expression level, and the genomic location of
its insertion.

Cells expressing foreign genes (e.g. for fluorescent pro-
teins) are not always healthy and viable, particularly when
used in vivo [1] and the reporter protein is present in high
concentrations or produces a cytotoxic metabolite [2].
Green fluorescent protein (GFP) and its analogs show dif-
ferent levels of cellular toxicity [3, 4], mediated by reactive
oxygen species production [5]. For instance, GFP expres-
sion increases oxidative stress and influences cell survival
under stress conditions in neuroblastoma cell lines [6], and
activates endoplasmic reticulum stress in breast cancer cells
[7]. Yellow fluorescent protein (YFP) acts as an activa-
tor of a robust cell stress response in mouse neurons [§].
Moreover, the expression of foreign proteins can sometimes
trigger immune responses [9]. Further, due to the lack of
signal amplification possibility, biosensor expression must
be relatively high. Strong promoters like CAG are often
used for biosensor expression as they offer stable ubiquitous
strong expression in all tissues. Some biosensors, particu-
larly those based on fluorescent proteins like GFP, can be
toxic when overexpressed [4]. Moreover, localization of the
transgenic construct within the genome can influence cel-
lular behavior or reproductive fitness. Random insertion of
biosensor genes can disrupt endogenous genes or regulatory
elements, leading to developmental abnormalities or lethal-
ity. Finally, a combination of the aforementioned effects of
biosensor expression might be organ-specific. One study
reported dose-dependent heart condition developed in mice
overexpressing GFP [10]. The expression of genetically
encoded calcium indicators in neurons can cause neurotox-
icity [11], leading to behavioral abnormalities or reduced
cognitive function.

EKAREV-NLS (Eisuke) mice carry a FRET-based
biosensor of ERK1/2 phosphorylation activity [12]. The
biosensor was first developed by Harvey et al. [13] and sub-
sequently modified by Komatsu et al. [14]. It consists of
two main functional domains and a linker chain. The sen-
sory region contains a consensus MAPK target sequence
(PRTP), WW phospho-binding domain, and ERK-specific
(FQFP) docking site, while the reporter region includes a
fluorescent protein FRET pair; CFP, and YFP. The transgenic
mouse line was developed by Tol2-mediated gene transfer,
through oocyte co-injection of the pT2A-EKAREV-NLS
plasmid with Tol2 mRNA, producing the strain with sev-
eral transgene integration sites and stable Mendelian trans-
gene transmission [12]. The strain was successfully used
for ERK dynamics investigations in the intestine [15, 16],
skin [17, 18], and mammary tumor tissue [19] with no
reported physiological abnormalities. We aimed to use the
EKAREV-NLS mice to study the role of ERK signaling in
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mammary epithelial morphogenesis. Because the reports on
its use in mammary tissue have been scarce, we assessed its
suitability for studying ERK in mammary gland develop-
ment. Here we report severe mammary epithelial phenotype
in EKAREV-NLS mice, which is associated with the sys-
temic effect of hormonal dysregulation, and reveal simple
strategies to alleviate it.

Results

EKAREV-NLS Biosensor Influences Mammary Gland
Morphology and Reproductive Fitness

Given the absence of prior reports on the use of the
EKAREV-NLS (hereafter referred to as “EKAREV?”) strain
in mammary gland research, we aimed to characterize and
assess its suitability for studying ERK activity dynamics
in mammary epithelial morphogenesis. To this end, we
investigated mammary gland morphology in EKAREV
positive (EKAREV+, hemizygous) and EKAREV nega-
tive (EKAREV—, wild-type) nulliparous female mice. At
10 weeks of age, all analyzed EKAREV+mice showed sig-
nificant alterations in epithelial morphology, characterized
by markedly reduced epithelial outgrowth and a simplified
branching pattern (Fig. la—c). Further examination of the
mammary glands at later time points (10 to 19 weeks of age)
revealed conservation of the impeded epithelial outgrowth
and branching phenotype in the EKAREV+mice, with
occasionally increased fat pad penetration (Supplementary
Fig. 1). Moreover, EKAREV+females were smaller and
had significantly lower body weight than the EKAREV—
females (Fig. 1d, ¢), low visceral adipose tissue deposits
and poor coat quality, which together with the mammary
phenotype suggested a systemic effect.

Because the phenotype of EKAREV+mammary glands
resembled the mammary gland of mice ovariectomized
before puberty [20], we suspected that it could be caused
by dysregulation of female sex hormones. Therefore, we
measured estrogen and progesterone levels in blood serum
and examined ovaries and estrous cycle in the EKAREV
mice. Interestingly, the level of freely circulating estrogen
was significantly higher in EKAREV+animals compared
to the EKAREV— control, and a similar trend was appar-
ent in progesterone levels (Fig. 1f, g). The ovaries of the
majority (approx. 90%) of EKAREV+mice were signifi-
cantly smaller, with a reduced number of late-stage follicles
and mostly undetectable corpora lutea, indicating disrupted
estrous cycles and impaired ovulation (Fig. 1h, i; Supple-
mentary Fig. 2). Moreover, when bred with wild-type
males, EKAREV+ females frequently failed to produce off-
spring (Supplementary Fig. 3b). When EKAREV+mothers
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Fig. 1 EKAREV+female mice exhibit retarded mammary epithelial bar: 100 pm. (g) Quantification of the number of corpora lutea,

outgrowth, lower body weight, and reduced reproductive fitness. (a)
Carmine-stained mammary glands of EKAREV+and EKAREV—
10-week-old mice. The white dashed line outlines the epithelial ductal
tree area while the insert shows part of the EKAREV+epithelial tree
structure; FP, fat pad; LN, lymph node. Scale bar: | mm. (b and ¢) Quan-
tification of mammary epithelial morphological descriptors. The plots
show the number of branching points (sum of primary and secondary)
(b) and the length of epithelial outgrowth from the center of the lymph
node to the distal part of the gland (¢) as mean+SD; N=3 EKAREV+,
3 EKAREV—; *¥p<0.01, ***p<0.001 (Student’s t-test). (d) Macro-
scopic comparison of 10-week-old nulliparous EKAREV+ (left) and
EKAREV— (right) female mice. Scale bar: 1 cm. (e) Post-mortem
whole-body weights of EKAREV+and EKAREV— female mice. The
plot shows mean+SD; N=3 EKAREV+, 3 EKAREV—; ***p<0.001
(Student’s t-test). (f) Hematoxylin- and eosin-stained sections from
ovaries of EKAREV+and EKAREV— 10-weeks-old females. Scale

produced offspring, the litters were smaller, with reduced
viability and lower body weight despite normal maternal
behavior of EKAREV+mice (Fig. 1j). EKAREV+offspring
showed the lowest body weight (Fig. 1k, 1), incomplete fur
development, and poor viability. Further, EKAREV+moth-
ers showed delayed involution following the weaning of the
pups at 3 weeks of age (Supplementary Fig. 3d). Collec-
tively, this data suggests a profound disruption of female
sex hormone signaling, which negatively impacts mammary
gland development, follicular maturation, and reproductive
capability.

counted in serial sections of ovaries (taken every 25 um within the
first half of the ovary). The plot shows mean+SD; N=3 EKAREV+,
3 EKAREV—; ns p>0.05 (Student’s t-test). (h, i) Level of reproduc-
tive hormones (h) estrogen, and (i) progesterone in circulating blood
serum. The plots show mean+SD. N=3 EKAREV+, 3 EKAREV—;
ns p>0.05, ***p<0.001 (Student’s t-test). (j) The plot shows the total
number of pups born from the breeding of EKAREV+or EKAREV—
females with wild-type ICR male as mean+SD; n=3 litters from
EKAREV+mother, 3 litters from EKAREV— mother; ns p>0.05 (Stu-
dent’s t-test). (k, 1) Weight of offspring from panel (j). The plots show
body weight of 3-week-old (k) and 6-week-old (I) female (pink) and
male (blue) pups as mean+SD; N=17 born pups of 3 EKAREV+and
3 EKAREV— mothers; ns p>0.05, **p<0.01 (Kruskal-Wallis test for
3 w females, Mann-Whitney test for 6 w females, Student’s t-test for
both 3 w and 6 w males)

Estradiol Supplementation Results in Partial
Mammary Gland Phenotype Rescue

Given the well-established roles of estrogen and proges-
terone in mammary gland development and female repro-
ductive system regulation [20-22], we hypothesized that
supplementing these hormones might stimulate reproduc-
tive system function and mammary epithelial morpho-
genesis in EKAREV+mice. We implemented a hormonal
supplementation regimen via drinking water, as described in
a previous study [23], with non-treated, estradiol-only, and
combined estradiol-progesterone groups. Analysis of mam-
mary gland morphology revealed a significant increase in
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epithelial penetration and branching index in both estradiol-
only and estradiol-progesterone treated groups compared to
non-treated EKAREV+mice, indicating a positive impact
of the hormonal treatment on epithelial tree development
and mammary gland morphology (Fig. 2a—c). Moreover,
although epithelial branching and penetration improved in
both treatment groups, the mammary branching complexity
of the hormone-treated EKAREV+mice did not reach the
branching complexity of the EKAREV— mammary glands
(Fig. 2a,b), suggesting only a partial rescue of the pheno-
type. The dual supplementation group showed an increased
number of terminal end buds (TEB) at the time of sample
collection, suggesting a greater growth potential in this
group (Fig. 2d). Hormonal treatment of EKAREV— con-
trol animals had no significant impact on mammary gland
morphology, suggesting a preserved signaling regulation in
these animals (Supplementary Fig. 4).

To investigate the wunderlying mechanism of
EKAREV+phenotype and its rescue by hormonal supple-
mentation, we investigated estrogen receptor (ER) expres-
sion in mammary epithelium by immunohistochemistry.
Interestingly, we found no significant differences in ER
expression levels between EKAREV+non-treated animals,
EKAREV+hormone-treated and EKAREV— non-treated
(control) animals (Fig. 2e, f). In pubertal and adult mice,
estradiol signaling upregulates progesterone receptor (PR)
expression, whose signaling exerts proliferative effects
on mammary epithelium [24]. To determine whether this
signaling axis was affected, we assessed PR and Ki67
expression. Importantly, we found significantly decreased
expression of PR in EKAREV-+non-treated animals
(Fig. 2e, g). Hormonal supplementation increased PR levels
in both treatment groups (Fig. 2e, g) to levels comparable to
the EKAREV— mice and thus partially restoring the signal-
ing regulation necessary for normal epithelial development.
Similarly, an increased proportion of proliferative (Ki67+)
cells was detected in both treatment groups compared to
EKAREV+non-treated animals (Fig. 2e, h), indicating a
restored PR signaling network in mammary epithelium.

Estradiol and progesterone, alongside gonadotropins,
play crucial roles in ovarian follicle development, matura-
tion, and ovulation [25]. We hypothesized that hormonal
supplementation might enhance follicle content, which
would further confirm the restoration of the regulatory
axis. As expected, hormonal supplementation increased
ovary size and the number of late-stage follicles (Fig. 2i, j;
Supplementary Fig. 5) in both groups. However, unlike the
dual estradiol-progesterone group, estradiol-only supple-
mentation did not result in detectable corpus luteum for-
mation in EKAREV+mice, suggesting that a more robust
stimulus is required to induce successful follicle maturation
and/or ovulatory signals. Hormonally supplemented mice

@ Springer

Fig. 2 Hormonal supplementation rescues the mammary gland pheno- }
type of the EKAREV+females. (a) Carmine-stained mammary glands
of 14-week-old female mice after 5 weeks of hormonal supplemen-
tation. Scale bar: 1 mm. The inserts show details of the distal ends
of the epithelial ductal tree. Scale bar: 500 um. (b, ¢) Quantification
of mammary epithelial morphological descriptors. The plots show the
number of branching points (sum of primary and secondary) (b) and
the length of epithelial outgrowth from the center of the lymph node
to the distal part of the gland (c) as mean+SD. N=10 EKAREV+NT,
10 EKAREV+E2, 11 EKAREV+E2P4, 17 EKAREV— NT; * p<0.05,
**%%k p<0.0001 (Kruskal-Wallis test in (b) one-way ANOVA in
(¢). (d) The plot shows the number of TEBs as mean+SD. N=10
EKAREV+E2, 11 EKAREV+E2P4; *#p<0.01 (Mann-Whitney test).
(e) Estrogen receptor (ER), progesterone receptor (PR), and Ki67
expression in mammary gland epithelium of 14-week-old female mice
after 5 weeks of hormonal supplementation. The inserts show details
of epithelial areas. Scale bar: 100 pm. (f) Quantification of ER+cell
proportion in mammary epithelium. The plots show mean+SD. N=17
EKAREV+NT,21 EKAREV+E2,28 EKAREV+E2P4, 13 EKAREV—
NT; ns p>0.05 (Student’s t-test). (g) Quantification of PR+cell pro-
portion in mammary epithelium. The plots show mean+SD. N=9
EKAREV+NT, 8 EKAREV+E2, 9 EKAREV+E2P4, 10 EKAREV—
NT; ***p<0.001 (one-way ANOVA). (h) Quantification of Ki67+cell
proportion in mammary epithelium. The plots show mean+SD. N=10
EKAREV+NT, 9 EKAREV+E2, 22 EKAREV+E2P4, 12 EKAREV—
NT; *** p<0.001 (Student’s t-test). (i) Hematoxylin- and eosin-stained
sections of ovaries from 14-week-old females after 5 weeks of hormonal
supplementation. Scale bar: 100 um. (j) Quantification of a number of
corpora lutea, counted in serial sections of ovaries (taken every 25 um
within the first half of the ovary). The plot shows mean+SD. N=8
EKAREV+NT, 7 EKAREV+E2, 11 EKAREV+E2P4, 9 EKAREV—
NT; ** p<0.01, *** p<0.001 (Kruskal-Wallis test). (k) The plot shows
whole-body weights of hormone-supplemented females as mean+SD.
N=10 EKAREV+NT, 10 EKAREV+E2, 11 EKAREV+E2P4, 17
EKAREV— NT; * p<0.05, ** p<0.01, ***p<0.001, ****»p<0.0001
(Kruskal-Wallis test). (1) Estrous cycle stage distribution in the cohort
of hormone-supplemented females at the time of mammary and ovar-
ian tissue collection. NT, non-treated; E2, 17p—estradiol-treated; E2P4,
17B—estradiol- and progesterone-treated; TEB, terminal end bud; PR,
progesterone receptor

exhibited normal behavior and showed a trend of increased
body weight (Fig. 2k). Furthermore, increased visceral fat
deposits as well as improved coat quality were observed in
both treatment groups. The end-point estrous cycle stag-
ing showed improved stage distribution more similar to the
EKAREV— mice (Fig. 21).

Change of Genetic Background Alleviates Biosensor
Effect on Mammary Gland Morphology and
Reproductive Fitness

Given that our 5-week hormonal supplementation experi-
ments did not yield mammary epithelial three with full
branching and fat pad penetration and have therefore
only partially rescued the mammary gland phenotype,
we sought to explore an alternative approach. Noting the
reported significant effect of genetic background on mam-
mary gland development and tumorigenesis [26, 27], we
questioned whether the observed phenotype was genetic
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background dependent. To investigate this, we outcrossed
EKAREV+C57BL/6] mice with wild-type ICR mice
(Fig. 3a), an outbred strain known for its robust reproduc-
tive performance and rapid growth [28]. We then analyzed
overall fitness, mammary gland morphology, ovarian fol-
licle content, and reproductive performance. All analyzed
outcrossed C57BL/6JXICR 14-week-old EKAREV+off-
spring showed no signs of compromised well-being, as they
maintained good fur quality and showed no reduction in
visceral body fat. However, they did have somewhat lower
body weights compared to their EKAREV— littermates
(Fig. 3b, ¢). The end-point estrous staging revealed similari-
ties in the stage proportions between the groups (Fig. 3d).

Strikingly, we observed no differences in the appearance
of the epithelial ductal tree in the outcrossed EKAREV+and
EKAREV— mice (Fig. 3e). Both groups displayed fully
developed epithelial structures with well-formed primary
and secondary branches extending into the distal mam-
mary fat pad (Fig. 3f, g). Moreover, both EKAREV+and
EKAREV- outcrossed mice exhibited similar ER, PR, and
Ki67 expression patterns, with a high percentage of receptor
expressing and proliferative cells in the mammary epithelial
compartment (Fig. 3h, k) and similar estrogen and progester-
one levels (Fig. 31-m). Aside from a slight reduction in ovary
size in EKAREV+ outcrossed females, no significant differ-
ences in follicle counts were observed (Fig. 3n; Supplemen-
tary Fig. 6). Both EKAREV+and EKAREV— outcrossed
mice showed evidence of proper hormonal cycling and ovu-
lation, as indicated by the presence of corpora lutea and a
substantial number of late-stage follicles (Fig. 30). When
EKAREV+and EKAREV— outcrossed mice were bred with
ICR males, no significant differences were found in litter
sex ratio or viability, but the EKAREV+ females produced
fewer pups (Fig. 3p-r; Supplementary Fig. 7b, c). Pups
from EKAREV+mothers exhibited, in general, lower body
weights than pups from EKAREV— mothers, and in par-
ticular EKAREV+pups were lighter than their EKAREV—
littermates. Nevertheless, none of the pups showed the
developmental issues observed in EKAREV+pups from
C57BL/6J mothers. Both EKAREV+and EKAREV— moth-
ers showed normally involuting glands following the wean-
ing of the pups (Supplementary Fig. 7d). These data suggest
that the change of genetic background fully rescues mam-
mary phenotype and restores reproductive system function-
ality in EKAREV+mice.

Biosensor Function is Maintained Following
Hormone Treatment and Background Change

Our results suggest that to use the EKAREV-NLS biosen-

sor to study ERK signaling dynamics in mammary epi-
thelial tissue, the EKAREV+CS57BL/6]J mice need to be

@ Springer

Fig.3 Change of genetic background rescues the mammary gland phe- }
notype of EKAREV+ females. (a) Schematic representation of outcross
experiment and subsequent breeding experiment to assess reproductive
fitness. Outcross was achieved by mating male EKAREV+C57BL/6J
with wild-type ICR female. Female offspring was then used in a breed-
ing experiment when it was bred at 14 weeks of age with 20-week-old
ICR males. Their offspring was analyzed at 3 and 6 weeks of age. (b)
Macroscopic comparison of 10-week-old outcrossed (C57BL/6JxICR)
EKAREV+ (left) and EKAREV— (middle) females to EKAREV—ICR
(right) female. Scale bar: 1 cm. (¢) The plots show whole-body weights
of outcrossed EKAREV+and EKAREV— 14-week-old females shown
as mean+SD. N=13 EKAREV+, 14 EKAREV—; **** ;5<(.0001
(Student’s t-test). (d) Estrous cycle stage distribution in the cohort of
outcrossed EKAREV+and EKAREV— females at the time of mam-
mary and ovarian tissue collection at 14 weeks of age. (e) Carmine-
stained mammary glands of outcrossed 14-week-old EKAREV+and
EKAREV— mice. Scale bar 1 mm. (f, g) Quantification of mammary
epithelial morphological descriptors. The plots show the number of
branching points (sum of primary and secondary) (f) and the length of
epithelial outgrowth (measured from the center of the lymph node to
the distal part of the gland) (g) as mean+SD. N=13 EKAREV+, 14
EKAREV—; ns p>0.05, * p<0.05 (Student’s t-test). (h) Estrogen recep-
tor (ER), progesterone receptor (PR), and Ki67 expression in the mam-
mary glands of 14-week-old outcrossed EKAREV+and EKAREV—
females. The inserts show details of epithelial areas. Scale bar: 100 pm.
(i) Quantification of ER+ cells in mammary epithelium. The plot shows
mean+ SD. N=20 EKAREV+, 28 EKAREV—; ns p>0.05 (Student’s
t-test). (j) Quantification of PR+cells in mammary epithelium. The
plot shows mean=SD. N=25 EKAREV+, 32 EKAREV—; * p<0.05
(Student’s t-test). (k) Quantification of Ki67+cells in mammary epi-
thelium. The plot shows mean+SD. N=9 EKAREV+, 24 EKAREV—;
**% p<0.001 (Student’s t-test). (1, m) Level of reproductive hormones
(1) estrogen and (m) progesterone in circulating blood serum. The
plots show mean+SD. N=5 EKAREV+, 7 EKAREV—; ns p>0.05
(Student’s t-test). (n) Hematoxylin- and eosin-stained sections of ova-
ries from 14-week-old outcrossed EKAREV +and EKAREV— mice.
Scale bar: 100 pm. (o) Quantification of the number of corpora lutea,
counted in serial sections of ovaries (taken every 25 um within the
first half of the ovary). The plot shows mean+SD. N=13 EKAREV+,
14 EKAREV—; * p<0.05 (Mann-Whitney test). (p) A total number of
pups born from the breeding of outcrossed EKAREV+or EKAREV—
females with wild-type ICR male, shown as mean+SD. N=7 litters
from EKAREV +mothers, 5 litters from EKAREV- mothers; *p<0.05
(Student’s t-test). (q, r) Weight of offspring born from the breeding
of outcrossed EKAREV+or EKAREV— females with wild-type ICR
male. The plots show the body weight of 3-week-old (q) and 6-week-
old (r) female (pink) and male (blue) pups as mean+SD. N=107 born
pups from 7 EKAREV+and 5 EKAREV— mothers. ns p>0.05, *
p=<0.05, ** p<0.01, *** p<0.001, ****p<0.0001 (one-way ANOVA
for 3 w females and 6 w males, Kruskal-Wallis test for 3 w males and
6 w females)

supplemented by female sex hormones or outcrossed to
a mixed C57BL/6JxICR background to develop a prop-
erly branched mammary epithelial ductal structure. To
determine whether hormonal supplementation or change
of genetic background influence biosensor function in the
target tissue, we set out to compare ERK activity patterns
in primary mammary epithelial cells (MECs) isolated from
non-treated, hormone-supplemented, and outcrossed mice.
First, we assessed overall EKAREV-NLS biosensor
expression in primary MECs cultured in 2D. We observed
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stable biosensor expression in all nuclei in the cells from
all experimental animals throughout the imaging period
(Fig. 4c). Immunofluorescence staining analysis revealed
that the cultured MECs predominantly comprised luminal
cells (KRT8+), with less than 1% MECs positively stain-
ing for basal cell marker (KRT5+) (Fig. 4c). Thus, further
analysis was conducted cumulatively without segregating
MEC types.

To analyze ERK activity patterns across different groups,
we conducted time-lapse imaging of the EKAREV+MECs
for 6 h. For the first hour, the MECs were imaged in a
medium without growth factor supplementation to establish
baseline ERK activity. Afterwards, fibroblast growth fac-
tor 2 (FGF2) was added, and the MECs were imaged for
an additional 5 h. The images were processed, segmented,
and tracked, and the FRET index was calculated for each
individual cell trajectory (Fig. 4b, Supplementary Video
1-4). Individual cell trajectories as well as population aver-
ages of ERK activity showed a similar activation pattern in
response to FGF2 stimulation across the groups, with most
cells reaching maximal activation 20 min after FGF2 addi-
tion and returning to baseline activity within 90 min. In con-
trast, cells from E2-treated mice responded more rapidly,
with maximal activity at 10 min, and after the initial peak,
they dropped to a slightly higher baseline activity (Fig. 4d,
e).

Next, we explored ERK activation patterns in individual
cells by single-cell ERK activation wave analysis (Fig. 4b,
f-1), assessing basal activity, pulse frequency, wave ampli-
tude, and wave duration before and after FGF2 addition. We
found significant differences in basal ERK activity across all
groups before (Fig. 4f, top) and after FGF2 addition (Fig. 4f,
bottom). ERK activation pulse frequency showed no sig-
nificant differences between control (C57BL/6J, NT) and
hormonally supplemented groups before (Fig. 4g, top) or
after (Fig. 4g, bottom) FGF2 addition, but differed signifi-
cantly between control cells and cells from outcrossed mice.
Maximal wave amplitude and duration, key characteristics
relevant to cell fate decisions [29, 30], showed slight to no
significant differences between groups before FGF2 addition
(Fig. 4h, i, top). However, after FGF2 addition, more signif-
icant changes in both amplitude and duration were detected
in cells from E2P4-treated mice, and in wave duration in
cells from outcrossed mice (Fig. 4h, i, bottom), indicating a
potential impact on ERK response and possibly changed cel-
lular behavior. Assessment of intervention effects indicated
a higher level of intervention-induced variability following
the FGF2 addition, especially between C57BL/6J NT and
CS57BL/6J E2P4, C57BL/6J NT and C57BL/6JXICR NT,
and C57BL/6J E2 or E2P4 and C57BL/6JxICR NT (Sup-
plementary Fig. 8). Together, these findings demonstrate
EKAREV-NLS biosensor functionality but altered MEC

@ Springer

Fig. 4 Primary mammary epithelial cells (MECs) obtained from hor- }
monally supplemented and outcrossed EKAREV+mice exhibit dis-
tinct signaling responses. (a) Schematic representation of the working
principle of the EKAREV-NLS biosensor. The biosensor is located in
the nucleus and senses ERK phosphorylation activity. Both reporter
fluorescent proteins are detected and FRET to donor ratio is calculated
resulting in FRET index values over time. (b) Schematic represen-
tation of ERK activation wave analysis within individual cells. The
FRET index was computed for the baseline and FGF2 response time
points. For each wave a fitted sine curve was computed and descrip-
tive wave parameters (basal activity, wave amplitude, wave duration,
and pulse frequency) were extracted. (¢) Representative images of pri-
mary MECs with donor (CFP) and FRET (YFP) channels at the first
time point, with corresponding endpoint detection of basal (KRTS)
and luminal (KRT8) lineage markers. Scale bar: 100 um. (d) Popu-
lation averages of ERK activity dynamics in response to stimulation
with 2.5 nM FGF2, shown as FRET index mean+SD. The gray line
at t=0 marks the point of FGF2 addition, the area left of the line rep-
resents baseline measurement, and the area right of the line represents
the response to FGF2 addition. N=449 for C57BL/6J NT, 391 for
CS57BL/6J E2, 626 for C57BL/6J E2P4, 484 for C57BL/6JXICR NT.
(e) Heatmaps of 50 representative single-cell tracks per experimental
variant from panel B. Each row corresponds to a time series of a single
cell, the gray line at t=0 marks the point of FGF2 addition. (f-i) ERK
activation wave analysis, including ERK basal activity (f), pulse fre-
quency (g), wave maximal amplitude (h), and wave maximal duration
(i) before (up) and after (down) FGF2 addition. The plots show FRET
index mean+SD; ns p>0.05, *»<0.05, **p<0.01, ***p<0.001,
**%%p<0.0001 (Kruskal-Wallis test). NT, non-treated; E2, 17B—estra-
diol treated; E2P4, 17B—estradiol and progesterone treated; CFP, cyan
fluorescent protein; YFP, yellow fluorescent protein; FRET, Forster
resonance energy transfer; FGF2, fibroblast growth factor 2; CxI,
CS57BL/6JxICR

responses to external stimuli conveyed via ERK between
non-treated, hormone-supplemented and outcrossed mice.

Discussion

In this study, we investigated the suitability of the EKAREV-
NLS biosensor mouse for studying ERK signaling dynamics
in the mammary gland and revealed significant reproduc-
tive and mammary gland developmental phenotypes asso-
ciated with biosensor expression. Our findings emphasize
the potential systemic effects that can arise from genetically
encoded biosensors, even those without previously reported
physiological impacts in other tissues, underscoring the
complexity of biosensor use in specific biological contexts.

The alterations in mammary gland morphology observed
in EKAREV+mice are particularly striking. These mice
exhibited significantly impaired epithelial outgrowth and a
simplified branching pattern, consistent with the mammary
glands of ovariectomized mice and those lacking estrogen
or progesterone receptors [31-34]. This phenotype, cou-
pled with smaller body weight, reduced ovarian follicular
maturation, disrupted estrous cycles and reduced fertility,
suggests a broader dysregulation of female sex hormones.
These systemic effects likely stem from the overexpression
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of the EKAREYV biosensor, which supports the notion that
biosensor expression levels and genomic integration sites
can adversely affect cellular and physiological processes.
This aligns with concerns raised by the creators of the strain
regarding potential perturbations in endogenous signaling
due to high biosensor expression and nuclear localization
[12]. The expression level of a transgene is heavily influ-
enced by the number of transgene copies integrated into
the genome. Higher transgene copy numbers often lead
to increased expression levels, but this relationship is not
always straightforward due to potential silencing effects or
integration into genomic regions that affect transcription.
The similarity between the phenotypes observed in
EKAREV+mice and those of ovariectomized or hor-
mone receptor-deficient mice strongly suggests disrupted
hormonal signaling in response to the EKAREV biosen-
sor. Specifically, the glands of post-pubertal nulliparous
EKAREV+mice resembled those of prepubertal wild-type
mice, indicating impaired responsiveness to estrogen and
progesterone, which are crucial for normal mammary ductal
elongation and branching [31-34]. Estradiol supplementa-
tion partially rescued the mammary epithelial phenotype
and reproductive function, improving ductal tree branch-
ing and follicular maturation, but was insufficient to fully
restore ovulatory cycles and the formation of corpora lutea.
This indicates that while estrogen deficiency plays a signifi-
cant role, other factors, possibly related to hormonal regula-
tion of PR expression, are also impaired. The synergistic
action of estradiol and progesterone was necessary for a
more robust rescue of mammary branching and growth,
underscoring the importance of maintaining proper hor-
monal signaling for normal mammary development.
Interestingly, outcrossing EKAREV+mice to the ICR
strain fully alleviated both the mammary and reproduc-
tive phenotypes, suggesting that the observed effects were,
at least in part, dependent on the genetic background.
The influence of genetic background on mammary gland
development and transgenic model phenotypes has been
well-documented, with variations in estrogen signaling
regulation, mammary tissue responses, and tumor suscep-
tibility recognized across different strains [35, 36]. Differ-
ent strains and sub-strains vary in epigenetic regulation,
promoter activity, and genomic environment, such as struc-
tural variations and transposable elements, all of which can
influence biosensor expression levels and may contribute
to the variation observed in EKAREV+animals [37, 38].
The C57BL/6J strain is known for its stable and predictable
transgene expression due to its well-characterized genome,
but it may also be more susceptible to deleterious effects
associated with high biosensor expression levels or specific
transgene integration sites. Outbred strains like ICR are less
prone to epigenetic silencing and exhibit greater genomic
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variability, which may buffer against adverse phenotypes
linked to transgene expression [39]. The restoration of nor-
mal mammary epithelial development and reproductive
function in outcrossed mice suggests the role of strain-spe-
cific genetic modifiers in modulating biosensor effects and
mitigating the reproductive and developmental challenges.
These findings emphasize the importance of considering
genetic background when designing and interpreting stud-
ies using transgenic biosensor models.

From a biosensor functionality standpoint, we demon-
strated that neither hormonal supplementation nor genetic
background modification interfered with the EKAREV-
NLS biosensor’s ability to monitor ERK activity dynamics
in mammary epithelial cells. Both interventions maintained
stable biosensor expression and enabled effective tracking
of ERK activation in response to growth factor stimulation.
This suggests that the adjustments we employed to rescue
the mammary and reproductive phenotypes do not compro-
mise the utility of the EKAREV-NLS biosensor for studying
ERK signaling, making these approaches valuable for future
studies in mammary gland biology. Importantly, baseline
ERK activity levels remained consistent across all groups,
with cells responding uniformly to growth factor stimula-
tion, which confirms the ability to detect dynamic changes
in ERK phosphorylation at both the single-cell and popula-
tion levels.

Most differences between experimental groups were
detected in the cellular response following FGF2 stimu-
lation. As estrogen and progesterone can modulate the
expression and availability of various signaling constituents
associated with ERK [40—42], it is plausible that the prior
hormonal exposure influenced cell susceptibility to growth
factor stimulation and altered ERK activation dynamics.
This highlights the complex interplay between hormonal
signaling and ERK activity in mammary tissue, and future
studies should aim to elucidate the molecular mechanisms
by which these hormones modulate ERK signaling path-
ways. Furthermore, the differences in response to FGF2
might also be confounded by experimental setup and differ-
ences in cell density, cell-to-cell, and cell-to-substrate inter-
actions [43, 44]. Nevertheless, our observations confirm
biosensor functionality in all tested conditions and suggest
potential changes in cellular ERK responses following these
interventions.

In conclusion, while the EKAREV-NLS biosensor is a
powerful tool for studying ERK signaling, its expression
in mammary epithelial cells leads to significant off-target
effects on hormonal signaling and tissue development.
Hormonal supplementation and genetic background modi-
fication offer viable strategies to mitigate these effects,
preserving the utility of the biosensor for studying ERK
activity. However, our findings also emphasize the need for
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careful consideration of biosensor expression levels, genetic
background, and potential systemic effects when employ-
ing genetically encoded biosensors in vivo. Future research
should aim to further elucidate the molecular mechanisms
underlying these biosensor-induced phenotypes and explore
the potential for optimizing biosensor expression to mini-
mize adverse effects on tissue development and function.

Limitations of the Study

This study faced several limitations, primarily due to the
challenges of maintaining sufficient numbers of female
EKAREV+C57BL/6J mice. Since the reanimation of the
transgenic strain, the breeding performance of this line was
suboptimal, and the litter sizes progressively declined over
time. Consequently, the number of EKAREV+C57BL/6]
females available for experimentation was significantly
reduced, which limited the statistical power of some experi-
ments and observations. These constraints restricted our
ability to comprehensively evaluate certain aspects of mam-
mary epithelial outgrowth and hormone supplementation
effects across broader experimental cohorts. Further, the
reduced availability of the EKAREV+C57BL/6J females,
together with the low amount of mammary epithelium from
them, limited our capability of conducting experiments to
assess the biological effects of altered ERK wave character-
istics in cells from hormone-supplemented and non-treated
animals. This constraint prevented a comprehensive evalua-
tion of the downstream physiological consequences associ-
ated with the observed signaling changes.

Materials and Methods
Experimentation with Animals

All experiments involving mice were performed under the
approval of the Ministry of Education, Youth and Sports
of the Czech Republic (license # MSMT-24093/2021-3),
supervised by the Expert Committee for Laboratory Animal
Welfare of the Faculty of Medicine, Masaryk University, at
the Laboratory Animal Breeding and Experimental Facility
of the Faculty of Medicine, Masaryk University (LABEF
FM MU; facility license 310 #58013/2017-MZE-17214).
All animals were housed in individually ventilated or open
cages, with an ambient temperature of 22 °C, 40-60%
humidity, a 12 h:12 h light: dark cycle, and food and
water ad libitum. The EKAREV-NLS mice (Eisuke-NLS;
B6-Tg(EKAREV)pT2A-3905NLS) were reconstituted from
frozen sperm obtained from the Laboratory Animal Resource
Bank at NIBIOHN, Japan on C57BL/6] at the Czech Centre

for Phenogenomics and maintained on the C57BL/6J back-
ground unless outcrossed. To generate experimental animals
on C57BL/6J background, EKAREV— females were bred
with EKAREV+males, as recommended by the strain sup-
plier. For outcrossing experiments, EKAREV+C57BL/6]
males were crossed with wild-type ICR females (obtained
from the LABEF FM MU). The mice were genotyped by
detection of green fluorescence of the transgene in ear
punches using a fluorescence microscope.

For hormone supplementation experiments, pubertal
(8-9-week-old) EKAREV+and EKAREV- C57BL/6]
females from the same litter were divided into three
experimental groups; nontreated control (NT), estradiol-
treated (E2), and estradiol-progesterone-treated (E2P4).
EKAREV—- C57BL/6J females from the same litter were
used as developmental control and housed in the same
cage as the NT group. Hormones were supplied in drink-
ing water, 500 ng/ml estradiol (E2 group) or 500 ng/ml pro-
gesterone with 50 ng/ml estradiol (E2P4 group), over five
weeks, with water changed twice per week, on Mondays
and Fridays. The E2 group was constantly provided with
fresh estradiol-supplemented water on both Mondays and
Fridays. The E2P4 group was provided with fresh estradiol-
supplemented water on Mondays and with fresh progester-
one-supplemented water on Fridays. The cages housed 3
to 5 animals per treatment and water consumption was not
recorded.

To assess female breeding performance, 14-week-old
EKAREV+C57BL/6] or EKAREV+C57BL/6JxICR
females were mated with 20-week-old wild-type ICR
males for one week, then the males were moved to separa-
tion. Females were monitored to assess pregnancy, giving
birth, litter size and survival, and maternal behavior. The
offspring were assessed for genotypes, general appearance,
and weight (measured at 3 and 6 weeks of age).

Hormone Level Analysis

Blood was collected by cardiac punction from mice anes-
thetized by isoflurane inhalation. Blood was left for 20 min
at RT to allow for the clotting, subsequently centrifuged
at 2000 x g for 10 min and the supernatant was collected.
Circulating hormone levels were assessed by commer-
cially available ELISA kits Estradiol Parameter Assay Kit
(#KGEO014, R&D Systems) and Mouse Progesterone ELISA
Kit (#NBP2-60125, Novus Biological). All procedures were
performed according to the manufacturer’s protocols with
minor modifications. Briefly, samples were centrifuged for
10 min at 4 °C and 2000 x g to remove any precipitation.
The serum for the estradiol detection underwent pretreat-
ment according to the manufacturer’s instructions with
volumes adjusted to the available sample volume, then the
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samples were used in the volume of 50 pl. No changes to the
protocol were made for progesterone detection.

Histological and Inmunohistochemical Staining

The right thoracal (#3) mammary gland and the right ovary
were collected for paraffin embedding. The tissues were
fixed overnight in 4% paraformaldehyde (PFA), dehydrated,
and paraffin-embedded. The paraffin-embedded tissues
were cut into 5 um sections and stained with hematoxylin
and eosin (HE) or immunostained. For immunohistochemi-
cal staining, the slides were deparaffinized, incubated in tar-
get retrieval solution, pH 9 (#S2367, Dako) for 30 min at
98 °C and blocked with 3% hydrogen peroxide, for 10 min
at RT, and 10% FBS in PBS for 30 min at RT. After block-
ing, the slides were incubated with the primary antibodies
(Estrogen Receptor a (D-12) Mouse mAb, #sc-8005, Santa
Cruz Biotechnology, 1:200; Progesterone Receptor A/B
(D8Q2J) XR® Rabbit mAb, #87578S, Cell Signaling; 1:200
and Ki-67 Rabbit mAb, #RBK027, ZYTOMED Systems,
1:200) in 10% FBS in PBS at 4 °C overnight. After wash-
ing, the slides were incubated with EnVision+ System-HRP
Labelled Polymer Anti-Rabbit (#K4003, Dako) or Anti-
Mouse (#P0447, Dako), counterstained with hematoxylin
and mounted in Pertex.

For the whole mount carmine staining, the right inguinal
(#4) gland was collected, fixed overnight in Carnoy’s fixa-
tive (100% ethanol: chloroform: glacial acetic acid at 6:3:1
ratio), washed in 70% ethanol, gradually rehydrated to dis-
tilled water and stained in Carmine Alum solution (1% car-
mine, 0.5% aluminum potassium sulfate) at 4 °C overnight.
Then the tissues were dehydrated in increasing ethanol
series and cleared by incubation in BioClear (Bio-Optica)
for several days, and imaged on M165 FC microscope
(Leica) controlled by Leica Application Suite X software.

Endpoint vaginal smears were collected at the time of the
sacrifice on glass slides, left at RT to dry, immersed in 70%
ethanol, and stored at 4 °C before staining them accord-
ing to the standard protocol for Papanicolaou (PAP) stain-
ing. PAP-stained samples and H&E-stained sections were
imaged using a DM5000 microscope (Leica) controlled by
Leica Application Suite X software.

Primary mammary epithelial cultures were fixed with
4% PFA for 15 min at RT and subsequently washed 3 times
with 1x PBS. After permeabilization with 0.05% Triton
X-100 in PBS for 10 min at RT, the samples were blocked
with 10% FBS in PBS for 30 min at RT and then incubated
with primary antibodies (Rabbit Polyclonal Anti Keratin 5,
#905504, and Mouse Polyclonal Anti Keratin 8, #904804,
both from BioLegend; both at 1:250) at 4 °C overnight,
and secondary antibodies (anti-rabbit Alexa Fluor™ 568,
#A11036, and anti-mouse Alexa Fluor™ 633, #A21052,
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both from Invitrogen; both at 1:500 dilution) for 30 min at
RT. The stained cells were imaged on an inverted micro-
scope Zeiss Axio Observer.7 with laser scanning unit LSM
880, Axiocam MRm, and Plan Apo 25x multi-immersion
objective (NA=0.80) (all ZEISS) with glycerol immersion.

Primary Mammary Epithelium Isolation, Culture and
Imaging

Mammary epithelial fragments (primary organoids) were
isolated according to the previously established protocol
[45]. In short, mammary glands (left thoracal and inguinal
glands, #3, 4, and 5) were collected, minced, and digested
in a digestion solution [2 mg/ml collagenase (Merck), 2 mg/
ml trypsin (Thermo Fisher Scientific), 5 pg/ml insulin,
50 pg/ml gentamicin (both Merck), 5% fetal bovine serum
(Biosera) in DMEM/F12 (Thermo Fisher Scientific)] for
30 min at 37 °C. Following treatment with DNase 1 (20
U/ml; Merck), organoids were separated from the stromal
fraction by differential centrifugation. The organoids were
seeded in basal organoid medium (BOM; 1x ITS (10 pg/ml
insulin, 5.5 pg/ml transferrin, 6.7 ng/ml sodium selenite),
100 U/ml of penicillin and 100 pg/ml of streptomycin in
DMEM/F12) on 2% Matrigel-coated 8-well slide chambers
(ibidi) at the density of 50 organoids/well and allowed to
completely attach to the bottom (about 3 days) before they
were used for the time-lapse imaging experiments.

Time-lapse imaging was performed in phenol red-free
BOM for a total duration of 6 h; first, the baseline acquisi-
tion was performed for 1 h in BOM without growth fac-
tor supplementation, then FGF2 (Enantis) was added to the
final concentration of 2.5 nM and the imaging was con-
tinued for additional 5 h. The images were acquired every
10 min using an inverted Zeiss Axio Observer.7 (ZEISS)
microscope equipped with laser scanning unit LSM 880
(ZEISS) and Plan Apo 25x multi-immersion objective
(NA=0.80; ZEISS) with water immersion. The biosensor
CFP-YFP was excited with a 405 nm laser, and the PMT
detectors with wavelengths set to 461-503 nm (CFP) and
508-597 nm (YFP) were used for emission detection.
Images were acquired using laser-based autofocus with an
Axiocam MRm (ZEISS) camera at 16-bit depth. The micro-
scope was controlled by Zen Black software (ZEISS). The
environmental conditions (37 °C, 5% CO,) were controlled
through a custom-made incubator controller (EMBL, Chris-
tian Kaiser). Cells were subsequently fixed with 4% PFA for
immunostaining.

Image Processing, Analysis and Data Extraction

The sample processing, image acquisition, data extrac-
tion and analysis were done by one researcher and were
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not performed in a blinded fashion. Wholemount carmine
images were analyzed in Fiji [46] by manually counting pri-
mary and secondary branching points and measuring epi-
thelium area and length from the center of the lymph node
to the most distal epithelial end. Vaginal smear images were
visually inspected by two independent researchers to assign
estrous cycle phases. Numbers of PR+cells in mammary
gland sections were quantified using QuPath software [47].
Follicle types were manually counted from serial ovarian
sections (each follicle counted only once if spanning mul-
tiple sections).

Timelapse images were processed in ZEN Blue (ZEISS),
Imaris (Oxford Instruments), and Image J [46] software.
Shortly, the background was subtracted from both chan-
nels, and a Gaussian filter was applied to smooth out the
signal. Image segmentation, object recognition, tracking,
and video generation were performed in Imaris. Segmented
mask images were further processed in ImagelJ to generate
FRET index visualizations by dividing the raw FRET image
by the raw donor image. Numerical data extracted from raw
FRET and donor channel images was exported and further
analyzed in Excel and GraphPad Prism.

FRET Wave Analysis

Numerical data extracted from tracked images was processed
in Excel. The FRET index was calculated according to the

following formula FRETindex (%] = ponomrrmer

and subsequently used for wave analysis. Single-cell wave
analysis was performed by denoising individual cell mea-
surements by applying a point rolling average. Subse-
quently, the basal activity of each wave was determined
together with local maxima, following what maximal ampli-
tude, duration, and oscillation frequency were calculated.
Population averages and heat maps were created from raw
FRET index data. The resulting values were plotted and sta-
tistically processed in GraphPad Prism.

Statistical Analysis

Sample size was not determined a priori and experiments
together with analysis were not done in a blinded fashion.
Statistical analysis was performed in GraphPad Prism ver-
sion 10 (Dotmatics). The Student’s t-test (unpaired, two-
tailed) or Mann-Whitney test were used for the comparison
of two groups depending on the data normality distribu-
tion determined by the Shapiro-Wilk normality test. For
the comparison of 3 or more groups, one-way ANOVA or
nonparametric Kruskal-Wallis test was used depending
on the data normality distribution. All plots were gener-
ated in GraphPad Prism and show mean+SD; ns P>0.05,

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. The
number of independent biological replicates is indicated as
n, while N indicates the total number of analyzed units (e.g.
animals, samples, or cells).

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10911-0
25-09574-8.
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