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DNA methylation is a major silencing mechanism of
transposable elements (TEs). Here we report that
TEX15, a testis-specific protein, is required for TE silenc-
ing. TEX15 is expressed in embryonic germ cells and func-
tions during genome-wide epigenetic reprogramming.
The Tex15 mutant exhibits DNA hypomethylation in
TEs at a level similar to Mili and Dnmt3c but not Miwi2
mutants. TEX15 is associated with MILI in testis. As
loss of Tex15 causes TE desilencing with intact piRNA
production, our results identify TEX15 as a new essential
epigenetic regulator that may function as a nuclear effec-
tor of MILI to silence TEs by DNA methylation.
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Transposable elements (TEs), including LINEs, SINEs,
and endogenous retroviruses, occupy ∼40% of the mam-
malian genome (Goodier and Kazazian 2008). Retrotrans-
posons amplify in the genome by a “copy and paste”
mechanism and retrotransposition of TE sequences into
new genomic sites can change the expression level or pat-
tern of neighboring genes or generate new genes. While
TEs play an important role in genome evolution at the
species level, integration of TEs can potentially disrupt
the function of targeted genes and thus be deleterious at
the individual level. Indeed, TEs are culprits in >60 human
genetic diseases (Goodier and Kazazian 2008).
Given the dramatic impact of TEs on genome integrity,

cells have evolvedmultiple robust silencingmechanisms.
DNA methylation is the major silencing mechanism for
TEs in mammals (Bourc’his and Bestor 2004). Mainte-
nance (DNMT1) and de novo (DNMT3A and DNMT3B)
DNA methyltransferases are required for methylation of
IAP (intracisternal A particle) retrotransposons (Walsh
et al. 1998; Kato et al. 2007). Inactivation of DNMT3L, a

noncatalytic germ cell-specific paralog of DNMT3A/3B,
causes reactivation of TEs in male germ cells and loss
of maternal genomic imprints, resulting in sterility
(Bourc’his et al. 2001; Bourc’his and Bestor 2004). Loss of
DNMT3C, a rodent and germ cell-specific de novo DNA
methyltransferase, leads to reactivation of LINE1 and
IAP retrotransposons (Barau et al. 2016). In addition to
DNA methylation, repressive histone modifications
(H3K9me2 and H3K9me3) are important for silencing of
transposable elements (Di Giacomo et al. 2013; Liu et al.
2014; Pezic et al. 2014; Zamudio et al. 2015).
The piRNA (Piwi-associated small noncoding RNAs)

pathway is an evolutionarily conserved RNA-based TE si-
lencing mechanism in the germline (Siomi et al. 2011).
piRNAs are mostly derived from TEs in early germ cells
(Aravin et al. 2008; Kuramochi-Miyagawa et al. 2010). Ge-
nome-wide demethylation in primordial germ cells
(PGCs) causes a burst of TE expression (Bourc’his and Bes-
tor 2004). During PGC epigenetic reprogramming, the
piRNA pathway is activated and the increased expression
of TE transcripts drives piRNA production, which serve
two purposes (Aravin et al. 2008). First, piRNAs direct
Piwi proteins to specifically cleave TE transcripts to en-
force posttranscriptional silencing. Second, piRNAs de-
rived from activated TEs instruct de novo methylation
of TE promoters, thereby establishing transcriptional si-
lencing through a mechanism that is yet to be completely
elucidated in mammals.
Our previous cDNA subtraction genomic screen identi-

fied 36 germ cell-specific genes from mouse spermatogo-
nia (Wang et al. 2001). Five genes from this genomic
screen (Mili, Vasa, Tdrd1,Mov10l1, and Rnf17) were sub-
sequently found to encode key protein components of the
piRNA pathway. MOV10L1, a bona fide RNA helicase,
forms a complex with MILI (PIWIL2) and TDRD1, binds
specifically to piRNA precursors to initiate piRNA bio-
genesis, and is required for silencing retrotransposons in
male germ cells (Zheng et al. 2010; Vourekas et al.
2015). The hallmarks ofmost piRNA pathwaymousemu-
tants are activation of TEs in germ cells, meiotic arrest,
and male sterility. Notably, Tex15 (testis-specific gene
15) was also first identified in this genomic screen
(Wang et al. 2001). TEX15 is a large protein of 3059 resi-
dues with no known domain or binding partner. As previ-
ously reported, the Tex15−/− males are sterile due to
meiotic arrest but females are fertile (Yang et al. 2008).
Tex15−/− spermatocytes exhibit a failure in chromosomal
synapsis and meiotic recombination (Yang et al. 2008).
Because the Tex15−/− mice mimic mouse mutants with
desilencing of TEs, we asked whether TEs are desilenced
inmale germ cells fromTex15−/−mice. In addition,muta-
tions in human TEX15 cause infertility andmeiotic arrest
in men (Okutman et al. 2015). Here we report that TEX15
associates with MILI and is a new and essential factor in
the epigenetic silencing of TEs in male germ cells.
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Results and Discussion

TEX15 represses evolutionarily young transposable
elements in embryonic male germ cells

We examined the expression of Tex15 in perinatal male
germ cells. RNA-seq analysis showed that Tex15 tran-
script abundance was high at embryonic day 16.5 (E16.5)
and E18.5 and increased at postnatal day 2.5 (P2.5). In con-
trast, Mili (Piwil2) and Miwi2 (Piwil4) levels were high at
E16.5 and decreased at P2.5 (Supplemental Fig. S1A). By
immunofluorescence, we found that TEX15 protein local-
ized to both nucleus and cytoplasm in embryonic male
germ cells—gonocytes at E17.5 (Fig. 1A). The TEX15 lo-
calization signal was specific, as it was absent in the
Tex15−/− germ cells (Fig. 1A). The expression in embryon-
ic testis suggests a functional role for TEX15 in early germ
cells.

Tex15−/− male mice were sterile with meiotic arrest,
while females were fertile (Yang et al. 2008). We noticed
the presence of a unique class of spermatocytes with en-
larged nuclei and loose chromatin (Yang et al. 2008), a phe-
notype commonly observed in mutant testes, such as
Miwi2−/− and Mov10l1−/− mutants, in which TEs are de-
repressed (Carmell et al. 2007; Zheng et al. 2010). To as-
sess the potential for TE derepression, we focused on the
expression of LINE1 (non-LTR retrotransposons) and IAP
(LTR retrotransposons). LINE1 is the most abundant ret-
rotransposon and, while most retrotransposons have de-
generated due to mutations, ∼100 copies of LINE1 in the
human genome and ∼3000 copies in the mouse genome
remain competent for retrotransposition (Mandal and
Kazazian 2008). To assess LINE1 expression, we moni-
tored the expression of LINE1orf1, an abundantly ex-
pressed LINE1-encoded structural protein. As expected,
LINE1 expressionwas not detected in E17.5Tex15+/− con-
trol embryonic germ cells (Fig. 1B). In contrast, LINE1was
highly expressed in Tex15−/− embryonic male germ cells
(Fig. 1B). Assessment of IAP, an LTR retrotransposon
that is active in the mouse genome, was monitored by ex-
pression of its GAG protein. IAP expression was also up-
regulated in E17.5 Tex15−/− embryonic male germ cells
in comparison with Tex15+/− control (Fig. 1C). These re-

sults show that TEX15 is required for silencing of both
LINE1 and IAP retrotransposons in male embryonic
germ cells.

Shortly after sex determination, embryonic male germ
cells cease dividing and undergo genome-wide epigenetic
reprogramming, which includes genome-wide de novo
DNAmethylation and establishment of paternal imprint-
ing (Hackett et al. 2012). At E16.5, genome methylation
levels in male germ cells are low, become higher at
E18.5, and at postnatal day 2.5 (P2.5), genome-wide de
novo methylation is largely complete. To systematically
profile TE expression, we performed RNA-seq analysis
of FACS-sorted Tex15−/− and Tex15+/− male germ cells
at E16.5, E18.5, and P2.5 (Fig. 1D; Supplemental Table
S1). Germ cells were sorted from Oct4-GFP-positive tes-
tes. Three biological replicates were performed per geno-
type per time point. Two-thousand to 6000 germ cells
from each embryo or pup were used per RNA-seq library.
At E16.5, most TE families exhibited less than twofold
change in Tex15−/− germ cells, although a few ERVK fam-
ilies (IAPLTR4_I, IAPLTR1_Mm, IAPEz-Int) and one
ERV1 family (RLTR4_MM-int) were up-regulated by
greater than or equal to twofold in Tex15−/− germ cells
(Fig. 1D; Supplemental Table S2). At E18.5, a large number
of transposon families in three classes of retrotransposons
(LINE1, ERVK, and ERV1) exhibitedmore pronounced up-
regulation in Tex15−/− germ cells. Compared with E18.5,
the up-regulation level ofmost TEs in Tex15−/− germ cells
at P2.5 was reduced, although some (L1Md_A, IAPEz-int,
IAPLTR2a, IAPLTR2b, and RLTR1B-int) remained com-
parable, and two (IAPLTR1_Mm and MER67D) were
more highly expressed. The different patterns of TE desi-
lencing might be attributed to the dynamic nature of
epigenetic reprogramming in male germ cells during
this period and the diverse silencing mechanisms of dif-
ferent TE families (Yang and Wang 2016). Notably, the
up-regulated LINE1s, including L1Md_A, L1Md_Gf, and
L1Md_T are evolutionarily young. Young LINE1s are
full-length intact copies and their desilencing is deleteri-
ous to the genome integrity. In conclusion, TEX15 is es-
sential for silencing of a large number of TE families in
male germ cells.

Binary activation of LINE1 and IAP retrotransposons
in Tex15−/− spermatocytes and spermatogonia

We next examined activation of TEs in adult testes by im-
munofluorescence. In control seminiferous tubules from
adult Tex15+/− testes, LINE1 and IAP were barely detect-
able (Fig. 2A). However, in Tex15−/− testes, LINE1orf1
was highly expressed in spermatocytes but not in sperma-
togonia (Fig. 2B), whereas the IAP-encoded GAG protein
was highly expressed in spermatogonia but not in sper-
matocytes (Fig. 2C). The binary derepression of these
two classes of retrotransposons suggests that additional
mechanisms are involved in silencing of different retro-
transposon classes. LINE1 silencing requires both DNA
methylation and H3K9me2 in spermatogonia, but as
H3K9me2 is absent in spermatocytes, DNA methylation
is sufficient for LINE1 silencing in spermatocytes (Di Gia-
como et al. 2013; Zamudio et al. 2015). qRT-PCR showed
an up-regulated expression of LINE1 and IAP in P10 and
P14 Tex15−/− testes (Fig. 2D). Correspondingly, Western
blotting analysis revealed the increased abundance of
LINE1orf1 and IAP GAG proteins in Tex15−/− testes
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Figure 1. Derepression of transposable elements in Tex15-deficient
gonocytes. (A) Cytoplasmic and nuclear localization of TEX15 in
E17.5 Tex15+/− gonocytes (indicated by arrows). (B,C ) Derepression
of LINE1 and IAP in E17.5 Tex15−/− gonocytes. Scale bars, 25 µm.
(D) Heat map of differentially expressed transposable elements at
E16.5, E18.5, and postnatal day 2.5 (P2.5). The expression level cutoff
is ≥1 cpm (counts per million reads).
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(Fig. 2E). We then asked whether LINE1 promoter regions
were hypomethylated in Tex15-deficient testes. Methyla-
tion-sensitive Southern blotting analysis showed that
LINE1 hypomethylation was detected in P10 and P14
Tex15−/− testes, but not discernable in Tex15+/− testes
(Fig. 2F). Bisulfite sequencing analysis of LINE1-Gf, a
young LINE1, showed that CpG methylation decreased
from 79% in Tex15+/− testes to 41% in Tex15−/− testes
at P10 (Fig. 2G). Together, these results demonstrate
that TEX15 is required for methylation and silencing of
a subset of LINE1 retrotransposons in postnatal male
germ cells.

piRNA biogenesis is intact in Tex15-deficient testes

Our Tex15mutant mice exhibit a meiotic phenotype that
is similar to a number of piRNA pathway mutant mice:
activation of retrotransposons, meiotic arrest, and male
sterility. Therefore, we next asked whether TEX15 func-
tions in the piRNA pathway. Among the three Piwi pro-
teins in mice, MILI and MIWI2 are expressed in
embryonic germ cells (Supplemental Fig. S1B,C; Carmell
et al. 2007; Aravin et al. 2008; Kuramochi-Miyagawa
et al. 2008). While MILI is cytoplasmic, MIWI2 localizes
to the nucleus in embryonic germ cells, where it binds
to retrotransposon-derived antisense piRNAs. Nuclear
MIWI2–piRNA complexes are required for de novo meth-
ylation of retrotransposons, but the underlying mecha-
nism is unknown. In piRNA pathway mutants in which
biogenesis of piRNAs is affected, unloaded MIWI2 is mis-
localized to the cytoplasm (Reuter et al. 2009; Kuramochi-
Miyagawa et al. 2010; Zheng et al. 2010; Pandey et al.
2013; Yang et al. 2016). Interestingly, we found that

MIWI2 remained localized to the nucleus in Tex15-defi-
cient gonocytes (Supplemental Fig. S1B), suggesting that
piRNA biogenesis is intact in Tex15−/− mice.
To further assess whether piRNA biogenesis is intact,

we performed MILI and MIWI2 immunoprecipitations
from neonatal (P0) testes and found that both MILI- and
MIWI2-bound piRNAs were present in Tex15−/− testes
(Supplemental Fig. S2A). We also sequenced total small
RNAs from E16.5 Tex15+/− and Tex15−/− testes and con-
firmed that piRNAs were present in Tex15−/− testes (Sup-
plemental Fig. S2B,C; Supplemental Table S3). Length
distribution of genome mapped reads was compared be-
tween Tex15−/− and Tex15+/−. Abundance of both miR-
NAs (22 nt long reads) and piRNAs (24- to 31-nt-long
reads) was similar in Tex15+/− andTex15−/− samples (Sup-
plemental Fig. S2B,C). Sequencing of MILI- and MIWI2-
bound small RNAs revealed slightly increased production
of TE (repeat)-derived piRNAs associated with MILI and,
to a lesser extent with MIWI2 (Supplemental Fig. S2D).
The repeats with increased abundance of piRNAs be-
longed to LTR and LINE retrotransposons (Supplemental
Fig. S2E). The increased production of piRNAs from retro-
transposons in Tex15−/− testes can most likely be attri-
buted to the increased abundance of retrotransposon
transcripts, which were presumably fed into the piRNA
biogenesis machinery. Such an increase in repeat-derived
piRNA production has also been observed in other mu-
tants such as Morc1−/− and Dnmt3l−/− testes with desi-
lencing of retrotransposons (Aravin et al. 2008; Pastor
et al. 2014).Wenext analyzed the ping–pong amplification
signature of MILI-bound piRNA pairs on L1 and IAP re-
peats by measuring the 5′–5′ end distance. Like in
Tex15+/− testis, the 10-nt 5′–5′ distance of piRNA pairs
was apparent in Tex15−/− testis, showing normal ping–
pong piRNA amplification in the absence of TEX15 (Sup-
plemental Fig. S2F). As TEX15 still localized to the nucle-
us in Miwi2−/− germ cells (Supplemental Fig. S1C), these
results suggest thatTEX15 either functions independently
of piRNAproduction or serves as a nuclear effector protein
downstream of the piRNA pathway in silencing of TEs in
male germ cells.

Hypomethylation of transposable elements
in Tex15−/− germ cells

Methylation-sensitive Southern blot analysis revealed
hypomethylation of LINE1 elements in Tex15−/− testes
(Fig. 2F), showing that desilencing of retrotransposons in
Tex15−/− germ cells is likely due to loss of DNA methyl-
ation. To address whether TEX15 affects global DNA
methylation levels, we performedwhole-genome bisulfite
sequencing (WGBS) on flow-sorted Tex15−/−, Tex15+/−,
and Tex15+/+ germ cells from P2.5 male pups (two biolog-
ical replicates each) using the previously described proto-
col (Pastor et al. 2014). CpG methylation in genomic
domains was unaltered: CpG islands remained unmethy-
lated, whereas intergenic, intragenic, satellite, and trans-
poson regions were hypermethylated in the presence or
absence of TEX15 (Fig. 3A). CpG methylation levels
were also similar among transposon families (Fig. 3B). To-
gether, these results indicate that TEX15 does not affect
de novoDNAmethylation at the genome-wide level (Sup-
plemental Table S4).
DNAmethylation is a key silencing mechanism of TEs

in perinatal germ cells in mammals. Given the
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Figure 2. Binary desilencing of LINE1 and IAP retrotransposons in
adult Tex15−/− testes. (A,B) Desilencing of LINE1 in spermatocytes
(spc) from 8-wk-old Tex15−/− testis but not Tex15+/− testis. (C ) Desi-
lencing of IAP in spermatogonia (spg) from 8-wk-old Tex15−/− testis.
Scale bar, 25 µm. (D) qRT-PCR analysis of LINE1 and IAP transcripts
in P10 and P14 testes. (E) Western blot analysis of LINE1 and IAP in
P10 and P14 testes. (F ) Methylation-sensitive Southern blot analysis
of LINE1 in P10 and P14 testis genomicDNA. (H) HpaII (methylation-
sensitive); (M) MspI (methylation-insensitive). Arrows indicate the
position of restriction fragments. (G) Bisulfite sequencing of LINE1
(L1_Gf) in P10 testes. CpGs are shown as circles. (Filled) Methylated;
(open) unmethylated; (gray) unknown.
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derepression of TEs (Fig. 1), we analyzed the CpGmethyl-
ation levels in individual TE families. LINE1, ERVK, and
ERV1 families were all hypomethylated (Fig. 3C) and tran-
scriptionally derepressed in Tex15−/− germ cells (Fig. 1D).
Hypomethylation preferentially affected evolutionarily
young LINE1s (Fig. 3D; Supplemental Fig. S3). LINE1 5′
UTRs function as promoters and young LINE1s
(L1Md_A, L1Md_Gf, and L1Md_T)were specifically hypo-
methylated at their promoters (5′ UTRs) but not in the
ORFs and 3′ UTRs in Tex15−/− male germ cells (Fig.
3D). The CpG methylation level of the 5′ UTR in
L1MdA_I and L1MdTf_I was 80% in Tex15+/− germ cells
but only 20% in Tex15−/− germ cells (Fig. 3D). Focused
analysis of L1MdA families showed hypomethylation in
young LINE1s (L1MdA_I to L1MdA_III) but not in ancient
LINE1s (L1MdA_VI and L1MdA_VII) in Tex15−/− germ
cells (Supplemental Fig. S3). Deep sequencing of each
WGBS library yielded sixfold genome coverage. Ge-
nome-wide DNA methylation levels were similar among
Tex15−/−, Tex15+/−, and wild-type germ cells at P2.5 (Sup-
plemental Fig. S4A; Supplemental Table S4). Statistical
analysis of DMRs (differentially methylated regions) in
Tex15−/− versus Tex15+/− germ cells revealed that there
were more hypomethylated DMRs (430) than hyperme-
thylated DMRs (116) in the absence of TEX15 (Supple-
mental Fig. S4B). The majority of hypomethylated
DMRs overlapped with LINE1, ERVK, and ERV1, in com-
parison with the control regions (Supplemental Fig. S4C).
Therefore, retrotransposon hypomethylation is associated
with transcriptional derepression in Tex15−/− male germ
cells.

In addition to TE desilencing, RNA-seq analysis identi-
fied differentially expressed protein-coding genes (DEGs)
in Tex15−/− germ cells (Supplemental Fig. S5; Supplemen-
tal Table S5). Comparison of Tex15+/− versus Tex15+/+

germ cells at P2.5 revealed a similar small number of
up-regulated and down-regulated lowly expressed genes
(Supplemental Fig. S5A). While only eight genes were
up-regulated in Tex15−/− germ cells at E16.5, 659 genes
were up-regulated and 75 genes were down-regulated in
Tex15−/− germ cells at E18.5. At P2.5, the number of up-

regulated and down-regulated DEGs decreased to 135
and 81, respectively (Supplemental Fig. S5B). Notably,
E18.5 Tex15−/− germ cells showed the highest number
of both DEGs and up-regulated TEs (Fig. 1D; Supplemen-
tal Fig. S5). Gene ontology analysis of up-regulated DEGs
at E18.5 and P2.5 revealed the following two top enriched
biological processes: G-protein-coupled receptor signaling
pathway and sensory perception of smell, because a large
number of olfactory receptor genes were up-regulated in
Tex15−/− germ cells (Supplemental Fig. S5C). However,
while hypomethylated DMRs at P2.5 substantially over-
lapped with TEs (Supplemental Fig. S4C), we did not
find a correlation of DMRs with DEGs at this time point
(Supplemental Fig. S6). Except for Gtsf1, none of the
known factors (Dnmt3l, Dnmt3c, Morc1, Mili, Miwi2,
Mov10l1, Ddx4, Mael, and other piRNA factors) required
for TE silencing were differentially expressed in Tex15−/−

versus Tex15+/− germ cells. GTSF1 is required for second-
ary piRNA biogenesis (Yoshimura et al. 2018) and Gtsf1
was down-regulated in Tex15−/− germ cells but only at
E18.5 (Supplemental Table S5). Of the other known TE-
derepressingmutants, theMilimutantwas reported to ex-
hibit a high number of DEGs, withmore than 100DEGs at
P10 (Manakov et al. 2015).

TEX15 associates with MILI in testis

To investigate the mechanism of TEX15 function, we
sought to identify TEX15-interacting proteins. We gener-
ated 3×Flag-TEX15 knock-in mice, in which Flag is fused
to the N terminus of TEX15 (Fig. 4A; Supplemental Fig.
S7A). Immunoprecipitation (IP) andWestern blot analysis
with anti-Flag antibody detected the full-length TEX15
protein (>300 kDa) and a shorter TEX15 isoform (∼150
kDa) (Fig. 4B). The 150-kDa isoform could be generated
through endolytic cleavage of the full-length protein and
its physiological importance is unknown. By immunoflu-
orescence, Flag-TEX15 was both cytoplasmic and nuclear
in E17.5male germ cells (Supplemental Fig. S7B), confirm-
ing the localization pattern revealed with anti-TEX15 an-
tibody (Fig. 1A). Of three mouse Piwi proteins, only MILI,

B
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Figure 3. DNA hypomethylation of transposable elements in
Tex15−/− male germ cells. WGBS was performed with P2.5
Tex15+/+, Tex15+/−, and Tex15−/− gonocytes. (A,B) Box and whisker
plots of CpG methylation among genomic compartments (A) and
classes of transposable elements (B). (CpGi) CpG islands. (C ) Percent-
age of CpGDNAmethylation loss in individual retrotransposon fam-
ilies in Tex15−/− gonocytes. Only members with >10% loss of CpG
methylation in Tex15−/− germ cells are shown. (D) Metaplots of
DNA methylation over full-length LINE1 classes.
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Figure 4. TEX15 forms a complex with MILI in testis. (A) Design of
the Flag-Tex15 knock-in allele. The coding sequence of 3xFlag epi-
tope tag is inserted into exon 3 in-frame by CRISPR/Cas9 genome ed-
iting. (B) Western blot analysis of Flag-TEX15 proteins in postnatal
day 20 testes. Note the presence of two isoforms of TEX15 proteins.
(C ) Coimmunoprecipitation of MILI with Flag-TEX15 in P20 testes.
Input was 1.5% of the extract used for immunoprecipitation. (D) Re-
ciprocal coimmunoprecipitation of Flag-TEX15 with MILI in P20
testes.
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like TEX15, is expressed in both embryonic and postnatal
germ cells (Kuramochi-Miyagawa et al. 2004; Aravin et al.
2007). MILI was detected in the protein complexes immu-
noprecipitated from testes with anti-Flag (TEX15) anti-
body (Fig. 4C). Importantly, reciprocal IP confirmed this
association (Fig. 4D). These results demonstrate that
TEX15 is associated with MILI in testis.
In conclusion, TEX15 is required for DNA methylation

of TEs during genome-wide epigenetic reprogramming
and thus silencing of TEs in male germ cells. In compari-
sonwithMiwi2−/− germ cells,Mili−/− orDnmt3c−/− germ
cells show derepression of a greater number of TEs and
more severe hypomethylation at TEs (Supplemental Fig.
S8; Kuramochi-Miyagawa et al. 2008; Manakov et al.
2015; Nagamori et al. 2015; Barau et al. 2016). Mili−/−

germ cells show amore dramatic reduction in piRNA pro-
duction than Miwi2−/− germ cells. The Tex15−/− mutant
(Fig. 3D) more closely resembles the Mili−/− mutant or
the Dnmt3c mutant than the Miwi2−/− mutant in terms
of the degree of DNA hypomethylation at TEs (for exam-
ple, L1MdA_I, L1MdGf_I, and L1MdTf_I in Supplemental
Fig. S9) and the number of derepressed TEs (Molaro et al.
2014; Manakov et al. 2015; Barau et al. 2016). In contrast
to Miwi2−/− germ cells, both Tex15−/− and Mili−/− germ
cells showed a substantial number of differentially ex-
pressed genes. Themechanism underlying the differential
epigenetic defects observed in Mili and Miwi2 mutants
could be partly explained by the TEX15–MILI association.
InDrosophila, Silencio/Panoramix bridges Piwi protein

to the epigenetic silencingmachinery in the nucleus to si-
lence transposable elements (Sienski et al. 2015; Yu et al.
2015); however, the Drosophila Silencio/Panoramix has
no sequence orthologs in vertebrates. Consistently,
TEX15 is vertebrate-specific. Thus, our finding on the as-
sociation of TEX15 withMILI supports that TEX15might
be the vertebrate equivalent (functional homolog) of the
fly Silencio/Panoramix. TEX15 is both cytoplasmic and
nuclear, and although MILI is abundantly expressed in
the cytoplasm, it is also present in the nucleus of germ
cells (Beyret and Lin 2011). Our working model is that
MILI/piRNAbinds to nascent TE transcripts and interacts
with TEX15, which in turn recruits the epigenetic silenc-
ing machinery to the transposon loci. Loss of TEX15 does
not affect piRNA production. Therefore, we propose that
TEX15 functions as a molecular bridge between piRNA
complex and the downstream effectors in vertebrates.

Materials and methods

Tex15, Miwi2, and Oct4-GFP mice

Tex15−/−,Miwi2−/−, andOct4-GFPmicewere generated previously (Szabó
et al. 2002; Carmell et al. 2007; Yang et al. 2008). In Oct4-GFP mice, the
expression of GFP is under the control of the Oct4 promoter and ΔPE en-
hancer (Szabó et al. 2002). Intercrossing produced Tex15+/− Oct4-GFPHom

mice, in which Oct4-GFP is homozygous. Timed interbreeding of
Tex15+/− Oct4-GFPHom mice was performed to generate Tex15+/+ Oct4-
GFP, Tex15+/− Oct4-GFP, and Tex15−/− Oct4-GFP embryos at E16.5 and
E18.5 or pups at P2.5.

Generation of Flag-Tex15 knock-in mice

To generate 3xFlag-Tex15 knock-in mice, the guide RNA mapping to
Tex15 exon 3 was cloned into the px330 vector (Addgene) and transcribed
in vitro (Supplemental Fig. S7A). The ssDNA repair template contains the
3xFlag-coding sequence (Supplemental Fig. S7A). A mixture of 50 ng/µL

guide RNA, 100 ng/µL ssDNA template, and 100 ng/µL Cas9 mRNA (Tri-
link L-7206) was microinjected into ∼50 mouse zygotes (1 to 2 pL per zy-
gote). The zygotes were transferred into three recipient females. Five
foundermicewere obtained. Sanger sequencing of tail genomicDNA iden-
tified one foundermousewith the intact 3xFlag insertion, which transmit-
ted the Tex15Flag allele through germline. The wild-type (242-bp) and
Tex15Flag (323-bp) alleles were genotyped by PCR with primers 5′-TGAG-
GACTTT CAGGTTGCTA-3′ and 5′-CTTTTTCAGTCGTCCTCCTGA-
3′. All experiments were approved by the Institute of Animal Care and
Use Committee (IACUC) of University of Pennsylvania.
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