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The initial segment (IS) of the epididymis plays an essential role in male fertility. The IS epithelium
is undifferentiated and nonfunctional at birth. Prior to puberty, the epithelium undergoes dif-
ferentiation that leads to the formation of a fully functional organ. However, the mechanistic
details of this program are not well understood. To explore this further, we used genetic engi-
neering to create a kinase dead allele of the ROS1 receptor tyrosine kinase in mice and studied the
effects of ROS1 tyrosine kinase activity on the differentiation of the IS epithelium. We show that
the expression and activation of ROS1 coincides with the onset of differentiation and is exclusively
located in the IS of the maturing and adult mouse epididymides. Here we demonstrate that the
differentiation of the IS is dependent on the kinase activity of ROS1 and its downstream effector
MEK1/2-ERK1/2 signaling axis. Using geneticengineering, we show that germ line ablation of ROS1
kinase activity leads to a failure of the IS epithelium to differentiate, and as a consequence sperm
maturation and infertility were dramatically perturbed. Pharmacological inhibition of ROS1 kinase
activity in the developing epididymis, however, only delayed differentiation transiently and did not
result in infertility. Our results demonstrate that ROS1 kinase activity and the ensuing MEK1/2-ERK1/2
signaling are necessary for the postnatal development of the IS epithelium and that a sustained ab-
lation of ROS1 kinase activity within the critical window of terminal differentiation abrogate the
function of the epididymis and leads to sterility. (Endocrinology 155: 3661-3673, 2014)

n mammals, spermatozoa produced in the testis are im-

mature and gain motility and fertilizing capacity during
their transit through the epididymis that provides an ap-
propriate environment and supplies several of the mole-
cules required for spermatozoa maturation (1-3). The ep-
ididymis is a single, highly convoluted tubule that is
composed of a pseudostratified epithelial layer of several
cell types (principal, basal, clear, and narrow cells) at-
tached to a basement membrane and surrounded by con-
tractile cells. The structure of the epididymis in a variety of
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species is functionally and structurally divided into four
distinctive regions: initial segment (IS), caput, corpus, and
cauda. The epididymal epithelial cells vary in number and
size along the length of the epididymal duct and are
equipped to perform specific functions. Each region ex-
presses, synthesizes, and secretes a specific set of proteins
resulting in unique luminal microenvironments that are
essential for the sperm maturation process (4, 5).

At birth, the epididymis is still immature but continues
to develop after birth with the differentiation of the epi-
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Abbreviations: AQP9, aquaporin 9; CASA, computer aided sperm analysis; ES, embryonic
stem; IHC, immunohistochemistry; IS, initial segment; gRT-PCR, quantitative reverse tran-
scription PCR.
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thelial cells into principal, basal, and narrow/clear cells
(5-10). At the onset of puberty and spermatogenesis, the
epididymal epithelium develops segment-specific gene ex-
pression (5, 11) and gains regionalized functions aimed
toward proper sperm concentration, maturation and stor-
age. Genetic and experimental surgical studies demon-
strated that the most proximal segments (IS and caput) are
essential for sperm maturation because disrupted devel-
opment or function often leads to male infertility (9, 12—
19). Several lines of evidence revealed that the principal
cells of the IS in postnatal, prepubescent mice require both
testicular luminal fluid factors (or lumicrine factors) and
androgen for terminal differentiation into fully functional,
tall, columnar epithelial cells. However, there are still
many unresolved issues regarding the signaling pathways
that are responsible for the differentiation of the principal
cells in the IS.

The orphan receptor tyrosine kinase ROS1 has a
unique extracellular domain architecture composed of fi-
bronectin type III repeat (FN-III) and beta propeller mod-
ule (YWTD repeat) domains and an intracellular tyrosine
kinase domain (reviewed in 20). The full-length ROS1
receptor is transiently expressed in various tissues during
development and its pattern of expression during embryo-
genesis suggests that ROS1 initiates signaling events that
are key components in the programmed differentiation of
epithelial tissues (reviewed in Ref. 20). Deregulated ROS1
expression is also observed in many cancers. However its
function remains poorly defined in normalcy and disease,
mainly owing to a yet unidentified ligand.

To gain a better understanding of ROS1 function, mice
with a constitutive deletion of the Ros1 gene were gener-
ated (21). In these mice, complete ablation of the ROS1
receptor resulted in a gender and tissue-specific defect.
Female homozygous ROS1 null mice do not display any
detectable abnormalities, nor do heterozygous mice of ei-
ther sex. Homozygous ROS1 null male mice, however, are
infertile, but otherwise healthy. We have previously de-
termined that the cause of infertility in these mice is the
result of an epididymal epithelium differentiation defect
that prevents spermatozoa from maturing during their
passage through the epididymis (22). These studies re-
vealed that complete absence of ROS1 receptor expression
leads to a failure of IS epithelial differentiation.

The extracellular structure of ROS1 suggests that it
may have a role in cell-to-cell signaling. Indeed, the D.
melanogaster analog of ROS1, the Sevenless receptor,
functions in a bidirectional manner. The extracellular do-
main of Sevenless serves as a ligand for the Bride of Sev-
enless receptor that is located on adjacent cells (23). Given
the similarities between Sevenless and ROS1, it is likely
that the extracellular domain of ROS1 also has biological
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functions. In the ROS1 receptor knockout study (21), the
resulting phenotype could not be ascribed to either its ex-
tracellular or intracellular signaling functions. To study
the tyrosine kinase activity and signaling pathways func-
tions of ROS1 without affecting its extracellular role in
vivo, we created a knock-in mutant kinase dead allele of
ROS1 by replacing the ATP binding lysine residue to me-
thionine, thereby eliminating ROS1 kinase activity with-
out affecting other potential functions. Here we demon-
strate the failure of the IS epithelium to differentiate in
male mice carrying a kinase dead allele of ROS1, leading
to sterility. Furthermore, we show through pharmacolog-
ical means that ROS1 kinase activity and its MEK1/2 and
ERK1/2 downstream signaling are necessary for differen-
tiation of the IS during puberty but not for maintenance of
epithelia integrity in the adult. Our results show that
ROS1 kinase activity and its signaling pathways are nec-
essary during a critical time for the proper differentiation
of the principal cells of the IS in the mouse epididymis.

Materials and Methods

ROS1*M knock-in targeting vector, gene targeting
in embryonic stem (ES) cells, and derivation of
ROS1“M mice and genotyping

All mouse procedures were performed in accordance with
Tufts University’s recommendations for the care and use of an-
imals and were maintained and handled under protocols ap-
proved by the Institutional Animal Care and Use Committee. We
used recombineering methods (24-27) to generate a Rosl
knock-in targeting vector and introduced the ROS1*™ mutant
allele in ES cells through homologous recombination (Supple-
mental Materials and Methods). Positive ES clones produced
founder animals to create the ROS1"1<"%" strain.

Immunoprecipitation, immunoblotting and
immunofluorescence

Tissues lysates were separated by SDS-PAGE and transferred
onto PVDF membrane (Immobilon P, Millipore), or immuno-
precipitated using the indicated antibodies as described (Supple-
mental Materials and Methods). Immunofluorescence detection
of aquaporin 9 (AQP9) labeling was performed on epididymis
cryosections from the indicated ROS1 genotypes (Supplemental
Materials and Methods). Epithelial height of the initial segment
was calculated from 135 tubules from 2 separate animals to give
a total of 30 tubules using Volocity software (version 6.3; Perkin
Elmer). Care was taken to measure the epithelial height from
tubules that were sectioned perpendicularly only.

Assessment of fertility

Adult males (10-12-weeks-old) of the indicated genotypes
were each housed with adult wild-type females (6-10-weeks-
old) for 4 days and the presence of a postcopulatory vaginal plug
was recorded. Female mice were monitored for birth for 25 days.
Mating was considered successful if one or more pups were born.
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The reproductive rates (percentages) were calculated for each
male and averaged.

Drug treatment

Crizotinib and PD325901 (LC Labs) were reconstituted in
DMSO and diluted in Ora-Plus (Paddock) or PBS and adminis-
tered by oral gavage or ip injection. Mice were treated with cr-
izotinib (100 mg/kg oral gavage daily), PD325901 (20 mg/kg ip
injection every 12 hours) or vehicle for the indicated periods of
time as described (Supplemental Materials and Methods).

Sperm Analysis

Cauda epididymis spermatozoa were obtained by retrograde
perfusion as described (28, 29) and either fixed with 2% para-
formaldehyde for 15 minutes at 4°C, washed 3 X in PBS to assess
morphology or processed for computer aided sperm analysis
(CASA) (Supplemental Materials and Methods).

Quantitative analysis of signaling

The caput (including the IS) was lysed using Bio-Plex cell lysis
kit (Bio-Rad) and normalized in lysis buffer to 0.1 ug/uL using
Pierce BCA (Thermo Scientific). Bio-Plex phospho-protein anal-
ysis was conducted using the Bio-Plex Phospho 13-Plex Assay
(Bio-Rad) according to manufacturer’s directions for analyzing
tissue homogenate and described in details in Supplemental Ma-
terials and Methods.

Statistical analysis

Data were analyzed using GraphPad Prism (version 5; Graph-
Pad Software Inc) using a two-tailed ¢ test. Values are expressed
as means = SD or = SEM as indicated.

Results

Generation of ROS1 K1973M kinase inactive
knock-in mice

The overall architecture of ROS1 suggests that this re-
ceptor functions by linking extracellular cell adhesion to
intracellular signaling. In addition, the extracellular do-
main of ROS1 may act as a ligand to a receptor located on
adjacent cells. To study the effect of kinase inactivation
without the loss of potential extracellular functions, we
created a mouse strain using homologous recombination
in mouse ES cells that carries a point mutant allele of the
ROS1 gene that renders the receptor catalytically inactive.
We previously showed that mutating the ATP binding
lysine residue to methionine (K1973M) completely inac-
tivates ROST1 tyrosine kinase activity (30). Using recom-
bineering methods (24-27, 31-34), we created a Rosl
K1973M (ROS1*M) targeting vector (Supplemental Fig-
ure 1 and Materials and Methods) that was used to replace
the endogenous Ros1 locus by homologous recombina-
tion in ES cells (Figure 1A). Correct targeting and incor-
poration of the targeted allele into ES cells was confirmed
by Southern blot analysis (Figure 1B). Targeted ES cells
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were used to generate germline-transmitting chimeras that
were mated to create ROST*M/* and ROS1¥MKM mjce,

Structure and expression ROS1 in mouse tissues
The expression of ROS1 has been examined previously
in chicken, mouse, rat, and human tissues in adults and at
various stages of development by Northern blot analysis,
RNase protection assays, and in situ hybridization (20,
35-38). Although informative, these techniques have lim-
ited sensitivities and a more thorough quantitative assess-
ment of Ros1 expression has never been undertaken. Us-
ing quantitative reverse transcription PCR (qRT-PCR)
Tagman assays in 12 different adult mouse tissues, we
determined that the expression of ROS1 transcripts in the
adult is highly restricted with the highest levels observed in
the epididymis and marginally in pancreatic and lung tis-
sues (Supplemental Figure 2A). The mouse Rosl gene
comprises 44 exons of which 34 code for the extracellular
domain of the receptor and 10 encode for the intracellular
kinase domain and COOH-terminal tail of the receptor.
Whereas we have previously observed evidence of differ-
ential splicing of exons for human ROST1 in different tis-
sues (20), here we sought to delineate the structure of the
mouse ROS1 receptor from the epididymis by purifying
RT-PCR ROS1 mRNA fragments and aligning their
sequences to the NCBI ROS1 Reference Sequence
(NM_011282). Our analysis revealed the major epididy-
mal ROS1 transcript is comprised of 44 exons coding for
a full-length receptor with the addition to two low-abun-
dance splice variants (Supplemental Figure 2, B and C).
In situ hybridization revealed that the highest levels of
ROS1 expression in adult epididymides are restricted to
the proximal epididymis, with the most robust hybridiza-
tion detected in the initial segment and lower levels of
ROS1 expression observed in the caput region (21). To
confirm that the K1973M knock-in modification of the
ROS1 locus does not affect expression of ROS1, we iso-
lated total RNA from adult male proximal caput (includ-
ing the IS), distal caput, corpus, and cauda epididymides
from ROS1™"", ROST*™™ and ROST*M* M mice and
performed qRT-PCR assays. The ROS1T mRNA levels
from all three genotypes were similar, confirming that the
K1973M mutation does not alter the expression of mutant
allele mRNA (Figure 1C). The expression of the ROS1*M
allele was verified by direct sequencing of a RT-PCR frag-
ment that spans the mutation. The ROS1*M
mRNA is equivalent to that of the wild-type allele (Figure
1D). These results correlate strongly with the presence of
similar ROS1 receptor protein levels in ROS1™*,
ROST*M™* " or ROST¥MEM homozygous caput epididy-
mides by Western blot (Figure 1E), with no detectable
kinase activity of ROST*M&M 35 measured by the absence

mutant allele

20z Iudy 61 U0 1s9nB AQ ¥SHEZZ/LI9E/B/SS L /BIOIME/OPUS/LI0D"ANO"OILISPEDE)/:SARY W) PAPEOIUMOQ



3664 Jun et al ROS1 Kinase Signaling in the Epididymis

A
e 35 37 E 39
wild-type L} 1 1 R
t — 9.9kb '
probe
e E
targeting construct fri-NEO-Fr
E i E
- i
7.8 kb '
FLPe-mediated
Y recombination
g 35 37 E g 39
ROSTKM ' | |
> <
B

wild-type

targeted

Endocrinology, September 2014, 155(9):3661-3673

C 1.0
| wT

[ B KM/+
on o
B0 08 B KM/KM
F
‘5.‘0" 06 PC: proximal caput
X O DC: distal caput
w ; CO: corpus
g 0.4 CAU: cauda
og
= o2

0.0 a v l,l.lt!..
3 co cAu 3 C CO CAu

ADULT P14

D

ROS** ROSKw+

GGCAGTGASGACCTTGA

ROSKMIKM

CGCAGTGAAGACCTTG A GGCAGTGATGACCTTG A

bttt D Dt

E ROS1
+/+ KM/+ KM/KM

IP: ROS1
IB: pROS1T¥r2267

| — —y g

W= wme @ Dynamin

Figure 1. Schematic diagram of the K1973M targeting strategy. A, Diagram showing the composition of the endogenous mouse Ros? locus, the
targeting vector, the knock-in allele resulting from homologous recombination and the recombined allele after excision of the Frt-NEO-Frt cassette.
E indicates EcoRl restriction enzyme sites. Negative selection was achieved through DT at the 5’ end of the construct and positive selection was
achieved through a neomycin resistance cassette (NEO). B, Southern blot analysis of EcoRI digested genomic DNA isolated from ES cells clones. The
probe (Supplemental Materials and Methods) used for Southern blots is shown and detected a 9.9 kb WT fragment and a 7.8 kb targeted
fragment. Clones D6, D7, and A2 contain the targeted allele. C, Relative expression of ROS1 in various regions of the adult and postnatal day 14
(P14) male epididymides of ROS1*/*, ROST™* and ROS1*M*M genotypes. D, Chromatogram traces of sequencing reactions from an RT-PCR
reaction from caput epididymis RNA isolated from the indicated ROS1 genotypes. E, Western blot analysis of caput epididymis extracts from the
indicated genotypes. IP indicates immunoprecipitation, IB indicates immunoblot, p-ROS1 indicates phospho-ROS 172267,

of phosphorylation at the autophosphorylation site
Y2267 (Figure 1E). Collectively, these results demonstrate
that the ROS1*M allele is expressed at similar levels to the
wild-type allele in the caput epididymis and that
ROST*MEM mjce express a kinase inactive ROST.

ROS1¥MKM mice are healthy

Mice carrying either one or two ROS1 KM alleles were
viable and were born at expected Mendelian frequencies.
The mice developed normally and exhibited no obvious be-
havioral or physical phenotype. We generated cohorts of
ROS1** (n = 12), ROST*™* (n = 14), and ROS1¥MKM
(n = 20) males and aged these animals for approximately 1
year (mean 357 days) to assess the role of ROS1 kinase ac-
tivity in homeostasis. There was no difference in survival
among mice with ROS1™*, ROS1¥™* and ROS1¥MKM
knock-in genotypes, and gross anatomical analysis of these
mice failed to reveal distinct phenotypes (data not shown).

Male mice null for the ROS1 receptor were previously
documented to be sterile (21). We therefore tested whether
the ROS1*M allele is essential for fertility. To investigate
fertility, adult (10-12-weeks-old) ROS1™/*, ROS1¥M/*,

and ROST*MKM males were housed with adult wild-type
females (6—10-weeks-old) for 4 days and the presence of
a postcopulatory vaginal plug was recorded after which
females were monitored for birth for 25 days. Each male
was presented to >3 different females sequentially. Mat-
ings were scored as successful if one or more pups were
born. ROST*MEM males sired no litters (Supplemental
Table 1), unlike ROS1™" and ROST*™™ littermate con-
trols (96.6% and 91.9% of matings resulting in live births
respectively). These results demonstrate that loss of ROS1
kinase activity completely abolishes male fertility.

ROS1¥MKM gherm analysis

To determine the cause(s) of the observed infertility in
ROST1¥MEM males, we isolated pure suspensions of sper-
matozoa from the caudal region of the epididymis and
performed CASA. ROST*™ M males produced sperma-
tozoa in comparable amounts to ROS1™/* males (data not
shown), and consistent with the ROS1 knockout mouse
(39), spermatozoa from the ROS1¥MEM displayed a hair-
pin morphology (Supplemental Figure 3, A, and B), mak-
ing 66.7% of sperm observed when compared with 8.9%
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Figure 2. Kinase inactive ROS1 prevents epithelial cell differentiation of the initial segment
epididymis. A, Photomicrograph of representative epididymides from ROS1**/** and ROS1<W
kM. Note the atrophied caput region (Cap), whereas corpus (Co), and cauda (Cau) are
comparable to controls. Scale bar, 2 mm. B, Photomicrographs of H&E-stained paraffin-
embedded sections of adult male caput epididymides from ROS1**/** and ROS1<MKM mice.
Scale bars top panels, 250 um; bottom panels, 25 um. IS indicates initial segment, ED indicates

efferent ducts.

in ROS1™* (Supplemental Figure 3C). Nonsubjective
CASA revealed a significant decrease in the progressive
and total motility of ROST*M&M spermatozoa (Supple-
mental Figure 3D). To visualize the effects of the hairpin
morphology on sperm motility, we recorded the move-
ment characteristics of spermatozoa from ROS1¥MkM
males. Aberrant motility was observed, in concert with
little to no evidence of a normal straight morphology (Sup-
plementary Movie).

Lack of ROS1 kinase activity prevents IS epithelia
differentiation

We have previously demonstrated that the infertility
phenotype originates from a deficiency in the IS epididy-
mis to regulate luminal pH and osmolarity (22). This
prompted us to investigate the anatomy of the epididymis
in ROST¥™EM adult animals. Gross morphology of
ROS1** and ROST*™*M show that the ROS1*M*M
epididymides have a dysgenic proximal segment (Figure
2A). To examine this observation histologically, the prox-
imal (IS and caput) epididymides were paraffin embedded
and processed for histopathological analysis. As shown in
Figure 2B, the atrophy observed in the ROSTXMKM ¢pi.
didymides is restricted to the IS. Normal, fertile ROS1™/*
initial segments are characterized by tall columnar fully
differentiated epithelial cells, but as a consequence of the
ROS1 kinase mutation, the height of columnar epithelial
cells is reduced compared with the control (Figure 2B). To
ascertain the extent of differentiation of the IS epithelium,
cryostat sections of the caput epididymis were immuno-
labeled for the principal cell differentiation marker AQP9,
and the height of principal cells in the IS was quantified. As
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shown in Figure 3, whereas a strong
labeling was detected in the apical
membrane of principal cells in the IS
of adult ROST*™* (normal pheno-
type) mice, the region that corre-
sponds to the IS in ROS1¥MEM pjce
did not stain positively for AQP9
(Figure 3A). In contrast, the efferent
ducts were intensively labeled for
AQP9 in both ROS1*™* and
ROS1¥MEM mice. In addition, the
height of principal cells was signifi-
cantly lower in ROS1T¥MXM mjce
compared with ROST*™*  mice
(Figure 3B).

Puberty in mice is defined by full
spermatogenic activity that occurs
between 34 and 38 days postpartum.
Prior to puberty, atday 17 to 21 days
postpartum, the cuboidal IS epithe-
lium differentiates into a tall colum-
nar epithelium and gains enhanced secretory and absorp-
tive features that are necessary for sperm maturation (for
reviews see 4, 40). We determined using qRT-PCR and
Western blotting that this process coincides with the ex-
pression of active ROS1 (Figure 4). Total RNA and pro-
tein were isolated from caput (including IS) epididymides
from ROS1*/* mice 14, 21, 28, 35, 42, and 84 days post-
natal, and ROS1 mRNA expression was measured by
qRT-PCR (Figure 4A), and ROS1 receptor activity and
expression were assessed by immunoblot analyses (Figure
4B). Our results demonstrate that ROS1T mRNA and ac-
tive receptor proteins appear at the onset of differentiation
of the IS between day 14 and 21 after birth expression and
activity reaches its maximum level from postnatal day 28
(P28) onward.

Next, we determined if the process of differentiation

Ros1 KM/KM

from a nonfunctional cuboidal epithelium to a tall colum-
nar epithelium in the IS is accompanied with changes in the
cell cycle. We performed immunohistochemistry (IHC) on
paraffin embedded sections of epididymal IS from
ROS1** and ROST*MEM mjce using Ki-67 staining (a
marker of cells that have not entered G,) (41) and dem-
onstrated that there is a reduction in the number of Ki-67
positive cells in the IS between day 14 and 21 postnatal,
with minimal Ki-67 positivity reached at day 28 onward
for both ROS1™"* and ROST*MEM mice (Figure 4, C and
D). This suggests that the observed exit from the cell cycle
is not dependent on the kinase activity of ROS1 because
the labeling index of Ki-67 in ROS1¥M®M s similar to that
of ROS1™"* mice (Figure 4, C and D).
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Figure 3. Terminal differentiation of principal cells is abrogated in ROS1<™&M epididymides. A, Photomicrographs of anti-AQP9
immunofluorescence on 2 epididymides from ROST*™* normal (i and ii) and from ROS1"*M mutant mice (iii and iv). Strong AQP9 labeling is
seen in the apical membrane of principal cells in the initial segment (IS) of ROST™* mice. In contrast, AQP9 is not detectable in the
corresponding segment (IS) of ROS 1™ M mice. ED indicates efferent ducts. Bars, 100 uM. B, Quantification of the height of epithelial cells in the
IS of normal mice and corresponding IS segment of mutant mice. Data are expressed as the average height from 15 tubules in 2 separate

animals = SEM. *, P < .05.
ROS1 signals through the MAPK pathway in the
epididymis

It has been demonstrated that ROS1 signals through
several downstream signaling pathways (20). We sought
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to quantitatively determine the effect of inactivating ROS1
kinase activity on signaling pathways using an unbiased
phospho-proteomics approach (Bio-Plex). We performed
a multiplex analysis of 12 phospho-signaling proteins
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Figure 4. ROS1 expression coincides with the onset of differentiation. A, Levels of ROST mRNA expression from caput epididymides from males
isolated at the indicated time points. B, Immunoblot analysis of caput epididymis extracts from males isolated at the indicated time points. The
appearance of ROS1 protein coincides with the appearance of kinase active and autophosphorylated ROS1 (pTyr2267). C, The appearance of
ROS1 expression and activation does not coincide with a decrease in the Ki-67 labeling index during development. IHC against Ki-67 marker in

both ROS1** and ROS1*M&M |5 at the indicated time points. Scale bar,

ROS1KMAM |5,

500 uM. D, Quantification of the Ki-67 labeling index in ROS1*/* and

20z Iudy 61 U0 1s9nB AQ ¥SHEZZ/LI9E/B/SS L /BIOIME/OPUS/LI0D"ANO"OILISPEDE)/:SARY W) PAPEOIUMOQ



doi: 10.1210/en.2014-1341

from pooled ROST™"* and ROST*MEM ¢4 put epididymides
(containing the IS). Our results demonstrate that a lack of
ROS1 kinase activity results in a robust abrogation of the
activation of the MEK1/2-ERK1/2 MAPK pathway (includ-
ing phospho CREB(Ser133), phospho p90RSK(Ser380), and
phospho STAT-3(Ser727) that are MEK-ERK targets) with
little to no measurable effect on the AKT, p38 MAPK, and
Src pathways (Figure SA). We then validated the attenuated
phospho MEK1/2-ERK1/2 levels observed in ROS1¥MKM
by Western blot analysis on adult caput epididymides from
ROS1™*, ROST*™™* | and ROST*™XM mice. Figure SB
shows that expression of kinase inactive ROS1 receptors has
a drastic effect on the levels of phospho-MEK1/2 and phos-
pho-ERK1/2 confirming the Bio-Plex results. We then per-
formed THC against phospho-ERK1/2 at different time
points during epididymal development to determine the if the
appearance of MEK1/2-ERK1/2 signaling coincides with the
onset of ROS1 expression that we have shown to be between
P14 and P21 (Figure 4). We show that not only phospho-
ERK1/2 staining appears between P14 and P21 in ROS1*/*
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IS but that it is completely absent from ROS1¥MXM S fyyr-
ther validating our Bio-Plex and Western blot results (Figure
5Q).

Transient pharmacological inhibition of ROS1
signaling delays differentiation without affecting
fertility

Having demonstrated that genetic inactivation of
ROS1 kinase function results in a failure of the epididymal
epithelium to fully differentiate, we questioned if inhibi-
tion of ROS1 through pharmacological means at defined
time points during the process of differentiation could
yield a similar outcome. Phylogenically, ROS1 is a distinct
kinase that is closely related to the ALK receptor suggest-
ing that inhibitors of ALK may have efficacy against
ROSI1. To inhibit ROS1 kinase activity in vivo, we used
crizotinib (Xalkori), an FDA-approved ALK/MET inhib-
itor that we have previously shown to potently cross-react
with ROS1 (42). We first determined the profile of ALK
and MET mRNA expression from 12 adult mouse tissues
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Figure 5. MEK/ERK signaling in the caput epididymis (including IS) is reduced in ROS1 kinase dead mice. A, Quantitative measurements of
signaling network members by multiplex phosphoproteomics (Bio-Plex). Lysates from ROS1+* and ROS1<™ M caput epididymides were subjected
to quantitative multiplex phospho proteomic analysis using Bio-Plex. Results are reported as arbitrary units (a.u.) relative to ROS1™/*. B, The levels
of phospho MEK1/2 and phospho ERK1/2 were measured by Western blot analysis of caput epididymis extracts from ROS1+/*, ROST*™'* and
ROS1¥MEM mice. C, The appearance of phospho-ERK1/2 protein coincides with the onset of ROS1 expression and activation in ROS1™* but not in
ROS1¥MEM mice. Scale bar, 500 wM.
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using qRT-PCR and showed that ALK mRNA is not de-
tected in the epididymis and that MET is marginally
expressed (Supplemental Figure 4A). To determine the ex-
tent of ALK and MET expression, we performed qRT-
PCR reactions on RNA isolated from microdissected ca-
put epididymis (including IS and caput) tissues at various
time points during epididymal development. We found
that ALK is not detectable and that MET expression re-
mains at low levels during proximal epididymal develop-
ment (Supplemental Figure 4B). In contrast, ROS1 expres-
of IS
differentiation. We then confirmed that the low level of
MET mRNA expression does not yield detectable levels of
MET receptor and activated phospho-MET receptors as
observed by Western blotting (Supplemental Figure 4C).
Finally, we determined using Western blotting and THC

sion increases dramatically at the time

that maximal epididymal ROS1 inhibition with crizotinib
in adult mice is attained after 5 days of treatments daily po
at 100 mg/kg (Supplemental Figure 5).
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To study the consequences of pharmacological inhibi-
tion of ROS1 kinase activity during the onset of IS epi-
thelium differentiation, we administered crizotinib daily
by oral gavage (100 mg/kg) in prepubescent P17 pups, and
harvested epididymides 5 and 12 days later (at P21 and
P28 respectively). Treatment of mice with crizotinib effi-
ciently inhibited ROS1 kinase activity in epididymides as
measured by a complete absence of phospho-ROS11¥722¢7
(Figure 6A). Furthermore, inhibition of ROS1 kinase ac-
tivity efficiently eliminated phospho-ERK1/2 proteins
(Figure 6A). Within the time frame of observation, the
inhibition of ROS1 kinase activity by crizotinib prevented
the differentiation of the IS, which paralleled the elimina-
tion of MEK1/2-ERK1/2 signaling as observed by a de-
crease in the levels of phospho-ERK1/2 measured by IHC
(Figure 6B). These results demonstrate that drug-induced
inhibition of ROS1 during the critical period of the onset
of differentiation leads to abrogation of MEK1/2-ERK1/2
signaling within the IS and a failure to induce epithelial
differentiation.

H&E p-ERK1 /2Thr202/Tyr204
ARy .74 Days

o
5
o
3
3,
o
12
5 hY
O
R
O
S
12

Figure 6. Pharmacological inhibition of ROS1 or MEK1/2 in prepubescent mice prevents IS epithelia differentiation. A, Western blot analysis of
lysates from caput epididymides from ROS1 wild-type mice treated with either crizotinib or PD325901 for 0, 5, and 12 days against the indicated
proteins. B, Photomicrographs of paraffin-embedded sections from caput epididymides of (A) stained with H&E or for expression of

phospho-ERK1/2 by IHC. Scale bar, 250 pum.
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Given our results demonstrating a robust use of the
MEK/ERK pathway by ROS1 in the IS, we ascertained if
inhibition of MEK1/2 directly could phenocopy the effect
of ROS1 inhibition. We administered P17 male pups with
the MEK1/2 inhibitor PD325901 (20 mg/kg IP every 12
hours) for 5 and 12 days and harvested epididymides at
P21 and P28, respectively. Treatment of mice with
PD325901 efficiently inhibited MEK1/2 kinase activity in
epididymides as measured by a complete absence of phos-
pho-ERK1/2, however the expression of ROS1 was not
affected (Figure 6A). In addition, the inhibition of
MEK1/2 kinase activity by PD325901 prevented the dif-
ferentiation of the IS epithelium that paralleled the elim-
ination of phospho-ERK1/2 levels as measured by IHC
(Figure 6B). These results demonstrate that drug-mediated
inhibition of MEK1/2 at the time of differentiation leads
to abrogation of MEK1/2-ERK1/2 signaling within the IS,
resulting in a failure to induce epithelial differentiation.

To determine the long-term effects of transient peripu-
bertal ROS1 inhibition on the structure and function of
the adult IS, we ascertained the differentiation status of the
IS epithelium by measuring epithelial height, and we per-
formed fertility tests on 10-week-old adult (P70) males
thathad been treated with crizotinib for 12 days during the
critical period of differentiation (between P17-P28) as
above. We found that the levels of phospho-ROS1772267
(ie, ROS1 kinase activity) returned to normal level within
42 days after cessation of crizotinib treatment (Figure 7A)
that correlated with a rectification of the IS epithelium
height (Figure 7B). In addition, transient crizotinib treat-
ment during the prepuberty phase in these animals did not
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affect their fertility once they reached adulthood (Figure
7C). Taken together, these results suggest that transient
inhibition of ROS1 kinase activity during prepuberty tran-
siently delays a differentiation program and that only sus-
tained ROS1 inhibition (as in the ROST*MXM mice) leads
to a sustained lack of IS differentiation with a persistent
infertility phenotype.

Pharmacological inhibition of ROS1 kinase activity
in adults does not affect fertility

Finally, we also investigated if inhibition of ROS1 ki-
nase activity had an effect on the architecture of the IS
epithelium in adult mice, where terminal differentiation of
the IS epithelia has already occurred. Adult mice (10-
weeks-old) were treated with crizotinib for 7 or 14 days
and the levels of phospho-ROS17"22¢7 were measured by
Western blot analysis (Figure 8A). After 7 days of treat-
ment, ROS1 activity was completely abrogated, which
corresponded with a marked decrease in the levels of phos-
pho-ERK1/2. After 14 days of treatment, the levels of
phospho-ROS17¥"22¢7 remained attenuated but the levels
of phospho-ERK1/2 returned to those of untreated con-
trol epididymides (Figure 8 A). Pharmacological inhibition
of ROS1 kinase activity during prepuberty blocked the
differentiation of the IS epithelium that was accompanied
by a decrease in the levels of phospho-ERK1/2 staining by
IHC (Figure 6B). On the other hand, inhibiting ROS1 ki-
nase activity in adults had no consequences on the archi-
tecture of the IS epithelium, despite completely eliminating
the levels of phospho-ERK1/2 after 7 days as detected by
IHC (Figure 8B). Interestingly, we noticed that the reap-

A g B 120+ [% I Control
- = -4 - - -
§ Be 58 1001 [ Crizotinib
-z 90 o £= i
g o Crizotinib =3 %
s 5T treatment SE 4]
2 o O o S 60
£ o+s P17 to P28 £ 8 1
> 0 42 3_.,6 404
—_— o J
Age P21 P28 P70 0 R 20:
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—i — .‘ ROS1 Treatment Matings (no. of Males) | Pregnancies Percent Avg # pups + SD
Control 30 (5) 30 100 121+1.2
Crizotinib 30 (5) 30 100 11.4+1.2
A Matings defined as presence of vaginal plugs
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Percent is presented as the average % on a per male basis

Figure 7. Peripubertal inhibition of ROS1 kinase activity has no long-term effect on architecture of IS epithelium and fertility. A, Western blot
analysis of caput (including IS) from males that were treated with crizotinib between P17 to P28 and aged to P70 for the levels of phospho-ROS1.
P21 untreated caput epididymides were used as a positive control. B, The heights of IS epithelium were measured in 2 control and 2 crizotinib-
treated (from P17 to P28) in juvenile males immediately posttreatment (P28) and 42 days after cessation of treatment (P70 adult). *, P < .05.

C, Peripubertal crizotinib-treated and control mice (N = 5 each) as in (B) were aged to adulthood (10-weeks-old) and mated with 6-week-old
females. Copulatory vaginal plugs and pregnancies were recorded and percent fertility calculated as the number of pregnancy/plugs.
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Figure 8. Inhibition of ROS1 and MEK1/2 kinase activity in adults. A, Western blot analysis of lysates from caput epididymides (including IS) from
ROS1 wild-type mice treated with either crizotinib or PD325901 for 0, 7, and 14 days against the indicated proteins. B, Photomicrographs of
paraffin-embedded sections from proximal epididymides treated as per (A) and stained with H&E or phospho-ERK1/2 by IHC. Scale bar, 250 pum.
C, Western blot analysis of lysates from proximal caput epididymides (including IS) from ROS1 wild-type mice treated with crizotinib for 12 days. D,
Crizotinib-treated and control mice were mated with 6-week-old females and copulatory vaginal plugs and pregnancies were recorded, and

percent fertility calculated from the number of pregnancy/plugs.

pearance of phospho-ERK1/2 after prolonged ROS1 in-
hibition with crizotinib (14 days) was localized mainly to
the cytoplasm, as opposed to a mostly nuclear localization
in control tissues (Figure 8B). Similarly, PD325901 treat-
ment inhibition of MEK1/2 post puberty in adult animals
for 7 and 14 days efficiently down-regulated the MEK1/
2-ERK1/2 signaling without affecting ROS1 expression

(Figure 8A) and the architecture of the IS epithelium was
not affected (Figure 8B). Similar to ROS1 inhibition in
adults, inhibition of MEK with PD325901 in adults dem-
onstrates that a ROS1-MEK/ERK signaling axis is not
necessary for maintenance of the IS epithelia architecture.

Although no architectural defect in the IS epithelium
was noticed in adult mice, we were curious as to whether
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transient pharmacological inhibition of ROS1 could alter
its function. We treated adult ROS1™/* males with crizo-
tinib for 12 days and tested their fertility as above. Al-
though ROS1 kinase activity was completely eliminated
(Figure 8C), crizotinib treated ROS1*/*
parably fertile to nontreated control animals (Figure 8D).
Together these results suggest that transient ROS1 kinase
inhibition using a pharmacological agent in adult males
has no effects on the architecture of the IS epithelium, or
on the fertility of treated animals.

males were com-

Discussion

From birth to adulthood, the postnatal epididymal devel-
opment can be divided into three stages. The first stage is
known as the undifferentiated period where the cells of the
epididymal epithelium are characterized by the presence of
low columnar or cuboidal undifferentiated cells that lack
stereocilia, and are still engaged in proliferation as they
contain multiple mitotic figures (9). In mice, this period
corresponds to P1 to P17. Our analysis of ROS1 expres-
sion by qRT-PCR and Western blots from P14 epididy-
mides demonstrates that both ROS1 message and protein
are absent from this stage and that MEK1/2-ERK1/2 usage
is minimal. Ki-67 proliferation index is highest, suggesting
that ROS1 is not involved in the proliferation of these
nondifferentiated epithelial cells.

The second stage is a period of differentiation in which
the epididymal epithelium begins to differentiate and sev-
eral different cell types begin to appear including princi-
pal, narrow/clear, and basal cells, and the four structural
regions of the epididymis (IS, caput, corpus, and cauda)
begin to emerge and function (43). During this period,
principal cells of the IS terminally differentiate from low
columnar to tall columnar and acquire a distinctive Golgi
apparatus, long stereocilia, and several vesicles and coated
pits, indicative of active endocytosis. In rats, a marked
increase in several markers of principal cell differentiation,
including aquaporins 2, 5, 7, 9, and 11 is initiated during
the second postnatal week in epithelial cells isolated by
laser capture microdissection (8). Narrow and clear cells,
as well as basal cells also start to differentiate during this
period (10, 44). In mice, this differentiation period corre-
sponds to P17 to P44. Here we demonstrate that the Ki-67
proliferative index decreases dramatically during this
stage, consistent with cells exiting the cell cycle and en-
tering a G, postmitotic differentiated stage. We also show
that the expression and activation of the full-length ROS1
receptor coincides with this period, and ROS1 and
MEK1/2 activities are essential for the differentiation of IS
principal cells.
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The third period corresponds to a postdifferentiation
stage and is mostly expansionary. The most significant
changes associated with this stage are the appearance of
spermatozoa within the epididymal lumen and an increase
in size and length of the epididymis. In addition, prolifer-
ation of all cell types has ceased throughout the epididy-
mal epithelium at this stage (9, 45), which we also ob-
served in both ROS1*/* and ROS1¥MEM mice, In the
mouse, this period is from P44 to adulthood. We find that
ROS1 isexpressed and active in the IS at this stage and that
inhibition of ROS1 or MEK1/2 through pharmacological
means in adult animals had little impact on the overall
architecture of the IS epithelium and the function of the
epididymis, as measured by no changes in fertility. These
results combined suggest that activation of ROS1 is nec-
essary to induce a differentiation program and does not
seem to have a direct role in cell proliferation in epididy-
mal tissues.

It has previously been demonstrated that abrogation of
epithelial differentiation in the IS leads to physiological
defects in regulating pH and osmolarity of epididymal
fluids, resulting in immature spermatozoa that are inca-
pable of regulating their cellular volume (22, 39, 46, 47).
Consequently, sperm transiting through such a defective
epididymis do not mature and interestingly, take on a hair-
pin phenotype and have reduced motility. Similar to the
full ROS1 knockout mouse, this marked motility decline
likely results in the inability of the spermatozoon to enter
the oviduct, and their bent tails thus compromise flagellar
vigor within the uterus (39, 47).

Elegant studies on the activation of the ERK1/2 in the
caput epididymis revealed that there are two activity levels
of the ERK1/2 pathway. A basal level of ERK1/2 activity
is observed throughout the entire length of the epididymis
prior to the period of differentiation and in most epithelial
cells post differentiation, except for the IS epithelium (48—
50). A second, much higher level of ERK1/2 activity has
been observed only in the IS epithelium from P17 onward
(49) that we found coincides with the appearance of ROS1
receptor activity. Indeed, we demonstrate that this high
level of ERK1/2 activation is completely abolished in the
IS of our ROS1¥™XM 3nimals and in the pharmacologi-
cally inhibited ROS1 and MEK1/2 mice. This high
ERK1/2 activation in the P17-P44 IS has also been shown
to be induced by the onset or appearance of lumicrine
factors in the IS (48, 49), possibly suggesting that one of
the lumicrine factors is a ligand for ROS1, and is respon-
sible for its activation and ensuing signaling through
ERK1/2.

Our results indicate that ROS1 and MEK1/2-ERK1/2
signaling in the developing IS epithelium promotes differ-
entiation. This is in stark contrast to constitutively acti-
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vated oncogenic ROS1 fusion kinases that also signal
through MEK1/2-ERK1/2 pathways and that have been
shown to lead to proliferative signaling rather than dif-
ferentiation (42). One important question that remains
unanswered is how can activation of a well-known mito-
genic signaling pathway such as ROS1-MEK1/2-ERK1/2
lead to a differentiation program rather than the induction
of proliferation?

Itis possible that in IS epithelia, ROS1 activates parallel
yet unidentified signals that mitigate the promitotic effects
of MEK1/2-ERK1/2 or redirect MEK1/2-ERK1/2 signal-
ing to a prodifferentiation outcome. For example, we
know that in cancer, ROS1 activation also turns on pro-
liferative and survival signals such as the PI3K-AKT-
mTORC signaling axis that perhaps dominates over
weaker prodifferentiation signals (51). Using a quantita-
tive measurement of signaling molecules approach (Bio-
Plex) we show thatindeed p-AKT(Thr308) is unaffected in
the ROST*MEM ¢pididymides, suggesting that ROST sig-
naling in this tissue does not activate an AKT centric path-
way. Alternatively, the cellular context in which ROS1
signaling occurs may very well be responsible for these
seemingly dichotomic actions of MEK1/2-ERK1/2. In
fact, epididymal tumors are extremely rare, perhaps re-
flecting a nonconducive disposition for this tissue to trans-
formation whereas most oncogenes use a MEK1/2-
ERK1/2 centric signaling pathway to convey their
oncogenicity.

In conclusion, we show that the kinase activity of ROS1
is indispensable for triggering MEK1/2-ERK1/2 driven
differentiation signals during a crucial period of the caput
epididymides postnatal development. Our genetic exper-
iments were validated with pharmacological approaches
and reveal the sensitive and transient nature of epithelial
dependency on ROS1 signaling events for the induction of
a differentiation program. The work described here rein-
forces the importance of a properly functioning IS for the
maturation of spermatozoa and our results hint at the
limitations to short term targeting of ROS1 kinase activity
in adults as a potential male contraceptive.
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