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machineries to defend the mammalian germ line

Graphical abstract

Domains: TFIIS-M SPOC

SPOCD1 conserved a-helix
‘2 Reeafs| Defective spermatogenesis
Sqi1orsl W N Infertility
]
> 7R W B 1] LINE1 expression

L971R: Destabilised SPOC domain Q119fs: Deleted a-helix interacts

with C190RF84

spocp1[ W M ]
i
C190RF84 |

\Q C190rf84*

conservation

Wild-type

> SPOCD1('Z-90R'=84
DNMT3L,
DNMT3C
T

®mCpG

piRNA-directed DNA methylation
Germline protection

Defective DNA methylation
Male infertility

Highlights

e SPOCD1 is required for human male fertility and transposon

silencing

e SPOCD1 associates with the uncharacterized protein
C190RF84

e C190RF84 is essential for piRNA-directed transposon
methylation in mice

e C190RF84 bridges the piRNA and de novo methylation
machineries in vivo

Zoch et al., 2024, Molecular Cell 84, 1021-1035

https://doi.org/10.1016/j.molcel.2024.01.014

March 21, 2024 © 2024 The Author(s). Published by Elsevier Inc.

Authors

Ansgar Zoch, Gabriela Konieczny,
Tania Auchynnikava, ...,

Atlanta G. Cook, Frank Tuttelmann,
Dénal O’Carroll

Correspondence

ansgar.zoch@ed.ac.uk (A.Z.),
donal.ocarroll@ed.ac.uk (D.O.)

In brief

Zoch et al. revealed a functional
conservation between the mouse and
human nuclear piRNA pathways. Analysis
of human SPOCD1 loss-of-function
variants led to the discovery of
C190RF84, an uncharacterized protein
that connects the piRNA apparatus to the
DNA methylation machinery in vivo
ensuring the integrity of the germ line.
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SUMMARY

In the male mouse germ line, PIWI-interacting RNAs (piRNAs), bound by the PIWI protein MIWI2 (PIWIL4),
guide DNA methylation of young active transposons through SPOCD1. However, the underlying mechanisms
of SPOCD1-mediated piRNA-directed transposon methylation and whether this pathway functions to protect
the human germ line remain unknown. We identified loss-of-function variants in human SPOCD1 that cause
defective transposon silencing and male infertility. Through the analysis of these pathogenic alleles, we
discovered that the uncharacterized protein C190RF84 interacts with SPOCD1. DNMT3C, the DNA methyl-
transferase responsible for transposon methylation, associates with SPOCD1 and C190RF84 in fetal gono-
cytes. Furthermore, C190RF84 is essential for piRNA-directed DNA methylation and male mouse fertility.
Finally, C190RF84 mediates the in vivo association of SPOCD1 with the de novo methylation machinery.
In summary, we have discovered a conserved role for the human piRNA pathway in transposon silencing

and C190RF84, an uncharacterized protein essential for orchestrating piRNA-directed DNA methylation.

INTRODUCTION

Transposons pose a major threat to the integrity and continuity of
the germ line. In mammals, transposon expression is restrained
by DNA methylation.” However, in the developing germ line the
genome undergoes demethylation followed by de novo methyl-
ation.” In the male mouse germ line, the threat posed by young,
active transposons during the period of genome hypomethyla-
tion is neutralized by RNA-based silencing mechanisms.®
Through base-complementarity, piRNAs guide the PIWI protein
MILI (PIWIL2) to destroy cytoplasmic transposon mRNAs and
tether the nuclear PIWI protein MIWI2 (PIWIL4) to nascent trans-
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Updates

poson transcripts.®* This tethering initiates gene silencing
through the recruitment of factors to the nascent RNA and culmi-
nates in DNA methylation. Recently, proteins associated with
MIWI2 in fetal gonocytes undergoing de novo genome methyl-
ation have been defined.>® Among these, TEX15 and SPOCD1
have been showed to be essential for piRNA-directed trans-
poson methylation.>® Furthermore, SPOCD1 links MIWI2 to
the de novo DNA methylation machinery.® However, the underly-
ing mechanisms of SPOCD1 in this process are not fully
understood.

The de novo DNA methylation machinery is composed of the
adaptor protein DNMT3L and the DNA methyltransferases
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DNMT3A, DNMT3B, and DNMT3C.? DNMT3L interacts with and
stimulates the de novo DNA methyltransferases and is required
in the developing germ line for the methylation of the entire
genome.” ' The division of labor between DNMT3A,
DNMT3B, and DNMT3C in the de novo genome methylation of
fetal male germ cells has recently been defined. DNMT3A meth-
ylates the vast majority of the genome except for the promoter
elements of young long interspersed nuclear element 1 (LINE1)
and endogenous retrovirus (ERV) intra-cisternal A-type particle
(IAP) transposons, which is the task of DNMT3C.""'® Genetic
studies have shown that DNMT3C, MIWI2, and SPOCD1 share
the same target loci, and it is acknowledged that DNMT3C is
the methyltransferase downstream of the piRNA pathway.>>""
Despite this central role in piRNA-directed DNA methylation
DNMT3C remains enigmatic; visualization of the protein or a
physical link to the piRNA pathway in fetal germ cells has not
been achieved.

Homozygosity of loss-of-function variants in human piRNA
pathway genes has been compellingly associated with male
infertility."“* However, whether the genetic inactivation of the
human pathway leads to transposon deregulation remains un-
known. The murine piRNA pathway utilizes both the cytoplasmic
RNAi-like mechanism and DNA methylation to silence transpo-
sons.® One contrasting feature between the human and mouse
pathways is that the human genome lacks a Dnmt3c ortho-
logue."™"? Indeed, DNMT3C is rodent-specific and derived
from duplication of the Dnmt3b gene.'''>?® This fact brings
into question the role of the nuclear branch of the piRNA pathway
in mediating transposons silencing in the human germ line.?
Thus, a role for the human piRNA pathway in transposon
silencing remains undetermined.

RESULTS

SPOCD1 is required for human male fertility and
transposon silencing

To explore a possible role for SPOCD1 in human male fertility, we
screened exome sequencing data from the Male Reproductive
Genomics (MERGE) and Genetics of Male Infertility Initiative
(GEMINI) studies. We identified three infertile men with non-
obstructive azoospermia and elevated follicle-stimulating hor-
mone (FSH) levels indicative of spermatogenic failure that carried
homozygous variants in the SPOCD1 gene (Figures 1A and 1B),
which are absent in gnomAD.?° Individual M3457 comes from a
consanguineous family and carries the homozygous missense
variant SPOCD1 NM_144569.6:c.2912T>G (p.Leu971Arg) that
results in substitution of leucine 971 to an arginine in the SPEN or-
tholog and paralog C-terminal (SPOC) domain of SPOCD1
(Figures 1B, 1C, and S1A). No testicular tissue of this patient
was available. The individual GEMINI-88 was also from a con-
sanguineous family, and homozygous for the SPOCD1 NM_
144569.6:¢.3354_3355insA (SPOCD1°3354-3355isA) g|lgle, char-
acterized by a single base insertion in the last exon. This insertion
results in a frameshift variant that encodes the SPOCD1
p.GIn1119ThrfsTer66 (SPOCD1-Q1119fs) mutant protein, in
which the carboxy-terminal 97 amino acids are deleted (Figures
1B, 1D, and S1B). Seminiferous tubules in the testes of Gemini-
88 individual presented as Sertoli cell only lacking all germ cells
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(Figure 1E), aknown consequence of defective transposon meth-
ylation in mice.*%"?® Individual M2021 carried an allele that en-
coded a frame-shift variant due to a two base pair deletion,
SPOCD1 NM_144569.6:c.1991_1992del (SPOCD1¢7997-1992dely
in exon 8 (Figures 1B, 1F, and S1C). Further sequencing revealed
that the parents and a fertile brother of individual M2021 were het-
erozygous carriers of the SPOCD1°7997-19929¢ g)jglg (Figure 1F).
Histological analyses of testis biopsies from individual M2021
revealed aberrant seminiferous tubules that either had a
meiotic arrest or were devoid of germ cells (Sertoli cell only) (Fig-
ure 1G). Inrare tubules, we also observed the presence of individ-
ual round spermatids (Figure 1G). Furthermore, LINE1 ORF1p
expression was detected in spermatogonia from individual
M2021 but not from a healthy individual (Figure 1H). In summary,
SPOCD1 is essential for human male fertility and transposon
silencing.

Structural integrity of the SPOC domain is required for
SPOCD1 function

These pathogenic alleles associated with human male infertility
could provide insight into the molecular function of SPOCD1.
SPOCD1°7997-1992del g |ikely a null allele given that our
Spocd1™ mouse allele contains a similar missense mutation
in exon 7,° which is syntenic to human exon 8 (Figures 1B
and S1C). Should the transcript escape nonsense-mediated
decay,?® this would lead to a severely truncated SPOCD1
p.Arg664GinfsTer57 (SPOCD1-R664fs) protein (Figures 1B
and S1C). The SPOCD1 ¢.2912T>G allele results in a
Leu971Arg substitution in the SPOC domain (Figures 1B and
S1A). This residue is highly conserved within the SPOCD1
SPOC domain (Figure 2A). In fact, it is also conserved with
the related PHF3 and DIDO1 SPOC domains, but not in the
more distant SPOC domains of SPEN and RBM15 (Figure S2A).
To understand the contribution of Leu971 to the SPOC domain,
we solved the crystal structure of the mouse SPOCD1 SPOC
domain at 1.7 A resolution (Figure 2B; Table 1). SPOC domains
are distorted B-barrels usually composed of 7 B strands and a
variable number of surrounding o helices.*® The B-barrel of the
SPOCD1 SPOC domain is composed of 8 B strands sur-
rounded by 5 o helices (Figure 2B). The SPOC domain of
PHF3 interacts with phosphorylated serine 2 of the RNA poly-
merase Il (RNAPII) carboxy-terminal domain (CTD).*" The two
phospho-serine residues are bound by two highly positively
charged patches on PHF3°' (Figure 2C). The SPOC domain
of SPOCD1 does not interact with the RNAPII CTD,** nor
does SPOCD1 associate with RNAPII in fetal gonocytes.® The
structure of the mouse SPOCD1 SPOC domain revealed two
smaller, closely spaced, positively charged patches and
notably a highly negatively charged patch (Figure 2B), which
would be incompatible with phospho-peptide binding in the
same manner as PHF3. Furthermore, the conservation analysis
showed that the SPOCD1 SPOC domain has conserved resi-
dues clustered on a different surface (Figures 2B and 2D),
consistent with a different function to PHF3. Leucine 971 in hu-
man SPOCD1 corresponds to Leucine 792 in the mouse. In our
crystal structure of the mouse SPOCD1 SPOC domain, Leucine
792 is located at the end of the seventh B strand, and the side
chain contributes to the hydrophobic core of this region of the
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Figure 1. SPOCD1 is essential for human fertility and transposon silencing

(A) Table of clinical data for three identified infertile men carrying homozygous SPOCD1 variants. FSH, follicle-stimulating hormone; LH, luteinizing hormone; T,
testosterone; TV, testicular volume right/left; IU, international unit; NA, not available. Reference values: FSH 1-7 IU/L, LH 2-10 IU/L, T > 12 nmol/L, TV > 12 mL.
(B) Schematic representation of human SPOCD1 variants identified in the three infertile men.

(C) Pedigree of individual M3457 and sequencing trace of SPOCD1 exon 15 harboring the SPOCD1°-2°"2™C yariation with substituted nucleotide highlighted.
NOA, non-obstructive azoospermia.

(D) Pedigree of individual GEMINI-88 and sequencing trace of SPOCDT exon 16 harboring the SPOCD1°-3354-33%5insA yariation with inserted nucleotide high-
lighted from GEMINI-88.

(E) Periodic acid-Schiff (PAS) and hematoxylin-stained testis sections of GEMINI-88 and control individual. SCO, Sertoli cell only. Scale bars, 50 um.

(F) Pedigree of individual M2021 and sequencing trace of part of SPOCD7 exon 8 harboring the SPOCD 1¢-997-1992%€! \ajation from M2021 and brother; missing
nucleotides are indicated. WT, canonical SPOCD1 allele; MUT, SPOCD 15 7997-19920¢l gjjgle,

(G) PAS and hematoxylin-stained testis sections of M2021. SPG, spermatogonia; SPCs, spermatocytes; RSs, round spermatids; MeiA, meiotic arrest; SCO,
Sertoli cell only. Scale bars, 5 and 50 pm.

(H) Testis section of M2021 and control individual stained for LINE1 ORF1p (brown 3,3'-diaminobenzidine [DAB] stain). SPG, spermatogonia. Scale bars, 50
and 5 pm.

See also Figure S1.

SPOC domain (Figure 2D). The substitution of the non-polar,
aliphatic side chain of Leucine 792 with that of a charged argi-
nine in the SPOCD1 L792R protein is likely incompatible with
domain folding (Figure 2D). Indeed, although the recombinant
wild-type mouse SPOCD1 SPOC domain expressed well in
E. coli, the L792R mutant did not (Figure S2B). This suggests

cells (Figure 2E). Although the molecular function of the
SPOCD1 SPOC domain remains unknown, our data indicates
that it is essential for SPOCD1 function.

The carboxy-terminal region of SPOCD1 associates with
C190RF84

that the SPOCD1 ¢.2912T>G allele encodes a protein with a
misfolded SPOC domain. Although the domain is unfolded, it
did not affect the expression of the mouse SPOCD1 L792R
protein or human SPOCD1 L971R protein in HEK293T (293T)

The SPOCD193354-3355insA yathogenic allele was intriguing because
the variant resides in the last exon, sparing the transcript from
nonsense-mediated decay and potentially expressing a truncated
protein. Indeed, the SPOCD1-Q1119fs mutant protein was stable
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Figure 2. Crystal structure of SPOCD1 SPOC domain
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(A) Multiple sequence alignment of the SPOCD1 SPOC domains from indicated species. Sequence identity conservation is denoted by depth of color. Red box

highlights homologous position of human L971.

(B) Crystal structure of the mouse SPOCD1 SPOC domain, displayed from left to right as cartoon view indicating C and N terminus, surface conservation, and

surface charge.

(C) Surface charge of PHF3 SPOC domain with RNA polymerase Il CTD diheptapeptide phosphorylated on Ser2 (2xS2PCTD). PDB: 6IC8. Structures in (B) and

(C) are shown in the same orientation.

(D) SPOCD1 SPOC domain shown in alternative orientation with residue L792 highlighted in red in the cartoon ribbon display and circled in the surface con-
servation and charge displays. Below is a zoom in on region around L792 with interacting residues highlighted in gray and distances between residues indicated.
A similar view shows the modeling of the L792R mutation, indicating clashes with the surrounding residues.

(E) Western blot of HEK293T cell expression of indicated full-length human and mouse SPOCD1. See also Figure S2.

when expressed in 293T cells (Figure 3A). Protein sequence anal-
ysis predicts that the deleted 98 amino acids contain a conserved
and ordered region (Figure 3B). The AlphaFold2 model of human
and mouse SPOCD1%*** also predicts the first part of the deleted
C terminus to be an ordered a. helix, with the remainder being un-
structured (Figures 3C and S3A). Collectively, these observations
indicated that the deleted polypeptide region in SPOCD1-
Q1119fs is essential for SPOCD1 function and could mediate

1024 Molecular Cell 84, 1021-1035, March 21, 2024

an interaction through the conserved region. To explore this possi-
bility, we tested two SPOCD1-associated factors from mouse fetal
testis® (Figure S3B), DNMTB3L, and the uncharacterized C190RF84
protein. C190RF84 was of interest because, like other key factors,
its expression is restricted to the period of de novo DNA methylation
(Figure 3D). C190RF84 is also an uncharacterized protein of un-
known function. We found that the C terminus of mouse SPOCD1
(amino acids 825-1,015) mediated an interaction with mouse
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Table 1. SPOC domain data collection and refinements

Data collection

Beamline
Wavelength (A)
Space group

Unit cell

Resolution (A)
Reflections
Unique reflections

Diamond beamline 104
0.97949
P2,242,4

a=54.52 A, b =56.62 A,

c=97.66A
a=90,b=90,g=290
54.52 -1.70 (1.79 - 1.7)
160,141 (16,403)
33,752 (4,799)

Rmeas (%) 0.062 (0.513)
CC (1/2) 0.999 (0.802)
Completeness (%) 99.2 (98.7)
Mean I/sl 13.2 (2.1)
Multiplicity 4.7 (3.4)
Refinement

Rwork/Rree 0.201/0.237
RMS bonds 0.007

RMS angles 1.037
Ramachandran outliers 0%

Allowed 0

Partially allowed 0

Disallowed 0

Total number of atoms 4,679
Protein atoms 4,403
Water/ligands 276

Average B factor (protein/solvent) (Az) 32.0

C190RF84 when expressed in 293T cells (Figure 3E). We
confirmed that full-length SPOCD1 and C190RF84 could recipro-
cally co-precipitate each other in 293T cells, and the interaction
was independent of SPOCD1’s conserved SPOC and
transcription factor S-Il central (TFIISM) domains (Figures 3F,
S3C, and S3D). Indeed, the conserved residues 942-964 of
SPOCD1, which are predicted to form an « helix, were required to
co-precipitate C190RF84 (Figures 3G, S3E, and S3F). The
AlphaFold2 model predicted that C190RF84 is predominantly
disordered with a central conserved a-helical region®***
(Figures S3G and S3H). We mapped the mouse SPOCD1-
C190RF84 association to amino acids 81-90 of mouse
C190RF84 (Figures 3H, S3G, and S3H). Finally, we demonstrated
that the human SPOCD1 and C190RF84 reciprocally co-precipi-
tated when expressed in 293T cells but that the human SPOCD1-
Q1119fs protein failed to interact with human C190RF84
(Figures 3l and 3J). Next, we raised antibodies against mouse
C190RF84 (Figures S4A-S4C). Using these antibodies for immu-
noprecipitation mass spectrometry (IP-MS) from E16.5 fetal testis
extracts, we found C190RF84 associated with SPOCD1 (Figure 3K;
Table S1). The overlap of C190RF84- and epitope tagged
SPOCD1-associated factors from fetal testis was modest (Fig-
ures 3K and S3lI; Table S1). This is likely due to technical reasons.
Firstly, the custom antibodies give higher background obscuring
some associations. Secondly, the binding of antibodies to
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C190RF84 epitopes could displace factors from the complex,
which is especially relevant given that C190RF84 is a small
protein. Recombinantly expressed C190RF84 fragment en-
compassing the first 100 amino acids could pull down a C-terminal
SPOCD1 fragment (amino acids 900-1,000) (Figure 3L). Analytical
size exclusion chromatography (SEC) further demonstrated
that the SPOCD1 fragment elutes at an earlier volume when co-in-
jected with C190RF84 fragment, as compared with SPOCD1
fragment alone (Figure 3M). In summary, we demonstrated
that the SPOCD1-C190RF84 interaction can be recapitulated us-
ing recombinant fragments of the respective mouse proteins. In
conclusion, we have identified the uncharacterized C190RF84 as
an interactor of SPOCD1 that is likely to function in transposon
silencing.

DNMT3C associates with the SPOCD1 and C190RF84 in
fetal gonocytes

Our mouse C190RF84 antibodies allowed us to demonstrate
that C190RF84 is restricted to germ cell nuclei during the
period of de novo methylation (Figures 4A, 4B, S4C, and
S4D). Not only does the expression of C190RF84 coincide
with that of SPOCD1, but both proteins co-localize in gono-
cytes (Figures 4C and S4E). This is most apparent at E18.5
when both SPOCD1 and C190RF84 are found throughout the
nucleoplasm and in foci, which we termed C190RF84 foci
(Figures 4C and S4E). Approximately 30% of fetal gonocytes
exhibited C190RF84 foci at E18.5 with a median number of 3
foci per cell (Figure 4D). Almost all C190RF84 foci co-localized
with SPOCD1 foci (Figure 4E). Although the function and impor-
tance of these foci remain unknown, they allow us to explore
which other factors co-localize to C190RF84 foci. To this
end, we used endogenously tagged hemagglutinin (HA) epitope
alleles for Miwi2 (Miwi2"4),?® Dnmt3! (Dnmt3/"**) (Figures S5A-
S5C, S5G, and S5H), and Dnmt3c (Dnmt3c™) (Figures S5D-
S5F, S51, and S5J). MIWI2 was also found to localize to
C190RF84 foci (Figures 4F, 4G, and S4F). We next analyzed
DNMT3L and found that it was present in foci but it did not
form foci itself (Figures 4H, 4l, and S4G). Intriguingly,
DNMT3C co-localized to C190RF84 foci and formed foci
(Figures 4J, 4K, and S4H). We observed that DNMT3C is a
lowly expressed protein compared with the other factors based
on the strength of signal in the immuno-fluorescence experi-
ments. We performed western blotting from compound hetero-
zygous Dnmt3/"4*; Dnmt3c""* E16.5 fetal testis using anti-HA
antibodies to simultaneously detect both proteins. This re-
vealed that DNMT3C is expressed approximately 14-fold less
expressed than DNMT3L (Figure 4L). Next, we used the
Dnmt3/"** and Dnmt3cH” alleles to perform IP-MS studies.
For comparative purposes, we employed the previously estab-
lished conditions used for SPOCD1 IP-MS from the same
developmental time point, E16.5 fetal testis.” Among the highly
enriched and confident (>4-fold enrichment and p value < 0.05)
factors that associated with DNMT3L, we found DNMT3C and
DNMT3A but neither SPOCD1 nor C190RF84 (Figure 4M;
Table S2). DNMT3L was confidently detected in the DNMT3C
precipitates but with 2-fold enrichment (Figure 4N; Table S3).
The reason for this modest enrichment stems from the fact
that under the conditions used DNMT3L weakly bound to the

Molecular Cell 84, 1021-1035, March 21, 2024 1025




¢? CellPress

OPEN ACCESS

Molecular Cell

A N B SPocD1 TFIISM SPOC Q1119 C N . 1.0 — C190ri84
RO Human 1216 o [1119-1216 5 — Miwi2
&L X kpa Mouse T . O NG5 gos ;s
HA (SPOCD1) et e :138 Conservation A ) gos
Tubulin e == _ 50 Wﬁm# / E 0.4
E Disorder TF;;SM/Q':?» & ‘ :_Eu 0.2
SPOCD1 Rt X X EN
SPOCD1825-1015 |, o pap [ YA SPOC E13E16 E18 PO P7 adul
N C) () - i de novo DNA methylation
© Q\y ) Q\y ) =
R g\y‘bw G C190RF84 H &« SPocpt |
KO oV K interaction interaction
CE L T Lysates HA-IP
S NP SPOCD1 [ W + C190RF84[  [aheix |+ y:
0$0\ 060\ ,,,,,,,, _ i 81-185 i + N N
KDa 0942-964 B oit—{o5 1019 - 04980 [ + O P
HA (SPOCD1--- £970-1015 + A49-90 - L N L N
825-1015) 25 A177-185 + F 3 & S kDa
FLAG (DNMT3L) [ & &: "'( 50 A81-90 [ [ 7- HA (SPOCD1) "', ",{7150
FLAG (G190RF84) 1= SPOCim-HACO"‘i"UftS C190RF84-FLAG constructs FLAG (C190RFa4) Miem (8% .
-l‘ 25 Oo"rvqﬁb;s X & ® Tubulin s < -50
Tubulin -50 O M LA (R Lo O O NP
- & Y & «kDa 0\0_‘0\:\%&&;@9 ,(\/\ v‘b\i 5
F Lysate HA-IP HA (SPOCD1 -.150 © \4 _kDa J
L e ( ) 25 | HA(SPOCD1) e e il o o >0 Lysates FLAG-IP
e e # -, 5 | - et
- FLAG (C190RFe4) 25 & FLAG (C190RFB4) it s o e o s, S S
P o I - - WS
F R Tubulin Tubulin -50 LS
I M wa spoco) [ I . HA (SPOCD! ~150 S o Ko
Ha (spocov/re) I NI 50 o % o el — HA(SPOCDT) mam = ~150
@ —
FLAG (C190RFes) S| M o5 ¢ |FLAG (C190RF84) —— 8| FLAG (C190RF84) o T2 FLAG(CT90RFEY) w5
Tubuin ] [ 50 By ——— = Tubuin E—co Tubuln s (150
L M
IP: anti-C190RF84 from E16.5 testes SPOCD1 TESM  SEOS  cchelix 4 -C190RF84 1-100
6 2 . SPOCD1 900-1000 M 5, R
T, C190RF84 C190RF84 [ [ahelx | Z s orE o
m 3 & *-3PINT C190RF84 1-100 [ L1 < 2
LzJ4 £ e . Input  MBP pull-down 5,
8 g g SPOQ GFP-SPOCD1-900-1000 + + + + + + 403kDa
L PR MBP-C190RF84-1-100 + - - + - - 554kDa T 5%
A > -
8, 2.USP26 - -7 Volume [ml] . g
e 75 kDa C190RF84 1-100 0
i S5 MBP-C190RF84-1-100 cioF : -
i VBP 50 kDa i - 37
o GFP-SPOCD1-900-1000 37 kDa 4 ‘ -25
- g «-20
- 0 4 SPOCD1 900-1000
ENRICHMENT 5 : 750
- 37
SPOCD1L. [ 55
- 3 20
SPOCD1 9001000 + C19 1100 __
C19- i
SPOCD 1L B
£ ~20

Figure 3. SPOCD1 interacts with C190RF84 via a carboxy-terminal helix
(A) Representative western blot protein expression analysis of n = 3 293T cell lysates after transfection with human SPOCD1-HA and SPOCD1-Q1119fs-HA.

(B) Conservation analysis and structure disorder prediction for human SPOCD1 is displayed together with protein schematic showing the region homologous to
the amino acids mutated in human SPOCD1-Q1119fs.
(C) AlphaFold2 structure prediction of human SPOCD1 (Q6ZMY3) is shown, and indicated domains are highlighted.
(D) Gene expression analysis from CAGE (cap analysis of gene expression) data® of whole testes from mice of the indicated age is shown.

(E-J) Representative western blot analyses of n = 3 immunoprecipitations of the indicated mouse (E-H) or human (I and J) proteins expressed in 293T cells. *, Ig
light chain eluting from beads.

(K) Volcano plot showing enrichment (log,[mean label-free quantification [LFQ] ratio of n = 3 anti-C190RF84 immunoprecipitates / immunoprecipitates of n =3
rabbit serum controls]) and statistical confidence (log+o[p value of two-sided Student’s t test]) of proteins co-purifying with C190RF84 from E16.5 testes. Pre-
viously identified SPOCD1-associated proteins® more than 4-fold enriched highlighted in blue.

(L) Representative Coomassie blue gel image of n = 3 co-precipitation experiments with indicated recombinant mouse C190RF84 and SPOCD1 fragments.
(M) Analytical size exclusion chromatography of the indicated C190RF84 (blue) fragment, the SPOCD1 (orange) fragment, and the combined protein fragments
(green). The top panel shows superposed representative chromatograms (n = 2) for each sample, with void (black; 7.2 mL) and peak elution volumes indicated.
Below, separate Coomassie blue gels of each run are shown, with samples from the same set of fractions used on each gel. Dashed line indicates the lowest
volume that SPOCD1 elutes in on its own.

See also Figure S3 and Table S1.

C190RF84 is required for mouse spermatogenesis and
transposon silencing

To understand if C190RF84 functions in piRNA-directed DNA
methylation, we generated a mouse C790rf84 null allele
(C190rf847) that resulted in the loss of C190RF84 protein

beads in the control IP. Most importantly, DNMT3C robustly
associated with SPOCD1 and C190RF84 in fetal testis (Fig-
ure 4N; Table S8). In summary, this is the first time the
DNMT3C enzyme has been visualized in vivo and a direct
connection to the piRNA pathway has been made.
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Figure 4. C190RF84 is a gonocyte-specific protein that associates with nuclear piRNA pathway and de novo DNA methylation factors

(A) C190RF84 localization in male germ cells at E16.5 with zoom-in of indicated gonocyte shown in insert.

(B) C190RF84 protein expression in gonocytes for the indicated developmental stages.

(C) C190RF84 (green) co-localization with HA-SPOCD1 (red) in Spocd 174+ fetal testes shown for the indicated time points.

(D) Left plot shows percentage of germ cells at E18.5 with at least one C190RF84 focus. Right plot datapoints show number of foci in foci-containing cells with
median foci count displayed as green bar. Data are mean and SD on left plot and median and datapoints on right for n = 3 biological replicates with datapoints
offset and shaded differently for each replicate in right plot.

(E) Percentage of C190RF84 foci overlapping with HA-SPOCD1 foci (n = 31 foci).

(F-K) C190RF84 (green) co-localization in gonocytes at E18.5 with in red (F) HA-MIWI2, (H) HA-DNMT3L, and (J) HA-DNMT3C and quantification of C190RF84
foci overlap with (G) HA-MIWI2 (n = 58 foci), (I) HA-DNMTS3L (n = 58 foci), and (K) HA-DNMT3C (n = 27 foci) foci. White arrows denote localization of C190RF84
foci. Images in (A)~(C), (F), (H), and (J) are representative for n = 3 biological replicates of the indicated genotype or time point. Scale bars are 10 um (A) and 2 um (A
[insert], B, C, F, H, and J).

(L) Representative anti-HA western blot from Dnmt3c™*; Dnmt3/*4* and wild-type E16.5 testes lysates. Quantification of relative expression of DNMT3L to
DNMT3C shown to the right. Data are mean and SEM of n = 6 biological replicates.

(M) Volcano plot showing enrichment (logz[mean LFQ ratio of anti-HA immunoprecipitates from Dnmt3/"+ / wild-type testes lysates]) and statistical confidence
(log1o[p value of two-sided Student’s t test]) of proteins co-purifying with HA-DNMT3L from E16.5 fetal testes (n = 3).

(N) Volcano plot as in (M) showing proteins co-purifying with HA-DNMT3C in anti-HA IP-MS from E16.5 Dnmt3c'* fetal testes (n = 3). Proteins of interest
highlighted in blue in (M) and (N).

See also Figures S4 and S5 and Tables S2 and S3.

expression (Figures 5A, 5B, and S6A-S6C). The loss of factors  spermatozoa in the epididymis (Figures 5C-5E). Histological
required for de novo transposon methylation in mice results in  analysis of C190rf84 '~ testes revealed aberrant seminiferous
male infertility, meiotic arrest, and deregulation of both LINE1 tubules that presented an early pachytene meiotic arrest (Fig-
and IAP transposons.’ 8122736 C190rf84-deficiency resulted ures 5F, S6D, and S6E). The LINE1 ORF1 (ORF1p) and IAP
in male-specific infertility, atrophic testes, and the absence of GAG proteins were expressed in C190rf84~'~ spermatocytes
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Figure 5. C190RF84 is required for male fertility and transposon silencing

(A) Western blot analysis of C190RF84 protein abundance in E16.5 testes from C7190rf84*/~ and C190rf84~'~ mice.

(B) C190RF84 staining of E16.5 fetal testis sections from C190rf84*/~ and C190rf84~/~ mice.

(C) Number of embryos per plug fathered by studs with the indicated genotype mated to wild-type females. Data are mean and SEM from n = 3 C190rf84*/~

(10 plugs total) and n = 4 C190rf84~/~ studs (15 plugs total), ***p < 0.001.

(D) Testis weight of adult mice with the indicated genotype. Data are mean and SEM from n = 6 C190rf84*/~ and n = 4 C190rf84~'~ mice, ***p < 0.001. Insert shows
a representative image of testes from C190rf84*'~ (left) and C190rf84 '~ (right) mice.

(E and F) Representative images of PAS and hematoxylin-stained epididymis (E) and testes (F) sections of two stages of the seminiferous cycle, indicating a germ
cell arrest at the early pachytene stage. VII, Stage 7; PL, pre-leptotene; P, pachytene; RSs, round spermatids; eS(16), step 16 elongated spermatids; SC, Sertoli

cell; Z, zygotene; m2, secondary meiocytes.

(G and H) Adult testes from wild type and C790rf84 '~ mice stained for LINE1 ORF1p (G) or IAP GAG (H) protein.
() RNA-seq heatmap analysis showing fold-change of expression (relative to wild type) of the 10 most upregulated LINE1 and ERV transposons in P20 testes from

C190rf84~'~, Spocd1~'~, and Miwi2~'~ mice. n = 3 for all genotypes.

(J and K) Adult testis sections stained for DNA damage marker YH2AX (J) or for apoptotic cells by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay (K) from wild-type and C790rf84~'~ mice. Scale bars, 5 um (B and F), 20 um (E), 50 um (G, H, J, and K). Germ cell nuclei are indicated with a dashed
line in (B). Images shown in (B), (E)~(H), (J), and (K) are representative of data from n = 3 mice per genotype.

See also Figure S6.

and spermatogonia, respectively (Figures 5G and 5H), as is the
case in Spocd? ™=, Miwi2~'~, or Dnmt3/~'~ mice.*>%1?" We
employed RNA sequencing (RNA-seq) of postnatal day 20
(P20) to explore the full repertoire of deregulated transposons.
Indeed, the same young transposons families were dere-
pressed as in Spocd? ™~ or Miwi2™'~ mice (Figure 5I). A hall-
mark of transposon expression is DNA double-strand breaks,
typically marked by phosphorylation of the histone variant
H2AX (YH2AX).%” Strong yH2AX staining, indicative of extensive
DNA damage, was observed in C790rf84~/~ meiocytes as
distinct from characteristic foci observed in meiotic cells in
control C190rf84** testes (Figure 5J). Indeed, this extensive
DNA damage correlated with widespread apoptosis of meiotic
cells in C190rf84~'~ testes (Figure 5K). In summary, C190RF84
safeguards spermatogenesis by mediating transposon
silencing.

C190RF84 is essential for piRNA-directed transposon
methylation

The tissue changes observed in mouse testis, activation of trans-
posons, and DNA damage presented by C190rf84~'~ mice are the
defining phenotype associated with defective piRNA-directed
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DNA methylation.?”***° To understand the role of C190RF84 in
transposon silencing, we analyzed genome methylation from pu-
rified P14 spermatogonia, a time point prior to the phenotypic
onset but after completion of de novo genome methylation. The
piRNA pathway is specifically required for de novo DNA methyl-
ation of some IAP elements, several LINE1 sub-families, and the
imprinted Rasgrf! locus.?”-*83941:42 Accordingly, C190RF84
was not required for general genome de novo methylation (Fig-
ure 6A). Indeed, C190rf84-deficiency did not impact genic, inter-
genic, CpG island, and gene promoter regions, or collective trans-
poson DNA methylation levels (Figure 6A). The young LINE1
families L1Md_A, L1Md_Gf, and L1Md_T were hypomethylated,
whereas this was less pronounced in the older L1IMd_F family
(Figure 6B). The ERV IAPEy also failed to be fully methylated in
C190rf84~'~ spermatogonia, unlike IAPEz, ERVL, or short inter-
spersed nuclear element (SINE) transposons that are not under
the control of the piRNA pathway (Figure 6B). The piRNA pathway
is required for promoter DNA methylation of young active transpo-
sons.”>%'143 A metaplot analysis of methylation levels across
LINE1 families revealed defective de novo methylation specifically
at their promoters in C190rf84~'~ spermatogonia (Figure 6C). Hy-
pomethylation was particularly evident in young LINE1 families



Molecular Cell

¢? CellPress

OPEN ACCESS

OIS
G Promot CaGl L1Md_A L1Md_Gf IAPEY ERVL RSpC
A CNOMe senic O intergenic RepeatsB “LIMA_T  — LIMd_F A SINE E RO ICR .
| RMER4B HEEEN
.90 | c
= i _ ' IS 2
. i S Wild-type i ;
o =4
260 3 c19or84 | luiindy, §
> s Spocd1* , E
£ T S0 | piwin )=
1S i) o &

30 . 585 =
Q - g oo
o T £ Rasgrfl I | o

0 — E’ g" chr9 89,880,000 89,910,000

OWild-type @ C190rf84~ & a9 =l
Gpr1/Zdbf2 =
% ) L1Md_Gf I [IMd_T \ TAPEY \ TAPEZ )

00 Wild-type
= — C190i184"
= 80 =~ — Miwi2”"

_5 — Spocd1”
E 60
>
=
g 40
£
@ 20
(&)
0 il [T
D Limaor
C:r 0
S
3.
>0
2
£57.
€ ».50
®o
Q.
Og-75
-100

40 60 80 0 50 100 150 0 50 100 150

40

80 120 160 25 50 75 20 40 60

Consensus mismatch sites per kb

Figure 6. C190RF84 is essential for piRNA-directed DNA methylation
Analysis of whole genome CpG methylation of P14 spermatogonia from n = 3 C190rf84~/~ and wild type (A-E) as well as Spocd1~'~ and Miwi2~'~ (C and E) mice.
(A and B) Percentage of CpG methylation levels for the indicated genomic features and transposon families (genic, promoter, intergenic, and CpG islands [CGls]
being defined as non-overlapping with transposons) shown as boxplots. The horizontal line represents the median, boxes the 25" to 75" interquartile range, and

dots datapoints outside that range.

(C) Metaplots of mean CpG methylation over the consensus sequence for the indicated LINE1 and IAP families and adjacent 2 kb.
(D) Correlation analysis for individual elements of the specified LINE1 and IAP families of mean CpG methylation loss in C190rf84~/~ spermatogonia (relative to

wild type) in relation to the element’s sequence divergence from the consensus.

(E) Mean CpG methylation of imprinted loci is presented as a heatmap. The imprinted control region (ICR) of Rasgrf1 is shown in detail on the right.

(LIMd_A, L1Md_Gf, and L1Md_T) compared with the older
L1Md_F family (Figure 6C). In addition, the methylation of young
LINE1s within the respective families requires C190RF84 function
(Figure 6D). Defective promoter DNA methylation was evident in
IAPEy but less so in IAPEz families from C190rf84~'~ spermato-
gonia (Figure 6C). However, defective methylation (> 25% CpG
methylation loss) within both families was observed when viewed
at the single locus levels (Figure 6D). Collectively, the defective
transposon methylation in C7190rf84~/~ spermatogonia is the
same as described for Miwi2~/~, Spocd1™'~, and Dnmt3c~/~
mice.>'" Finally, among imprinted loci, the methylation of only
Rasgrf1 is dependent upon C190RF84 (Figure 6E). In summary,
C190RF84 is essential for piRNA-directed de novo transposon
methylation.

C190RF84 connects piRNA and DNA methylation
machineries in vivo

The fact that C190RF84 is a SPOCD1-interacting nuclear protein
and is required for piRNA-directed methylation indicates a clear
function in de novo genome methylation. To exclude the remote
possibility that C190RF84 participates in piRNA biogenesis, we
sequenced small RNAs from C7190rf84*~ and C190rf84~'~

E16.5 fetal testes. The loss of C190RF84 did not impact piRNA
length distribution, annotation, or amplification (Figures 7A-7C).
The loading of MIWI2 with piRNA licenses its entry to the nucleus;
thus, disruption of piRNA processing results in the dramatic reduc-
tion of MIWI2’s nuclear localization.?®*° The fact that MIWI2 was
nuclear in the absence of C190RF84 (Figures 7D and S7A) in-
dicates that piRNA processing occurs normally and that
C190RF84 must act downstream of MIWI2 in the DNA methylation
process. Normal levels and localization of SPOCD1 in C190rf84 "/~
fetal gonocytes (Figures 7E and S7B) also excluded a role for the
expression or nuclear localization of SPOCD1.

We next explored the impact of C190RF84-deficiency on the
formation and composition of the C190RF84 foci in E18.5 fetal
gonocytes. The loss of C190RF84 dramatically reduced the fre-
quency of cells that had SPOCD1 localized to foci from 34% in
wild type to 6% in C190rf84~/~ fetal testes (Figures 7F, 7G, and
S7C). A similar reduction, from 19 % to 7 %, was observed in fetal
gonocytes with foci-containing DNMT3C in C190rf84~'~ fetal
testes (Figures 7H, 71, and S7D). The frequency of cells with foci
differed when using SPOCD1 (34 % in wild type) and DNMT3C
(19 % wild type) in identifying foci, which could be due to different
antibodies used. However, the very low expression levels of
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Figure 7. C190RF84 connects the piRNA and DNA methylation machineries in vivo

(A-C) piRNA analysis of small RNA-seq data from n = 3 C190rf84*'~ and C190rf84~'~ E16.5 testes, showing nucleotide (nt) length distribution of small RNAs in (A)
(no significant differences were observed in Bonferroni-adjusted Student’s t test, p = 0.99), annotation of piRNA targets from merged replicates in (B), and piRNA
ping-pong analysis presented as relative frequency of the distance between 5’ ends of complementary piRNAs mapping to the LINE1 L1Md_T consensus in (C).
(D) MIWI2 staining of fetal testis sections from n = 3 wild type and C790rf84~'~ E16.5 mice. Germ cell nuclei are indicated with dashed line. Scale bars, 2 pm.
(E) HA-SPOCD1 staining of fetal testis sections from n = 3 Spocd1"4"*; C190rf84*'~ and Spocd1"*; C190rf84~'~ mice. Scale bars, 2 pm.

(F and G) E18.5 C190rf84*"* and C190rf84~'~ gonocytes stained for SPOCD1 (F) and quantification of germ cell percentage presenting with at least one SPOCD1
foci (G), **p = 0.0035.

(H and l) E18.5 C190rf84*"*; Dnmt3c""* and C190rf84~'~; Dnmt3c"*"* gonocytes stained for HA-DNMT3C (H) and quantification of germ cell percentage
presenting with at least one HA-DNMT3C foci (I), “p = 0.022. Representative images of gonocytes in (F and H) and data (mean and SEM) in (G) and (l) fromn =3
biological replicates per genotype. Scale bars, 2 um (F and H).

(J) Volcano plot showing enrichment (logo[mean LFQ ratio of anti-HA immunoprecipitates from n = 2 Spocd1"4’*; C190rf84*'~ / n = 3 Spocd1"*; C190rf84
fetal testes lysates]) and statistical confidence (log+o[p value of two-sided Student’s t test]) of proteins co-purifying with HA-SPOCD1 from E16.5 testes. Pre-
viously identified SPOCD1-associated proteins® highlighted in blue.

See also Figure S7 and Table S4.

/-

DNMT3C (Figure 4L) could additionally explain the discrepancy,
as the sensitivity of foci staining is likely relative to the abundance
of the target protein being analyzed. Due to the necessity of
C190RF84 for SPOCD1 and DNMT3C to form foci, we hypothe-
sized that C190RF84 may play a role in recruiting de novo methyl-
ation or other factors to SPOCD1. To test this hypothesis, we per-
formed IP-MS of HA-SPOCD1 from C190rf84*'~; Spocd 1"+ and
C190rf84~'~; Spocd1™* fetal testis (Figure 7J; Table S4).
Because of the limitations associated with obtaining fetal testes
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of complex genotypes, we optimized the SPOCD1 IP-MS proced-
ure to start with lower amounts of input sample. C190RF84 itself
was not detected (Figure 7J; Table S4) due to reduced input and
the fact that C190RF84 generates only four quantifiable peptides
under optimal conditions.® Of the proteins that were previously
shown to associate with SPOCD1, we found only two proteins,
DNMT3L and MTA2, whose enrichment with SPOCD1 is depen-
dent upon C190RF84 (Figure 7J; Table S4). MTA2 is part of the
NURD chromatin remodeling complex,** which does not have a
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proven role in piRNA-directed transposon methylation. However,
DNMT3L is a core component of the de novo methylation machin-
ery and an essential factor in this process.”'**® Collectively, our
data reveal that C190RF84 connects SPOCD1 to the de novo
methylation machinery in vivo.

DISCUSSION

The discovery of C190RF84 identifies an essential component in
the pathway and reveals a hidden complexity of the final stages
of piRNA-directed transposon methylation. The recruitment of
DNMT3L to SPOCD1 in fetal germ cells requires C190RF84.
This suggests that this small, principally unstructured protein could
act as an adaptor protein that licenses transposon methylation
through the recruitment of the de novo methylation machinery.
Given that SPOCD1 requires additional factors to execute trans-
poson methylation, it suggests that SPOCD1 acts as a scaffold,
coordinating events that culminate in DNA methylation. This multi-
factorial approach may underlie the precision of piRNA-directed
DNA methylation ensuring against aberrant off-target methylation
that could result in germline epimutations.

Here, we identify foci in E18.5 fetal gonocytes that comprise of
piRNA pathway components and the de novo methylation machin-
ery. We have termed these C190RF84 foci. That only a subset of
cells at this time point have C190RF84 foci could arise from our
observations providing only a snapshot analysis. There may be
heterogeneity with regard to developmental timing, with some
cells forming foci slightly earlier or later in development. Alterna-
tively, focus formation may be stochastic, so not every cell will
form foci. Given the bulk of transposon methylation is completed
by E18.5,°>“Citis unlikely the foci play a central role in the process.
That said, their identification has proved extremely insightful. It has
allowed us to confidently observe piRNA factors (MIWI2, SPOCD1,
and C190RF84) and the de novo methylation machinery (DNMT3C
and DNMTB3L) co-localizing. Interestingly, DNMT3L is present in
foci but does not form brightly staining foci like the other factors.
We demonstrated that DNMT3L associates with both DNMT3A
and DNMT3C methyltransferases in fetal testis (Figure 4M). How-
ever, SPOCD1 and C190RF84 were not found in the DNMT3L IP
which likely reflects that only a tiny fraction of DNMT3L is associ-
ated with these factors. These data are consistent with the role
of DNMTB3L in the methylation of the entire genome, whereas the
DNMT3C-piRNA pathway is focused on only active transposons,
constituting less than 1% of the genome.*'" Previously, we never
observed DNMT3C in our IP-MS experiments.>® We now believe
that this could be due to its low abundance, which is substantiated
by our Dnmt3/*A and Dnmt3c"™ alleles. Using the same antibody
for detection of both proteins, we demonstrated that DNMT3C is
drastically less abundant than DNMT3L (Figure 4L). Finally, we
demonstrated that DNMT3C associates with SPOCD1 and
C190RF84 in fetal testes (Figure 4N). Together, these studies
have allowed us to link piRNA pathway factors with DNMT3C,
the methyltransferase responsible for piRNA-directed transposon
methylation in mice."® DNMT3C is a muroid rodent-specific inno-
vation."""'? The human genome encodes two de novo DNA meth-
yltransferases, DNMT3A and DNMT3B.*" Although Dnmt3c
evolved from a duplication of the Dnmt3b locus,' "' the N termi-
nus of muroid DNMT3C and primate DNMT3A have both evolved
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under strong diversifying selection.?®> The human de novo DNA
methyltransferases that realizes human piRNA-directed trans-
poson methylation remain unknown. We favor the hypothesis
that C190RF84 acts a key adaptor protein required for recruitment
of the de novo methylation machinery. Several lines of evidence
support this hypothesis. Firstly, both SPOCD1 and MIWI2 associ-
ates with it in vivo.® Secondly, C190RF84 is essential for the pro-
cess of piRNA-directed de novo transposon methylation (Figures 5
and 6). Thirdly, the absence of C190RF84 does not interfere with
the expression of MIWI2, SPOCD1, and DNMT3C (Figures 7D-
7F and 7H). Fourthly, the ability of SPOCD1 and DNMT3C to
form foci is dependent upon C190RF84 (Figures 7F and 7H).
Fifthly, DNMT3C associates with both SPOCD1 and C190RF84
in vivo (Figure 4N). Finally, SPOCD1 fails to associate with
DNMT3L in fetal gonocytes in the absence of C190RF84 (Fig-
ure 7J). In summary, we can confidently assign a critical function
to this uncharacterized protein C190RF84 in the final stages of
piRNA-directed DNA methylation.

Here, we show that SPOCD1 is a guardian of human male
fertility and is required for transposon silencing. We found three
infertle men with three distinct homozygous pathogenic
SPOCD1 alleles. According to the ClinGen guidelines that
govern gene-disease association in humans,*® our data estab-
lishes a strong validity for the gene-disease relationship and,
thus, mutations in the SPOCD1 gene as a cause of infertility in
men (Data S1). Furthermore, under these guidelines, sequencing
of the SPOCD1 gene can be used for diagnostic purposes. Each
of the disease associated SPOCD1 alleles gives important
insight into human SPOCD1 function and the piRNA pathway.
The deregulation of LINE1 in the spermatogonia of infertile man
M2021 demonstrates a conserved role for the piRNA pathway
in regulating human germline transposon silencing. The
SPOCD1 L971R substitution that lies within the SPOC domain
in combination with our structural and molecular analyses re-
veals that an intact SPOC domain is required for human
SPOCD1 function. The fact that the pathogenic human
SPOCD1-Q1119fs protein can no longer bind C190RF84 also in-
dicates a potential role for C190RF84 in human fertility. In sum-
mary, we have defined a role for human SPOCD1 in transposon
silencing and discovered C190RF84, an essential factor that
mediates piRNA-directed DNA methylation.

Limitations of the study

Here, we identify C190RF84 as an essential constituent of the
piRNA pathway. We demonstrate that C190RF84 interacts with
SPOCD1 and present multiple lines of evidence indicating that
C190RF84 acts as an adaptor protein in the recruitment of the
de novo methylation machinery in vivo. We were unable to purify
full-length  recombinant proteins to biochemically test
C190RF84’s adaptor function. There could also be additional un-
identified components that are essential for complex assembly.
Future biochemical studies will be critical to understanding how
these factors assemble to mediate the final steps of piRNA-
directed DNA methylation. The SPOCD1 and C190RF84 frag-
ments formed a high molecular weight complex; we cannot be
sure if this could be due to trace amounts of nucleic acid after pro-
tein purification or represents a true biochemical aggregation or
oligomerization characteristic of the protein complex. We
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identified three infertile men with distinct homozygous pathogenic
SPOCD1 alleles. We found deregulation of LINE1 in the patient
that had germ cells remaining in the seminiferous tubules. A key
and challenging future goal will be to determine the impact of
SPOCD1 or other piRNA-factor mutation on the establishment
of human germ cell genome methylation.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-LINE1 ORF1p (for human samples) abcam Cat#ab245249; RRID: AB_2941773

Anti-LINE1 ORF1p (for mouse samples)
Anti-IAP GAG

Anti-gH2AX
Rabbit anti-HA
Mouse anti-HA
Anti-Tubulin
ANTI-FLAG® M2
Anti-MIWI2

Anti-C190RF84 rb632
Anti-C190RF84 rb659

goat anti-rabbit biotin

IRDye 680RD donkey anti-rabbit
IRDye 800CW donkey anti-mouse
donkey anti-rabbit"exF1uers68
donkey anti-mouse”exaFluoré47
anti-CD16/32

anti-CD45

anti-CD51

anti-CD9APC

anti-cKit”5¢y?

streptavidin¥4%°

Di Giacomo et al.*®

B. Cullen, Duke University,

Durham

Bethyl laboratories
Cell Signaling

Cell Signaling
Sigma Aldrich
Sigma Aldrich

R. Pillai, University of Geneva

Pandey et al.””
This paper
This paper
Abcam
LI-COR
LI-COR
Invitrogen
Invitrogen
eBioscience
eBioscience
Biolegend
eBioscience
eBioscience
BD bioscience

N/A
N/A

Cat#IHC-00059; RRID: AB_533402
Clone C29F4; RRID: AB_1549585
Clone 6E2; RRID: AB_10691311
Cat#T9026; RRID: AB_477593
Cat#F3165; RRID: AB_259529

N/A

N/A

N/A

Cat#ab6012; RRID: AB_AB954766
Cat#926-68073; RRID: AB_10954442
Cat#926-32212; RRID: AB_621847
Cat#A10042; RRID: AB_2534017
Cat#A31571; RRID: AB_162542
Clone 93; RRID: AB_467133

Clone 30-F11; RRID: AB_466446
Clone RMV-7; RRID: AB_466477
Clone eBioKMC8; RRID: AB_10669565
Clone 2B8; RRID: AB_647250

RRID: AB_2033992

Anti-SPOCD1 rb175 O’Carroll group N/A

Bacterial and virus strains

E.coli 5-alpha NEB Cat#C2987H
E.coli XL1 O’Carroll group XL-1

E. coli BL21 O’Carroll group BL21

Biological samples

Human DNA sample and testis biopsies MERGE consortium M3457

Human DNA sample and testis biopsies MERGE consortium M2021

Human DNA sample and testis biopsies GEMINI consortium GEMINI-88
Chemicals, peptides and recombinant proteins

cOmplete ULTRA EDTA-free protease inhibitor Roche Cat#5892791001
Benzonase Millipore Cat#71206
Anti-HA magnetic beads Thermo Fisher Cat#88837
Anti-FLAG magnetic beads Sigma Aldrich Cat#M8823
Transfection (Jetprime) Polyplus Cat#101000015
3,3’-diaminobenzidine tetrahydrochloride Merck Cat#5905
Pefabloc Merck Cat#11429868001
Resource Q column Cytiva Cat#17117901
Dynabeads™ Protein G Invitrogen Cat#10004D
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REAGENT or RESOURCE SOURCE IDENTIFIER
Dimethyl-pimelidate (DMP) Thermo Fisher Cat#21666
Amylose beads NEB Cat#E8021S
PhiX lllumina Cat#FC-110-3001
Critical commercial assays

Click-iT TUNEL with Alexa Fluor 647 Invitrogen Cat#C10247
NEBNext® Enzymatic Methyl-seq Kit NEB Cat#E7120L
NEBNext Ultra Il Directional RNA Library NEB Cat#E7760S
Prep Kit for lllumina

SureSelect®™T Target Enrichment kit Agilent Cat#G9683A
Twist Human Core Exome kit Twist Bioscience Cat#102027

SureSelect*” Human All Exon
Kits V4, V5 and V6

Agilent

Cat#5190-4633,
Cat#5190-6223,
Cat#5190-8864

Human Core Exome plus RefSeq spike-ins Twist Bioscience Cat#102030

TruSeq SBS Kit v3 - HS lllumina N/A

NextSeq 500 V2 High-Output Kit lllumina N/A

HiSeq Rapid SBS Kit V2 lllumina N/A

Glutathione Sepharose High Performance Cytiva Cat#17527902

16/600 Superdex200pg Cytiva Cat#28989335

16/600 Superdex75pg Cytiva Cat#28989333

Superdex 200 10/300 GL Cytiva Cat#17517501

NEBnext Multiplex Small RNA Library NEB Cat#E7580

Prep Set for lllumina (NEB)

Deposited data

EM-seq This paper ArrayExpress: E-MTAB-11612

RNA-seq This paper; Zoch et al.® GEO: GSE199038

piRNA-seq This paper; Zoch et al.® GEO: GSE199038,
GSE131377

IP-MS This paper PRIDE: PXD047331

Human SPOCD1 variants This paper ClinVar: SCV004098696,
SCV004098697, SCV004098698

Mouse SPOCD1 SPOC structure This paper PDB: 80U1

Experimental models: Cell lines

HEK 293T

O’Carroll lab stock

293T; RRID: CVCL_0063

Experimental models: Organisms/strains

Mouse: Spocd1-HA Zoch et al.” Spocd1-HA
Mouse: C19orf84-null This paper C19orf84-null
Mouse: Dnmt3c-HA This paper Dnmt3c-HA
Mouse: Dnmt3I-HA This paper Dnmt3I-HA
Mouse: Miwi2-HA Vasiliauskaité et al.”® Miwi2-HA
Oligonucleotides

sgRNA C190rf84: GATGGACGAGCTAGAAGACG This paper N/A

sgRNA Dnmt3c: CTCCCACAGACAACAATGAG This paper N/A

Donor oligo Dnmt3c-HA: This paper N/A

GGTGAGCTGCTCTCTCATGTCCC
TGTCTCCTTCTTTCCTTCCTATCC
ATTCTGGCCTTCTCCCACAGACAA
CAATGGGATCCTACCCATACGATGT
TCCAGATTACGCTGGAGGCGGAGGA
TCCAGGGGAGGTAGCAGACACCTCA
GTAATGAGGAGGATGTCAGTGGATG
TGAGGACTGTATTATCATCAGTGGGACCT

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
sgRNA Dnmt3l: TTCTAGCCGATTACATCAA This paper N/A
Donor oligo Dnmt3I-HA: This paper N/A
GTCGCGTTTTAGGGTTCTGACGACCCTGCT

GTCACACCCGCCATCCCTTGGACGCAGAC

CCTTCTAGCCGATTACATCAgccaccATGgce

gTCCTACCCATACGATGTTCCAGATTACG

CTGGTTCCCGGGAGACACCTTCTTCTTGCT

CTAAGACCCTTGAAACCTTGGACCTGGA

GACTTCCGACAGCTCTAGCCCTG

C190rf84-null WT-R: CATTACTCAAAGCCCCGTCTT This paper N/A
C190rf84-null NULL-F: GAGATGGAC This paper N/A
GAGCTAGAAGCTA

C190rf84-null F: CTTTACTTTCAGGCCCAGCC This paper N/A
C190rf84-null R: GGCTTGGAAGTATCTTGCTCAA This paper N/A
Dnmt3I-HA F: AGCCCTCTCTCTTCCTATCCAA This paper N/A
Dnmt3I-HA R: AGAGCAAGAAGAAGGTGTCTCC This paper N/A
Dnmt3c-HA F: CTTTCCTGAACACTACACAGAC This paper N/A
Dnmt3c-HA R: GAGCTGACTGTATAGTGAGAC This paper N/A
SPOCD1_Ex16_for: AGGCCCCAAAGAGGAGTCAC This paper N/A
SPOCD1_Ex16_rev: CCAGATGACAGGAGGCCGAA This paper N/A
SPOCD1_Ex8_for: CTCTCAGGCCACCCACTCT This paper N/A
SPOCD1_Ex8_rev: TTTCCCTGAGCCCCAGTAAC This paper N/A
SPOCD1_Ex15_for: CAATGGCTGGCATGCAGTTC This paper N/A
SPOCD1_Ex15_rev: GCCTGGCTTGGATATCTGGG This paper N/A
Recombinant DNA

See Table S5 for plasmids. N/A

Software and algorithms

Bismark v0.22.1
Cutadapt v1.15
Bowtie2 v2.3.4.3

BWA Mem v0.7.17

GATK toolkit v3.8 HaplotypeCaller
gnomAD database v2.1.1

Picard

Genome Analysis Toolkit

H3M2 tool

mclust R package v5.4.3

population sampling probability
(PSAP) software

Clustal Omega

Jalview

AL2CO

Espritz

autoPROC v.1.0.5

XDS (March 15, 2019, built 20191211))
pointless v1.11.21

Aimless v0.7.4

Krueger and Andrews®’
Martin®?
Langmead and Salzberg®®

Li®*

Poplin et al.>®

Karczewski et al.”®

Broad Institute
Broad Institute

Magi et al.”®

Scrucca et al.®”

Wang et al.’%; Wilfert et al.>®

Madeira et al.®®
Waterhouse et al.®
Pei and Grishin®?
Walsh et al.®®
Vonrhein et al.®*
Kabsch®

Evans®®

Evans and Murshudov®’
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https://github.com/FelixKrueger/Bismark
https://cutadapt.readthedocs.io/en/stable/

https://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

https://bio-bwa.sourceforge.net/
https://gatk.broadinstitute.org/hc/en-us
https://gnomad.broadinstitute.org/
http://broadinstitute.github.io/picard/
https://software.broadinstitute.org/gatk
https://sourceforge.net/projects/h3m2/

https://cran.r-project.org/web/packages/
mclust/index.html

https://github.com/conradlab/PSAP

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.jalview.org/
http://prodata.swmed.edu/al2co/al2co.php
http://old.protein.bio.unipd.it/espritz/
https://www.globalphasing.com/autoproc/
https://xds.mr.mpg.de/

https://www.mrc-Imb.cam.ac.uk/harry/
pre/pointless.html

https://www.ccp4.ac.uk/html/aimless.html

(Continued on next page)
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http://old.protein.bio.unipd.it/espritz/
https://www.globalphasing.com/autoproc/
https://xds.mr.mpg.de/
https://www.mrc-lmb.cam.ac.uk/harry/pre/pointless.html
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https://www.ccp4.ac.uk/html/aimless.html

Molecular Cell

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CCP4 v7.0.078 Winn et al.?® https://www.ccp4.ac.uk/html/

SCALA v3.3.22 Evans®® https://www.mrc-Imb.cam.ac.uk/
harry/pre/scala.html

PHASER v2.8.3. McCoy et al.®® https://www.phaser.cimr.cam.ac.uk/index.php/

PHENIX v1.17.1_3660
Coot v0.8.9.2

Py Mol, v2.5.4
APBS

Consurf

ImageStudioLite software
MaxQuant v1.6.1.0
Perseus v1.6.0.2

R v4.0.3 (2020-10-10)

Liebschner et al.”®

Emsley et al.”’

Schrédinger, LLC

Jurrus et al.”

Yariv et al.”

LICOR
Cox et al.”
Tyanova et al.”®
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dénal
O’Carroll (donal.ocarroll@ed.ac.uk).

Materials availability
Mouse alleles and plasmids generated and used in this study are available from the lead author upon request.

Data and code availability

The described human SPOCD1 variants were submitted to ClinVar under the accession numbers ClinVar: SCV004098696,
SCV004098697 and SCV004098698. The coordinates of the mouse SPOC domain were submitted to the Protein Data Bank under
accession code: PDB: 80U1. The EM-seq data generated in this study have been deposited at ArrayExpress under the accession
number ArrayExpress: E-MTAB-11612. The sRNA-seq and RNA-seq data generated in this study have been deposited at the Gene
Expression Omnibus under the accession number GSE199038. Data for the IP-MS experiments were deposited at
ProteomeXchange under the accession number PRIDE: PXD047331.

Code scripts used for the EM-seq, RNA-seq and sRNA-seq analysis are available on github (https://github.com/rberrens/SPOCD1-
piRNA_directed_DNA_met) and a “version of record” archive has been deposited at Zenodo (https://doi.org/10.5281/zenodo.
10509247).

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
In vivo mouse studies
Animals were maintained at the University of Edinburgh, UK, in accordance with the regulation of the UK Home Office. Ethical

approval for the mouse experimentation has been given by the University of Edinburgh’s Animal Welfare and Ethical Review Body
and the work done under licence from the United Kingdom’s Home Office. This sex and developmental time point used for each
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experiment are stated in the figure legends. Detailed information on backcrossing status of each line is provided in the methods
section.

Animals of the same sex from one or more litters per experiment were assigned to experimental groups according to genotype. No
further randomisation or blinding was applied during data acquisition and analysis.

Human participants

All participants gave written informed consent for the evaluation of their clinical data and analysis of their DNA samples. The study
protocol was approved by the respective Ethics Committees/Institutional Review Boards (Ref. No. Munster: 2010-578-f-S, GEMINI
consortium: 201502059). Further information on the study cohorts and methodology is provided in the methods section.

Cell lines and bacteria strains

HEK 293T cells (RRID: CVCL_0063; female; sourced from the O’Carroll laboratory stock, University of Edinburgh, not further authen-
ticated and regularly tested for mycoplasma contamination) were cultured at 37 °C, 5 % CO, in Glasgow minimum essential medium
(Sigma Aldrich) supplemented with 10 % foetal calf serum (Gibco), 2 mM L-glutamine and 1 mM Na pyruvate (Invitrogen).

E. coli BL21 (DES3) cells (sourced from the O’Carroll laboratory stock, University of Edinburgh, and not further authenticated) were
used to express recombinant proteins. Cells were grown at 37 °C in 2x TY media supplemented with kanamycin until ODggo = 0.8 was
reached. The temperature was then reduced to 18 °C and 1 mM IPTG was added to induce expression.

E. coli XL-1 (sourced from the O’Carroll laboratory stock, University of Edinburgh, not further authenticated) and 5-alpha (NEB) cells
were used to produce plasmids. Cells were grown in LB medium or on LB agar plates supplemented with ampicillin.

METHOD DETAILS

Study cohorts

Exome data from 2,412 men included in the Male Reproductive Genomics (MERGE) study, comprising varying infertility phenotypes,
were included in this study. The majority (n = 1,902) had pathomechanistically idiopathic azoo- or cryptozoospermia. Most of these
men were recruited at the Centre of Reproductive Medicine and Andrology (CeRA), Mlnster. Exome data was likewise generated
from the GEMINI cohort, which included 1,011 unrelated, infertile men recruited from eleven centres across seven countries. The
vast majority of men represented in the GEMINI cohort presented with idiopathic azoospermia (n = 1,002) while 9 were severely oli-
gozoospermic (sperm concentration <~1M/ml). Well-established causes for infertility including chromosomal aberrations and
Y-chromosomal AZF microdeletions were excluded in all men.

All participants gave written informed consent for the evaluation of their clinical data and analysis of their DNA samples. The study
protocol was approved by the respective Ethics Committees/Institutional Review Boards (Ref. No. Munster: 2010-578-f-S, GEMINI
consortium: 201502059).

Age, at the time of initial presentation, and ancestry of the three individuals in the cohort carrying the SPOCD?1 allele variants an-
alysed in this study were as follows: M3457: 29 year old male of Turkish ancestry; M2021: 31 year old male of German ancestry;
GEMINI-88: Adult male from Australia with age and ancestry information not available.

Exome sequencing and bioinformatics analysis

MERGE cohort: Genomic DNA was extracted from peripheral blood leukocytes via local standard methods. WES sample preparation
and enrichment were carried out in accordance with the protocols of either Agilent’s SureSelect®T Target Enrichment kit or Twist
Bioscience’s Twist Human Core Exome kit. Agilent’s SureSelect*" Human All Exon Kits V4, V5 and V6 or Twist Bioscience’s Human
Core Exome plus RefSeq spike-ins were used to capture libraries. For multiplexed sequencing, the libraries were index tagged using
appropriate pairs of index primers. Quantity and quality of the libraries were assessed with the ThermoFisher Qubit and Agilent’s
TapeStation 2200, respectively. Sequencing was conducted on the lllumina HiScan®SQ, NextSeq®500/550, or HiSegX® systems
using the TruSeq SBS Kit v3 - HS (200 cycles), the NextSeq 500 V2 High-Output Kit (300 cycles) or the HiSeq Rapid SBS Kit V2 (300
cycles), respectively. After trimming, Cutadapt v1.15°% was used to remove the remaining adapter sequences and primers. Sequence
reads were aligned against the reference genome GRCh37.p13 using BWA Mem v0.7.17.%* We excluded duplicate reads and reads
that mapped to multiple locations in the genome from further analysis. Small insertions/deletions (indels) and single nucleotide var-
iations were identified and quality-filtered by GATK toolkit v3.8 (https://gatk.broadinstitute.org/hc/en-us) with HaplotypeCaller® in
accordance with the best practice recommendations. Ensembl Variant Effect Predictor was used to annotate called variants.°
Exome data were screened focusing on rare biallelic variants in SPOCD1 (minor allele frequency [MAF] < 0.01 in the gnomAD data-
base [version v2.1.1],° which are predicted to affect protein function (stop-gain, frameshift and splice site variants as well as
missense variants with a CADD score >20)).

GEMINI cohort (https://gemini.conradlab.org/): Whole-exome sequencing was performed for 1,002 unrelated NOA (non-obstruc-
tive azoospermia) cases at the McDonnell Genome Institute of Washington University (genome.wustl.edu) on lllumina HiSeq 4000
and using an in-house exome targeting reagent which captures 39.1 Mb of exome at an average coverage of 80x. The sequence
reads were aligned to hg38 using bwa-mem,** Picard (http://broadinstitute.github.io/picard/) and Genome Analysis Toolkit®’
(GATK; https://software.broadinstitute.org/gatk). Genotype calling was performed jointly for all samples using GATK tools and
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following their procedures of best practices. All sequenced cases were screened for known infertility causes, including Klinefelter
syndrome, deleterious CFTR mutations, Y-chromosome microdeletions and large structural variation on sex chromosomes utilising
the WES genotype dataset.

To prioritise deleterious variation among the NOA cases, a modified version of the population sampling probability (PSAP) soft-
ware®®%? (https://github.com/conradlab/PSAP) was applied to the WES genotype callset. The list of prioritized variants was subse-
quently filtered by only including variations with PSAP P < 0.001 and minor allele frequency < 1 % across all populations in the gno-
mAD database (v2.1.1, https://gnomad.broadinstitute.org/)*® and excluded variation common in the cohort.

To determine the degree of consanguinity, long runs of homozygosity (ROH) were detected using the H3M2 tool.*® Only the longest
class of ROH regions (lower boundary > 6.7 Mb on average across populations) reflecting recent inbreeding® and detected with
mclust R package (v.5.4.3)°” was considered for calculating the fraction of the autosome being homozygous.

Sanger sequencing

Sanger sequencing of PCR amplicons of parts of SPOCD1 GenBank: NM_144569.6 from genomic DNA from individuals M3457
(primers: SPOCD1_Ex15_for CAATGGCTGGCATGCAGTTC SPOCD1_Ex15_rev GCCTGGCTTGGATATCTGGG), M2021 (primers:
SPOCD1_Ex8_for CTCTCAGGCCACCCACTCT & SPOCD1_Ex8_rev TTTCCCTGAGCCCCAGTAAC) and GEMINI-88 (SPOCD1_
Ex16_for AGGCCCCAAAGAGGAGTCAC & SPOCD1_Ex16_rev CCAGATGACAGGAGGCCGAA) confirmed the reported variants
and when DNA was available from family members, segregation analysis was performed.

Histology of human testis samples

Testicular biopsies of patients and control subjects were surgically obtained from individuals during the process of testicular sperm
extraction or histological evaluation at the Department of Clinical and Surgical Andrology (University Hospital Mlnster, Germany) and
made available for research purposes. Testis biopsies of patient GEMINI-88 were obtained from Monash University, Melbourne. Bi-
opsies were fixed in Bouin’s solution overnight, washed with 70 % ethanol and embedded in paraffin. Subsequently, 5 um sections
were stained with periodic acid-Schiff (PAS) for histological evaluation.

For immunohistochemical analyses, 3 um sections of testicular tissue were deparaffinised and rehydrated as described previ-
ously.®® After rinsing with tap water (15 min, RT) heat-induced antigen retrieval was performed in Tris-EDTA buffer (pH 9). This step
was followed by cooling and washing with 1X Tris-buffered saline (TBS) before endogenous peroxidase activity was blocked using
3 % hydrogen peroxide (15 min, RT), washed in distilled water followed by TBS and finally blocked against unspecific antibody binding
with 25 % goat serum (#ab7481, abcam) in TBS containing 0.5 % bovine serum albumin (BSA, #A9647, Merck, 30 min, RT). Sections
were incubated overnight at 4 °C in primary antibody solution, anti-LINE-1 ORF1p (#ab245249, abcam) diluted 1:10in 0,5 % BSA/TBS.
The following day, sections were washed with 1x TBS and incubated with a corresponding secondary antibody for 1 hour at room tem-
perature (goat anti-rabbit biotin, #ab6012, abcam or goat anti-mouse biotin, #ab5886, abcam — both diluted 1:100 in 0.5% BSA/TBS).
After washing with TBS, sections were incubated for 45 min at room temperature with streptavidin-horseradish peroxidase (#55512,
Merck — diluted 1:500 in 0.5 % BSA/TBS). Subsequently, sections were washed with TBS and incubated with 3,3’-diaminobenzidine
tetrahydrochloride (DAB, #D5905, Merck) for visualisation of antibody binding. Staining was validated by microscopical acquisition
and stopped with aqua bidest. Counterstaining was conducted using Mayer’s haematoxylin (#109249, Merck). Finally, sections
were rinsed with tap water, dehydrated with decreasing ethanol concentrations and mounted using M-GLAS® mounting medium
(#103973, Merck). Slides were digitalised using the Olympus BX61VS microscope and scanner software VS-ASW-S6.

Protein conservation and disorder analysis

Multiple sequence alignment was done as described previously.® Protein sequences used for alignments are shown in Data S2, S3,
and S4. Alignment of SPOC domains was edited using published structures: SPOCD1 (structure resolved in this study: PDB: 80U1),
PHF3 (PDB: 6Q2V), Sharp (PDB: 10W1) and RBM15 (PDB: 7Z27).

For protein conservation scores, a multiple sequence alignment of sequences retrieved by blastp®* search against SPOCD1 or
C190RF84 was generated with Clustal Omega.®® All gaps were removed in Jalview®' and the conservation score were calculated
using AL2CO.°? Data were plotted in Microsoft Excel and the data were smoothened by applying a sliding window over 10
amino acids.

Ordered and disordered regions for SPOCD1 were predicted with ESpritz.% The data were then imported and plotted in Micro-
soft Excel.

AlphaFold2°%°* protein structure prediction models were downloaded from the AlphaFold Protein Structure Database (https://
www.alphafold.ebi.ac.uk/).

Protein purification

The mouse SPOCD1 SPOC domain (amino acids 687 — 830) was cloned via ligase independent cloning into a pET-based vector with
an amino-terminal His-GST tag followed by a 3C cleavage site (LEVLFQGP). The SPOC domain was expressed in E. coli BL21 (DE3)
cells. 1 ml of overnight culture was used to inoculate 250 ml of 2x TY media supplemented with kanamycin. Cells were grown at 37 °C
until ODggg = 0.8 was reached. The temperature was then reduced to 18 °C and 1 mM IPTG was added to induce expression. The
bacteria were harvested after 16-18 hours and stored at -80 °C until needed. GST-SPOC domain was first purified using Glutathione
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Sepharose High Performance (Cytiva) equilibrated with 20 mM Tris-Cl pH 7.5, 200 mM NaCl, 1 mM DTT. After elution with 20 mM Tris-
ClpH 7.5,200 mM NaCl, 1 mM DTT, 20 mM reduced glutathione the protein was cleaved with 3C protease (homemade) overnight at
4 °C and dialysed in 20 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM DTT. The protein was further purified by ion exchange (Resource S)
eluting over a gradient up to 20 mM Tris-HCI pH 7.5, 1000 mM NaCl, and 1 mM DTT was run. The final purity was achieved by size
exclusion chromatography using either a 16/600 Superdex200pg or a 16/600 Superdex75pg column equilibrated in 20 mM Tris-CI
pH 7.5, 150 mM NaCl, 1 mM DTT. The protein was concentrated and stored at -80°C until needed for experiments.

The mouse C190RF84-1-100 and SPOCD1-900-1000 constructs were cloned into pET-based vector as N-terminal hexahistidine-
MBP or as N-terminal hexahistidine-GFP fusions, respectively. Proteins were expressed in BL21 bacteria as described above. Cells
were lysed in a cell disruptor with 50 ml lysis buffer (20 mM Tris pH 7.5, 200 mM NaCl, 5 mM Imidazol, 0.5 mM beta-mercaptoethanol,
cOmplete ULTRA EDTA-free protease inhibitor (Roche), 20 pg/ml DNase | (Sigma D4527) and 480 pg/ml Pefabloc (Merck
11429868001)). The lysate was cleared by centrifugation at 45,000 g for 1 hour. The supernatant was collected and incubated for
two hours with 5 ml Ni-NTA resin (Sigma Aldrich P6611) on a rotator at 4 C. The Ni-NTA resin was washed the once with washing
buffer (lysis buffer without protease inhibitor, Pefabloc and DNasel), and then four times with ATP washing buffer (20 mM Tris pH
7.5, 300 mM KCI, 1 mM MgCI2 1 mM ATP, 0.5 mM beta-mercaptoethanol). Protein was eluted in 5 fractions of 10 ml (first four frac-
tions with 250 mM imidazole in lysis buffer and last fraction with 500 mM imidazole in lysis buffer). The first three fractions were pooled
and overnight dialysis performed in a dialysis buffer (100 mM NaCl, 20 mM Tris pH 7.5, 1 mM DTT). Next day, samples were further
purified by lon Exchange Chromatography with Resource Q column 6 ml (17117901-CYTIVA) using a salt gradient from low salt buffer
(20 mM Tris pH 7.5, 100 mM NaCl, 1 mM DTT) to high salt buffer (20 mM Tris pH 7.5, 1000 mM NaCl, 1 mM DTT) and eluted with a
concentration of 150 mM NaCl. Fractions of interest were aliquoted and immediately frozen in liquid nitrogen.

X-ray crystallography

The mouse SPOCD1 SPOC domain was concentrated to 9.5 mg/ml for crystallisaton. Using sitting-drop vapour diffusion technique, the
best diffracting crystals were grown in 1.6 M ammonium citrate tribasic, pH 7.5 at 293 K. Crystals were flash-cooled in liquid nitrogen prior
to data collection. The data set was collected at the 104 (DLS, Didcot Oxfordshire) at 100 K using a wavelength of 0.97949 A.The datawere
processed using autoPROC®* (v.1.0.5) including XDS®°® (March 15, 2019, built 20191211)), pointless®® (1.11.21), Aimless® (0.7.4) and
CCP4%8 (7.0.078). Scaling was carried out with SCALA®® (3.3.22). The structure was determined by molecular replacement with
PHASER®® (v.2.8.3.) using the flowering protein FPA (PDB code: 5KXF) as a search model. The model was refined using PHENIX"°
(v.1.17.1_3660) and rebuilt with coot’" (v.0.8.9.2). Images were generated using PyMol (v.2.5.4, Schrédinger, LLC). The surface charge
was calculated with APBS”? and the conservation was determined with Consurf.” The coordinates were submitted to the Protein Data
Bank under accession code: PDB: 80U1. Data collection and structure refinement statistics shown in Table 1.

Cell culture, transfection, immuno-precipitation and western blotting

HEK 293T cells were cultured and transfected as previously described® with minor alterations using plasmids and concentrations
listed in Table S5. HEK 293T cells (sourced from the O’Carroll laboratory stock, University of Edinburgh; not additionally authenti-
cated and regularly tested for mycoplasma contamination) were cultured at 37 °C, 5 % CO, in Glasgow minimum essential medium
(Sigma Aldrich) supplemented with 10 % foetal calf serum (Gibco), 2 mM L-glutamine and 1 mM Na pyruvate (Invitrogen). For trans-
fection 4 x 10° cells were seeded per well on a 6-well plate on day 0, and on day 1, 50-1500 ng of each plasmid was transfected by
Jetprime transfection (Polyplus) using 4 pl Jetprime reagent according to the manufacturer’s instructions. After 48 hours, cells were
washed twice with ice-cold PBS, scrapped off the plate in 1 ml lysis buffer (IP buffer: 150 mM KCI, 2.5 mM MgCl,, 0.5 % Triton X-100,
50 mM Tris pH 8, supplemented with 1 X protease inhibitors (cOmplete ULTRA EDTA-free, Roche) and 37 U/ml benzonase (Millipore))
and lysed for 30 min at 4 °C on a rotating wheel. Lysates were cleared for 5 min at 21,000 g, and 400 pl of each supernatant was
incubated for 1-2 hours at 4 °C with 20 pl of anti-HA beads (Pierce) or anti-FLAG beads (Sigma) that had been pre-washed twice
in PBS, 0.5% Triton X-100 and resuspended in 500 pl lysis buffer. Immunoprecipitates were eluted for 10 min at 50 °C in 20 pl
0.1% sodium dodecyl! sulphate (SDS), 50 mM Tris-Cl pH 8. Lysates and eluates were separated on a 4-12% Bis-Tris acrylamide
gel (Invitrogen) and blotted onto nitrocellulose membrane (Amersham Protran 0.45 NC). The membrane was stained for protein
with 0.1% (w/v) Ponceau S in 5% (v/v) acetic acid solution for 5 min, blocked with blocking buffer (4 % (w/v) skimmed milk powder
(Sigma-Aldrich) in TBS-T (Tris buffered saline, 0.1 % Tween-20)), incubated for 1 hour with primary antibodies (anti-HA (C29F4 or 6E2,
Cell Signaling Technologies) 1:1000; anti-FLAG (M2, Sigma-Aldrich) 1:1000, anti-C190RF84 rabbit serum 1:500 (rb632 and rb659) or
as loading control anti-«-Tubulin (T9026, Sigma-Aldrich) 1:1000) in blocking buffer, washed four times for 5 min in TBS-T, incubated
with secondary antibodies (IRDye 680RD donkey anti-rabbit IRDye 800CW donkey anti-mouse, LI-COR, 1:10,000) in Immobilon
Block — PO blocking solution (Millipore), washed four times for 5 min in TBS-T and imaged on a LI-COR Odyssey Fc or CLx system.
Exposure of entire images was adjusted in Image Studio Lite (LI-COR) and regions of interest cropped for presentation.

Uncropped images of western blots are shown in Data S5.

Gene expression analysis

Gene expression data from the FANTOMS5 project®>°%¢ was extracted for mouse testis samples of the annotated developmental time-
points using the FANTOMS Table Extraction Tool (https://fantom.gsc.riken.jp/5/tet/#!/) on the ‘CAGE peak level expression (RLE normal-
ized) of robust phase 1 and 2 CAGE peaks for mouse samples with annotation (mm9)’ dataset. Signal intensity for all annotated CAGE
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peaks mapping to the 5’ region of C7190rf84 (2 peaks originally assigned to Lim2 (ENSMUST00000164977): chr7:50683014..
50683022,+; chr7:50683034..50683049,+), Spocd1 (2 peaks assigned to uniprot ID B1ASB6: chr4:129606011..129606014,+;
chr4:129606033..129606044,+), Piwil4 (4 peaks assigned to ENSMUST00000164977: chr9:14545062..14545068,-; chr9:14545086..
14545097,-; chr9:14545110..14545121,-; chr9:14545135..14545140,-) or Dnmt3/ (4 peaks assigned to ENSMUST00000000746 or EN-
SMUST00000151242: chr10:77512581..77512592,+; chr10:77512605..77512612,+; chr10:77512624..77512641,+; chr10:77512679..
77512707,+) was summed and normalized per gene to the timepoint of peak gene expression.

Antibody generation

Antibodies against mouse C190RF84 were made with a commercial producer (Biotem). Two anti-C190RF84 sera (rb632 and rb659)
were raised in New Zealand white rabbits by immunising with a pool of two peptides (KLH-peptides C+SQRGPERAEERERNMAGE
and C+SQDGQKEAGGLSEDWEADY). The final bleed serum was used for all experiments.

Immunoprecipitation and mass spectrometry (IP-MS)

For anti-C190RF84 IP-MS experiments protein G dynabeads (Thermo Fisher) were crosslinked with either anti-C190RF84 rb659
serum or control commercial rabbit serum (Sigma Aldrich) in a 2:3 serum to beads ratio with 20 mM DMP (Thermo Fisher) in borate
buffer pH 9 (0.25 g boric acid, 1.53 g sodium tetraborate decahydrate in 100 ml ddH,0). IP was performed from 25 wild-type E16.5
foetal testes per replicate. 150 testes were pooled and lysed in hypotonic lysis buffer (10 mM Tris-HCI pH 8, 10 mM KCI, 5 mM MgCI2,
0.1% IGEPAL CA-630, cOmplete™ protease inhibitor EDTA-free (Roche)) with 20 strokes in a glass douncer. Lysates were further
incubated for 30 min at 4 °C after addition of 50 U/ml benzonase (Millipore). Lysate was then cleared for 5 min at 21,000 g and divided
equally onto 3 x 50 pl cross-linked anti-C190RF84 beads and 3x 50 pl cross-linked rabbit serum beads. Immuno-precipitation and
mass spectrometry analysis then proceeded as previously described®: Briefly, the beads were washed 4 times with wash buffer
(100 mM KClI, 5 mM MgCl,, 0.1 % IGEPAL, 50 mM Tris pH 8) and proteins eluted in 0.1 % Rapigest (Waters), 50 mM Tris pH 8. Eluate
was further processed as described,®” followed by desalting using STAGE tips®® and finally resuspended in 0.1 % tri-fluoro-acetic
acid (v/v) for LC-MS. Peptides were analysed on a Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher) operated in data-
dependent acquisiton mode, after separation through nano-flow liquid chromatography on a nanoLC Ultimate 3000 unit fitted
with an Easyspray (50 cm, 2 um particles) column. Samples we separated usinga 2 % - 40 % - 95 % 190 min gradient (mobile phase
A - 0.1 % aqueous formic acid, B — 80 % acetonitrile in 0.1 % formic acid). Acquisition parameters were set to cycle time 3 s, MS1
scan Orbitrap resolution to 120,000, RF lens to 30 %, AGC target to 4.0e5, and maximum injection time to 50 ms. Detected intensity
threshold was 5.0e3, MS2 scan was performed with the lon Trap using rapid scan setting, the AGC target was set to 2.0e4, and
maximum injection time was 50 ms. MaxQuant version 1.6.1.0 was used to process the raw data, and label-free quantification
(LFQ) was performed using the MaxQuant LFQ algorithm.”* Peptides were searched against the mouse UniProt database (date
21.07.2017) with commonly observed contaminants (e.g. trypsin, keratins, etc.) removed during Perseus analysis.”*">%° LFQ inten-
sities were visualised with Perseus version 1.6.0.2.7%%

Anti-HA IP-MS experiments for HA-DNMT3L and HA-DNMT3C were performed from 50 E16.5 foetal testes (Dnmt3/"** or
Dnmt3cHA+, respectively as well as wild-type controls) per replicate as previously described.® In brief, 50 testes were lysed in
1 ml hypotonic lysis buffer and treated with 50 U/ml benzonase, cleared for 5 min at 21,000 g and added to 50 pl cross-linked
anti-HA magnetic beads (Pierce). Immuno-precipitation and mass spectrometry analysis then proceeded as described above.

Anti-HA IP-MS experiment for HA-SPOCD1 in the presence or absence of C190RF84 was performed as described above for HA-
DNMT3L/HA-DNMT3C using 25 of either Spocd1"*; C190rf84”~ or Spocd1"*; C190rf84*"~ control E16.5 foetal testes per
replicate.

Statistically significant (P < 0.05) enriched (Enrichment > 4-fold) proteins are shown in Tables S1-54.

Pull-down assay

3 nug of recombinant MBP tagged mouse C190RF84 (amino acids 1-100) or 3 png His-MBP was mixed with the 6 ng GFP-tagged re-
combinant mouse SPOCD1 (amino acids 900-1000) fragment in binding buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.01 % Tween-
20, 1 mM DTT) to a final volume of 100 ul and incubated for 10 min at 4 'C. 80 ul of the mixture was incubated with 50 pl of amylose
beads (NEB E8021S) for 1.5 hours at 4 C on the rotator. The resin was washed five times with 1 ml of binding buffer and eluted with
30 pl of LDS 4x Sample Buffer (NuPage, NP0O007) with 100 mM DTT at 95 C for 5 minutes. 17 ul from the input and 25 pl from the IP
were loaded on a gradient from 4% to 12%, Bis-Tris SDS-PAGE gel (Invitrogen, NP0321BOX) with a protein molecular weight marker.
Proteins were visualized by Coomassie brilliant blue staining.

Analytical size exclusion chromatography

For the analytical size exclusion chromatography (SEC), 98.6 ng mouse MBP-C190RF84-1-100 and/ or 204.6 ug mouse GFP-
SPOCD1-900-1000 were used in each run. Proteins were diluted in a final volume of 250 ul SEC buffer (20 mM Tris pH 7.5,
150 mM Nacl, 1 mM DTT) and injected on a Superdex 200 10/300 GL column. Peak fractions were collected, loaded on an SDS-
PAGE and visualized by Coomassie staining.
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Mouse strains and experimentation
Generation of the Spocd 1" and Miwi2" alleles has been described previously®2® and the lines were kept on a mixed BECBAF1/Crl;
C57BL/6N;Hsd:ICR (CD1) genetic background.

The C190rf84" allele was generated through CRISPR-Cas9 gene editing as previously described”"?? by injection of a single sgRNA
(GATGGACGAGCTAGAAGACG) together with CAS9 mRNA into the cytoplasm of fertilised 1-cell zygotes of BGCBAF1/Crl genetic
background. The Dnmt3/"* allele was generated through CRISPR-Cas9 gene editing using a single sgRNA (TTCTAGCCGA
TTACATCAA), a ssDNA donor (GTCGCGTTTTAGGGTTCTGACGACCCTGCTGTCACACCCGCCATCCCTTGGACGCAGACCCTTCT
AGCCGATTACATCAgccaccATGgcgTCCTACCCATACGATGTTCCAGATTACGCTGGTTCCCGGGAGACACCTTCTTCTTGC
TCTAAGACCCTTGAAACCTTGGACCTGGAGACTTCCGACAGCTCTAGCCCTG) and CAS9 mRNA. For generation of the Dnmt3c™*
allele we used the sgRNA (CTCCCACAGACAACAATGAG) and ssDNA donor (GGTGAGCTGCTCTCTCATGTCCCTGTCTCCTTCTTT
CCTTCCTATCCATTCTGGCCTTCTCCCACAGACAACAATGGGATCCTACCCATACGATGTTCCAGATTACGCTGGAGGCGGAGGA
TCCAGGGGAGGTAGCAGACACCTCAGTAATGAGGAGGATGTCAGTGGATGTGAGGACTGTATTATCATCAGTGGGACCT).

Fo offspring were genotyped by PCR and Sanger sequencing and the Dnmt3/*, Dnmt3c", C190rf84" alleles were established
from one founder animal and back-crossed several times to a C57BL/6N genetic background. Thus, the Dnmt3/*A, Dnmt3cHA,
C190rf84" mice were on a mixed B6CBAF1/Crl; C57BL/6N genetic background. C7190rf84™ animals were genotyped with a four
primer PCR (F: CTTTACTTTCAGGCCCAGCC, R: GGCTTGGAAGTATCTTGCTCAA, WT-R: CATTACTCAAAGCCCCGTCTT,
NULL-F: GAGATGGACGAGCTAGAAGCTA). Dnmt3/"™ animals were genotyped with a two primer PCR (F: AGCCCTCTCTCT
TCCTATCCAA, R: AGAGCAAGAAGAAGGTGTCTCC). Dnmt3cH™ animals were genotyped with a two primer PCR (F: CTTTC
CTGAACACTACACAGAC, R: AGAGCTGACTGTATAGTGAGAC).

Assessment of male fertility was done by mating studs to Hsd:ICR (CD1) wild-type females counting the number of embryos at
E16.5 for each plugged female.

Animal tissue samples were collected from one or more litters per experiment and allocated to groups according to genotype. No
further randomisation or blinding was applied during data acquisition and analysis.

Animals were maintained at the University of Edinburgh, UK, in accordance with the regulation of the UK Home Office. Ethical
approval for the mouse experimentation has been given by the University of Edinburgh’s Animal Welfare and Ethical Review Body
and the work done under licence from the United Kingdom’s Home Office.

Immuno-fluorescence and foci count
Immuno-fluorescence experiments were done as previously described® with the following primary antibodies incubated overnight in
blocking buffer (10 % donkey serum, 1% BSA, 100 mM glycine in PBS): anti-HA (C29F4, Cell Signaling Technologies) 1:100 (HA-
DNMT3C) or 1:500 (HA-DNMTS3L); anti-HA (6E2, Cell Signaling Technologies) 1:1000 1.1 mg/ml in PBS custom formulation for
HA-DNMT3C and 1:200 12 ug/ml catalogue formulation for all other HA tagged proteins; anti-LINE1-ORF1p“° 1:500; anti-IAP-
GAG (a kind gift from B. Cullen, Duke University, Durham, NC, USA) 1:500; anti-yH2AX (IHC-00059, Bethyl Laboratories) 1:500,
anti-C190RF84 rabbit serum (rb632 used for all experimental immuno-fluorescence experiments and rb659 where indicated in Fig-
ure S4C) 1:500, anti-SPOCD1 rabbit serum (rb175, raised against the mouse SPOCD1 TFIISM domain, amino acids 407-568) 1:500,
anti-MIWI2°° (a kind gift from Ramesh Pillai, Université de Genéve, Switzerland) 1:500. Sections were then stained with 5 jig/ml DAPI
and the appropriate donkey anti-rabbit™®*4°%88 or donkey anti-mouse™'®*aF1uor®47 antibody diluted 1:1000 in blocking buffer and
mounted on coverslips with Prolong Gold (Invitrogen). Images were acquired on a Zeiss Observer or Zeiss LSM880 with Airyscan
module. Airyscan images were deconvoluted with the Zeiss Zen software “Airyscan processing” with settings “3D” and a strength
of 6. Images were processed and analysed with Imaged and Zeiss Zen software.

Germ cells containing C190RF84 foci and number thereof as well as SPOCD1 and HA-DNMT3C foci in C190rf84*'* and
C190rf847"~ germ cells were counted manually through the eyepiece at the Zeiss Airyscan 880 microscope using the 100x objective.

Foetal testes extract preparation for western blotting
Foetal testis protein extracts for western blot analysis were made by lysing a pair of E16.5 foetal testes of the indicated genotype in
RIPA buffer (150 mM NaCl, 50 mM Tris pH 8, 1 % IGEPAL, 0.5 % deoxycholate, 0.1 % SDS, cOmplete ULTRA EDTA-free protease
inhibitor (Roche)) using micropestles for tissue homogenization (Sigma Aldrich). Lysates were then sonicated on a bioruptor pico son-
icator (diagenode) for 10 cycles using the default 30 s ON / 30 s OFF programme. SDS loading buffer was added to a final concen-
tration of 2 % SDS, 100 mM Tris pH 8, 8.3 mM DTT, samples heated to 95C for 5 min and lysates cleared by centrifugation for 5 min at
21,000 g before being subjected to Western blot analysis as described above.

Signal intensity of anti-HA stained bands of interest were quantified using ImageStudioL.ite software (LICOR).

Uncropped images of western blots are shown in Data S5.

Histology of mouse samples

Histology experiments on mouse samples were done as previously described.” Briefly, Bouin’s fluid (Sigma Aldrich) fixed testes were
embedded in paraffin, sectioned to 3 um and deparaffinised in a graded alcohol series. Sections were stained with Periodic Acid
Schiff Stain Kit (CellPath). After dehydration through a reverse alcohol series, the sections were embedded in Pertex (Pioneer
Research Chemicals).
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Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

TUNEL assay experiments were done as previously described.® Briefly, Bouin’s fluid (Sigma Aldrich) fixed and paraffin embedded adult
testes were sectioned at 5 um, rehydrated using a decreasing alcohol series, and TUNEL stained with the Click-iT TUNEL assay, Alexa
Fluor 647 dye (Invitrogen) according to the manufacturer’s instructions after pretreatment with proteinase K (10 ng/mlin 10 mM Tris pH
8; Thermo Scientific). Sections were then stained with DAPI (1 ug/ml) and embedded in ProLong Gold Antifade Mountant (Invitrogen).

RNA sequencing and analysis

RNA sequencing experiments and analysis were done as previously described® with data for Spocd?™", Miwi2”~ and wild-type sam-
ples retrieved from GEO: GSE131377.° Briefly, we extracted total RNA from P20 testes with Qiagen RNeasy Kit according to the man-
ufacturer’s instructions and prepared libraries for RNA-seq using the NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina.
Libraries were sequenced on lllumina NextSeq 500 in 150 bp single-read mode.

Adapter sequences were removed from reads using cutadapt (1.8.1)°? with default settings and processed reads then mapped to
the consensus sequence of rodent retrotransposons annotated by Repbase (24.01)°° using bowtie2 (2.3.4.3)°° with default settings.
Mapped reads per retrotransposon were counted and significantly de-regulated species were analysed using DESeq2 (1.26.0).”°
Data was plotted in R studio.

Fluorescence-activated cell sorting (FACS)

CD9* spermatogonia were sorted from P14 testes as previously described”® with minor alterations: Testes were dealbuginated and
digested with 0.83 mg/ml collagenase (Sigma-Aldrich), 50 ug/ml DNase (Sigma-Aldrich) in goni-mem (DMEM (Life Technologies)
supplemented with penicillin-streptomycin (Life Technologies), NEAA (Life Technologies), sodium pyruvate (Life Technologies)
and sodium lactate (Sigma-Aldrich)) for 30 min at 32°C 1000 rpm, followed by digestion with 0.05 % Trypsin (Gibco), 50 ng/ml DNase
in goni-mem. Fetal calf serum together with 100 ng/ml DNase | (Sigma-Aldrich) was added to stop the trypsin digestion, and to facil-
itate complete degradation of released DNA the cell suspension was further incubated for 3 min at 32 °C. Cells were resuspended in
500 ug/ml DNase in goni-mem and then blocked with Fc block (anti-CD16/32, clone 93, eBioscience, 1:50; then labelled with anti-
CD45 (clone 30-F11, eBioscience, 1:400) and anti-CD51 (clone RMV-7, Biolegend, 1:100) biotin-conjugated antibodies. Cells were
subsequently stained with anti-CD9*"C (clone eBioKMC8, eBioscience, 1:200), anti-cKit”=¥" (clone 2B8, eBioscience, 1:1600),
streptavidin4® (BD bioscience, 1:400) together with 1 pg/ml DAPI and finally sorted into goni-mem on a BD Aria Il sorter. Sorted
cells were pelleted for 5 min at 500 g and snap frozen in liquid nitrogen.

Whole-genome methylation sequencing and analysis

Whole genome methylation sequencing experiments and analysis were done as previously described® with data for Spocd?™,
Miwi2”~ and wild-type samples retrieved from ArrayExpress: E-MTAB-7997.° Briefly, genomic DNA was extracted from sorted cells
by overnight proteinase K digest (10 mM Tris-HCI pH 8, 5 mM EDTA, 1 % SDS, 0.3 M Na-acetate, 0.2 mg/ml proteinase K), followed
by two rounds of phenol/chloroform/isoamylalcohol (25:24:1, Sigma-Aldrich) extraction, one round of chloroform extraction and pu-
rification through 2-propanol precipitation in 300 mM Na-acetate pH 5, 10 ug/ml linear acrylamide (Invitrogen) followed by two
washes in 70 % ethanol. Genomic DNA was then further processed using the NEBNext® Enzymatic Methyl-seq Kit (EM-seq;
NEB) and sequenced on lllumina NextSeq in 150 bp paired-end read mode.

Raw sequence reads were trimmed using Trim Galore (v0.4.1, www.bioinformatics.babraham.ac.uk/projects/trim_galore/, Cuta-
dapt version 1.8.1,% parameters: —paired —length 25 —trim-n —clip_R2 5) and then aligned to the mouse genome (mm10) in paired-end
mode with Bismark v0.22.1°" (parameters: bismark —score_min L,0,-0.4 —paired). CpG methylation calls were extracted from dedu-
plicated output using the Bismark methylation extractor (v0.22.1).>" Mapping statistics were calculated with SeqMonk datastore
summary report (www.bioinformatics.babraham.ac.uk/projects/segmonk/). Sequencing statistics are shown in Table S6.

Probes were generated from 50 adjacent CpG running windows containing at least 10 reads. We defined genome features as fol-
lows: Genic regions as probes overlapping genes, promoters as probes overlapping 2000 bp upstream of annotated transcripts (En-
sembl (GRCm38.p6)), CpG islands (CGls) as probes overlapping the Ensembl (GRCm38.p6) CGl annotation. Genic, promoters and
CGills regions overlapping transposons were filtered out. Transposons were annotated using the UCSC repeat masker annotation
(https://genome.ucsc.edu/cgi-bin/hgTables, 02/2019). We excluded simple repeats as well as any small non-coding RNA annota-
tions from the transposon list. Transposon analysis was done using only unique mapping reads and excludes elements overlapping
gene bodies. Transposon families were assessed by analysis of full length elements (defined as > 5 kb for LINE1 elements, > 6 kb for
IAP families and > 4.5 kb for MMERVK10C). Intergenic regions were defined as regions non-overlapping genes or transposons. Meta-
plots, scatterplots and correlation analysis were done using SeqMonk and RStudio. The methylation difference analysis was per-
formed using the divergence (milliDiv) from the consensus sequences. Annotation of imprinted control regions (ICR) was obtained
from (https://atlas.genetics.kcl.ac.uk/). For CpG methylation of the Rasgrf1 imprinted region we quantified individual CpGs with a
minimum of 1 read mapping. SeqMonk and RStudio were used for graphing and statistics.

Small RNA sequencing and analysis

Small RNA sequencing experiments were done as previously described® with minor alterations to the library preparation: RNA was
precipitated overnight at —20 °C in 2.5 volumes 100% ethanol and 2 pl linear acrylamide (E7325AVIAL, NEB), washed with 80%
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ethanol and dissolved in 10 pl nuclease-free water. For library generation, the NEBnext Multiplex Small RNA Library Prep Set for II-
lumina (NEB) was used following the manufacturer’s instructions with 5 pl size-selected RNA per reaction, adaptors diluted 1:2 and
15 cycles of PCR amplification. The finished library was size-selected using a 6% TBE gel (Invitrogen) and DNA purified from the gel
by addition of nuclease-free water and two successive 1 hour incubation steps at 37 °C, 1000 rpm, with a freeze-thaw step in be-
tween. Samples were then transferred onto spin columns (Corning) plugged with filter paper (Whatman) and centrifuged at maximum
speed for 1 min. The DNA was then precipitated as described above with addition of 1 ul linear acrylamide. Concentration was
measured on a Qubit fluorometer (Life Technologies) using the Qubit high-sensitivity dsDNA kit, and the library was quality-controlled
with an HSD1000 tape on a Tapestation 2200 instrument (Agilent). Equal nmole amounts of each library were pooled and diluted with
RSB (lllumina) to 1 nM following the manufacturer’s recommendations for MiniSeq (lllumina) before being chemically denatured using
0.1 M NaOH for 5 min at room temperature followed by the addition of 200 mM Tris-HCI, pH 7 to stop the reaction. The denatured
library pool was diluted in hybridization buffer (lllumina) to 1.35 pM and mixed at equal concentration with 10 % PhiX (lllumina), de-
natured separately as described above. The library-PhiX mix was loaded onto a MiniSeq High Output Reagent Cartridge (75 cycles)
and sequenced in 60-base single-end read mode.
Analysis of sequencing data was then performed as previously described.”

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were plotted in R (version 4.0.3 (2020-10-10)) using the ggplot2,”® tidyr’” and dplyr’® toolkits (versions ggplot2_3.3.3,
tidyr_1.1.2, dplyr_1.0.4) or Microsoft Excel for Mac (version 16). Statistical testing was performed with R (version 4.0.3 (2020-10-
10)) using the R Studio software and with Perseus for the mass spectrometry data. Unpaired, two-tailed Student’s t-tests were
used to compare differences between groups and adjusted for multiple testing using Bonferroni correction where indicated, except
for RNA-seq data analysis, where Wald’s tests and Benjamini-Hochberg correction were used. Averaged data are presented as
mean + s.e.m. (standard error of the mean) for comparisons or mean + SD (standard deviation) for descriptive statistics, unless other-
wise indicated. No statistical methods were used to predetermine sample size. The experiments were not randomized, and the in-
vestigators were not blinded to allocation during experiments and outcome assessment.
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