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ABSTRACT

Homeostasis of meiotic DNA double strand breaks
(DSB) is critical for germline genome integrity and
homologous recombination. Here we demonstrate
an essential role for SKP1, a constitutive subunit of
the SCF (SKP1-Cullin-F-box) ubiquitin E3 ligase, in
early meiotic processes. SKP1 restrains accumula-
tion of HORMAD1 and the pre-DSB complex (IHO1-
REC114-MEI4) on the chromosome axis in meiotic
germ cells. Loss of SKP1 prior to meiosis leads to
aberrant localization of DSB repair proteins and a
failure in synapsis initiation in meiosis of both males
and females. Furthermore, SKP1 is crucial for sister
chromatid cohesion during the pre-meiotic S-phase.
Mechanistically, FBXO47, a meiosis-specific F-box
protein, interacts with SKP1 and HORMAD1 and tar-
gets HORMAD1 for polyubiquitination and degrada-
tion in HEK293T cells. Our results support a model
wherein the SCF ubiquitin E3 ligase prevents hyper-
active DSB formation through proteasome-mediated
degradation of HORMAD1 and subsequent modula-
tion of the pre-DSB complex during meiosis.

INTRODUCTION

In sexually reproducing organisms, homologous chromo-
somes undergo meiotic recombination to exchange genetic
materials (1,2,3). As a key driver of genetic diversity in ga-
metes, meiotic recombination plays a paramount role in
evolution of species. Meiotic recombination begins with for-
mation of many programmed meiotic DNA double-strand
breaks (DSBs) in germ cells. The number and location of
meiotic DSBs are tightly controlled. Absence of DSBs leads
to recombination failure and ensuing sterility. However, an
excess of DSBs is deleterious to the germline genome in-

tegrity and interferes with the meiotic recombination pro-
cess. Abnormality in meiotic recombination leads to in-
fertility, aneuploidy-related birth defects, and pregnancy
loss.

Formation of meiotic DSBs is catalyzed by the SPO11
and TOPOVIBL DNA topoisomerase enzyme complex
(4,5,6). Meiotic recombination occurs at a high frequency
at certain genomic locations, known as hotspots, which are
specified by PRDM09-catalyzed H3K4me3 marks (7,8,9).
Cytologically, DSBs are formed on the chromosome axis
that will later form the lateral elements of the synaptonemal
complex (SC). HORMADI localizes to unsynapsed chro-
mosome axis and recruits the pre-DSB complex (IHO1-
RECI114-MEI4), which promotes formation of SPOI1-
catalyzed DSBs (10). DSBs are resected to produce ~1
kb-long 3’ single-strand DNA (ssDNA) overhangs, which
are bound by the ssDNA-binding protein RPA (11,12).
The ssDNA-binding recombinases DMC1 and RADSI re-
place RPA and drive ssDNA invasion into the homolo-
gous chromosome (13,14). The BRCA2-HSF2BP-BRMEI1
complex promotes recruitment of RADS51/DMCI to DSBs
(15,16,17). MEIOB and SPATA22 form a meiosis-specific
ssDNA-binding complex that interacts with RPA and are
possibly involved in second end capture (18,19,20,21). Sec-
ond end capture results in formation of double Holliday
junctions (dHJ), resolution of which leads to crossovers.
Meiotic recombination is executed stepwise by a large num-
ber of enzymes, DNA-binding proteins, and chromatin-
remodeling factors. Fidelity of this process is paramount for
preservation of fertility and genetic inheritance.

In mice, hundreds of DSBs are generated in each mei-
otic germ cell and fewer than 10% of them lead to the for-
mation of ~22 crossovers per cell. The number and loca-
tion of meiotic DSBs are tightly regulated locally and glob-
ally (22). Normally, formation of one DSB suppresses the
formation of others nearby, presumably because formation
of two adjacent DSBs on the same chromatid would lead
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to a deletion of the intervening genomic region. In addi-
tion, formation of a second DSB in proximity on the ho-
mologous chromosome would interfere with homologous
recombination, as neither homologue would be intact to
serve as a repair template. The ATM kinase is essential for
meiosis in mice (23,24). Atm-deficient meiotic germ cells
show increased formation of DSBs (12,22,25,26). While
ATM acts as one known regulator of meiotic DSB for-
mation, the control of DSB homeostasis remains poorly
understood.

The SCF (SKP1-Cullin—F-box) ubiquitin E3 ligase is a
large family of E3 enzymes. Each SCF E3 ligase is com-
posed of four subunits: SKP1, CULI1, the RING finger pro-
tein RBX1 and an F-box protein. SKP1 (S-phase kinase-
associated protein 1) interacts with each of 69 mammalian
F-box proteins to form distinct E3 ligase complexes to tar-
get specific protein substrates for degradation (27,28,29).
The SCF E3 ligase controls many cellular processes such
as cell cycle progression, transcription, signal transduction,
and tumorigenesis. Skp! is a ubiquitously expressed essen-
tial gene and its global deletion is embryonic lethal (30).
SKP1 was initially identified as a key regulator of cell cy-
cle (31) and later found in a proteomics screen for mei-
otic chromatin-associated proteins (18). SKP1 localizes to
the synapsed regions of homologous chromosomes in mei-
otic germ cells (30). Inducible deletion of Skpl in meiotic
cells in adult mice reveals that SKP1 is essential for main-
tenance of chromosomal synapsis and the cell cycle pro-
gression from the meiotic prophase I to metaphase I (30).
Here, we have identified a novel role for the SCF E3 lig-
ase in meiotic DSB formation and repair. We inactivated
Skpl in spermatogonia, prior to meiotic initiation, using
Stra8-Cre. All analyses in spermatocytes were performed
on juvenile mice. Meiotic cells deficient in Skp/ exhibited
abnormal accumulation of HORMADI1 and the pre-DSB
complex on meiotic chromatins and failed to form chromo-
somal synapsis. The ssDNA-binding DSB repair proteins
were mislocalized in Skpl-deficient meiotic cells. Impor-
tantly, FBXO47, an F-box protein, interacted with HOR-
MADI and facilitated polyubiquitination of HORMADI1.
Collectively, this study uncovers an unexpected role for
the SCF ubiquitin E3 ligase in regulation of meiotic DSB
homeostasis.

MATERIALS AND METHODS
Mouse strains

The SkpI™ mice were generated previously (30). We ob-
tained SpolI1*/~ mice (Stock No: 019117) from the Jackson
Laboratory (5,32). We also obtained cryopreserved sperm
from Hormadl*/~ mice (MMRRC Stock No: 41469-JAX)
from the Jackson Laboratory (33). ICSI was performed to
generate Hormadl*/~ mice at PennVet Transgenic Core fa-
cility. Stra8-Cre mice were generated previously (34). Geno-
typing was performed by PCR with tail genomic DNA us-
ing primers in Supplementary Table S1. Mice were main-
tained and used according to the guidelines of the Institu-
tional Care and Use Committee of the University of Penn-
sylvania.

Histological, immunofluorescence and surface nuclear spread
analyses

For histological analysis, testes or ovaries were fixed in
Bouin’s solution at room temperature overnight, embed-
ded with paraffin, and sectioned. Sections were stained with
hematoxylin and eosin. For immunofluorescence, testes
were fixed in 4% paraformaldehyde (in 1x PBS) for 6 h
at 4°C, dehydrated in 30% sucrose (in 1x PBS) overnight,
and prepared for cutting cryosections. Surface nuclear
spread analysis was reported before (30). Briefly, testicu-
lar tubules or oocytes were soaked in hypotonic treatment
buffer (30 mM Tris, 50 mM sucrose, 17 mM trisodium
citrate dihydrate, 5 mM EDTA, 0.5 mM DTT, 1| mM
PMSF). The cells were suspended in 100 mM sucrose
and then spread on PTFE printed slides (Cat. No. 63418-
11, Electron Microscopy Sciences) that were pre-soaked
with paraformaldehyde solution containing Triton X-100
and sodium borate. The primary antibodies used for im-
munofluorescence were listed in Supplementary Table S2.

Imaging

Histological images were captured on the Leica DM5500B
microscope with a DFC450 digital camera (Leica Microsys-
tems). Most immunolabeled chromosome spread images
were taken on a Leica DM5500B microscope with an
ORCA Flash4.0 digital monochrome camera (Hamamatsu
Photonics). Confocal microscopy of immunolabeled chro-
mosome spreads was performed on a Leica SP5 II confocal
(Leica Microsystems, Mannheim, Germany) with a 100x
(1.46 NA) oil immersion objective lens. Images were decon-
volved with Huygens Essential deconvolution software (Sci-
entific Volume Imaging B.V., Hilversum, Netherlands).

Western blot analysis

Testes or ovaries were homogenized in 3 volumes of protein
extraction buffer [62.5 mM Tris—HCI (pH 6.8), 3% SDS,
10% glycerol, 5% 2-mercaptoethanol]. Samples were then
boiled at 95°C for 10-15 min. A total of 20 pg of protein
samples were resolved by SDS-PAGE and transferred onto
nitrocellulose membranes using iBlot (Invitrogen).

Cell culture and transfection

HEK293T cells were maintained in DMEM /high glucose
(Mediatech) supplemented with 10% FBS (Sigma-Aldrich)
and penicillin/streptomycin (Invitrogen). Plasmid DNA
transfections in HEK293T cells were carried out using lipo-
fectamine 2000 (Invitrogen). For each well of a 6-well plate,
2-4 pg of plasmids and 8 pl of lipofectamine 2000 (In-
vitrogen) were used for transfection. Cells were collected
24-36 h after transfection for further analysis. For MG132
(Sigma) treatment experiment, 24 h after transfection, the
cells were treated with MG132 (10 uM) for 4 hours before
collection.

Co-immunoprecipitation and immunoblotting assays

1 x 107 cells were collected after transfection for in vitro
co-immunoprecipitation. Cells were lysed in 1 ml RIPA



buffer (10 mM Tris, pH 8.0, 140 mM NaCl, 1% Trion X-
100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA)
supplemented with 1 mM PMSF. For immunoprecipitation
(IP), cell lysates were centrifuged by 16 000 g for 30 min
at 4°C, and 1.5% of the supernatant was set aside as in-
put. The remaining lysates were pre-cleared with 15 wl pro-
tein G Dynabeads (Thermo Fisher Scientific) for 2 h, and
then incubated with 2 pg primary antibodies at 4°C for 1
h. The lysates were then incubated with 30 pl protein G
Dynabeads overnight. The immunoprecipitated complexes
were washed with RIPA buffer three times and boiled in
30 pl 2x SDS-PAGE loading buffer at 95°C for 10 min.
20 w1 of the supernatant was resolved by SDS-PAGE. For
immunoblotting analysis, the resolved proteins were trans-
ferred onto a nitrocellulose membrane using iBlot (Invitro-
gen) and immunoblotted with primary and secondary anti-
bodies (Supplementary Table S2).

Ubiquitination assay

FLAG-FBX047, MYC-FLAG-FBXW8, MYC-FLAG-
FBXW17, MYC-FLAG-FBX028, V5-HORMADI1 and
HA-ubiquitin expression plasmids were co-transfected into
HEK?293T cells (Supplementary Table S3). After 24 h, 10
pm MGI132 (M8699, Sigma) was added and incubated
for 4 h to inhibit proteasome. Transfected cells were lysed
with the RIPA buffer supplemented with | mM PMSF.
Cell lysates were incubated with mouse anti-V5 antibody
(R960-25, Invitrogen) at 4°C overnight and then incubated
with Dynabeads G at 4°C for 3 h. The precipitants were
washed three times with the RIPA buffer and followed
by western blot analysis with mouse anti-HA antibody
(12CA5, Roche) and rabbit anti-HORMADI antibody
(13917-1-AP, Proteintech).

RESULTS
SKP1 is essential for synapsis initiation during male meiosis

To assess the potential role of Skp! in early meiosis, we con-
ditionally inactivated Skp! before the onset of meiosis by
generating Skp I/~ Stra8-Cre mice (referred to as Skpl<¥0)
(Supplementary Figure S1). The Stra8-Cre is expressed in
both male and female germ cells prior to meiosis (Sup-
plementary Figure S1) (34,35). Adult SkpIK© testis was
much smaller than wild type (SkpI"/*) testis (Figure 1A).
The SkpI<KO testis weight was reduced by 78% (Figure 1B).
Western blot showed that the SKP1 protein was nearly ab-
sent in the 8-week-old SkpI®KO testis (Figure 1C). Germ
cells of different developmental stages appear at definite
times in wild type juvenile testes, with the appearance of
pachytene spermatocytes at postnatal day 16 (P16) and
round spermatids at P21 (Figure 1D). However, Skpl°K©
testes lacked post-meiotic spermatids and displayed com-
plete meiotic arrest at P16, P21, and P56 (Figure 1D). To
determine the stage of meiotic arrest in Skp/°KO testes,
we performed immunofluorescence analysis of SYCP1 (SC
central/transverse filaments) and SYCP3 (SC lateral ele-
ments) in spread nuclei of spermatocytes. While SYCP1
marked the synapsed regions in wild type (SkpI%/*, no Cre)
zygotene and pachytene spermatocytes, Skpl“¥° spermato-
cytes lacked SYCPI signals, showing that SKP1 is required
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for formation of chromosomal synapsis (Figure 1E and F).
In the most advanced SkpI°K© spermatocytes, chromosome
axial elements were well formed but synapsis was absent.
These cells were referred to as zygotene-like spermatocytes,
as they lacked synapsis. Therefore, in addition to the previ-
ously reported requirement of SKP1 in the maintenance of
chromosomal synapsis (30), these results demonstrate that
SKPI plays an essential role in the initiation of chromoso-
mal synapsis.

SKP1 is critical for sister chromatid cohesion

Notably, abnormal spermatocytes with apparently sepa-
rated sister chromatids were found in SkpI<K© testis and
thus referred to as leptotene-like (Figure 1E). The leptotene-
like cells accounted for 20% of spermatocytes in Skpl°K©
testis but were absent in SkpI/* testis (Figure 1F). To fur-
ther examine this defect, we counted the number of CREST
foci (centromeres) (Figure 1G and H). Because of chromo-
somal synapsis, the number of CREST foci is reduced from
40 in leptotene/zygotene spermatocytes to 21 in pachytene
spermatocytes (the XY centromeres are separate). Consis-
tent with a failure in synapsis initiation, SkpI°K© zygotene-
like spermatocytes contained 40 CREST foci. However, the
average number of CREST foci in SkpI°¥© leptotene-like
cells was 65, with a range from 42 to 138, showing severe
defects in sister chromatid cohesion. The DNA content of
Skp1°KO leptotene cells was similar to that of wild type
leptotene cells, suggesting the occurrence of pre-meiotic
S-phase DNA replication (Supplementary Figure S2A).
The presence of >40 CREST foci in SkpI°K© leptotene-
like cells further supported the occurrence of pre-meiotic
DNA replication. We next examined the localization of
cohesins (Supplementary Figure S2B and C). REC8 and
STAGS3 are meiosis-specific cohesins and both localize to
the chromosome axes of sister chromatids (36,37,38). REC8
and STAG3 still formed filaments in SkpI<K© leptotene-like
cells, which overlapped with the SYCP3 filaments (Supple-
mentary Figure S2B and C). Collectively, these results show
that SKP1 plays a role in sister chromatid cohesion.

SKP1 restrains pre-DSB complex formation

We next sought to investigate the process of meiotic recom-
bination in SkpI<K© spermatocytes. In wild type sperma-
tocytes, HORMADI localizes to chromosome axes as fil-
aments at the leptotene stage and to unsynapsed axes at
the zygotene stage (Figure 2A). In contrast, HORMADI1
accumulates more dramatically on the unsynapsed axes
in Skpl-deficient spermatocytes at all stages (leptotene,
leptotene-like, and zygotene-like) (Figure 2A). In juvenile
testes, meiosis proceeds in a defined timeline. Spermatocytes
first progress to preleptotene/leptotene stages at P10, the
zygotene stage at P12, and the pachytene stage at P14. West-
ern blot analysis using the whole testicular lysates revealed
that the SKP1 protein was still abundant in SkpI<K© testis
at P10, but was severely depleted in SkpI<K© testes at P12,
P14 and P60 (adult) (Figure 3D). The residual SKP1 pro-
tein in Skp1°K© testes was presumably from progenitor sper-
matogonia and testicular somatic cells where Stra8-Cre was
not expressed. The abundance of HORMAD1 was compa-
rable between SkpI°KC and SkpI"/* testes at postnatal day



5132 Nucleic Acids Research, 2022, Vol. 50, No. 9

A 8-week testis B D P16
SO i

Skp1t+ Skp1°k0

, 2 % p<oot B
9] — Q
; ‘} 2 200 3
4 o 150
=
C 8-week testis % 100
_— [
Skp1"+ Skp1K0 > 50
skp1 A g g |
SYCP3 | Skp1"+  Skp1°° 2
ACTB ey e
E F o Skp1t+ Skp7e©
Leptotene Zygotene Pachytene Diplotene ab
" o
: 9 70 4
w
. a N E ° 60 <
9 8 50+
. %) c
8 40
(o)
Leptotene Leptotene-like Zygotene-like o 304
5 20
=~
»
[se]
=
o
>
»
Skp1"+ Skp1K0 H
G P P Skp1™+ Skp1eko
Zygotene Pachytene Leptotene-like Zygotene-like 140+ N
1204
Q
L
= ,(7) 1004
e i}
S ?.:) 80
S 60
&
E 40+ otsS=stee cepuping—
/ e 1 [92)
| 204 —e——
oc
o
o 0 T T T T
9 n=16 17 19 18
%) @(@ Q}(g/ NG NG
S$ & & &
» % &® g®
R 12

Figure 1. SKPI is essential for chromosomal synapsis and sister chromatid cohesion in male meiosis. (A) Reduced testis size in 8-week-old Skp/°¥© males.
(B) Reduced testis weight in 8-week-old SkpI°KC males (n = 3). Value = mean + s.d. (C) Western blot analysis of SKP1 in 8-week-old testes. SYCP3 and
ACTB serve as a meiosis-specific control and a loading control respectively. (D) Histology of testes from SkpI™/* and SkpI<K© males at postnatal days
16, 21 and 56. Zyg, zygotene; Zyg-like, zygotene-like; Pa, pachytene; Met, metaphase; RS, round spermatids; ES, elongated spermatids. Scale bar, 50 pm.
(E) Surface nuclear spread analysis of SkpI/"/* and SkpI®K© spermatocytes from P20 testes. Arrowheads indicate regions of synapsis (SYCP1-positive)
in SkpIV/* zygotene cells. Scale bar, 10 wm. (F) The percentage of each type of spermatocytes in SkpI™/* and SkpI°KC P20 testes. Value = mean + s.d.
180-220 cells per mouse and three mice per genotype were analyzed. (G) Immunofluorescence of centromeres in Skp//* and Skp1°¥O spermatocytes from
P20 testes. Scale bar, 10 pm. (H) The plot shows the number of CREST foci in SkpI"/* and Skp1°K© spermatocytes from P20 testes.
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10 (P10) but sharply increased in SkpI<KO testes at P12 and
beyond (Figure 3D). HORMAD? also accumulated more
substantially on the chromosome axis in Skp/%© spermato-
cytes (Supplementary Figure S3A and B). At the leptotene
stage, HORMADI recruits the IHO1-REC114-MEI4 pre-
DSB complex to the chromosome axis, which promotes
DSB formation by SPO11 (10). IHO1, REC114 and MEI4
formed foci on the chromosome axis in wild type leptotene
cells and these foci were of much higher intensity in Skp1K©
leptotene cells (Figure 2B-D). Quantification of fluores-
cence intensity showed that the signals of HORMADI,
IHO1, REC114 and MEI4 were increased by 3 to 6 folds
in Skp1°KO leptotene cells compared to SkpI"/* cells (Fig-
ure 2). Notably, the large THO1, REC114 or MEI4 blobs are
known to correspond to the mo-2 minisatellite regions (Fig-
ure 2B-D) (39). Collectively, these data support that SKP1
restrains the accumulation of HORMADI and thus the pre-
DSB complexes on the chromosome axis (Figure 2E).

ssDNA-binding proteins form abnormal foci and fibers in
Skp1-deficicent cells

We next examined the effect of Skp! deficiency on DSB
formation and repair. DSB leads to phosphorylation of
H2AX by ATM (40). Notably, YH2AX was present in
Skp1-deficient spermatocytes, indicating that meiotic DSBs
were generated (Supplementary Figure S3C). We next ex-
amined the effect of Skp/ deficiency on localization of RPA,
which binds to resected ssDNA. RPA2 is one of the three
subunits of the RPA complex (11). We found four abnor-
mal localization patterns of RPA2 in Skpl-deficient sper-
matocytes (Figure 3A-C). First, RPA2 foci were present in
all SkpIV* zygotene spermatocytes (n = 212 cells from four
P20 mice), however, 92% of SkpI°KO zygotene-like sperma-
tocytes had RPA2 foci, but the remaining 8% lacked RPA2
foci (n = 197 cells from four P20 mice). Second, RPA2 foci
were much larger and more intense in Skp/°K© spermato-
cytes than in Skpl"/* spermatocytes (Figure 3A). While
RPA2 fociin Skp1%/* cells were small and relatively uniform
in size, RPA2 foci in SkpI°K© spermatocytes were variable
in size with some being very large (Figure 3A). Specifically,
Skp1°KO leptotene cells had the largest RPA2 foci, followed
by leptotene-like and zygotene-like spermatocytes (Figure
3B). The number of RPA2 foci was lower in SkpI%0 lep-
totene cells, possibly due to the presence of unusually large
foci (Supplementary Figure S4A). Third, while RPA2 foci
were always present on the chromosome axis in SkpI%/*
cells, most RPA2 foci did not localize to the chromosome
axis in Skp1°KO cells, indicating that DSBs might be formed
on DNA loops (Figure 3A). Fourth, SkpI®®© spermato-
cytes contained RPA2 thread-like fibers, which were con-
nected to large foci in a spider-web-like pattern, whereas
such RPA fibers were never observed in SkpI™/* meiotic
cells (Figure 3C). Confocal microscopy revealed that each
large RPA2 focus in SkpI°¥O spermatocytes was a single
RPA aggregate but not a cluster of small foci (Figure 3C).
In addition, the thin RPA2 fibers emanating from the large
RPA2 aggregate/focus were often connected to the SYCP3
filaments in SkpI°K© spermatocytes (Figure 3C). The dra-
matically enlarged RPA2 foci and the formation of RPA2
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fibers in Skp1°K© spermatocytes indicate dysregulated DSB
processing and possible abnormal DSB end resection.

We examined the abundance of yH2AX and RPA2 in
Skp1°%0 and wild type testes at postnatal day 10, 12, 14 and
60 by western blotting analysis (Figure 3D). The abundance
of yH2AX and RPA2 was normalized to SYCP3 to account
for the reduced number of meiotic cells in SkpI°K© testes
due to the early meiotic arrest. The abundance of yH2AX
and RPA2 was increased in Skp/°KO testes at P12 and P14,
in comparison with the SkpI"/™ testes, indicating increased
DSB breaks or impaired DSB processing in SkpI°K© testes.

To further evaluate the process of meiotic recom-
bination, we examined other ssDNA-binding proteins
including MEIOB, SPATA22, DMCI and RADSI. The
MEIOB/SPATA22 complex interacts with RPA and
are required for meiotic recombination (18,19,20,21,41).
DNA recombinases RADS1 and DMCI1 drive strand
invasion into homologous DNA duplex during meiosis
(13,14,42.,43). Interestingly, foci of these four proteins were
also much larger and more intense in SkpI°*C spermato-
cytes and these proteins also formed long thread-like fibers
(Figure 4A-D). The number of DMCI foci and RADS1
foci was mostly increased in SkpI°¥© spermatocytes (Sup-
plementary Figure S4B and C). The large RPA2 foci and
SPATAZ22 foci nearly always overlapped, whereas ~60% of
RPA2 and DMCI foci overlapped (Supplementary Figure
S4D). The BRCA2-HSF2BP-BRMEI complex recruits
RADS51/DMCI to DSBs (15,16,17). HSF2BP and BRMEL1
were assembled as foci in wild type spermatocytes (Figure
4E and F). Larger foci of HSF2BP and BRMEI1 were
formed in SkpIK© leptotene-like and zygotene-like cells
(Figure 4E and F). Notably, the percentage of zygotene-like
cells with foci for each of these proteins examined was
reduced in SkpI¥O testis (Supplementary Figure S4E).
Taken together, these results reveal defects in early meiotic
recombination in Skp/°KO spermatocytes.

Synapsis failure in SkpI-deficient oocytes

In our previous study, we used Ddx4-Cre to inactivate Skp!
in female germ cells and found that SKP1 was required to
maintain chromosomal synapsis in pachytene oocytes but
the 2-month-old Skp! conditional knockout (Ddx4-Cre)
ovaries still contained oocytes (30). Ddx4-Cre begins ex-
pression at embryonic day 15 (E15), when oocytes are at
the pachytene stage (Supplementary Figure S1) (44). To in-
vestigate an earlier role for Skp/ in female meiosis, we em-
ployed Stra8-Cre. Stra8 is expressed in female germ cells
from E12.5, one day before meiotic onset (Supplementary
Figure S1) (35). Therefore, the Skp1%/~Stra8-Cre (Skp1°%0)
mutant allowed us to elucidate the function of SKP1 at an
earlier meiotic stage. Wild type (SkpI/*) ovaries at P16 and
P42 contained many follicles at various stages (Figure 5A).
The SkpI®®O ovaries at P16 and P42 were much smaller.
Histological analysis showed that oocytes were present at
a substantially reduced number in the SkpI°K© ovaries at
P16 but were absent in the mutant ovaries at P42 (Figure
5A). Immunofluorescence analysis using YBX2 as a marker
of oocytes (45) and oocyte counts revealed a sharply re-
duced number of oocytes in the SkpI°K© ovary at postna-
tal day one (P1) in comparison with the wild-type ovary
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Figure 4. Aberrant localization of DSB repair proteins in SkpI°KC spermatocytes. (A—F) Immunofluorescence analysis of MEIOB (A), SPATA22 (B),
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length of filaments in spermatocytes. Scale bar, 10 pm.

(Figure 5B). These results demonstrate that SKPI1 is re-
quired for survival of postnatal oocytes.

The early loss of oocytes in the SkpIK© ovary at P1 is
indicative of early meiotic defects (46). To monitor the pro-
gression of early meiosis in SkpI<K© females, we studied em-
bryonic ovaries. The levels of Skp/ mRNA and SKP1 pro-
tein were substantially reduced in E16.5 SkpIX© ovaries
(Supplementary Figure SSA and B). To examine chromo-
somal synapsis, we performed immunofluorescence analysis
of SYCP1 and SYCP3 in spread nuclei of oocytes at E16.5.
While SYCP1 localized to the synapsed regions of SC in
Skp1"* zygotene oocytes as expected, SYCP1 was absent
in zygotene-like oocytes from the SkpI<KC ovaries, indicat-

ing a failure in synapsis initiation (Figure 5C). Homologous
chromosomes were fully synapsed in SkpI"* pachytene
oocytes, however, the most advanced oocytes in the Skp1°K©
ovaries were pachytene-like cells, in which homologous
chromosomes were aligned but exhibited severe synap-
sis defects and very weak signals of SYCP1 (Figure 5C).
SYCEI, a component of SC central elements, also exhibited
weak signals in SkpI°%© pachytene-like oocytes (Supple-
mentary Figure SS5C) (47,48). Quantification showed that
most oocytes at E16.5 were pachytene cells in SkplV/*
ovaries and pachytene-like cells in SkpI°K© ovaries (Figure
SD). These results suggest that SKP1 is critical for synap-
sis initiation in female meiosis. Therefore, the requirement
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of SKP1 in chromosome synapsis is conserved in meiosis in
both sexes (49).

Abnormal accumulation of HORMAD1 and HORMAD?2 on
the chromosome axis in SkpIO oocytes

To determine whether SKP1 is required for removal of
HORMADI from chromosome axis in oocytes, we eval-
uated HORMADI in spread nuclei of E16.5 oocytes. As
expected, HORMADI was absent in SCs in wild type
pachytene oocytes. However, HORMAD1 was highly en-
riched on the chromosome axis in SkpIK© oocytes at the
zygotene-like (Supplementary Figure S5D) and pachytene-
like stages (Figure SE). Likewise, HORMAD?2 abnormally
accumulated on the chromosome axis in zygotene-like and
pachytene-like oocytes from E15.5 ovaries (Supplementary
Figure SSE). Together with our findings in Skp1<¥© sperma-
tocytes (Figure 2A), SKP1 restrains HORMAD1 accumu-
lation on the chromosome axis in meiotic germ cells from
both sexes.

In contrast with the large foci of RPA2 and MEIOB ob-
served in SkpI°®O spermatocytes (Figures 3 and 4A), the
sizes of RPA2 and MEIOB foci in the SkpI°¥© pachytene-
like oocytes were comparable with that in the control
oocytes (Figure SF). In addition, these ssDNA-binding pro-
teins did not form thin fibers in Skp1K© oocytes. The num-
ber of RPA2 foci was higher in SkpI®®© pachytene-like
oocytes, whereas the number of MEIOB foci was simi-
lar between mutant and control oocytes (Figure 5F). The
intensity of THOI1 foci appeared to be comparable be-
tween SkplK© zygotene-like oocytes and wild type zy-
gotene oocytes, however, IHO1 foci persisted in pachytene-
like Skp1°K© oocytes, in contrast with wild type pachytene
oocytes (Supplementary Figure S5F). These results show
that meiotic DSB repair defects are less severe in Skpl°K©
oocytes than spermatocytes.

Reduction of HORMADI1 rescues excessive accumulation of
pre-DSB complexes in SkpI¥© spermatocytes

HORMADI deficiency causes a failure in chromosomal
synapsis and a sharp reduction in the formation of meiotic
DSBs (33,50). Since HORMADI1 accumulates in Skp/K©
spermatocytes, we asked whether HORMAD1 reduction or
deficiency rescues meiotic defects in SkpI°K© mice. West-
ern blot and immunofluorescence analyses showed that
HORMADI was reduced in abundance in Hormadl*/~
testis or spermatocytes and absent in Hormadl /= testis
or spermatocytes (Supplementary Figure S6A and B).
Histological and nuclear spread analyses revealed that
the most advanced spermatocytes in SkpI°%° Hormadl*/",
Skp1%° Hormadl /- or SkpI™-Hormadl /- testes were
zygotene-like as in SkpI®O testis (Figure 6A and B).
We next examined the localization of RPA2 in SkpIV/*,
Skp1KC . Skp1V-Hormadl /-, Skpl1®*°Hormadl*/~, and
Skp1°¥0 Hormadl/~ spermatocytes and made several ob-
servations. First, while large RPA2 foci and RPA2 fibers
were still formed in SkpI°®C Hormadl*/- spermatocytes
(Figure 6B), the percentage of spermatocytes with RPA2
fibers was significantly reduced in SkpI®C Hormadl*/-
testis in comparison with SkpIKO testis (Figure 6C). Sec-

ond, the number of RPA2 foci in zygotene-like sper-
matocytes without RPA2 fibers was significantly lower
in SkpI®O Hormadl*/~ testis than SkpIKO testis (Figure
6D). These results indicate that HORMADI reduction in
Skp1°KO spermatocytes lessens the aberrant RPA2 localiza-
tion in SkpI°®© spermatocytes. Third, because DSB for-
mation and early recombination events were disrupted in
Hormadl~ testes (33,50), RPA2 foci were dramatically
decreased in SkpI"/~Hormadl /- leptotene-like spermato-
cytes compared with the SkpI/™/* controls (Figure 6B). In
contrast, the RPA2 foci were still higher in number and
larger in size in SkpI®®° Hormadl /- spermatocytes than
in Skp 1"~ Hormadl /- spermatocytes, indicating that SKP1
might also regulate meiotic DSBs independent of HOR-
MADI (Supplementary Figure S6C and D). Furthermore,
leptotene-like cells, which had separated sister chromatids,
were still present in the Skpl Hormadl double mutants.
These results suggest that SKP1 may have multiple roles in
meiosis: one that is epistatic to HORMADI and another
that appears to be independent of HORMADI.

We investigated the pre-DSB complex components [HO1
and REC114 in spermatocytes from mice of various geno-
types. IHO1 and REC114 still formed foci on the chromo-
some axis in SkpI®C Hormadl*/~ leptotene cells but with
lower intensity than in SkpI°KO leptotene cells (Figure 6B).
The signal intensity of IHO1 and REC114 was decreased by
64% and 53% respectively in SkpI°%C Hormadl ™/~ leptotene
cells compared to SkpI°KO leptotene-like cells (Figure 6E
and F). In addition, the number of IHO1 foci or REC114
foci in SkpI°¥0 Hormadl*/~ leptotene cells was significantly
lower than that in SkpI°K© leptotene cells but comparable
with that in SkpI¥* cells (Supplementary Figure S6E and
F). These results suggest that the reduced HORMADI level
decreases the pre-DSB complex on the chromosome axis.

HORMADI is essential for the formation of the numer-
ous small THOI1 or REC114 foci but dispensable for the
few (several) large IHO1 or RECI114 blobs, which corre-
spond to the mo-2 minisatellite regions (39). The small foci
were nearly absent but the large blobs were still present in
SkpI1°¥0 Hormadl '~ or SkpIV~Hormadl /- spermatocytes
(Figure 6B). In addition, these large IHO1 and REC114
blobs were larger in SkpI°®0 Hormadl /- (double mutant)
spermatocytes than in SkpI%/~Hormadl~/~ spermatocytes
(Figure 6G and H). Confocal microscopy analysis showed
that the large IHO1 blob at mo-2 sites consisted of a cluster
of smaller foci (Figure 61). These results suggest that SKP1
restrains the small IHO1/REC114 foci via HORMADI1 but
regulates the large IHO1/RECI114 blobs at mo-2 minisatel-
lite regions in a HORMAD1-independent manner.

Reduction of SPO11 fails to rescue defects in meiotic DSBs
in SkpI-deficient cells

Inactivation of SPO11 leads to a failure in meiotic DSB for-
mation (4,5). The Spoll heterozygosity decreases the num-
ber of DSBs in wild type (Atm*/*) mice and in Atm /-
mice (25,51). As a result, loss of one Spoll allele res-
cues some meiotic defects in Afm™/~ mice (52,53). To ad-
dress whether defects in DSBs in SkpI°KO spermatocytes
depend on SPOI11, we generated SkpI®OSpoll*/~ mice.
SkpI°®0Spol1*/~ spermatocytes showed zygotene-like ar-
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rest, which was similar to the Skp°¥C spermatocytes (Sup-
plementary Figure S7A). As expected, only a few RPA2
foci were observed in Skp!%/*Spol1-/~ spermatocytes (Sup-
plementary Figure S7B). The large RPA2 foci and spider-
web like RPA2 fibers were still present in SkpI¥0Spo11*/-
spermatocytes (Supplementary Figure S7B). The percent-
age of spermatocytes with RPA2 fibers was similar be-
tween SkpI°KO testes and SkpI®®CSpoll*/- testes (Sup-
plementary Figure S7C). IHOI1 foci were still formed
in Skp1"/* Spol1-/~ spermatocytes (Supplementary Figure
S7B), which could be explained by the model that the
pre-DSB complex (IHO1-REC114-MEI4) functions up-
stream of SPO11 (Figure 2E) (10). The IHOL1 signal in-
tensity was similar between SkpI°KC and SkpI°¥°Spol1*/-
spermatocytes but was more intense than that in Skp/%/*
or SkpI"*Spoll-/~ spermatocytes (Supplementary Figure
S7B). These results demonstrate that reduction of SPO11
does not ameliorate the DSB defects in SkpI<K© spermato-
cytes.

SCF-FBXO047 targets HORMADI1 for ubiquitination and
degradation

In the SCF complex, SKP1 binds to an F-box protein
through the conserved 40-aa F-box domain (27,29). The
F-box family of proteins provides substrate specificity for
ubiquitination by the SCF complex. HORMADI1 accu-
mulates dramatically on synapsed SC in Skpl-deficient
pachytene cells from the inducible Skp/ mutant (30). The
abundance of HORMADI1 on unsynapsed chromosome
axis in SkpI°¥© spermatocytes was increased by three
folds (Figure 2A). Thus, SKP1 could inhibit accumulation
of HORMADI1 on both synapsed and unsynapsed SCs
in Skpl mutant spermatocytes through the same mecha-
nism. To identify the F-box proteins that recognize HOR-
MADI, we chose several potential candidates: FBXWS,
FBXW17, FBX028 and FBXO47, because peptides of
FBXWS8, FBXW17, and FBXO28 were present in the same
mass spectrometry dataset that identified SKP1 and HOR-
MADI (18) and FBXO47-deficient mice showed meiotic ar-
rest (54,55). F-box proteins physically interact with their
substrate proteins (56). We performed co-transfections to
express epitope-tagged proteins in HEK293T cells. SKP1,
FBXWS8, FBXW17, and FBXO028 are ubiquitously ex-
pressed and thus are expected to be present in HEK293T
cells. FBXO47 and HORMADI are meiosis-specific and
thus are expected to be absent in HEK293T cells (33,54,57).
We tested the interaction of HORMADI1 with these four
candidate F-box proteins by co-transfection in HEK293T
cells followed by co-immunoprecipitation. HORMADI
was complexed with FBXO47 but not with FBXWS,
FBXW17 or FBX028 (Figure 7A-D). As expected, SKP1
was associated with F-box proteins such as FBXO028 and
FBXO047 (Figure 7E, F).

To test whether HORMADI is ubiquitinated by the SCF
ubiquitin E3 ligase, we transfected HEK293T cells with
constructs expressing HA-ubiquitin, VS-HORMADI and
one of the following F-box proteins: FBXW8, FBXW17,
FBXO028 and FBX047 (Figure 7G). V5-HORMADI1 was
immunoprecipitated with the anti-V5 antibody and sub-
jected to Western blotting with anti-HA antibody to

detect poly-ubiquitinated isoforms. We detected poly-
ubiquitinated protein species in the presence of FBX047
but not any of the other three F-box proteins examined
(Figure 7G). As expected, the band intensity of HOR-
MADI1 (non-ubiquitinated) in the FBXO47 lane was much
lower than in other lanes, suggesting that the majority
of HORMADI1 was polyubiquitinated (Figure 7G). These
results demonstrate that FBXO47 recognizes and targets
HORMADI for poly-ubiquitination.

DISCUSSION

SKPI1 is an evolutionarily conserved core subunit of the
SCF ubiquitin E3 ligases and functions as an adaptor in
these holoenzyme complexes (27). Some species such as
mouse, human, and yeast have only one Skp/ gene, while
others, such as C. elegans, Arabidopsis and Drosophila have
multiple Skpl homologues (up to 21) due to gene duplica-
tions (58,59,60). Functionally, zygotic knockdown of Skri-
1/2 (two closely related Skpl homologues) in C. elegans re-
sults in meiotic arrest (58) and one of the Skp/-related genes
(Askl) in Arabidopsis is essential for male meiosis (61). A
temperature-sensitive Skp/ fission yeast mutant exhibits ab-
normal spindle bending in meiosis I and defects in reso-
lution of meiotic recombination intermediates (62). Yeast
and Drosophila SCF regulates SC assembly (60,63). In mice,
inducible depletion of SKP1 in meiotic cells reveals an es-
sential role for SKP1 in the maintenance of chromosomal
synapsis and the metaphase to prophase transition during
meiosis I (30). In this study, we demonstrate that SKP1
plays crucial and distinct roles in DSB homeostasis, synap-
sis initiation, and sister chromatid cohesion in early meio-
sis in mice. These studies support that SKP1/SCF regulates
multiple key molecular processes in meiosis in sexually re-
producing organisms.

The ATM kinase is essential for meiosis (23,24) and
Atm-deficient spermatocytes display both synapsis fail-
ure and increased DSBs (10 times more DSBs) in mice
(12,22,23,24,25,26). The role of ATM (its yeast homologue
Tell) in control of the meiotic DSB number is conserved
in budding yeast (64,65). The Spoll heterozygosity re-
duces the number of DSBs in otherwise wild type mice
(51). Likewise, the number of meiotic DSBs is reduced in
Atmi/~Spoll*/~ mice in comparison with A/~ mice (25).
In mice, chromosomal synapsis and meiotic recombination
are inter-dependent. Notably, chromosomal synapsis is re-
stored in Atmi/~Spoll*/~ mice (52,53), suggesting that the
synapsis failure in Azm~/~ mice is most likely to be a sec-
ondary effect of altered DSB homeostasis (25). Thus, the
synapsis failure in Skp/°K© germ cells could also be due to
defective DSB homeostasis. However, Spol heterozygosity
could not rescue the synapsis failure in SkpI°%° germ cells,
suggesting a different underlying mechanism. While ATM
restrains DSB formation (12,25), HORMADI1 does not ac-
cumulate excessively on the chromosome axis in A/~
spermatocytes (57), indicating that ATM may not function
through HORMADI. In contrast, in SkpI°¥° meiotic cells,
HORMADI1 accumulates dramatically on the chromosome
axis, with concurrent accumulation of pre-DSB (IHO1-
REC114-MEI4) complexes. Moreover, Hormadl heterozy-
gosity reduces the number and intensity of foci of RPA2 and
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Figure 7. FBXO47 interacts with and targets HORMADI for polyubiquitination. (A-D) Co-immunoprecipitation analyses of HORMAD1 with FBXW8
(A), FBXW17 (B), FBXO28 (C) and FBX047 (D) in HEK293T cells. (E, F) Co-immunoprecipitation analyses of SKP1 with FBXO28 (E) and FBX047
(F) in HEK293T cells. (G) Polyubiquitination assays of HORMADI in the presence of FBXWS8, FBXW17, FBX028 or FBX047. All co-transfections
were performed in HEK293T cells and the experiments were performed twice (A-G). (H) A working model for ubiquitination-mediated degradation of
HORMADI1. FBX047 interacts with both SKP1 and HORMADI. Cullinl is a scaffold protein for the SCF complex. RBX1 recruits an E2 enzyme.

pre-DSB components in Skp/¥© spermatocytes. We pro-

pose a working model in which SKP1-dependent regulation
of HORMADI levels on the chromosome axis contributes
to DSB homeostasis (Figure 2E). These studies suggest that
the SCF ubiquitin E3 ligase and the ATM kinase regulate
meiotic DSB homeostasis through distinct mechanisms.
The abnormal localization of DSB repair proteins in
Skp1°KO spermatocytes suggests that SKP1 may act to pre-
vent excessive formation of DSBs and/or end resection. The
DSB repair proteins exhibit unusually large foci and long
thin threads in SkpI°%© spermatocytes (Figures 3 and 4).
Such phenotypes are not known in any other mouse mei-
otic mutants. We postulate that the unusually large size of
RPA foci in SkpI¢K© spermatocytes might be caused by for-
mation of multiple DSBs in proximity. In wild type meiotic
cells, the average length of the ssDNA after DSB end re-
section is about 1 kb (11,12). The long RPA thin threads in
SkpI°KO spermatocytes may represent super long ssDNA,
which could be generated by defective DSB end resection.
SCF regulates the SC assembly and meiotic recombina-
tion in diverse species. In budding yeast, depletion of Cdc53
(cullin) or the Cdc4 (an F-box protein) mutation causes
defects in the SC assembly (63). In rice, F-box proteins
MOF and ZYGOI mediates homologue pairing, synapsis,
and meiotic DSB processing (66,67). In Drosophila female
meiosis, SkpA regulates the SC formation and maintenance
through FBXO42-mediated downregulation of the phos-
phatase subunit PP2A-B56 (60). Mouse HORMADI is es-
sential for both chromosomal synapsis and meiotic recom-
bination (33,50). In this study, conditional inactivation of

SKPI1 using the Stra8-Cre prior to meiosis demonstrates
that SKP1 is required for initiation of chromosomal synap-
sis. In mice, HORMADI is present on unsynapsed but not
on synapsed chromosome axes. Eviction of HORMADI1
appears to be a pre-requisite for synapsis. In Skp/°¥0 mei-
otic germ cells, the failure in chromosomal synapsis is likely
caused by the accumulation and persistence of HORMAD1
on the chromosome axis. Notably, HORMADI also accu-
mulates on the chromosome axis in 7rip/3 mutant sper-
matocytes (57). Although the Tripl3 mutant spermatocytes
showed substantial homologue synapsis, they still displayed
asynapsis at centromeric chromosome ends and some inter-
stitial asynapsis (68,69). Therefore, the synapsis defects were
still present in Tripl3 mutant spermatocytes but less severe
than in the SkpI°KC spermatocytes. There are two possible
explanations for the difference in the severity of synapsis
defects between these two mutants. First, the level of HOR-
MADI1 accumulation on the chromosome axis appears to
be much higher in Skp/°%°© mutant than in Trip/3 mutant
cells. Second, the Tripl3 mutant allele in the 7Tripi3 stud-
ies was a gene-trap allele and thus could be a hypomorphic
allele rather than a null allele (57,68,69). Co-transfections
in HEK293T cells show that SCF-FBXO047 targets HOR-
MADI for polyubiquitination. However, FBXO047 is un-
likely to be the sole F-box protein required for chromo-
somal synapsis in mice, since Skp/°KO spermatocytes com-
pletely lack synapsis but the FBXO47-deficient spermato-
cytes still display substantial synapsis, indicating that addi-
tional F-box proteins are involved (54,55). C. elegans Prom-
1 is a homologue of FBXO47. The SCF-Prom-1 E3 ligase
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downregulates mitotic cell cycle regulators at meiotic en-
try (70). While these studies support an evolutionarily con-
served role for the SCF ubiquitin E3 ligase in SC assembly,
they also underscore the complexity of the SCF functions
in meiosis. There are 69 mammalian F-box proteins (28).
SKP1 plays multiple roles in meiosis in mice. It is possible
that different F-box proteins may be involved in synapsis
formation, DSB homeostasis, and sister chromatid cohe-
sion. It is also possible that SKP1 may function in some
aspects of meiosis independent of the SCF complex.

Sister chromatid cohesion is established during DNA
replication. During meiotic prophase I, the chromosome
axes form axial elements consisting of cohesins, HORMA -
domain proteins, and axial synaptonemal complex proteins
(71). Axial elements are important for chromosomal synap-
sis and meiotic recombination. REC8, a meiosis-specific co-
hesin, ensures synapsis between chromosome homologues
rather than between sister chromatids (36,38,72). We find
that depletion of SKP1 causes defective sister chromatid
cohesion in leptotene-like spermatocytes. Meiosis-specific
cohesins (REC8 and STAG?3) and the SC proteins still lo-
calize to the axial cores of the separated sister chromatids
in SkpI°KO leptotene-like cells. These observations suggest
that SCF plays a key role in sister chromatid cohesion but
the mechanism remains unknown. There are several possi-
bilities. First, SCF targets many cell cycle drivers such as
cyclins and thus is a key regulator of the cell cycle progres-
sion (73). It is possible that delayed meiotic entry may con-
tribute to defective sister chromatid cohesion in Skp1°K©
leptotene-like cells. Second, SCF may directly target regu-
lators of sister chromatid cohesion. Third, sister chromatid
cohesion appears to be intact in the majority of Skpl°K©
spermatocytes (leptotene and zygotene-like). The intact sis-
ter chromatid cohesion may be attributed to a possible de-
layed depletion of the SKP1 protein in these conditional
knockout cells. Regardless of mechanisms, defects in sister
chromatid cohesion could affect chromatin loop formation,
DSB formation and processing. Sister chromatid cohesion
is coupled with the pre-meiotic S phase DNA replication,
which in turn is directly linked with recombination initia-
tion (74,75,76). Therefore, we postulate that the SCF ubig-
uitin E3 ligase plays a key role in the coordination of sis-
ter chromatid cohesion, meiotic DNA replication, and DSB
processing.

Although male and female SkpI°®O germ cells exhibit
similar meiotic defects: a failure in synapsis, a failure in mei-
otic recombination, and excessive accumulation of HOR-
MADI on the chromosome axis, they also have differences.
First, the synaptic defect is less severe in SkpI°KO oocytes,
which still display limited synapsis. In contrast, the Skp1K©
spermatocytes completely lack synapsis. Second, defects in
sister chromatid cohesion are present in Skp/°%© sperma-
tocytes but not in SkpI¥© oocytes. Third, meiotic recom-
bination defects are less severe in mutant oocytes than in
mutant spermatocytes. The large foci and long thin threads
of DSB repair proteins such as RPA are present in Skp1K©
spermatocytes but not in oocytes. Lastly, pre-DSB complex
components accumulate excessively only in Skpl°K© sper-
matocytes. The difference in the severity of meiotic defects
between Skp°¥O males and females could be due to the dif-
ferential duration of SKP1 deletion before meiotic initia-

tion in males and females. In males, Stra8-Cre is expressed
at postnatal day three, seven days before meiotic initiation,
which allows SKP1 to be efficiently depleted before germ
cells enter meiosis (Supplementary Figure S1) (34,35). In
contrast, Stra8-Cre is expressed at E12.5 in females, one
day before meiotic onset, leaving less time for SKP1 to be
depleted before meiotic prophase I (Supplementary Figure
S1). However, the sex-specific differences in meiotic defects
in Skp1°%0 mice could also be due to sexual dimorphism of
meiosis itself (77).
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