Mitochondrial protein BmPAPI modulates the length
of mature piRNAs
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ABSTRACT

PIWI proteins and their associated PIWI-interacting RNAs (piRNAs) protect genome integrity by silencing transposons in animal
germlines. The molecular mechanisms and components responsible for piRNA biogenesis remain elusive. PIWI proteins contain
conserved symmetrical dimethylarginines (sDMAs) that are specifically targeted by TUDOR domain-containing proteins. Here we
report that the sDMAs of PIWI proteins play crucial roles in PIWI localization and piRNA biogenesis in Bombyx mori-derived
BmN4 cells, which harbor fully functional piRNA biogenesis machinery. Moreover, RNAi screenings for Bombyx genes
encoding TUDOR domain-containing proteins identified BmPAPI, a Bombyx homolog of Drosophila PAPI, as a factor
modulating the length of mature piRNAs. BmPAPI specifically recognized sDMAs and interacted with PIWI proteins at the
surface of the mitochondrial outer membrane. BmPAPI depletion resulted in 3'-terminal extensions of mature piRNAs without
affecting the piRNA quantity. These results reveal the BmPAPIl-involved piRNA precursor processing mechanism on

mitochondrial outer membrane scaffolds.
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INTRODUCTION

In animal gonads, PIWI proteins and their bound PIWI-inter-
acting RNAs (piRNAs) silence transposons and other targets
to maintain genome integrity (Malone and Hannon 2009;
Senti and Brennecke 2010; Siomi etal. 2011). This genome de-
fense system is highly conserved across a wide range of species,
and mutations in PIWI or other piRNA biogenesis factors lead
to overexpression of transposon, eventually resulting in steril-
ity (Malone and Hannon 2009; Senti and Brennecke 2010;
Siomi et al. 2011). The molecular mechanisms and compo-
nents involved in piRNA biogenesis remain elusive (Ishizu
et al. 2012). piRNAs are 24-31 nucleotides (nt) in length
and show a highly complex mix of sequences with immense
diversity (Malone and Hannon 2009; Senti and Brennecke
2010; Siomi et al. 2011; Ishizu et al. 2012). At their 3’-ends,
piRNAs are 2’-O-methylated by HENI1 methyltransferase
(Horwich et al. 2007; Kirino and Mourelatos 2007; Ohara
et al. 2007; Saito et al. 2007). piRNAs can be subclassified as
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primary piRNAs and secondary piRNAs, which are generated
by a distinct biogenesis machinery. Primary piRNAs are
thought to be generated from long single-stranded RNA tran-
scripts derived from defined genomic regions called piRNA
clusters (Brennecke et al. 2007). Primary piRNAs are subse-
quently subjected to an amplification loop system, known as
the Ping-pong cycle, to produce abundant quantities of sec-
ondary piRNAs (Brennecke et al. 2007; Gunawardane et al.
2007).

A unique structural feature of PIWI proteins is the pres-
ence of arginine methylation. Arginine methylation is an
important post-translational modification that may occur as
symmetrical dimethylarginines (sDMAs), asymmetrical di-
methylarginines (aDMAs), or monomethylarginines (Krause
et al. 2007; Bedford and Clarke 2009; Blackwell and Ceman
2012). sDMAs occur in “sDMA motifs” composed of multiple
arginine-glycine (RG) and arginine-alanine (RA) repeats in
various proteins, and modulate diverse cellular processes.
PIWTI proteins from various species commonly contain the
sDMA motif typically at their N terminus, and evolutionarily
conserved presence of PIWI sDMAs has been confirmed in
mice, Drosophila, zebrafish, and Xenopus (Chen et al. 2009;
Kirino et al. 2009; Nishida et al. 2009; Reuter et al. 2009;
Vagin et al. 2009; Huang et al. 2011b). The PTWI sDMAs are
mediated by PRMT5 methyltransferase, and their functional
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importance has been demonstrated by the studies on Droso-
phila null mutants of PRMTS5, in which sDMAs are absent
in any of the three Drosophila PIWI proteins, leading to trans-
poson activation and defects in germline development (Gon-
salvez et al. 2006; Anne et al. 2007; Kirino et al. 2009). The
identification of PIWI sDMAs suggested a possible interac-
tive network of PIWI proteins with proteins containing
TUDOR domain that constitutes the TUDOR “royal family”
of protein domains (Maurer-Stroh et al. 2003). TUDOR
domain specifically recognizes and binds methylated lysines
or arginines within target substrates to mediate protein—pro-
tein interactions (Chen et al. 2011; Pek et al. 2012). A subset
of TUDOR domain-containing proteins specifically bind
sDMAs, and several members have been strongly implicated
as factors binding PIWI sDMAs and/or contributing to
PpiRNA biogenesis (Siomi et al. 2010; Chen et al. 2011; Pek
et al. 2012). Those TUDOR proteins, such as Spindle-E,
TUDOR, Krimper, Tejas, Vreteno, and Kumo in Drosophila
and TDRD1-9 in mice, play crucial roles in development of
germline (Siomi et al. 2010; Chen et al. 2011; Pek et al.
2012) and possess an additional conserved structural element
flanking the canonical TUDOR core domain, termed the ex-
tended TUDOR domain (Liu et al. 2010a,b; Chen et al.
2011; Handler et al. 2011).

Although PIWI sDMAs and their interacting TUDOR
proteins are emerging as key molecular factors in the piRNA
pathway, their mechanistic contributions to piRNA bio-
genesis remain poorly understood. In this study, we utilized
Bombyx mori ovary-derived BmN4 cell system to analyze
the function of PIWI sDMAs and piRNA biogenesis-related
TUDOR proteins. BmN4 is a uniformly cultured germ cell
system that expresses the Bombyx PIWI proteins, SIWI, and
BmAGO3, and that synthesizes their bound piRNAs via fully
functional primary and secondary piRNA biogenesis mecha-
nisms (Kawaoka et al. 2009, 2011, 2013). Using BmN4 cells,
we found that PIWT proteins harbor sDMAs that critically
function in PIWTI localization and piRNA biogenesis. RNAi
screenings for Bombyx genes encoding TUDOR proteins
identified BmPAPI, a Bombyx homolog of Drosophila PAPI,
as the factor influencing piRNA length. Mitochondrial outer
surface was the place where BmPAPI interacts with PIWI
proteins, suggesting the presence of a BmPAPI-involved
PiRNA precursor processing mechanism on mitochondrial
outer membrane scaffolds.

RESULTS

sDMAs are required for PIWI localization to perinuclear
nuage-like granules in BmN4

To elucidate the role of sDMAs in PIWI proteins, we generat-
ed stable BmN4 cell lines expressing FLAG-tagged wild-
type SIWI or BmAGO3, or sDMA-lacking mutant SIWI or
BmAGO3 whose sDMA motifs had been disrupted by substi-
tuting arginines with lysines (Fig. 1A). We purified the ex-
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pressed PIWI proteins by FLAG-immunoprecipitation, and
analyzed their sDMAs by Western blots using a Y12 antibody
whose major epitope was SDMA (Lerner et al. 1981; Brahms
et al. 2000). Since Y12 reacted with wild-type SIWI and
BmAGO3 but not with their mutants (Fig. 1B), we confirmed
that, in BmN4 cells, both SIWI and BmAGQO3 contained
sDMAs within their sDMA motifs and that mutations in these
motifs abolished sDMAs. The identical expression levels of
wild-type and mutant PIWI proteins (Fig. 1B) suggest no ef-
fect of sSDMAs on PIWT stability in BmN4 cells.

PIWI proteins accumulate in amorphous, ribonucleopro-
tein-rich, perinuclear cytoplasmic granules that are termed
nuage in Drosophila and intermitochondrial cement or chro-
matoid body in mice (Brennecke et al. 2007; Chuma et al.
2009). In BmN4 cells, SIWI was co-localized with BmAGQO?3
in perinuclear nuage-like granules (Fig. 1C; Supplemental
Fig. S1). In contrast, mutant SIWI and BmAGO3 were com-
monly delocalized from granules and formed large aggregates
in the cytoplasm, indicating that sSDMAs are crucial in local-
izing PIWI proteins to the granules. Mutants for any one of
the three sSDMA motifs in BmAGO3 exhibited normal local-
ization (Fig. 1D). Therefore, the abundance of sDMAs, and
not their specific positions, is integral to normal BmAGO3
localization to granules. Xiol and colleagues reported that a
similar BmAGO3 mutant construct with six arginine residue
mutations diffused uniformly in the cytoplasm but did not
form aggregates (Xiol et al. 2012). This difference may result
from different numbers and positions of mutation sites.

Absence of BnAGO3 sDMAs increases length
of bound piRNAs

We subsequently investigated the function of PIWI sDMAs in
piRNA biogenesis. We isolated and analyzed piRNAs bound
to wild-type or mutant PIWI proteins and found that simi-
lar quantities of piRNAs remained bound to the mutant pro-
teins compared with wild-type proteins (Fig. 2A). However,
we observed a slight upper-shift of the band from mutant
BmAGO3-bound piRNAs compared with those bound to
wild type, suggesting that the lack of BmAGO3 sDMAs re-
sulted in increased lengths of bound piRNAs. To confirm
this observation, we gel-purified the piRNAs and performed
deep sequencings, yielding approximately 9.5, 10, 8.5, and 8.5
million reads that aligned to the B. mori genome for piRNAs
bound to wild-type SIWI, mutant SIWI, wild-type BmAGO3,
and mutant BmAGO3, respectively. As shown in Fig. 2B, read
lengths of the wild-type and mutant SIWI-bound piRNAs
showed similar unimodal distribution patterns. Conversely,
the read distribution of BmAGO3-bound piRNAs clearly re-
vealed that the mutant-bound piRNAs were slightly longer
than the wild-type-bound piRNAs, with average read lengths
of 27.31 nt and 26.84 nt for mutant- and wild-type-bound
piRNAs, respectively. The observation of the increased length
of mutant BmAGO3-bound piRNAs is similar to the previ-
ous report (Xiol et al. 2012) and implies important roles of
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FIGURE 1. Arginine methylation is involved in PTWTI localization. (A) Wild-type (WT) and mutant (M) PIWI protein sequences showing the argi-
nines in sSDMA motifs are substituted by lysines in the mutants. (B) Total protein lysates or anti-FLAG immunoprecipitates from BmN4 stable cell
lines expressing wild-type or mutant PIWI were probed on Western blots with anti-FLAG or Y12 antibody (anti-sDMA). (C) Immunofluorescence
staining of wild-type or mutant PIWI (red, left), endogenous BmAGO3 (green, middle), and DNA (blue) in BmN4 stable cell lines. A merged image of
the three channels is shown on the right. Cytoplasmic aggregates of mutant PIWI are shown by arrows. Scale bar, 10 um. (D) Sequences of wild-type
(WT) BmAGO3 and its mutants (M1, M2, and M3), and immunostaining of the mutants (green) and DNA (blue) in BmN4 cells. M1-M3 mutants are

localized in perinuclear granules.

BmAGO3 sDMAs regarding piRNA processing and matura-
tion. piRNA annotations and sequence distributions were not
appreciably affected by the absence of sDMAs (Fig. 2C,D).
Moreover, in both wild-type and mutant, we detected iden-
tical patterns of Ping-pong signals: sense-antisense piRNA
pairs overlapping by 10 nt at their 5'-ends that were char-
acteristic of a Ping-pong amplification cycle in secondary
piRNA biogenesis (Fig. 2E; Brennecke et al. 2007; Kawaoka
et al. 2009).

BmPAPI is a TUDOR domain-containing protein
affecting piRNA length

Since TUDOR domains specifically recognize sDMAs, we
reasoned that length alterations in mutant BmAGO3-bound
piRNAs could be attributed to the absence of interactions be-
tween BmAGO3 and TUDOR domain-containing proteins.
We therefore decided to systematically analyze TUDOR
proteins in BmN4 cells for their involvement in piRNA bio-
genesis. We retrieved 15 TUDOR protein sequences from B.
mori genome that were homologous to Drosophila TUDOR
proteins (Handler et al. 2011) by using the tblastn algorithm

in SilkBase (http:/silkbase.ab.a.u-tokyo.ac.jp/cgi-bin/index.
cgi) (Table 1). To identify the TUDOR protein that influenc-
es piRNA biogenesis, the expression of each individual pro-
tein was silenced in BmN4 cells by RNAi using in vitro-
synthesized double-stranded RNAs (dsRNAs; 400-600 bp).
The efficiency of gene silencing and its influence in the
piRNA pathway were at first confirmed by PIWI knock-
downs. The RNAIi targeting SIWI caused severe reduction
in SIWI mRNA, protein, and also in piRNA-1, which specif-
ically binds to SIWI, while microRNA (miRNA) pathway
was not affected (Fig. 3A,B; Supplemental Fig. S2). On the
other hand, BmAGO3 knockdown decreased the levels of
BmAGO3 mRNA, protein, and piRNA-2, which specifically
interacts with BmAGO3. A slight decrease in piRNA-2 fol-
lowing SIWI knockdown resulted from the concomitant
decrease in BmAGO3 protein induced by SIWI knockdown.

Our RNAI experiments successfully reduced the mRNA
levels of 12 Bombyx TUDOR proteins out of the 15 proteins
that we retrieved (Table 1; Supplemental Fig. S2), and iden-
tified three TUDOR proteins as factors apparently respon-
sible for piRNA biogenesis (Fig. 3A). Since we analyzed
only two piRNAs, we cannot exclude the possibility that
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FIGURE 2. Absence of BmAGO3 arginine methylations increases length of bound piRNAs. (A) piRNAs bound to wild-type or mutant PIWI were 5'-
end-radiolabeled and analyzed by denaturing urea-PAGE. (B) Comparison of piRNA read-length distributions between wild-type and mutant SIWI
(left graph) and BmAGO3 (right graph). (C) Pie charts summarizing the annotations of wild-type and mutant SIWI- and BmAGO3- bound piRNAs.
(D) The preference for a first position U (1U) or a tenth position A (10A) in the piRNAs from wild-type and mutant SIWI and BmAGO3. (E) The
distances between 5'-ends of STWI- and BmAGO3-bound piRNAs across opposite genomic strands were plotted (Ping-pong analysis). Approximately
50% of reads conformed to a separation preference of 10 nt (Ping-pong signal).

additional TUDOR proteins influence the biogenesis of other
piRNA species. The Bombyx GeneModels of the three pro-
teins are BGIBMGA004949, BGIBMGA007473, and BGIB-
MGAO011857, which are homologous to Spindle-E (Spn-E),
PAPIL and TUDOR in Drosophila, respectively. We therefore
named BmSpn-E, BmPAPI, and BmTUDOR. BmSpn-E
depletion resulted in decreased levels of both SIWI- and
BmAGO3-bound piRNAs, whereas BmTUDOR depletion
increased the levels of the piRNAs. These results are in agree-
ment with previous reports on Drosophila ovaries which
implicated Spn-E and TUDOR in piRNA biogenesis, and
showed that piRNA levels were severely decreased in spn-E
mutant flies and that tudor mutant contained increased
piRNA levels (Lim and Kai 2007; Malone et al. 2009; Nishida
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et al. 2009). Strikingly, as observed in sDMA-lacking
BmAGO3-bound piRNAs, the BmPAPI depletion did not af-
fect quantity but increased the lengths of both SIWI- and
BmAGO3-bound piRNAs (Fig. 3A). The 3’ termini of the ex-
tended piRNAs were not eliminated by periodate oxidation
followed by p-elimination, and phosphatase treatment did
not alter the piRNA band positions (Fig. 3C). These results
indicate that the extended piRNAs in BmPAPI-depleted cells
retained 2'-O-methylation at their 3’ termini. We also con-
firmed normal localization of SIWI and BmAGO3 in
BmPAPI-depleted cells (Fig. 3D). These results strongly sug-
gest that BmPAPI functions in piRNA biogenesis in a way
that does not disturb HEN1-mediated piRNA methylation
or PIWI protein localization.
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TABLE 1. Bombyx mori genes encoding TUDOR domain-containing proteins retrieved from Silkworm genome database

Bombyx GeneModel Size (kDa) Protein motif Drosophila homolog
BGIBMGAO001038 108 TUDOR, WD40, DUF1767, UBA CG13472
BGIBMGA001675% 253 TUDOR x 2 CG4771 (Vreteno)
BGIBMGA003413* 146 TUDOR, MBD, PHD CG10042 (MBD-R2)
BGIBMGA003470? 107 TUDOR x 3, LOTUS CG8920
BGIBMGA003730? 27 TUDOR CG17454
BGIBMGA004949° 148 TUDOR, DEXDc x 2, HA2 CG3158 (Spn-E)
BGIBMGA005622 13 TUDOR =
BGIBMGA006495% 165 TUDOR x 5 CG14303 (Qin/KUMO)
BGIBMGA006841° 66 TUDOR, KH-1 CG3249 (Yu)
BGIBMGA007473% 60 TUDOR, KH-1 x 2 CG7082 (PAPI)
BGIBMGA009774% 169 TUDOR x 2, DEXDc, SrmB, a-cry CG2706 (Yb)
BGIBMGAO011857¢ 283 TUDOR x 9, AdoMet-Mta CG9450 (TUDOR)
BGIBMGAO012235% 52 TUDOR x 2 —
BGIBMGAO013328* 96 TUDOR, SNc x 5 CG7008 (Tudor-SN)
BGIBMGA014402 28 TUDOR, SMN CG16725 (SMN)

“Gene knockdown by RNAi was effective in this study.

BmPAPI specifically binds to sDMAs and interacts
with SIWI and BmAGO3

The BmPAPI gene is localized on scaf2886 of chromosome
3 in the B. mori genome. We isolated a full-length BmPAPI
cDNA, which confirmed that the BmPAPI gene is ~15 kb
in length consisting of 13 exons, and encodes a 629-amino
acid, 69-kDa protein (Supplemental Fig. S3A—C). Using
BmPAPI as a query, we retrieved orthologs from human,
mouse, Xenopus, zebrafish, Drosophila, and Caenorhabditis
elegans genomes, which share two evolutionarily conserved
domains: hnRNP K homology (KH) and TUDOR (Fig. 4A;
Supplemental Fig. S3D). KH domains, known as nucleic
acid recognition motifs, are tandemly arranged as KH1 and
KH2 in many PAPI homologs. Zebrafish and C. elegans ho-
mologs lack the GXXG loop required for nucleotide recogni-
tion in their KH1 domain and thus contain only KH2
(Supplemental Fig. S3E). PAPT homologs also contain the ex-
tended TUDOR domain, which includes the core TUDOR
domain sequence and additional conserved extensions (Sup-
plemental Fig. S3F) as observed in other TUDOR proteins as-
sociated with the piRNA pathway (Liu et al. 2010a,b; Chen
et al. 2011; Handler et al. 2011).

To examine the biochemical properties of BmPAPI, we
produced His-tagged BmPAPI recombinant protein in
Escherichia coli. Although the full-length protein was insolu-
ble, we were able to purify N-terminal deleted BmPAPI
(AN-BmPAPI: amino acids 48—-629) (Fig. 4B), which does
not contain the transmembrane region predicted by the
SOSUI program (Hirokawa et al. 1998). A surface plasmon
resonance (SPR) binding assay revealed that AN-BmPAPI
bound to an sDMA-containing peptide with a Kd of 27 + 2
uM (Fig. 4C). However, AN-BmPAPI failed to bind unmod-
ified peptide (Fig. 4D), suggesting that the TUDOR domain of
BmPAPI specifically recognizes and interacts with sDMAs. To

further examine the interaction between BmPAPI and PIWI
proteins, we performed pull-down experiments. We im-
mobilized the recombinant AN-BmPAPI protein on Ni-beads
and subsequently incubated the beads with lysates from the
BmN4 stable cell lines expressing wild-type or mutant PIWI
proteins. After extensive washing, the eluates were subjected
to Western blots to detect the bound PIWI proteins. As shown
in Figure 4E, both wild-type and mutant SIWI were clearly de-
tected in the BmPAPI-bound fraction. Although a slight
decrease in mutant SIWI suggests a contribution of SIWI
sDMAs to the BmPAPI association, the BmPAPI-SIWT inter-
action is not solely dependent on SIWI sDMAs. In con-
trast, only wild-type BmAGO3, and not mutant BmAGO3,
was detected in the BmPAPI-bound fraction (Fig. 4E), sug-
gesting that a direct association of the BmPAPI TUDOR
domain with the BmAGO3 sDMA is essential for the Bm-
PAPI-BmAGO3 interaction.

BmPAPI is localized on the outer surface
of mitochondria

TargetP (Emanuelsson et al. 2000) and Psort II (Nakai and
Horton 1999) prediction programs identified a putative mito-
chondrial localization signal that encompassed the trans-
membrane helix domain of the BmPAPI N terminus. This
feature is conserved in the N-terminal regions of orthologs
from other organisms such as humans, mice, Xenopus, ze-
brafish, and Drosophila. Indeed, we observed that stably
expressed Myc-tagged BmPAPI co-localized with the mito-
chondrial protein Hsp60 in BmN4 cells (Fig. 5A), indicating
mitochondrial localization of BmPAPI. In addition, we sepa-
rated the mitochondrial fraction from cytoplasmic fraction
and confirmed the presence of BmPAPI in the mitochondrial
fraction by Western blots (Fig. 5B). Furthermore, SIWI and
BmAGO3 were detected in the mitochondrial fraction,
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FIGURE 3. RNAi knockdowns of genes encoding TUDOR domain-containing proteins identi-
fied BmPAPI as a factor affecting piRNA length. (A) The indicated genes encoding TUDOR
domain-containing proteins, PIWI (positive control), and Renilla luciferase (Rluc, negative con-
trol) were silenced by RNAi in BmN4 cells. Total RNAs from the cells were subjected to Northern
blots against piRNA-1 (SIWI-bound), piRNA-2 (BmAGO3-bound), and let-7 miRNA (control).
Quantifications of mRNA to confirm knockdown efficiencies are shown in Supplemental Figure
S2. piRNAs that were extended as a result of BmPAPI knockdown are indicated with red lines. (B)
Total cell lysates from BmN4 cells treated with dsRNAs targeting Rluc (control), SIWI, BmAGO3,
and BmPAPI were subjected to Western blots with the indicated antibodies. (C) Total RNAs from
Rluc- (control) and BmPAPI-silenced BmN4 cells were treated with NaIO4, subjected to B-elim-
ination, and detected by Northern blots. Total RNA treated with phosphatase before the NalO4
reaction was also analyzed. Let-7 was shortened by p-elimination due to its hydroxyl 3’ terminus,
whereas piRNAs were not affected due to 2'-O-methylation at their 3’ termini. (D)
Immunofluorescence staining of endogenous SIWI and BmAGO3 (green) and DNA (blue) in
Rluc- or BmPAPI-silenced BmN4 cells.

although the majority of the proteins were present in the cy-
toplasmic fraction, which is the presumed site of perinuclear
granules (Fig. 5B). To further characterize the mitochondrial
localization of BmPAPI, the mitochondprial fraction was treat-
ed with protease in the presence or absence of detergent,
which disrupts mitochondrial membrane structure. Without
detergent, the protease still was able to digest BmPAPI, SIWI,

and BmAGO3 (Fig. 5C), suggesting that these proteins are  nal processing.
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commonly present on the outer surface
of mitochondria. BmPAPI immunopre-
cipitates from the mitochondrial fraction
contained a ~100-kDa protein that was
identified as SIWI by mass spectrometry
(Fig. 5D). By Western blot, we also de-
tected BmAGO3 in the immunoprecipi-
tates (Fig. 5E). These results suggest that
BmPAPI interacts with PIWI proteins
on the outer surface of mitochondria
and functions in piRNA biogenesis.

BmPAPI depletion results in 3'-
terminal extensions of mature piRNAs

To examine the contribution of BmPAPI
to piRNA biogenesis, we isolated and
analyzed piRNAs from control (Rluc-de-
pleted) cells and BmPAPI-depleted cells.
Consistent with the analyses of individual
piRNAs (Fig. 3A), total piRNAs bound
to SIWI and BmAGO3 exhibited length
extensions but no quantitative changes
in BmPAPI-depleted cells (Fig. 6A). To
examine the profiles of the extended
piRNAs more comprehensively, we puri-
fied the piRNAs and performed deep
sequencings, which yielded approximate-
ly 47.7, 33.7, 37.7, and 33.2 million reads
for control SIWI, PAPI-depleted SIWI,
control BmAGO3, and PAPI-depleted
BmAGO3, respectively, that aligned to
the B. mori genome. Consistent with gel
mobility results (Fig. 6A), the size distri-
butions of the reads clearly showed
extended lengths of both SIWI- and Bm-
AGO3-bound piRNAs from BmPAPI-de-
pleted cells (Fig. 6B). BmPAPI depletion
caused no remarkable changes in the an-
notations of SIWI- and BmAGO3-bound
piRNA populations (Fig. 6C), and the ma-
jority of the piRNAs (97.7% and 97.9%
of SIWI- and BmAGO3-bound piRNAs,
respectively) derived from BmPAPI-de-
pleted cells overlapped with those from
control cells. In addition, upon BmPAPI

depletion, we detected no appreciable changes in the features
of 5’ terminus of primary piRNA biogenesis, a strong enrich-
ment for U at their first position, and in the features of second-
ary piRNA biogenesis, a strong enrichment for A at their tenth
position and Ping-pong signal (Fig. 6D,E). Given these results,
we reasoned that the length extension occurs in 3’ terminus of
mature piRNAs which could be caused by immature 3'-termi-
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FIGURE 4. BmPAPI specifically recognizes sDMAs and interacts with PIWI proteins. (A) Domain
organizations of BmPAPI and its homologs, showing that the KH and TUDOR domains are evolu-
tionarily conserved. (B) Coomassie-stained SDS-PAGE gel of the purified His-tagged AN-BmPAPI
recombinant protein (indicated by the arrow). (C) Binding curves of AN-BmPAPI to an sDMA-
containing peptide (MNLPPNPVIA[sDMA]G[sDMA]G[sDMA]G[sDMA]KPN) measured with
an SPR binding assay. Curves represent measurements with an increasing concentration of the
protein used from bottom to top as indicated. The vertical and horizontal axes show the response
unit (RU) and the time scale (seconds). (D) Binding curves of AN-BmPAPI (5 uM) to the
sDMA-containing peptide and an unmodified peptide (MNLPPNPVIARGRGRGRKPN). (E)
Pull-down experiments to analyze the association of BmPAPI with PIWT proteins. His-BmPAPI
immobilized on Ni-Dynabeads was incubated with the lysates from BmN4 stable cells expressing
wild-type (WT) or mutant (M) PIWI proteins, and after extensive washing the eluates were probed
with anti-FLAG antibody (for PIWI detection) and anti-His antibody (for BmPAPI detection).

We accordingly performed a relative terminal position
analysis that calculated the distribution of the 3’-end relative
positions for all pairwise combinations of overlapping
piRNAs between the control and BmPAPI-depleted cells. As
a control, running the analysis on a sample against itself
(Rluc vs. Rluc and BmPAPI vs. BmPAPI) should result in a
symmetrical distribution with the same density for positive
and negative relative positions (e.g., +1 and +1, +2 and +2)
(Fig. 6F). However, in the analyses on BmPAPI vs. Rluc, the
distribution of the 3’-end relative positions was positively
skewed, showing higher densities at +1 and +2 than those at
—1 and —2. These results indicate that the 3’-ends of
BmPAPI-depleted piRNAs occurred downstream from the
3’-ends of control piRNAs. Thus, on BmPAPI depletion, the
piRNAs included 3’-end extensions. To confirm the 3'-end ex-
tensions in individual piRNAs, we performed RACE analyses

PIWI-binding factors involved in piRNA
biogenesis. While studies in mice, Droso-
phila, and zebrafish have identified cru-
cial roles for several TUDOR proteins in
the piRNA pathway, detailed molecular
functions of individual TUDOR proteins
still remain ambiguous. The availability
of efficient and convenient plasmid trans-
fection and RNAi gene silencing tech-
niques make BmN4 an ideal system to
explore the function of TUDOR proteins,
and we identified BmPAPI, BmSpn-E,
and BmTUDOR as the Bombyx TUDOR
proteins responsible for piRNA bio-
genesis. We were able to recapitulate in
BmN4 cells the piRNA behaviors described previously in
spn-E and tudor mutant flies (Lim and Kai 2007; Malone
et al. 2009; Nishida et al. 2009): BmSpn-E or BmTUDOR
depletion by RNAI resulted in severe decreases or increases
in piRNA levels, respectively.

BmPAPI localizes and interacts with PIWI proteins at the
outer membrane of mitochondria, suggesting that BmPAPI-
involved piRNA biogenesis occurs at the mitochondrial sur-
face. A link between the piRNA biogenesis and mitochondria
has been implied by the earlier studies on Zucchini (Zuc),
a member of the phospholipase D (PLD) superfamily in
Drosophila. Zuc localizes to mitochondria (Saito et al. 2010;
Huang et al. 2011a) and is essential for piRNA production
in Drosophila ovaries (Pane et al. 2007; Haase et al. 2010;
Olivieri et al. 2010; Saito et al. 2010). MitoPLD, the mam-
malian homolog of Zuc, is also a mitochondrial protein that
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FIGURE 5. BmPAPI is localized to mitochondrial outer membrane. (A) Immunofluorescence
staining of stably expressed Myc-tagged BmPAPI (green, left) and Hsp60 (red, right) in BmN4
stable cell lines. Panels with DNA staining in blue were merged (lower panel) to show the overlap
of the two fluorescence patterns. Scale bar, 10 um. (B) The total protein lysate (Total), mitochon-
drial fraction (Mito), and cytoplasmic fraction (Cyto) were subjected to Western blots with the
indicated antibodies. Hsp60 and Tom20 were used as markers for mitochondria, and p-tubulin
was used as a cytoplasmic marker. (C) The mitochondrial fraction was treated with proteinase K
in the presence or absence of Triton X-100. Hsp60 is localized in the intermembrane space and
thus is digested only in the presence of detergent. Tom20 protrudes from the outer membrane
and therefore is digested even without detergent treatment. Anti-Myc immunoprecipitates
from the mitochondrial fraction of BmN4 cells (Mock) or Myc-tagged BmPAPI-expressing stable
cells were developed by SDS-PAGE and subjected to silver-staining (D) or Western blot with anti-

BmAGO3 (E).

plays crucial roles in piRNA biogenesis (Huang et al. 2011a;
Watanabe et al. 2011). Zuc and MitoPLD possess an in vitro
endonucleolytic activity toward single-stranded RNA to pro-
duce RNA fragment with 5'-monophosphate, a hallmark of
mature piRNAs, and the activity is required for piRNA pro-
duction in the cells (Ipsaro et al. 2012; Nishimasu et al.
2012). The possibility raised from these studies is that Zuc/
MitoPLD cleaves piRNA precursors to generate 5’ -ends of ma-
ture piRNAs at the mitochondrial surface. For the formation
of piRNA 3’-ends, in vitro experiments using BmN4 cell ly-
sates suggest that an unknown Trimmer exonucleolyticaly
trims precursor piRNAs that are alreadyloaded into PIWI pro-
teins, followed by HEN1 methylation (Kawaoka et al. 2011).
Since trimming-active BmN4 cell pellets contained various
mitochondrial factors including BmPAPI, the formation of
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containing different levels of BmPAPI
will be necessary to further corroborate
the model.

Two tandemly arranged KH domains
exist in BmPAPI. Since KH domains are

15—

nucleotide-binding elements (Valverde
et al. 2008; Teplova et al. 2011), BmPAPI
KH domains might be required to inter-
act with piRNA precursors. It will be in-
teresting to examine whether BmPAPI
interacts with potential piRNA precur-
sors and to elucidate the sequences. The
TUDOR domain would be the source
of the sDMA-specific binding capacity
of BmPAPI. Interestingly, BmPAPI rec-
ognizes sDMAs of BmAGO3 for the

BmMAGO3

BmPAPI-BmAGO?3 interaction, where-
as SIWI sDMAs are dispensable to the
BmPAPI-SIWTI interaction. Correspond-
ing observations were made in PIWI mu-
tant experiments showing that BmAGO3
mutant lacking sDMAs contained ex-
tended piRNAs presumably due to the
lack of interaction with BmPAPI. Con-
versely, BmPAPI is likely to be able to
associate with the SIWI mutant lacking
sDMAs, thereby maintaining the lengths
of bound piRNAs.

BmPAPI involvement in the PIWI/
piRNA pathway is consistent with the result of earlier studies
in Drosophila and mice. In Drosophila ovaries, PAPI interacts
with PIWI proteins, particularly AGO3 (Liu et al. 2011). The
absence of PAPI results in delocalization of AGO3 in nuage
and transposon activation, implicating PAPI as a functional
component in the piRNA pathway for transposon silencing
(Liuetal. 2011). Proteomic surveys of mouse PIWI complexes
have identified TDRKH/TDRD2, a mouse PAPT homolog, as a
binding partner of mouse PIWI proteins (Chen et al. 2009;
Vagin et al. 2009). During our manuscript preparation, Saxe
and colleagues reported a functional characterization of
mouse TDRKH, which plays crucial roles in spermatogenesis
(Saxe et al. 2013). TDRKH localizes in mitochondria and
interacts with MIWI and MIWI2 via sDMAs. TDRKH mu-
tant mice showed 3’-end extension of piRNAs, suggesting
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FIGURE 7. A proposed model for BmPAPI-involved piRNA biogene-
sis. The transcripts from piRNA clusters are shortened into piRNA pre-
cursors. The cleaved precursors are then loaded onto PIWI proteins.
The unidentified exonuclease trims the precursor to form mature 3'-
ends. BmPAPIT interacts directly with PIWT proteins and supports the
trimming activity. The sDMAs of PIWI proteins complexed with mature
piRNAs are recognized by an unknown TUDOR domain-containing
protein and are transferred to perinuclear granules. sDMA-lacking mu-
tant PIWT proteins are not transferred, resulting in their aggregation in
the cytoplasm.

its role in 3’-end formation of piRNAs. Therefore, mito-
chondrial localization, interaction with PIWI proteins, and
functional involvement of piRNA 3’-end biogenesis are
evolutionarily conserved characteristics of BmPAPI. Mouse
TDRKH is expressed not only in testis but also in other tissues
such as the brain and spinal cord (MitoCarta; http://www.
broadinstitute.org/pubs/MitoCarta/) (Saxe et al. 2013), sug-
gesting the involvement of PAPI in additional mitochondrial
pathways.

Although BmPAPI depletion did not affect SIWI or
BmAGO3 localization to perinuclear granules, mutant
PIWI proteins lacking sDMAs formed large aggregates in
the cytoplasm. Therefore, PIWI sDMAs are required not
only for BmPAPI-involved piRNA biogenesis on mitochon-
dria, but also for PIWI translocation from the mitochondria
to perinuclear granules. This latter function could be mediat-
ed by other TUDOR domain-containing proteins (Fig. 7). It

will be interesting to screen for TUDOR proteins that affect
PIWTlocalization to further uncover PIWI-TUDOR interact-
ing networks and to decode their functions in the piRNA
pathway.

MATERIALS AND METHODS

BmN4 cell culture and generation
of stable cell lines

BmN4 cells were cultured at 27°C in Insect-Xpress medium (Lonza).
Plasmid constructs (pIZ/V5-His) encoding FLAG-tagged STWI and
FLAG-tagged BmAGO3 (Kawaoka et al. 2009) were a gift from
S. Kawaoka and S. Katsuma. Mutant SIWI and BmAGO3 expression
constructs in which arginines in sDMA motifs had been replaced with
lysines were generated by site-directed mutagenesis (QuikChange
XL, Stratagene) using the primers indicated in Supplemental Table
S1. To generate the BmPAPI expression construct, a complete se-
quence of BmPAPT mRNA was first identified and confirmed by
RACE as described below. The BmPAPI coding sequence with a C-
terminal Myc-tag sequence then was amplified from BmN4 total
RNA by RT-PCR using the following primers: forward (5'-TTTAA
GCTTATGTCATTGAACACAAAATTAGCTTTGCCCATTGCTTT
GGGCTTGTCCCTC-3") and reverse (5'-AAAGCGGCCGCTCAC
AGATCCTCTTCAGAGATGAGTTTCTGCTCCTTTTCAAAAGC
GGAC-3’). The PCR product was cloned into a pIZ/V5-His vector
(Life Technologies) that contained a Zeocin-resistance gene for
selection. The expression constructs were transfected into BmN4
cells using Escort transfection reagent (Sigma), and 500 ug/mL (final
concentration) of Zeocin was added to the medium 3 d after
transfection.

Determination of full-length cDNA sequence
of BmPAPI by RACE

From SilkBase (http:/silkbase.ab.a.u-tokyo.ac.jp/cgi-bin/index.cgi),
we retrieved the BGIBMGA007473 GeneModel sequence as a signif-
icant homolog to Drosophila PAPI; this gene was named BmPAPIL.
The 5'- and 3’-UTR sequences of BmPAPI mRNA were isolated
from BmN4 cells by RACE analysis using a FirstChoice RLM-
RACE kit (Life Technologies) with the following primers: 5'-CGC
TTCGACTGCTCTATCTCC-3' (for 5-RACE) and 5-ATCTATC
GTATCCCGACCCTTC-3 (for 3’-RACE). We identified two se-
quence variants (162 nt and 102 nt) for the 5 UTR, and a 252-nt

FIGURE 6. Characterization of piRNAs from BmPAPI-depleted cells. (A) BmN4 stable cell lines expressing FLAG-SIWI or FLAG-BmAGO3 were
treated with dsRNAs targeting Rluc (control) or BmPAPI. SIWI- and BmAGO3-bound piRNAs were isolated from FLAG-tagged immunoprecipitates
of the respective cell lysates. The piRNAs were 5 -end-labeled and analyzed by denaturing urea-PAGE. (B) Comparison of read-length distributions
between the piRNAs from Rluc- (control) and BmPAPI-depleted cells. (C) Pie charts summarizing the annotations of SIWI- and BmAGO3-bound
piRNAs from Rluc- or BmPAPI-depleted cells. (D) The preference for a first-position U (1U) or a tenth-position A (10A) in the piRNAs. (E) The Ping-
pong analysis resulted in ~50% of reads conforming to a separation preference of 10 nt (Ping-pong signal) in both Rluc- (control) and BmPAPI-
depleted cells. (F) Relative terminal position analyses of piRNAs from BmPAPI-depleted cells compared with those from Rluc-depleted (control)
cells. The relative position was defined as the 3’ genomic position of the piRNAs from BmPAPI-depleted cells minus the position of those from control
cells. Fold changes between positive and negative positions were depicted in the panels. The analyses between the same samples were shown on the left
(Rluc vs. Rluc) and middle (BmPAPI vs. BmPAPI) panels as negative controls that showed no density change between positive and negative positions.
(G) 5'- and 3'-RACE of piRNA-1 and piRNA-2 in Rluc- (control) and BmPAPI-depleted cells. The PCR products of 3'-RACE in BmPAPI-depleted
cells were longer than those in the control cells. (H) The populations of piRNA-1 and piRNA-2 clarified by 3'-RACE in Rluc- (control) and BmPAPI-
depleted cells. piRNA-1 and piRNA-2 were aligned to rbmnc26i22 and bmnc17g01, the EST sequences from SilkBase, respectively. The numbers of

each sequenced clone per total clones are indicated on the right.
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sequence plus polyA was detected for 3’ UTR. We also identified the
coding sequence of BmPAPI mRNA by RT-PCR using primers de-
signed in 5 UTR (5-AATCGAGTAAAACGGCTCAACAGAA-3)
and 3" UTR (5-TTTCTGTACTCGCTTCCAATACG-3'), enabling
determination of the full BmPAPI cDNA sequence. The length of
the identified sequence (1890 nt) was longer than that of the
BGIBMGA007473 GeneModel sequence (1638 nt), indicating an in-
sertion of 84 amino acids (Supplemental Fig. S3A,B). The structure
of the BmPAPI gene was determined by comparing the identified
BmPAPI sequence with the B. mori genome sequence obtained
from SilkDB (http://www.silkdb.org/silkdb/). The BmPAPI gene
consisted of 13 exons and was localized to scaf2886 on chromosome
3 of the B. mori genome (Supplemental Fig. S3C).

Production of anti-SIWI antibody

Anti-SIWT antibody was prepared by immunizing rabbits with a
synthetic peptide (HPDPMELYSDRKTDC; Genscript). Sera were
affinity-purified over a column containing immobilized peptide, re-
sulting in “S213” anti-SIWTI antibody.

Western blot and immunoprecipitation

Western blot and immunoprecipitation were performed as described
previously (Kirino et al. 2009). Cell lysates were prepared from
BmN4 cells in a lysis buffer containing 20 mM Tris-HCl pH 7.4,
200 mM NaCl, 2.5 mM MgCl2, 0.5% NP-40, 0.1% Triton X-100
and complete protease inhibitor (Roche Diagnostics). For Western
blots, the following antibodies were used: S213 anti-SIWI, anti-
BmAGO3 (a gift from S. Kawaoka and S. Katsuma) (Kawaoka
et al. 2009), Y12 (a gift from G. Dreyfuss), anti-Flag (Sigma), anti-
Myc (Cell Signaling), anti-His (Cell Signaling), anti-Tom20 (Santa
Cruz Biotechnology), anti-Hsp60 (Cell Signaling), and anti-p-tubu-
lin (Developmental Studies Hybridoma Bank). Anti-FLAG M2 affin-
ity gel (Sigma) was used for immunoprecipitation of FLAG-tagged
proteins, whereas Dynabeads Protein A (Life Technologies) incubat-
ed with anti-Myc was used for Myc-immunoprecipitation. Mass-
spec protein identification in BmPAPI-immunoprecipitates was
performed by Taplin Mass Spectrometry Facility (Harvard Medical
School), and the two peptides from SIWI, “VLPETISILR (125—
134)” and “EGTIAPTSYNVIEDTTGLNPDR (824-845),” were de-
tected from ~100-kDa protein.

Immunofluorescence and confocal microscopy

For mitochondrial staining, BmN4 cells were incubated with 300 nM
MitoTracker Red (Life Technologies) for 30 min at 27°C. Immuno-
fluorescence staining was performed as previously described (Nakaya
et al. 2008) using S213 anti-SIWTI (diluted 1:2000), anti-BmAGO3
(1:5000), anti-FLAG (1:1000), anti-Myc (1:2000), and anti-Hsp60
(1:500) as primary antibodies. Alexa Fluor 488 goat anti-rabbit IgG
and Alexa Fluor 555 goat anti-mouse IgG (Life Technologies) were
used as secondary antibodies. After DNA counterstaining with
ProLong Gold Antifade Reagent with DAPI (Life Technologies), im-
ages for Figures 1C,D and 5A were acquired using an Eclipse Ti-U mi-
croscope with NIS-Elements BR 3.2 software (Nikon). Additional
images for Figure 3D and Supplemental Figure S1B were acquired us-
ing Leica SP5 confocal microscopy.

RNA isolation, labeling, and -elimination

RNA isolation, labeling and p-elimination were performed as de-
scribed previously (Kirino and Mourelatos 2007). Briefly, total
RNA was isolated from BmN4 cells or immunoprecipitates using
Trizol reagent (Life Technologies). For radiolabeling, isolated
RNAs were treated with calf intestinal phosphokinase (CIP; New
England Biolabs) and were subjected to 5-end labeling using
[y—szP] ATP (American Radiolabeled Chemicals) and T4 polynucle-
otide kinase (New England Biolabs). Labeled RNAs were resolved by
15% PAGE containing 7 M urea and were visualized by storage phos-
phor autoradiography using a PharosFX Plus Molecular Imager and
Quantity One software (Bio-Rad). For -elimination reaction, RNAs
were incubated with 10 mM NalO4 at 0°C for 40 min in the dark.
Subsequently, 1 M rhamnose (1/10 volume) was added to quench
unreacted NalO4 and incubated at 0°C for 30 min. B-elimination
was then performed by adding equal volume of 2 M Lys-HCl (pH
8.5) followed by incubation at 45°C for 90 min. The treated RNAs
were collected by ethanol precipitation.

Northern blot

Bm—piRNA-1 (5'-UCAAAAACUAACGGAUUGGUUUCGAAC-3'),
Bm-piRNA-2  (5'-AAAAGCAUGAGAAUUUGCUGUCUGCGG-
3’), and Bm-let-7 (5-UGAGGUAGUAGGUUGUAUAGUA-3')
were analyzed by Northern blots. Total RNA was resolved by 15%
PAGE containing 7 M urea, transferred to Hybond N+ membranes
(GE Healthcare), and hybridized to 5'-end-labeled antisense probes
detecting Bm—piRNA-1 (5-GTTCGAAACCAATCCGTTAGTTTTT
GA-3'), Bm-let-7 (5-TACTATACAACCTACTACCTCA-3') (Ka-
waoka et al. 2009), and Bm—piRNA-2 (5'-CCGCAGACAGCAAATT
CTCATGCTTTT-3).

RNAi knockdown of target gene expression
in BmN4 cells

Templates for the in vitro synthesis of dsSRNA were amplified via
nested RT-PCR using the primers indicated in Supplemental
Table S2. The first PCR was performed using a cDNA template pro-
duced by oligo-dT-based reverse transcription from BmN4 total
RNA. The second PCR was designed to attach T7 promoter se-
quence (5'-TAATACGACTCACTATAGGG-3') to both strands of
the amplified DNA. The resultant products were used as templates
in a T7 in vitro transcription system (MEGAscript T7, Ambion), fol-
lowed by purification with MEGAclear (Ambion). dsRNA (5 pug)
was transfected into 5x 10° BmN4 cells using 4D-Nucleofector
(Lonza), and cells were harvested four days after transfection. The
amounts of targeted mRNAs were analyzed by Real-Time PCR as
previously described (Kirino et al. 2009) using the primers indicated
in Supplemental Table S3.

Expression and purification of recombinant
BmPAPI protein

Nucleotides 142—-1887 (amino acids 48—629) of the BmPAPI ORF
were amplified by PCR using the following primers: forward (5'-
AAACATATGACAATTGAAATTCATGTTC-3') and reverse (5'-
TTTGCGGCCGCCTTTTCAAAAGCGGACTTAC-3"). The prod-
uct was cloned into pET-21a (Novagen) to attach a C-terminal
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His-tag sequence and was expressed in E. coli BL21-Codon-Plus
(Stratagene) at 16°C for 16 h in the presence of 100 uM IPTG.
The expressed protein was purified using a Ni-affinity column (lin-
ear gradient of 40-240 mM imidazole; Hi-Trap Chelating HP, GE
Healthcare), and was further purified using Resource Q (linear gra-
dient of 0-350 mM NaCl; GE Healthcare).

Surface plasmon resonance (SPR) binding assay

SPR binding experiments were performed using a SensiQ dual
channel semi-automated SPR instrument (Pioneer) at a sensor tem-
perature of 16°C with running buffer composed of 20 mM Tris-HCl
pH 8.0, 220 mM NaCl, and 0.005% Tween-20. A biotinylated un-
modified peptide (Bio-MNLPPNPVIARGRGRGRKPN) and an
sDMA-containing peptide (Bio-MNLPPNPVIA[sDMA]G[sDMA]
G[sDMA]G[sDMA]KPN), which we described previously (Kirino
et al. 2010), were immobilized on two flow cells of an avidin-cou-
pled sensor chip (BioCap, SensiQ). For immobilization, 150 puL of
a 10 pg/mL peptide solution in running buffer was injected onto
the sensor surface at 470 or 430 response units (RUs). The second
flow cell of the chip was used for a blank control. BmPAPI protein
was passed through flow cells of peptide-coupled chips at various
concentrations and at a flow rate of 20 pL/min. The association
and disassociation time were 100 sec and 420 sec, respectively. Ki-
netic constants were calculated from the sensor grams using Qdat
software (SensiQ).

Pull-down binding assay

BmN4 cell lysates were prepared in a binding buffer containing 20
mM Tris-HCI pH 7.4, 100 mM NacCl, 2.5 mM MgCI2, 0.5% NP-
40, 0.1% Triton X-100, and complete protease inhibitor cocktail
(Roche Diagnostics). Recombinant BmPAPI protein immobilized
on Dynabeads His-Tag Isolation and Pull-down (Life Technologies)
was incubated with the lysate for 20 min at 4°C and was washed ex-
tensively with the binding buffer. Bound proteins were then eluted
into an elution buffer containing 50 mM sodium-phosphate pH 8.0,
300 mM imidazole, 140 mM NacCl, and 0.02% Tween-20. Western
blots of the proteins were subsequently performed.

Preparation of mitochondrial fraction and piRNA
precursor-trimming active fraction

Mitochondrial fractions were prepared from BmN4 cells as de-
scribed previously (Tomitsuka et al. 2003). Approximately 1 x 10°
BmN4 cells were suspended with 5 mL sucrose gradient buffer
composed of 0.25 M sucrose, 20 mM HEPES-KOH pH 7.5, and 3
mM EDTA, and homogenized by 7 mL daunce tissue grinder
(Wheaton) on ice. The homogenate was made up to 10 mL and cen-
trifuged at 600g for 15 min twice to pellet cell debris and nuclei. The
supernatant was further centrifuged at 15,000g for 15 min and the
pellet was resuspended with 5 mL buffer, followed by centrifugation
again at 15,000g for 15 min. The pellet (mitochondrial fraction) and
the supernatant (cytosolic fraction) were analyzed by Western blots.
For immunoprecipitation, the mitochondrial fraction was resus-
pended with a lysis buffer and homogenized by dauncing. For pro-
tease treatment, the freshly isolated mitochondrial fraction was
resuspended in 100 pL of sucrose gradient buffer and incubated
with Proteinase K (200 pg/mL, Roche Diagnostics) in the presence
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or absence of 1% Triton X-100 at 4°C for 30 min. Digestion was
terminated using phenylmethylsulfonylfluoride (2 mM, Sigma).
The BmN4 cell lysate possessing piRNA precursor-trimming activity
was prepared as described previously (Kawaoka et al. 2011). Briefly,
BmN4 cells were suspended in equal volume of a buffer containing
30 mM HEPES-KOH pH 7.4, 100 mM KOAc, 2 mM Mg(OAc)2,
5 mM DTT, and complete protease inhibitor cocktail (Roche
Diagnostics), and homogenized by dauncing. The homogenate
was centrifuged at 1000g for 20 min at 4°C. The pellet (trimming ac-
tive fraction) and supernatant (trimming inactive fraction) were an-
alyzed by Western blots.

Next-generation sequencing of piRNAs
and bioinformatics

piRNAs purified from PIWI immunoprecipitates were 5'-end-la-
beled and gel-purified. Directional ligation of adaptors and cDNA
generation were performed using a Truseq Small RNA Sample
Prep kit (Illumina). Deep sequencing was performed on a Genome
Analyzer IIx (Illumina). Reads were trimmed at their 3'-ends to re-
move nucleotides which were identified with reduced quality due
to Illumina Analyzer bias to identify bases with lower accuracy to-
ward the 3'-ends of the reads. Trimming was performed as described
in the BWA alignment software documentation (Li and Durbin
2009). The 3'-end ligated adaptor (RL3) was removed from the se-
quences using cutadapt (Martin 2011) with an acceptable error
rate of 0.25 for the adaptor alignment on the reads. Reads that
were <15 nt after adaptor removal were excluded from further anal-
yses. Remaining reads were aligned to the B. mori (bm0) genome
(downloaded from SilkDB; http://www.silkdb.org/silkdb/) using
the BWA alignment program (Li and Durbin 2009) with default pro-
gram parameters allowing for 0.04 fraction of missing alignments
given a 2% uniform base error rate. To refine the library and avoid
randomly aligned reads, all aligned reads <20 nt which aligned to
more than one position on the genome were also excluded from fur-
ther analyses. In relative terminal position analysis, we calculated the
distribution of the 3'-3’-end relative positions for all pairwise com-
binations of overlapping piRNAs between two given samples. For
each piRNA in the first sample, we identified all overlapping
piRNAs from the second sample. We then calculated the 3'-3'-end
relative positions between each piRNA from the first sample and
all its overlapping ones from the second sample. The number of
PiRNA pairs at each specific relative position was normalized by di-
viding by the total number of piRNA pairs. Using these normalized
counts, a density plot was created as described in Figure 6F.

RACE analyses of piRNA-1 and piRNA-2

For 5-RACE, 500 ng of total RNA was ligated to 20 pmol RNA
adaptor (5-GUUCAGAGUUCUACAGUCCGACGAUC-3') using
T4 RNA ligase (Fisher Scientific) and subjected to RT-PCR using for-
ward (5'-GTTCAGAGTTCTACAGTCCGACGATC-3) and reverse
(5-GCCGTTCGAAACCAATCCGTTAG-3 for piRNA-1; 5'-CGA
CCGCAGACAGCAAATTCTC-3" for piRNA-2) primers by One
Step SYBR Ex Taq qRT-PCR Kit (Takara). For 3’-RACE, total
RNA was first incubated with 10 mM NalO, at 0°C for 40 min in
the dark to disrupt the 3’-ends of RNAs other than the 3’-end-pro-
tected RNAs such as 2'-O-methylated piRNAs. After CIP treatment,
200 ng of the total treated RNA was ligated to 20 pmol RNA adaptor
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(5'-phos-UGGAAUUCUCGGGUGCCAAGG-dideoxycytidine-3")
using T4 RNA ligase (Fisher Scientific) and subjected to RT-PCR us-
ing forward (5'-GCCGTCAAAAACTAACGGATTGG-3' for piRNA
-1; 5-CGGCAAAAGCATGAGAATTTGCTG-3' for piRNA-2) and
reverse (5-GCCTTGGCACCCGAGAATTCCA-3') primers with
One Step SYBR Ex Taq qRT-PCR Kit. The PCR products from
3’-RACE were cloned with a StrataClone PCR cloning kit (Agilent
Technologies).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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