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Abstract

Background: Inhibition of sperm maturation in the epididymis is a promising post-
testicular strategy for short-acting male contraceptives. It has been shown that ROS1,
a receptor tyrosine kinase expressed in the epididymis, is essential for epididymal dif-
ferentiation, sperm maturation, and male fertility in mice. However, it is unknown if
inhibition of ROS1 suppresses male fertility reversibly.

Objectives: Our study aimed to investigate the effects of ROS1 inhibitor administra-
tion in male mice on sperm function and fertility.

Materials and Methods: We used lorlatinib, an anti-cancer drug that inhibits ROS1.
We treated 10-week-old sexually mature male mice with lorlatinib for 3 weeks and
performed fertility tests, histological staining, in vitro fertilization, sperm motility anal-
yses, and immunoblot analyses. We also performed the same analyses 3 weeks after
discontinuing the lorlatinib treatment.

Results: Inhibition of ROS1 for 3 weeks suppressed male fertility. Lorlatinib-treated
mice showed no overt abnormalities in testicular sections, but epithelium main-
tenance of the epididymal initial segment was impaired. Accordingly, the levels of
OVCH2, RNASE10, and ADAM28, which are expressed in the epididymis, decreased.
Spermatozoa from the lorlatinib-treated mice lost their ability to bind to the zona
pellucida, and ADAMS3 processing was abnormal. Sperm motility was also impaired
in the lorlatinib-treated mice. These impairments were recovered 3 weeks after

discontinuing the drug treatment.
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1 | INTRODUCTION

Global statistics show that about 50% of pregnancies are unwanted,
and more than half of these result in abortion.! To improve this situ-
ation, the development and dissemination of effective contraceptive
methods is urgently needed. While there are more than 10 differ-
ent methods of birth control for women, including contraceptive pills
and intrauterine devices, men have had limited options: condoms and
vasectomies. Dependence on women for contraception is undesirable
from the perspective of gender equality, and the development of male
contraceptives that allow men to control their own fertility is desired.

JQ1, a molecule that targets BRDT (bromodomain, testis-specific),
has the potential to be a reversible male contraceptive.?2 However,
because JQ1 targets spermatogenesis which takes approximately
5 weeks, it takes longer time for JQ1 to show contraceptive effect, and
JQ1 also targets other BRDs, BRD2, BRD3, and BRDA4. Similarly, pro-
longed inhibition of serine-threonine kinase 33 (STK33) kinase activity
in testicular spermatozoa causes reversible contraceptive effects.® In
contrast to targeting spermatogenesis, there are several trials that
target sperm motility such as soluble adenylyl cyclase* and sperm
maturation such as sperm-specific calcium-dependent phosphatase
(calcineurin) for short-acting contraception.” For example, calcineurin
inhibitors, cyclosporin A (CsA) and FK506, render male mice infertile
after 2 weeks of treatment due to impaired sperm maturation in the
epididymis, suggesting that specific inhibition of sperm maturation may
lead to the development of male contraceptives that function quickly
and effectively.

Ros1 (Ros1 proto-oncogene) is a proto-oncogene, which encodes
a receptor tyrosine kinase whose aberrant fusion protein is known to
cause lung cancer.® ROS1 is expressed in the initial segment (IS) of the
epididymis in mice, and Ros1 knockout (KO) male mice are infertile
due to abnormal epithelium differentiation of the IS and impaired
sperm maturation.” The ligand for ROS1 was unknown for many years,
but recently the complex of NELL2 (NEL-like 2) and NICOL1 (NELL2
interacting cell ontogeny regulator 1) was identified as the ROS1
ligand.8? NELL2/NICOL1 is derived from testicular germ cells and acts
as a lumicrine factor because it migrates through the lumen from the
testis to the epididymis to promote IS differentiation. Blocking the
supply of the lumicrine factor by ligating the duct between the testis
and epididymis (efferent duct) causes regression of once differentiated
IS in adult rats and mice, %! suggesting that NELL2/NICOL1 can be a
target of male contraceptives. Alternatively, targeting the kinase activ-

ity of ROS1 can be a strategy for inducing contraception. Crizotinib
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Discussion and Conclusion: Inhibition of ROS1 with lorlatinib suppressed sperm mat-
uration and male fertility reversibly. Future exploration of molecules that specifically
target ROS1 and the ROS1 pathway in the epididymis may lead to the development of

safe and reversible male contraceptives.

fertilization, male contraceptive, small molecule inhibitors, sperm maturation

is an anti-cancer drug that inhibits both ROS1 and ALK (anaplastic
lymphoma kinase). In contrast to Ros1 expression in the epididymis, no
expression of Alk has been detected in mouse epididymis by quantita-
tive reverse transcription-polymerase chain reaction (qRT-PCR).12 In
a report that analyzed the effects of crizotinib on mouse epididymis,
treatment of male mice with crizotinib for 12 days did not show IS
regression or decreased fertility,!2 making it unclear whether the
ROS1 pathway can be a target for male contraceptives.

In our study, we analyzed the effects of lorlatinib, a different anti-
cancer drug targeting ROS1 and ALK, to determine whether ROS1
pathway can be an effective target for male contraceptives. Our results
show that ROS inhibition suppresses sperm maturation and male
fertility reversibly in mice.

2 | MATERIALS AND METHODS
21 | Animals

All animal experiments performed in this study were approved by the
Institutional Animal Care and Use Committees of Osaka University in
compliance with the guidelines and regulations for animal experiments
(#Biken-AP-H30-01 and #Biken-AP-R03-01). Animals were housed in
a temperature-controlled environment with 12 h light cycled and free
access to food and water. All mice were purchased from CLEA Japan,

Inc. or Japan SLC, Inc.

2.2 | Drug treatment

Crizotinib and lorlatinib (Shanghai Biochempartner) were diluted in
0.02 N HCI and administrated by oral gavage. C57BL6/N male mice
were treated with crizotinib (100 mg/kg oral gavage daily), lorlatinib
(10 mg/kg oral gavage daily), or vehicle for 3 weeks. Some mice were
euthanized for analyses. The remaining mice in which we discontinued

drug administration for 3 weeks were analyzed for recovery.
2.3 | In vivo fertility test
Before mating sham or drug-treated male mice with B6D2F1 female

mice, female mice were superovulated by injection of pregnant
mare serum gonadotropin (PMSG; 5 units, ASKA Pharmaceutical)
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into the abdominal cavity, followed by injection of human chorionic
gonadotropin (hCG; 5 units, ASKA Pharmaceutical) with 48 h inter-
vals. Female mice cohabitated with sham- or drug-treated C57BL6/N
males after hCG injection. Plugs were checked 15 h after hCG injec-
tion. Eggs were then collected 6 h after checking plugs and treated
with 0.33 mg/mL hyaluronidase (Sigma-Aldrich) for 10 min to remove
cumulus cells for observing two pronuclei (2PN).

2.4 | Histological analysis of caput epididymis

Caput epididymis was fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) overnight, immersed in paraffin, and sectioned by
a Microm HM325 microtome (Microm) at 5 um thick. Sections were
rehydrated and treated with Mayer’s hematoxylin solution (FUJIFILM
Wako) for 3 min, followed by treatment with eosin solution for 3 min.

Sections were observed using a BX53 microscope (Olympus).

2.5 | Histological analysis of testis

Testes were fixed in Bouin's solution (Polysciences), embedded in
paraffin, sectioned at a thickness of 5 pm on a Microm HM325 micro-
tome (Microm), rehydrated, and treated with 1% periodic acid for
5 min, followed by treatment with Schiff's reagent (FUJIFILM Wako) for
10 min. The sections were then stained with Mayer’s hematoxylin solu-
tion (FUJIFILM Wako) for 1 min and observed using a BX53 microscope
with a DP74 color camera (Olympus).

2.6 | Analyses of sperm morphology and motility

Spermatozoa from cauda epididymis were suspended in Toyoda,
Yokoyama, Hoshi (TYH) capacitating medium (119.37 mM NaCl,
4.78 mM KCl, 1.71 mM CaCl,-2H,0, 1.19 mM KH,PO,, 1.19 mM
MgSO4-7H,0, 25.07 mM NaHCOg3, 1.0 mM Na pyruvate, 5.56 mM
glucose, 4 g/L bovine serum albumin [BSA], 0.050 g/L streptomycin,
50,000 units/L penicillin).23 For morphology assessment, spermatozoa
were placed on Matsunami adhesive slide (MAS)-coated glass slides
(Matsunami Glass) and observed using an Olympus BX53 microscope.
Sperm motility was analyzed as described previously.2*1> Percentages
of motile spermatozoa, average path velocity (VAP), straight-line veloc-
ity (VSL), and curvilinear velocity (VCL) were measured as sperm motil-
ity parameters. Spermatozoa were incubated at 37°C for either 10 min
(non-capacitated) or 120 min (capacitated) and placed in glass cham-
bers (Leja). Sperm motility was analyzed using the CEROS Il sperm

analysis system (software version 1.5; Hamilton Thorne Biosciences).

2.7 | Immunoblot analysis

Protein lysates of testes, caput, or cauda epididymis were prepared
with lysis buffer (20 mM Tris-HCI pH7.5, 50 mM NaCl, 1% TritonX-
100) containing protease inhibitor cocktail (Nacalai Tesque) and phos-
phatase inhibitor cocktail (Nakalai Tesque). Proteins were separated by

SDS-PAGE under reducing conditions and transferred onto poly (vinyli-
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dene fluoride) (PVDF) membranes. After blocking with 5% non-fat dry
milk, membranes were incubated with primary antibodies at the indi-
cated dilution (Table S1) overnight. After washes with Tris-buffered
saline (TBS) containing 0.1% Tween 20 (TBST), membranes were incu-
bated with horseradish-peroxidase conjugated secondary antibodies
for 1 h at room temperature. After washes with TBST, signals were
detected using Chemi-Lumi One Super detection kit (Nacalai Tesque)
and Amersham ImageQuant 800 (Cytiva).

2.8 | Sperm-ZP binding assay

Sperm-zona pellucida (ZP) binding assay was performed as previously
described.'® Oocytes were collected from B6D2F1 female mice and
treated with 0.33 mg/mL hyaluronidase (Sigma-Aldrich) for 10 min to
remove cumulus cells. Cumulus-free oocytes were placed in a 100 pL
drop of TYH medium. An aliquot of capacitated spermatozoa (4 x 10°
spermatozoa/mL) from sham- or drug-treated male mice which were
pre-incubated in TYH for 120 min were inseminated and incubated for
30 min at 37°C under 5% CO, condition. Eggs were fixed with 0.2%

glutaraldehyde and observed with an Olympus IX70 microscope.

2.9 | In vitro fertilization

In vitro fertilization (IVF) was performed as described previously.l”
Cauda epididymal spermatozoa were dispersedina 100 uLdrop of TYH
medium covered with paraffin oil for 2 h at 37°C under 5% CO, for
capacitation. Oocytes were obtained from the oviducts of superovu-
lated females and placed in a 100 pL TYH drop. Cumulus-free oocytes
were prepared the same way as for the sperm-ZP binding assay. To
remove the ZP (ZP-free), oocytes were treated with 1 mg/mL of col-
lagenase (Sigma-Aldrich) for 5 min. The capacitated spermatozoa were
added to the drops containing cumulus-intact or cumulus-free oocytes
at a final concentration of 2 x 10° spermatozoa/mL. For the drops con-
taining ZP-free oocytes, spermatozoa were added at a concentration
of 2 x 10% spermatozoa/mL. After 8 h of insemination, the formation of
2PN was observed and counted with an Olympus IX70 microscope.

2.10 | Statistical analyses

Statistical difference was determined using unpaired t-test by
Microsoft Office Excel (Microsoft Corporation). Differences were
considered statistically significant if the p values were less than 0.05.

Data represent the mean + standard deviation (SD).

3 | RESULTS

3.1 | Fertility of sexually mature male mice treated
with ROS1 inhibitors

A ROS1 inhibitor, lorlatinib, was administered orally to 10-week-old
male mice every day for 3 weeks (Figure 1A). As a comparison, we

also administered crizotinib, a different ROS1 inhibitor. No change was
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FIGURE 1

Mice treated with ROS1 inhibitors show reversible fertility loss. (A) Schematic overview of administration experiment. (B) Results

of the fertility test. Fertility was examined after 2 and 3 weeks of treatment and 3 weeks after discontinuing treatment (recovery). Data are
presented as mean + SD. Each dot indicates individual mouse. (C) Histological analysis of caput epididymis. *p < 0.05, **p < 0.01, ***p < 0.001

(unpaired t-test).

observed in mouse body weight during administration (Figure S1A). In
vivo fertility tests showed a decrease in male fertility after 2 weeks
of lorlatinib and crizotinib treatments, and a more remarkable reduc-
tion after 3 weeks (Figure 1B). Specifically, after 3 weeks of lorlatinib
treatment, five of seven mice became infertile, while the remaining two
mice had reduced fertility (one mouse had a 4.2% fertilization rate and
the other had a 25.0% rate). Subsequently, fertility of the male mice
treated with either lorlatinib or crizotinib for 3 weeks recovered to the
same extent as sham mice 3 weeks after the treatment was discontin-
ued (Figure 1B). These results indicate that ROS1 inhibition suppresses
male fertility reversibly in mice.

We searched for the cause of the decreased fertility by focus-
ing on male mice treated with lorlatinib for 3 weeks. Analysis of the
testes failed to uncover any abnormalities in testicular weights (Figure
S1B) or morphology of testicular cross sections (Figure S1C). Further-
more, we found no overt abnormalities in the morphology of mature
spermatozoa obtained from the cauda epididymis (Figure S1D,E).

In mice, Ros1 is expressed in the IS of the epididymis, and Ros1

KO males exhibit IS differentiation failures while no apparent histo-

logical abnormalities were observed in the cauda epididymis.”12 We
then performed histological analyses of the IS. The lorlatinib-treated
mice showed less thickness of the IS epithelium (Figure 1C). Further-
more, 3 weeks after discontinuation of the treatment, the thickness
of the IS epithelium recovered to the same extent as in sham mice
(Figure 1C). These results indicate that the administration of ROS1
inhibitors impairs IS maintenance reversibly in mature male mice.

3.2 | In vitro fertilizing ability of spermatozoa from
lorlatinib-treated mice

To further analyze the impaired male fertility of lorlatinib-treated
mice, we performed IVF. It has been shown that the failure of IS
epithelium differentiation results in impaired sperm maturation
such as reduced spermatozoa binding to the ZP in Ros1 KO mice.®
Consistently, spermatozoa of lorlatinib-treated mice exhibit a reduced
ability to bind to the ZP, while this ability is restored 3 weeks after the

administration is discontinued (Figure 2A). Furthermore, consistent

85U8017 SUOLILLIOD BATE8.D 3dedl|dde 8y} Aq peusenob 8. s9oile O ‘@SN Jo se|ni Joj AfIq1 8UIUO A8]IM UO (SUORIPUOD-PU-SWBIAL0D" AB 1M Ae.q1|Bu [UO//SANY) SUORIPUOD PUe SWB | 8L 88S *[7202/ZT/TT] uo A%iqiauluo A8|IM BXes0 JO AIsieAlun ay L Aq 80SET IpUe/TTTT OT/I0p/w00 A8 | Akeqjeul|uo//sdny wo.y pepeojumod ‘0 ‘22622702



OYAMAET AL.
Recovery
Sham Lorlatinib
(B) Cumulus-intact (©) Cumulus-Free (D) ZP-Free
[ 3 weeks Il Recovery | | 3 weeks I Recovery | [ 3 weeks | Recovery |
* 4k p=0.60 p=0.40 p=0.15
1001 100 100 . .

~ T - p=0.28 . T

X X - . X
w 80 w o~ 80 w 80
5 8 : 5 8 58| ]
o) 5* ° o) E* * =} E‘
£ o 60 8 5 60 8 660
53 5o - O§S
© 7 . o ¢ . o
o N4oj| * o N 40 . o &40
= . LE | . T =

<€ 20 < 20 J l 2 20

. . .
Sham Lorlatinib Sham Lorlatinib Sham Lorlatinib Sham Lorlatinib Sham Lorlatinib  Sham Lorlatinib
#ofoocytes (160)  (183)  (226) (238)  #of oocytes (200) (227)  (258) (310)  #ofoocytes (149) (179)  (120) (139)

FIGURE 2 Binding ability to the zona pellucida (ZP) is impaired in spermatozoa of lorlatinib-treated mice. (A) Sperm-ZP binding assay was
performed. (B) In vitro fertilization (IVF) with cumulus-intact oocytes. (C) IVF with cumulus-free oocytes. (D) IVF with ZP-free oocytes. Data are
presented as mean + SD. Each dot indicates individual mouse. *p < 0.05, ***p < 0.001 (unpaired t-test).

with impaired fertility in vivo, spermatozoa of lorlatinib-treated mice
showed reduced ability to fertilize oocytes in vitro (cumulus-intact;
Figure 2B). Removing cumulus cells could not rescue the impaired fer-
tilization rates (cumulus-free; Figure 2C). Alternatively, no reduction
in fertilization rates was observed when both cumulus cells and ZP
were removed (ZP-free; Figure 2D). Thus, the ZP penetration ability of
spermatozoa was impaired in lorlatinib-treated mice.

3.3 | Sperm motility in lorlatinib-treated mice

It has also been reported that Ros1 KO mice show impaired sperm
motility.181? We then examined sperm motility of lorlatinib-treated
mice using a computer-aided sperm analysis (CASA) system. Although
spermatozoa were motile after 3 weeks of lorlatinib treatment, there
was a significant decrease in velocity parameters such as VAP, VSL,
and VCL after 10 and 120 min incubation in a capacitating medium
(Figure 3A). Decreases in these velocity parameters were recovered

3 weeks after lorlatinib discontinuation (Figure 3B).
3.4 | Immunoblot analyses of epididymal proteins
in lorlatinib-treated mice

Extracellular signal-regulated kinase 1/2 (ERK1/2) is a signal media-

tor of the mitogen-activated protein (MAP) kinase pathway and is a

downstream target of ROS1.6 It has been reported that phosphoryla-
tion levels of ERK1/2 are down-regulated in Ros1 KO epididymis.'? To
determine whether inhibition of ROS1 has a similar effect at the molec-
ular level we performed immunoblot analyses using caput epididymis.
There was no significant difference in the amount of ERK1/2 between
sham and lorlatinib-treated mice (Figure 4A,B). Intriguingly, overt dif-
ferences were not found in the amount of phosphorylated ERK1/2
as well (Figure 4AC). It has been reported that crizotinib decreases
the phosphorylation state of ERK1/2 in caput epididymis after 1 week
of treatment, but that the phosphorylation state is restored after 2
weeks of treatment, suggesting that inhibition of ROS1 for a long time
induces a compensatory mechanism for ERK1/2 phosphorylation.?
The same compensatory mechanism might be induced when lorlatinib
was administered for 3 weeks. Supporting the idea of up-regulation
of the compensatory effect, the phosphorylation state of ERK1/2
was enhanced 3 weeks after discontinuation of treatment in the
lorlatinib-treated mice (Figure 4A,C).

Next, we examined the amounts of OVCH2, ADAM28, and ADAM7,
which are secreted into the epididymal lumen and are related to
sperm maturation.82021 Consistent with Ros1 KO mice, the amounts
of OVCH2 and ADAM28, but not ADAM7, were decreased in the
caput epididymis of lorlatinib-treated mice (Figure 4A,D). Further-
more, the amount of RNASE10, another secreted protein in the
epididymis, was also decreased. In addition, the amounts of OVCH2,
ADAM28, and RNASE10 recovered 3 weeks after the treatment

was discontinued (Figure 4A,D). Thus, lorlatinib treatment reversibly
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Lorlatinib-treated mice show decreased sperm motility. Sperm motility parameters at 10 and 120 min after Toyoda, Yokoyama,

Hoshi (TYH) incubation. Sperm motility was analyzed in mice treated with lorlatinib for 3 weeks (A) and after discontinuing the treatment (B). VAP,
average path velocity; VCL, curvilinear velocity; VSL, straight-line velocity. Data are presented as mean + SD. Each dot indicates individual mouse.

*p < 0.05, ***p < 0.001 (unpaired t-test).

suppresses the expression of secreted proteins downstream of
ROS1.

3.5 | ADAMS3 processing is abnormal in
lorlatinib-treated mice

Defective spermatozoa binding to the ZP is often associated with
abnormal processing of sperm membrane protein, ADAM3.22 ADAM3
is expressed in round spermatids as a precursor (around 90 kDa)
which is processed into mature protein (around 30 kDa) during sperm
transit through the epididymis.?2 In Ros1 KO mice, ADAM3 processing
deteriorated due to impaired secretion of OVCH2 into the epididymal
lumen.8 To further analyze if lorlatinib-treated mice phenocopy Ros1
KO mice, we examined ADAMS3 processing. Immunoblot analysis
using testes and epididymis revealed that the amounts of processed
ADAMBS around 30 kDa in the cauda epididymis decreased, indicating
that ADAM3 was not correctly processed in lorlatinib-treated mice
but recovered 3 weeks after drug discontinuation (Figure 5A-C).
When the amounts of other sperm membrane proteins, ADAM2 and
IZUMO1, were examined,2324 no significant differences were found
between sham and lorlatinib-treated mice (Figure 5B,D). These results

indicate that the reversible ZP binding ability of lorlatinib-treated mice

was likely due to abnormal processing of ADAMS3, consistent with the
findings in Ros1 KO mice.

We then analyzed if abnormal ADAM3 processing could lead to
impaired sperm motility observed in lorlatinib-treated mice. We exam-
ined the sperm motility of Adam3 KO mice using the CASA system and
found no significant differences between control and Adam3 KO mice
(Figure S2). Thus, ZP binding defects are caused by abnormalities in
ADAMBS processing, but that reduced sperm motility is caused by other

mechanisms in lorlatinib-treated mice.

4 | DISCUSSION

Using ROS1 inhibitors, crizotinib and lorlatinib, which are used as
drugs for non-small cell lung cancer, we investigated whether ROS1
in the epididymis is an effective target for male contraceptives.
Although sexually mature male mice treated with ROS1 inhibitors
showed no overt abnormalities in body and testis weight, testis his-
tology, or mating behavior, sperm function and their fertility were
reversibly impaired (Figures 1B and S1A-C), indicating that ROS1 and
its downstream pathway in the epididymis can be an effective tar-
get strategy for reversible contraception in males. While there is an

anatomical difference between mouse and human epididymis (i.e., a
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FIGURE 4 Amounts of epididymal proteins in lorlatinib-treated mice. (A) Immunoblot detection of total extracellular signal-regulated kinase
(ERK), phospho-ERK (pERK), OVCH2, RNASE 10, ADAM28, and ADAM7 using caput epididymal lysates. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was analyzed as a loading control. (B) Quantitative analyses of (A) for total ERK amounts. Signals were normalized using
GAPDH. (C) Quantitative analyses of (A) for pERK amounts. Signals were normalized using total ERK. (D) Quantitative analyses of (A) for OVCH2,
RNASE10, ADAM28, and ADAM7 amounts. Signals were normalized using GAPDH. Data are presented as mean + SD. Each dot indicates

individual mouse. *p < 0.05, **p < 0.01 (unpaired t-test).

thickened IS is overserved in mice but no pronounced IS in humans),
the NELL2/NICOL1-ROS1 lumicrine signaling-related molecules are
expressed in human epididymis as well,2> suggesting that the molecu-
lar mechanisms regulating sperm maturation may be conserved despite
absence of IS differentiation in humans.

A previous study showed that crizotinib administration (100 mg/kg)
for 12 days did not impair male fertility.!2 Although there was a
decrease in male fertility, our results also showed that some individu-
als exhibited comparable fertilization rates to sham mice after 2 weeks
of lorlatinib (10 mg/kg) or crizotinib (100 mg/kg) treatment, suggesting
that contraception in mice requires longer than 2 weeks of admin-

istration. Our results also showed that fertility was not completely
eliminated in all mice treated with lorlatinib for 3 weeks. While five
males were infertile, two individuals had reduced fertility rates of 4.2%
and 25.0% (Figure 1B). Given these observations, further research is
needed to optimize dosage and duration of administration to achieve
more consistent and complete infertility. It is also important to explore
molecules that inhibit the ROS1 pathway more efficiently.

The IS epithelium differentiation is associated with proper sperm
maturation such as sperm ZP binding and sperm motility in Ros1
KO mice.81? These processes are both impaired in lorlatinib-treated

mice, which may be the cause of reduced fertility. In contrast,
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FIGURE 5 ADAMBS3 processing in lorlatinib-treated mice. (A) Immunoblot detection of ADAMS3 using testes, caput, and cauda epididymal
lysates. Processed ADAM3 (around 30 kDa) amounts in cauda epididymis normalized by the unprocessed ADAMS3 (around 90 kDa) amounts in
testes were shown at the bottom. (B) Immunoblot detection of ADAM3 and ADAM2 using cauda epididymal lysates. IZUMO1 was analyzed as a
loading control. (C and D) Quantitative analyses of (B) for each protein amount. Signals were normalized with IZUMO1. Data are presented as
mean + SD. Each dot indicates individual mouse. *p < 0.05, ** p < 0.01, ***p < 0.001 (unpaired t-test).

lorlatinib-treated mice did not exhibit sperm flagellar angulation
defects (Figure S1D,E), which has been reported in Ros1 KO mice, 1817
suggesting that the effect of our ROS1 inhibition is milder than that of
Ros1 KO; this milder phenotype may be due to either a hypomorphic
effect of the drug inhibition or there are additional phenotypes sec-
ondary to long-term developmental consequences in the Ros1 KO mice.

It has been shown that the phosphorylation status of ERK1/2 is
down-regulated in Ros1 KO mice.!2 In contrast, significant down-
regulation of ERK1/2 phosphorylation was not found in lorlatinib-
treated mice (Figure 4A,C), while the IS epithelium maintenance was
impaired (Figure 1C). One possibility to explain this discrepancy is
that phosphorylated ERK1/2 may be localized abnormally in lorlatinib-
treated mice. It has been reported that after 1 week of treatment
with crizotinib, the phosphorylation status of ERK1/2 decreases, but
after 2 weeks of continued treatment, the phosphorylated ERK1/2
reappears.2 At this time, phosphorylated ERK1/2 was localized mainly
to the cytoplasm instead of the nuclear localization of the control
mice.’2 Similarly, when lorlatinib is administered for 3 weeks, phos-

phorylated ERK1/2 may not be functional with abnormal localization,

which results in impaired IS epithelium maintenance. The use of ROS1
inhibitors may help us better understand how ROS1 regulates IS
epithelial maintenance via ERK1/2.

Spermatozoa from lorlatinib-treated mice failed to bind to the ZP
(Figure 2A). ADAMB3, a sperm membrane protein, is important for ZP
binding,'® and it is known that ADAM3 processing is abnormal in
Ros1 KO mice.® It is also known that Adam3 KO spermatozoa cannot
bind to the ZP but can fertilize oocytes in IVF if cumulus cell layers
are present.?? In contrast, spermatozoa from lorlatinib-treated mice
failed to fertilize oocytes even in the presence of cumulus cell layers
(Figure 2A). This may be due to reduced sperm motility combined with
impaired ZP binding in lorlatinib-treated mice (Figure 2A). It has been
shown that OVCH2 plays roles in ADAM3 processing,® but it is still
unclear how sperm motility is regulated in the IS.

In summary, we revealed that the inhibition of ROS1 by lorlatinib
leads to abnormal sperm maturation and reduced male fertility in
mature mice, which recovers after the discontinuation of the drug
administration. No obvious abnormalities other than male infertility

were observed in Ros1 KO mice,” but it is unclear whether specific
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ROS1 inhibition has adverse effects in humans. In clinical practice,
lorlatinib (targets: ALK/ROS1) is associated with primarily mild
to moderate side effects, including hypercholesterolemia (82.4%),
hypertriglyceridemia (60.7%), edema (51.2%), peripheral neuropathy
(43.7%), and central nervous system effects (39.7%),2¢ but edema has
also been reported with alectinib (targets: ALK/RTK),%” suggesting
that specific inhibition of ROS1 but not ALK may reduce edema.
Further, it has been shown that hypercholesterolemia, hypertriglyc-
eridemia, and cognitive effects were more frequently observed with
lorlatinib than with crizotinib (targets: ALK/ROS1),28 suggesting that
these side effects may be caused by off-target inhibition of lorlatinib.
We showed that the level of OVCH2 decreased in lorlatinib-treated
mice (Figure 4A). A search for molecules that specifically inhibit ROS1
or its downstream molecules, such as OVCH2, may pave the way for

the development of safer and more effective male contraceptives.
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