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Abstract

Background PRAME constitutes one of the largest multi-copy gene families in Eutherians, encoding cancer-testis
antigens (CTAs) with leucine-rich repeats (LRR) domains, highly expressed in cancer cells and gametogenic germ cells.
This study aims to elucidate genetic interactions between two members, Pramex1 and Pramel1, in the mouse Prame
family during gametogenesis using a gene knockout approach.

Result Single-gene knockout (sKO) of either Pramex1 or Pramell resulted in approximately 7% of abnormal seminifer-
ous tubules, characterized by a Sertoli-cell only (SCO) phenotype, impacting sperm count and fecundity significantly.
Remarkably, sKO female mice displayed normal reproductive functions. In contrast, Pramex1/PramelT double knock-
out (dKO) mice exhibited reduced fecundity in both sexes. In dKO females, ovarian primary follicle count decreased
by 50% compared to sKO and WT mice, correlating with a 50% fecundity decrease. This suggested compensatory
roles during oogenesis in Pramex1 or PramelT sKO females. Conversely, dKO males showed an 18% frequency of SCO
tubules, increased apoptotic germ cells, and decreased undifferentiated spermatogonia compared to sKO and WT
testes. Western blot analysis with PRAMEX1- or PRAMEL 1-specific antibodies on sKO testes revealed compensatory
upregulation of each protein (30-50%) in response to the other gene’s deletion. Double KO males exhibited more
severe defects in sperm count and litter size, surpassing Pramex1 and PramelT sKO accumulative effects, indicating

a synergistic enhancement interaction during spermatogenesis. Additional experiments administering trans-retinoic
acid (RA) and its inhibitor (WIN18,446) in sKO, dKO, and WT mice suggested that PRAMEX1 and PRAMEL1 synergisti-
cally repress the RA signaling pathway during spermatogenesis.

Conclusion Data from sKO and dKO mice unveil a synergistic interaction via the RA signaling pathway

between Pramex! and PramelT genes during gametogenesis. This discovery sets the stage for investigating interac-
tions among other members within the Prame family, advancing our understanding of multi-copy gene families
involved in germ cell formation and function.
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with roles in both immune response and reproduction [4,
5]. Throughout evolution, the PRAME gene family under-
went amplification in eutherian mammals, resulting in
approximately 60, 60, and 90 copies in the human, cattle,
and mouse genomes, respectively [1, 6, 7]. The PRAME
family genes encode leucine-rich repeat (LRR) proteins,
which adopt a horseshoe-shaped structure that facili-
tates protein—protein interactions for signal transduc-
tion [1, 7]. In the human population, positive selection of
PRAME alleles may persist, leading to polymorphic copy
number variations (CNVs) of the PRAME gene among
individuals [1]. However, the specific need for multiple
copies of PRAME and their relationship remains poorly
understood.

In rodent and bovid lineages, the PRAME gene has
transposed to the X and Y chromosomes, respectively,
believed to enhance reproductive performance [7, 8].
Notably, CNVs of the PRAMEY gene in individual bulls,
ranging from 2 to 31 copies, have been significantly asso-
ciated with testicular size and semen quality [9]. In the
mouse genome, the Prame gene family is the third largest
family, with its members clustered on chromosomes 2,
4, and X [10-16]. The mouse Prame gene family exhibits
broad expression in the germline at various developmen-
tal stages throughout the life cycle [10, 14], suggest-
ing divergence during evolution. Studies on Pramel7 in
embryonic stem cells (ESCs) have highlighted the impor-
tant role of the Prame family in maintaining naive pluri-
potency [17, 18]. Additionally, another Prame member,
Pramel19 (also known as Gm12794c), plays a crucial role
in counteracting retinoic acid (RA)-dependent differen-
tiation by repressing the expression of the RA-responsive
CdknlA gene through polycomb repressive complex 2
(PRC2)-mediated transcriptional repression [19]. These
findings suggested that the Prame family confers resist-
ance to RA signaling in ESCs, contributing to the main-
tenance of pluripotency. Postnatally, several Prame
members are expressed during gametogenesis, exhibit-
ing either testis-specific expression (e.g., Pramel3) [14,
15], ovary-specific expression (Oogenesinl-4) [20-22],
or expression in both male and female gonads (Pramex2,
Pramef8 [aka: Pramel12], Pramef12 [aka: Pramell3]) [10,
14].

Insights into the involvement of the Prame family in
spermatogenesis have been obtained through the study
of three mouse models: Pramex1, Pramef12, and Pramell
knockout (KO) mice [16, 23, 24]. All these mutant mice
display disrupted spermatogenesis, with conditional
deletion of PramexI affecting spermatocytes, while glob-
ally ablation of Pramell and Pramefi2 exhibit defects in
spermatogonia. Abnormal seminiferous tubules with a
Sertoli-cell-only (SCO) phenotype was observed in the
testes of mutant mice, with a variable degree of severity
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among the three single gene KO (sKO) mice. Moreover,
Pramex1 and Pramell function in germ cells by inhibit-
ing retinoic acid/retinoic acid receptor (RA/RAR) signal-
ing [24], a function that is similar to their roles in ESCs or
cancer cells [19, 24, 25]. While the involvement of various
Prame members in gametogenesis was known, the inter-
actions among different members remain uncertain.

During gametogenesis in mammals, RA, a vitamin
A derivative, plays multiple roles [26—29]. Mammalian
gametes originate from primordial germ cells (PGCs),
which colonize the developing gonads and undergo
sexual differentiation to generate either oocytes or sper-
matozoa. Sex determination is triggered by expression
of sex-determining region Y (Sry) in male gonad as early
as embryonic day (E) 10.5 in mice, which leads to testis
cord development, including differentiation of Sertoli
cells [30, 31]. Within the male gonad at E11.5, Sertoli
cells synthesize the cytochrome P450 family 26 subfam-
ily B (CYP26B1) [32-34], an enzyme that degrades RA
[34, 35]. Germ cells in the testis at E12.5 remain insu-
lated from RA because of CYP26B1 expression and
undergo cell cycle arrest without meiosis, whereas germ
cells in the ovary respond to RA to initiate meiosis [26,
28, 32, 36]. After birth, male germ cells resume prolifera-
tion and undergo a transition from prospermatogonia to
spermatogonia, which ultimately develop into haploid
spermatozoa through the process of spermatogenesis
[37]. The cyclic release of RA by Sertoli cells and germ
cells orchestrates three crucial transitions in mouse sper-
matogenesis: spermatogonial differentiation, meiosis,
and spermatid elongation [27, 37]. The importance of RA
signaling in both male and female gametogenesis implies
the potential involvement of Prame family members in
both spermatogenesis and oogenesis, reflecting the inti-
mate connection between the functions of the Prame
family and RA signaling.

The objective of this study was to determine whether
there is a genetic interaction among the PRAME mem-
bers under their shared RA signaling pathway during
gametogenesis. This study focused on two members:
Prame like, X-linked 1 (Pramex1) (ID: 75,829), on the X
chromosome, and Prame like 1 (Pramell) (ID:83,491),
on chromosome 4 [14, 23]. Previous studies indicated
that PRAMEX1 and PRAMEL1 exhibit enriched expres-
sion in the germ cells [14, 38]. While the two genes dis-
play shared expression patterns in the testes and similar
defects in their sSKO mouse models, the impact of one
mutation in the context of another mutation remains
unclear. To ascertain the gene interaction between
Pramex1 and Pramell, we generated and characterized
the Pramex1/Pramell double knockout (dKO) mice.

In this study, we found that ablation of either
Pramexl or Pramell led to compensatory upregulation
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of the other gene through the shared RA signaling
pathway during gametogenesis. The more pronounced
defects in reproduction observed in the Pramexl/
Pramell dKO mice compared to either Pramexl or
Pramell sKO mice, suggested a synergistic interaction
between Pramex1 and Pramell during gametogenesis.

Methods

Animals

Ethical considerations were strictly followed through-
out the study, and all animal procedures were
conducted in compliance with the guidelines and regu-
lations set forth by the Animal Care and Use Commit-
tees of Penn State University (protocol #46,391). The
animals were housed in a controlled environment with
a 12-h light—dark cycle, providing them with a suitable
diurnal rhythm. They had ad libitum access to food and
water, allowing them to maintain optimal hydration and
nutrition levels. The founder and wild-type (WT) mice
used in the study had a genetic background of C57BL/6.
The WT mice with the same genetic background were
procured from the Jackson Laboratory (Bar Harbor,
ME).

Table 1 Breeding strategy to produce Pramex1/Pramel1 dKO mice
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Generation of Pramex1/Pramel1 dKO mice

The breeding strategy to produce Pramex1/Pramell dKO
mice was outlined in Table 1. In the first generation, we
crossed Pramell sKO males (Pramex1*’Y; Pramell™'")
with Pramex1 sKO females (Pramexl™~; Pramell*'*).
This approach yielded F1 heterozygous offspring with
genotypes (Pramex1™"*; Pramell™™) and (Pramex1™Y;
Pramell™"). Then, we crossed the heterozygous off-
springs to produce dKO mice in F2 and F3 generations
(Table 1).

Genotyping.

To determine the genotypes of the mice, genomic DNA
was extracted from tail snips using standard proce-
dures. PCR amplification was then performed using spe-
cific primer sequences and annealing temperatures, as
detailed in Table 2. The PCR reactions were carried out in
a total volume of 20 pL, consisting of 10-50 ng genomic
DNA, 2.5 pM of each primer, and 0.5 units of Taq poly-
merase (BIO-21,105; Bioline, London, UK). The PCR
products were subsequently separated by electrophoresis
on 1.5% agarose gels containing ethidium bromide in 1X
Tris—acetate-EDTA buffer. The gels were visualized and
imaged using a GelDocTM XR +Image System, allowing

Expected Expected Observed Expected Observed
genotype genotype genotype genotype genotype
distribution (%) distribution (%) distribution (%) distribution (%) distribution (%)
Pramex1 -/-
Pramex1 -I- 25 5.85
o Pramex1-I-; Pramex -1+; o ? - Pramel/. 825 0 ; Pramel1-/-
Pramel1 +/+ Pramel1-/+ 7 Pramex1 -/Y; 6.49
Pramex1 -I-; Pramelt-- 2 )
Pramel1-/+ 6.25 9.46 o Pramex1 -/-; 38.31
3\Pramex1+/Y; A Pramex1 -/Y; 50 Pramel1-/+ 25 .
Pramel -I- Pramel1-/+ 7 Pramex1-IY; ¢ 55 1.35 Pramex1 -IY; 49.35
Pramel1-/- 3 Pramel1-l+ 25 .
F1 F2 F3

Table 2 Primer sequence used for genotyping and RT-PCR

v

Gene name Accession number Primer sequence (5'to 3') Product length (bp) Annealing
Tm (°C)

Pramell NM_031377 TGGGCTATGTCCATGTATTACCA 185 (WT)/135 (KO) 64
GTCATCGAGAAGGTCTGCCA

Pramex1 NM_029459 CCAATTCCCCACCTTTTCTT 2270 (WT)/362 (KO) 60
ACAGCCTGAACCTTGGAGAT
CCAATTCCCCACCTTTTCTT 344 (WT)/236 (KO) 60
TCCTGAAGGCTAAGCCATGT

Actb NM_007393 GAGAAGCTGTGCTATGTTGCT 72 (WT&KO) 64

CTCCAGGGAGGAAGAGGATG
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for the detection and documentation of the amplified
DNA fragments.

Testicular weight and sperm analysis

Testes from Pramexl sKO, Pramell sKO, Pramexl/
Pramell dKO, and WT mice were collected at various
time points (P2-P365). The testes were weighed to assess
changes in testicular weight over time (n=3~5 animals
per group). To provide a normalized measurement of tes-
tis size, the testis index was calculated as the ratio of the
bilateral testicular weight to the body weight, multiplied
by 100. For the assessment of sperm counts, the cauda
epididymides of P41, P60, P120, and P365 mice were
minced in 1 mL of phosphate-buffered saline (PBS). The
minced tissue was at 37 °C for 15 min, allowing the sper-
matozoa to swim out of the epididymides. The resulting
suspension was homogenized through gentle pipetting.
To facilitate accurate counting, the sperm suspension was
diluted with pure water, and the number of spermatozoa
was quantified using a hemocytometer. In computer-
assisted semen analysis (CASA), the open cauda epididy-
mides were incubated in prewarmed human tubal fluid
(HTF) at 37 °C for 5 min, followed by pipetting the sperm
suspension onto a CASA slide, and the SCA® Evolution
CASA program was used to evaluate the sperm motility
and concentration [39, 40].

Mating test

To assess the fecundity of Pramexl and Pramell sKO
and Pramex1/Pramell dKO male mice, a mating study
was conducted. Juvenile male mice, from age of P41, in
the experimental groups were paired with mature wild-
type (WT) virgin female mice, aged around P60, in co-
cages. Similarly, to evaluate the fecundity of female
mice, mature WT virgin male mice (at P60) were mated
with experimental mature female mice (at P60). Each
cage contained one male and one female. The mat-
ing rate, indicated by the presence of a copulatory plug,
was recorded to determine the success of mating. Addi-
tionally, the litter size resulting from each mating was
recorded as a measure of reproductive output. During
the mating test, we documented the quantity of offspring
per litter for every mating and subsequently calculated
the mean number of offspring per litter. At least seven
mating cages were set up for each genotype to ensure an
adequate sample size (n=6~7).

Immunofluorescent staining (IFS) and cell counting

Testes and ovaries from Pramexl sKO, Pramell sKO,
and Pramex1/Pramell dKO mice at various time points
(P7, P14, P21, P35, P120, and P365) with a sample size
of n=3~5 was fixed overnight in Bouin’s solution, fol-
lowed by embedding in paraffin and sectioning at a
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thickness of 5 pm. The testis slides were subjected to
dewaxing with xylene twice (10 min each) and then
sequentially immersed in ethanol baths (100% twice
for 10 min, 95%, 70%, and 50% for 5 min each). Anti-
gen retrieval was performed by heating the slides at
95 °C for 15 min in citrate buffer (pH 6.0). After anti-
gen retrieval, the testis sections were blocked in 10%
donkey serum in Tris-buffered saline (TBS) supple-
mented with 0.1% Tween 20 (TBS-T). Subsequently, the
sections were incubated overnight at 4 °C in a humid
chamber with one or multiple primary antibodies. The
primary antibodies used included rabbit anti-SOX9
polyclonal antibody (ab5535; Millipore, Burlington,
MA), monoclonal rat anti-TRA98 (#73-003; AS ONE
International, Inc. Japan), monoclonal mouse anti-ID4
(B-5, sc-365656; Santa Cruz Biotechnology) or rab-
bit anti human DDX4 polyclonal antibody (ab13840;
Abcam, Cambridge, UK). The primary antibody used
for PRAMEX1 (also known as PRAME) detection
was obtained from Aviva company (ARP55982_P050).
This rabbit polyclonal antibody was raised against the
N-terminal region of human PRAME and has a 92%
similarity to the mouse homolog. The rabbit PRAMEL1
primary antibody was customized by our laboratory.
The primary antibodies were diluted 1:100 in dilu-
tion buffer (1% bovine serum albumin and 1% normal
donkey serum in TBS-T). Following the primary anti-
body incubation, the sections were washed three times
with TBS-T (10 min each) and then incubated for 1 h
at room temperature with the corresponding second-
ary antibodies. The secondary antibodies used in this
study were donkey anti-rabbit immunoglobulin G (IgG)
Alexa Fluor 555 (A31572; Thermo Fisher Scientific,
Waltham), donkey anti-mouse IgG Alexa Fluor 488
(A21206; Thermo Fisher Scientific), donkey anti-mouse
IgG Alexa Fluor 555 (A31570; Thermo Fisher Scien-
tific), donkey anti-rat IgG Alexa Fluor 488 (A21208;
Thermo Fisher Scientific), and donkey anti-rat IgG
Alexa Fluor 555 (A48270; Thermo Fisher Scientific).
The secondary antibodies were diluted at 1:200 in dilu-
tion buffer. For dual-staining, two secondary antibodies
were mixed in one dilution buffer. Finally, the sections
were washed with TBS-T three times for 5 min each,
mounted in SlowFadeTM Gold Antifade Mountant
with 4)6-diamidino-2-phenylindole (DAPIL; S36938;
Thermo Fisher Scientific), and analyzed using fluores-
cence microscopy with an Olympus BX51 microscope.
Negative controls (NCs) were obtained by omitting the
primary antibody.

To determine the total count of follicles, we tallied the
number of cells exhibiting DDX4 staining in the ovar-
ian sections. Cells showing positive DDX4 staining were
identified as follicles [41]. Staining and counting were
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carried out on every fifth section, and the DDX4 + follicle
count was multiplied by five to ascertain the overall fol-
licle count per ovary [42, 43].

Whole-mount seminiferous tubule IFS

Freshly dissected testes were carefully removed from
the tunicae, and the seminiferous tubules were gently
loosened under dissection microscope with forceps. The
testes were then fixed in 4% paraformaldehyde (PFA)
overnight at 4 °C. After fixation, the tissues were washed
three times with PBS-T (PBS+ 1% Triton X-100) by gen-
tly rocking for 10 min each at room temperature. Subse-
quently, the tissues underwent dehydration by incubating
in a graded series of ethanol (50%, 70%, 95%, and 100%
for 10 min each). Following dehydration, the tissues were
rehydrated by incubating in a reverse graded series of
ethanol (100%, 95%, 70%, and 50% for 10 min each). Next,
the tissues were washed four times in PBS-T for 20 min
each. After the washing steps, the tissues were blocked
for 1 h in blocking buffer (1% BSA +0.2% non-fat dry milk
powder in PBS supplemented with 0.3% Triton X-100) to
reduce non-specific binding. Following blocking, the tis-
sues were incubated overnight at 4 °C in a humid cham-
ber with one or two primary antibodies diluted 1:50 in
blocking buffer. The primary antibodies used were rabbit
anti-SOX9 polyclonal antibody (ab5535; Millipore, Burl-
ington, MA) or monoclonal rat anti-TRA98 (#73-003;
AS ONE International, Inc. Japan). After the overnight
incubation, the tissues were washed four times in TBS-T
for 20 min each to remove any unbound primary anti-
bodies. Subsequently, the tissues were incubated with
the corresponding secondary antibodies for 1 h at room
temperature. Following the incubation with second-
ary antibodies, the tissues were washed in PBS-T three
times for 20 min each. Finally, the tissues were mounted
with SlowFade™ Gold Antifade Mountant containing
4,6-diamidino-2-phenylindole (DAPI; S36938; Thermo
Fisher Scientific) and analyzed using fluorescence
microscopy. The imaging was performed using an Olym-
pus BX51 or IX83 microscope. Z-stacks were acquired
and flattened using Olympus cellSens (Ver.2.2) imaging
software. To quantify the results, the number of germ
cells and the length of seminiferous regions were counted
and measured based on the flattened images. A sample
size of n=3~5 was used for analysis. Using the whole-
mount IFS images, we measured the length of the SCO
region and of the total seminiferous tubules. The SCO
frequency was determined by dividing the SCO length by
the total length of the seminiferous tubules.

Oocyte quality measurement and in vitro fertilization (IVF)
Experimental female mice at P25 were intraperito-
neally injected with pregnant mare serum gonadotropin
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(PMSG, 5 IU each; ILEX Life Sciences) to induce follicu-
lar development and were euthanized 44 h later by CO,
inhalation followed by cervical dislocation, and their
reproductive tracts were exposed by opening the abdomi-
nal cavity. The ovaries were collected in MEM (Minimum
Essential Medium)-alpha supplemented with 2.2 g/L of
sodium bicarbonate, 10 ug/mL of streptomycin sulfate,
10 IU penicillin G, 3 mg/mL of bovine serum albumin
and 5% fetal bovine serum. The oocytes were released
by gentle puncture of ovaries using a 25 G x5/8 needle
to release the cumulus-oocyte complexes. Oocytes sur-
rounded by non-expanded cumulus cells were selected
and submitted to 15 h of in vitro maturation (IVM) in
collection media supplemented with 10 ng/mL of epider-
mal growth factor (EGF) at 37 °C in a 5% CO2, 5% O2,
90% N? humidified atmosphere overnight for maturation.

After 15-16 h of oocyte maturation, male mice (at
P60-80) were euthanized by CO? inhalation, and cervi-
cal dislocation was performed immediately after death.
Cauda epididymis was removed and transferred to a
one-well dish with 900 puL of homemade MEM medium
supplemented with 3 mg/mL of BSA medium (sperm
dish). Spermatozoa were released by cutting through the
epididymis 2 or 3 times with scissors. The sperm prepa-
ration was then incubated at 37 °C in a 5% CO? 5% O?,
90% N? humidified atmosphere for 10 min. Sperm count
was performed, and the spermatozoa was added to
the in vitro fertilization (IVF) dish (4-well NUNC, 500
uL) at a concentration of 2x 10%/mL. The oocytes were
quickly washed through homemade MEM wash dishes
and transferred to sperm dishes for in vitro fertilization
(IVE). It was important to promptly move the expanded
cumulus-oocyte complexes with the sperm to avoid zona
hardening. After 4 h of co-culture with spermatozoa, the
oocytes were washed in homemade MEM & BSA and
cultured overnight. At 24 h post fertilization, oocytes
were evaluated for fertilization by counting the number
of two-cell embryos. Two-cell embryos were cultured in
KSOM (Potassium Simplex Optimization Medium) &
BSA medium until reaching the blastocyst stage. At 48 h
post fertilization, eight-cells embryos could be observed
and counted.

Western blot (WB)

The WB protocol closely followed the prior publication
[14]. Briefly, proteins were extracted from testis tissue
using CelLytic MT Cell Lysis Reagent (#C3228, Sigma-
Aldrich) supplemented with protease and phosphatase
inhibitors (#1,860,932 and #1,862,495, Thermo Scientific).
The concentration of protein was measured in Nanodrop
and a total of 40 pg of protein extracts was used from
each sample for WB. The protein from testis were mixed
with 4 x Laemmli sample buffer (#1,610,747, BioRad) and
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10xBolt™ sample reducing agent (#B0009, Life Tech-
nologies), followed by denaturation through boiling at
90 °C. These denatured protein extracts were then sepa-
rated using BioRad Stain Free Gels (#4,568,044, BioRad)
and transferred to polyvinylidene difluoride membranes
(#IPVHO00010, Millipore) using electro-transfer.

After blocking with 5% non-fat dried milk in TBS-T,
the membranes were incubated overnight at 4 °C with
the primary antibodies: anti-RARa (sc-515796, Santa
Cruz Biotechnology), anti-PRAMEX1, anti-PRAMEL1
and anti-YBX2, all at a dilution of 1:500. Following
TBS-T washes, the membranes were exposed to anti-
rabbit/mouse IgG, HRP-linked secondary antibody
(#7074S/#7076S, Cell Signaling Technology) at a 1:1000
dilution for 1 h at room temperature. Reactive proteins
were visualized using SuperSignal West Femto Maximum
Sensitivity Substrate (#34,095, Thermo Scientific), and
WB data were analyzed employing the BioRad Chemi-
Doc Imaging System. The expected band of proteins for
PRAMEX1 (56 kDa), RAR«a (52 kDa) and YBX2 (48 kDa)
were observed.

Co-immunoprecipitation (co-IP)

For the co-IP experiment, we employed the Pierce Cross-
link Magnetic IP/co-IP Kit (#88,805, Thermo Scientific).
To elaborate, we immobilized custom-made rabbit anti-
PRAMEX]1 or monoclonal mouse anti-RARa antibodies
onto protein A/G magnetic beads. Subsequently, testis
input proteins were introduced to the beads and left to
incubate overnight at 4 °C. Following this, the protein
complexes were dissociated from the beads for WB anal-
ysis using either anti-PRAMEX1 or anti-RARa antibod-
ies, as appropriate.

RA and WIN 18,446 treatment

WT, Pramex1 sKO, Pramell sKO, and Pramex1/Pramell
dKO mice were administered intraperitoneal (i.p.) injec-
tions of 10 pL/g body weight of either 0.5 mg/mL all-
trans RA (Sigma-Aldrich, Inc.) or 10 pL/g body weight
of 2.5 mg/mL WIN18,446 (sc-295819; Santa Cruz Bio-
technology) dissolved in 10% DMSO-H20 (n=3~4) at
postnatal day 2 (P2). At P7, mice testes were collected,
and the seminiferous tubules were isolated for further
analysis.

RNA extraction and qRT-PCR

RNA extraction from P7 testis tissue of WT, Pramexl sKO,
Pramell sKO, and Pramexl/Pramell dKO mice utilized
TRIzol reagent (Invitrogen, Carlsbad, CA), and reverse
transcription (RT) was executed using the SuperscriptTM
III First-Strand Synthesis System (Invitrogen, Carlsbad,
CA) following the manufacturer’s instructions. The RNA
extraction and quantitative real-time PCR (qRT-PCR)
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procedures were conducted (n=3) in accordance with a
prior study [14]. The sequence-specific primers employed
for qRT-PCR amplification of mouse Pramexl, Pramell
and Actb were provided in Table 2.

TUNEL assay

Apoptosis was assessed using the In Situ Cell Death Detec-
tion Kit, Fluorescein (11,684,795,910; Roche, Penzberg,
Germany), following the manufacturer’s protocol. The
protocol was described in our previous publication [23,
24]. Approximately 300 seminiferous tubules/animal were
analyzed, and the number of TUNEL-positive cells was
counted for all experimental mice at ages P7, P14, P21, and
P35 (n=3).

Calculation of referenced anticipated value for the genetic

interaction test between Pramex1 and Pramel1 genes

To test the genetic interaction between Pramexl and
Pramell dKO genes, we calculated a referenced anticipated
value based on the genetic additive effect. This effect con-
siders the independent contributions of different loci to a
phenotype, reflecting the combined impact of Pramexl
and Pramell sKO on spermatogenesis. The referenced
anticipated value was determined by multiplying the phe-
notypic value of Pramell sKO mice by the relative pheno-
typic value of Pramexl sKO mice compared to the WT
(referenceddKOvalue = PramellsKO x %) [44—
46]. We then compared observed and referenced values to
assess the severity of phenotypic defects in the dKO. If the
deleterious phenotypical value in the dKO was more severe
than the referenced anticipated value, we could conclude
synergistic genetic enhancement between the two genes,
whereas the opposite scenario would indicate genetic sup-
pression [45].

Statistical analysis

The data were analyzed by the normality test (Shapiro—
Wilk test) and equal variance test (Brown—Forsythe) using
Sigma Plot 12.0 (Statistical Software). After meeting the
assumptions of normally distributed data and homoge-
neity of variance, the difference in treatment levels was
evaluated for significance by Student’s t-test or one-way
ANOVA with the post-hoc Tukey test. Data were expressed
as the mean +standard error of mean (SEM), and a value
of P<0.05 was considered statistically significant. To assess
whether the observed phenotypic values align with the
expected values, we utilized a Chi-square test for hypoth-
esis testing.
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Results

Regional SCO seminiferous tubules observed

in the Pramex1 and Pramel1 sKO testis

Abnormal seminiferous tubules, characterized by a
SCO phenotype, were observed in both Pramexl sKO
or Pramell sKO male mice [23, 24]. To determine the
frequency of SCO seminiferous tubules, we conducted
the whole-mount IFS on seminiferous tubules of neo-
natal mice with the germ cell-specific marker TRA9S.
The SCO tubules were identified by the absence of germ
cells, as evidenced by the lack of TRA98-positive cells in
the whole-mount IFS (Fig. 1A). The occurrence of SCO
tubules at P3 and P7 neonatal testis was 1.57 +0.08%
and 7.78 £0.18% in Pramexl sKO mice, 7.70 +0.52% and
8.42+0.08% in Pramell sKO mice, respectively (Fig. 1A,
B). In contrast, WT mice exhibited only ~ 1% (Fig. 1A, B).
The rate of SCO tubules was significantly different at P3
(P<0.05) but not at P7 (P>0.05) between Pramexl and
Pramell sKO mice. These findings suggested that both
Pramex1 and Pramell affect spermatogenesis in neona-
tal testes albeit potentially impacting germ cells differen-
tially at distinct time points.

SCO tubules in Pramexl sKO persisted until P35, in
line with previous findings in Pramell sKO testes [24]
(Fig. 1B-D). The SCO tubules were clustered rather
than randomly distributed across the entire cross-
section. By P21 and P35, the frequency of SCO tubules
remained consistent in both Pramexl sKO (7.42 +0.39%
and 6.99+0.94%) and Pramell sKO (6.60+0.63% and
7.22+0.81%) mice, respectively (Fig. 1B, C) (P<0.05). The
SCO tubules in the testis cross-section were confirmed
by SOX9 for Sertoli cells and TRA98, DDX4 and MSY2
for germ cells (Fig. 1C, D). These findings indicated that
the single gene ablation of Pramexl or Pramell results
in a similar occurrence of abnormal seminiferous tubules
during spermatogenesis.

The severe defects in dKO males suggested a synergistic

enhancement between the Pramex1 and Pramel1 genes

To investigate potential genetic interactions between
Pramexl and Pramell genes during gametogenesis,
we developed a Pramexl/Pramell dKO mouse model
(Table 1). We bred the Pramexl sKO and Pramell sKO
homozygous to produce the heterozygous F1 dKO mice.
Theoretically, the F2 progeny from the F1 mating had a
6.25% chance of being dKO females and an equivalent
likelihood (6.25%) of being dKO males. However, no dKO
females were observed in F2, and only 1.35% of pups
had the dKO male genotype (P=4.52x107%) (Table 3).
To enhance the production of dKO mice, heterozygous
females (Pramex1™"; Pramell™'*) were mated with dKO
males, which would theoretically yield pups with 25%
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probability of being either dKO males or dKO females in
the F3 generation. Surprisingly, the observed frequency
of dKO males and females in F3 generation was only
6.49% and 5.85%, respectively, significantly lower than
theoretical prediction (P=1.4x 1071%) (Table 4).

In addition to PCR-genotyping, Western blotting (WB)
was applied to exam whether PRAMEX1 or PRAMEL1
protein was expressed in the sKOs and dKO testes at
P7. The PRAMELI1- (or PRAMEX1-) specific antibody
detected a~57 kDa (or ~ 56 kDa) band (expected molec-
ular weight for the mouse PRAMEL1 or PRAMEX1) in
WT and Pramexl (or Pramell) sKO mice, but not in
Pramell (or Pramexl) sKO and Pramexl/Pramell dKO
testis (Fig. 2A), confirming the deletion of the protein
in the corresponding mutant mice. Interestingly, the
PRAMEXI1 protein expression was 1.71-fold higher in
the Pramell sKO testis when compared to WT (P<0.01)
(Fig. 2B). Similarly, the PRAMELL protein was 1.56-fold
higher in the Pramex1 sKO testis in comparison to WT
(P<0.01) (Fig. 2B). These results suggested that the abla-
tion of either Pramex1 or Pramell may induce an upreg-
ulated expression of the other gene in the testis. The gene
deletion in three mutant mice at P7 and the upregulation
of the other gene in the two sKO mice were confirmed at
the gene transcriptional level by qRT-PCR with Pramex1-
and Pramell-specific primers (Fig. 2C, D). This compen-
satory expression has the potential to alleviate the impact
of individual mutations, implying that more pronounced
defects could manifest when both genes are simultane-
ously deleted.

To determine the functional interaction of the Pramex1
and Pramell genes, we characterized the phenotypes of
the dKO mice. As shown in Fig. 1, at P3 and P7, com-
pared to both Pramexl (1.57+0.08%; 7.78+0.18%)
and Pramell (8.42+0.08%; 7.70+0.51%) sKO mice, the
dKO testis showed a higher frequency of SCO tubules
(P<0.01), with 11.97+0.18% and 18.29+0.78% respec-
tively. The elevated SCO tubule frequency in dKO mice
at P7 compared to P3 coincided with the period of SCO
region formation in PramexI sKO mice. In neonatal tes-
tis at P3 and P7, the SCO frequency in male dKO mice
was 18-20% higher than the combined frequency in
Pramex1 sKO and Pramell sKO males, suggesting syn-
ergistic enhanced defects in the dKO mice compared to
sKO mice. Consistent with the SCO frequency in neona-
tal testis, the frequency of SCO tubules in the testes of
dKO mice remained consistently high at approximately
18-20% during the first round of spermatogenic process
from P21 to P35 (Fig. 1B-D).

Apart from the SCO tubules, the dKO mice displayed
a greater quantity of apoptotic cells compared to the
numbers observed in the sKO mice for Pramexl and
Pramell. At P7, dKO mice showed a higher number of
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on seminiferous tubules of WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO mice at P3 and P7. TRA98 was used to label germ cells.

The SCO regions lack germ cells and are represented by seminiferous tubules without any TRA98 + cells. White dashed line: SCO regions. Nuclei
counterstained with DAPI (blue). Bar=100 um. B Percentage of SCO segments (%) based on the whole-mount IFS and IFS from P3-35. Significance
was assessed among the four groups (WT, Pramex1 sKO, PramelT sKO, and Pramex1/Pramel1 dKO mice) for each time point (P3, P7, P21 and P35).
Data were expressed as mean + SEM. Values that do not share a common superscript (a—c) were different significantly (P <0.05). C Representative
images of IFS with SOX9 (red) counterstained with DAPI (blue) on testis cross-sections of the WT, sKO and dKO (at P21, P28 and P35) mice. SOX9
was a Sertoli cell specific-marker. Dense Sertoli cells were observed along the basement membrane of the SCO tubules where no germ cells were
identified (outlined with a white dotted line). The selected regions from the P28 dKO image are enlarged in D. D Enlarged images from the P28
dKO section in C. Testis cross-sections from P28 dKO were stained with germ cell-specific markers TRA98 and DDX4, as well as spermatocyte

and spermatid-specific marker MSY2. No signal was detected in SCO tubules, whereas strong signals were observed for either TRA98 and DDX4
(green in the left image) or TRA98, DDX4, and MSY2 markers (yellow in the right image) in normal tubules adjacent to SCO tubules. Bar=100 um
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Table 3 The number (and percentage) of pups produced in the F2 generation
* ag*
Pramex1~, Pramel1~ Pramel1t,Y Pramex1~, Pramel1* Pramell1~,Y Total
Actual Expected  Actual Expected  Actual Expected  Actual Expected  Actual Expected
Pramex1~, Pramel1~ O 18.5 18 18.5 15 185 4 18.5 37 74
(0%) (6.25%) (6.08%) (6.25%) (5.07%) (6.25%) (1.35%) (6.25%) (12.5%) (25%)
Pramex1*, Pramel 1* 20 18.5 30 18.5 27 185 20 18.5 97 74
(6.76%) (6.25%) (10.14%)  (6.25%) (9.12%) (6.25%) (6.76%) (6.25%) (32.77%)  (25%)
Pramex1~, Pramel 1* 16 18.5 23 18.5 25 185 17 18.5 81 74
(5.41%) (6.25%) (7.77%) (6.25%) (8.45%) (6.25%) (5.74%) (6.25%) (27.36%) (25%)
Pramex1™*, Pramel1~ 14 185 21 185 28 185 18 18.5 81 74
(4.73%) (6.25%) (7.09%) (6.25%) (9.46%) (6.25%) (6.08%) (6.25%) (27.36%) (25%)
Total 50 74 92 74 95 74 59 74 296 NA
(16.89%)  (25%) (31.08%)  (25%) (32.09%)  (25%) (19.93%)  (25%) (100%)
“ Male and female gametes were produced from a heterozygous female (Pramex1~/*; Pramel1~'+) and a heterozygous male (Pramex1~"Y; Pramel1~/*)
Table 4 The number (and percentage) of pups produced in the F3 generation
* 3*
Pramex1~, Pramel1~ Pramel1~,Y Total
Actual Expected Actual Expected Actual Expected
Pramex1~, Pramel1~ 9 38.5 10 38.5 19 77
(5.85%) (25%) (6.49%) (25%) (12.34%) (50%)
Pramex1*, Pramel1~ 59 38.5 76 38.5 135 77
(38.31%) (25%) (49.35%) (25%) (87.66%) (50%)
Total 68 77 86 77 154
(44.16%) (50%) (55.84%) (50%) (100%)

" Male and female gametes were produced from a heterozygous female (Pramex1~/*; Pramel1~~) and homozygous male (Pramex1~"Y; Pramel1~/")

TUNEL + cells per tubule (1.18 +0.06) than Pramex1 sKO
(0.69+0.01) and Pramell sKO (0.51 +0.15) mice (P<0.01)
(Fig. 3A, B). Similarly, the percentage of tubules with
TUNEL +cells in the dKO (39.49 +1.34) at P7 was close
to the sum of Pramex1 (18.40 +1.03) and Pramell sKO
(24.66 £5.31) mice (Fig. 3C). Like Pramex1 sKO and WT
mice, dKO mice displayed a peak of germ cell apoptosis
at P14 (Fig. 3A, B). The apoptotic results, including the
number of TUNEL + cells per tubule (3.36 £0.12) and the
percentage of tubules with TUNEL + cells (65.7 + 3.70), in
the dKO mice at P14 were similar to those in Pramexl
sKO mice (P>0.05) but higher than those in Pramell
sKO and WT mice (P<0.01) (Fig. 3C). A 2.1-fold increase
in TUNEL + cells and a 30% higher percentage of tubules
with TUNEL + cells were observed in the dKO compared
to WT mice at P14. At P21, apoptotic cell numbers were
comparable to those at P14 in all four groups (Fig. 3B,
C). Similarly, at P14, both dKO and Pramex1 sKO males
exhibited higher apoptotic cell counts compared to WT
and Pramell sKO mice at P21. As the mice progressed
to P28 and P35, there was a general decrease in apop-
totic cell numbers across all groups. In conclusion, the

higher incidence of abnormalities, such as SCO tubules
and apoptotic cells, observed in the dKO mice was antici-
pated to lead to more pronounced phenotypic defects.

To further validate the compensatory capacity of the
two genes and comprehend the impact of a mutation in
one gene on the other, we assessed various phenotypes
in the dKO males, including testis weight, testis index,
sperm counts, and litter size, and compared the observed
value with a referenced value based on a gene additive
genetic model (see Methods). The testis weight and tes-
tis index of dKO mice were significantly lower than sKOs
and WT (Fig. 4A, B) (P<0.05). Furthermore, we assessed
caput and cauda sperm production from the first round
of spermatogenesis at P41, and from subsequent rounds
of spermatogenesis in the cauda at P60, P120, and P365.
The dKO males displayed a reduction in sperm count
ranging from 12 to 58% compared to W'T, which were
13-29% lower than referenced value at all ages studied
(P<0.05) (Fig. 4C). The decrease in sperm count in dKO
males at P120 was confirmed by CASA analysis, though
no significant difference were found in sperm motil-
ity between dKO and WT mice (Table 5). Additionally,
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Fig. 2 Deletion of PRAMEL1 and PRAMEX1 in the Pramex1/Pramel1 dKO mice. A Western blot (WB) was used to detect the PRAMELT and PRAMEX1
expression in the WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO mice at P7. B Relative expressions of PRAMEL1T and PRAMEX1

in the Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel 1 dKO mice to WT (WT was set as 1) were detected in WB. C Cycle threshold (CT) value

of gRT-PCR for Pramel1, Pramex1 and Actb genes was compared between the WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO mice. CT
values above 37 indicate minimal amounts or none of target nucleic acid. D Relative expression of Pramell and Pramex1 in the Pramex1 sKO, Pramel1
sKO, and Pramex1/Pramel1 dKO mice to WT (WT was set as 1) were detected by gRT-PCR. PRAMEL1 was not deleted in Pramel1 sKO and Pramex1/
Pramel1 dKO mice and ablation of PRAMEXT1 in Pramex1 sKO and Pramex1/Pramel1 dKO mice. In addition, higher expression of PRAMEL1

and PRAMEX1 was observed in Pramex1 sKO and Pramel1 sKO, respectively. Significance was assessed among the four groups (WT, Pramex1 sKO,
Pramel1 sKO, and Pramex1/Pramel1 dKO mice) for each antibody (anti-PRAMELT and anti-PRAMEX1). Data were expressed as mean + SEM. Values
that do not share a common superscript (a—c) were found to differ significantly (P <0.05)

all sKO, dKO and WT males, from the age of P41, were
paired with adult WT females to evaluate their fecun-
dity. The average number of offspring per litter, produced
by Pramexl sKO, Pramell sKO, dKO and WT males
(n=6~7), was 6.50+£0.41, 6.39+0.36, 4.08+0.30, and
7.76+0.38, respectively (Fig. 4D). The number of off-
spring produced by dKO males was reduced by 47.41%
compared to WT males (P<0.01) (Fig. 4D). These obser-
vations were significantly lower than the referenced
anticipated value (Fig. 4C-D) suggesting a synergistic
enhancement between the two genes.

Reduction of undifferentiated spermatogonia in Pramex1/
Pramel1 dKO mice

To understand the cellular mechanism behind the ele-
vated rate of SCO tubules and reduced sperm count in the
dKO mice, we quantified undifferentiated spermatogonia
(ID4+cells/mm?) at two developmental stages, juvenile
(P35) and mature (P120) (Fig. 5A). At P35, both Pramell
sKO (21.86 +0.48/mm?) and dKO (19.01 +0.60/mm?) mice
had significantly fewer undifferentiated spermatogonia
compared to the WT mice (23.71+0.32/mm?) (P<0.01)
(Fig. 5B), whereas difference between the Pramexl sKO

(22.91+0.47/mm?) and WT mice was not statistically sig-
nificant (P>0.05). While the Pramell sKO mice exhibited
an 8% reduction in undifferentiated spermatogonia com-
pared to the WT mice (P<0.01), the dKO mice displayed
a significantly more pronounced decrease (20%) (P<0.01),
which was 10% lower than the referenced value (Fig. 5B)
(P<0.01). With the progression of aging in the mice, we
noted a progressively scattered arrangement of undiffer-
entiated spermatogonia, attributed to the elongation of
seminiferous tubules. This phenomenon led to a reduc-
tion in the quantity of ID4+ cells within a given unit size
at P120 compared to P35 (Fig. 5A, B). At P120, the dKO
mice (7.31+0.14/mm?) as well as both the Pramexl sKO
(9.93+0.16/mm?) and Pramell sKO (9.19+0.09/mm?)
mice had significantly fewer ID4+ cells compared to the
WT mice (10.98+0.21/mm?) (P<0.01) (Fig. 5A, B). The
dKO mice exhibited a 33.41% reduction in ID4+ cells than
that of the WT mice, while Pramexl sKO and Pramell
sKO mice showed reductions of 9.61% and 16.35%, respec-
tively (P<0.01) (Fig. 5A, B). The referenced undifferenti-
ated spermatogonia number for the dKO was 8.30+0.08/
mm?, which was 12% more than what was observed in
dKO mice (P<0.01) (Fig. 5B). These results indicated that
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Fig. 3 Germ cell apoptosis was increased in the sKO and dKO testis. Testis was evaluated at P7, P14, P21, P28 and P35 and apoptosis was assessed
by TUNEL assay in the WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO mice. A Representative TUNEL (green) staining of testis sections
in the WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO mice at P7 to P15. More apoptotic cells occur in the lumen of seminiferous
tubules in the dKO than sKO and WT mice. Bar=20 um. B Number of TUNEL-positive (TUNEL") cells in the mouse seminiferous tubules for the four
groups of mice. C Percentage of seminiferous tubules with apoptotic cells (TUNEL™). Apoptotic cells were significantly increased in the dKO mice
than that sum of Pramex1 sKO and Pramel1 sKO. Data were expressed as mean +SEM

the simultaneous ablation of both genes leads to a greater
reduction in the ability of male mice to maintain the undif-
ferentiated spermatogonia compared to the combined
effects of ablating either one of the genes, confirming the
synergistic enhancement between the two genes at the cel-
lular level.

Synergistic repression of RA/RAR signaling by Pramex1

and Pramel1 during spermatogenesis

Our previous studies indicated that both Pramexl and
Pramell function in spermatogenesis by repressing the
RA signaling [23, 24]. To understand how the synergistic
interactions of PramexI and Pramell affect RA signaling,
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Fig. 4 Severe reproductive defects observed in the Pramex1/Pramel1 dKO mice. A Testis weight of WT, Pramex1 sKO, Pramel1 sKO,

and Pramex1/Pramel1 dKO mice obtained during the time-course study from P7 to P365. B Testis index (=testicular weight (g) / body weight

(g9)x 100) was documented in WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO mice from P7 to P365 (n=3~5). C Sperm count

in epididymis of WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO mice at P41 (caput and cauda), P60 (cauda), P120 (cauda) and P365
(cauda) of age (n=3~5). The referenced sperm count of the dKO was drawn as red solid line in the figure. The formula for the referenced
anticipated value of dKO, which calculate effect of two genes deletion without gene interaction in the additive model, was as follows:
(referencedKOvalue = Pramel1sKO x W[M—%] (n=3~5). D Litter size of mating tests of male fecundity. The experimental male mice (P60)
were mated with adult WT female. The referenced litter size of the dKO was drawn as red solid line. About 6 ~7 male mice were tested and about 30
litters were counted for each group. Significance was assessed among the four groups (WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO
mice) for Cand D. Data were expressed as mean + SEM. Values that do not share a common superscript (a-d) were found to differ significantly

(P<0.05)

Table 5 Cauda sperm count and motility analysis using CASA at P120

Rapid Medium Non Motile Immotile Sperm count
progressive (%) progressive (%) progressive (%) (%) (%) (million/animal)
WT 31.85 2873 18.23 78.81 21.19 42.75
dKO 42.62 2511 13.08 80.81 19.19 21.65
P-value 0.2285 0.3586 01712 03914 03913 0.0067

we administered trans-RA and its inhibitor (WIN18,466)
in WT, Pramex1 sKO, Pramell sKO, and dKO mice at
P2. We then evaluated the frequency of SCO tubules at
P7 using whole-mount IFS with the TRA98 antibody

(Fig. 6A). After RA treatment, the frequency of SCO
tubules in WT, Pramexl sKO, Pramell sKO, and dKO
testis increased by 14%, 47%, 68%, and 73%, respectively
(Fig. 6B), compared to the non-RA treatment group
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Fig. 5 Reduced number of undifferentiated spermatogonia

in the Pramex1/Pramel1 dKO mice. A Representative images of IFS
with ID4 (red) in testis cross-sections for WT, Pramex1 sKO, Pramel1
sKO, and Pramex1/PramelT dKO mice at P35 and P120 (n=3).
Bar=20 um. B Number of ID4 + spermatogonia/mm? based on IFS
result for the four groups at P35 and P120. The referenced number
of ID4 + undifferentiated spermatogonia in the dKO was drawn as red
solid line. The IFS experiments in A-B were replicated three times.
Significance was assessed among the four samples (WT, Pramex1
sKO, Pramel1 sKO, and dKO mice) at two ages (P35 or P120). Data
were expressed as mean £ SEM. Values that do not share a common
superscript (a—d) were found to differ significantly (P < 0.05)

(Fig. 1B). This result indicated that RA treatment not
only exacerbated the defect in the sKO and dKO mice
but also affected the WT mice. Although the frequency
of SCO tubules in either Pramexl sKO (11.43+0.31%)
or Pramell sKO (12.95+0.84%) was elevated after the
RA treatment when compared to WT (1.91+0.27%)
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(P<0.01), it was significantly lower in the dKO mice
(31.65+0.82%) (P<0.01) (Fig. 6A, B).

Upon inhibitor treatment, the frequency of
SCO tubules in WT (1.51+0.70%), Pramexl sKO
(1.62+0.08%), and Pramell sKO mice (1.86+0.86%)
decreased to the baseline, suggesting that the SCO phe-
notype was recovered in the sKO mice. In contrast, SCO
tubules were still present in the dKO mice, although
in a much lower frequency (7.20+0.43%) (Fig. 6A, B),
implying a partial recovery in the dKO mice. The results
indicated that the responsiveness of exogenous RA was
altered in the sKO and dKO mice, and the dosage of RA
inhibitor (WIN18,466) used in this study was adequate
to offset the impact of single gene deletion, but not ade-
quate to the double gene deletion. Thus, this data sug-
gested a synergistic enhancement of RA signaling in the
dKO mice, which required a higher dosage of inhibitor to
counteract.

To further elucidate the role of PRAMEX1 within the
RAR signaling pathway, we carried out a co-immuno-
precipitation (co-IP) experiment to verify the interaction
between PRAMEX1 and RARa. Relative to the expres-
sion in the WT testis input sample, the presence of
PRAMEXI1 in the RARa co-IP products exhibited a 1.3-
fold increase, suggesting an enrichment of PRAMEX1
within the RARa protein complex (Fig. 6C, D). Moreo-
ver, the expression of RARa also displayed a 1.5-fold
stronger band in the PRAMEXI1 precipitation in WT
testis compared to input sample (Fig. 6C, D), whereas
the negative control (YBX2) was only detected in the
input sample but not in either RAR or PRAMEX1 pre-
cipitations (Fig. 6C, D). These results suggested a direct
interaction between PRAMEX1 and RARa, similar to the
interaction of PRAMEL1 with RARa (as demonstrated
in the co-IP data in [24]). In line with Fig. 2, in Pramex1
sKO mice, no PRAMEX1 was detected in the testis or
precipitation samples (Fig. 6C). Conversely, Pramell sKO
mice displayed a 3.32-fold increase of PRAMEXI in the
RAR«a co-IP products and 2.48-fold increase of RAR« in
PRAMEXI1 precipitation relative to testis sample (Fig. 6C,
E). These results suggest that in the absence of Pramell, a
compensatory mechanism partially restores the interac-
tion with RAR« by upregulating the PramexI gene. Our
findings regarding RA and RAR signaling imply that this
restoration occurs as the upregulated gene assumes the
role of the deleted gene in repressing RAR signaling.

Compensatory gene effects were observed in Pramex1

and Pramel1 sKO females but absent in dKO females

The fecundity of Pramex1 and Pramell sKO female mice
was examined by a female mating test, where mature
Pramexl1 and Pramell sKO female mice (2-months old,
n="7) were bred with mature WT male mice continually
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Fig. 6 The synergistic enhancement between Pramex1 and Pramel1 was through retinoic acid (RA) signaling pathway. A Representative images

of whole-mount IFS with TRA98 (red) on seminiferous tubules of WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO mice at P7, these animals
were treated with RA or WIN18,446 (RA inhibitor) at P2. TRA98 was used to label germ cells. The SCO regions, labeled with white dashed line, lacked
germ cells which were seminiferous tubules without any TRA98 + cells. Nuclei counterstained with DAPI (blue). Bar=100 um. B SCO segments
along the length of seminiferous tubules (%) based on the whole-mount IFS for the RA/WIN18,446 treatment in the four groups (n=3). Significance
was assessed among the four groups (WT, Pramex1 sKO, Pramel1 sKO, and Pramex1/Pramel1 dKO mice) for each treatment (RA or RA inhibitor). C
Co-immunoprecipitation (co-IP) analyses of PRAMEX1 and RARa in P7 WT, Pramex1 sKO and Pramel1 sKO testis tissue. YBX2 served as a control. D
Based on the band intensity in the WB for WT testis tissue, the protein expression level relative to input WT testis (set as 1) was measured (n=3).
Significance was assessed among the three samples (input, IP/w PRAMEX1, and IP/w RARa) for each antibody (PRAMEX1, RARa and YBX2). E

Based on the band intensity in the WB, the protein expression level relative to input Pramel] sKO testis (set as 1) was measured (n=3). Significance
was assessed among the three samples (input, IP/w PRAMEX1, and IP/w RARa) for each antibody (PRAMEXT, RARa and YBX2). Data were expressed
as mean + SEM. Values that do not share a common superscript (a—d) were found to differ significantly (P <0.05)

for 6 months. The WT female mice (2-months old, n=7)  was normal. Apparently, the ablation of either PramexI

served as controls. The litter sizes of the female PramexI
and Pramell sKO mice (7.84+0.28 and 7.52+0.75)
were not significantly different from the WT female
(7.76 £0.38) (P=0.43 and 0.33) (Fig. 7A), suggesting that
the fecundity of both PramexI and Pramell sKO females

or Pramell did not have a visible effect on female fecun-
dity. These results raised a question about whether the
Pramex] and/or Pramell are male-specific, as a previ-
ous report suggested both PramexI and Pramell pre-
dominantly expressed in the testis, but not in the ovary



Yang et al. Cell & Bioscience (2024) 14:28

A B

o

972 5 a WWTOXWT3 <

8 = Pramex1 sKO 9 x WT & —

7 " m Pramel1 sSKOx WT 3 &

o 6 = dKO 9 x WT 8 =

T 5 &
S 4 ]

s " 2

31 a

2 -

o

17 =

0 | :

exd o

[14, 38]. We conducted IFS with the PRAMEX1- and
PRAMELI-specific antibodies on mature WT ovar-
ian sections and observed a clear enrichment of both
PRAMEX1 and PRAMELI proteins in the cytoplasm
of oocytes in secondary and antral follicle (Fig. 7B). If
PRAMEX1 and PRAMEL1] are expressed in oocytes,
why did the Pramex1 or Pramell sKO females not show
any reproductive phenotypes? One feasible explanation
could be that the Pramexl and Pramell genes possess
compensatory functions with each other in female mice.
To test the hypothesis, a mating test was performed for
the Pramex1/Pramell dKO females (bred with mature
WT males for 6 months, n=6). The average number of
offspring in the dKO females was 3.31£0.29, which was
significantly lower than in Pramexl and Pramell sKO
(7.84+0.28 and 7.52 £ 0.75) and WT females (7.76 + 0.38)
(P<0.01) (Fig. 7A). The litter size of dKO females was
57% smaller than that of WT mice, paralleling the
reduced fecundity observed in dKO male mice (Fig. 4D).
These results indicated that the ablation of both Pramex1
and Pramell significantly affects the female reproductive
capacity, confirming their compensatory role in female
reproduction.

During the generation of dKO mice, a significantly
lower-than-expected rate of dKO females was pro-
duced in the F2 (P=4.52x107%) and F3 generations
(P=1.44x107'%), respectively (Table 1). To explore the
underlying causes, we conducted a thorough analysis of
gamete genotypes produced by F1 and F2 animals and
their male-to-female sex ratio among offspring. In F2, the
sex ratio of the offspring was 1:1.04 as expected (Table 3).
The F1 heterozygous males and females were expected
to produce four different genotypes of sperm and eggs,
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Fig. 7 Pramex1 and Pramell exhibit compensatory effects on the fecundity of sKO female mice. A Litter size for female mating tests (n=7~8). Data
were expressed as mean + SEM. Significance was assessed among the four mattings (WTQ x WTg, Pramex1 sKOQ x WTg, Pramel1 sKOQ x WTg,
female dKOQ x WT@ mice). B IFS for PRAMEX1 and PRAMELT1 in ovary cross-section. Bar=50 um. C The litter size of different mattings suggests

that the fecundity of both male and female Pramex1/Pramell dKO mice was decreased (n=7 ~8). Significance was assessed among the four
mattings (WTQ x WTg&, WTQ x dKOG, Pramel1 sKOQ x dKOg, dKOQ x dKOgZ mice) which producing 29, 30, 31, 40 litters from 7, 7, 8, 11 breeding pairs,
respectively. Data were expressed as mean =+ SEM. Values that do not share a common superscript (a—c) were found to differ significantly (P < 0.05)

yielding 16 different genotypes of offspring in F2 genera-
tion, with an anticipated distribution of 6.25% for each
genotype under a normal breeding condition (Table 3).
However, the observed distribution of genotypes dif-
fered significantly from the prediction (P=4.52x107%)
(Table 1). Among the 296 pups analyzed, none of them
were dKO females (Pramex1~~, Pramell™’~), while only
4 (1.35%) were dKO males (Pramex1™Y, Pramell™"),
which were significantly lower than the expected
6.25%. In contrast, 30 pups (10.14%) were WT males
(Pramex1™Y, Pramell™*), which were significantly
higher than the expected rate (Table 3). The total num-
ber of pups produced from "Pramex1~, Pramell™ eggs
and sperm were 37 (12.5%) and 50 (16.9%), respectively,
which were significantly lower than the expected 74
pups (25%) (P=5.96x107°) (Table 3). These results sug-
gested that loss of homozygous dKO embryos occurred
during the heterozygous male and heterozygous female
dKO mating, and the Y-bearing "Pramell”, Y" sperm had
a less effect on embryonic survive than the X-bearing
"Pramex1~, Pramell™" sperm.

A total of 154 pups were produced in the F3 genera-
tion by mating heterozygous dKO females (Pramex1™*
;Pramell~'") with homozygous dKO males (PramexI™
Y:Pramell™'~), which produced two genotypes of eggs
"Pramex1”, Pramell™ and "PramexI™, Pramell™" and
two genotypes of sperm, the X-bearing "PramexI”,
Pramell™ and Y-bearing "Pramell”, Y" sperm (Table 4).
Consistent with the observation in the F2 generation, the
number of homozygous dKO female and male pups pro-
duced from the "PramexI~, Pramell™" eggs was 9 (5.9%)
and 10 (6.5%), respectively, significantly lower than the
expected 25% (or 38.5 pups) (P=1.44x107'%) (Table 4).
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In contrast, the single gene deletion "Pramexi®,
Pramell™ eggs produced 59 female (38.3%) and 76 male
(49.4%) pups, significantly higher than the expected 25%.
Furthermore, the male-to-female sex ratio was skewed
(1:0.79) in this mating (P=0.1469) (Table 4).

We further analyzed the litter size data from our mat-
ing records, including mature WT, Pramell sKO, and
dKO female mice bred with dKO males. As expected,
the average litter size of WTQ x dKOg (4.08 +0.30) was
similar to Pramell sKOQ x dKOg (3.94+0.42) (P> 0.05)
(Fig. 7C). The dKOQ x dKOg mating produced an aver-
age of 2.03+0.18 pups/litter, which was approximately
50% smaller than the average litter size of SKOQ x dKOg
(P<0.01) (Fig. 7C). It is worth noting that the dKO® x
dKOg mating produced a total of 81 pups (423 and 399)
with a male-to-female sex ratio of 1:0.93 (P> 0.05).

Taken together, our data suggested that the function
of Pramell was compensated by the Pramexl gene in
the Pramell sKO females. The function of "Pramexl”,
Pramell™ oocytes was affected more than X-bearing
sperm "Pramexl”, Pramell™". Therefore, embryos pro-
duced from this type of eggs had a less survival rate com-
pared to those produced from "Pramexl~, Pramell™
sperm. However, it was unclear if the lower-than-
expected homozygous dKO pups found in this study was
due to embryonic lethality (and loss) or germ cell loss
during gametogenesis.

Follicle quantity and early embryonic count decrease

in Pramex1/Pramel1 dKO females

To further explore the effects of the concurrent absence
of PRAMEX1 and PRAMEL1 on oogenesis, we con-
ducted a quantitative analysis of DDX4-positive primary
follicles in dKO ovaries at P3. The Pramexl/Pramell
dKO females (1038.47 +261.91/ovary) exhibited a nota-
ble 51% reduction in the number of follicles compared to
WT mice (2126.57 +£249.75/ovary) (P<0.01) (Fig. 8A, B).
This reduction aligns with the 57% decrease in litter size
observed in female dKO mice when compared to WT
females. The results indicated that the double deletion of

(See figure on next page.)
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the two genes led to a decrease in the number of follicles
per ovary.

To evaluate the effect of the two genotypes of eggs
"Pramex1~, Pramell™” and "Pramex1*t, Pramell™" on fer-
tilization and early embryo development, we conducted
in vitro fertilization (IVF) with oocytes collected from
dKO and Pramell sKO mice at P60. We assessed several
parameters, including the number of cumulus enclosed
and denuded oocytes, and the rate of embryos at two-
cell and eight-cell stage. The total number of oocytes,
including COCs and denuded oocytes, in the dKO
group (22.33+2.57/animal) was 45% lower than that in
the sKO group (40.89 +2.43/animal) (P<0.01). The pro-
portion of oocytes contained in a COC was similar in
both groups (dKO 23% and sKO 26%, P>0.05) (Fig. 8C,
D). This finding was consistent with our earlier results
(Fig. 8A, B), demonstrating that dKO females exhibited a
51% decrease in follicle count within the ovaries. For IVF
experiments, only oocytes within a COC were used. We
found that the average number of dKO COC that were
fertilized (2-cell) and progressed to the 8-cell stage were
1.22+0.75 and 1.11 £ 0.70 while the number of 2-cell and
8-cell in sKO were 8.78+0.87 and 8.33+0.77 (Fig. 8C,
E). In the dKO group, the rate (22.8 +10.54%) of 2-cells
embryos was approximately 73% less than that in the sSKO
group (83.82+10.35%) (P<0.01) (Fig. 8E). Consistently,
the rate of 8-cells embryos produced in the dKO group
(20.58 £ 10%) was also significantly lower (74.2%) than
that in the sKO mice (79.76 +11.18%) (P<0.01) (Fig. 8E).
In this study, we found that in vitro embryo productions
rates from double-deletion male and female gametes
were reduced at the two-cell stage, mirroring reduction
in litter size observed in female dKO mating test.

In addition to evaluating early embryo development,
we also examined the number of implantation sites in
the uterus at E6.5 from a P60 female to determine the
effect of double deletion. The uteri were obtained from
WT and dKO females, while the sires of the embryos
were WT and dKO males, respectively. The average num-
ber of implantation sites in the uteri of dKO female was

Fig. 8 The Pramex1/Pramell dKO females exhibit reduced number of follicles, which leads to embryo loss. A Representative images of IFS

with DDX4 (green) in ovary cross-sections for WT and Pramex1/Pramel1 dKO mice at P3 (n=3). Bar=50 um. B Total number of follicles

per ovary. The whole ovary was sectioned, and the counting was performed every five sections, and the number follicles was multiplied by five
to determine the total number of follicles per ovary. C-E Results from in vitro fertilization (IVF) experiment. The quality of oocyte with genotyping
of "Pramex1*, Pramel1™" and "Pramex1~, Pramel1~" were detected through in-vitro fertilize with "Pramex1~, Pramel1™" or "Pramel1-Y" spermatozoa.
C Representative figures of embryos (2-cell and 8-cell) after in vitro fertilization for Pramel1 sKO and Pramex1/Pramel1 dKO oocyte and dKO
spermatozoa. Bar=100 um. D Number of denuded oocytes and cumulus-oocyte complexes (COCs) in each animal for Pramel1 sKO and Pramex1/
Pramel1 dKO (n=3). E Rate of 2-cell and 8-cell embryos from Pramel1 sKO and Pramex1/Pramell dKO oocytes. The rate was calculated by dividing
the number of two-cells or eight-cells embryos by the number of COCs. F Representative images illustrating the uteri at E6.5 in WT and dKO mice,
aimed at enumerating implantation sites. Bar=2 mm. G The number of implantation sites in WT and dKO female at E6.5. Data were expressed

as mean + SEM. ** indicates statistically significant difference (P<0.01)
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2.25+0.74 which was significantly less (74%) than W'T
females (8.50+1.00) (P<0.01) (Fig. 8F-@G). The number
of implantation sites in the uteri of dKO females corre-
sponds to the number of 2-cell and 8-cell embryos and
the litter size in dKO mice (Fig. 8E and Fig. 7C).

In summary, the ovarian primary follicle count, in vitro
embryo production rate, early embryo development and
implantation analyses suggested that double deletion
of Pramexl and Pramell genes affects more on follicle
quantity but less embryo development. In other words,
loss of embryos during early embryo development in
Pramex1/Pramell dKO females was caused mainly by
the reduction of primary follicles in the dKO ovary.

Discussion

PRAME is known to regulate essential cellular processes,
such as inhibition of differentiation and apoptosis, pro-
motion of proliferation, and evading immune responses
in cancer cells [25, 47, 48]. As one of the most ampli-
fied gene families, the multi-copy PRAME gene family
exhibits widespread expression throughout both male
and female reproductive life cycles, encompassing vari-
ous developmental stages of gametogenesis and embryo
development [10]. Recent studies on several members
of the mouse Prame gene family, including Pramell,
Pramell9, PramexI [16, 19, 23, 24], suggested that these
proteins serve as inhibitors, repressing the RA/RAR
signaling during germ cell development in spermato-
genesis—a molecular mechanism previously reported
for the role of PRAME in cancer cells [25, 47, 48]. Since
the expression of these genes often overlaps in a particu-
lar stage of germ cells during gametogenesis, questions
arise about the functional redundancy of these Prame
members and whether they are complementary or inter-
act with each other during gametogenesis. In this study,
we addressed this question by examining two members,
Pramex] and Pramell, from the mouse Prame family.
Previous work indicates that both Pramex1 and Pramell
are predominantly expressed in the testis, particularly in
spermatogenetic cells and mature spermatozoa [14, 38].
At the subcellular level, PRAMEX1 and PRAMELI1 are
detected primarily in the nucleus and cytoplasm, includ-
ing rER, Golgi apparatus, germ granular (particularly in
chromatoid body), acrosome and sperm tail [38]. At the
molecular level, both Pramex1 and Pramell are involved
in the RA/RAR signaling to regulate spermatogonia pro-
liferation, differentiation, and apoptosis during the estab-
lishment of the first round, and subsequent rounds of
spermatogenesis in mice [23, 24]. However, their genetic
interactions remain unknown. In the present study, we
investigated their genetic interaction by charactering a
Pramex1/Pramell dKO mice model in comparison to the
corresponding single gene KO and W'T mice.
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We found that the phenotypes, including testis
weight, sperm count, rate of SCO tubules and litter size,
in the Pramexl/Pramell dKO male mice were lower
than the Pramexl and Pramell sKO and WT mice, but
also significantly below the referenced values based on
an additive genetic model (Figs. 4, 5), which assumes no
genetic interaction [39-41]. The pronounced defects
observed in Pramexl/Pramell dKO males suggested
that the interaction between PramexI and Pramell fol-
lows the genetic synergistic enhancement [44—46]. Syn-
ergy arises when the combined impact of two mutations
on the phenotype of a double mutant exceeds reference
derived from the additive effects of individual muta-
tions [49]. Such interactions often result from muta-
tions in functionally related genes, as seen in Toll-like
receptor (TLR)-induced responses to multiple ligands
(TLR1/2, 2/6, 4, 5, 7/8) and diverse cytokine secre-
tion (IL-1e«, IL-1pB, IL-4, IL-6, IL-10) [49, 50]. Previous
research in mice has reported synergistic enhancement
of germ cell-expressed genes on male fertility [51].
Kierszenbaum et al. [51] found that spermatogenesis
and fertility remained unaffected when male mice had
one of these four genes knocked out: Tnp2 (transition
protein 2), Acr (acrosin), H1.1 (histone H1.1), HI¢ (his-
tone H1t) and Smcp (sperm mitochondria-associated
cysteine-rich protein) [52-56]. However, Histihla/
Mecsp, Histlhlt/Mcsp, Tnp2/Mcsp and Acr/Mcsp dKO
male mice exhibited subfertility or near infertility
[51]. These findings align with the data obtained from
Pramex1 and Pramell sKO and dKO mice in this work,
including concerning oogenesis and female fertility.
No defects in oogenesis and fertility were observed
in Pramexl or Pramell sKO female mice. However, a
significant reduction in the number of developing fol-
licles, preimplanted embryos, and litter size was noted
in Pramex1/Pramell dKO females. These results indi-
cated that the loss-of-function of Pramex1 (or Pramell)
in the single gene mutant females is entirely compen-
sated by the presence of the other gene, i.e. Pramell
(or Pramex1). The pronounced defects observed in the
dKO females indicated synergistic effects of the two
genes during oogenesis and female fertility [49]. In
contrast to the complete functional compensation of
the Pramexl and Pramell genes during oogenesis in
the sKO females, partial compensation was evidenced
in the sKO males by the upregulation of the protein
expression in the other non-mutated gene and the dis-
tinct phenotypes associated with Pramex1 or Pramell
sKO mutants during spermatogenesis [23, 24]. The
differences in Pramexl and Pramell compensation
between female and male sKO mice could be attributed
to mechanism of how RA is involved in the processes
of spermatogenesis and oogenesis. RA plays a primary
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role in initiating meiosis during oogenesis, while RA
controls three essential transitions of germ cells from
undifferentiated to differentiated spermatogonia, meio-
sis and spermatid elongation during spermatogenesis
[26-28, 34, 57]. Data from previous reports [10, 23,
24] and this work indicated that Pramexl and Pramell
genes function on different development stages of sper-
matogenic cells through RA signaling, implying that
these two genes are not redundant during spermato-
genesis. However, their functions may influence the
same stage of germ cells during oogenesis, as RA sign-
aling primarily functions to initiate meiosis in ovary.
Hence, the ablation of either one of the two genes in
female could be fully compensated by the other gene,
resulting in no observable defects in sKO females.

In mattings involving heterozygous and homozygous
Pramex1/Pramell dKO mice, "Pramex1~, Pramell™” eggs
produced significantly fewer homozygous dKO female
pups, showing a skewed male-to-female sex ratio. On
the other hand, "PramexlI*, Pramell™” and "Pramexl”,
Pramell™” eggs yielded more heterozygous dKO pups
than expected. Although "Pramexi*, Pramell™ and
"Pramex1”, Pramell*” eggs, as the single gene mutants,
produced a comparable number of pups to wild-type
"Pramex1*, Pramell*” eggs due to gene compensation
(see discussion above), the observed loss of dKO female
embryos with a homozygous "Pramex1~'~, Pramell™~"
genotype could suggest embryo lethality. However, our
observation challenges the embryo lethality hypothesis,
as "Pramex1~, Pramell™” eggs and "Pramex1~, Pramell™
sperm produced live female dKO mice. Therefore, under-
standing the mechanism governing the functional inter-
action between Pramexl and Pramell during oogenesis
and fertilization warrants further investigation.

It was previously suggested that various members of
the Prame family may play distinct roles at different
stages of germ cell development. While each member
may have a minor or non-essential function in spermat-
ogenesis, the entire family collaborates to regulate the
three major transitions of spermatogenic cells through
the repression of RA/RAR signaling [24]. However, it is
unknown if there is a dosage effect on the inhibition of
the RA signaling by different Prame members. Upon the
exogenous RA treatment, the frequency of SCO tubules
was increased in both sKO and dKO testes, as well as the
WT testis, suggesting that the presence and the sever-
ity of SCO phenotype are sensitive to the RA level. The
dosage of RA inhibitor used in the present study was
sufficient to counteract the effect of loss-of-function of
RA repressor, PRAMEX1 (or PRAMEL1), in the sKO
mice, but not sufficient to offset the effect of loss of both
repressors, PRAMEX1 and PRAMELY], in the dKO mice.
This data suggested that a synergistic enhancement of RA
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signaling occurs in the dKO mice, and different members
of the Prame family may function in a dosage manner to
fine-tunes RA signaling [24].

Conclusions

This study revealed the double deletion of PramexI and
Pramell comparably decreased the fecundity of both
male and female mice by approximately 50%, which was
severe than phenotypes observed in PramexI or Pramell
single gene mutants. It indicated a synergistic interac-
tion between the two members of the Prame family
during gametogenesis. The PramexI and Pramell fully
compensate for each other during oogenesis, but only
partially compensate during spermatogenesis. This dif-
ference in gene compensation is likely due to the dosage
effect of Pramex1 and Pramell in repressing RA signal-
ing, and the variation in RA function between oogenesis
and spermatogenesis. These findings contributed to new
knowledge about the Prame family role in reproduction
and encouraged the study of the other members and their
interactions in the Prame family, shedding light on our
understanding of the multi-copy gene families in germ
cell formation and function.

Abbreviations

Acr Acrosin

Actb Actin, beta

BSA Bovine Serum Albumin

B Chromatoid body

Cdkn1a Cyclin-dependent kinase inhibitor 1a
CNVs Copy number variations

co? Carbon dioxide

CcocC Cumulus-oocyte complex

Co-IP Co-immunoprecipitation

CTAs Cancer/testis antigens

CYP26B1 Cytochrome P450 family 26 subfamily
DAPI 4'6-Diamidino-2-Phenylindole

DAZ Deleted in AZoospermia

DDXx4 DEAD-Box Helicase 4

dKkO Double knockout

DMRT Double-sex and mab-3 related transcription factor
ESCs Embryonic stem cells

E4+number  Embryonic day + number

H1.1 Histone H1.1

H1t Histone H1t

HTF Human tubal fluid

D4 Inhibitor Of DNA Binding 4

IFS Immonofluorescent staining

IL Interleukin

IMC Intermitochondrial cement

IVF In vitro fertilization

KO Knockout

KSOM Potassium Simplex Optimization Medium
LRR Leucine rich repeat

MEM Minimum Essential Medium

MZF1 Myeloid zinc finger1

N? Nitrogen

NC Negative control

o? Oxygen

P+number  Postnatal day +number

PBS Phosphate-buffered saline
PCR Polymerase chain reaction



Yang et al. Cell & Bioscience (2024) 14:28

PRAME Preferentially expressed antigen in melanoma

PFA Paraformaldehyde

PMSG Pregnant Mare Serum Gonadotrophin

Pramell Prame like 1

Pramex1 Prame like, X-liked 1

PRC2 Polycomb repressive complex 2

gRT-PCR Quantitative real-time PCR

RA Retinoic acid

RA/RAR Retinoic acid/retinoic acid receptor

RARa Ratinoic acid receptor alpha

Rpl22 Ribosomal protein L22

Rpl2211 Ribosomal protein L22-like 1

RRM RNA-Recognition Motif

RT Reverse transcription

SCO Sertoli cell only

SEM Standard error of mean

sKO Single knockout

Smcp Sperm mitochondria-associated cysteine-rich protein
SOX9 SRY-box transcription factor 9

Sry Sex-determining region Y

TBS Tris-buffered saline

TBS-T Tris-buffered saline supplemented with 0.1% Tween 20
TDRD Tudor domain-containing proteins

TLR Toll-like receptor

Tnp2 Transition protein 2

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
WB Western Blot

WT Wild-type

YBX2 Y-Box Binding Protein 2

Acknowledgements

The authors wish to thank Dr. Chad Dechow for insightful discussions on
analyzing the mating data and the genetic model. We would also like to thank
Chandlar Kern for her critical reading of the manuscript.

Author contributions

MY, FD, YL, and W-SL designed the experiments. MY, and W-SL analyzed the
data, and wrote the manuscript. MY and AK performed the experiments. All
authors read and approved the manuscript.

Funding

This work was supported in part by a Pennsylvania Tobacco Settlement Fund
(TSF)-CURE grant, Pennsylvania Department of Health (project number:
1472409), the Sarah Chinn Kalser Faculty Research Assistance Endowment
from the College of Agricultural Sciences, Pennsylvania State University, and
the National Institute of Health grant R21HD114044 (WL, YL).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and content to participate
This study was approved by Animal Care and Use Committees of Penn State
University (protocol #46,391).

Consent for publication
Not applicable.

Competing interests

The authors declare no competing or financial interest.

Received: 7 December 2023 Accepted: 17 February 2024
Published online: 23 February 2024

Page 20 of 21

References

1. Birtle Z, Goodstadt L, Ponting C. Duplication and positive selection
among hominin-specific PRAME genes. BMC Genomics. 2005;6:1-19.

2. Gibbs RA, Rogers J, Katze MG, Bumgarner R, Weinstock GM, Mardis ER,
et al. Evolutionary and biomedical insights from the rhesus macaque
genome. Science. 2007;98:222-34.

3. lkedaH, Lethé B, Lehmann F, Van Baren N, Baurain JF, De Smet C, et al.
Characterization of an antigen that is recognized on a melanoma
showing partial HLA loss by CTL expressing an NK inhibitory receptor.
Immunity. 1997;6:199-208.

4. Simpson AJG, Caballero OL, Jungbluth A, Chen YT, Old LJ. Cancer/testis
antigens, gametogenesis and cancer. Nat Rev Cancer. 2005;5:615-25.

5. Haqgq C, Nosrati M, Sudilovsky D, Crothers J, Khodabakhsh D, Pulliam BL,
et al. The gene expression signatures of melanoma progression. Proc Nat!
Acad Sci U S A. 2005;102:6092-7.

6.  Church DM, Goodstadt L, Hillier LW, Zody MC, Goldstein S, She X, et al.
Lineage-specific biology revealed by a finished genome assembly of the
mouse. PLoS Biol. 2009;7:8.

7. ChangT,Yang, Yasue H, Bharti AK, Retzel EF, Liu WS. The Expansion of
the PRAME Gene Family in Eutheria. PLoS ONE. 2011;6:89.

8. ChangT,Yang, Retzel EF, Liu WS. Male-specific region of the bovine Y
chromosome is gene rich with a high transcriptomic activity in testis
development. Proc Natl Acad Sci U S A. 2013;110:12373-8.

9. Yue XP, Chang TC, DeJarnette JM, Marshall CE, Lei CZ, Liu WS. Copy
number variation of PRAMEY across breeds and its association with male
fertility in Holstein sires. J Dairy Sci. 2013;96:8024-34.

10. Kern CH,Yang M, Liu WS. The PRAME family of cancer testis antigens is
essential for germline development and gametogenesis. Biol Reprod.
2021;105:290-304.

11. Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res.
2002;30:207-10.

12. Barrett T, Wilhite S, Ledoux P, Evangelista C, Kim |, Tomashevsky M, et al.
NCBI GEO: archive for functional genomics data sets—update. Nucleic
Acids Res. 2013;41:991-5.

13. Zhou J, McCarrey JR, Wang PJ. A 11-mb segmental deletion on the x chro-
mosome causes meiotic failure in male mice. Biol Reprod. 2013;88:1-10.

14. Mistry BV, ZhaoY, Chang T, Yasue H, Chiba M, Oatley J. Differential expres-
sion of PRAMELT, a cancer/testis antigen, during spermatogenesis in the
mouse. PLoS ONE. 2013;8:9.

15. Wang P, McCarrey J, Yang F, Page D. An abundance of X-linked genes
expressed in spermatogonia. Nat Genet. 2001,27:422-6.

16. Wang Z, Xu X, Li JL, Palmer C, Maric D, Dean J. Sertoli cell-only phenotype
and scRNA-seq define PRAMEF12 as a factor essential for spermatogen-
esis in mice. Nat Commun. 2019;10:89.

17. Casanova EA, Shakhova O, Patel SS, Asner IN, Pelczar P, Weber FA, et al.
Pramel7 mediates LIF/STAT3-dependent self-renewal in embryonic stem
cells. Stem Cells. 2011;29:474-85.

18. Graf U, Casanova EA, Wyck S, Dalcher D, Gatti M, Vollenweider E, et al.
Pramel7 mediates ground-state pluripotency through proteasomal-
epigenetic combined pathways. Nat Cell Biol. 2017;19:763-73.

19. Napolitano G, Tagliaferri D, Fusco S, Cirillo C, De Martino |, Addeo M, et al.
A novel member of Prame family, Gm12794c, counteracts retinoic acid
differentiation through the methyltransferase activity of PRC2. Cell Death
Differ. 2020;27:345-62.

20. Dadé S, Callebaut I, Mermillod P, Monget P. Identification of a new
expanding family of genes characterized by atypical LRR domains.
Localization of a cluster preferentially expressed in oocyte. FEBS Lett.
2003;555:533-8.

21. Minami N, Aizawa A, Ihara R, Miyamoto M, Ohashi A, Imai H. Oogenesin
is a novel mouse protein expressed in oocytes and early cleavage-stage
embryos. Biol Reprod. 2003;69:1736-42.

22. Monti M, Redi C. Oogenesis specific genes (Nobox, Oct4, Bmp15, Gdf9,
Oogenesin1 and Oogenesin?) are differentially expressed during natural
and gonadotropin-induced mouse follicular development. Mol Reprod
Dev. 2009;76:994-1003.

23. LuC, Yang M, Rossi RM, Wang A, Feitosa WB, Diaz FJ, et al. Deletion of the
mouse X-linked Prame gene causes germ cell reduction in spermatogen-
esis. Mol Reprod Dev. 2020;78:1-14.



Yang et al. Cell & Bioscience

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

(2024) 14:28

Yang M, Ma W, Oatley J, Liu WS. Mouse Pramel 1 regulates spermatogonial
development by inhibiting retinoic acid signaling during spermatogen-
esis. Development. 2023;150:9.

Epping MT, Wang L, Edel MJ, Carlée L, Hernandez M, Bernards R. The
human tumor antigen PRAME is a dominant repressor of retinoic acid
receptor signaling. Cell. 2005;122:835-47.

Bowles J, Koopman P. Retinoic acid, meiosis and germ cell fate in mam-
mals. Development. 2007;134:3401-11.

Endo T, Romer KA, Anderson EL, Baltus AE, de Rooij DG, Page DC.
Periodic retinoic acid-STRA8 signaling intersects with periodic germ-cell
competencies to regulate spermatogenesis. Proc Natl Acad Sci U S A.
2015;112:E2347 LP-E2356.

Anderson EL, Baltus AE, Roepers-Gajadien HL, Hassold TJ, De Rooij DG,
Van Pelt AMM, et al. Stra8 and its inducer, retinoic acid, regulate meiotic
initiation in both spermatogenesis and oogenesis in mice. Proc Natl Acad
Sci U S A.2008;105:14976-80.

Balmer JE, Blomhoff R. Gene expression regulation by retinoic acid. J Lipid
Res. 2002;43:1773-808.

Koopman P, Gubbay J, Vivian N, Goodfellow P. Male development of
chromosomally female mice transgenic for Sry. Nature. 1991;351:117-21.
Gubbay J, Collignon J, Koopman P, Capel B, Economou A, Munsterberg
A, etal. A gene mapping to the sex-determining region of the mouse Y
chromosome is a member of a novel family of embryonically expressed
genes. Nature. 1990;346:245-50.

Trautmann E, Guerquin MJ, Duguenne C, Lahaye JB, Habert R, Livera G.
Retinoic acid prevents germ cell mitotic arrest in mouse fetal testes. Cell
Cycle. 2008;7:656-64.

O'Shaughnessy PJ, Abel M, Charlton HM, Hu B, Johnston H, Baker PJ.
Altered expression of genes involved in regulation of vitamin A metabo-
lism, solute transportation, and cytoskeletal function in the androgen-
insensitive Tfm mouse testis. Endocrinology. 2007;148:2914-24.
Niederreither K, Dollé P. Retinoic acid in development: Towards an inte-
grated view. Nat Rev Genet. 2008;9:541-53.

Thatcher JE, Isoherranen N. The role of CYP26 enzymes in retinoic acid
clearance. Expert Opin Drug Metab Toxicol. 2009;5:875-86.

Koubova J, Menke DB, Zhou Q, Cape B, Griswold MD, Page DC. Retinoic
acid regulates sex-specific timing of meiotic initiation in mice. Proc Natl
Acad Sci U S A. 2006;103:2474-9.

Griswold MD. Spermatogenesis: The commitment to Meiosis. Physiol Rev.
2016;96:1-17.

Liu WS, Lu C, Mistry BV. Subcellular localization of the mouse PRAMEL1
and PRAMEX1 reveals multifaceted roles in the nucleus and cytoplasm of
germ cells during spermatogenesis. Cell Biosci. 2021;11:1-18.

Goodson SG, Zhang Z, Tsuruta JK, Wang W, O'Brien DA. Classification of
mouse sperm motility patterns using an automated multiclass support
vector machines model. Biol Reprod. 2011;84:1207-15.

Mortimer ST, Van Der Horst G, Mortimer D. The future of computer-aided
sperm analysis. Asian J Androl. 2015;17:545-53.

Song K, Ma W, Huang C, Ding J, Cui D, Zhang M. Expression pattern of
mouse vasa homologue (MVH) in the ovaries of C57BL/6 female mice.
Med Sci Monit. 2016,22:2656-63.

Liew SH, Nguyen QN, Strasser A, Findlay JK, Hutt KJ. The ovarian reserve is
depleted during puberty in a hormonally driven process dependent on
the pro-Apoptotic protein BMF. Cell Death Dis. 2017,8: €2971.

Myers M, Britt KL, Wreford NGM, Ebling FJP, Kerr JB. Methods for
quantifying follicular numbers within the mouse ovary. Reproduction.
2004;127:569-80.

Phillips P, Otto S. Beyond the average: the evolutionary importance of
gene interactions and variability of epistatic effects. In: Wolf JB, Brodie
EDI, Wade MJ, editors. Epistasis and the evolutionary process. Oxford
University Press; 2000. p. 21-38.

Gray JV, Krause SA. Chapter 3 Synthetic Genetic Interactions. Allele
Dependence, Uses, and Conservation. Adv Genet. 2009. p. 61-84.

Onge RPS, Mani R, Oh J, Proctor M, Fung E, Davis RW, et al. Systematic
pathway analysis using high-resolution fitness profiling of combinatorial
gene deletions. Nat Genet. 2007;39:199-206.

Roszik J, Wang W-L, Livingston JA, Roland CL, RaviV, Yee C, et al.
Overexpressed PRAME is a potential immunotherapy target in sarcoma
subtypes. Clin Sarcoma Res. 2017;7:11.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 21 of 21

XuY, Zou R, Wang J, Wang Z, Zhu X.The role of the cancer testis antigen
PRAME in tumorigenesis and immunotherapy in human cancer. Cell
Prolif. 2020;53:1-9.

El-Brolosy MA, Stainier DYR. Genetic compensation: A phenomenon in
search of mechanisms. PLoS Genet. 2017;13: e1006780.

van Heel DA, Ghosh S, Butler M, Hunt K, Foxwell BMJ, Mengin-Lecreulx D,
et al. Synergistic enhancement of Toll-like receptor responses by NOD1
activation. Eur J Immunol. 2005,35:2471-6.

Nayernia K, Meinhardt A, Drabent B, Adham IM, Mdller C, Steckel M, et al.
Synergistic effects of germ cell expressed genes on male fertility in mice.
Cytogenet Genome Res. 2003;103:314-20.

Drabent B, Saftig P, Bode C, Doenecke D. Spermatogenesis proceeds
normally in mice without linker histone H1t. Histochem Cell Biol.
2000;113:433-42.

Adham IM, Nayernia K, Burkhardt-Gottges E, Zlem Topaloglu O, Dixkens C,
Holstein AF, et al. Teratozoospermia in mice lacking the transition protein
2 (Tnp2). Mol Hum Reprod. 2001;7:513-20.

Herr JC, Thomas D, Bush LA, Coonrod S, Khole V, Howards SS, et al. Sperm
mitochondria-associated cysteine-rich protein (SMCP) is an autoantigen
in Lewis rats 1. Biol Reprod. 1999;61:428-35.

Adham IM, Nayernia K, Engel W. Spermatozoa lacking acrosin protein
show delayed fertilization. Mol Reprod Dev. 1997;46:370-6.

Baba T, Azuma S, Kashiwabara SI, Toyoda Y. Sperm from mice carrying a
targeted mutation of the acrosin gene can penetrate the oocyte zona
pellucida and effect fertilization. J Biol Chem. 1994,269:31845-9.

Duester G. Retinoic acid synthesis and signaling during early organogen-
esis. Cell. 2008;134:921-31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Synergistic enhancement of the mouse Pramex1 and Pramel1 in repressing retinoic acid (RA) signaling during gametogenesis
	Abstract 
	Background 
	Result 
	Conclusion 

	Background
	Methods
	Animals
	Generation of Pramex1Pramel1 dKO mice
	Genotyping.
	Testicular weight and sperm analysis
	Mating test
	Immunofluorescent staining (IFS) and cell counting
	Whole-mount seminiferous tubule IFS
	Oocyte quality measurement and in vitro fertilization (IVF)
	Western blot (WB)
	Co-immunoprecipitation (co-IP)
	RA and WIN18,446 treatment
	RNA extraction and qRT-PCR
	TUNEL assay
	Calculation of referenced anticipated value for the genetic interaction test between Pramex1 and Pramel1 genes
	Statistical analysis

	Results
	Regional SCO seminiferous tubules observed in the Pramex1 and Pramel1 sKO testis
	The severe defects in dKO males suggested a synergistic enhancement between the Pramex1 and Pramel1 genes
	Reduction of undifferentiated spermatogonia in Pramex1Pramel1 dKO mice
	Synergistic repression of RARAR signaling by Pramex1 and Pramel1 during spermatogenesis
	Compensatory gene effects were observed in Pramex1 and Pramel1 sKO females but absent in dKO females
	Follicle quantity and early embryonic count decrease in Pramex1Pramel1 dKO females

	Discussion
	Conclusions
	Acknowledgements
	References


