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SUMMARY (<150 words; now 150)

Pachytene piRNAs, which comprise >80% of all small RNAs in the adult mouse testis,
have been proposed to bind and regulate target RNAs like miRNAs, to cleave targets
like siRNAs, or to lack biological function altogether. Although mutants lacking proteins
that make pachytene piRNAs are male sterile, no biological function has been identified
for any mammalian piRNA-producing locus. Here, we report that loss of piRNA
precursor transcription from a conserved pachytene piRNA locus on mouse
chromosome 6 (pi6) perturbs male fertility. Loss of pi6 piRNAs has no measurable
effect on sperm quantity or transposon repression, yet pi6”~ mice produce sperm with
defects in motility, egg fertilization, and embryo development, severely reducing pup
production even at the peak of male reproduction. Our data establish a direct role for
pachytene piRNAs in spermiogenesis and embryo viability and enable new strategies to

identify the RNA targets of individual piRNA species.
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Highlights

* Normal male mouse fertility and spermiogenesis require piRNAs from the pi6 locus

* Normal sperm motility and binding to zona pellucida require pi6 piRNAs

» Sperm from pi6 males fail to support embryo development

* Defects in pi6 sperm reflect changes in the abundance of specific mMRNAs
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INTRODUCTION

Only animals produce PIWI-interacting RNAs (piRNAs), 21-35-nt small RNAs that form
the most abundant class of small RNA in the germline. In most animals, piRNAs protect
the germline genome from transposons and repetitive sequences, and, in many
arthropods, piRNAs fight viruses and transposons in somatic tissues (Houwing et al.,
2007; Aravin et al., 2008; Batista et al., 2008; Das et al., 2008; Lewis et al., 2018). The
mammalian male germline makes three classes of piRNAs: (1) 26—28 nt transposon-
silencing piRNAs predominate in the fetal testis (Aravin et al., 2008); (2) shortly after
birth 26—-27 nt piRNAs derived from mRNA 3’ untranslated regions (UTRs) emerge
(Robine et al., 2009); and (3) at the pachytene stage of meiosis, ~30 nt, non-repetitive
pachytene piRNAs appear. Pachytene piRNAs accumulate to comprise >80% of all
small RNAs in the adult mouse testis, and they continue to be made throughout the
male mouse reproductive lifespan. These piRNAs contain fewer transposon sequences
than the genome as a whole, and most pachytene piRNAs map only to the loci from
which they are produced. The diversity of pachytene piRNAs is unparalleled in
development, with >1 million distinct species routinely detected in spermatocytes or
spermatids. Intriguingly, the sequences of pachytene piRNAs are not themselves
conserved, but piRNA-producing loci have been maintained at the syntenic regions
across eutherian mammals (Girard et al., 2006; Chirn et al., 2015), suggesting that the
vast sequence diversity of pachytene piRNAs is itself biologically meaningful.

In mice, 100 pachytene piRNA-producing loci have been annotated (Girard et al.,
2006; Grivna et al., 2006; Lau et al., 2006; Ro et al., 2007; Li et al., 2013). All are
coordinately regulated by the transcription factor A-MYB (MYBL1), which also promotes
expression of proteins that convert piRNA precursor transcripts into mature piRNAs, as
well as proteins required for cell cycle progression and meiosis (Bolcun-Filas et al.,

2011). Of the 100 piRNA-producing loci, 15 pairs of pachytene piRNA-producing genes
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are divergently transcribed from bidirectional, A-MYB-binding promoters (Li et al., 2013).
The contribution of pachytene piRNAs from each piRNA-producing locus is unequal,
with just five loci—pi2, pi6, pi7, pi9, and pi17—contributing to >50% of all pachytene
piRNA production at 17 days postpartum (dpp).

Loss of proteins required to make pachytene piRNAs, including the pachytene
piRNA-binding protein, MIWI (PIWIL1), invariably arrests spermatogenesis and renders
males sterile (Deng and Lin, 2002; Reuter et al., 2011; Zheng and Wang, 2012; Li et al.,
2013; Castarneda et al., 2014; Wasik et al., 2015). Yet, loss of the chromosome 17
pachytene piRNA-producing locus, 17-qA3.3-27363(-),26735(+) (henceforth, pi17), has
no detectable phenotype or impact on male fertility (Homolka et al., 2015), even though
pi17 produces ~30% of all pachytene piRNAs. Similarly, mice disrupted in expression of
a piRNA cluster on chromosome 2 are viable and fertile (P.-H.W., K.C., and PDZ,
unpublished; Xu et al., 2008). Consequently, the function of pachytene piRNAs in mice
is actively debated. One model proposes that pachytene piRNAs regulate meiotic
progression of spermatocytes by cleaving mRNAs during meiosis (Goh et al., 2015;
Zhang et al., 2015). Another model posits that pachytene piRNAs direct degradation of
specific MRNAs via a miRNA-like mechanism involving mRNA deadenylation (Gou et
al., 2014). A third model proposes that MIWI functions without piRNAs, and that piRNAs
are byproducts without a critical function (Vourekas et al., 2012). Compelling evidence
exists to support each model.

In fact, direct demonstration of piRNA function in any animal has proven elusive.
Only two piRNA-producing loci have been directly shown to have a biological function—
both are in flies and were identified genetically before the discovery of piRNAs (Livak,
1984; Livak, 1990; Palumbo et al., 1994; Pélisson et al., 1994; Bozzetti et al., 1995;
Prud'homme et al., 1995; Robert et al., 2001; Robert et al., 2001; Mével-Ninio et al.,
2007). In male flies, piRNAs from Suppressor of Stellate, a multi-copy gene on the Y

chromosome, silence the selfish gene Stellate, and deletion of Suppressor of Stellate
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leads to Stellate protein crystals in spermatocytes (Aravin et al., 2001; Aravin et al.,
2003). In female flies, deletion of the piRNA-producing flamenco gene, which is
expressed in somatic follicle cells that support oogenesis, leads to gypsy family
transposon expression and infertility (Brennecke et al., 2007; Saito et al., 2009).

Here, we report that a small promoter deletion in the chromosome 6 pachytene
piRNA cluster 6-qF3-28913(-),8009(+) (henceforth, pi6) that eliminates pi6 piRNA
production disrupts male fertility. The pi6 locus, one of the five most productive piRNA-
producing loci in mice, generates 5.8% of pachytene piRNAs in the adult testis and is
conserved among eutherian mammals. Mice lacking pi6-derived piRNAs produce
normal numbers of sperm and continue to repress transposons. However, pi6 mutant
sperm fertilize eggs poorly due to defective sperm motility and zona pellucida
penetration. Consistent with these phenotypes, the steady-state abundance of mMRNAs
encoding proteins crucial for cilial function, zona pellucida proteolysis, and egg binding
was significantly decreased in sperm progenitor cells from pi6 males. Our findings
provide direct evidence for a biological function for pachytene piRNAs in male mouse
fertility, and pi6 promoter deletions provide a new model for the future identification of

piRNA targets in vivo.

RESULTS

pi6 Promoter Deletion Eliminates pi6 pachytene piRNAs

To eliminate production of pi6 pachytene piRNAs while minimizing the impact on
adjacent genes, we used a pair of single-guide RNAs to delete 227 bp, including the A-
MYB-binding promoter sequences, from pi6 (Figure 1, S1A, and S1B, and Table S1; Li
et al., 2013). For comparison, we created an analogous promoter deletion in pi17. We
established stable mutant lines (pi6°™’-1, -2, and -3 in Figure S1B) from three founders
whose pi6 promoter deletion sizes range from 219 to 230 bp and differ at their deletion

boundaries, reflecting imprecise DNA repair after Cas9 cleavage. All three deletions
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eliminated pi6 primary transcripts and mature pachytene piRNAs from both arms of the
locus (Figure 1). Because these lines were created using the same pair of sSgRNA

guides, we refer to all as the pi6°™ allele.

pi6 is Required for Male Mouse Fertility

When paired with C57BL/6 females, pi6®™"#™" males between 2 and 8 months old
produced fewer pups compared to their littermates, even at peak reproductive age
(Figure 2A and S2A). In six months, C57BL/6 males produced 7 £ 1 (n = 5) litters, while
pi6e™em1 males produced 2 + 2 (n = 6) litters. The significantly smaller number of
progeny produced by pi6®""#m" males over their reproductive lifetime does not reflect
fewer pups produced in each litter: pi6™¢m" males sired 5 + 2 (n = 4) pups per litter
compared to 6 £ 2 (n = 27) pups per litter for C57BL/6 control males (Figure 2A).
Moreover, pi6®™"#m! males regularly produced mating plugs, a sign of mating, in
cohabiting females. Instead, the reduced progeny from pi6™"em" males reflects two
abnormal aspects of their fertility (Figure 2B). First, 29% of pi6°™"#™" males never
produced pups. Second, the mutants that did sire pups did so less frequently. These
defects are specific for the loss of pi6 piRNAs in males, because pi6**™" heterozygous
males and pi6°™"*m" homozygous mutant females showed no discernable phenotype.
As observed previously for a partial-loss-of-function pi17 promoter deletion (Homolka et
al., 2015), males and females carrying a ~583-bp promoter deletion in pi17 were fully
fertile, despite loss of primary transcripts and mature piRNAs from both arms of the pi17
locus (Figure 1).

To test that the reduced fertility of pi6°™"#™" male mice reflects loss of the pi6
promoter—and not an undetected Cas9-induced off-target mutation elsewhere in the
genome—we used Cas9 and a second pair of sgRNAs to generate a 117 bp pi6
promoter deletion, pi6°™? (Figures 1, S1A, and S1C, and Table S1). Like pi6°™"e™" male

mice, pi6°m?#m2 males produced neither primary pi6 transcripts nor mature pi6 piRNAs
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and showed reduced fertility (Figure S2A). We conclude that pi6 piRNAs are required
for C57BL/6 male fertility in mice.

pi6emem? Males Produce Fewer Embryos

pi6 mutant male matings were less likely to produce fully developed embryos. We
examined the embryos produced by natural mating of C57BL/6 females housed with
C57BL/6, pi6*e™! or pi6®™"*m" males at 8.5, 14.5, or 16.5 days after occurrence of a
mating plug. At 8.5 days after mating, C57BL/6 females housed with pi6°""e™" males
carried fewer embryos (2 + 2, n = 3) compared to the females paired with pi6*™ (6 + 5,
n = 2) or C57BL/6 control (7 £ 4, n = 1) males (Figure 2C). At 14.5 and 16.5 days post-
mating, female mice paired with pi6°""#™" males had even fewer embryos. Consistent
with the observation that naturally-born pups sired by pi6°™™" males were rare but
healthy, the surviving embryos resulting from natural mating showed no obvious
abnormalities.

Moreover, pi6 piRNAs appear to play little if any role in the soma of the
developing embryo. pi6*¢™" heterozygous males mated to pi6**™" heterozygous
females yielded progeny at the expected Mendelian and sex ratios. Moreover, the
weight of pi6°™"em? homozygous pups (28.3 + 0.6 g, n = 8) that developed to adulthood
was indistinguishable from their C57BL/6 (26.9 £ 0.3 g, n = 8) or heterozygous
littermates (28.6 + 0.3 g, n = 8) (Figure S2B). We detected no difference in the gross

appearance or obvious changes in behavior among these pups.

pi6em"em? Males Produce Mature Spermatozoa

Two-to-four months after birth, both pi6*¢™" and pi6°™"*™" testes weighed slightly less
than C57BL/6 testes (Figure S2B). Nonetheless, pi6®™"em1 testis gross histology was
normal, with all expected germ cell types present in seminiferous tubules and sperm

clearly visible in the lumen (Figure 2D). The quantity of caudal epididymal sperm
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produced by pi6®™"em" mice (19 + 10 million sperm per ml; n = 6) was also comparable
to that of their pi6*¢™" (23 + 7 million sperm/ml; n = 4) or C57BL/6 (20 + 10 million
sperm per ml; n = 13) littermates (Figure 2E).

Although pi6°™"6m" mice produce normal numbers of sperm, the sperm showed
signs of agglutination compared to C57BL/6 sperm after 90 min of incubation in vitro,
and ~10% of pi6°™"em! caudal epidydimal sperm had abnormal head morphology
(Figure S2C). Defects in germ cell chromosomal synapsis, triggering errors in gene
expression, have been linked to abnormal sperm head shape (Wong et al., 2008; de
Boer et al., 2015). In fact, 22 + 7 percent of pi6*™"#™! pachytene spermatocytes had
unsynapsed sex chromosomes or incompletely synapsed autosomal chromosomes,

compared to 7 + 3 percent for C57BL/6 (n = 4) (Figure S2E).

pi6em’em1 Sperm Fail to Fertilize

pi6 mutant males produce ordinary numbers of normally shaped sperm (~90%), yet are
ineffectual at siring offspring. We used in vitro fertilization (IVF) to distinguish between
defects in mating behavior and sperm function, incubating sperm from C57BL/6,
pi6*em1 or pi6em'em! males with wild-type oocytes and scoring for the presence of both
male and female pronuclei and the subsequent development of the resulting bi-
pronuclear zygotes into two-cell embryos 24 h later (Figure 3A). The majority of oocytes
incubated with C57BL/6 (91 + 5%; n = 5) or pi6**™" (60 + 35%; n = 3) sperm developed
into two-cell embryos. By contrast, only 7 + 5% (n = 7) of oocytes incubated with
pi6emem! sperm reached the two-cell stage. The majority of these oocytes remained
one-cell embryos, and few contained a male pronucleus, suggesting that pigem"em?

sperm are defective in fertilization.


https://doi.org/10.1101/386201
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/386201; this version posted August 7, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

pi6em’em1 Sperm Nuclei Support Fertilization

The best studied piRNA function is transposon silencing, and mouse pi2 has been
proposed to be involved in LINE1 element silencing, although pi2 mutant males are
fertile (Xu et al., 2008). Moreover, LINE1 transcript abundance increases in mice
bearing inactivating mutations in the catalytic site of MIWI (Reuter et al., 2011).
Transposon activation can produce DNA damage, and genomic integrity is critical for
fertilization (Ahmadi and Ng, 1999; Morris et al., 2002; Bourc'his and Bestor, 2004;
Lewis and Aitken, 2005). However, pachytene piRNAs are depleted of repetitive
sequences in contrast to other types of piRNA-producing genomic loci (Figure S3A;
Aravin et al., 2006; Girard et al., 2006; Gainetdinov et al., 2018).

We asked whether the defect in fertilization by pi6®™"em" might reflect DNA
damage or epigenetic dysregulation of the pi6°™¢™" sperm genome. pi6*e™! or
pi6emem! sperm heads were individually injected into the cytoplasm of wild-type oocytes
(intracytoplasmic sperm injection, or ICSI) (Figure 3B), bypassing the requirement for
sperm motility, acrosome reaction, egg binding, or sperm-egg membrane fusion
(Kuretake et al., 1996). pi6°™"#m? sperm heads delivered by ICSI fertilized the oocyte at
a rate similar to that of pi6**™" sperm: 66% of oocytes injected with homozygous mutant
pi6°mem! sperm heads reached the two-cell stage, compared to 79% for pi6**™'. Thus,
most pi6®™em! nuclei are capable of fertilization.

The steady-state abundance of transposon RNA in pi6°™"em1 testicular germ cells
further supports the view that the fertilization defect caused by loss of pi6 piRNAs does
not reflect a failure to silence transposons. We used RNA-seq to measure the
abundance of RNA from 1,007 transposons in four distinct germ cell types, purified by
fluorescence-activated cell sorting: pachytene spermatocytes (4C), diplotene
spermatocytes (4C), secondary spermatocytes (2C), and spermatids (1C). pi6 piRNAs

are plentiful in pachytene spermatocytes onwards (Figure S3B), yet when pi6 piRNAs
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were eliminated, we found no significant changes in steady-state RNA abundance (i.e.,
an increase or decrease = 2-fold and FDR < 0.05) for any transposon family compared
to C57BL/6 cells (Figure S3C). We also note that, similar to C57BL/6 testis, YH2AX
expression is confined to meiotic spermatocytes in pi6®™"em1 testis, indicating absence
of DNA damage (data not shown). Together with the rescue of the fertilization defects of
pi6emem! sperm by ICSI, these data suggest that transposon silencing is unlikely to be

the biological function of pi6 piRNAs.

Impaired Motility in pi6 Mutant Sperm

To assess whether abnormal sperm motility might contribute to pi6®™¢™" male
subfertility, we observed freshly extracted caudal epididymal sperm from pi6®mem? or
C57BL/6 mice for 5 h. Ten minutes after sperm extraction, most pi6™2™’ sperm moved
more slowly than C57BL/6 control sperm (Movies S1 and S2). With time, pi6em?/em?
sperm motility declined more rapidly than C57BL/6 sperm (Movies S3—-S10). At 4 and

5 h, most pi6®™"*m" sperm only moved in place and showed signs of agglutination
(Movies S8 and S10).

To quantify the differences between pi6 mutant and control sperm, we used
computer-assisted sperm analysis (CASA) to measure pi6°"?¢™2 sperm motility 10 min
after isolation (Mortimer, 2000). While control sperm swam at a path velocity
comparable to previously reported (110 £ 50 uym/sec for 221 + 75 cells measured; n = 3;
Ren et al., 2001), pi6°m%¢™? sperm moved at a lower average path velocity
(80 £ 60 um/sec for 232 + 57 cells measured; n = 3) (Table 1). Similarly, The pigem2em2
sperm also showed less forward, progressive movement (progressive velocity =
50 + 60 ym/sec for 232 £ 57 cells measured; n = 3) compared to control sperm
(progressive velocity = 70 £ 50 ym/sec for 221 + 75 cells measured; n = 3). For
comparison, knockout of CatSper1 leads to ~65% reduction in path velocity and ~62%

reduction in progressive velocity (Ren et al., 2001). As a population, the speed and
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progressivity of pi6 mutant sperm motility patterns varied more widely than control
sperm (Movies S1-S10 and Table 1). Lower average path and progressive velocity in
sperm populations is linked to worse outcomes in fertilization and pregnancy in IVF
(Donnelly et al., 1998). Thus, the slower and less progressive movement in pi6emem?

sperm likely contributes to the subfertility of pi6®™6m" males.

pi6 Mutant Sperm Struggle to Penetrate the Zona Pellucida

Mammalian spermatozoa stored in the epididymis are dormant. Sperm “capacitate,” i.e.,
resume maturation, only upon entering the female reproductive tract (de Lamirande et
al., 1997). Upon capacitation, sperm become capable of undergoing the acrosome
reaction, which is required to bind and penetrate the outer oocyte glycoprotein layer, the
zona pellucida (Florman and Storey, 1982; de Lamirande et al., 1997; Jin et al., 2011).
To test whether the defect in fertilization by pi6 mutant sperm was due to impaired
binding to or penetration of zona pellucida, we compared IVF using wild-type oocytes
with their zona pellucida either intact or removed (Figure 4A). As before, 10 £ 6% (n = 3)
of intact oocytes incubated with pi6®™"*m" sperm reached the two-cell stage, compared
to 94 £ 5% (n = 3) for C57BL/6 sperm (Figure 4B). Strikingly, removing the zona
pellucida from the wild-type oocytes fully rescued the fertilization rate of pi6 mutant
sperm: 92 + 7% (n = 3) of zona pellucida-free oocytes incubated with pi6°™¢m" sperm
reached the two-cell stage, compared to those with intact zona pellucida (10 £ 6%; n =
3)

Ex vivo, the acrosome reaction occurs spontaneously in some sperm and can be
further triggered by inducing Ca?* influx using the ionophore A23187 (Talbot et al.,
1976), which results in an acrosome reaction visually indistinguishable from that
triggered by natural ligands such as progesterone (Osman et al., 1989) or ZP3 (Arnoult
et al., 1996), while bypassing signaling pathways essential for acrosome reaction in vivo

(Tateno et al., 2013) (Figure 4C and 4D). The spontaneous acrosome reaction rates for
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C57BL/6 (19 £ 3%; n = 3) and pi6 mutant sperm were similar (17 £ 8%; n = 3).
Acrosome reaction triggered by ionophore-induced Ca?* influx differed between the two
genotypes: 45 + 14% of pi6 mutant sperm (n = 3) underwent partial or complete
reaction, compared to 66 + 6% (n = 3) for C57BL/6 (Figure 4C). Our data suggest that
pi6 mutant sperm less effectively undergo an acrosome reaction triggered by ionophore-
induced Ca?* influx, a defect expected to impair binding and penetrating the zona

pellucida.

Potential Role of Paternal pi6 piRNAs in Embryo Development

Even when pi6 sperm successfully fertilize the oocyte, the resulting heterozygous
embryos are less likely to complete gestation. Two-cell embryos generated by IVF using
heterozygous or homozygous pi6 mutant or C57BL/6 control sperm were transferred to
C57BL/6 surrogate mothers (Figure 5A). At least half of embryos from pi6+¢m?

(50 £ 10%; n = 3) or C57BL6 control (70 £ 10%; n = 3) sperm developed to term (Figure
5B), a rate typical for the C57BL/6 background (Gonzalez-Jara et al., 2017).

The low number of fertilized two-cell embryos produced in IVF using pigem"em?
sperm precluded transferring the standard number of embryos to surrogate mothers.
For example, in two IVF experiments using pi6°™"¢m" sperm, only 5 or 7 embryos could
be transferred; the surrogate females failed to become pregnant (Figure 5B and S4A,
Trials 1 and 2). In theory, this result might suggest a paternal role for pi6. A more
mundane explanation is that the low number of embryos transferred reduced the yield of
live fetuses, as reported previously (McLaren , 1955; Johnson et al., 1996; Gonzalez-
Jara et al., 2017). We conducted additional experiments to distinguish between these
two possibilities. Oocytes were again fertilized by IVF with pi6®™¢m" or C57BL/6 control
sperm, and two-cell embryos transferred to surrogate females, but matching the number
of embryos transferred to each surrogate for the two sperm genotypes. We used two

strategies. First, similar numbers of embryos derived from pi6®™"6m" sperm and filler
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embryos derived from control sperm were transferred to separate oviducts (Figure 5B,
Trials 3 and 4). Again, fewer embryos developed to term for pi6°™"™? (17%) compared
to control sperm (37%). Second, embryos were mixed before transfer and then equal
numbers of embryos, selected randomly, were implanted in each oviduct (Figure 5B,
Trial 5). Pups isolated by cesarean section 18.5 days after transfer were genotyped by
PCR. In this experiment, only 40% of embryos derived from pi6°™¢m" sperm developed
to term, compared to 80% of filler embryos. Finally, in one experiment (Trial 6) where
we obtained sufficient numbers of embryos derived from pi6®™"6m" sperm, 10 pi6emem’-
derived two-cell embryos were transferred to each oviduct of the surrogate female.
Nevertheless, only 15% of the pi6°™"#m-derived embryos developed to term, compared
to 85% of the control.

We also monitored pre-implantation development ex vivo for up to 96 h, a period
during which the one-cell embryo develops into a blastocyst. Of all the oocytes
incubated with pi6em"em? sperm, 40% remained one cell without evidence of a male
pronucleus, presumably because they were not fertilized by pi6®™"em" mutant sperm.
Among the remaining 60% oocytes that progressed to at least two-cell stage, which
indicated successfully fertilization by pi6°™"em? sperm, 82% showed delayed
development, requiring 48 h to reach the two-cell stage. None of these developed
further. Only 3% of fertilized oocytes progressed to the blastocyst stage by 96 h,
compared to 98% of oocytes fertilized by C57BL/6 sperm (Figure 5C).

Further support for this idea comes from transfer of embryos generated by ICSI
(Figure 5D). ICSI with pi6e™"em? or pi6*e™! sperm yielded comparable normal numbers
of fertilized oocytes (Figure 3B), so no filler embryos were used; all embryos were
transferred into a single oviduct of the surrogate female. In two independent
experiments in which embryos generated by ICSI were transferred to surrogate
mothers, only 19% of two-cell embryos derived from pi6®™"¢m" sperm heads developed

to term, compared to 34% for embryos fertilized with pi6*¢™" (Figure 5C). Only four of
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seven (57%) surrogate mothers carrying embryos derived from pi6®™"em! sperm
became pregnant. All three surrogate mothers receiving embryos derived from pi6+¢™’
sperm became pregnant (Figure S4B).

We note that the live fetuses generated using pi6®™"#™" sperm in IVF or sperm
heads in ICSI, like those produced by natural mating using pi6°™¢™" males, showed no
obvious morphological abnormalities and grew to adulthood normally when fostered by
host mothers. This suggests a direct or indirect requirement for paternal pi6 piRNAs in

early embryogenesis.

Changes in Spermatocyte mRNA Abundance Accompany Loss of pi6 piRNAs

To characterize the molecular phenotypes of pi6 and pi17 mutants, we used RNA-seq
to measure steady-state RNA abundance in pachytene spermatocytes, diplotene
spermatocytes, secondary spermatocytes, and spermatids purified from pigem"em?,
pi177~, and C57BL/6 adult testis (Figure 6A). pi6 and pi17 precursor transcripts are
abundant in meiotic pachytene spermatocytes (tetraploid), decrease in diplotene
spermatocytes, and fall to low levels in post-meiotic spermatids (haploid) (Figure S5B).
Compared with C57BL/6 controls, pi6®™"2m! mutants had widespread changes in mMRNA
abundance in pachytene spermatocytes—481 mRNAs more than doubled, while 394
fell by more than half (FDR < 0.05; Figure 6B and S5A, and Table S2)—but caused little
alteration in mMRNA abundance in diplotene spermatocytes, secondary spermatocytes,
or spermatids. In contrast, pi17~~ mutants showed significant changes in mMRNA
abundance in diplotene (10 mRNAs increased, 267 decreased) and secondary
spermatocytes (103 mRNA increased, 400 decreased) but not in pachytene
spermatocytes or spermatids (Figure S5A). Among the mRNAs that changed in the
diplotene spermatocytes of pi17~7~ mutants, 56% remained different from controls in
secondary spermatocytes in these mutants. These data suggest that, despite similar

temporal expression, pi6 piRNAs function primarily in pachytene spermatocytes, while
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pi17 piRNAs may be more important at a later stage of spermatogenesis. Furthermore,
734 (84%) of mMRNAs with altered abundance in pi6°™"¢™" pachytene spermatocytes
were unchanged in any pi17-~ sorted germ cell type we examined, suggesting that
distinct sets of genes are dysregulated in pi6°™"#™" and pi177~ mutants.

The abundance of piRNAs from the other four major pachytene piRNA clusters,
including pi17, was unaffected by loss of pi6 piRNAs, and loss of neither pi6 nor pi17
piRNAs had any significant effect on the abundance of MRNAs encoding piRNA
pathway proteins (Table S3), suggesting that the changes in mMRNA abundance in
pi6ememt or pi17- cells reflect direct regulation of target genes by pi6 or pi17 piRNAs
or the downstream regulation through the direct targets of these piRNAs.

Gene Ontology (GO) analysis of the 481 up-genes found over 354 significantly
enriched GO biological processes (FDR < 0.01 and enrichment = 2). Curiously, 106 of
these GO terms correspond to developmental processes that do not normally occur in
testis, suggesting a failure to suppress inappropriate programs without pi6 piRNAs.
Similarly, pi6®™"#m mutants show increased mRNA abundance for 20 transcription
factors that normally act in undifferentiated spermatogonia or spermatogonial stem cells
or the stem cells of other tissues (Table S4).

The mRNA abundance of several miRNA pathway genes also increased in
pi6emem! nachytene spermatocytes, including Lin28a (5.6-fold), Zc3h7b (5-fold), and
Ajuba (5.3-fold; Figure S5C) (Dresios et al., 2005; James et al., 2010; Pilotte et al.,
2011; Piskounova et al., 2011). LIN28A inhibits /et-7 biogenesis by binding to the loop of
pre-let-7, blocking its processing by DICER (Piskounova et al., 2008; Hagan et al.,
2009; Heo et al., 2009), and /et-7 promotes Lin28a degradation by binding two
conserved sites in the Lin28a 3’ untranslated region (Reinhart et al., 2000; Agarwal et
al., 2015) predicting that /et-7 levels should fall and /et-7 targets should rise in pi6e™/em?,
Indeed, in pi6e™em adult testis, the aggregate abundance of let-7a, let-7b, let-7c, let-

7e, let-71, let-7g, and let-7i, the seven most abundant /et-7 family members (= 10 ppm in
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wild-type testis) fell to less than half of wild-type, suggesting pi6 regulation of
downstream target genes via let-7. Moreover, 48 predicted /et-7 targets (Agarwal et al.,
2015) increased in the absence of pi6®™"#™7 including Lin28a and the mRNAs encoding
three transcription factors: Sall4 (increased 8.7-fold), Elf4 (increased 7-fold), and Pbx2
(increased 6.7-fold). SALL4 is normally expressed in undifferentiated spermatogonia
where it represses genes that specify somatic gene expression programs (Gassei and
Orwig, 2013; Yamaguchi et al., 2015; Chan et al., 2017). ELF4 has been implicated in
regulation of quiescence in hematopoietic stem cells (Lacorazza et al., 2006). Our data
suggest that piRNAs, miRNAs, and transcription factors collaborate to ensure precise

regulation of gene expression in spermatogenesis.

Genes that Function in the Cilium Assembly, Cilium Motility, and Fertilization

Pathways Decrease in mMRNA Abundance upon Loss of pi6 piRNAs

GO analysis of the 394 down-genes revealed only 36 significantly enriched GO
biological processes (FDR < 0.01 and fold enrichment = 2), of which 34 are related to
the production and function of sperm and can be organized into four sets (Table S5).
One set encompasses broad spermatogenesis terms (e.g., male gamete generation,
4.6-fold enriched, FDR = 5.8 x 10™'"; sperm capacitation, 12-fold enriched, FDR = 7.4 x
1073) while three sets are highly specific and match the in vivo phenotypes of pi6 mutant
males. The first specific set includes cilium assembly (6.2-fold enriched, FDR = 4.1 x
107%) and axonemal dynein complex assembly (18-fold enriched, FDR = 1.1 x 107°).
The second set contains sperm motility (13-fold enriched, FDR = 6.0 x 107°) and cilium
movement involved in cell motility (27-fold enriched, FDR = 2.0 x 1073). The third set
involves fertilization (6.2-fold enriched, FDR = 1.7 x 107°) and binding of sperm to zona
pellucida (12-fold enriched, FDR = 2.3 x 1073). None of these three sets of GO terms is
enriched in the 481 genes whose mRNA levels increased in pi6°™"¢m" pachytene

spermatocytes. The three sets of specific GO terms contain 28, 36, and 22 genes
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whose mMRNAs decreased (63 total and 23 shared between sets; Figure 6C and Table
S6). The last two general GO terms—microtubule-based process (GO:0007017; with 27
genes whose mRNA abundance declined) and organelle assembly (GO:0070925; with
28 genes whose mRNA abundance decreased)—likely gained their enrichment from the
large number of genes they share with Cilium assembly and Sperm motility processes

(23 and 25 genes for the two GO terms, respectively).

Master Regulators of Cilium Assembly and Sperm Motility

The 63 Cilium Assembly, Sperm Motility, or Fertility genes with reduced mRNA
abundance in pi6é mutants include two transcription factors, Rfx2 and Foxj1, that act as
master regulators of ciliogenesis (Figure 6C). Like pi6 itself, Rfx2 transcription is
activated by A-MYB, and RFX2 also binds its own promoter (Horvath et al., 2009). Of
the genes with decreased mRNA abundance in pi6°™™" pachytene spermatocytes, 31
both bind RFX2 and have reduced mRNA abundance in Rfx2”~ testis, suggesting they
are direct targets of RFX2 (Figure 6C and Table S7) (Kistler et al., 2015). Intriguingly,
23 of these 31 RFX2-regulated genes also bind A-MYB (Table S7). A-Myb mRNA levels
are normal in pi6®™"#m? which may account for the relatively modest decreases in the
mMRNA abundance of these 23 genes. Unlike RFX2, the role of FOXJ1 in sperm flagellar
assembly has not been extensively studied but its role in general ciliogenesis is well
established: FoxJ71~~ mouse died at or soon after birth due to absence of cilia in multiple
organs (Chen et al., 1998; Blatt et al., 1999; Brody et al., 2000; Yu et al., 2008). Six
genes—Tekt4, Spa17, Drc1, Rsph1, Meig1, and Tsnaxip1—out of the 394 genes with
reduced mRNA abundance in pi6®™"¢™m" pachytene spermatocytes are regulated by
FOXJ1 in ciliogenesis in other tissues (Yu et al., 2008; Stauber et al., 2017). Fourteen
genes whose mRNA abundances decrease in pi6®™"#m! are uniquely annotated with the
GO term Fertilization (Figure 6C and Table S6). Several are required for sperm to bind

the zona pellucida or for acrosome function, including Acrosin (halved in pigem"em?
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pachytene spermatocytes), Adam3 (decreased 2.5-fold), Zpbp2 (decreased 3.3-fold),
and the FOXJ1-regulated gene Spa77 (decreased 5-fold). Among the genes with
decreased or increased mRNA abundance in pi6®™"em cells, 28 have been reported to
disrupt mouse or human male fertility or to play a role in spermatogenesis,

spermiogenesis, or sperm function (Table S8).

DISCUSSION

Deletion of the mouse pachytene piRNA pi6 locus results in specific, quantifiable
defects in male fertility. These include impaired sperm mobility and failure in sperm to
bind and penetrate the zona pellucida. The male fertility defects accompanying loss of
pi6 piRNAs are specific to this locus, as deletion of the promoter of pi17, which
eliminates pi17 piRNAs, had no detectable effect on male or female fertility or viability,
as reported previously (Homolka et al., 2015). The phenotypic defects of pi6 mutants
reflect the molecular changes—decreased steady-state abundance of mMRNAs encoding
proteins that function in cilial motility and fertilization. Mutations in four of these genes
also cause infertility in men. The molecular changes were detected only in pachytene
spermatocytes but not in diplotene spermatocytes, secondary spermatocytes, or
spermatids. By contrast, RNA-seq for 17.5 dpp or adult pi6®™"*™ testes revealed no
changes in mMRNA abundance compared to controls. These results underscore the
power of analyzing sorted germ cells.

Pachytene piRNAs have been proposed to act collectively in meiotic
spermatocytes or post-meiotic spermatids to target mRNAs for destruction (Gou et al.,
2014; Goh et al., 2015), but the extent to which piRNAs from different pachytene piRNA
loci regulate overlapping sets of targets is unknown. Transcriptome analysis of sorted
germ cells from pi6e™¢m1 and pi17-~ mutant mice revealed distinct changes in mMRNA
abundance, suggesting that, despite the coordinate temporal expression of pachytene

piRNAs, individual pachytene piRNA loci regulate distinct sets of genes. Given that pi6
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produces 95,677 distinct piRNA sequences, the phenotypic specificity of the pi6 mutant
is extraordinary. For both miRNAs and siRNAs, the seed sequence plays a central role
in determining a small RNA’s regulatory target. Assuming that pachytene piRNAs find
their target RNAs by a similar mechanism, the sequence diversity of the small RNAs
produced by individual loci is enormous: pi6 piRNAs encompass 9,880 distinct seed
(g2—g8 or 7Tmer-m8; Bartel, 2009) and 17,304 distinct extended seed sequences (g2—
g9) in adult mouse testis, while pi17 generates 134,358 distinct piRNA sequences,
encompassing 11,324 distinct g2—g8 seed and 21,972 distinct g2—g9 seed sequences.
Yet, the g2—g9 seed sequences of the 100 most abundant pi6 piRNAs are not found
among the 100 most abundant pi17 piRNAs. Furthermore, 97 of these pi6 g2—g9 seed
sequences are not found among any of the 100 most-abundant piRNAs produced by
pi2, pi7, pi9, or pi17. Together with pi6, these loci produce more than half of all
pachytene piRNAs. The unique seed sequences of the most abundant pi6 piRNAs are
consistent with the lack of compensation of loss of pi6 piRNAs by other piRNA-
producing loci.

We envision that piRNAs from distinct loci target overlapping sets of genes,
ensuring robust control of MRNA abundance across spermatogenesis. Our data show
that pi6 piRNAs regulate—directly or by regulating upstream factors—a specific set of
MRNAs whose protein products must be eliminated for successful spermiogenesis. In
this view, pi6 piRNAs target mMRNAs whose expression must decline at the onset of the
pachynema in order to allow new sets of mMRNAs to accumulate, such as the RFX2-
regulated genes required for ciliogenesis. While we cannot exclude a direct role for
piRNAs in activating gene expression or increasing mRNA stability, we note that the
overwhelming majority of sSiRNAs and miRNAs in plants and animals act as repressors
not activators.

The phenotypic and molecular specificity of pi6 may reflect a lower degree of

redundancy with other piRNA clusters. Nonetheless other piRNA clusters may partially
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rescue the pi6é phenotype, accounting for the incomplete penetrance of the pi6 sterility
phenotype. Conversely, the lack of a phenotype for other pachytene piRNA clusters
may simply reflect greater redundancy with their piRNA-producing peers. Loss of
regulation of the targets of pi17 piRNAs may be compensated by piRNAs from other
loci. Testing this hypothesis is clearly a prerequisite for explaining why loss of pi6 and
not pi17 piRNAs has a measurable biological consequence.

Beyond the requirement for pi6 piRNAs to produce fully functional sperm, pi6
piRNAs appear to play an additional role in embryo development. Our data suggest that
the arrested development and reduced viability of embryos derived from pi6 mutant
sperm reflects a paternal defect and not the embryonic genotype. Damaged sperm
DNA, abnormal sperm chromatin structure, and failure to form a male pronucleus in
fertilized embryos have been reported to be linked to retarded embryo development
(Sakkas et al., 1998; Borini et al., 2006). Our analysis of transposon RNA abundance in
pi6 mutant germ cells argues against a role for pi6 piRNAs in transposon silencing
during spermatogenesis, but we cannot currently exclude a direct or indirect role for pi6
piRNAs in silencing transposons in the early embryo (Peaston et al., 2004). Of course,
DNA damage might reflect incomplete repair of the double-stranded DNA breaks
required for recombination, rather than transposition or transposon-induced illegitimate
recombination.

How piRNAs identify their targets remains poorly understood, in part because
suitable biochemical or genetic model systems are not available. The availability of a
mouse mutant missing a specific set of piRNAs whose absence causes a readily
detectable phenotype should provide an additional tool for understanding the base-
pairing rules that govern the binding of piRNAs to their RNA targets and for unraveling
the regulatory network created by pachytene piRNAs.
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FIGURE LEGENDS
Figure 1. pi6emem1  pjgemem2 and pi17-- promoter deletion in mice

Scissors indicate sites targeted by sgRNAs used to guide the Cas9-catalyzed promoter
deletions. RNA-seq was used to measure the steady-state abundance of piRNA primary
transcripts, and sequencing of NalO4 oxidation-resistant small RNA was used to

measure the abundance of mature piRNAs in 17.5 dpp testes.

See also Figure S1 and Table S1.

Figure 2. Reduced fertility in pi6™"m" males by natural mating

(A) Number of litters and pups per litter produced by male mice between 2—8 months of
age. (B) Frequency and periodicity of litter production. Each bar represents a litter. (C)
Number of embryos produced by males mated with C57BL/6 females. (D) Testis
morphology analyzed by hematoxylin and eosin staining. (E) Concentration of sperm

from the caudal epididymis.

See also Figure S2.

Figure 3. Fertilization defects of pi6°™"°m" sperm revealed by IVF and ICSI

(A) Sperm function analyzed by in vitro fertilization (IVF). (B) Sperm function analyzed

by intracytoplasmic sperm injection (ICSlI).
Thick lines denote the median, and whiskers report the 75" and 25" percentiles.

See also Figure S3
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Figure 4. Impaired motility and zona pellucida-binding in pi6¢™"¢™" sperm

(A) Strategy for zona-free IVF. (B) Comparison of sperm function in standard and zona-
free IVF. (C) Acrosome reaction triggered with the Ca?* ionophore A23187 in vitro. The
results using pi6®™"°m" and pi6°m¥¢™? sperm are combined and indicated. (D)
Representative caudal epididymal spermatozoa with distinct acrosome reaction status.

Green, peanut agglutinin to detect the acrosome; blue, DAPI to detect DNA.

See also Movies S1-S10.

Figure 5. Embryos derived from pi6°m"¢m’ sperm fail to develop

(A) Strategy for surgical transfer of fertilized two-cell embryos to surrogate mothers. (B)
Rates of IVF-derived two-cell embryos that developed to term. Each uterine cartoon
represents one surrogate mother, and the colored circles represent embryos. The
number of embryos transferred to each side of the oviduct is also indicated. (C)
Development of IVF-derived embryos. Red, the number of embryos that developed to
the stage expected for the time after fertilization. (D) Rates of ICSI-derived two-cell

embryos that developed to term.

See also Figure S4

Figure 6. The abundance of mRNAs encoding proteins required for sperm motility

and zona pellucida-binding is decreased in pi6°™"*™" germ cells

(A) Strategy for purifying specific male germ cell types. (B) Volcano plots of steady-
state transcript abundance in sorted testicular germ cells. Control cells were sorted from
C57BL/6 testis. Each dot represents the mean abundance of an mRNA measured using
three biologically independent samples. Differentially expressed transcripts (= 2 fold-

change and < 0.05 FDR) are indicated. (C) Major GO categories containing enriched
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GO terms associated with genes with decreased expression in pi6°™"¢m" pachytene
spermatocytes (FDR < 0.01 and fold enrichment = 2). Genes annotated for a single
category that are discussed in the main text are listed in respective categories. (D)
RFX2 and A-MYB target genes with significantly decreased mRNA abundance in
pi6emem! nachytene spermatocytes and established functions in sperm motility and
zona pellucida-binding. ChlP-seq peaks around respective transcription start sites
(TSS) are shown. . RFX-2 or A-MYB occupancy is reported as fold enrichment of ChlP-

seq reads relative to input.

See also Table S7 for the complete list of genes regulated by pi6, RFX2, and A-MYB.
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Table 1. Sperm motility measured by computer-assisted sperm analysis (CASA)

C57BL/6 pi6+/em2 pisemZ/emZ
Exp. 1 Exp. 2 Exp. 1 Mean = SD Exp.1 Exp. 2 Exp. 3 Mean = SD
Cells 271 135 257 n/a 273 167 257 n/a
counted
Motile cells 256 106 227 n/a 247 111 208 n/a
Progressive 217 87 187 n/a 146 81 166 n/a
cells
Percent 94 79 83 87 +8 90 66 81 80 + 10
motile
Percent 80 64 73 708 53 49 65 56 +8
progressive
Path
Velocity 110 + 50 110 60 110 50 110 50 70 + 80 80 + 40 90 + 60 80 + 60
(um/s)
Progressive
Velocity 60 + 50 50 + 60 70 + 40 70 + 50 50 70 40 + 30 50 + 60 50 + 60
(um/s)
Trac"(sp':ﬁg“)' 210 + 90 220 + 80 200 + 100 210 + 90 200 + 100 210 + 100 210 + 100 200 + 100
Lateral
Amplitude 13+8 1347 13+8 13+8 12+8 1327 1327 1327
(um)
Beat
Frequency 30+ 10 30 20 30 20 30 20 30 20 40 £ 20 30 20 40 £ 10
(%)
S"a'ght“‘(a.;s) 60 + 30 50 + 30 60 + 30 60 + 30 60 + 20 50 + 20 50 + 30 50 + 20
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Linearity (%) 30 + 20 30 + 20 40 + 20 30 + 20 30 £ 20 20+ 10 20 + 20 20 + 20
Elongation 40 + 20 40 + 10 40 + 10 40 + 10 40 + 20 40 + 20 40 + 10 40 +20
Area (um?) 90 80 80 + 50 80 + 60 80 + 70 60 + 40 80 * 60 80 * 60 70 £ 50
Rapid cells
o sy 217 87 187 n/a 146 81 166 n/a

Medium cells

(25-50 pm/s) 4 1 3 n/a 9 0 3 n/a

Slow cells 35 18 37 n/a 92 30 39 n/a
(< 25 pm/s)
Static cells
10 s 15 29 30 n/a 26 56 49 n/a
Percent rapid 80 64 73 74 +8 53 49 65 57 +8
cells
_Percent 1 1 1 1£0 3 0 1 242
medium cells
Percent slow 13 13 14 13.4+06 34 18 15 20 + 10
cells
Percent static 6 21 12 1348 10 34 19 20 + 10

cells
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STAR METHODS

Mouse mutants

Mice were maintained and sacrificed according to guidelines approved by the
Institutional Animal Care and Use Committee of the University of Massachusetts
Medical School (A-2222-17).

Small guide RNAs (sgRNAs) flanking piRNA promoters were designed using
CRISPR design tools (crispr.mit.edu/). DNA oligos containing guide sequences were
cloned into pX330 vectors (Cong et al., 2013), and their cleavage activity tested in
NIH3T3 cells by co-transfecting pX330 constructs containing sgRNA sequences and
puromycin-resistant plasmid (pPUR) using TransIT-X2 (Mirus Bio, Madison, WI).
Puromycin (3 ug/ul) was added 24 h after transfection and DNA extracted 48 h
afterwards. Promoter deletions were detected by PCR using primers flanking the
predicted Cas9 cleavage sites.

For mice, sgRNAs were generated by in vitro transcription and purified by
electrophoresis on 8% (w/v) polyacrylamide gels. To generate the pi6°™"*™" and pi17-~
lines used in this study, in vitro transcribed sgRNAs (10 ng/ul each) targeting pi6 and
pi17 were mixed with Cas9 mRNA (40 ng/ul) and injected together into the cytoplasm of
one-cell C57BL/6 zygotes (RNA only). For some founders, the sgRNA and Cas9 mRNA
mixture was combined with pX330 plasmids expressing the same four sgRNAs and
Cas9 and injected into both the cytoplasm and pronuclei of one-cell C57BL/6 zygotes
(RNA + DNA). For pi6°™2#m2 in vitro transcribed sgRNAs and Cas9 mRNA were
injected into the cytoplasm of one-cell C57BL/6 embryos. Embryos were transferred to
pseudopregnant females using standard methods. To screen for mutant founders, DNA
was extracted from small pieces of tail clipped from three-week-old pups (Truett et al.,
2000). Deletions were detected by PCR, and PCR products purified and cloned into

TOPO blunt vectors. Mutant sequences were determined by Sanger sequencing.
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Mouse fertility test

Each 2—8 month-old male mouse was housed with one 2—4 month-old C57BL/6 female,
who was examined for the presence of a vaginal plug the following morning. When a
plug was observed, the female was housed separately. For male mice who did not
produce pups after 3 months (~3 cycles), the original female was replaced with a new

female and the fertility test continued.

Testis histology, sperm count, and sperm morphology

Mouse testes were fixed in Bouin’s solution overnight, washed with 70% ethanol,
embedded in paraffin, and sectioned at 5 pm thickness. Sections were stained with
hematoxylin solution, countered stained with eosin solution, and imaged using Leica
DMi8 brightfield microscope equipped with an 20x 0.4 N.A. objective (HC PL FL L
20%/0.40 CORR PH1, Leica Microbiosystems, Buffalo Grove, IL). To quantify sperm
abundance, the cauda epididymides were collected from mice and placed in phosphate-
buffered saline (PBS) containing 4% (w/v) bovine serum albumin. A few incisions were
made in the epididymides with scissors to release the sperm, followed by incubation at
37°C and 5% CO> for 20 min. A 20 ul aliquot of sperm suspension was diluted in 480 pl
of 1% (w/v) paraformaldehyde (PFA), and sperm cells counted at 10x by brightfield
microscopy. To assess sperm morphology, caudal epididymal sperm were fixed in 1%
(w/v) PFA, stained with trypan blue, and a Leica DMi8 brightfield microscope equipped
with an 63% 1.4 N.A. oil immersion objective (HC PL APO; Leica Microbiosystems,
Buffalo Grove, IL). Sperm stained with Alexa 488-conjugated PNA (see below) were

also used to assess sperm morphology.

Meiotic chromosome spreads

Meiotic chromosome spreads were prepared as described (Holloway et al., 2014).

Mouse testes were incubated in hypotonic buffer (30 mM Tris-Cl, pH 8.2, 50 mM
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sucrose, 17 mM sodium citrate, 5 mM EDTA, 0.5 mM DTT) for 30 min on ice, then small
fragments of seminiferous tubules were moved to 100 mM sucrose solution and pulled
apart with forceps to release germ cells. A drop of sucrose solution containing germ
cells was pipetted onto a glass slide with a thin layer of 1x PBS containing 1% PFA and
0.15% (v/v) Triton-X100 (pH 9.2) and spread by swirling. Slides were placed in a
humidifying chamber for 2.5 h, air-dried, and washed twice with 1x PBS with 0.4%
Photo-Flo 200 (Kodak, Rochester, NY) and once with water with 0.4% Photo-Flo 200,
and air-dried. For immunostaining of meiotic chromosomes, slides were sequentially
washed with (1) 1x PBS with 0.4% Photo-Flo 200, (2) 1x PBS containing 0.1% (v/v)
Triton-X, and (3) blocked with PBS containing 3% (w/v) BSA, 0.05% (v/v) Triton X-100,
and 10% (v/v) goat serum in 1x PBS at room temperature. The slides were then
incubated with primary antibodies, anti-SCP1 (1:1000 dilution) and anti-SCP3 (1:1000
dilution), in a humidifying chamber overnight at room temperature. Washing and
blocking steps were repeated the next day, and the slides were incubated with Alexa
488- or Alexa 594-conjugated secondary antibodies (1:10,000 dilution) for 1 h at room
temperature. Slides were washed thrice with 1x PBS containing 0.4% (v/v) Photo-Flo
200, once with water containing 0.4% Photo-Flo 200 mixture, air-dried in the dark,
mounted by incubation in ProLong Gold Antifade Mountant with DAPI (4',6'-diamidino-2-
phenylindole; Thermo Fisher Scientific, Waltham, MA) overnight in the dark, and imaged
using a Leica DMi8 fluorescence microscope equipped with an 63x 1.4 N.A. oll

immersion objective (HC PL APO; Leica Microbiosystems, Buffalo Grove, IL).

Cell sorting by FACS

Testicular cell sorting was performed as described (Cole et al., 2014). Testes were
collected, decapsulated, and incubated in 0.4 mg/ml collagenase type IV (Worthington
LS004188) in 1x Grey's Balanced Salt Solution (GBSS, Sigma, G9779) at 33°C rotating

at 150 rpm for 15 min. Separated seminiferous tubules were washed with 1x GBSS and
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incubated in 0.5 mg/ml Trypsin and 1 ug/ml DNase | in 1x GBSS at 33°C rotated at

150 rpm for 15 min. Tubules were dissociated on ice by gentle pipetting, and then 7.5%
(v/v) fetal bovine serum (f.c.) was added to inactivate trypsin. The cell suspension was
filtered through a pre-wetted 70 uym cell strainer, and cells pelleted at 300 x g for 10 min
at 4°C. Cells were resuspended in 1x GBSS containing 5% (v/v) FBS, 1 ug/ml DNase I,
and 5 pg/ml Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA) and rotated at
150 rpm at 33°C for 45 min. Propidium iodide (0.2 pg/ml, f.c.; Thermo Fisher Scientific,
Waltham, MA) was added, and cells strained through a pre-wetted 40 um cell strainer.
Cell sorting was performed on a FACSAria Il (BD Biosciences, Franklin Lakes, NJ). The
purity of sorted fractions was assessed by immunostaining. Secondary spermatocyte
and spermatid populations were >90% pure, and the pachytene spermatocytes and

diplotene spermatocytes were >80% pure.

In vitro fertilization (IVF) and embryo transfer

In vitro fertilization was performed as previously described (Nagy et al., 2003) using
spermatozoa from caudal epididymis of either C57BL/6, pi6*°™', or pi6°™"em™! mice.
Spermatozoa were incubated in human tubal fluid (HTF; 101.6 mM NaCl, 4.69 mM KCl,
0.37mM KH2PO4, 0.2 mM MgSO4-7H20, 21.4 mM Na-lactate, 0.33 mM Na-pyruvate,
2.78 mM glucose, 25 mM NaHCO3, 2.04 mM CaCl2-2H20, 0.075 mg/ml Penicillin-G,
0.05 mg/ml streptomycin sulfate, 0.02% (v/v) phenol red, 4 mg/ml BSA) with oocytes
(98-146 for control sperm and 120-293 for pi6*™"#m? sperm) from B6SJLF1/J mice for
3—4 h at 37°C with constant 5% O2, 90% N2, and 5% CO2 concentration. Oocyte viability
and the presence of pronuclei were assessed under a Nikon SMZ-2B (Nikon, Tokyo,
Japan) dissecting microscope. To observe embryo development, embryos were moved
into potassium-supplemented simplex optimized media (KSOM; 95 mM NaCl, 2.5 mM
KCI, 0.35 mM KH2PO4, 0.2 mM MgSOQO4-7H20, 10 mM Na-lactate, 0.2 mM Na-pyruvate,
0.2 mM glucose, 25 mM NaHCO3, 1.71 mM CaCl2-2H20, 1 mM L-glutamine, 0.01 mM
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EDTA, 0.075 mg/ml Penicillin-G, 0.05 mg/ml streptomycin sulfate, 0.02% (v/v) phenol
red, 1 mg/ml BSA; Millipore Sigma, Burlington, MA) after IVF and assessed every 24 h.
To measure birth rates, two-cell embryos were transferred to Swiss Webster
pseudopregnant females, and fetuses isolated by cesarean section 18.5 d after embryo
transfer.

For zona-free IVF, the zona pellucida of oocytes was removed with acid Tyrode’s

solution as described (Yanagimachi et al., 1976; Johnson et al., 1991).

Intracytoplasmic sperm injection (ICSl)

Frozen caudal epididymal spermatozoa were thawed, the sperm tails detached (Nagy et
al., 2003), and individual pi6*¢™ or pi6®™"*m" sperm heads injected into B6D2F1/J
oocytes in Chatot-Ziomek-Bavister media (CZB; 81.62 mM NaCl, 4.83 mM KCl, 1.18
mM KH2PO4, 1.18 mM MgS0O4-7H20, 25 mM Na;HCOs, 1.70 mM CaClz-2H20, 0.11 mM
Nax-ETDA-2H20, 1 mM L-glutamine, 28 mM Na-lactate, 0.27 mM Na-pyruvate, 5.55 mM
glucose, Penicillin-G 0.05 mg/ml, 0.07 mg/ml streptomycin sulfate, 4 mg/ml BSA)
(Millipore Sigma, Burlington, MA) using the PiezoXpert (Eppendorf, Hamburg, Germany;
Cat#5194000024). Surviving oocytes were counted, collected, and cultured in KSOM
(Millipore Sigma, Burlington, MA) at 37°C and 5% CO2 for 24 h. Two-cell embryos were
surgically transferred unilaterally into the oviducts of pseudopregnant Swiss Webster

females. At 16.5 days after the surgery, live fetus isolated by cesarean section.

Sperm motility

Cauda epidydimal sperm were collected from mice and placed in 37°C HTF media in an
incubator with 5% CO.. A drop of sperm was removed from the suspension and
pipetted into a sperm counting glass chamber, then assayed by CASA or video
acquisition. CASA was conducted using an IVOS |l instrument (Hamilton Thorne,

Beverly, MA) with the following settings: 100 frames acquired at 60 Hz; minimal
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contrast = 50; 4 pixel minimal cell size; minimal static contrast = 5; 0%straightness
(STR) threshold; 10 um/s VAP Cutoff; prog. min VAP, 20 ym/s; 10 ym/s VSL Cutoff; 5
pixel cell size; cell intensity = 90; static head size = 0.30-2.69; static head intensity =
0.10-1.75; static elongation = 10-94; slow cells motile = yes; 0.68 magnification; LED
illumination intensity = 3000; IDENT illumination intensity = 3603; 37°C. Agglutination of
pi6emem! sperm prevented CASA measurements at later times. A Nikon Diaphot 200
microscope (Nikon, Tokyo, Japan) with darkfield optics equipped with Nikon E Plan
10%/0.25 160/- Ph1 DL objective (Nikon, Tokyo, Japan), ZWO ASI 174mm Monochrome
CMOS Imaging camera (ZWO, SuZhou, China), and the SharpCap software
(https://docs.sharpcap.co.uk/2.9/) using darkfield at 10x magnification were used to

record sperm movement at 37°C.

In vitro acrosome reaction assay

Acrosome reaction was assessed as described (Talbot et al., 1976). Cauda
epididymides were collected from mice, placed in HTF media pre-warmed for at least

2 hin a 37°C incubator at 5% CO.. A few incisions were made in the epididymides with
scissors to release the sperm, followed by incubation at 37°C in 5% CO- for 90 min.
Calcium ionophore A23187 (10 uym f.c. in DMSO) was added, and incubation continued
for 30 min. Sperm were fixed at room temperature for 10 min by adding two volumes of
4% (w/v) PFA, pelleting at 1,000 x g for 5 min, washed with 1x PBS, resuspended in
fresh 1x PBS, spotted on a glass slide, and air-dried. Methanol was pipetted onto the
sperm to permeabilize the cells, followed by washing with 1x PBS. Slides were
incubated overnight in 10 ug/ml Alexa Fluor 488-conjugated peanut agglutinin (PNA) in
1x PBS (Mortimer D., 1987), washed with 1x PBS, air-dried, and mounted with ProLong
Gold Antifade Mountant with DAPI (Thermo Fisher Scientific, Waltham, MA). Sperm

were imaged using a Leica DMi8 fluorescence microscope equipped with a 63x% 1.4 N.A.
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oil immersion objective (HC PL APO; Leica Microbiosystems, Buffalo Grove, IL) and

analyzed using Imaged (version 2.0.0-rc-68/1.52¢; https://fiji.sc/).

Chromatin Immunoprecipitation (ChIP) and sequencing

Frozen testes were cross-linked with 2% (w/v) formaldehyde at room temperature for 30
min using an end-over-end tumbler. Fixed tissues were homogenized in buffer
containing 1% (w/v) sodium lauryl sulfate (SDS), 10mM EDTA, and 50mM Tris-HCI (pH
8.1) by 40 strokes in a Dounce tissue grinder with Pestle B (Kimble-Chase, Rockwood,
TN). Lysed samples were sonicated using the E220 Covaris ultrasonicator (Covaris,
Woburn, MA) to shear the chromatin to 150-200 bp fragments and diluted 1:10 with a
buffer containing 0.01% (w/v) SDS, 1.1% (v/v) Triton X-100, 1.2 mM EDTA, 16.7 mM
Tris-HCI (pH 8.1), 167 mM NaCl. Immunoprecipitation was performed using 5.5 ug of
rabbit anti-A-MYB antibody (Sigma, St. Louis, MO), DNA was extracted with
phenol:chloroform:isoamyl alcohol (25:24:1) (pH 8), and ChlP-seq libraries were
prepared as previously described (Li et al., 2013). Libraries were sequenced using
paired-end reading on NextSeq500 (lllumina, San Diego, CA), and reads were mapped
to mouse genome assembly mm10 using Bowtie2 (v2.2.5). ChIP-seq peaks were
determined using MACS2 (v2.1.1) and unique mapping reads were reported in this

study as fold enrichment over input.

RNA-seq and small RNA-seq

Small RNA-seq and RNA-seq libraries were constructed and sequenced using NextSeq
500 (lllumina, San Diego, CA) as described (Fu et al., 2018). To sequence mature
piRNAs, small RNA was oxidized with 25 mM NalO4 in 30 mM sodium borate, 30 mM
boric acid (pH 8.6; Sigma Aldrich, St. Louis, MO) at 25°C for 30 min. RNA was
precipitated with ethanol before adapter ligation. Small RNA-seq and RNA-seq reads

were mapped to mouse genome assembly mm10 using piPipes (Han et al., 2015).
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Transcript abundance between pi6**™" and C57BL/6 testes were indistinguishable (< 2-
fold change and FDR > 0.05). Transcripts with low abundance (< 1 fpkm) in both

C57BL/6 and pi6em"em" cells were excluded.

Transposon mapping

RNA-seq reads were intersected using BEDtools (Quinlan and Hall, 2010) with Repeat

Masker annotation from UCSC (downloaded from https://genome.ucsc.edu/cqgi-

bin/hgTables). Reads mapping to multiple genomic locations were apportioned. Reads

for individual repeats were aggregated to obtain reads counts for repeat families.

Statistics

All statistics were performed using R (https://www.rstudio.com/) and graphs were

generated using Igor Pro v7.08 (WaveMetrics) or ggplot2 v3.0.0

(https://agplot2.tidyverse.org/). Unless otherwise stated, Mann-Whitney-Wilcoxon test

was used to calculate p values.

ACCESSION NUMBERS

All sequencing data are available through the NCBI Sequence Read Archive using

accession number PRJNA480354.
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SUPPLEMENTAL FIGURE, TABLE, AND MOVIES

Supplemental Figure Legends

Figure S1. Confirmation of mutant founder genotypes. Related to Figure 1 and

Table S1.

(A) Genotyping of mutant founders by PCR. Genomic sequences of pi6 promoter region
in pi6emem1 (B) and pi6°m%#m2 (C) mouse lines. (D) Genomic sequences of pi17
promoter region in pi177~ mouse lines. Dashes, genomic sequences deleted by

CRISPR; dots, unaltered sequence omitted for clarity.

Figure S2. pi6°™"*m! adult male phenotype. Related to Figure 2.

(A) Number of litters produced in 6 months by 2—8 month-old males. (B) Body and testis
weight of 2—4 month-old pi6®™"¢m" and pi6°™¥*™? males. Each dot represents an
individual mouse. The thick lines denote median values, and whiskers indicate the 75™
and 25" percentiles. (C) Representative spermatozoon. (D) Representative patterns of
meiotic chromosome synapsis in P%em"em? nachytene spermatocytes. SYCP1,
Synaptonemal complex protein 1; SYCP3, Synaptonemal complex protein 3. (E)

Quantification of patterns of meiotic chromosome synapsis depicted in (D).

Figure S3. Abundance of transposons in pi6¢™"¢™" germ cells. Related to Figure 3.

(A) Proportions of the whole genome or piRNA sequences composed of repetitive
sequences. (B) Abundance of repetitive sequences in mouse germ cells. A
pseudocount of 1 was added to each value. Each dot represents the mean value of

three biologically independent RNA-seq experiments.
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Figure S4. Pregnancy rate of surrogate mothers in IVF and ICSI experiments.

Related to Figure 5.

Percent of pregnant surrogate mothers in IVF (A) and ICSI (B).

Figure S5. Transcriptome changes in pi6™"em? cells. Related to Figure 6.

(A) Number of altered genes with mRNA abundance altered by 2 2-fold with FDR < 0.05
in indicated cell types. (B) Abundance of pachytene piRNAs and their precursors in
C75BL/6 purified germ cells. For piRNA precursor levels, each dot represents the mean
value of triplicate datasets and each error bar indicates the standard deviation. For
mature piRNAs, each dot represents the mean abundance of unique-mapping reads of
two duplicate datasets. (C) mRNAs with altered abundance in pi6®™"#™ cells and
encoding protein with functions in meiotic chromosome organization and miRNA-

mediated regulation.
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Supplemental Table Legends

Table S1. Statistics of CRISPR injection for pi6 mutant generation. Related to
Figure 1 and S1.

Table S2. Differentially expressed genes in pi6m"m’ germ cells. Related to Figure

6 and S5.

Mean abundance (fpkm) of significantly altered mRNAs (2 2-fold change N FDR 0.05) in
C57BL/6 versus pi6°™"em! cells of RNA-seq triplicate datasets. A pseudocount of 0.5
was added to each value to calculate the differences. Transcripts with < 1 rpkm in both

C57BL/6 and pi6®™"¢m" cells prior to adding pseudocount were excluded.
Table S3. Expression of piRNA pathway genes in pi6°™¢™ cells. Related to
Figure 6 and S5

Mean expression (fpkm) of piRNA genes in C57BL/6 versus pi6®™"¢m" cells of RNA-seq
triplicate datasets. A pseudocount of 0.5 was added to each value to calculate the

differences. Significant changes were = 2-fold increase or decrease and FDR < 0.05.

Table S4. Transcription factors with altered mRNA abundance in pige™"em?

pachytene spermatocytes. Related to Figure 6 and S5.

Table S5. Gene Ontology of genes with decreased expression in pigem"/em1

pachytene spermatocytes. Related to Figure 6 and S5.

Table S6. Genes with reduced expression in pi6™"¢m" pachytene spermatocytes

that are mapped to major Gene Ontology categories.

Related to Figure 6 and S5.
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Table S7. RFX2 and A-MYB target genes with decreased abundance in pi6em"/em?

pachytene spermatocytes.

Related to Figure 6 and S5.

Table S8. Published male fertility genes with altered expression in pi6e™"em1 cells.

Related to Figure 6 and S5.

60


https://doi.org/10.1101/386201
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/386201; this version posted August 7, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC-ND 4.0 International license.

Legends to Movies

Movies S1-10. pi6°™em? sperm motility.

Movie S1.

Movie S2.

Movie S3.

Movie S4.

Movie S5.

Movie S6.

Movie S7.

Movie S8.

Movie S9.

C57BL/6 sperm motility at 10 minute time point.
pi6emem? spnerm motility at 10 minute time point.
C57BL/6 sperm motility at 90 minute time point.
pi6emem? spnerm motility at 90 minute time point.
C57BL/6 sperm motility at 3 hour time point.
pi6ememt gpnerm motility at 3 hour time point
C57BL/6 sperm motility at 4 hour time point.
pi6ememt spnerm motility at 4 hour time point.

C57BL/6 sperm motility at 5 hour time point.

Movie $10. pi6e™¢m" sperm motility at 5 hour time point.
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Wau et al., Figure S1, related to Figure 1

A Line: 1 2 3 Line: 1 2
Undeleted (986 b
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750— —Deleted (678 bp) 500— —Deleted (642 bp)
pi17-- founders
Line: 1 2
500 bp— IUndeIeted (432 bp)
—Deleted (320 bp)
250—

B C57BL/6 AGAAGACTGCCTACTCCAAGATAGTGGG. s+ ... CACACAAGTGCCCAACGAAATGGAAAACA
sgRNA1 GACTGCCTACTCCAAGATAG  sgRNA2 CACACAAGTGCCCAACGAAA
AGAAGACTGCCTACTCCAAG——————— (A219 bp)———————— TGCCCAACGAAATGGAAAACA
AGAAGACTGCCTACTCCAAG-—————— (A230 bp) ATGGAAAACA
AGAAGACTGCCTACTCCAA———————— (A228 bp) GAAATGGAAAACA
AGAAGACTGCCTACTCCAA———————— (A233 bp) GGAAAACA
AGAAGACTGCCTACTCCAAGA—————— (A227 bp) AAATGGAAAACA
AGAAGACTGCCTACTCCAA———————— (A231 bp) ATGGAAAACA

C57BL/6  ACGGTGGGTTCTATCCAATGAGGTC

sgRNA1 ACGGTGGGTTCTATCCAATG
ACGGTGGGTTCTATCCAA

(A116 bp)

GGGATAGAGTAAGTGAGAAGCTGGCCCTTACATCAT
sgRNA2 GGATAGAGTAAGTGAGAAGC

GCTGGCCCTTACATCAT

ACGGTGGG (A125 bp)

sgRNA2 GCTCTGTCTGACAACGGGAC

C57BL/6  GGGCTGCTCTGTCTGACAACGGGAC. .. TCACATCTCTGTGCAG. . . TCCCTTCACACGGCCGTTTA. .

AGCTGGCCCTTACATCAT

pi17-- 1 GGGCTGCT (AB06 bp)
pi177- 2 GGGCTGCTCTGTCTGACAACG—-—(A583 bp)

pi17-- 3  GGGCT

. CCGTCCCTGATAGTGG
sgRNA1 TCCCTTCACACGGCCGTTTA
CCGTCCCTGATAGTGG
TTTA...CCGTCCCTGATAGTGG
(A543 bp)———-TCTGTGCAG. . . TCCCTTCACACGGCCGTTTA. . . CCGTCCCTGATAGTGG
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Wau et al. Figure S5, Related to Figure 6

A Number of genes
with altered RNA
abundance

Cell type pi6em1/em1 pi17_/_

Pachytene
spermatocytes (4C) 875 0

Diplotene
spermatocytes (4C) 9 277

Secondary
spermatocytes (2C) 20 503
Spermatids (10) 45 0

Total altered 928 625
unique genes

B

400~ T . . —150,000
Precursor 200 \ U piRNA 100,000 piRNA
abundance B i D : abundance
(fpkm) 100 E {50,000 (PPM)
oL TR i )
Pachytene Diplotene Secondary
Spg spc spc spc Sptd
C C57BL /6 p i6em1/em1 p i6em1/em1
Genes (fpkm) (fpkm) C57BL/6 FDR
Meiotic Atm 3.5 12.3 3.2 2.2 x10?
chromosome Dmc1 1.6 9.2 4.6 2.6 x 102
organization Sycel 215.2 71.6 0.3 4.3 x 103
miRNA Lin28a 0.9 7.6 5.6 1.6 x 102
pathway Zc3h7b 1.6 1041 5.0 4.3 x 103

genes Ajuba 0.6 5.4 5.3 7.0 x 103
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Table S1. Statistics of CRISPR injection for pi6 mutant generation.

Allele pi6*™’ pi6°™
. : sgRNA + Cas9
Nucleic acid sgRNA + pX330 sgRNA + Cas9
injected Cas9 mRNA construct MRNA + pX330 Total mRNA
construct
Number of
pups 55 45 42 142 23
screened
Number of 5 (9%) 12%) 2 (5%) 8 (6%) 5 (22%)
founders
Number of
female 3 (60%) 1 (100%) 1 (50%) 5 (63%) 2 (40%)
founders
Number of 2 (40%) 0 (0%) 1 (50%) 3 (38%) 3 (60%)
male founders
Number of
surviving 5 (100%) 0 (0%) 2 (100%) 7 (88%) 5 (100%)
founders
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Table S2. Differentially expressed genes in pi6°""*™" germ cells.

Genomic ~rem1/em1
Cell Ensembl Location C57BL/6 | pi6°™!/em? 'L
type ID Gene (mm10) (fpkm) (fpkm) C57BL/6 FDR
Pacspc | oSSO0 | Gm10800 Chrgg%%ig%i%' 132.8 3644.7 27.3 4.3x1073
Pacspc | NSO | Gmioso1 Chrgé%%i%%%%' 12.7 299.3 22.6 3.3x10-2
Pacspc | oS0 | Semada | OMTI3SIT01245 0.4 12.6 141 | 4.3x10°
Pacspc | SoNUSa%0 Gsr Chrgé%%%ﬁ%%”' 1.8 29.0 13.0 | 4.3x10°3
Pacspc | Geows000 | A | SEXI0STOTO 0.9 18.2 130 | 4.3x10°
PaCSPC | cooomay | HIf | ONTLES0SS09%0 0.3 103 128 | 3.3x102
Pacspe | Lo o090 | sy | ONMRIONT 1204 0.3 9.1 128 | 2.0x102
Pacspc | gooiooos | Inppsf Ch_r17 52%2%11123527 0.7 14.2 12.2 2.3x102
Pacspc | SNSMUSIO0 | Gmi11819 Chrféﬁ‘;ffg' 0.0 5.4 11.9 4.3x10-3
Pacspc | oheooo | Mpped2 Ch_rf&%%%%%%% 0.4 9.4 11.0 1.8x10-2
Pacspc | SASMUSSO0 | Tptpsi Ch_r13611%13%38%‘é59 0.0 4.8 10.6 4.3x10-3
Pac spC | cocommian | Hoacé Chr;(é?;ss%y 9 25 30.7 10.4 4.3x10-3
Pacspc | SaSMOSI00 | Tmem135 Chr;éi%fgfz 4.1 46.9 10.3 2.2x102
Pacspc | Geoneo0%0 | Kamip | N 347025169 0.6 10.6 102 | 9.2x10°
Pacspe | ooy | Relt | OMMTI00845847 0.3 7.9 102 | 3.1x102
Pacspc | SoMESS%0 | Jkamp Chr_1722:17§g§259588 0.8 12.2 9.9 3.3x10-2
Pacspc | SaoMUSI00 | Sonih Chrgg@i@‘;ﬁ?“' 0.6 10.4 9.9 2.2x102
Pacspc | DS | Meam Chrfﬁigz??' 15 18.9 9.9 4.3x10-3
Pac SPC | poconmaeay | Reln Chrgé%ﬁ%‘fs' 1.6 19.4 9.6 4.3x10-3
Pacspe | coooeneoty | Sertaga | OMM1I192844467 0.5 9.5 9.6 | 4.5x10°2
Pac spC | cocomeaaay | lofbp2 Chr;égézi‘;ioz 1.3 16.9 95 2.6x10-2
Pacspc | gonteoos | Bne2 Chr;‘f;%?;?%g“' 1.6 19.5 95 4.3x1073
Pac spc OEOI\(I)%I;S/I8U287€.(12 Shroom4 Ch%(ég:;ii?s_ 0.3 6.5 9.2 4.9x1072
Pacspc | CaSMOSI00 | Nekipsd Chfé;%ﬁ%%ﬁw 2.0 225 9.2 4.3x1073
Pac spc ()th(l)%r;ﬂ%%gﬂ(i Ctsa ch_r1261g28737(‘)17131 0.6 9.9 9.1 4.3x1078
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Pacspc | OMUSS0 | Prep chil%:fgggggos 1.2 14.6 9.1 4.3x10-3
Pacspc | gobeiooo0 | Notcht Chrgézsi‘gé%g%' 0.1 5.0 8.9 4.3x1073
Pacspe | oponoso | prssas | ONMTI12TA92557 0.3 6.7 8.9 3.8x10°2
Pacspc | SaouSI00 | Lhx2 chrgé%%%C;%%SO— 0.1 5.3 8.9 4.3x1073
Pacspe | coonoo0%0 | Semagd | 2120998 | gp 5.3 88 | 4.3x10°3
Pac spC | conorbaians | Myotb Chr51 1:59112‘(‘)%7164' 0.9 12.1 8.8 7.0x10-2
Pacspc | gooneroooe | Ftlt ChrZéi%‘;%;i“S' 6.6 61.9 8.8 4.3x1073
Pacspc | (OMDSG00 | gaps | ONTE10872803T 0.6 9.3 8.7 4.3x1073
Pacspe | ooomoeers | Tsczzdg | N 1a000R02 3.8 36.4 86 | 4.3x10°3
Pacspc | SASMISSO0 | Map3ks C“r_L%}f;’?g‘;‘ & 1.0 12.2 8.5 1.7x10°2
Pacspc | gooheren | Tead2 chrZ;;%%11517552— 0.5 8.0 8.4 4.3x1073
Pacspe | coonroctd | aitmg | ONTIS1TA89R10 0.6 8.5 8.4 1.1x10°2
Pacspc | (o090 | phor7 | T 143623144 2.5 24.8 8.4 4.3x1073
Pacspc | GeownsS%0 | crsg | T 142925850 3.7 34.1 8.3 4.3x1073
PacSPC | cooomreo gy | Huwer | SOrr197180050 8.8 76.5 8.3 4.3x10°3
Pacspe | ooovioson | Trafa | ONMLITS158498 0.8 10.0 8.2 9.2x10°3
Pacspc | SaoMuSS00 | phgah Chrgé%%%;%}fg' 0.7 9.3 8.2 1.8x10-2
Pacspc | CASMUSI00 Kit Chr7552555677‘;921 5 2.0 20.2 8.1 4.3x10°3
Pacspc | gooteioco Met chr$;1577z;238%99- 0.3 6.0 8.1 2.1x102
Pacspc | SONUSS%0 | Sic3sat Chrgjl%‘gi%%%' 0.9 11.2 8.1 1.5x10-2
Pac spc OEO'\(I)%%A&%S% Obscn Chr_15;:15 g 22322 %5 0.5 7.8 8.0 1.9x1072
Pacspc | oomaosae | Wards chr;<;72212%3132- 0.7 9.0 8.0 4.3x10°3
Pacspc | SASMOSSOY | Crabpt Chrgg‘%ﬁ%‘w' 2.9 26.6 7.9 7.0x10°3
Pacspc | SoNUSS%0 | Gnba Chrgé%izzgzm - 0.3 5.7 7.9 1.6x102
PaCSPC | cooomenooty | Sak1 | O IAA 400 17 16.5 7.9 1.5x102
Pacspe | oot Uoo | cpxg | O 1I02290 0.9 10.7 78 | 4.3x10°3
Pacspe | comrooos | Ewe | OMMOIISI085659 1.4 14.2 7.7 3.8x10°2
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Pacspe | cooiooty | Csnkte | ONTITAITE00 0.6 8.1 7.6 7.0x10°
PaCSPC | cooomcy | Tubbs | ONMITS0833920 2.2 19.8 76 | 4.3x10°3
Pacspc | oSS0 | ERmtt Chrgﬁ‘%%%?g' 2.4 21.3 7.6 4.3x10-3
Pacspc | goonieoos | Dket Chr;(;gg%i?s' 1.2 12.7 7.6 2.0x102
Pacspc | SASMUSSO0 | pokt Chr721:g102235223' 0.3 5.7 75 2.4x10-2
Pac spc %g‘gggg? 7%92 Cenpa chrg(:)%(;i%627776— 1.2 11.7 7.4 4.8x1072
Pacspe | opomoson | Larsz | OMMOTI2E000999 2.7 22.9 7.3 4.3x10°3
Pacspc | GoMUSSU0 | povro | NSO890 1.4 13.3 7.2 4.3x1073
Pacspc | CaSMESU0 | Zip532 chr_1685:g§95§2§29 1.2 11.6 7.2 4.3x1073
Pacspc | SASMISS00 | mifsa10 Chrgﬁ‘gﬁg‘” - 1.1 10.7 7.2 4.3x10-3
Pac SPC | pocomsniany | Clons chr;g;%sszog- 0.6 7.8 7.2 1.8x102
Pacspc | MU0 1 Aim1 Ch_rféfo‘;%%%%” 15 135 7.2 2.7x10-2
Pacspc | 0o Sol | Reor2 °hr1792:7752§27§24' 1.0 10.4 7.1 2.0x10-2
Pacspc | goonerocos | Ndrg4 Chrg;ﬁ%ﬁ%m' 1.6 14.5 7.1 4.3x1073
Pacspc | VIS | Hifsa Chr17}10221125706_ 0.1 3.6 7.1 3.0x10-2
Pacspc | SaoMoSS0Y | Lonrf3 Chrgég%%%ii&' 2.1 18.2 7.1 4.3x1073
Pacspc | SASMUSS00 | pveme Chr865888988€;38%74' 25 20.7 7.1 4.3x10-3
Pacspe | ooomooes | siantb | Sr907070 15 13.6 7.1 4.9x10°2
Pacspc | SONUSS0 | Uaptit Chr22£563556988288' 0.4 6.1 7.1 2.3x10-2
Pacspc | NoMUSS | Dhtkd Chr52538297595209' 0.5 6.2 7.0 4.4x1072
Pacspc | SASMUSI00 | Daxax Chrfégi%%gfg' 1.0 9.9 7.0 1.5x10-2
Pac spC | cooomtoans | Nup210 chrgm%g%w- 1.7 14.7 7.0 4.3x10-3
Pacspe | cocomao gy | Anc | ONMIOTEHBTET 1.1 10.8 7.0 | 43x10°3
Pacspc | SASMUSSO0 | Auo22751 Ch%((:)g%%%%' 0.3 5.3 7.0 3.7x10-2
Pacspc | oot 00 Eif4 Chr}éﬁ%‘é?sg%' 0.3 5.3 7.0 1.6x10-2
Pacspe | coooecogy | Dmrt1 | ONTI25500817 3.8 29.4 7.0 | 4.3x10°3
Pacspe | coomrooos | semiz | SIOLLITIS 3.2 24.6 6.8 7.0x10°3
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Pacspe | ooomooas | Textr | OPTe 10989804 15 12.9 6.8 1.3x10°2
Pacspc | CaoMoi00 | rf2bpl Chr_}éﬁgﬁgoz 0.6 6.6 6.8 4.3x1073
Pacspe | coonoot) | Gaint1 | ONM1524205343 1.9 15.5 6.7 4.3x10°3
PaCSPC | cooomay | Pbxg | ONMITIS589805 2.1 16.8 6.7 1.8x102
Pacspe | oootosou | Dhera4 | OMM100061057 1.4 11.8 66 | 4.3x10°
Pacspc | Geonoso% | wargy | ONTTTTEA40943 0.6 7.0 6.6 4.3x1073
Pacspc | oD% | Aff3 Chr;536861é753525' 0.4 5.8 6.6 3.2x10-2
Pacspc | Geonooo% | Plndr | OMOLS9A810 0.8 8.4 6.6 4.3x1073
rowe | SOWSED | ppg |PESSEO |0y | 41 | ea | 7o
Pac spc gg‘g%g?%?g Gcat chr_‘;Sggjg g g88 3 0.8 8.0 6.5 1.8x1072
Pacspe | cooomeniooy | Ritng | ONMLTI9392290 0.8 8.2 6.5 4.9x10°2
Pacspe | cooo0%0 | adez | ONML121813454 0.6 6.4 6.5 4.3x10°3
Pacspe | opomosan | Soxtz | OMMZIIS2S99910 0.6 6.3 6.5 7.0x10°3
Pacspc | SASMUSS00 | Upaty chr;(é:lE;‘I?z?S— 2.0 15.3 6.4 4.3x10-3
Pac spC | pocomeeooo0 | Furin Chrgéi%ssi%%“' 1.0 9.3 6.4 9.2x10-3
Pacspe | ooovoson | Smpdz | OMIOAIATES1S 16 13.1 6.4 | 1.7x10°2
Pac SPC | cocomtonay | Abca2 Chrgéii‘;%%w' 2.4 18.3 6.4 4.3x10-3
Pacspc | oobtooo0 | Hepd Ch_rfé})‘é%%zgz‘;m 0.2 3.7 6.4 3.1x102
Pacspc | SOMLSS%0 | Usp22 Chr_1611:16; ;8;57 84 1.9 15.0 6.3 9.2x10-3
Pacspe | cooomraay | Bahcer | O 112928294 1.1 9.4 6.3 4.3x10°3
Pacspc | ASMUSS® | Gt Chr;%ﬁ%‘égf?' 0.7 7.3 6.3 1.7x10-2
PaCSPC | cocoaca g | Fbint | OIS 85205948 1.0 8.9 6.3 2.0x10°2
Pacspc | SONUSA%0 | Jader Chrj;‘é11565856130' 2.0 15.0 6.2 4.3x10-3
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Pacspc | a0 | Pabpt Chr;(ég%%‘g & 0.4 4.7 5.6 2.2x102
Pacspe | ooonosol | Medrz | o 1912740 3.0 18.9 56 | 4.3x10°
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Pacspc | Coonosa Dck Chr85£887362‘£95' 0.8 5.3 4.6 1.3x10-2
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Pac spc o%%%%?ﬂ% Bcor chri(;%%%%?g— 0.2 2.4 4.4 3.7x1072
Pacspc | gooneiooo Fn1 Chr;;zg;i? % 3.5 16.9 43 9.2x10-3
Pacspe | cooomeiooos | pik1 | ONNIZ 19955262 0.3 3.2 4.3 3.3x10°2
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Pacspe | ooomooot | Midn | OMIOS01I82T 2.6 11.8 40 | 9.2x10°
Pac spc ()th:)%g;i?ﬂ% Socs6 chr_1888§§$2§12 23 1.5 7.6 4.0 2.1x1072
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Pac spc OEO'\(I)%ZA;)ES% Lcor Chr_ﬁgg;‘gfg 44 1.3 6.8 4.0 2.5x1072
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Pacspe | comeioot0 | Piked | MO0 468 6.8 0.4 | 4.0x10°
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Pacspc | SASMUSSO0 | Xrrat Chrgé%ﬁiggj & 82.9 34.4 0.4 4.0x10°2
Pacspe | opomssers | Tmez | OMTLISSIBAZ | 166 6.6 0.4 | 49x102
Pacspc | oMU | psme3 Chrgi%;%iﬁgog' 344.2 142.9 0.4 3.5x10-2
Pacspc | o909 | Lrrect Chrfrs‘;523635287' 76.1 31.3 0.4 2.5x102
Pacspc | NSNS | Gtrzatl chr_ggfgﬁsggsg 119.6 49.4 0.4 3.3x10-2
Pacspc | NSMUSSOD | Themes | OMISTATEE03 | s 215 0.4 3.4x10°2
Pacspe | coomaioay | Sleger | OMIOASS3508 | 404 16.4 0.4 | 3.6x102
Pacspc | SASMUSI00 | Saysd chr_124(1):§§g17 5545 49.4 20.1 0.4 3.8x10-2
Pacspc | SaoMeSo0 | Elof1 Ch%ﬁ;ﬁ?g' 314.9 129.8 0.4 3.8x102
Pacspe | coomeoooe | Gaint1o | OMTLTOTOESRIT o5 4 10.1 0.4 | 2.3x10°
Pacspc | gomiioood | Usps Chfég%g%%” 111.1 455 0.4 2.6x102
Pacspc | CaSIUSS00 Ik ONrISSOTES | 1209 49.4 0.4 1.8x10°2
Pacspc | ENMISSO0 | ang | OTAOSSTI08 T 4gq s 75.4 0.4 3.1x10°2
Pacspe | ooomoson | Anfrze | SMIOTITOBNIY | 966 5 109.1 0.4 | 2.3x102
Pacspc | GeonoSS%0 | Zkscantz | SMTLUSIIEOST | 6 g 25.3 0.4 4.9x10°2
Pacspc | AU | Gykit Chr_1582:§9256228678 118.9 48.2 0.4 2.6x102
Pacspc | oSS0 | Nphpt Ch_rf;%;‘g?m 348.5 141.4 0.4 2.5x10-2
Pacspc | goonirooo Hgs CT_1112:3 fggggf 99.1 40.0 0.4 4.9x102
Pacspc | SASMESSO | Dnajets C“iL‘;:ngg.?;m 151.1 61.0 0.4 3.9x10-2
Pacspc | SaoMUSS00 | L ypad Chr;ﬁ‘é%gﬁ | 2104 85.0 0.4 2.2x102
Pacspc | SASMUSSO0 | prr1g Chr;é%%ig?;g' 55.7 22.3 0.4 2.5x10-2
Pacspc | ooomosovs | TmemiZ0 | oo 1087t gpe 37.2 0.4 2.9x10°2
Pacspc | goonerooo | Flywch Ch”22$$17 5595f 21 1196 48.1 0.4 2.4x1072
Pacspe | oaonUSoR | oy | ONIDANSSEETA T gy 17.7 0.4 | 29x10°2
Pacspc | NSMISSOD | waraon | SMTIZOS2255T0 | 609 24.3 0.4 2.0x10°2
Pacspe | opomooo0% | Codesse | OIZIBEOS | 494 7.5 0.4 | 32102
Pac SpC | poconmiean | Dzip cgr_ﬁ:;;gssgff 37.5 14.8 0.4 1.7x10-2
Pacspe | cooorencoy | Siczzats | MOe00TO935 | gg g 38.7 0.4 | 2.6x102
Pacspc | SNSMUSS00 | Sic6a6 Chrgiig%%‘é%%' 6.0 2.1 0.4 4.8x10-2
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Pacspe | ooomesocs | Nudtrs | OMLEIOSTIEO N sy 4 21.6 0.4 1.8x10°2
Pacspe | opomoson | Sbds | SMISROT0 | 666 26.4 0.4 | 4.8x102
Pacspe | ooomoso | Nutg | MOS0 | 4o g 16.9 0.4 | 29x1072
Pacspe | ooomeoms | Pomi2tiz | CMIS2I8 1981 450 60.0 0.4 | 2.6x102
Pacspc | SASMUSSO | Sicoset Chg;%%%%gw' 91.6 36.3 0.4 3.2x102
Pacspc | oomUSS00 | L rrc34 Chrgézggig%' 77.7 30.8 0.4 4.8x10-2
Pacspc | gooneiioos | Whp11 Ch_rfé1638628812%g53 303.5 121.1 0.4 2.5x102
Pacspc | SASMUSS00 | Egin Chr;;%g%g 1 2635 105.0 0.4 3.3x10-2
Pacspc | oniooo) | Adam3 Chrgﬁﬁgﬁf“' 182.1 72.4 0.4 3.1x102
Pacspe | oo | Fopr | OTIO0AE0NTO2 | 3873 153.8 0.4 1.9x10°2
Pacspe | ooommoes | Fhia | IO 5734 226.2 0.4 1.5x102
Pacspc | SASUSS00 Kiz | SMEIO8983 | 1003 39.3 0.4 1.4x10°2
Pacspc | NoMUSSO | Rabepk Chr32f7‘;g715255' 66.4 25.9 0.4 4.9x10°2
Pacspc | SONUSS0 | Lap1b Chrj;‘éa%ggiso' 194.3 76.4 0.4 1.9x10-2
Pacspc | GomisG%0 | copz | SMTIBIENSESTO N 59 9.9 0.4 3.5x10°2
Pacspc | Caouoos | Ppmlg Chr;z;%%i??' 243.8 95.8 0.4 1.8x10-2
Pacspc | SoNSS%0 | Hagh chr_z:ggﬁgg 21 4835 71.7 0.4 3.1x10-2
Pacspc | SaoMUSS00 | Asrglt Chrg%??gw' 282.2 110.2 0.4 1.6x10-2
Pacspc | SASMUSS00 | Dkkit ChrZé‘;ﬁ%;%Q“' 833.7 326.1 0.4 3.3x10-2
Pacspc | gonsoo o | Cfap97 Chrf;g%%%%m' 165.1 64.2 0.4 2.2x102
Pacspc | SASMOSS00 | Mipls chr_g:gggggzm 103.2 39.9 0.4 3.9x10-2
Pacspc | oo | Linza | OIOTOTETIBA 1 304 11.6 0.4 2.9x10°2
PacSpC | cocomnen gy | Cfapds | MII2922I5ST 1 4950 75.6 0.4 | 4.4x10°2
Pacspc | NMOSOO0 | pzrp | ONTIOISBIE0 T 744 28.6 0.4 4.1x10°2
Pacspc | CaoMESI00 | Agpi Chrg;%ggg' 123.6 476 0.4 4.5x1072
o 4923%,;(5': Chr;ééssg‘g%g“' 149.2 57.4 0.4 1.4x10-2
Pacspc | 0oMESal | Kenj9 Ch_r11:712732239%25800 29.9 11.2 0.4 3.9x10-2
Pacspc | SaoloSS00 | Rpg Chrgéi%‘;?s? 0- 99.1 37.7 0.4 4.5x10-2
Pacspe | ooonooou | pebpd | ONMTLEOISSONIS | 4907 72.7 0.4 1.8x10°2
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Pacspc | SONLSC0 | Lirfip2 Ch_rf;111212151686§ 0 30.9 11.5 0.4 2.9x10-2
Pacspc | SaoMUSS00 | bl Chr59;5972%;%9885' 171.4 65.2 0.4 1.1x10-2
Pacspc | SASMUSI00 | Ggal Chr_;%ggfgg; 89 49.8 18.7 0.4 2.0x10-2
Pacspc | CaSMOSI00 | Nirp14 Ch_r17 (:)17%1861%9289 73.3 27.6 0.4 3.9x102
Pacspe | cooneooo0 | Rhobtb1 | OIS | 457 5.7 0.4 | 4.4x10°2
o 495 17 gﬁf’( chr;ggggggsr 72.1 26.9 0.4 1.1x10°2
Pacspc | ooMoSS0 | Phospho2 Chrgé%%g%%%”' 177.7 66.6 0.4 2.6x10-2
Pacspc | SNSMUSS00 | spink2 Chr75;7271213571106' 391.6 146.7 0.4 7.0x10-2
Pacspc | NoMoSo0 | Texd0 chrgg:ggszggzs- 236.1 88.2 0.4 1.7x10-2
Pacspc | SaoUSS00 | Capnst Chr;éﬁ%g%im | 1282 47.7 0.4 2.7x102
Pacspc | SASMUSSO0 | Dyrks Ch_r11;1311318%1%54 36.5 13.3 0.4 1.8x10°2
Pacspc | SaoISS00 | Hsbpt Ch_rﬁgﬁss‘;‘gw 279.4 104.1 0.4 9.2x10-3
Pacspc | SASMUSI | Spagt Chr_;56:2336;g$§67 29.3 10.6 0.4 2.4x10-2
Pacspe | gooheioa Dap Chr135123; 5521313 36.2 13.2 0.4 2.5x102
Pacspc | SASMUSA00 Gk2 chr95;95;38322239— 204.0 75.6 0.4 1.4x10-2
Pacspc | oomo oy | Spatcil Chr_17%57$§56§§71 25.2 9.0 0.4 4.9x10°2
Pacspc | NSV | Znhit2 chrg%:ggf;;m | 1402 51.7 0.4 2.0x10-2
Pacspc | oomaoean | Cetnd Chr;%fgl?g%' 198.1 73.1 0.4 1.3x10-2
Pacspc | SaoMESS00 | Hook2 Chrgé%%%%%ig“' 20.6 7.3 0.4 4.2x102
Pacspc | bt Sa% 7782%?3"/’ Chrgﬁ‘é%z%?g' 279.3 103.2 0.4 1.4x10-2
Pacspc | NSMOSSR | Trimeg | O 122120007 | g7 21.4 0.4 2.9x10°2
Pacspe | ooy | Katg | CMTIZTIAOI0 N gg s 25.0 0.4 | 2.6x102
Pacspc | SASMUSSO0 | Cigtnf4 Chr92698%%85528559' 106.5 38.9 0.4 9.2x10-3
Pacspc | gooneiooos | Bspry Chrgéi%‘;g%%”' 98.6 36.0 0.4 1.8x10-2
Pacspc | SASTUSSO0 | Atp10a Chrgégzgig%m - 8.9 3.0 0.4 1.7x10-2
Pacspc | SaoMESU00 | Als2er!t Chr;é%%%ggg 4 62.1 225 0.4 1.1x10-2
Pacspe | ooy | 1119004 | ChrIOS0REOB08 | 1a8.7 50.6 0.4 1.1x10°2
Pacspc | SASPUSS | Cenat Chrgé%%%‘(‘g‘?g' 33.7 12.0 0.4 3.4x10-2
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Pacspc | SASMUSS00 | Cpip Chffé;%%%a%” 70.9 25.7 0.4 1.4x10-2
Pacspe | goomasoooo | Ehbpilt Chr1597:25;g17 ?75' 31.2 11.1 0.4 1.4x10-2
Pacspe | ooonoSo0 | Hrasls | OMMIO2X099 | g4 g 30.5 0.4 | 47x10°
Pacspc | CaolaS 00 AK8 Chrgg@%ﬂ%?& 88.2 31.7 0.4 7.0x10°3
Pacspc | oMU | Rp1 chi;%zfggggm 245.9 88.9 0.4 1.1x10°2
Pacspc | SNSMUSSR0 | Ceacgz | SMOIZASSMIT 1 260.0 96.9 0.4 2.5x10°2
Pacspc | S oMLSS% | Denndab Chrgég%%%%;&" 16.5 5.6 0.4 1.5x10-2
Pacspc | NoMUSo | Akap12 Chrlg:ggfgé;%' 86.7 31.0 0.4 1.9x10-2
Pacspc | goonerocos | Odf2 Chrgéé%ﬁ%ifo' 609.6 217.8 0.4 1.6x10-2
Pacspc | oMU | Gps2 Chlgg?g;gfw 120.5 42.8 0.4 1.9x10-2
Pacspe | ooy | insis | OMTIESSEIS T a7, 48.8 0.4 1.1x10°2
Pacspc | SASMUSS00 | ift74 Chrgjl%‘;%;‘;‘égo' 68.2 24.0 0.4 2.3x10°2
Pacspc | SaoUSS00 | Dre7 Chrgg%i%iﬂoz 36.5 12.7 0.4 7.0x10°3
Pacspc | SASMUSSO0 | ppp2 Ch_r%gﬁso%%% 119.8 42.3 0.4 2.6x10-2
Pacspc | SOSMOSSO0 | fpres | OTIDSOSTO8ST | 44 15.4 0.4 2.6x10°2
Pacspc | SaoESS0Y | Kongd Ch_rﬁ;g%%%%% 8.0 25 0.4 2.2x102
Pacspc | 0oMUSS% | Gpds Chrgéi%%%g‘g' 3.2 0.8 0.4 4.5x10-2
Pacspe | ooomosers | Csnkzb | OMITSNIOISO N 7493 254.7 0.4 1.6x10°2
Pacspc | SNSMUSSO0 | Histonope Chrgégzg%%y 8 17.1 5.7 0.4 2.9x10-2
Pacspe | opomses | Camkent | OMMH1S8409313 7.8 2.4 0.4 | 25x102
Pacspc | SNSVUSSO0 | Al429214 Chrgézg%%%i”' 35.6 12.2 0.4 4.0x10°2
Pacspc | SaoeSo00 | Tpm Chrgéé%%g?; 1 1044 36.4 0.4 2.2x10-2
Pacspc | SASMUSS00 | Herce Chrg;%gi%%m - 45 1.2 0.4 4.4x1072
Pacspc | 0o oS0 | Morfdl1 Chrgéﬁ(ﬁ%i“' 622.7 218.1 0.4 1.5x10-2
Pacspc | oo | zip3g chr_ggggfggg 52 43.3 14.9 0.4 1.6x10-2
Pacspc | GowioS% | stkaz | OMTUO9PTORZ2 | 180.4 62.6 0.3 1.5x10°2
Pacspc | SaoMUSI00 | Atpift Ch_rf;;é%%%%“ 159.8 55.1 0.3 3.3x102
Pacspc | SONUSS0 | Meigt Chrggé%i%”' 953.3 329.8 0.3 9.2x10-3

23


https://doi.org/10.1101/386201
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/386201; this version posted August 7, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Pacspc | SNSYUSS00 | Gms617 Chrféisg‘é%%i‘m' 406.6 140.4 0.3 1.6x102
Pacspe | ooomoso | spaay | OMMEIAOISIN0T | g77 12.7 0.3 3.1x10°2
Pacspc | SASMUSIO0 | Hagrit Chr_;%?%ff; 21 4807 61.6 0.3 1.6x102
Pacspe | goonerooos | Akap2 Chrg;%g‘é%‘;i%' 1.3 0.1 0.3 4.3x1072
Pacspc | SASMUSI00 | Fox Cgﬂggggggg 0 15.4 4.9 0.3 1.6x102
Pacspe | opomeson | cnst | OIS 4o 4.0 0.3 1.4x10°2
Pacspe | ooomooo | Ankrso | OMMZIITOO8905 | 44 g 15.0 0.3 3.7x10°2
Pacspc | SNMOSSO0 | agrpke | OMY1I291047 8.4 2.5 0.3 2.4x10°2
Pacspc | Saoeou% | Rsph3a Chr%;gg;l 05- 89.2 30.0 0.3 4.3x1073
Pacspc | ooMeooe | Mospdd chr_llfz;jgg;sggm 85.8 28.8 0.3 2.9x10-2
Pacspc | CaoUSS00 | Best] Ch?g&%?‘%?sn' 19.9 6.4 0.3 2.1x102
Pacspc | SASMUSIO0 | Gsg2 chr_1713:172$22§82 161.2 54.2 0.3 2.5x10-2
Pacspc | gooneie s | Slc30a3 Chrgﬁ11285621605' 91.4 30.5 0.3 4.2x102
Pacspc | SNSMUSO00 | Zswime Chrgésgiig%m' 26.7 8.7 0.3 2.8x10-2
Pac SPC | pocomeroooy | Efhdi Chr;;gq%%‘;%&' 280.4 94.2 0.3 1.1x10-2
Pacspc | ooaioa | Comp Chr%;%%s;s‘w' 42.8 14.1 0.3 1.9x10-2
Pacspe | opomoso | salg | ONMIFSIS00370 3.6 0.9 0.3 4.3x10°2
Pacspc | GeonooS%0 | Cedodo | OTITI9P28T 1 6 g 22.8 0.3 3.1x10°2
Pacspe | ooy | Liregg | ONMIETI08802 1 g7 12.3 0.3 1.8x102
Pacspe | ooomoools | BCos1628 | CMZISIAANZ | 574 12.2 0.3 3.0x10°2
Pacspc | CaoMUSS00 | Gm128 Chrgégzzﬁg? | 2001 76.2 0.3 1.7x10-2
Pacspc | SASMUSS00 | sycet Ch_rm)‘;%%za% 215.2 71.6 0.3 4.3x10-3
Pacspe | opomosod | as | OMMTII0A0998T8 | a6 8.6 0.3 3.0x10°2
Pacspe | cocomaooy | Tteaga | OMMIII0SA99922 1 464 5.1 0.3 3.5x10°2
e 77232/.’,(85 Chrjé‘é%g?%? | 1926 63.8 0.3 1.4x10-2
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Pacspe | ooomooon | Lired | OMITTOS00T | 383 127.5 0.3 9.2x10°3
Pacspe | cooommmaay | Tt | CMTIEHESTI o 6.8 0.3 2.9x10°2
Pacspc | SASMUSS00 | Rspht Chr_;71:23;$3555218 743.0 246.0 0.3 9.2x10-3
Pacspc | SaoMUSS00 | Cede146 Chr;iﬁ%ﬁm' 27.4 8.7 0.3 4.7x102
Pacspe | oaonoso | Fami70a | OMoo0e 9908 | a3 10.4 0.3 4.8x10°2
Pacspc | NoMUSS0 | PpplriT Chr_ggggf;‘ff% 208.8 98.6 0.3 3.3x10-2
Pacspc | gontocos | Hipkd Chr;;25735121‘ﬂ;2566' 16.4 5.1 0.3 1.6x10-2
Pacspc | SASMOSS00 | Loxit Chrsgé%i%i?zﬂ' 4.1 1.0 0.3 4.3x10°2
Pacspc | goonaiooo) | Caget chr_1\n§38:g§10236g51 128.1 42.0 0.3 4.3x1072
Pacspe | ooomooote | Ubxn1o | OMMHISSTO9N | g9 4 29.1 0.3 1.8x10°2
Pacspc | gootesooo) | Hapt Cgr_%agggggz 27.3 8.6 0.3 1.4x10-2
Pacspe | ooomooon | Sczas | OMHIOTI9282 1 9939 72.7 0.3 1.6x1072
Pacspc | om0 | pirg | SISIBSO8N | 4735 56.4 0.3 1.1x10°2
Pacspc | SNSMUSSR | Spatag Chrggﬁ%%%%so' 555.1 180.8 0.3 4.3x10-3
Pac spC | poooiioo | Zpbp2 chr_;ggggggg% 133.8 43.2 0.3 1.3x10-2
Pacspc | SASMISS00 | Tsnaxip Ch_rf&%ii%%“ 60.8 19.4 0.3 1.3x10-2
Pacspc | SASMUSS00 | Cabyr Chr_1182:;5257i11223 56.3 17.9 0.3 1.3x10-2
Pacspe | ooommeson | Cmtmap | MOIS222N0 1 5454 79.1 0.3 4.3x10°3
Pacspe | ooomoson | Cedcss | OMMIOOSTORZ00 | 4pq 7 39.0 0.3 4.3x10°3
Pacspc | SaooR0 | Kengt Chféggg%g 6 6.3 1.7 0.3 2.0x102
Pacspc | SASMUSI | Cedeos Chrgéi%‘:‘f;?' 46.2 14.5 0.3 1.1x10-2
Pacspc | SNSMUSSO0 | Cogersr | OMITIOIZIOO8 | 4495 47.6 0.3 4.3x1073
Pacspc | SASPUSSO0 | Fabpg Chr13611%177298%50' 1302.0 415.4 0.3 4.3x10°3
Pacspc | oSSO0 | Brmst Chrg%fgg:;‘ 03- 65.1 20.4 0.3 7.0x10-2
Pacspe | opomeos | Tssk1 | OMISITEIZ2 | 444 4.2 0.3 1.8x102
Pacspc | oSS0 | Hrasiss chr17%:37g;§;340- 480.9 152.5 0.3 1.6x102
Pacspe | opomoso | ardes | SMIEIORTI2 | g4 7.1 0.3 3.8x10°2
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Pacspc | oMUSS% | Hoxad Chrggﬂ%@? 0- 30.8 9.4 0.3 2.3x10-2
Pacspe | cooomeniony | Cedeaz | OMMLIPSOSTO0 | sg 3 18.0 0.3 2.5x10°2
Pacspc | SASMUSS00 | Fkbpl chr_&:gjgggzess 62.3 19.2 0.3 1.6x102
Pacspe | ooomosas | Dnahg | OMMTIUSNA2TI0 8.4 2.3 0.3 1.3x10°2
Pacspc | SASMUSI | Cypadae Chr_g?gzggg 06 7.7 2.1 0.3 4.6x10-2
Pacspc | oo ool | Mylpf Ch_r17 ;72271":112;%07 1.1 0.0 0.3 4.3x10-3
Pacspe | oaotooo | Tekta | ONMITETIONN N 517 15.7 0.3 7.0x10°3
Pac SPC | pocomeraaos | Slc34a2 Chr55533£3686381 - 28.2 8.4 0.3 1.3x10-2
Pacspc | gooneiocos | Cfapds Ch_r11:7127526%272£;00 62.6 19.1 0.3 2.0x102
Pacspc | ENSMUSGO0 | 1700729C | chri#s97350%9 | 1042 31.9 0.3 1.4x10°2
Pacspc | SNMOSSO0 | cmkry | SMTIS0IZOS | 404 2.9 0.3 3.6x10°2
Pacspe | ooomosan | Conk | CONEINSITIS 1 4740 53.4 0.3 7.0x10°3
Pacspc | SoNHSS% | stkag Chrgéi%;%‘;‘m' 207.1 63.5 0.3 4.3x10-3
Pacspc | SaoMUSS00 | Spata3t chr_gggg:;jos 14.8 42 0.3 3.8x102
Pacspe | cooonerocy | Ankrass | O3 1228545 6.6 1.7 0.3 3.3x10°2
PacSpC | ocranorny | ot | CNrIDEN0T2 | 537 16.1 0.3 9.2x103
Pacspe | cooomraay | voxa | OMOISISONST I 6190 189.5 0.3 2.0x10°2
Pacspc | SASMUSS00 | Ankra7 Chrfég%%%? & 56.9 17.0 0.3 2.0x10-2
Pacspc | goonerooos | Fam9se Chr;éﬁ%g;%%' 142.6 43.2 0.3 1.6x10-2
Pacspe | oponooo00 | papyg | ONMISEI02A025 4.5 1.0 0.3 3.6x102
Pacspc | SNSMOSSO0 | Gmi7e73 | SNTESS004A98 6.5 1.6 0.3 4.2x10°2
reowe | BSOS | R TIOBOEE | | oo | 03 | raao
Pacspe | ooonoso X | Cmtmza | MO EMIO | 5970 120.0 0.3 | 4.3x10°3
Pacspc | SNSMOSSO0 | Famrsen | SOOI 09 15.1 0.3 1.1x10°2
Pacspc | ENSMUSGOD | Spatadld | chri3: 59725924 6.3 1.6 0.3 2.1x10°2
Pacspc | SaoMESU0Y | Pabpos chrgz:gg?gj%- 224.3 67.5 0.3 9.2x10-3
Pacspc | 0oMEoo0 | Penk Chrj;‘g;%%so' 39.2 11.5 0.3 2.2x10-2
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Pacspe | oponoSo | pnftp | ONT11SS850002 4.6 1.0 0.3 4.8x10°2
Pacspc | goneiieos | Agtria Chr_;%:ggggg;‘ 40 7.7 2.0 0.3 3.8x102
Pacspe | ooonoso | Anfist | ONMT2ATISN | 546 9.1 0.3 3.3x10°2
Pacspc | SaoESS00 | Uspt Chrgé%%%%igog' 138.2 41.0 0.3 4.3x10-3
Pacspe | ooomosovg | 1700010 | ohriro39991h | 103.3 30.5 0.3 2.1x10°2
Pacspe | ooomooow | Kigp | OMIIIISTOSI 406 12.3 0.3 7.0x10°3
Pacspc | oISl | Prss3g Chrgfs‘(‘)‘é%%‘éog' 68.8 20.1 0.3 1.4x10-2
Pacspc | SoMUSE% | can13 ch_rﬁ;13822:1£;327132 1.9 0.2 0.3 2.5x10-2
Pacspc | Gomo0%0 | serfy | OTISTOVI0N | 403 1 119.2 0.3 4.3x1073
Pacspe | ooomeoas | CK137956 | MEIETEIONT | 715 20.8 0.3 1.1x102
Pacspc | 0oMISo00 | Dret Chrg(:)%%%%??' 39.1 11.2 0.3 1.1x10-2
PacSPC | coooma gy | Cedcso | CMIOIZOS | 4g54 54.5 0.3 4.3x10°3
Pacspc | SIS0 | BCog9491 Chr;éézzﬁ‘;? 1- 35.3 10.1 0.3 7.0x10-2
Pacspc | Ao | Hyale chrgé:l27i2i€é2244— 39.7 11.4 0.3 7.0x10°3
Pacspc | SASMUSI00 | a7 Ch_r13;72575%%i%53 118.1 34.5 0.3 4.3x10-3
Pacspc | oomaosaos | Agp9 Chr%&g%?g' 77.4 22.4 0.3 4.3x10-3
Pacspe | opomoso | Regpz | MMISSIBION8S | 314 8.8 0.3 9.2x10°3
Pacspc | oo ISS0 | Syndigll chr%i:ggggggn 55 1.3 0.3 3.6x10-2
Pacspc | SASMUSIOY | Pgam2 Chr1518:§38$;3639' 601.0 175.4 0.3 4.3x10-3
Pacspc | ENSMUSSO0 | 43170 | STIDZOSOSOT | a6 s 74.3 0.3 4.3x1073
Pacspc | SaooSS00 | Actizb Chrg;%ﬂ%“' 157.5 45.6 0.3 4.3x1073
Pacspe | coomreay | Tekt1 | OMIITESMTET | 4085 36.9 0.3 4.3x10°3
Pacspe | ooomosos | Codetos | OMMIOTSTIONS | o7 7.6 0.3 1.3x10°2
Pacspc | SASMUSS® | Toporsi Chrgé%igig%n' 36.7 10.2 0.3 4.3x10-3
Pacspe | oooaseeny | | Togat T | CNATETISISTO N 2971 84.8 0.3 4.3x1073
Pacspe | opomoeon | vashz | SMIDOTNAS | 468 4.4 0.3 2.9x10°2
Pacspc | SASMUSS0Y | Upf3a Chrf;%;%%? 4“1 1080 30.3 0.3 4.3x10-3
Pacspc | NSMUSSOD | cast | OMISTAONEES | a7 3.2 0.3 3.8x10°2
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Pacspc | SNSMUSSO0 | praxsp Chr82682%25%25‘g1 | 1315 36.9 0.3 4.3x10-3
Pacspc | Aol US| Grapt Chr_1538:25$§13§§50 202.5 56.9 0.3 4.3x1073
Pacspe | ooonooo | oz | OMTISESSOTA9 T 4s s 12.7 0.3 4.3x10°3
Pacspc | oohtiooo0 | Zmynd1s chr_‘l7‘lo:zgg253382 38.5 10.5 0.3 7.0x1073
Pacspe | opomooo0 | serip | OMELZZIA | a1 5.5 0.3 | 2.2x10°2
Pacspc | Geonos%0 | prear | SMASTI0T 408 11.0 0.3 3.8x10°2
Pacspe | ooomooon | Bagg | OMMTIIZESINS2 | 406 2.6 0.3 7.0x10°3
Pac SPC | pocomeacoy | Pdcl2 chr75é22311125161 1 2013 81.0 0.3 4.3x10-3
Pacspe | ooy | zbtbaz | COIAT1Z0TE82 1 gy 5.9 0.3 1.3x10°2
Pacspc | GeomnSS%0 | ppnt | SNTISDOAT8428 9.3 2.2 0.3 3.9x10°2
Pacspe | cocommey | Tektz | OMMIZS22I20 1 g5 s 23.3 0.3 1.6x10°2
Pacspc | SooMooul | Spatal6 Chrgé%%?;g %1 1595 43.6 0.3 4.3x10-3
Pacspe | opomsos | peliz | OMIEISIZO808 | 448 3.7 0.3 4.3x10°3
Pacspc | SASMUSSO | pppare Chrjé‘;i%%? 1 1327 35.9 0.3 4.3x10-3
Pacspe | ooomesos | Znrdtas | OMITSOSO9T | 573 15.3 0.3 4.3x10°2
Pacspe | ooomooon | prsszr | ONMITESEOBISO | g0 4 7.9 0.3 1.6x1072
Pacspe | opomoso | Gmstaz | OMMIEOSI0802 | gy 23.8 0.3 1.4x10°2
Pacspe | cooomioooe | Thsarp | OMMIHEIETISOT I 44 2.8 0.3 1.8x10°2
Pac spc gg‘go'\g?ig?g Catsper3 Chr_g%gg;ggg 67 12.6 3.1 0.3 4.9x1072
Pacspe | ooomoseiy | Qrichz | NTTISIISZ N 5074 56.2 0.3 4.3x10°3
Pac SpC | pocoeeiooo0 | Rgs3 Chrgé%i%%ﬁ%' 15.4 3.8 0.3 1.6x102
PaCSPC | cocomna gy | Cedcao | OMHISSPZ892 1 4660 44.3 0.3 2.6x10°2
Pacspe | cocomoooy | Fazh | OMOILISOIS o4 5.3 0.3 9.2x10°3
Pacspc | Coona ool 68?2;2(8(3 o o0 | 251 6.3 0.3 1.5x10°2
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Pacspc | SASMUSS00 | Cedcesg Chrgéig‘;%%? 1- 47.0 12.2 0.3 1.1x10-2
Pacspc | SaoMOSI00 | Lyar Chrggz%i%%‘?g' 529.1 140.6 0.3 4.3x10-3
Pacspe | ooomosers | Dnaaft | SMSUISSTOZI | 3083 81.6 0.3 4.3x10°3
Pacspc | SaSMUSGO0 7027222(73 Chffé);%%%%gi 0 1.4 0.0 0.3 1.8x102
Pacspc | SaoMUSS00 | pabpc2 chr_;%:g%ggg% 280.5 73.2 0.3 7.0x10°3
Pacspc | Coona oo Ggn Chr;éﬁ%g%? %1 1500 38.6 0.3 9.2x10-3
Pacspc | SASMUSSO0 | Tsgas Chrggz%%ﬁiiw' 40.9 10.2 0.3 3.8x102
Pacspc | NoooS%0 | Atons Chr%?gs%??m' 18.2 43 0.3 9.2x10-3
Pacspc | SaoMUSI00 | Nikapl Chr_gf;gggg% 87.3 22.1 0.3 4.3x1073
Pacspc | NoM oS0 | Rhcg Chr;égi?;?&' 14.8 3.4 0.3 2.6x10-2
Pacspe | ooy | Sezs | ONMILITIS0TS0 6.5 13 0.3 1.5x102
Pacspe | coooronooy | Pder | ONMILITISEST 4y 3.4 0.3 7.0x10°3
Pacspc | SaoSS00 | Cede110 Chrfé‘;iiﬁf; 8 20.5 4.9 0.3 1.5x10-2
Pacspe | oootooon | Teter | ONMITASSESAIS | gq 4 17.8 0.3 4.3x10°3
Pacspc | oo SS00 | Rimbp3 Chr_ﬁgz 323311 341 4233 31.1 0.3 4.3x10-3
Pacspe | ooomooors | Lmnbz | OMIOS090 12021 a4 2.7 0.3 3.9x10°2
Pacspc | (oSG0 | arsa | SMOBIATEATS | 90 24.9 0.3 4.3x1073
Pacspc | SaoMOSS00 | Rsph6a Chr17 ;0973?1‘41389' 92.8 23.1 0.3 4.3x1073
Pacspc | ENSMUSSO0 | Smcoz | MO9S | 625 15.4 0.3 4.3x1073
Pacspe | ooomosoe | Nat | MXTOTOSIS N 455 3.5 0.3 4.4x10°2
Pacspc | ENSMOSSOD | iy | OND1S9907942 7.0 1.4 0.2 2.5x10°2
Pacspc | SaoMOSU0Y | Hspb9 cgr_1110:(1);)10£;s§4 352.7 87.7 0.2 4.3x1073
Pacspe | cood 0% | Efcabs | OISO 703 171 0.2 4.3x10°3
Pacspe | ooomeson | Famsop | OMTISSATS849 1 675 16.3 0.2 1.8x102
Pacspc | SASMUSS00 | Popiric Ch%g;%gg' 22.3 5.1 0.2 3.8x10-2
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Pacspe | coomoe gy | Draicz | IIIATEI0 N 454 4.2 0.2 7.0x10°
Pacspe | ooomoss | Fam17op | OMMLNS28390T | qg 4.3 0.2 9.2x10°3
Pacspc | SASMUSS00 | Tmsb10 Chr%g25985713846' 655.0 156.7 0.2 4.3x10-3
Pacspc | CaotuSa00 773?%(0[7 Chr1595:f322577' 122.8 29.0 0.2 4.3x1073
Pacspe | opommoecl | Gmi6208 | O T07029074 1.6 0.0 0.2 2.6x10°2
Pacspc | oo | Pppira2 Chr_11%:41;§353356 48.4 11.1 0.2 7.0x10-2
Pacspe | ooomoons | Ceert | OMIOTEISIB | 460 105 0.2 4.3x10°3
Pacspe | cocomaicay | Dmrtb1 | OMHIOTOTOZES | 5707 86.9 0.2 4.3x10°3
Pacspc | SASMOSS0 | TsgalOip Chrggff&o“g' 78.3 18.0 0.2 1.8x10-2
Pacspe | coonoo% | Cedeag | OMIOIOMO0T | 403 4 28.5 0.2 1.7x10°2
Pacspe | ool | Texpr | OMMIZTOINT I 494 4.1 0.2 1.8x102
Pacspc | VST | Tepiob Chr_%gggf; 11 03 47.8 10.7 0.2 4.3x10-3
Pacspc | o SS00 | Rasi2-9 chr57;5215292%37- 72.2 16.3 0.2 4.3x10-3
Pacspe | coommeooty | arc | ONMINTIS09S2 | 0g 15.7 0.2 7.0x10°3
Pacspc | ooMosio | Cedest chrgésg%%%gy?- 16.9 35 0.2 1.9x10-2
Pacspc | CaotuSoo | Mespf Chr;é?%;%%“o' 44.4 9.7 0.2 4.3x1073
Pacspe | coodoo%0 | Tmee | ONMIODAS1 1948 9.5 1.8 0.2 2.6x102
Pacspc | SaoISS00 | Spat7 Chrg%%gz%% 164.8 36.8 0.2 9.2x10-3
Pacspc | SASMUSS00 | Slc35g3 Chl;fgzggggg 16.5 3.3 0.2 1.6x102
Pac spc gglg(;\ggig?g Catsper1 Chr;%fjf 55; 40- 15.1 3.0 0.2 9.2x1073
Pacspc | SNSMUSS00 | Gm11718 cgr_1110:;109711§;89 1.8 0.0 0.2 2.4x10-2
Pacspc | NoMISS0 | Lyrm?7 chr_gll:ggggﬁsgess 15.3 3.0 0.2 4.0x10°2
Pacspe | oo | oz | OMMUTOSTTOZ9 ) o7 7 5.7 0.2 9.2x10°3
Pacspc | oooou00 | BB557941 Chr52;512112775‘278' 1.8 0.0 0.2 1.3x10-2
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Pacspc | NS00 | Tepioa Chr%zggz;‘f%' 80.2 17.2 0.2 9.2x10-3
Pacspc | goonooo | Exoc3i2 Chr17 511%‘;53%%55_ 10.0 1.8 0.2 1.4x10-2
Pacspc | SASMUSI00 | Ssxb2 Ch%(ﬁ‘ﬁ‘;%““' 1.8 0.0 0.2 1.4x10-2
Pacspe | ooommssnry | | TSoo0TE | ONrISEEITASS | 148 2.8 0.2 4.6x10°2
Pacspc | SaoMUSS00 | Tepioc chr_‘!lg:;;5$253271 65.1 13.6 0.2 4.3x1073
Pacspe | ooonooo | Cedcsg | OMOI2EI090 | 9p 4 4.3 0.2 1.8x10°2
Pacspc | CaSMUSS00 77??23{“ Chrfé‘é%%%%%“' 188.7 39.7 0.2 4.3x10°3
Pacspe | ooomoson | Tektg | OMMLIS00I098 | 630 13.0 0.2 4.3x10°3
Pacspc | SASMUSSOY | Cede13 Chr5595555838‘;%99' 106.7 22.1 0.2 4.3x10-3
Pacspc | Coonaooo 49317;.i9’ ! Chrfé‘;%iﬁ%“g' 24.5 4.7 0.2 2.9x10-2
Pacspe | opomoooos | Famzog | OMZIITATENIS | 59 7.9 0.2 1.5x102
Pacspc | SASMUSIO0 | Crapss Chr_ll%:g;gg;g R 11.3 1.9 0.2 1.9x10-2
Pacspc | NSMOSSO0 | Texsg | SMIDTESTEIN N 409 7.9 0.2 9.2x103
Pacspe | oootoson | Codetzg | OMI21810890 1 g4 3.3 0.2 | 4.0x10°2
Pacspc | SMUSSOD | Gmogeag | O 309990292 2.0 0.0 0.2 2.4x10°2
Pacspc | SAoMUSI0Y | Gmos44 Chr;ﬁ‘ég%g 2 2.0 0.0 0.2 2.0x102
Pacspc | SNSMUSG | Texpz | ONTIZTISOTES0 1 4029 19.8 0.2 4.3x1073
Pacspe | cooloo0%0 | Lirerea | OMMIS2A0NESS | 410 17 0.2 1.7x10°2
Pacspc | Sootios ol | Tmem202 Chr59555925515%285' 28.7 5.0 0.2 7.0x10-2
Pacspc | CaSuSU00 | Ssmemt Chrgéssg%g%i“& 90.5 16.0 0.2 4.3x1073
Pacspc | oomnou00 | Gmas5782 chrgezfg;tggg?- 25 0.0 0.2 3.8x10-2
Pacspe | ooomony | Gma7ss | O Io22T80904 2.9 0.0 0.1 2.1x10°2
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Pacspc | SASMUSS00 | Gmi12690 Chrgégsi%%%gg' 2.9 0.0 0.1 2.3x10-2
Pacspc | SaoOSS | Cedces chrg(:)g%%issszn- 38.7 5.1 0.1 1.8x10-2
Pacspe | oaonosou0 | Histihzbl | ONI32 1715762 3.4 0.0 0.1 4.3x10°3
Pacspc | CoonaoSo 493;’;2(% Chrgg%ﬁ%%%‘? 2 74.9 8.9 0.1 1.9x10-2
Pac spc gglg(;\ggg;?g Ptma-ps1 Chr;&%%aii%m ) 4.6 0.0 0.1 2.6x1072
Pacspe | ooomooo | Gmigggs | OMMZI1ETI928 | 404 0.0 0.0 | 9.2x10°3
PacSpC | oommseeny | FISomof | ONrSAIIISI0 N 506 0.0 0.0 1.5x10°2
Dipspc | chonreoo | Gm10800 Chrgg%%ig%i%' 52.6 1072.4 20.2 4.9x102
Dipspc | oo neSC0 | Gm10801 Chrgé%%i%%%%' 5.6 84.6 14.0 4.9x10°2
DIPSPC | covotoane ty | Scoep Chr_18§9858592§5927 13.6 61.1 4.4 4.9x102
DipSPC | covonseoa gy | CendbpT Ch_rf;?%%%ioz 4.0 17.7 4.1 4.9x10°2
Dipspc | Saoioou0® | Tmed9 Chr_1535:5595$§g; 34 8.2 29.1 3.4 4.9x10°2
Dipspc | chonio>S09 | Cepg3os chr_;(é)l:ggggfggz 38.4 125.2 3.2 4.9x102
Dipspc | Saoiooae | Dnaje3 C';r_ﬁ:;;gf%gs 21.8 61.6 2.8 4.9x10°2
Dipspc | coontooaoe | Prmi chiyeg;gggggzs 126.4 308.2 2.4 4.9x10-2
Dipspc | hoiaSC00 | prme Chr_x%;ggﬂj?g 107.0 248.8 2.3 4.9x1072
Sec;’g‘g BV | ENSMLISS00 | Cenabpt | OMM2i12 1998702 0.2 12.0 173 | 3.1x102
Se";’g‘gary ENMISS0 | Foxng | ONIZ93194979 1.2 15.3 9.4 | 3.1x10°2
Se";’g‘gary oG | Deaf1g | OMI>S31 12864 2.0 12.6 5.2 3.1x10°2
Sec;’g‘g BV | ENSNISC00 | pskn1 | O 105500340 2.2 10.2 40 | 3.1x10°2
Se";’g‘g AV | NS00 | Urod | O S98a%04 2.4 10.0 3.7 3.1x10°2
Sec;’g‘gary EAOMUSS00 | Tmedg | OMTE25595134 0.9 4.3 3.5 3.1x10°2
Sec;’g‘gary oeo09 | Pintrey | ONMZI0AT 1925 3.7 10.9 2.7 3.1x10°2
Se";’g‘gary o0 Ctsf Chrl%:gggf; 28- 0.4 1.9 2.7 3.1x10°2
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Sec;’;gary P oaonad | Thoc7 Chr_11‘§; g?;gg 43 37.5 100.8 2.7 3.1x10-2
Sec;’g‘gary oneeo00 | Gms9s Chr}é@iﬂfa 18.5 45.3 2.4 3.1x10°2
Sec;’;gary ENSMUSGO0 | atpsvTet Ch_rfé})%%%%%“ 7.9 18.7 2.3 3.1x10°2
Se";’g‘f b S ﬁfﬁ?__, o 11 :717797682%%%49 14.7 31.9 2.1 3.1x10°2
Secorry | ENOWUSGR0 | 700001 | ISOO914% | 0t | a5 | 05 | arao-
Sec;’g‘gary oneiSe0® | spat7 Chrg%%gz%% 529.1 239.1 0.5 3.1x10°2
Sec;’;gary ENSMUSGO0 | 1 7?325{” Chr85£22112721‘é07' 103.6 36.1 0.4 3.1x10°2
Sec;’;gary M=o | RbmA43 Chr521:59139521‘é‘é47' 22.0 6.9 0.3 3.1x10-2
Sec;’g‘gary onaaoc09 | Hist1hak chr_1231:$;g§8;93 1.5 0.0 0.3 3.1x10°2
Sptd M Sa09 | Condbp1 Ch_rf;?%%%ioz 0.3 95 12.5 2.4x10-2
Sptd om0 | Dnaje3 °r1‘r_11‘§:;; g?%gs 4.0 24.1 55 2.4x10-2
SPtd | Gooeneo | Apoe chrzég%gs:eégos- 3.0 18.6 5.4 2.4x10-2
Sptd oo | Deaf13 Chr_}gffgg §§64 15 95 5.0 2.4x10-2
SPtd | oo | Scpept Chr_18§9858592§5927 2.9 15.3 46 2.4x10°2
Sptd R ooea0 | Tsské Chrgég%?;??' 82.3 378.9 4.6 2.4x1072
Sptd oo a0 | pskh1 Ch_rf&%%ig%“o 2.0 11.1 4.6 2.4x10-2
Sptd P onaonad | Thoc7 Chr_11‘§; g?;gg 43 18.4 83.6 4.4 2.4x1072
Sptd oS00 | Atp6uted Chfé&%%%%‘m 2.8 14.2 4.4 2.4x10°2
Sptd oo 00 | Fam214b Chrjé‘é%%ézggg' 10.2 43.7 4.1 2.4x10-2
Sptd onaoC99 | Texaz chr;s(:)g(igsg(;%- 55.7 232.4 4.1 2.4x1072
Sptd | GOWISGC0 | Ty | ONTITETEBESSS | 44 58.6 4.1 2.4x10°2
Sptd | ooMS30 | Gmags | SMTIISSNSTO | 519 127.5 40 | 3.7x10°
Sptd | NUSS00 | G | SIS | 636 255.3 40 | 4.8x107
Sptd | ENSMUSS0 | oxetzp | SMEIZSIION 475 190.9 4.0 2.4x10°2
Sptd | SNOMUSSO0 | cpyg | SISO 14 57.6 3.9 4.8x10°2
Sptd | ENSMUSSO0 | Oxetza | SMEIESSIA0N | 443 173.4 3.9 2.4x10°2
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Sptd ontooad | Carz Chrfjl;‘(‘)%i%m' 29.2 112.3 3.8 2.4x10-2
Sptd | SnoMUSS0 | ograp | SMIVSSSTTAMS | 100 38.4 3.7 2.4x10°2
Sptd S onaood | Spatct Chr_1756:27§2256$§88 38.1 139.6 3.6 3.7x10-2
Sptd onaod | Gms132 Chrﬁ;ﬁgﬁ?' 13.0 47.7 3.6 3.7x102
Sptd o200 | Mical3 Chf;%g%g‘o 41.8 148.6 35 2.4x10-2
Sptd | ENSMUSA00 | wmg | O IR9TTAN 5.2 18.8 3.4 3.7x10°2
Sptd P onaond | Grama2 Chr5955791%88%43' 2.3 8.9 3.4 2.4x1072
Sptd o090 | Dyde2 chr_llzx:g;gg?fos 13.9 47.5 3.3 2.4x10-2
Sptd o0 | Bpifa3 Chféﬁ‘;%%%% 29.1 98.1 3.3 2.4x102
Sptd oo | Chga 02”120; 25558;36 0.6 2.9 3.2 2.4x10-2
Sptd | foeISG00 | Cdcaa | OMIOTIONZISN| 400 325.7 3.2 3.7x10°2
Sptd CoMUSA00 | Herpud Chrgé:gé%g;)fo— 49.9 157.5 3.1 2.4x10-2
Sptd | Saoaaeeany | 170000 T o eeeree | 49.4 153.8 3.1 4.8x10°2
Sptd onaoosi9 | Plekho2 Chrggg%%%i%%' 5.3 16.9 3.0 3.7x102
Sptd | ENSMUSSO0 | wrez | OhrIo1082462 0.5 2.6 30 | 3.7x10°2
s | SSE0 | e | RIKEST| 0y | e | a0 | aman
Sptd oS00 | Jund Chr%??%%%i?g' 13.6 413 3.0 2.4x1072
Sptd | ENSMUSSR | ping | STLES02T890T 1.9 5.9 2.6 3.7x10°2
Sptd o0 Ctsf Chrl%gggf; 28- 0.2 1.4 26 3.7x102
Sptd | ENSMUSSR | Eimo3 | SO 195905000 0.3 1.3 2.3 2.4x10°2
Sptd =00 | Slc3gat2 Chrﬂl‘;ﬁg 5 4.7 1.4 0.4 2.4x1072
o | o | e TSR | oy | ou | oa | swaos
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imemi/em1
Ensembl C57BL/6 | pi6°m"/em! pi6®
Gene ID (fokm) | (fpkm) FDR
C57BL/6
Pachytene Spermatocyte
Piwil1 ENSMUSG00000029423.6 491.0 377.3 0.8 0.7
Piwil2 ENSMUSG00000033644.4 154.5 237.4 15 0.4
Mov1011 ENSMUSG00000015365.11 100.0 164.5 1.6 0.5
A-Myb ENSMUSG00000025912.12 51.6 49.8 1.0 1.0
Tdrd1 ENSMUSG00000025081.9 188.6 194.1 1.0 1.0
Tdrd6 ENSMUSG00000040140.10 272.3 117.1 0.4 0.1
UAP56/Ddx39b | ENSMUSG00000019432.11 90.5 115.8 1.3 0.6
PLD6 ENSMUSG00000043648.7 121.0 85.9 0.7 0.5
Papi/Tdrkh ENSMUSG00000041912.8 29.4 36.4 1.2 0.7
Tdrd12 ENSMUSG00000030491.12 109.4 119.1 1.1 0.9
Ddx4 ENSMUSG00000021758.9 259.6 220.5 0.8 0.8
Piwil4 ENSMUSG00000036912.13 0.0 1.8 4.4 0.5
Mael ENSMUSG00000040629.4 600.4 340.9 0.6 0.2
Rnf17 ENSMUSG00000000365.8 85.1 99.4 1.2 0.8
Henmt1 ENSMUSG00000045662.12 37.1 30.7 0.8 0.8
PNLDC1 ENSMUSG00000073460.4 8.0 11.3 1.4 0.6
Diplotene Spermatocyte
Piwil1 ENSMUSG00000029423.6 270.5 344.8 1.3 1.0
Piwil2 ENSMUSG00000033644.4 54.6 75.7 1.4 1.0
Mov1011 ENSMUSG00000015365.11 33.9 432 1.3 1.0
A-Myb ENSMUSG00000025912.12 432 47.4 1.1 1.0
Tdrd1 ENSMUSG00000025081.9 79.7 109.9 1.4 1.0
Tdrd6 ENSMUSG00000040140.10 473.1 473.7 1.0 1.0
UAP56/Ddx39b | ENSMUSG00000019432.11 42.4 54.3 1.3 1.0
PLD6 ENSMUSG00000043648.7 90.7 110.3 1.2 1.0
Papi/Tdrkh ENSMUSG00000041912.8 14.8 17.6 1.2 1.0
Tdrd12 ENSMUSG00000030491.12 62.5 78.4 1.3 1.0
Ddx4 ENSMUSG00000021758.9 216.5 190.6 0.9 1.0
Piwil4 ENSMUSG00000036912.13 0.0 0.0 1.0 1.0
Mael ENSMUSG00000040629.4 673.1 637.9 0.9 1.0
Rnf17 ENSMUSG00000000365.8 36.4 48.7 1.3 1.0
Henmt1 ENSMUSG00000045662.12 40.7 45.4 1.1 1.0
PNLDC1 ENSMUSG00000073460.4 4.6 4.7 1.0 1.0
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Piwil1 ENSMUSG00000029423.6 33.3 40.7 1.2 1.0
Piwil2 ENSMUSG00000033644.4 12.7 21.6 1.7 0.6
Mov10I1 ENSMUSG00000015365.11 10.2 15.0 15 1.0
A-Myb ENSMUSG00000025912.12 30.6 34.5 1.1 1.0
Tdrd1 ENSMUSG00000025081.9 9.7 13.8 1.4 1.0
Tdrd6 ENSMUSG00000040140.10 444.0 489.6 1.1 1.0
UAP56/Ddx39b ENSMUSG00000019432.11 14.3 17.0 1.2 1.0
PLD6 ENSMUSG00000043648.7 20.5 32.0 1.5 1.0
Papi/Tdrkh ENSMUSG00000041912.8 5.5 5.1 0.9 1.0
Tdrd12 ENSMUSG00000030491.12 20.7 22.9 1.1 1.0
Ddx4 ENSMUSG00000021758.9 294.1 223.8 0.8 1.0
Piwil4 ENSMUSG00000036912.13 0.0 0.0 0.9 1.0
Mael ENSMUSG00000040629.4 797.2 797.4 1.0 1.0
Rnf17 ENSMUSG00000000365.8 38.0 30.3 0.8 1.0
Henmt1 ENSMUSG00000045662.12 22.7 28.5 1.3 1.0
PNLDCT1 ENSMUSG00000073460.4 1.9 1.6 0.9 1.0
Spermatid
Piwil1 ENSMUSG00000029423.6 14.2 21.0 15 0.7
Piwil2 ENSMUSG00000033644.4 7.8 12.2 15 0.7
Mov10I1 ENSMUSG00000015365.11 8.0 6.6 0.8 0.9
A-Myb ENSMUSG00000025912.12 12.9 18.3 1.4 0.8
Tdrd1 ENSMUSG00000025081.9 14.8 16.7 1.1 1.0
Tdrd6 ENSMUSG00000040140.10 283.6 389.5 1.4 0.9
UAP56/Ddx39b ENSMUSG00000019432.11 21.1 15.2 0.7 0.8
PLD6 ENSMUSG00000043648.7 24.0 15.8 0.7 0.7
Papi/Tdrkh ENSMUSG00000041912.8 4.5 5.6 1.2 0.9
Tdrd12 ENSMUSG00000030491.12 14.8 16.7 1.1 1.0
Dadx4 ENSMUSG00000021758.9 34.1 60.6 1.8 0.6
Piwil4 ENSMUSG00000036912.13 0.0 0.0 1.0 1.0
Mael ENSMUSG00000040629.4 997.0 728.6 0.7 0.8
Rnf17 ENSMUSG00000000365.8 35.1 26.7 0.8 0.8
Henmt1 ENSMUSG00000045662.12 28.1 17.9 0.6 0.7
PNLDCT1 ENSMUSG00000073460.4 2.2 1.1 0.6 0.6
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Ensembl C57BL/6 pigem/em? pi6°mt’em1
Genes ID —_— FDR
(fpkm) (fpkm) C57BL/6
Sohlht ENSMUSG00000059625.6 0.6 104 9.9 2.2x 1072
Sall4 ENSMUSG00000027547.13 0.6 9.3 8.7 4.3 x 1078
Etvé ENSMUSG00000030199.12 1.4 14.2 7.7 3.8 x 1072
Elf4 ENSMUSG00000031103.8 0.3 5.3 7.0 1.6 x 1072
Dmrt1 ENSMUSG00000024837.11 3.8 29.4 7.0 4.3 x 1078
Pbx2 ENSMUSG00000034673.10 21 16.8 6.7 1.8x 1072
Lin28a ENSMUSG00000050966.5 0.9 7.6 5.6 1.6 x 1072
Erg ENSMUSG00000040732.14 0.2 3.1 4.9 1.5x 102
Ubtf ENSMUSG00000020923.13 2.7 15.0 4.9 1.3x 1072
Gli3 ENSMUSG00000021318.11 1.1 7.2 4.8 3.9x 1072
Hifla ENSMUSG00000021109.9 2.3 11.9 4.4 4.3 x 1072
Usf1 ENSMUSG00000026641.9 1.8 9.1 4.3 4.9 x 1072
Tcef3 ENSMUSG00000020167.10 4.5 20.3 4.2 1.1 x1072
Tcf12 ENSMUSG00000032228.12 9.5 36.8 3.8 1.8x 1072
Sohlh2 ENSMUSG00000027794.4 41 16.6 3.7 4.8 x 1072
Zfp292 ENSMUSG00000039967.10 2.2 8.9 3.5 7.0x 1073
Foxo1 ENSMUSG00000044167.6 1.5 6.3 3.4 4.3 x 1078
Mixipl ENSMUSG00000005373.9 0.3 21 3.2 3.3x 1072
Jund ENSMUSG00000071076.5 4.3 14.4 3.1 2.6 x 1072
Notch2 ENSMUSG00000027878.10 3.4 8.3 2.2 3.6 x 102
Rfx2 ENSMUSG00000024206.10 182.8 77.6 04 3.8 x 1072
Hoxa4 ENSMUSG00000000942.10 30.8 9.4 0.3 2.3x 1072
Foxj1 ENSMUSG00000034227.7 15.4 4.9 0.3 1.6 x 1072
References

Goertz et al., 2011; Howard et al., 2014; Hough et al., 2014; Kistler et al., 2015; Lacorazza et al., 2006; MclIntyre et
al., 2013; Saleh et al., 2000; Sakashita et al., 2018; Selleri et al., 2004; Stauber et al., 2017; Suzuki et al., 2012;
Thépot et al., 2000; Wang et al., 20115; Yamaguchi et al., 2015; Yu et al., 2008; Zhang et al., 2016; Zheng et al.,
2009; Zhou et al., 2017
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Table S5. Gene Ontology of genes with decreased expression in pi6*™"*™ pachytene

aCC-BY-NC-ND 4.0 International license.

spermatocytes.
Mus
. GO_ musculus Number Expected Observed
Biological reference . . p-value FDR
. of genes enrichment enrichment
process list (22,262
genes)
Cilium organization (GO:0044782) 292 27 4.54 5.95 7.46 x 10713 1.44 x 107°
Cilium assembly (GO:0060271) 261 25 4.06 6.16 2.66 x 10712 413 x 107°
Cell projection assembly 11 g
(GO:0030031) 363 27 5.64 4.79 7.85x 10 8.68 x 10
Plasma membrane bounded cell _10 _7
projection assembly (GO:0120031) 350 26 5.44 4.78 1.83 x 10 1.89 x 10
Axonemal dynein complex 8 5
assembly (GO:0070286) 33 9 0.51 17.55 1.19 x 10 1.08 x 10
Axoneme assembly (GO:0035082) 65 11 1.01 10.89 2.17 x 1078 1.68 x 107°
Microtubule bundle formation _7 "
(GO:0001578) 95 11 1.48 7.45 7.01x10 417 x 10
Cell projection organization 5 3
(GO:0030030) 1059 36 16.46 219 1.97 x 10 7.45%x 10
Sperm motility (GO:0097722) 84 17 1.31 13.02 2.34x 107" | 6.03 x 1010
Flagellated sperm motility 11 8
(GO:0030317) 80 15 1.24 12.06 1.60 x 10 1.90 x 10
Cilium movement (GO:0003341) 55 11 0.85 12.87 4.67 x 107° 4.52 x 108
Cilium or flagellum-dependent cell g 5
motility (GO:0001539) 24 8 0.37 21.45 212 x10 1.73x 10
Cilium-dependent cell motility 8 5
(GO:0060285) 24 8 0.37 21.45 2.12x10 1.82 x 10
Cilium movement involved in cell 5 3
motility (GO:0060294) 12 5 0.19 26.81 4.34 x 10 2.04 x 10
Microtubule-based movement 5 _3
(GO:0007018) 240 15 3.73 4.02 1.00 x 10 4.45 x 10
Regulation of cilium movement 5 3
(GO:0003352) 15 5 0.23 21.45 1.05 x 10 4.50 x 10
Regulation of microtubule-based 5 _3
movement (GO:0060632) 29 6 0.45 13.31 1.37 x 10 5.60 x 10
Fertilization (GO:0009566) 166 16 2.58 6.2 2.26 x 1078 1.67 x 1078
Single fertilization (GO:0007338) 123 12 1.91 6.28 1.17 x 107 6.48 x 10~
Binding of sperm to zona pellucida 6 _3
(G0:0007339) 38 7 0.59 11.85 5.09 x 10 2.32x10
Sperm-egg recognition 5 3
(GO:0035036) 43 7 0.67 10.47 1.05 x 10 4.40 x 10
Sperm capacitation (GO:0048240) 31 6 0.48 12.45 1.92 x 1075 7.42 x 1078
Sexual reproduction (GO:0019953) 806 49 12.53 3.91 153 x 10715 | 2.38 x 10~
Spermatogenesis (GO:0007283) 529 39 8.22 4.74 4.90x107'® | 2,53 x 10~

38



https://doi.org/10.1101/386201
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/386201; this version posted August 7, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC-ND 4.0 International license.

Multi-organism reproductive

-15 -1
process (GO:0044703) 929 52 14.44 3.6 4.55 x 10 3.52 x 10
Male gamete generation 14 11
(GO:0048232) 549 39 8.53 4.57 1.51x10 5.84 x 10
Multicellular organismal
reproductive process 786 45 12.22 3.68 1.84x 10" | 570x 10710
(GO:0048609)

Multicellular organism 13 10
reproduction (GO:0032504) 798 45 12.4 3.63 3.03 x 10 6.71 x 10
Gamete generation (GO:0007276) 664 40 10.32 3.88 1.01x1072 | 1.74x10°°
Reproduction (GO:0000003) 1334 57 20.73 2.75 9.11 x 10712 1.18 x 1078

Reproductive process 12 g
(G0:0022414) 1333 57 20.72 2.75 8.86 x 10 1.25x 10

Spermatid differentiation g 5
(GO:0048515) 217 18 3.37 5.34 2.58 x 10 1.82 x 10

Spermatid development g 5
(GO:0007286) 209 17 3.25 5.23 8.23 x 10 5.31 x 10

Germ cell development 5 _3
(GO:0007281) 313 17 4.86 3.49 1.49 x10 5.91 x 10

Organelle assembly (GO:0070925) 620 28 9.64 2.91 9.23 x 1077 5.30 x 10~

Microtubule-based process 628 27 9.76 2.77 3.51x 10 | 1.70x 103

(GO:0007017)
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Table S6. Genes with reduced expression in pi6°™"’*™ pachytene spermatocytes

that are mapped to major Gene Ontology categories.

Cilium Sperm

assembly motility Fertilization

Gene

Acr
Adam3 +
Arl3 + +

+

+

Arsa
Cabyr
Cast

Catsper1

+ |+ |+ |+ |+

Catsper3
Ccdc40
Ccdc63
Ccdc65

Ccdc113

Cdh13
Dkki1 +
Dnaaf1
Dnah3
Dnaic2
Drc1
Dzip1
Efhd1
Fbp1
Foxj1
Gdpd5
Hap1
Hist1h1t
Ift74
Insl6
Kif2b
Lrrc6 +

+ |+ [+ [+ |+

+ |+ |+ [+ |+

+

+ |+ |+ |+

+ |+ |+ [+ |+ |+ |+ |+

+

+ |+ |+ |+ |+ |+

Lrrc46 +
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Lrrect
Nphp1
Nubp?2
Odf2
Parvg
Pbp2 +
Prkaca +
Rfx2 +
Rimbp3 +

+ |+ |+ [+ |+

Rsph1 +
Slc9c1 +
Slc22a16
Sic26a8 +
Spail7 +

+
+

+

Spata4 +
Spag1 +
Spink2 +

Tcp10a +
Tcp10b
Tep10c
Tctet
Tekt1
Tekt2
Tekt3
Tekt4
Tex40
Tprn

+

+

+ |+ |+ |+
+ |+ |+ [+ |+ |+

Tsga10ip
Ttil
Ubxn10
Vdac2 +

Ybx3
Zpbp2 +

+ |+ |+ |+

+
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Table S8. Published male fertility genes with altered expression in pi6°™"*™ cells.

ENSEMBL C57BL/6 | pi6®™'/em! M

Gene ID Reference (fpkm) (fpkm) C57BL/6 FDR
Adam3 E&%’;ﬂ%%g?? Yamaguchi et al., 2009 182.1 72.4 0.4 3x102
Catsper3 EBIS(')\QEIJZ%OSO Qi et al., 2007 12.6 3.1 0.3 5x102
Cededo E(%%“sﬂg%%?ﬂ%o Beﬁl?;cr)—n deitka(le't’ §|(.),1§(;)1 1 68.8 228 03 3x10°®
Ccdc42 E(;\:)%Z%%ng??o Pasek et al., 2016 58.3 18.0 0.3 3x1072
Ccdc65 Er(\)lg(l)\gggglogo Horani et al., 2013 121.7 39.0 0.3 4x1073
Ccnatl EB‘S(')\Q;J?;OSO Liu et al., 1998 33.7 12.0 0.4 3x1072
Dnaic2 E(;\é)%gﬁu?%g?%o Guichard et al., 2001 18.4 4.2 0.2 7x1078
Drc1 EBIS(I)\Q;J‘IS(%O:?O Wirschell et al., 2013 39.1 11.2 0.3 1x1072
Hnf1b EBIS(I)\QBJ?%O;)O Mieusset et al., 2017 4.6 1.0 0.3 5x1072
Ift74 EBIS(')\QEJSS%OSO San Agustin et al., 2015 68.2 24.0 0.4 2x1072
Ppp3cc E(;\é)%l;/%%(;(i%o Miyata et al., 2015 89.0 39.5 0.4 3x1072
Prm1 EBIS(')\SLQJSS(?‘O;)O Haueter et al., 2010 126.4 308.2 2.4 5x1072
Rix2 E(;\é%l;%%gg%o Kistler ezf;,l.,zgg)%smwmt 182.8 77.6 0.4 4x1072
Stk33 E(;\:)%';%S;;??O Martins et al., 2018 180.4 62.6 0.3 2x1072
Tekt2 E&%’;@%ﬁggqo Iguchi e;ta;’_ ,13884;1 Tanaka 85.5 23.3 0.3 2x1072
Tekt3 Eralgmgfgogo Roy et al., 2009 63.2 13.0 0.2 4x10-8
Tekt4 EB‘S&S?%()?O Roy et al, 2007 51.7 15.7 0.3 7x1078
Tt EN%I;/IQLﬁS(ﬁOOO Vogel et al., 2010 22.0 7.3 0.3 3x1072
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ENSMUSGO000

2Pbp2 | 50017195.11

Lin et al., 2007 133.8 43.2 0.3 1x1072
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