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Transposable elements (TEs) are mobile sequences that engender
widespread mutations and thus are a major hazard that must be
silenced. The most abundant active class of TEs in mammalian
genomes is long interspersed element class 1 (LINET). Here, we
report that LINE1 transposition is suppressed in the male germline
by transcription factors encoded by a rapidly evolving X-linked
homeobox gene cluster. LINET transposition is repressed by many
members of this RHOX transcription factor family, including those
with different patterns of expression during spermatogenesis.
One family member—RHOX10—suppresses LINET transposition
during fetal development in vivo when the germline would oth-
erwise be susceptible to LINET activation because of epigenetic
reprogramming. We provide evidence that RHOX10 suppresses
LINE transposition by inducing Piwil2, which encodes a key com-
ponent in the Piwi-interacting RNA pathway that protects against
TEs. The ability of RHOX transcription factors to suppress LINET is
conserved in humans but is lost in RHOXF2 mutants from several
infertile human patients, raising the possibility that loss of RHOXF2
causes human infertility by allowing uncontrolled LINET expression
in the germline. Together, our results support a model in which the
Rhox gene cluster is in an evolutionary arms race with TEs, resulting
in expansion of the Rhox gene cluster to suppress TEs in different
biological contexts.

LINE1 | piRNA | transposon | RHOX10 | Piwil2

ammalian genomes are dominated by transposable ele-

ments (TEs)—parasitic genetic units that can reach copy
numbers in the hundreds of thousands (1). The most abundant
active class of TEs in mammals is long interspersed element class
1 (LINEI), which comprises ~20% of mammalian genomes (2).
LINE] elements are autonomous TEs that propagate in the
genome by a copy-and-paste mechanism through retrotransposition.
LINE] propagation depends on the LINEI-encoded proteins,
ORFl1p and ORF2p, which can also mobilize nonautonomous
retrotransposons, other noncoding RNAs, and messenger RNAs,
leading to the generation of processed pseudogenes (3, 4). All
told, LINEI-mediated transposition has been estimated to have
generated at least a third of the human genome (5).

LINE] elements are detrimental to cells. One obvious nega-
tive consequence of LINE] elements is they engender mutations
when they undergo transposition to a new genomic site. Indeed,
insertional mutagenesis elicited by LINEI and other TEs has
been shown to cause more than 65 human genetic diseases (6). In
addition, the LINE1 open reading frames (ORFs) are themselves
known to encode deleterious endonuclease and reverse transcrip-
tase activities (7-9). The ultimate effect of overly active LINEIs is
accumulation of DNA damage, checkpoint activation, and cell
death (8, 9). Thus, limiting LINEI expression and translocation is
fundamental to genome integrity and health.

To protect against these negative effects, multiple epigenetic
and RNA-mediated mechanisms have been postulated to have
evolved (10). Such silencing mechanisms are particularly critical
for the germline, as they reduce the transmission of TE-induced
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mutations to subsequent generations. A major opportunity for
TEs to undergo transposition is when the male germline undergoes
genome-wide demethylation (between embryonic day [E]7.5 and
E12.5) in primordial germ cells (PGCs) (11). This hypomethylated
state is maintained when PGCs become nonproliferative cells called
prospermatogonia (ProSG, also known as gonocytes) at ~E13.5
(12). While genome-wide DNA demethylation provides the benefit
of reprogramming the genome for the next generation, it opens the
door for a major hazard, as it allows an opportunity for TE acti-
vation and transposition. Thus, mechanisms have evolved to defend
against TEs becoming active when PGCs and ProSG are in this
hypomethylated state. For example, evidence suggests that PGCs
and ProSG make use of the histone modification, H2A/H4R3me2,
to suppress TE expression and protect genomic integrity (13).
Another major mechanism that protects against TEs in PGCs and
ProSG is the Piwi-interacting (pi) RNA pathway. This pathway is
mediated by short (24 to 31 nt) noncoding RNAs called “piRNAs”
that associate with members of the PIWI RNA-binding Argo-
naute protein family to suppress transposons and maintain
germline genome integrity (14). In mice, there are three PIWI family
members—PIWIL1, PIWIL2, and PIWILA (also known as MIWI,
MILI, and MIWI2, respectively)—the latter two of which are
expressed in PGCs and/or ProSG. Piwil2 is first detected in gonadal
tissue at E12.5, around the PGC-to-ProSG transition (15), whereas
Piwil4 is not detectable until E15.5 (16). Both PIWIL2 and PIWILA4
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are critical for suppression of LINE] elements and other TEs in
ProSG, based on analysis of Piwil2- and Piwl4-knockout (KO)
mice (16, 17). Both KO strains suffer from male sterility (16, 17).

In this communication, we report evidence for a new line of
defense against LINE] elements: the RHOX homeobox transcrip-
tion factor family. Our laboratory identified a member of this
family—Pem (Rhox5)—as an oncofetal gene expressed during nor-
mal embryogenesis and in diverse tumors (18). Later, we and others
discovered that Rhox5 is part of a very large (33-member) homeobox
gene cluster on the X chromosome in mice (19-23). All known
members of this Rhox gene cluster are primarily expressed in the
placenta and in the male and female reproductive tracts (24). By
definition, all homeobox genes encode a DNA-binding homeo-
domain, suggesting that the RHOX proteins are transcription factors
devoted to reproductive functions. Indeed, this possibility has been
supported by several studies, including those showing that loss of
Rhox5, Rhox8, Rhox10, or RhoxI3 in mice causes spermatogenic
defects (25-28). Relevant to this communication, we found that
knock out of the entire Rhox cluster (either globally or specifically in
germ cells) causes progressive spermatogenic decline, consistent with
a defect in spermatogonial stem cells (SSCs) (26). We then dem-
onstrated that one particular Rhox gene—Rhox10—is critical for this
defect, as we found that Rhox0-null mice have the same progressive
spermatogenic decline as Rhox cluster KO mice (26). Through a
battery of assays, including germ cell transplantation and single-cell
RNA sequencing (RNA-seq) analyses, the defect in RhoxI0-null
mice was pinpointed to be an inability of ProSG to efficiently
undergo differentiation and thereby generate SSCs. Thus, Rhox10
functions in the “gateway cells” that drive the initiation of
spermatogenesis: ProSG.

In the present study, we demonstrate that RHOX transcrip-
tion factors have an unexpected role in TE defense in the
germline. We initially postulated this possibility for several rea-
sons: First, all Rhox genes are expressed in the testis and ovary
(19, 24). In humans, the RHOX genes are expressed exclusively
in germ cells in the testes and ovary, suggesting they have specific
roles in the germline (29). Second, the Rhox genes encode DNA-
binding homeobox proteins (19, 24), suggesting obvious mecha-
nisms by which they could act on TEs. Third, Rhox genes are
dramatically transcriptionally derepressed in response to DNA
hypomethylation, based on many lines of evidence both in vitro
and in vivo (30-35). We reasoned that this regulatory trigger would
generate RHOX transcription factors precisely when needed for
TE defense—during genome-wide demethylation of the germline.
Consistent with this reasoning, most Rhox genes are induced in
PGC:s precisely when they undergo genome-wide hypomethylation
(36, 37).

In this communication, we report our experiments to directly
test whether RHOX transcription factors have a role in TE de-
fense. Our experiments revealed that, indeed, several members
of the mouse RHOX homeobox family are capable of suppressing
LINET] transposition. We demonstrate that one RHOX family
member—RHOX10—strongly suppresses LINEI transposition
during the critical period when the germline is largely hypo-
methylated and thus highly susceptible to LINE1 aggression. We
determined the mechanism by which this suppression occurs and
then asked whether LINE1 defense extends to the human RHOX
cluster. Together, our results suggest that the Rhox gene cluster
is engaging in an evolutionary arms race with LINEI elements to
suppress the expression and expansion of these parasitic TEs.

Results

Rhox10 Represses LINET Transposition in the Male Germline. To de-
termine whether the Rhox cluster represses LINE1 transposition,
we crossed SNI LINEI reporter mice (38) with Rhox cluster
(Rhox-c)"™;Vasa-Cre mice, which delete the entire Rhox cluster
in germ cells (26). We chose to use the SNI single-copy LINE1
transgene reporter mouse line for several reasons, including that
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it contains codon-optimized mouse ORF1 and ORF2 for improved
translation and an intron-containing split EGFP for assaying ret-
rotransposition (38). Furthermore, unlike past LINE! reporters
(39-45), SN1 is under the control of an endogenous mouse LINE1
promoter, allowing for more physiological evaluation of LINE]
regulation (38). We used the digital droplet (dd) PCR assay to
assay reporter genomic copy number. This assay showed that SN
LINE] reporter copy number was high in the brains of wild-type
(WT) mice (Fig. 14), consistent with previous reports that
LINE] elements undergo high rates of transposition in the brain
and neural progenitor cells (42, 46, 47). ddPCR analysis of Rhox-
c conditional KO (cKO) mice revealed SN1 LINEI copy number
was significantly higher in the testes from these cKO mice than
control (Vasa-Cre;SN1*/7) mice, indicative of greatly increased
LINE] transposition as a result of Rhox cluster loss (Fig. 14). In
contrast, SNI copy number was not significantly increased in
other adult tissues we tested, including brain (Fig. 14). Time-
course analysis showed that these Rhox-c cKO mice exhibited a
dramatic increase in SN/ copy number in testes between E13.5
and E16.5, which was sustained at postnatal (P) day 0 and adult
stages (Fig. 1B). This indicated that the Rhox cluster suppresses
LINE] transposition in ProSG, as this is the only germ cell type
present from ~E13.5 to birth (12).

The Rhox cluster contains 33 homeobox genes (19, 24), any of
whose loss could potentially contribute to LINE! suppression.
Since Rhox10 is expressed in the germ cell stage in which the
Rhox cluster acts to suppress LINEL transposition—ProSG
(26)—we examined the role of Rhox10. To this end, we gener-
ated RhoxI0-nul;SNI transgenic mice. Like Rhox-c cKO mice,
these Rhox10-null mice had greatly elevated SN transgene copy
number compared to control (SN1*/7) mice. Furthermore, both
Rhox10-null and Rhox-c cKO mice had elevated SNI transgene
copy number in precisely the same contexts: E16.5, PO, and adult
testes but not in E13.5 testes or nontesticular adult tissues (Fig. 1.4
and B). This finding suggested that Rhox10 is largely responsible
for the ability of the Rhox cluster to suppress LINE] transposition
during fetal germ cell development in vivo.

The notion that RhoxI0 suppresses LINE] transposition was
validated by several lines of evidence. First, using the ORFeus
dual luciferase reporter (48), we confirmed the suppressive effect
of Rhox10 on LINE] transposition in the GC1 spermatogonial
cell line (Fig. 1C). Second, qPCR analysis showed that SNI LINE1
transgene expression was elevated in RhoxI0-null mice testes
(Fig. 1D). Third, to examine whether regulation extends to en-
dogenous LINE] elements, we used primer pairs specific for
several different LINE] subfamilies. This analysis revealed that
the Lla LINEI subfamily exhibited strongly elevated expression
in RhoxI0-null mouse testes (Fig. 1D). Specificity was demon-
strated by the finding that L1gf and LIt subfamilies did not exhibit
statistically significant changes in expression (Fig. 1D). Fourth, to
assess whether RhoxI0 might suppress LINEI transposition by
repressing LINE1 ORFl1p protein, we examined ORF1p expres-
sion and found it was significantly up-regulated in Rhox10-null
mouse testes, as detected by Western blot analysis of both fetal
and adult testes (Fig. 1E). Fifth, we confirmed ORF1 up-regulation
using immunofluorescence analysis: at E16.5, most germ cells
(TRA98+ cells) in WT testes had a very dim anti-ORF1p signal,
whereas most germ cells in RhoxI0-null mice testes had a strong
signal (Fig. 1F). In adult WT mice, all germ cells in all seminiferous
tubules examined had undetectable or weak expression of ORF1p,
while in adult Rhox10-null mice, 18% of tubules (11 of 61) had
germs cells with a strong ORF1p signal (SI Appendix, Fig. S1).

Evidence for a Rhox10-Piwil2-LINE1 Circuit. To identify candidate
genes that act downstream of the RHOX10 transcription factor
to suppress LINE] elements in the male germline, we performed
RNA-seq analysis on fluorescence-activated cell sorting (FACS)-
purified germ cells from fetal Rhox10-null;Oct4-eGFP*'* (KO)
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Fig. 1. Rhox10 represses LINET transposition in the male germline. (A) ddPCR analysis of SN1 LINET copy number in adult tissues from SN1 reporter mice
mated with Rhox cluster (c) cKO (Rhox-c™"Y;Vasa-Cre;SN1*~), Rhox10-null (Rhox10”;SN1*~) (KO), or WT (Vasa-Cre;SN1*~) mice (n = 6). *P < 0.05. (B) SN1 LINET
copy number in testes from mice of the ages indicated (adult testis is the same as in A). The genotypes and analysis are described in A (n = 3). *P < 0.05. (C)
Luciferase analysis of LINET transposition activity in the GC1 spermatogonia cell line cotransfected with the mouse ORFeus LINE1 reporter and a Rhox10-
expression vector or an empty expression vector (n = 3). *P < 0.05. (D) gPCR analysis of testes from E16.5 Rhox70-null (KO) and littermate WT mice. The
primers used are specific for the indicated LINET subfamilies (n = 3). *P < 0.05. (E) Western blot analysis of LINET ORF1p protein expression in testes lysates
from Rhox10-null (KO) and littermate WT mice of the indicated ages. (Right) ORF1p quantification when normalized to GAPDH (n = 3). *P < 0.05. (F) Im-
munofluorescence analysis of ORF1p (green) in Rhox70-null (KO) and littermate WT testes from E16.5 mice. The sections were costained with an antibody
against TRA98 to detect all germ cells (red) and DAPI to detect all cells (blue). n = 3.

and littermate Oct4-eGFP*'* (control) mice. Principal compo-  change in gene expression elicited by loss of Rhox10 (Fig. 24). In
nent analysis of quadruplicate replicates of Rhox107¥;Octd-  total, 370 genes exhibited significantly altered expression in
¢GFP and Rhox10™'Y;0ct4-eGFP germ cells showed that their  RhoxI0-null germ cells compared to control germ cells (q <0.05,
transcriptomes segregated separately, indicative of a significant =~ Basemean > 10, [Log2FC| > 0.25). Of these 370 differentially
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expressed genes (DEGs), 213 were up-regulated and 157 were
down-regulated (Dataset S1). Fig. 2B shows signaling pathways
associated with these DEGs.

Among the functional categories associated with genes regu-
lated by RhoxI10 loss (Fig. 2 C and D) was “piRNA biogenesis.”
The piRNA pathway is known to silence LINEI elements (49, 50),
which led us to postulate that Rhox10 acts through the piRNA
pathway to suppress LINE] elements. Among piRNA biogenesis
genes, Piwil2 and Tdrdl were significantly down-regulated in
Rhox10-null germ cells (Fig. 34), which we validated by qPCR
analysis (Fig. 3B) and Western blot analysis for PIWIL2 (Fig. 3C).
To determine whether RHOX10 might directly regulate their
expression, we first employed reporter analysis. The Piwil2 and
Tdrdl promoter regions were separately cloned into a firefly lucif-
erase reporter vector and cotransfected with a RhoxI0-expression
vector into HEK-293T cells. Rhox10 dramatically increased ex-
pression from the Piwil2 promoter (by ~seven-fold), demonstrating
that RHOX10 acts through the Piwil2 promoter to increase Piwil2
expression (Fig. 3D). In contrast, RHOXI10 likely acts by a dif-
ferent mechanism to up-regulate 7drdl, as forced Rhox10 ex-
pression did not significantly increase reporter expression from
the Tdrdl promoter.

The finding that the RHOX10 transcription factor strongly up-
regulates Piwil2 expression in the male germline in vivo raised
the possibility that RHOX10 acts in a circuit with PIWIL2 to
suppress LINE] transposition. In support of this model, we
found that RHOX10 occupies the Piwil2 promoter, as shown by
chromatin immunoprecipitation (ChIP) analysis (Fig. 3E). This
finding, coupled with 1) the coexpression of Rhox10 and Piwil2 in
fetal germ cells (16, 51, 36), 2) the ability of RHOXI10 to drive
expression of the Piwil2 promoter in vitro (Fig. 3D), and 3) the
ability of RHOX10 to positively regulate Piwil2 in germ cells
in vivo (Fig. 3 B and C), strongly suggests that RHOX10 directly
drives transcription of the Piwil2 gene in fetal germ cells. To
assess whether RHOX10 suppresses LINE1 expression via Piwil2,
we performed a rescue experiment. In this experiment, we asked
whether reduced LINE] defense caused by RHOX10 knockdown
could be rescued by adding back the depleted PIWIL2. Indeed, we
found that forced expression of PIWIL2 in germline stem (GS)
cells reversed the defect in LINE] transposition caused by RHOX10
knockdown (Fig. 3F), as judged by a cotransfected dual luciferase
LINEI reporter plasmid (ORFeus reporter) (48) (Fig. 3G). To-
gether, these data support a model in which RHOX10 directly
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Fig. 2. RHOX10-regulated genes in fetal germ cells. (A) Principal component analysis plot of the RNA-seq datasets from quadruplicate testicular germ cell
samples obtained from E16.5 Rhox10-null; Oct4-eGFP** (KO) and Oct4-eGFP** (WT) mice. (B) Heatmap of DEGs identified from the analysis of the samples in
A (the data from each biological replicate are shown). Selected signaling pathways enriched in DEGs down- and up-regulated in Rhox10-null germ cells are
shown in Upper and Lower, respectively. (C and D) STRING analysis of DEGs defined in B.

40f 10 | PNAS
https:/doi.org/10.1073/pnas.2024785118

Tan et al.
The Rhox gene cluster suppresses germline LINE1 transposition


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024785118/-/DCSupplemental
https://doi.org/10.1073/pnas.2024785118

>
1
1
@

O

*
X o9
wr _—— Piwil2 * 2, S
Ko I I . Tdrd1 < 5]
Rnf17 Z 06 ©
0.15 Tdrd3 @ 0 8 6.0
. Tdrd6 [ ©
I Henmt1 204 5 uCtrl
0.1 Tdrd12 © =
Tdrd5 D02 S = Rhox10
0.05 Mael 14 = 30
. Morc1 0.0 o <
0 Piwil4 =
™ Tardo o 9
r
-0.05 Hsp90aat s 4
Tdrd7 Qs 0.0
-0 PId6 Piwil2  Tdrd1
Tarkh Piwil2
018 533333353553
D NS O O A I
WT Rhox10 KO E F
o/ _ *
PIVIL | —— 12? 12
6% A
12}
5 1.4% A 310
GAPDH | a—— S | N
= 1.0% 1 <
. 100.0% £ 0.8% 1 @ 06
G 80.0% @ 0.6% - 204
28 60.0% R 0.4% 1 e .
9 % 40.0% * 0.2% - caé 02
2 o
5> 200% 0.0% 19G HA|IgG HA|IgG HA 00
2 0.0% Scramble Rhox10
WT  Rhox10 P#1 ShRNA shRNA
KO
G H L
2 3 10 —
0 o
: S "
£ 15 2 * l
8_ E_ 06 :[ 1 *
240 S 04 5wt @
[ o
2 . 202 Rhox10 KO S 6RNA
© 0. o
& & 00 _L
0.0 ® o 6
LR S
Rhox10-shRNA -+  +  + RSl

Piwil2 OE vector - 50ng 200ng

W
o e e

LINE1

Fig. 3. RHOX10 suppresses LINE1 expression via regulating Piwil2 expression. (A) Heatmap of piRNA pathway gene expression determined by the RNA-seq
analysis shown in Fig. 2. *, q < 0.05, Basemean > 10, |Log2FC| > 0.25. (B) qPCR validation of Rhox10-mediated regulation of Piwil2 and Tdrd1 expression in
germ cells from E16.5 Rhox10-null; Oct4-eGFP** (KO) and Oct4-eGFP** (WT) mice (n = 3). *P < 0.05. (C, Top) Western blot analysis of PIWIL2 protein ex-
pression in testes lysates from E16.5Rhox10-null (KO) and littermate WT mice. (Bottom) PIWIL2 quantification when normalized to GAPDH (n= 3). *P< 0.05.(D)
Luciferase analysis of Piwil2 or Tdrd1 promoter activity in HEK-293T cells cotransfected with a luciferase reporter vector harboring the Piwil2 or Tdrd1
promoter and a Rhox10-expression vector or an empty expression vector as a control (Ctrl) (n = 4). *P < 0.05. (E) ChIP-gPCR analysis of GS cells transfected with
an expression vector encoding HA-tagged RHOX10 and analyzed using an HA antibody. Endogenous RHOX10 was knocked down using a Rhox10-shRNA
lentivirus (>80% efficiency) (51). I9G antibody was used as a negative control. The values shown are the DNA signal in the immunoprecipitation samples
relative to the input. (n = 3). *P < 0.05. (F) gPCR analysis of Rhox10 expression in GS cells transduced with a Rhox10-shRNA lentivirus or a scramble-shRNA
lentivirus as a control (n = 2). *P < 0.05. (G) Luciferase analysis of LINET transposition activity in GS cells cotransfected with the ORFeus mouse LINET reporter, a
Piwil2 expression vector, and a Rhox10-shRNA vector, as shown (n = 3). *P < 0.05. (H) TagMan-gPCR analysis of the indicated piRNAs in FACS-purified germ
cells from E16.5 Rhox10-null; Oct4-eGFP** (Rhox10 KO) and littermate Oct4-eGFP** (WT) mice (n = 3). *P < 0.05. U6 small nuclear RNA levels were used for

normalization. (/) Model: the RHOX10 transcription factor activates Piwil2 transcription to suppresses LINET elements.

transcriptionally activates the Piwil2 gene to provide defense
against LINEI TEs in the developing male germline (Fig. 31).

PIWIL?2 is an endonuclease that produces piRNA intermedi-
ates, leading to the formation of mature piRNAs (52). This raises
the possibility that by stimulating PIWIL2 expression, RHOX10 also
up-regulates the expression of piRNAs. To test this, we selected
three piRNAs known to be bound to PIWIL2 in ProSG, each in a
different subfamily (L1Md type A, D, and F2) (53). TagMan analysis
showed that all of these piRNAs are significantly down-regulated in
FACS-purified germ cells from RhoxI0-null E16.5 Octd-eGFP*'*
mice compared to germ cells from littermate Oct4-eGFP**controls
(Fig. 3H). These data indicate that RhoxI0 promotes piRNA ex-
pression in fetal germ cells, which may contribute to Rhox10’s role in
LINE] defense.

Rhox10 Drives LINET Promoter DNA Methylation. Our evidence that
Rhox10 acts, at least in part, through Piwil2 to suppress LINE1
transposition predicts that RhoxI0-null mice testes will have
hypomethylated LINE1 promoters. This prediction follows from
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the considerable evidence that the piRNA pathway suppresses
LINE] expression by methylating LINEI promoters (16, 17). To
test this possibility, we performed bisulfite analysis of the SN/
transgene promoter in testes from fetal (E16.5) RhoxI0-null and
control mice. Among 12 CpG sites, three showed significantly
decreased methylation levels in Rhox10-null testes when com-
pared with control testes (Fig. 44). The total DNA methylation
level of all CpG sites was also significantly decreased in Rhox10-
null compared to control mice (Fig. 44). To test whether the
methylation of the LINEI promoter is regulated by Rhox10 spe-
cifically in germ cells, we purified germ cells from E16.5 testes by
magnetic-activated cell sorting using epithelial cell adhesion
molecule, an early germ cell marker (54, 55). Bisulfite analysis
showed that 5 of 12 CpG sites in the SNI transgene promoter
exhibited significantly decreased methylation in Rhox10-null germ
cells compared to control germ cells (Fig. 4B). Total methylation
level was also significantly decreased (Fig. 4B). Together, these
results indicated that RhoxI0 drives the methylation of LINE]
promoters in germ cells.
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Fig. 4. Rhox10 drives LINET promoter methylation. (A, Top) The degree of methylation at each CpG site in the SNT transgene promoter in testes from
E16.5 Rhox10-null; SN1*'~ (KO) and SN1*/~ (WT) mice. (Bottom) Bisulfite analysis data of individual samples. *P < 0.05. (B) Bisulfite analysis, performed as in A,
of purified germ cells from E16.5 Rhox10-null; SN1*~ (KO) and SN1*~ (WT) mice testes. *P < 0.05.

Many Members of the Mouse Rhox Gene Cluster Repress LINE1
Transposition. The evidence described above indicated that
mouse Rhox10 suppresses LINEI transposition in fetal germ
cells, including ProSG. Other members of the mouse Rhox cluster
are expressed in other contexts, including at later stages of male
germ cell development, in female germ cells, and in somatic cells in
the testes and ovary (24, 56). To determine whether other Rhox
cluster genes suppress LINE] transposition, we used the ORFeus
dual luciferase reporter assay (48). We cotransfected this LINE]
reporter with expression vectors encoding individual Rhox gene in
NIH 3T3 cells, revealing that several of the mouse Rhox genes
repress LINE] transposition (Fig. 54). As described in Discussion,
this finding raises the possibility that individual members of the
Rhox cluster coordinate LINE] suppression across male germline
development, as well as acting to suppress LINE] elements in
different cell types in the reproductive tract.

Human RHOXF2 Represses LINE1 Transposition. Rhox homeobox
genes are also presents in other mammals, including humans (19,
57), raising the possibility that they encode transcription factors
that suppress LINE] elements in the male germline in humans.
Humans harbor only three RHOX genes: RHOXFI1, RHOXF2A,
and RHOXF2B (also called hPEPPI and hPEPP2) (58). The
latter two are likely to be functionally equivalent, as they are
99.8% identical in sequence in their exons and introns, and only
differ by two amino acids in their deduced protein sequence.
Both the RHOXFI and RHOXF2A/B genes are most highly
expressed in testes; their encoded proteins are specifically expressed
in germ, not somatic, cells in the human testes and ovary (29). To
assess whether human RHOXF1 and/or RHOXF2 have LINE]
silencing activity, we cotransfected a human LINEI reporter plas-
mid (Llgp reporter) (48) with individual expression vectors
encoding RHOXF1 and RHOXEF?2. This revealed that RHOXF2,
but not RHOXF1, has the ability to suppress LINE] transposition
in human HEK-293T cells (Fig. 5B) and the human germ cell line
TCam-2 (Fig. 5C). To supplement these gain-of-function studies,
we took a loss-of-function approach in K562 cells, which highly
express RHOXF2 (58). We generated a RHOXF2-small hairpin
(sh)RNA lentivirus to knockdown RHOXF2 in a K562 L1-GFP
reporter line that harbors an EGFP transposition cassette inserted
into the 3’ untranslated region of a LINE] element to assay LINE]
transposition (59). Transient knockdown of RHOXF2 with this
RHOXF2-shRNA lentivirus increased LINE] transposition, as
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judged using this reporter (Fig. 5D). We conclude that human
RHOXEF?2 suppresses LINE] transposition.

RHOX Mutants from Infertility Patients Lack the Ability to Repress
LINET Transposition. Mutations in RHOX genes have been impli-
cated in causing male human infertility (60). Coupled with our
findings described above, this raised the possibility that RHOX
mutations disrupt the ability of RHOX proteins to suppress LINE1
elements. To test this possibility, we first examined two missense
RHOXF?2 mutants found in patients with severe oligozoospermia
(60). We cotransfected these ¢.202G > A and ¢.679G > A mutants
with the Llgp reporter (48) into HEK-293T cells and found that
neither repressed LINE] transposition (Fig. 5E). These mutations
did not destabilize RHOXF2 (Fig. 5F); thus, we conclude that
instead they disrupt the ability of this protein to suppress LINE1
elements. We also tested a frameshift mutant that encodes a
truncated RHOXF?2 protein—c.381dupG (61)—and found it also
lacked the ability to repress LINEI element transposition (Fig. 5G).
Because this mutant encodes a truncated protein completely
lacking the homeodomain, we considered the possibility that it is
a dominant-negative mutant. In support, cotransfection of a
constant amount of WT RHOXF?2 with increasing amounts of the
¢.381dupG RHOXF?2 mutant lead to a progressive loss in LINE]-
reporter transposition inhibition (Fig. 5G).

Discussion

The Rhox homeobox genes and their encoded proteins have been
widely used as cell type—specific and stage-specific germ cell
markers in both humans and mice (27, 51, 29, 62, 63). Rhox genes
also are widely used to measure androgen signaling (25). Despite
their usefulness as markers, little is known about the function of
most Rhox genes. With only one exception (Rhox10), KO or knock-
down of Rhox genes leads to either relatively subtle defects in sper-
matogenesis or no detectable defects at all (19, 27, 28, 64). Our
discovery that many Rhox genes function in LINE! defense provides
an explanation for such weak phenotypes. Reduced LINE1 germline
defense would not be expected to necessarily cause overt defects in
the first generation. Instead, the selection pressure to evolve defense
against TEs would likely come from the progressive accumulation of
mutations in the germline over subsequent generations.

We previously reported that loss of the Rhox10 homeobox
gene causes greatly impaired differentiation and migration of
ProSG, leading to the formation of very few SSCs (26). Our findings
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Fig. 5. Many Rhox family members represses LINET transposition. (A) Luciferase analysis of LINET transposition activity in NIH/3T3 cells cotransfected with the
mouse ORFeus LINET reporter and vectors expressing the indicated Rhox genes or an empty expression vector as a control (n = 3). *P < 0.05. (B) Luciferase
analysis of LINET transposition activity in HEK-293T cells cotransfected with the human L1gp LINET reporter and vectors expressing the indicated human RHOX
genes or an empty expression vector as a control (n = 4). *P < 0.05. (C) Luciferase analysis of LINET transposition activity in TCam-2 cells cotransfected with the
human L1gp LINET reporter and vectors expressing the indicated human RHOX genes or an empty expression vector (n = 3). *P < 0.05. (D) Luciferase analysis of
LINET transposition activity in K562 cells cotransfected with the human L1gp LINET reporter and the RHOXF1 or RHOXF2 shRNA vector or a randomly
scrambled shRNA vector (n = 3). *P < 0.05. (E) Luciferase analysis of LINET transposition activity in HEK-293T cells cotransfected with the human L1gp LINET
reporter and vectors expressing WT or mutated RHOXF2 or an empty expression vector (n = 3). *P < 0.05. (F) Western blot analysis of HEK-293T cells
transiently transfected with vectors expressing WT RHOXF2 or the RHOXF2 mutants. f-actin was used for the internal control (n = 2). (G, Left) Luciferase
analysis of LINET transposition activity in HEK-293T cells cotransfected with the human L1gp LINET reporter and vectors expressing WT or truncated non-
functional RHOXF2 (c.381dup@G). (Right) Luciferase analysis of LINET transposition activity in HEK-293T cells cotransfected with the human LINET (L1gp) re-
porter, a constant amount of WT RHOXF2, and different amount of ¢.381dupG RHOXF2. Cells cotransfected with the human LINET (L1gp) reporter and an
empty expression vector serve as the control (n = 3). *P < 0.05. (H) Western blot analysis of HEK-293T cells transiently transfected with a vector expressing WT

RHOXF2 or the RHOXF2 mutants shown. Cells that were transiently transfected with an empty expression vector is the control (n = 2).

reported herein indicate that RhoxI0 also has a second function—
LINE] defense—which raises the possibility that two distinct
Rhox10-associated regulatory circuits evolved: one to support
germ cell progression and another to defend against TEs. In
support of the notion that RhoxI0 evolved to regulate ProSG
differentiation and migration, we previously showed that Rhox10
regulates numerous differentiation and migration genes (26). How-
ever, we cannot rule out that the ProSG differentiation and migration
defects observed in RhoxI0-null mice are a secondary consequence of
elevated LINE] expression in ProSG. This is an interesting possibility,
but if true, it is unlikely to be due to LINEI-induced mutations, as
random mutations would presumably not consistently cause the
stage-specific ProSG progression defect found in Rhox10-null mice
(26). A more likely scenario is that the elevated LINEI ORF1 ex-
pression we observed in Rhox10-null germ cells is responsible, as this
and elevated ORF2p expression have both been found to lead to cell
toxicity in other contexts (7-9). Another possibility is that LINE1
activation in RhoxI0-null ProSG perturbs the epigenetic chromatin
landscape in these cells, leading to impaired differentiation. This
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putative mechanism is supported by studies showing that aber-
rant TE activation perturbs the chromatin landscape (65).

Our finding that RHOX10 positively regulates Piwil2 expres-
sion is intriguing given that Piwil2 encodes a key endonuclease
that silences TEs and greatly curbs LINE1 mobilization and thus
is essential for germline integrity and normal spermatogenesis
(14). Our findings support a model in which RHOX10 tran-
scriptionally activates the Piwil2 gene during the PGC-ProSG
transition, leading to production of PIWIL2 protein, which then
acts to drive piRNA pathway-mediated suppression of LINE]
promoters and consequent reduced transposition (Fig. 37). Sev-
eral findings support this model: 1) Piwil2 is down-regulated in
Rhox10-null fetal germ cells (as shown by RNA-seq analysis and
verified by qPCR and Western analysis); 2) Rhox10 dramatically
increases expression from the Piwil2 promoter (as demonstrated
by reporter analysis); 3) RHOX10 occupies the Piwil2 promoter
(as shown by ChIP analysis); 4) forced expression of PIWIL2 in a
germ cell line reverses the defect in LINE] transposition caused
by RHOX10 knockdown; 5) Piwil2 exhibits enriched expression
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in T1-ProSG (66); 6) RhoxI0 and Piwil2 have both been reported
to be first detectably expressed in male PGCs on precisely the
same day of fetal development: E12.5 (16, 36); and 7) piRNAs
known to be bound to PTIWIL2 (53) exhibit reduced expression in
Rhox10-null ProSG.

Rhox10 is expressed not only in ProSG but also in spermato-
gonia and early spermatocytes (51), raising the possibility that it
functions in LINE] defense at these germ cell stages as well. Our
results suggest that other Rhox genes might also function in LINE]
defense. For example, our in vivo LINE1 reporter analysis of
Rhox10-null versus whole Rhox cluster—null mice suggested that
Rhox10 is only responsible for ~1/2 of LINEI suppression medi-
ated by the entire Rhox cluster in fetal germ cells. Candidates to
also play a role are RhoxI, Rhox2, Rhox4, Rhox5, and Rhox7, all of
which are expressed in male fetal germ cells between E12.5 and
15.5 (36, 37). We also demonstrated that mouse Rhox family
members expressed in other biological contexts suppress LINE]
transposition. Interestingly, these Rhox genes—Rhox3, Rhox6,
Rhox8, and Rhoxll—each have a different pattern of expression
in the reproductive tract (24). Rhox3 messenger (m)RNA and
RHOX3 protein have a postnatal expression pattern consistent
with selective expression in spermatids (67), as does RhoxlI
mRNA and RHOX11 protein. This raises the possibility that these
two RHOX transcription factors function in LINEI defense in
postmeiotic germ cells. Rhox6 is primarily expressed in female
PGCs (36), suggesting that it might suppress LINE! elements in
the female germline. Indeed, many Rhox genes are expressed in
the female germline (19). Rhox8 is expressed in Sertoli cells and is
necessary for normal spermatogenesis (68), raising the possibility
that Rhox8 suppresses LINEI elements in these testicular nurse
cells. Finally, we suggest the placenta is another site where Rhox
genes may provide LINE] defense. The placenta has an intimate
relationship with LINE] elements, as this organ has widely co-
opted these parasitic elements for its own purposes (69, 70) and
has a hypomethylated genome potentially permissive to LINE]
element mobilization (71). Given that all known Rhox genes are
expressed in the placenta (19), we suggest they may function to
reduce LINE] mobilization to a manageable level to avoid overt
toxicity. Consistent with this, loss of the entire Rhox cluster causes
embryonic lethality (26) and mice lacking the orphan Rhox gene,
EsxI (24), exhibit an embryonic growth defect (72). Surprisingly, we
obtained in vitro evidence that unlike other Rhox family members,
Rhox4 promotes, rather than inhibits, LINE] transposition. This
raises the possibility that individual RHOX transcription factors
have heterogenous roles in LINE]I defense, which requires future
testing in vivo.

Interestingly, humans have only three RHOX genes—RHOXF 1
and two almost identical RHOXF2 genes—all of which are
expressed only in the male and female germline (29). Our finding
that RHOXF?2 represses LINE] transposition in several different
cell lines raises the possibility it also has this activity in humans
in vivo at the sites where it is normally expressed: prespermatogonia
in human fetal testes, spermatogonia and leptotene spermatocytes
in adult male human testes, and oocytes in adult human female
ovaries (29).

‘While several lines of evidence indicated that a PIWIL2-dependent
mechanism is responsible, at least in part, for RHOX10-mediated
suppression of LINEI transposition in vivo, RHOX transcription
factors may also use other mechanisms to suppress LINE1 transpo-
sition. Our in vitro reporter experiments demonstrated that several
RHOX transcription factors suppress LINE] transposition in NIH
3T3, HEK-293T, and K562 cells, despite the fact that these somatic
cell lines have trace or undetectable Piwil2/PIWIL2 mRNA expres-
sion (SI Appendix, Fig. S2). This suggests that RHOX transcription
factors also suppress LINE] transposition by a PIWIL2-independent
mechanism, which may work in conjunction with the PIWIL2-
dependent mechanism we uncovered.
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The ability of RHOX transcription factors to suppress LINE]
elements provides an explanation for the paradoxical finding that
Rhox gene copy number varies greatly (by more than 10-fold) in
different mammalian species, including expansion in mice com-
pared to rats, and differential copy number in different primate
species (19, 24, 57). In particular, we postulate that the Rhox
gene cluster is in an evolutionary arms race with LINE] elements,
leading to Rhox cluster expansion as a means to better repress the
deleterious effects of LINE! elements, including mutagenetic ef-
fects to the germline. We suggest that the differential copy number
of Rhox genes and their different expression patterns in different
species reflect unique selective forces acting in different species to
suppress LINE] elements.

In conclusion, we report that a large set of DNA-binding factors
encoded by the X chromosome have the potential to provide de-
fense against TEs in both the germline and soma of mammals. It
remains for future studies to determine the full extent of their
repertoire, both in terms of the types of TEs targeted and the
cellular contexts in which they act.

Methods

Mice. This study was carried out in strict accordance with the guidelines of the
Institutional Animal Care and Use Committee at the University of California
San Diego (protocol S09160). All mice were housed under a 12-h light:12-h
dark cycle and provided with food and water ad libitum. All mouse strains
used for analysis were backcrossed to C57BL/6J for at least eight passages.

Mammalian Cell Culture, Plasmids, Transfections, and Luciferase Analysis. NIH/
3T3, GC1, HEK-293T, and GS cells were used for transfection. For transient
transfection experiments, the coding sequences of mouse Rhox and human
RHOX genes were cloned into the plasmid cloning (pc)DNA 5/FRT expression
vector (Invitrogen). The Piwil2 coding sequence was cloned into pcDNA 3.1
() expression vector. RHOXF1 and RHOXF2 shRNA plasmids were generated
by inserting small interfering RNA sequences into the pLLU2G backbone.
Mouse (ORFeus) and human (L1gp) LINE1 reporter constructs were generated
as previously described (48). The mutant RHOXF2 constructs were obtained
from two previous studies (60, 61) and cloned into the pIRES-hrGFP ex-
pression vector. The Piwil2 and Tdrd1 promoters were separately cloned into
the pGL3 vector (Promega). For a detailed description, reference S/ Appen-
dix, Materials and Methods.

ChIP Analysis. GS cells (5 million) were cross-linked, lysed, and homogenized
for chromatin preparation. Detailed protocols are described in S/ Appendix,
Materials and Methods.

qRT-PCR and TagMan Assay. Total cellular RNA was isolated as previously
described (73). Reverse transcription and gPCR analysis were performed
following the manufacturers’ protocol. The primers used are listed in S/
Appendix, Table S1. Results were from at least three independent replicates.
Statistical significance was determined using the paired Student'’s t test. For
detailed description, reference SI Appendix, Materials and Methods.

Western Blotting Analysis. Western blot analysis was performed as previously
described (74). Quantification of the blots was performed using NIH Image)J
(1.8.0). Statistical significance was determined using the paired Student's t test.
For detailed description, reference S/ Appendix, Materials and Methods.

RNA-Seq Analysis. Single testicular cells were isolated from fetal testes using a
two-step enzymatic digestion protocol described previously (75). For each
sample analyzed, testes from three to four fetuses were pooled. RNA-seq
was performed as described previously (76). The average number of reads
per sample ranged from ~38 to 46 million. Detailed RNA-seq analyses are
described in SI Appendix, Materials and Methods.

ddPCR. ddPCR reactions were performed as previously described (38). For
detailed description, reference SI Appendix, Materials and Methods.

Bisulfite Sequencing Analysis. Cells were processed for methylation analysis
using the EpiTect Plus LyseAll Bisulfite Kit (Qiagen). Bisulfite treatment of
fetal DNA was conducted with the EpiTect Plus DNA Bisulfite Kit (Qiagen).
PCR amplification, gel extraction, thymine and adenine cloning, and sequence
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analysis were performed as previously described (38). For detailed description,
reference SI Appendix, Materials and Methods.

Immunofluorescence Analysis. Inmunofluorescence analysis was performed as
previously described (66, 77). For a detailed description, reference SI Ap-
pendix, Materials and Methods.

Data Availability. RNA-seq data have been deposited in the National Center
for Biotechnology Information’s Gene Expression Omnibus database (GSE160600)
(78). All other study data are included in the article and/or supporting
information.
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