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SUMMARY

The MALAT1 (Metastasis-Associated Lung Adeno-
carcinoma Transcript 1) gene encodes a noncoding
RNA that is processed into a long nuclear retained
transcript (MALAT1) and a small cytoplasmic tRNA-
like transcript (mascRNA). Using an RNA sequence-
and structure-based covariance model, we identified
more than 130 genomic loci in vertebrate genomes
containing the MALAT1 3’ end triple-helix structure
and its immediate downstream tRNA-like structure,
including 44 in the green lizard Anolis carolinensis.
Structural and computational analyses revealed a
co-occurrence of components of the 3’ end module.
MALATT1-like genes in Anolis carolinensis are highly
expressed in adult testis, thus we named them
testis-abundant long noncoding RNAs (tancRNAs).
MALATT1-like loci also produce multiple small RNA
species, including PIWI-interacting RNAs (piRNAs),
from the antisense strand. The 3’ ends of tancRNAs
serve as potential targets for the PIWI-piRNA com-
plex. Thus, we have identified an evolutionarily
conserved class of long noncoding RNAs (IncRNAs)
with similar structural constraints, post-transcrip-
tional processing, and subcellular localization and a
distinct function in spermatocytes.

INTRODUCTION
Long noncoding RNAs (IncRNAs) range in size from 200 nt
to >100 kb in length, and they are typically transcribed by RNA

polymerase Il (Rinn and Chang, 2012). A number of studies
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over the past decade, including the Encyclopedia of DNA Ele-
ments (ENCODE) project, have identified thousands of IncRNAs,
many of which exhibit cell type- and tissue-specific expression,
diverse subcellular localization, and disease association (Ber-
tone et al., 2004; Carninci et al., 2005; Derrien et al., 2012; Djebali
etal., 2012; Harrow et al., 2012; Kapranov et al., 2007; Katayama
et al., 2005; Okazaki et al., 2002). Although some IncRNAs have
been shown to act as scaffolds for the assembly of nuclear
bodies and cytoplasmic complexes, to play an important role
in co-transcriptional gene regulation and chromatin remodeling,
or to serve as a molecular decoy to titrate microRNAs (miRNAs)
or RNA-binding factors (Chodroff et al., 2010; Guttman et al.,
2009; Lee et al., 2016; Mao et al., 2011; Qrom et al., 2010;
Rinn et al., 2007; Shevtsov and Dundr, 2011; Ulitsky and Bartel,
2013), the function of the majority of IncRNAs is yet to be deter-
mined. In addition, their evolution on both the structural and
functional levels and the correlation between structure and func-
tion remain largely unclear. As there is a lack of structure-func-
tion relationships and sequence conservation among IncRNAs,
de novo prediction of IncRNA functional domains is quite chal-
lenging (Batista and Chang, 2013).

MALAT1 (Metastasis-Associated Lung Adenocarcinoma
Transcript 1) IncRNA, first identified as being upregulated in
lung tumors that have the propensity to metastasize (Ji et al.,
2003), has subsequently been found to be highly expressed in
a large number of tumor types (reviewed in Gutschner et al.,
2013a). Unlike most IncRNAs that are expressed at very low
levels, MALATT is also highly expressed in many normal tissues
(Zhang et al., 2012), and its expression is regulated during devel-
opment (Bernard et al., 2010; Hutchinson et al., 2007; Ji et al.,
2003). Several Malat1 knockout mouse models have been estab-
lished, and they exhibit no major phenotype in regard to pre- or
post-natal development; they exhibit normal growth and fertility,
and Malat1 deletion does not affect global gene expression or
pre-mRNA splicing (EiBmann et al., 2012; Nakagawa et al.,
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Figure 1. The 3’ End of MALAT1 Forms a Triple-Helix Structure

(A) The sequence conservation of the 3’ end of MALATT.

(B) SHAPE chemical probing of the 3’ end of human MALATT is consistent with a triple helix. Capillary electrophoresis traces display nucleotides with low and high
SHAPE reactivity, corresponding to low and high flexibility. Black, unmodified control; gold, SHAPE reactivity for 0 mM Mg?*; red, SHAPE reactivity for 6 mM Mg?*.

(legend continued on next page)
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2012; Zhang et al., 2012). The lack of phenotype upon the in vivo
loss of Malat1 IncRNA transcripts could be attributed to func-
tional redundancy with other RNA transcripts or to its subtle
cellular and developmental function, which may be compen-
sated or manifest phenotypes only under certain physiological
conditions, as occurs with respect to many protein-coding
genes (Zhang et al., 2012). Interestingly, knockdown of MALAT1
in several cultured cell lines results in altered pre-mRNA splicing
(Tripathi et al., 2010) or E2F1-regulated cell-cycle progression
(Yang et al., 2011). In addition, two genome-wide studies have
indicated that MALAT1 binds to transcription start sites (TSSs)
and to gene bodies of actively transcribing genes together with
INcRNA NEAT1 (West et al., 2014) and to nascent pre-mRNAs
indirectly via protein partners (Engreitz et al., 2014). Notably, hu-
man lung tumor cells lacking MALATT are impaired in cell migra-
tion, and they are unable to efficiently develop tumor nodules in a
mouse xenograft model (Gutschner et al., 2013b). Furthermore,
genetic knockout or antisense oligonucleotide (ASO)-mediated
knockdown of Malat1 in vivo in a mouse mammary tumor model
results in the differentiation of mammary tumors and signifi-
cant reduction of metastasis (Arun et al., 2016), supporting a
context-dependent function of Malat1.

MALAT1 nascent transcripts are processed by RNases P and
Z to produce a long nuclear-retained ncRNA with a 3’ end genet-
ically encoded short polyA-like tail and a 58-nt small tRNA-like
cytoplasmic RNA (mascRNA) (Wilusz et al., 2008). Secondary
and tertiary structures of IncRNAs have been shown to regulate
RNA stability and function through different molecular mecha-
nisms. For example, the stability of polyadenylated nuclear
(PAN) RNA produced by Karposi’s sarcoma-associated herpes-
virus is regulated by a nuclear retention element for nuclear
expression (ENE) near its 3’ end that forms a triple-helix structure
to prevent 3’ nuclease cleavage (Brown et al., 2012). Recently,
the 3’ ends of MALAT1 and Meng (Neat1) IncRNAs have also
been shown to form a triple-helix structure, which functions to
stabilize the RNA (Brown et al., 2012, 2014; Wilusz et al.,
2012). Evolution of the MALAT1 gene has been examined, but
its origin and function remain largely elusive (Pauli et al., 2012;
Stadler, 2010; Ulitsky et al., 2011).

Here we analyzed the secondary and tertiary structures of the
3’ end region of MALAT1 IncRNA from multiple species using a
chemical probing approach. Our results are consistent with a tri-
ple-helix complex upstream of the RNase P cleavage site. Using
computational modeling based on this identified secondary RNA
structure, 132 genomic loci resembling the MALAT1 3’ end pro-
cessing module have been identified among several vertebrate
genomes, including 44 in the lizard Anolis carolinensis. Molecular
genomic analyses show that MALATT is highly conserved during
evolution in terms of its length, expression, and subcellular local-
ization. Despite a lack of significant sequence similarity among
the 5’ regions of MALATT in vertebrates, a high degree of RNA
structural conservation is observed in its 3' end among human,
zebrafish, and lizard, implicating critical molecular and/or cellular

functions of the MALAT1 3’ end. MALAT1-like genes in Anolis
carolinensis do not appear to encode proteins and are highly
expressed in testis, and, as such, we have named them testis-
abundant long noncoding RNAs (tancRNAs). Surprisingly,
molecular characterization has identified multiple small RNA
species derived from tancRNA loci, including PIWI-interacting
RNAs (piRNAs) from the antisense strand. Interactions between
lizard PIWI proteins and tancRNAs, along with sequence
complementation between tancRNAs and their associated
piRNAs, implicate the coevolved 3’ structure complex of
tancRNAs to act as potential targets for the PIWI-piRNA com-
plex. In summary, we define a class of IncRNAs with a conserved
structural complex, post-transcriptional processing, and subcel-
lular localization, and we demonstrate a function for these RNAs
and/or genomic loci in green lizard spermatocytes.

RESULTS

The 3’ End of MALAT1 Forms a Triple-Helix Structure
and a tRNA-like Structure

Although present from fish to human, MALAT1’s primary
sequence conservation is predominantly constrained to its
3’ end, which comprises two highly conserved U-rich regions fol-
lowed by a conserved A-rich tract upstream of the RNase P
cleavage site. A tRNA-like mascRNA is encoded downstream
of the A-rich tract (Figure 1A; Wilusz et al., 2008). To experimen-
tally probe the structure of the 3’ end of MALAT1, we performed
SHAPE (selective 2’-hydroxyl acylation analyzed by primer
extension) and DMS (dimethyl sulfate) analyses on the human,
lizard, and zebrafish MALAT1 3’ ends. Low SHAPE reactivities
are consistent with relatively low mobility of the backbone of
a nucleotide (specifically the 2’-hydroxyl group). This occurs
when the nucleotide participates in a base pair or a highly stable
tertiary structure, such as a triple-helix configuration. Low DMS
reactivities occur when a nucleotide is protected by interactions,
such as base-pairing interactions or participation in a triple-helix
conformation.

Raw probing traces were obtained via capillary electropho-
resis for all RNAs studied (Figure 1B; Figures S1 and S2). In all
three RNAs, we observed significant protection of the U-rich
and A-rich sequences against SHAPE and DMS reagents,
consistent with the formation of a conserved triplex architecture,
where U-A-U base triples represent the major organizing motif,
intervened by a C-G-C base triplet (Figure 1C; Figures S1 and
S2). The human and zebrafish triplexes contain ten base triples.
The lizard MALAT1 structures only contain nine Watson-Crick
base triples; however, this structure contains a G-A-C motif on
the end of the triplex adjacent to the loop. The G-A-C motif
can also form a base triple, as observed in the nuclear magnetic
resonance (NMR) structure of the aptamer domain of the pre-
queuosine (preQ) riboswitch (Kang et al., 2014). Each of the three
structures also contains a conserved stem-loop. This helix pro-
trudes from the triplex and is capped by a small tetraloop or

(C) Secondary structure of the 3’ end of human MALATT1, as inferred by SHAPE and DMS probing experiments (data not shown). Orange, high reactivity; yellow,
medium reactivity; gray, low reactivity; un-circled nucleotides, near-zero reactivity.
(D) Tertiary structure model of the 3’ end of human MALAT1 demonstrates stereochemical feasibility of a triple helix. Purple, yellow, and cyan strands correspond

to similarly colored strands in (C).
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Figure 2. A Class of Genomic Loci with Structures Similar to the MALAT1 3’ End Was Identified in Vertebrate Genomes

(A) The primary sequence and predicted secondary structure of human MALAT1 3’ module, as identified by a homology search using Infernal 1.1rc1 against the
human genome using CM file MALAT1-3h-tRNAlike.cm (Data S1). Only base pairs modeled by the CM are indicated with lines connecting two nucleotides. The
triple helix is formed between the stem structure indicated by a blue rectangle and its upstream U-rich motif indicated by a red line.

(B) One MALAT1 3’ end homolog (lizard.38) with a degenerative tRNA-like structure that was identified in the lizard genome using the MALAT1-3h-tRNAlike.cm
CM profile.

(C) Summary of MALAT1-3h-tRNAlike hits with an E value less than 1 x 10" in 35 genomes (see Data S1). Note that most mammals have one or two hits, while
lizard, zebrafish, and medaka have more than two MALAT1-3h-tRNAlike hits (highlighted in red open rectangles).

(legend continued on next page)
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pentaloop, depending on the RNA. Using previously developed
RNA homology techniques (Budkevich et al., 2014; Tung et al.,
2002), we constructed 3D models of the triplex tertiary structures
(Figure 1D). The triplex structures contain base triples consisting
of various combinations of A and U or various combinations of G
and C, along with a stem-loop containing a large number of
purine bases. These are all features observed in the triple helix
revealed by crystallographic studies of the SAM-II riboswitch
aptamer domain (Gilbert et al., 2008). The long stem-loop easily
stacks onto the triple helix while maintaining reasonable
stereochemistry.

In contrast to the highly conserved triplexes, the regions of
RNA preceding the triplexes (5’ ends) are highly reactive and
vary significantly with respect to each other (data not shown).
The human MALAT1 3 end contains three consecutive stem-
loops connected by highly reactive and likely flexible stretches
of RNA. The zebrafish MALAT1 3’ end contains a single stem-
loop surrounded entirely by flexible bases, as does the lizard
MALAT1 3’ end (Figure S2).

We also performed SHAPE and DMS analyses on the human
mascRNA, and we observed significant protection of the pre-
dicted stem structures against SHAPE and DMS reagents,
consistent with the formation of a conserved cloverleaf architec-
ture (Figure S3).

A Class of Genomic Loci with Structures Similar to the
MALAT1 3’ End Is Present in Vertebrate Genomes

Given the presence of an unusual 3’ end structure (triple helix and
tRNA-like RNA) associated with a unique processing mechanism
of the MALAT1 IncRNA that is conserved from fish to human, we
hypothesized that this structure and mechanism may exist in
other IncRNAs or mRNAs. To search for RNA molecules contain-
ing these domains, we built a covariance model (CM) profile
(MALAT1-3h-tRNAlike.cm in Data S1), using Infernal (Nawrocki
and Eddy, 2013) based on structures determined by chemical
probing analysis described above (Figure 2A). We identified
132 hits in 35 vertebrate genomes (genome version information
in Data S1) with an E value less than 10~"" (Figures 2A-2C;
Data S1). Based on the low E values, we were confident that
all or nearly all of these hits were homologous to the MALAT1
3’ end. However, some hits, particularly in the Medaka genome,
had multiple mutations that disrupted the proposed secondary
structure, indicating that the structure was no longer being
conserved in those cases.

Although MALAT1 3’ end homologs were not found in jawless
vertebrates or in any non-vertebrates examined, one or two
MALAT1-like genomic loci were identified in most genomes
except for zebra finch and parakeet (Figure 2C). Searches with
BLAST as well as with Infernal using a model built only from the
turkey hit found no homologs in the zebra finch and parakeet ge-
nomes. We suspect that this may be due to incomplete coverage

of those genome sequences. The elephant shark is the most
distant organism from human in which we identified potential ho-
mologs of the MALATT triple-helix and tRNA-like structures.

The two genes identified in most vertebrate genomes are ho-
mologs of the human MALATT and NEAT1 genes. These two
adjacent IncRNAs with similar 3’ end structures likely represent
a genomic duplication during evolution. In Xenopus, these two
IncRNAs are oriented in a transcriptionally convergent fashion,
which could represent another independent gene duplication
event. Interestingly, a significantly greater number of hits were
identified in the genomes of lizard (44 hits), zebrafish (8 hits),
and medaka (34 hits), suggesting potential expansions of this
element in these organisms. Taken together, our results suggest
that itis likely that the MALAT1 3’ end triplex and tRNA-like struc-
ture complex existed in the common ancestor of cartilaginous
fish and mammals, and it has been maintained through evolution
with gene duplication and lineage-specific expansions.

To test whether the triple-helix structure and tRNA-like struc-
ture ever occur separately in genomes, we built CM profiles for
the triple-helix (MALAT1-3h.cm in Data S1) and tRNA-like re-
gions (MALAT1-tRNAlike.cm in Data S1), separately, and we
searched the genomes for homologs. In general, whenever there
was a high-scoring hit to either the triple-helix or tRNA-like re-
gion, these hits were adjacent and so a high-scoring hit to the
combined model (MALAT1-3h-tRNAlike.cm in Data S1) also
existed. The main exceptions were in medaka, zebrafish, and
one case in lizard. The consistency of the hits among the
three models (MALAT1-3h-tRNAlike.cm, MALAT1-3h.cm, and
MALAT1-tRNAlike.cm, summarized in Data S1) suggests that
the MALAT1 3’ end triple-helix and tRNA-like structures
co-occurred.

MALATT1 Is Highly Expressed in Vertebrates

To determine if MALATT orthologs in lizard, Xenopus, and zebra-
fish are expressed, we performed northern blot analysis using
RNAs extracted from cell lines of each species (Figure 2D). Liz-
ard MALAT1 and zebrafish MALAT1 were expressed at high
levels in IgH-2 (lizard) and ZFL (zebrafish) cells, respectively,
and they exhibited a similar size (~7 knt) to human and mouse
MALAT1 in U20S and NIH 3T3 cells, respectively. Xenopus
MALAT1 was ~11 knt in length and expressed at a relatively
lower level in Xenopus A6 cells. Similar to human and mouse,
lizard and zebrafish MALAT1 were also enriched in the cell nu-
cleus (Figure 2E). Human and mouse MALAT1 were specifically
localized to nuclear speckles, where nuclear splicing factors are
enriched (Bernard et al., 2010; Hutchinson et al., 2007). RNA
fluorescence in situ hybridization (FISH) analysis of lizard
MALATT in kidney and IgH-2 cells showed a punctate labeling
pattern in nuclei (Figure S4; data not shown for IgH-2 cells); how-
ever, whether these domains directly corresponded to nuclear
speckles in lizard cells was not directly tested.

(D) Northern blot analysis shows that MALAT1 orthologs were expressed from cultured cells of zebrafish (ZFL), Xenopus (A6), lizard (IgH-2), mouse (C2C12), and

human (U20S).

(E) Northern blot analysis shows that MALATT is enriched in nuclei of cultured cells of zebrafish (ZFL), lizard (IgH-2), and human (U20S).

(F) Small RNA northern blot analysis shows that lizard mascRNA is not detectable in the IgH-2 cell line.

(G) Secondary structure of lizard mascRNA in the IgH-2 cell line with noncanonical CA tail modification indicated by a red line. 3-actin and U6 are loading controls.
LSU, large subunit of ribosomal RNA; SSU, small subunit of ribosomal RNA; cyto, cytoplasmic fraction; nuc, nuclear fraction; *non-specific band.
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Figure 3. Long Noncoding RNAs Are Produced from MALAT1-like Genomic Loci in Anolis carolinensis in a Tissue-Specific Manner

(A) Schematic of the transcriptional unit of the Malat1 3’ module homologous loci. TSS, transcription start site; CDP, IgH-2 cDNA probe (used in B);
COP, consensus oligonucleotide probe that is derived from the multi-sequence alignment of 44 homologs (used in B, C, and E); LSP, locus-specific primer
(used in D); LSO, locus-specific oligonucleotide (used in E); SRP, small RNA probe; the vertical arrow, the predicted RNase P cleavage site just before the

tRNA-like structure.

(B) Northern blot analysis shows that MALAT1 RNA is highly expressed in lizard IgH-2 cells detected by both cDNA probe and COP, but no other RNA species is

detected by the COP.

(C) Northern blot analysis shows that COP labels MALATT in all tissues of Anolis carolinensis and multiple RNA species in testis (named tancRNAs).
(D) The gRT-PCR analysis using locus-specific primer (LSP) sets shows that tancRNAs from different genomic loci are specifically expressed in lizard testis.

y axis, relative expression level; x axis, different tissues.

(E) Northern blot analysis shows that tancRNAs are expressed from different genomic loci. Note that LSO1 recognizes MALAT1, LSO2 recognizes multiple
tancRNA species (lizard.20, lizard.12, and lizard.8), and LSO3 detects one major tancRNA species (lizard.30). B-actin is the loading control.

Surprisingly, we did not detect mascRNA in lizard IgH-2
cells by northern blot analysis (Figure 2F), despite high ex-
pression of MALAT1 IncRNA. We hypothesized that lizard
mascRNA may be unstable, as previously suggested for men
(NEAT1)-associated small cytoplasmic RNA (menRNA) in
some cell types (Wilusz et al., 2011). However, using a more
sensitive PCR-based method, we were able to clone and
sequence mascRNA from IgH-2 cells, and we found that lizard
mascRNA has a noncanonical 3’ tail modification (Figure 2G;
Figure S5). Eight clones contained a classical CCA tail addi-
tion, while 21 clones contained a truncated CA tail addition.
Atypical 3" CCACCA addition to menRNA has been reported
to impact menRNA stability (Kuhn et al., 2015; Wilusz et al.,
2011), but it remains to be determined if these noncanonical
3’ modifications are a cause or a consequence of RNA stabil-
ity. It is noted that the 3’ first non-paired discriminator base
of lizard mascRNA is cytosine (C), which may impact its stabil-
ity, as the discriminator base contributes significantly to the
stem structure and stability of the duplex, and cytosine is
the least frequent discriminator nucleotide observed at posi-
tion 73 of tRNA sequences (Limmer et al., 1993). In addition,
how lizard CCA-adding enzyme is able to only add CA to
a tRNA-like structure remains to be investigated. Taken
together, MALAT1 IncRNA is highly expressed and enriched
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in the nucleus in lower organisms, while the tRNA-like
mascRNA is not stable when it contains a noncanonical 3’
tail modification in lizard.

A Class of Long Noncoding RNAs Is Produced from
MALAT1-like Genomic Loci in Anolis carolinensis in a
Tissue-Specific Manner

To determine if MALATT-like genomic loci are transcriptionally
active, we performed northern blot analysis, using a MALAT1
cDNA probe and consensus oligonucleotide probe (COP) up-
stream of the RNase P cleavage site, to probe RNAs isolated
from IgH-2 cells, and we detected a single RNA species with
the expected size of MALATT (Figure 3B). Northern blot analysis
on different tissues of Anolis carolinensis detected the expres-
sion of MALATT in all tissues examined, while expression of a
family of RNA species with different sizes was predominantly
present in testis (Figure 3C).

To distinguish if these different-sized RNA species are tran-
scripts from different MALAT7-like loci or are processed
products of abundant MALATT1, we performed loci-specific
gRT-PCR, and we detected a significant amount of transcripts
from upstream regions of multiple MALAT1-like loci (Figure 3D).
Using probes recognizing specific MALAT1-like loci, we de-
tected specific RNA species (Figure 3E).



As these RNA species may not have canonical poly-adenosine
tails, not-so-random sequencing (NSR-seq) using not-so-
random primer sets was performed on both lizard testis and
brain mRNAs to obtain full-length, strand-specific profiles of
non-ribosomal RNA transcripts independent of their 3’ tail status
(Armour et al., 2009; Experimental Procedures). Reads from
testis (13.6 million) and brain (15.6 million) were mapped to the
lizard genome. Consistent with the results from northern blot
analysis, NSR-seq analysis revealed a high expression of
MALATT1 in both brain (data not shown) and testis (Figure 4F),
and, in contrast, transcripts from different MALAT1 3’ end-like
genomic loci were specifically expressed in testis (Figures 4A-
4E). Most transcripts, including MALAT1, were derived from
the same strand as the orientation of MALAT1 3’ end-like ele-
ments, which typically sat at their 3’ ends as indicated by an
apparent drop of downstream read coverage (lizard.2, lizard.3,
lizard.5, lizard.15, and lizard.21 in Figures 4A-4D and 4F). This
supports the idea that MALAT1 3’ end-like elements serve as a
3’ end RNA module for processing, stabilization, and/or other
functions.

These transcripts did not contain potential open reading
frames (ORFs) longer than 100 amino acids. Since multiple
MALATT1-like loci were highly transcribed in lizard testis, we
named these transcripts tancRNAs. Size heterogeneity of
tancRNA species likely comes from divergent sequences,
different promoters, and unique transcription initiation sites up-
stream of each MALAT1 3’ end-like module. Future investigation
will shed insights into how this novel class of RNA species is
regulated and evolved at a molecular level.

Interestingly, some transcripts, such as that from the lizard.37
locus, appeared to be expressed from the opposite strand with a
relatively low read coverage and to have the MALAT1 3’ end-like
element in the middle (Figure 4E). These may represent a
different RNA species from that described above, and they
may have a role in tancRNA regulation.

Multiple Small RNA Species Are Produced from
TancRNA Loci

To study the post-transcriptional processing of these RNAs,
northern blot analysis was performed using oligonucleotide
probes that hybridized to the triple-helix (COP), the tRNA-like
structure (small RNA probe [SRP]) (Figure 5B), and a region
immediately downstream of the tRNA-like structure (data not
shown). Both MALAT1 and tancRNAs in lizard testis ended just
upstream of the predicted RNase P cleavage site, indicating
that nascent tancRNA transcripts are processed by the tRNA-
processing machinery similar to the processing of human
MALATT1 (Figure 5B). A very light smear was noted in testis, sug-
gestive of an incomplete cleavage. This was also supported by
noticeable NSR-seq read coverage downstream of the tRNA-
like structure (Figures 4A-4D). The structural analysis of the
3’ end of tancRNAs revealed a similar structural complex with
a triplex structure associated with a stem-loop, as defined in hu-
man MALAT1 (Figure S6).

We refer to the small RNAs associated with the processing of
MALATT1-like transcripts as tancRNA-associated small cyto-
plasmic RNAs (tascRNAs). Northern blots for small RNAs using
a consensus probe detected a band with a size of ~60 nt, corre-

sponding to mascRNA and/or tascRNAs (Figure 4C) enriched in
testis. The mascRNA was not detectable in intestine, which was
consistent with the finding that mascRNA is unstable in the lizard
cell line (Figure 2F). Northern analysis using ~200-bp DNA frag-
ments from five tancRNA loci containing the triple-helix and
tRNA-like structures also detected the tascRNA, but, surpris-
ingly it identified two additional RNA species (sRNA1 and
sRNA2) with sizes around 45 and 28 nt, respectively (Figure 5C).
The ~28-nt small RNAs were the most abundant among the
three RNA species. To further test if the region upstream of the
RNase P cleaveage site contributes to the production of
the abundant sRNA1, we performed 5’ rapid amplification of
cDNA ends (RACE), and we determined the 5 end of one
tancRNA and cloned a full-length cDNA, named tancRNA.11
(chr5:105,700,153-105,702,202) from the lizard.11 locus (Fig-
ure S7). This transcriptional unit was also supported by NSR-
seq analysis (data not shown). Northern analysis using a
tancRNA.11 cDNA probe detected the abundant sRNA1, while
sRNA2 and tascRNAs were not detected (Figure 5D). These re-
sults demonstrated that the processing of the 3’ end triple-helix
and tRNA-like structure complex is retained in lizard tancRNAs
and that multiple small RNA species are generated from
tancRNA loci.

TancRNAs Are Enriched in the Nuclei of Round
Spermatocytes

To determine what cell types express tancRNAs, we performed
RNA FISH using cDNA probes for Malat1 and tancRNA on adult
lizard testicular frozen sections. The developmental stage of
adult lizard testis was assessed by SYCP3 staining, showing
the presence of pachytene nuclei (data not shown). Interestingly,
Malat1 was highly expressed in cells localized at the periphery of
seminiferous tubules and enriched in a punctuate nuclear distri-
bution (Figure 5F), while tancRNAs (detected by the lizard.11
cDNA probe that recognizes the 3’ end module, which is shared
by all tancRNA loci and the upstream sequence of five tancRNA
loci) were highly expressed in differentiating germ cells located in
the middle portion of seminiferous tubules, consistent with the
location of pachytene and round spermatocytes, and also en-
riched in nuclei with a punctuate staining pattern (Figure 5E).
While the tancRNA cDNA probe could theoretically also detect
small RNAs produced from the same locus, the majority of
signals were likely derived from IncRNAs, as a similar RNA
FISH pattern was observed using an oligonucleotide probe
that recognizes tancRNAs (data not shown). Super-resolution
imaging using the optical microscope experimental (OMX)
microscope demonstrated that tancRNA molecules were
dispersed throughout the entire nuclei with an enrichment in in-
terchromatin spaces (Figure 5G). These data indicate that
tancRNAs are nuclear IncRNAs in pachytene spermatocytes.

TancRNA Loci Produce piRNAs from Their Antisense
Strand

The sRNA1 produced from tancRNA loci has a similar size to
piRNAs specifically expressed in germ cells and associated
somatic cells (Aravin and Hannon, 2008). Given the expression
pattern of sSRNA1 and related tancRNAs, we hypothesized that
sRNAT1 could represent a type of lizard piRNA and sRNA2 the
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intermediate product. To test this possibility, we performed RNA
sequencing (RNA-seq) for small RNAs with the size ranges from
19to 33 nt (19.0 million reads) and 52 to 68 nt (24.6 million reads).
RNA molecules with sizes from 24 to 33 nt exhibited classical
features of piRNAs, including 5’ U bias (Figure 6A). Interestingly,
we noticed a significant 10A bias in the whole population of
sRNAT1 (Figure 6A). When filtering out 1U RNA molecules, the
10A bias became more prominent (data not shown). This sug-
gests that there may be a ping-pong amplification signature in
lizard pachytene piRNAs.

More than 94% of small RNAs with sizes ranging from 24 to
33 nt were successfully mapped to the lizard genome (version
anoCar2.0). Small RNAs with sizes ranging from 52 to 68 nt
had a similar distribution along the lizard genome, indicating
that these molecules are likely the intermediate products of
piRNA biogenesis. A total of 763 piRNA clusters were identified
with 30 unique small RNA species per kilobase. The average size
of these clusters was 9.4 kb. A number of dual-strand overlap-
ping piRNA clusters were identified. For example, the piRNA
cluster at chrLGb:2,125,001-2,136,000 was ~11 kb in length,
with a strong piRNA production from the positive strand
(336,088 reads collapsed into 4,950 unique RNA species) and
a relative weaker production from the negative strand (7,522
reads collapsed into 1,460 unique RNA species) (Figure 6B).
Analysis of overlapping pairs demonstrated a strong peak for
10-nt overlap, indicating ping-pong amplification for this cluster
(Figure 6C). This is a rather unexpected finding since a ping-pong
signature has not been reported in non-transposon-derived
pachytene piRNAs (Beyret et al., 2012), suggesting that lizard
pachytene piRNA biogenesis and action may be different from
those in mammalian species or that lizard pachytene piRNAs
have a stronger ping-pong signature than their mammalian
counterparts.

Eleven tancRNA loci overlap with piRNA clusters (p < 0.001;
P[E] = 0.20% and P[O] = 22.45%). Three prominent piRNA clus-
ters (size, >15 kb; piRNA density, >80 unique small RNA species
per kilobase), chr2:120,609,001-120,674,000, chr4:82,182,473-
82,194,005, and chrUn_GL343674:2,001-17,000, were identi-
fied and overlapping with tancRNA loci (lizard.40, lizard.37,
and lizard.33, respectively). The piRNAs were only produced
from the antisense strand relative to the orientation of tancRNAs
or the triple-helix and tRNA-like complex (Figure 6D). This was
not a random event, and it was statistically significant that three
of 44 tancRNA loci produced piRNAs from the antisense strand
(p < 0.001), consistent with the strand orientation of long tran-
scripts from these loci (Figure 4E). Because of primary sequence
similarity, many piRNAs produced from three clusters can recog-
nize tancRNAs with the triple-helix and tRNA-like structures from
different genomic loci. In contrast, the remaining eight tancRNA-
associated piRNA clusters were shorter in size (average 8 kb)

with a much lower piRNA density (average 51 piRNA/kb), among
which three were from the same strand while five were from the
opposite strand of tancRNAs. In addition, there were tancRNA
loci that did not overlap with piRNA clusters but could be recog-
nized by piRNAs likely produced from other tancRNA loci in the
genome. For example, there were 5,137 small RNA-seq reads
mapped to the locus at chrUn_GL343290:510,550-510,800,
which actively produces tancRNA (lizard.2; Figure 6E). These re-
sults indicate that piRNAs recognize tancRNA 3’ ends, but they
do not appear to mediate targeted RNA cleavage (Figure 6E),
suggesting a unique mechanism(s) of action for these piRNAs
and tancRNAs.

One possibility is that tancRNAs may serve as nuclear targets
of the PIWI-piRNA complex. To investigate this, we performed
computational analysis of the PIWI protein family in lizard, and
we found that there are four PIWI homologs, LIWI1a, LIWI1b,
LIWI2, and LILI, in lizard (Figure S8). All four PIWI homologs
were expressed at a relatively high level in testis and ovary at
the RNA level (Figure S8), while LIWI2 protein was only detected
in testis (Figure S8). Interestingly, LIWI2 carries a variant residue
S at the third residue of the conserved catalytic triad DDH (Song
et al., 2004), and it is predicted to be enzymatically inactive (Fig-
ure 7B). Chromatin RNA immunoprecipitation (ChRIP) analysis
showed that LIWI2 protein is associated with tancRNAs (Fig-
ure 7C), and also it demonstrated that tancRNAs are associated
with chromatin (Figure 7A). Taken together, piRNAs produced
from the antisense strand are able to recognize tancRNAs
through the 3’ end triple-helix/tRNA-like structure complex,
and they potentially direct the enzymatically inactive LIWI2 pro-
tein complexes to chromatin in cis, via nascent tancRNA tran-
scription, and/or in trans, mediated by 5’ tancRNA-associated
RNA-chromatin interaction (Figure 7D). The proposed in cis
mechanism is analogous to the PIWI-piRNA-pit-RNA-mediated
sequence-specific methylation of an imprinted mouse locus
(Watanabe et al., 2011). The in trans mechanism likely has a pro-
found impact on chromatin remodeling and genome-wide
expression during the development of pachytene spermatocytes
in lizard, representing a potential mode of action of non-trans-
poson-derived pachytene piRNAs in human and mouse as
well, and thus it warrants further investigation.

DISCUSSION

The recent discovery of IncRNAs in different species and their
implicated potential roles in a variety of cellular and molecular
processes demand a systematic classification of these species
of RNA molecules based on their intrinsic properties. However,
weak primary sequence conservation makes it a rather chal-
lenging task. We analyzed the secondary and tertiary RNA struc-
tures of the 3’ end of MALATT IncRNA, and we identified a family

Figure 4. Different Examples of Transcripts from MALAT1-like Genomic Loci

(A-F) Transcriptional characteristics of the following MALAT7-3h-tRNAlike loci: lizard.2 (A), lizard.3 (B), lizard.5 (C), lizard.15 (D), lizard.37 (E), lizard.21 (F)
(MALATT1 orthologue). Predominant transcripts are derived from the same strand as the MALAT7-3h-tRNAlike element at lizard.2, lizard.3, lizard.5, lizard.15, and
lizard.21 (A)-(D) and (F), while from the opposite strand at lizard.37 (E). Normalized RNA-seq reads from testis (upper track, reads on sense strand; lower track,
reads on antisense strand). Black arrowheads denote MALAT7-3h-tRNAlike loci and their direction of transcription. Chromosome location and annotated
Ensembl transcripts are indicated. Read depth scale is displayed on the y axis. Interspersed repeats and low-complexity DNA sequences are indicated in the
RepeatMasker track. Six examples are shown (nomenclature according to Data S1).
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Figure 5. TancRNAs Are Processed and Enriched in Nuclei, and Multiple Small RNA Species Are Produced from TancRNA Loci

(A) Schematic of the transcriptional unit at the Malat1 3" module homologous loci. TSS, transcription start site; CDP, cDNA probe (used in D-G); MLP, MALAT1
3'-like probe (used in C); the vertical arrow, the predicted RNase P cleavage site just before the tRNA-like structure.

(B) The tancRNAs were processed as human MALAT1. Large RNA northern blot analysis shows that SRP (antisense of mascRNA/tascRNA) does not recognize
any significant bands (lane 1). COP AS (tancRNA consensus antisense probe) detects both MALAT1 and tancRNAs (lane 2), while COP S (tancRNA consensus
sense probe) does not recognize any significant bands (lane 3).

(C) Multiple small RNA species were produced from tancRNA loci. Small RNA northern blot analysis shows that SRP (mascRNA/tascRNA antisense oligonu-
cleotide probe) detects mascRNA/tascRNA in lizard testis (left), while MLP (consensus PCR-pooled probe) detects three small RNA species with sizes of ~26, 40,
and 60 nt (right).

(D) Small RNAs with the size of piRNAs were produced from tancRNA loci. Small RNA northern blot analysis detects a strong RNA band with the size of ~26 nt
using CDP (a cDNA probe from the lizard.11 locus; see Data S1).

(E) RNA FISH shows that tancRNAs are localized to nuclei of pachytene and/or round spermatocytes in adult lizard testis.

(F) RNA FISH shows that MALATT1 is enriched in nuclei of the periphery of seminiferous tubules. Arrows indicate nuclear punctuate signal pattern.

(G) High-resolution imaging of RNA FISH (in E) shows that tancRNAs occupy distinctive nuclear domains (arrowheads). Equal amounts of total RNAs were loaded
for each lane. B-actin is the loading control. LSU, large subunit of ribosomal RNA; SSU, small subunit of ribosomal RNA; *non-specific band.
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Figure 6. piRNAs Are Produced from the Opposite Strand of TancRNAs

(A) Positional distribution of nucleotide composition of small RNAs sequenced from adult lizard testis. A strong1U bias and a weak 10A enrichment were noticed.
(B) Small RNAs with the size of 24-33 nt were uniquely mapped to a dual-strand piRNA cluster on chrLGb.

(C) A strong ping-pong signature of piRNAs from the dual-strand cluster on chrLGb (see B). x axis, overlapping index; y axis, number of overlapping pairs.

(D) piRNAs mapped to a tancRNA locus (lizard.37; see Data S1) on chr4. Orange, unique mapper on negative strand; blue, multiple mapper on negative strand;
red, unique mapper on positive strand; green, multiple mapper on positive strand.

(E) piRNAs mapped to the 3’ end of a tancRNA locus (lizard.2; see Data S1) on chrUn_GL343290 with multiple mappers (reporting = 50).

of vertebrate INcRNAs with this unique 3’ end structural complex.
This analysis suggests a role for these RNAs in lizard, and it pro-
vides an example to study structure, evolution, and function of
IncRNAs.

Chemical probing analysis supports prior studies that demon-
strated that the MALAT1 3’ end module harbors a triple helix with
an adjacent hairpin loop, followed by a tRNA-like structure
(Brown et al., 2012, 2014; Wilusz et al., 2012). All identified
MALAT1 3" end homologs in vertebrate genomes encompass

both structural moieties, suggesting that they co-occur. These
structures first appeared in jaw-containing vertebrates, pro-
duced NEATT IncRNA presumably by gene duplication, and
expanded in lizard by an unknown mechanism. However, it is still
not clear where this highly structured 3’ end module originated.
The closest examples are tRNA-like structures (TLSs) in the
3’ UTR of the positive strand of plant RNA viruses, which have
roles in viral genome replication and translational enhancement.
These TLSs are followed by an upstream pseudoknot domain

Cell Reports 19, 1723-1738, May 23, 2017 1733

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

S/, ?
o *
~—— M.musculus AGO2 591 PVIFLGADVTHPP....RIIFYRDGVSEG....PAYYAHLVAFRA 814
\ X-linking, sonication S.pombe AGO1 573 PTLILGGDVYHPG. .. .RIIYFRDGTSEG....PVYYAHLVSNLA 794
—— A.thaliana AGO1 753 PTIIFGADVTHPH....RIIFYRDGVSEG. ...PAYYAHLAAFRA 992
A.thaliana AGO4 653 PTIILGMDVSHGS....HIIIFRDGVSES....PICYAHLAAAQL 880
A.anolis LILI 635 QLMMIGMDVYHDP....KIVFYRDGVSDS....PCKYAHKLAFLS 851
- M.musculus MILI 736 QLMVIGMDVYHDP....KIVVYRDGVSDG. ...PCKYAHKLAFLS 952
B A.anolis LIWIla 598 QLMVVGIDCYHDT....RIIVYRDGVGDG. ...PCQYAHKLAFLV 815
NG A.anolis LIWI1lb 599 QLMVVGIDCYHDT....RIIVYRDGVGDG. ...PCQYAHKLAFLV 816
— M.musculus MIWI 626 LAMIVGIDCYHDT....RVIVYRDGYGDG....PCQYAHKLAFLV 843
A.anolis LIWIZ2 642 SLMVVGIDVNKDA....RVIVYRDGIGNG....PCQYASKLTFLV 862
M.musculus MIWI2 684 SLMVVGIDICRDA....RIVVYRDGVGNG. . ..PCQYAHKLTFLV 859
iReverse X-linking, DNA digestion
lRT, Q-PCR c
- 5 L2
S 45 g 18
£ £
Q 35 Q 14
5 3 5 2
<Z( 25 <z( 10
x 2 e ¢
5 15 5 8
(<} S
. 05 g
. o mie | =
tancRNAs  Gapdh Malat1 Actin tancRNAs  Gapdh Malat1 Actin
H3 ChRIP LIWI2 ChRIP
D

chromatin
modifying
complex

or meiotic machinery

LILI/LIWHMA/LIWI1B

Ping-Pong C L

-LILI/LIWHA/LIWHB

Figure 7. 3' End of TancRNAs Act as Targets of Antisense piRNAs

(A) A schematic diagram of chromatin RNA immunoprecipitation (ChRIP) analysis. ChRIP using antibody against histone H3 shows that tancRNAs (primer se-
quences in Data S1) are associated with chromatin.

(B) Sequence alignment showing the catalytic triad (DDH motif) of known Slicers and PIWIs. LIWI2 has a variant of the third His to Ser (H856S; marked with an
asterisk).

(C) ChRIP analysis using antibody against LIWI2 shows that tancRNAs are associated with LIWI2. x axis, RNA examined; y axis, fold of RNA enrichment. Sample
sizen=3.

(D) A proposed working model of tancRNA-piRNA-LIWI2 complex. TancRNAs act as targets of PIWI-piRNA complexes through their 3’ end triplex structure. The
5’ end tancRNAs serve as domains to interact with DNA and/or chromatin, therefore tethering PIWI-piRNA complexes to specific genomic loci to regulate
chromatin activity.
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(UPSK), which also provides translational enhancement (Dreher,
2009). It will be interesting to test if the UPSKs can form a triple
helix similar to MALAT1 and tancRNAs. The discovery of a triple-
helix structure in the 3’ end of MALAT1 RNA, the ENE of PAN
RNA, and in a pseudoknot structure of Telomerase reverse-tran-
scriptase RNA component (TERC) demonstrates that both viral
and eukaryotic organisms utilize the triplex structure for RNA
stability and function, respectively (Brown et al., 2012, 2014; Mit-
ton-Fry et al., 2010; Qiao and Cech, 2008; Wilusz et al., 2012).
Taken together, the MALAT1 3’ end represents a unique com-
plex that includes coevolved triple-helix and tRNA-like structures
for RNA stability and processing, respectively.

However, several questions remain to be answered. For
example, does the triple-helix structure have additional functions
besides regulating RNA stability? What is the function of the
tRNA-like structure? Does it only provide an RNase P cleavage
site to produce IncRNAs with a triple-helix 3’ tail? The recent
identification of one MALATT triplex-interacting protein, RNA
methyltransferase-like protein 16 (METTL16), suggests the exis-
tence of a class of triple-stranded RNA-binding proteins (Brown
et al., 2016). Future identification of additional proteins associ-
ated with the triple-helix and tRNA-like structures will provide
further functional insights.

A recent genome-wide bioinformatic search identified ~200
distinct types of ENE-like structures in the intronless transpos-
able element RNAs mostly in plant and fungal genomes
(Tycowski et al., 2016). It was postulated that the acquisition
of an ENE compensates for the RNA-destabilizing effects of
intron loss during transposable element (TE) horizontal transfer
(Tycowski et al., 2016). The presence of multiple copies of
MALAT1 3 end homologs (tancRNAs) in the lizard genome
suggests that these genes may behave as transposons and/or
their RNA product may have a previously undescribed function.
Surprisingly, multiple small RNA species were produced
from these loci, including piRNAs from the antisense strand.
Despite the high abundance of piRNAs complementary to their
3’ ends, tancRNAs are relatively stable. It is unlikely that these
tancRNAs serve as cleavage targets for PIWI-piRNA com-
plexes as they are not degraded. The triplex complex may be
resistant to PIWI-piRNA cleavage. A second possibility is that
the PIWI-piRNA complex-recognizing tancRNAs may not
possess enzymatic activity. The latter is indeed supported by
the finding that LIWI2 (lizard homolog of MIWI2) is potentially
an enzymatically inactive PIWI protein based on in silico protein
sequence analysis. Altogether, we propose that tancRNAs act
as targets of PIWI-piRNA complexes through their 3’ end triplex
structure and that 5 end tancRNAs serve as domains to
interact with chromatin factors, therefore enabling the tethering
of PIWI-piRNA complexes to specifically regulate chromatin ac-
tivity genome-wide (Figure 7D). Consistent with this hypothesis,
human MALAT1 and NEATT have been shown to associate
with the TSSs and gene bodies of active genes in somatic cells
(Engreitz et al., 2014; West et al., 2014). We hypothesize that
germline-specific INcRNAs with similar function exist in other
vertebrate genomes. It will be important to identify and charac-
terize them in order to understand the function of the pachy-
tene piRNA-PIWI complex. For example, a IncRNA has
been identified to regulate DNA methylation in cis at the im-

printed mouse Rasgrf1 locus (Davidovich et al., 2013; Wata-
nabe et al., 2011).

In animals, the piRNAs are a class of small silencing RNAs that
are generated from piRNA clusters, protect the genome, and
may carry out additional yet-to-be-defined functions (Aravin
et al., 2006; Aravin and Hannon, 2008; Girard et al., 2006; Grivna
et al., 2006; Lau et al., 2006). As new transposons migrate in the
genome, they eventually land in piRNA clusters, which generate
antisense piRNAs, therefore mediating an immune response
against these types of transposons. The unique expansion of
tancRNAs in Anolis carolinensis led us to speculate that
tancRNAs could behave as transposons. Although they are appar-
ently under the control of piRNAs, they are immune to degradation,
presumably due to the enzymatically inactive form of LIWI2 or the
secondary structure of the 3’ end of tancRNAs. Therefore, we pro-
pose thattancRNAs not only escaped piRNA-PIWI complex-medi-
ated cleavage but also likely hijacked the complex for chromatin
remodeling and/or DNA modification during spermatogenesis.

In mammals, the transposon-silencing response occurs
mainly at the embryonic stage, when piRNA clusters are en-
riched in transposon sequences. However, abundant and trans-
poson-depleted piRNAs produced at pachytene (pachytene
piRNAs) are still a mystery (Aravin and Hannon, 2008). RNA-
seq analysis of small RNAs from adult Anolis carolinensis testis
demonstrated that lizard pachytene piRNA clusters have a low
content of transposons (B.Z. and D.L.S., unpublished data),
but all dual-strand clusters showed a strong ping-pong amplifi-
cation signature. Moreover, LIWI2 is highly expressed in adult
lizard testis, while MIWI2 is specifically expressed in embryonic
gonads, suggesting unique mechanisms of piRNA biogenesis
and action during lizard spermatogenesis. Therefore, adult lizard
spermatogenesis may serve as a model to study biogenesis and
function of pachytene piRNAs and PIWIs.

In summary, we have defined a class of IncRNAs with
coevolved 3 end structures, and we have characterized an
acquired function of these RNAs as potential targets of the
PIWI-piRNA complex in Anolis carolinensis.

EXPERIMENTAL PROCEDURES

All animal protocols have been approved by the Cold Spring Harbor Labora-
tory (CSHL) Animal Care and Use Committee.

CM Using Infernal

We created a CM using an iterative procedure as follows. Using Infernal
v1.1rc1, we built a CM based on the human MALAT1 3’ end using the cmbuild
program, calibrated it for E value reporting with the cmcalibrate program, and
searched several vertebrate genomes for high-scoring hits with the cmsearch
program. We then aligned those hits to the CM to create a new alignment,
filtered that alignment to 92% sequence identity, and built a new CM from
the filtered alignment. We repeated this process of building, calibrating,
searching, aligning, and filtering for two additional iterations, with some
manual refinement of the alignment after each iteration to produce our final
CM in the file MALAT1-3h-tRNAlike.cm (Data S1) from our final alignment in
the file MALAT1-3h-tRNAlike.stk (Data S1). Default Infernal v1.1rc1 parame-
ters were used for all steps (cmbuild, cmcalibrate, cmsearch, and cmalign
programs).

RNA-Seq Library Preparation

Libraries for deep sequencing were prepared from RNAs extracted from lizard
testis and/or brain using TRIzol (Invitrogen), following the long RNA-seq (called
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NSR-seq) protocol (Armour et al., 2009) and the standard protocol for small
RNAs (He et al., 2012). For NSR-seq, briefly, first-strand cDNA synthesis
was performed using SuperScript Il (Invitrogen) and the not-so-random
forward primer set (5° TCCGATCTCTNNNNNNN 3'), followed by second-
strand synthesis using exo- Klenow fragment (New England Biolabs) and the
not-so-random reverse primer set (5 TCCGATCTGANNNNNNN 3'). To
deplete rRNAs from the libraries, not-so-random primer sets were designed
by pooling 749 unique hexamers with no perfect match to human cyto-
plasmic 18S and 28S rRNA and mitochondrial 12S and 16S rRNA transcripts.
Libraries were subsequently amplified by PCR using primers (5° AATGAT
ACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT
CTCT 3 and 5 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATT
CCTGCTGAACCGCTCTTCCGATCTGA 3') and paired-end sequenced for
50 x 2 cycles on the lllumina Genome Analyzer Il, according to the manu-
facturer’s instructions. For small RNA-seq, briefly, RNA was successively
ligated to 3’ and 5 adaptors, gel purified after each ligation, reverse
transcribed, and PCR amplified using Solexa sequencing primers. PCR
product was gel purified, quantified, and sequenced for 36 cycles or 76 cycles
on the lllumina Genome Analyzer |l, according to the manufacturer’s
instructions.

Sequence Processing, Mapping, and Annotation

For NSR-seq data, the quality of the raw data was evaluated using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and reads were
mapped to anoCar2.0 using STAR v2.4.1 (Dobin et al., 2013), resulting in
an overall mapping efficiency of 80%. Mapped reads were normalized
for read depth as well length, and University of California, Santa Cruz
(UCSC) tracks were created using Hypergeometric Optimization of Motif
Enrichment (HOMER) (Heinz et al., 2010), allowing for both unique hits
and multi-mappers. Parameters were adjusted for strand-specific paired-
end sequencing.

For small RNA-seq data, raw reads obtained from the lllumina pipeline were
trimmed from 3’ linker and filtered for low-quality reads. Unique sequences
24 nt or longer in length were mapped to the anoCar2.0 assembly of the lizard
genome using bowtie (http://bowtie-bio.sourceforge.net/index.shtml), allow-
ing two mismatches (Langmead et al., 2009).

Northern Blotting Analysis
Northern blots were performed as described previously (Zhang et al., 2012)
with minor modifications. Briefly, 10-20 pg RNA longer than 200 nt was
resolved by 1% denaturing agarose gel electrophoresis and transferred to
Hybond-N membrane (GE Healthcare) by capillary transfer, followed by UV
cross-linking. Small RNAs were separated by 15% denaturing PAGE and elec-
troblotted to Hybond NX membrane (GE Healthcare), followed by 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide cross-linking at 55°C for 1 hr. The cDNA
probes (sequence information in Data S1) were labeled with [o-32P]dCTP us-
ing the Prime-It RmT Random Primer Labeling Kit (Stratagene). Oligonucleo-
tide probes (sequence information in Data S1) were labeled with [y-32P]ATP
using T4 polynucleotide kinase (New England Biolabs). Hybridization was
carried out in NorthernMax Prehyb/Hyb Buffer (Ambion) at 42°C for cDNA
probes. Hybridization was carried out in ULTRAhyb-Oligo Hybridization Buffer
(Ambion) for oligonucleotide probes. Blots were visualized using the Fujifiim
Life Science FLA-5100 imaging system.

Other experimental procedures are included in the Supplemental Experi-
mental Procedures.
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The accession number for the sequencing data reported in this paper is GEO:
GSE97451.
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