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Site-specific 2′-O-ribose methylation of mammalian
rRNAs and RNA polymerase II-synthesized spliceosomal
small nuclear RNAs (snRNAs) ismediated by small nucle-
olar and small Cajal body (CB)-specific box C/D ribonu-
cleoprotein particles (RNPs) in the nucleolus and the
nucleoplasmic CBs, respectively. Here, we demonstrate
that 2′-O-methylation of the C34 wobble cytidine of hu-
man elongator tRNAMet(CAT) is achieved by collabora-
tion of a nucleolar and a CB-specific box C/D RNP
carrying the SNORD97 and SCARNA97 box C/D 2′-O-
methylation guide RNAs. Methylation of C34 prevents
site-specific cleavage of tRNAMet(CAT) by the stress-
induced endoribonuclease angiogenin, implicating box
C/D guide RNPs in controlling stress-responsive produc-
tion of putative regulatory tRNA fragments.

Supplemental material is available for this article.
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Posttranscriptional modification of selected ribonucleo-
tides is an important step of the biogenesis of cellular
RNAs (Grosjean 2005; Boccaletto et al. 2018). Mature
tRNAs are heavily decorated by various types of covalent
nucleotide modifications that support their correct fold-
ing and promote efficient and faithful tRNA aminoacyla-
tion and anticodon–codon interaction (Duechler et al.
2016). Modifications at the tRNA anticodon loop, espe-
cially at thewobble position 34, are important for accurate
decoding at the A site of the ribosome (Grosjean et al.
2010; Jackman and Alfonzo 2013).
In response to stress stimuli, cytoplasmic tRNAs are

frequently cleaved by the anticodon targeting endoribonu-
clease angiogenin. The resulting tRNA-derived fragments
(tRFs) have been proposed to function as important regula-
tory RNAs controlling stress signaling, adaptive transla-
tion, and mRNA decay (Yamasaki et al. 2009; Ivanov

et al. 2011; Goodarzi et al. 2015). Stress-induced tRF pro-
duction can be controlled by tRNAmodifications altering
angiogenin activity (Lyons et al. 2018). For instance, con-
version of thewobble guanosine to queuosine protects hu-
man tRNAs His and Asn from angiogenin cleavage (Wang
et al. 2018). Cytosine 5 methylation of Drosophila and
mouse tRNAs Asp, Val, and Gly at C38 as well as mouse
and human tRNAs Asp, Glu, Gly, His, Lys, and Val at the
wobble cytidine inhibits angiogenin-mediated cleavages
of these tRNAs (Goll et al. 2006; Schaefer et al. 2010;
Tuorto et al. 2012; Blanco et al. 2014).
Themost commonsite-specificRNAmodification reac-

tions (namely, 2′-O-ribose methylation of the four ribonu-
cleotides and conversion of uridines into pseudouridine)
are frequently catalyzed by evolutionarily conserved box
C/D 2′-O-methylation and boxH/ACA pseudouridylation
and guide ribonucleoprotein particles (RNPs) (Watkins
and Bohnsack 2012). In unicellular archaea, box C/D and
H/ACARNPs direct 2′-O-methylation and pseudouridyla-
tion of rRNAs and tRNAs (Omer et al. 2000; Dennis and
Omer 2005). In eukaryotic cells, box C/D and H/ACA
guide RNPs accumulate in either the nucleolus or the nu-
cleoplasmicCBs and, accordingly, are called small nucleo-
larRNPs (snoRNPs) or smallCBRNPs (scaRNPs) (Darzacq
et al. 2002). While snoRNPs mediate 2′-O-methylation
and pseudouridylation of rRNAs, scaRNPs direct modifi-
cation of RNApolymerase II (RNAPII) transcribed spliceo-
somal small nuclear RNAs (snRNAs) (Darzacq et al. 2002;
Jády et al. 2003). Each guide RNP is composed of a guide
RNA and four RNP proteins, including the 2′-O-methyl-
transferase and pseudouridine synthase (Watkins and
Bohnsack 2012). The box C/D 2′-O-methylation guide
RNAs carry the conserved 5′-terminal C (RUGAUGA)
and 3′-terminal D (CUGA) boxes and their usually imper-
fect internal copies: the C′ and D′ boxes. The target recog-
nition or antisense elements immediately precede the D
and/or D′ boxes, and their fifth nucleotide counted from
the D or D′ box faces the substrate nucleotide selected
for 2′-O-methylation (Kiss-László et al. 1996). Besides the
methyltransferase fibrillarin, each box C/D RNA associ-
ates with the Nop56, Nop58, and 15.5-kDa box C/D
RNP proteins. The box C/D and H/ACA scaRNAs carry
specific CB localization signal sequences that, through
interacting with CB proteins such as WDR79, target
scaRNPs into the CB (Richard et al. 2003; Tycowski
et al. 2009; Marnef et al. 2014).
Mammalian cells also express many C/D and H/ACA

RNAs lacking rRNA- or snRNA-specific antisense
elements. The function of these “orphan” snoRNAs is un-
known. Here, we demonstrate that the previously charac-
terized human SNORD97 orphan box C/D snoRNA and
its CB-specific functional homolog, termed SCARNA97,
direct 2′-O-methylation of the wobble cytidine C34 of hu-
man elongator tRNAMet(CAT) in a cooperative fashion.
We also show that 2′-O-methylation of C34 protects
tRNAMet(CAT) from endonucleolytic cleavage by stress-
induced angiogenin.
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Results and Discussion

Differential subnuclear localization of two isoforms
of human SNORD97

Previous analysis of humanWDR79-associated RNAs dis-
covered Alu-derived H/ACA RNAs and detected novel
classical snoRNAs (Jády et al. 2012). Among the new
box C/D RNAs, we identified a 216-nucleotide (nt)-long
RNA that, during the course of this study, was also detect-
ed in fibrillarin and coilin interactomes and was term-
ed SNORD133 (Kishore et al. 2013; Machyna et al.
2014). Northern blot analysis confirmed expression of
SNORD133 in human HeLa cells (Supplemental Fig. S1).
We noticed that SNORD133, especially its D box-depen-
dent putative target recognition region, shows strong se-
quence similarity to the previously characterized human
SNORD97, suggesting that these two RNAs represent
functional isoforms (Fig. 1A; Vitali et al. 2003).

Previous cell fractionation experiments localized SNO
RD97 to the nucleolus (Vitali et al. 2003). SNORD133,
however, has been detected among RNAs coimmunopuri-
fied with the CB proteins WDR79 and coilin, suggesting
that it may accumulate in the CB (Jády et al. 2012;
Machyna et al. 2014). To settle this inconsistency, we de-
termined the subcellular localization of both SNORD97
and SNORD133 with fluorescent in situ hybridization

(FISH) microscopy (Fig. 1B). The human SNORD97 and
SNORD133 genes are located within intron regions of
the EIF4G2 and LARP4 genes in sense orientations, con-
firming that SNORD97 and SNORD133 are bona fide in-
tron-encoded RNAs (see Fig. 2A). To facilitate FISH
detection, the two RNAs were transiently overexpressed
in HeLa cells by using the pGL intronic snoRNA expres-
sion plasmid (Fig. 1B; Darzacq et al. 2002). Cells were hy-
bridized with fluorescently labeled oligonucleotides
specific for SNORD97 or SNORD133 and immunostained
with antibodies against the nucleolar fibrillarin and
CB-specific coilin. Consistent with previous results,
SNORD97 showed a nucleolar colocalization with fibril-
larin. In contrast, the SNORD133 probe highlighted two
to eight nucleoplasmic dots, which, upon counterstaining
the cells with anticoilin antibody, proved to be CBs. Thus,
contrary to their sequence similarity, SNORD97 and
SNORD133 possess differential subnuclear localizations.
While SNORD97 is an snoRNA, SNORD133 accumu-
lates in CBs and therefore has been renamed SCARNA97.

Vertebrate box C/D scaRNAs carry internal G.U/U.G
wobble stems that function as CB localization signals
(Marnef et al. 2014). SCARNA97, however, lacks GU re-
peats but carries a 93-nt-long pyrimidine-rich internal se-
quence (Fig. 1A; Supplemental Fig. S2). So far, no similar
pyrimidine-dense region has been detected in other small
RNAs, including snRNAs, snoRNAs, and scaRNAs. To
test the potential importance of the pyrimidine-rich
stretch of SCARNA97 in CB localization, a truncated
SCARNA97 (SCARNA97del) lacking the U65–U154 in-
ternal sequences was expressed in HeLa cells. SCAR-
NA97del concentrated in the nucleolus together with
fibrillarin, demonstrating that the pyrimidine-rich region
is essential for targeting SCARNA97 into the CB (Fig. 1B).
Thus, we concluded that SCARNA97 carries a novel box
C/D scaRNA-specific CB localization signal distinct
from the previously identified G.U/U.G wobble stem
(Marnef et al. 2014).

SNORD97 and SCARNA97 are predicted to direct
2′-O-methylation of elongator tRNAMet(CAT)

A systematic blast search identified apparent homologs
for both SNORD97 and SCARNA97 in all vertebrate ge-
nomes investigated (Supplemental Fig. S3A,B), but only
one common SNORD97/SCARNA97 gene candidate
could be detected in invertebrates, including insects (Dro-
sophila, silkworms, and honey bees), flowering plants
(Arabidopsis and rape), and tunicates (Ciona intestinalis)
(Supplemental Fig. S3C). This suggests that vertebrate
SNORD97 and SCARNA97 genes originated from a gene
duplication event at the early stage of vertebrate evolu-
tion. Apart from bird SNORD97, all SNORD97 and
SCARNA97 candidates carry phylogenetically invariant
D box-dependent putative target recognition motifs, sug-
gesting that they direct 2′-O-methylation of an evolution-
arily conserved RNA. Bioinformatic analysis of stable
cellular RNAs, such as rRNAs, snRNAs, snoRNAs, scaR-
NAs, tRNAs, and microRNAs, identified the elongator
tRNAMet(CAT) as a possible target for SNORD97 and
SCARNA97 (Fig. 1A). The antisense elements of SNOR
D97 and SCARNA97 are predicted to select the C34 wob-
ble cytidine of tRNAMet(CAT) for 2′-O-methylation. The
anticodon stem–loop regions of vertebrate, insect, and
plant elongator tRNAs Met(CAT) are highly conserved

A

B

Figure 1. Characterization of human SNORD97 and SCARNA97
(SNORD133). (A) Alignment of SNORD97 and SCARNA97 sequenc-
es. The C and D boxes (red), putative antisense elements (blue), and
pyrimidine residues in the internal regions (green) are highlighted.
Asterisks mark identical nucleotides. Predicted base-pairing with
tRNAMet(CAT) is shown. The anticodon (shaded) and the wobble cy-
tidine (red) are highlighted. Open arrowheads indicate the 5′ and
3′ ends of the internal deletion in SCARNA97del. (B) In situ localiza-
tion of transiently overexpressed SNORD97 and SCARNA97. Sche-
matic structure of the pGL expression construct is shown. The
cytomegalovirus (CMV) promoterwith the transcription start site (ar-
row), the exons (E1, E2, and E3), and the polyadenylation site (PA) of
the human β-globin gene are shown. The open arrow indicates the
SNORD97, SCARNA97 (SNORD133), and SCARNA97del test
RNA genes. Relevant restriction sites are shown. (H) HindIII;
(C) ClaI; (X) XhoI. Subnuclear distribution of SNORD97, SCARNA97,
and SCARNA97del was determined by fluorescent in situ hybridiza-
tion (FISH). Nucleoli were visualized by transient expression of GFP-
fibrillarin. CBs and nuclear DNA were stained with anticoilin and
DAPI, respectively. Scale bar, 10 µm.
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and can base-pair to the antisense elements of SNORD97
and SCARNA97 to position their wobble cytidines for
2′-O-methylation (Supplemental Fig. S4). Finally, in ar-
chaeal and vertebrate elongator tRNAs Met(CAT), the
wobble cytidine is 2′-O-methylated, and, in Archaea,
this methyltranfer reaction is catalyzed by box C/D
RNPs (Joardar et al. 2011; Boccaletto et al. 2018).

Human SNORD97 and SCARNA97 cooperate
in 2′-O-methylation of tRNAMet(CAT)

To investigate SNORD97 and SCARNA97 participation
in 2′-O-methylation of elongator tRNAMet(CAT), expres-
sion of either RNAs was knocked out in human HAP1
cells. Internal fragments of the 13th and 10th introns of
the EIF4G2 and LARP4 genes encompassing the
SNORD97 and SCARNA97 genes were deleted by
CRISPR–Cas9 genome editing (Fig. 2A). The accuracy of
SNORD97 and SCARNA97 gene excisions was verified
by PCR amplification of the truncated EIF4G2 and
LARP4 gene fragments (Fig. 2B). Likewise, correct pro-
cessing and efficient accumulation of the EIF4G2 and
LARP4 mRNAs in the CRISPR–Cas9-treated cells were
verified by RT-PCR (Supplemental Fig. S5).
Northern analysis failed to detect accumulation of

SNORD97 and SCARNA97 in the SNORD97 knockout
and SCARNA97 knockout cells, while expression of
the 7SK snRNAwas not affected (Fig. 3A). The 2′-O-meth-
ylation state of elongator tRNAMet(CAT) atC34wasmon-
itored by primer extension analysis performed on partially
alkaline hydrolyzed cellular RNAs with a 5′ terminally
labeled oligonucleotide primer complementary to the 3′-
terminal part of tRNAMet(CAT) (Fig. 3B,C). Since 2′-O-
methyl groups confer resistance to alkaline hydrolysis,

the 2′-O-methylated nucleotides appear as gaps in the lad-
der of primer extension products (Kiss-László et al. 1996).
Mapping of tRNAMet(CAT) derived from HAP1 control
cells resulted in a gap 1 nt before C34, confirming its posi-
tive2′-O-methylation status (Fig. 3C, lane1).WhentRNAs
from SNORD97 knockout or SCARNA97 knockout cells
were mapped, primer extension stop signals appeared in
thegapcorresponding toCm34, indicating that2′-O-meth-
ylation of C34 is at least partially inhibited in the absence
of SNORD97 or SCARNA97 (Fig. 3C, lanes 2,3).
Using the same genome manipulation strategies de-

picted in Figure 2A, we next created a HAP1 double-
knockout cell line devoid of both SNORD97 and
SCARNA97 genes. The SNORD97+SCARNA97 knock-
out cells failed to accumulate SNORD97 and SCARNA97
but expressed the U1 snRNA (Fig. 3A). Primer extension
mapping of partially hydrolyzed tRNAMet(CAT) resulted
in a very intense stop at C34, suggesting that simultane-
ous elimination of SNORD97 and SCARNA97 fully abol-
ished 2′-O-methylation of C34 (Fig. 3C, lane 4). We
concluded that both SNORD97 and SCARNA97 are

A

B C

Figure 3. Both SNORD97 and SCARNA97 participate in 2′-O-meth-
ylation of tRNAMet(CAT). (A) Northern blot analysis of SNORD97
and SCARNA97 expression in HAP1, SNORD97 knockout
(SNO97-KO), SCARNA97 knockout (SCA97-KO), and SNORD97 +
SCARNA97 knockout (SNO97+SCA97-KO) cells. The 7SK and U1
snRNAs are positive controls. (B) Two-dimensional structure of hu-
man elongator tRNAMet(CAT) with modified nucleotides (Boccaletto
et al. 2018). Position of the oligonucleotide used for primer extension
is shown. (C ) Mapping of 2′-O-methylation of tRNAMet(CAT). Cellu-
lar RNAs extracted from the indicated cell lineswere subjected to par-
tial alkaline hydrolysis. Terminally labeled oligonucleotide primer
was annealed to each RNA sample and extended with reverse tran-
scriptase. (Lanes U,G,C,A) Dideoxy sequencing ladders.

B

A

Figure 2. Construction of SNORD97 knockout and SCARNA97
knockout HAP1 cells. (A) Strategy for CRISPR–Cas9-mediated exci-
sion of SNORD97 and SCARNA97 genes. The intronic SNORD97
and SCARNA97 genes (open arrows), the neighboring exons of the
EIF4G2 (E13 and E14) and LARP4 (E10 and E11) host genes, and the
forward (F1 and F2) and reverse (R1 andR2) primers used for PCR anal-
yses are shown. The genomic sequences targeted by sgRNAs are indi-
cated in sense orientation. The PAM (or complementary) sequences
are in italics. The D boxes are underlined. (B) PCR analyses of geno-
mic DNAs obtained from SNORD97 knockout (SNO97-KO) and
SCARNA97 knockout (SCA97-KO) cells. The amplified DNAs were
analyzed on 2% agarose gels. Structures and expected sizes of the am-
plified genomic fragments are shown. (Lane M ) DNA size marker in
base pairs.
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required for efficient 2′-O-methylation of the wobble cyti-
dine of human tRNAMet(CAT).

SNORD97 and SCARNA97 expression restores
2′-O-methylation of tRNAMet(CAT)

To rule out the formal possibility that defective 2′-O-
methylation of tRNAMet(CAT) in SNORD97 knock-
out and/or SCARNA97 knockout cells was due to unde-
sired off-target activity of CRISPR–Cas9, we restored
SNORD97 and SCARNA97 expression in these cells (Sup-
plemental Fig. S6). As demonstrated above, the ectopically
expressed SNORD97 and SCARNA97 concentrated in
the nucleolus and CB, respectively (see Fig. 1B; data
not shown). Stable expression of either SNORD97 or
SCARNA97 in the SNORD97+SCARNA97 knockout
cells largely reduced the primer extension stop signals at
C34, indicating that SNORD97 or SCARNA97 accumula-
tion partially restored C34 methylation of tRNAMet

(CAT) (Fig. 4A, cf. lanes 3,4, and 2). Reinstatement of
SNORD97 accumulation in SNORD97 knockout cells or
SCARNA97 expression in SCARNA97 knockout cells
completely eliminated reverse transcriptase stops at
C34, demonstrating that 2′-O-methylation of C34was ful-
ly restored (Fig. 4B,C, lane 3). Thus, we propose that 2′-O-
methylation of the wobble cytidine of human tRNAMet

(CAT) is cooperatively accomplished by the nucleolar
SNORD97 and the CB-specific SCARNA97 RNPs.

Demonstration that human SNORD97 and SCARN
A97 direct 2′-O-methylation of tRNAMet(CAT) provides
the first experimental evidence to the long-lived hypothe-
sis that orphan snoRNPs—or at least some of them—func-
tion in modification of cellular RNAs different from
rRNAs and snRNAs. Contrary to their common target
RNA, SNORD97 and SCARNA97 accumulate in two dis-
tinct subnuclear compartments, the nucleolus and CB,
which provide the nuclear locale for posttranscriptional
processing and modification of rRNAs and spliceosomal
snRNAs, respectively (Jády et al. 2003). Consistent with
this, snoRNPsdirecting rRNAmodifications are restricted
to the nucleolus, while RNPs guiding 2′-O-methylation
and pseudouridylation of RNAPII-synthesized spliceoso-
mal snRNAs are localized to the CB (Darzacq et al.
2002). These clear waters were first muddied by detection
of guide RNAs specific for the RNAPIII transcribed U6

spliceosomal snRNA in either the nucleolus or the CB,
raising the possibility that some U6 modifications occur
in thenucleolus,while others take place in theCB (Tycow-
ski et al. 1998, 2009; Ganot et al. 1999; Deryusheva and
Gall 2013). Ribose methylation of C34 in tRNAMet(CAT)
is the first RNA-guided RNA modification reaction that
requires both a nucleolar and a CB-specific guide RNP,
raising the possibility that this modification reaction
takes place partly in the nucleolus and CB. The human
tRNAMet(CAT) is transcribed from at least nine closely re-
lated genes (Supplemental Fig. S4). In theory, it is conceiv-
able that some tRNAMet(CAT) transcripts cycle through
the nucleolus, while others transit through the CB to un-
dergo snoRNP- or scaRNP-mediated 2’-O-methylation.
However, our FISH analyses failed to detectmature or pre-
cursor tRNAMet(CAT) sequences in the nucleolus and
CB (data not shown). This may indicate that maturing
tRNAMet(CAT) transits through the nucleolus and CB
very rapidly or is simply excluded from these nuclear
structures. Concerning the second scenario, it is possible
that a fraction of SNORD97 and/or SCARNA97 localizes
to the nucleoplasm and directs 2′-O-methylation of
tRNAMet(CAT). This idea seems to be supported by the
observation that scaRNPs can efficiently modify spliceo-
somal snRNAs inmammalian cells lackingCBs (Deryush-
eva et al. 2012). Thus, dissection of the precise role of the
nucleolus and CB in 2′-O-methylation of tRNAMet(CAT)
requires further efforts.

SNORD97- and SCARNA97-directed 2′-O-methylation
protects tRNAMet(CAT) from angiogenin cleavage under
arsenite stress

In response to stress stimuli, the tRNAanticodon loops are
frequently cleavedby the stress-induced endoribonuclease
angiogenin to produce stable 5′ or 3′ tRFs, which can func-
tion as important regulatory RNAs (see above). Angioge-
nin preferentially cuts between C and A residues. In the
absence of SNORD97 and SCARNA97,we observed unex-
pectedly strong primer extension stops 1 nt before the C34
residue of tRNAMet(CAT) ( see Fig. 3C, lane 4). To test
whether these intense stops are due to partial angiogenin
cleavage of tRNAMet(CAT) between C34 and A35,
SNORD97 knockout, SCARNA97 knockout, SNORD97
+SCARNA97 knockout, and control HAP1 cells were
treated with arsenite to induce oxidative stress and acti-
vate angiogenin (Fig. 5A). Northern blot analyses detected
strong 3′ tRF accumulations in arsenite-treated cells lack-
ing SNORD97 and/or SCARNA97 (Fig. 5A, lanes 4,8,12).
The 5′ tRF of tRNAMet(CAT) was not detectable, indi-
cating that it is rapidly degraded (data not shown). Restora-
tion of SNORD97 and SCARNA97 accumulations in
SNORD97 knockout and SCARNA97 knockout cells
abolished arsenite-induced 3′ tRFproduction, demonstrat-
ing that SNORD97 and SCARNA97 expression inhibits
tRNAMet(CAT) cleavage at C34 (Fig. 5A, lanes 6,10). Fur-
ther connecting angiogenin to in vivo tRNAMet(CAT)
cleavage, administration of the angiogenin small mole-
cule inhibitor N65828 to arsenite-treated SNORD97+
SCARNA97 knockout cells obliterated 3′ tRF accumula-
tion in a concentration-dependent manner (Fig. 5B, lanes
3,4; Kao et al. 2002; Blanco et al. 2014). Angiogenin is a se-
creted protein that can actively translocate into neighbor-
ing cells (Fett et al. 1985). Inclusion of recombinant
angiogenin into the medium of noninduced SNORD97+

A B C

Figure 4. Primer extension mapping of 2′-O-methylation of
tRNAMet(CAT) obtained from the indicated cell lines before and after
restoration (rest) of SNORD97 or SCARNA97 expression. For other
details, see Figure 3.
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SCARNA97 knockout cells promoted 3′ tRF accumula-
tion, corroborating the conclusion that stress-induced
cleavage of human tRNAMet(CAT) at C34 is catalyzed by
angiogenin (Fig. 5B, lanes 5,6).
Ribose methylation of the wobble cytidine is an evolu-

tionarily conserved feature of tRNAMet(CAT) and has
been assumed to contribute to accurate tRNA decoding
(Grosjean et al. 2010; Jackman and Alfonzo 2013; Bocca-
letto et al. 2018). However, as compared with the wild-
type HAP1 cells, the SNORD97+SCARNA97 knockout
cells showed no detectable growth and proliferation defi-
ciencies, suggesting that 2′-O-methylation of the wobble
cytidine of tRNAMet(CAT) has no major impact on trans-
lation accuracy and efficiency (Supplemental Fig. S7). In-
stead, an apparent role of Cm34 is in protection of
mature tRNAMet(CAT) from angiogenin-mediated pro-
cessing into a metabolically stable 3′ tRF that may func-
tion as a regulatory RNA. It is conceivable that under
certain conditions, putative regulatory tRF production
from tRNAMet(CAT) is controlled by partial 2′-O-methyl-
ation of C34 by SNORD97 and SCARNA97. Similar to
Cm34 in tRNAMet(CAT), cytosine-5 methylations (m5C)
at C34 and C38 can protect other tRNAs from angiogenin
cleavage (see above). Mutations in the methyltransferases
responsible form5C34 andm5C38 synthesis in tRNAs re-
sult in tRF overaccumulation, cause neuro-developmen-
tal disorders in humans and mice, and impact mobile
element expression and DNA repeat integrity in Droso-
phila (Blanco et al. 2014; Genenncher et al. 2018). Finally,
in response to nutrient deprivation, the yeast U2 spliceo-
somal snRNA undergoes pseudouridylations at positions
56 and 93, catalyzed by the Pus7 pseudouridine synthase
and the snR81 pseudouridylation guide snoRNP, respec-
tively (Wu et al. 2011). Stress-induced pseudouridylation
of U2 is believed to promote correct pre-mRNA splicing.
Taken together, the above observations support the idea
that posttranscriptional RNA modification, including
sno/scaRNP-mediated 2′-O-methylation and pseudouri-
dylation, can play important regulatory roles under cer-
tain physiological and stress conditions.
In summary, 2′-O-methylation of thewobble cytidine of

tRNAMet(CAT) is the first eukaryotic RNA-guided RNA
modification reaction that targets a cellular RNA other

than rRNA and snRNA and uses both a nucleolar and a
CB-specific guide RNA. Our results also point to a regula-
tory link between RNA-directed tRNA modification and
angiogenin-mediated tRF processing.

Materials and methods

General procedures

DNA and RNA manipulations were performed according to standard lab-
oratory procedures. Oligodeoxynucleotides were purchased from Eurofins
MWG.Recombinant angiogenin and the smallmolecule angiogenin inhib-
itor N-65828 [8-amino-5-(4′-hydroxybiphenyl-4-ylazo)naphthalene-2-sul-
fonate] were kindly provided by Dr S. Blanco (Center for Cooperative
Research in Biosciences, Derio, Spain).

Expression plasmids

For construction of pGL/SNORD97 and pGL/SCARNA97 expression plas-
mids, the human SNORD97 and SCARNA97 genes were PCR-amplified
and inserted into the ClaI and XhoI sites of the pGL expression vector us-
ing PCR-introduced ClaI and XhoI restriction sites. To obtain pGL/SCAR-
NA97del, the T65–T154 internal fragment of the SCARNA97 gene was
eliminated from the pGL/SCARNA97 expression plasmid by a PCR-based
approach. The pIRESpuro2/SNORD97 and pIRESpuro2/SCARNA97 ex-
pression constructs used for stable transformation of HAP1 cells were gen-
erated by PCR amplification of the globin-SNORD97- and globin-
SCARNA97-coding regions of the pGL/SNORD97 and pGL/SCARNA97
plasmids and insertion of the resulting fragments into the EcoR1 and
Not1 sites of the pIRESpuro2 expression plasmid (Addgene). The identity
of each construct was confirmed by sequence analysis.

CRISPR–Cas9 genome editing

Human HAP1 cells were cultured in Iscove’s modified Dulbecco’s medi-
um (Gibco) supplemented with 10% fetal calf serum (PAN-Biotech), 100
U/mL penicillin (Sigma), and 1mMsodiumpyruvate (Gibco). Transfection
of HAP1 cells with expression plasmids was performed by electroporation
withGene Pulser (Bio-Rad) at settings 270V and 950 µF. SNORD97 knock-
out and SCARNA97 knockout cell lines were generated by transfection of
HAP1 cells with recombinant pSpCAS9(BB)-2A-Puro (PX459) V2.O vec-
tors (Addgene) expressing appropriately designed CRISPR guide RNAs tar-
geting the SNORD97 and SCARNA97 intronic snoRNA genes (Fig. 2A).
Single-cell-derived clonal cell lines were generated in the presence of 1.5
µg/mL puromycin, and the knockout phenotype of the selected cells was
confirmed by genomic PCR and Northern blot analysis.

RNA analyses

RNAs from HeLa and HAP1 cells were isolated by guanidinium thiocya-
nate-phenol-chloroform extraction. For Northern blotting, 10 µg of cellu-
lar RNAs was fractionated on 6% sequencing gels, electroblotted onto a
Hybond-N nylon membrane (GE Healthcare), and hybridized with 32P-
labeled sequence-specific oligodeoxynucleotide probes (sequences are
available on request).

Primer extension mapping of 2′-O-methylated nucleotides

Total cellular RNAs (20 µg) were partially hydrolyzed in 20 µL of 80%
formamide containing 0.4mMMgCl2 at 100°C. Sampleswere collected af-
ter 5, 10, 15, and 20 min of incubation, and RNAs were precipitated with
ethanol and used as templates for primer extension analysis with the
SuperScript II reverse transcriptase as recommended by the manufacturer
(Thermo Fisher Scientific).

FISH microscopy

Oligodeoxynucleotides labeled with cyanine 3 (Cy3) (Eurofins Genomics)
and complementary to SNORD97 C∗GTCAAGAACTCCAGCATAAA
GTCCTCTTAA∗ or SCARNA97 T∗CAGATCTCATAATCTTACCCTT
CAC∗ (asterisks indicate Cy3 positions) were used as probes for in situ

BA

Figure 5. Expression of SNORD97and SCARNA97 inhibits angioge-
nin cleavage of tRNAMet(CAT). (A) Arsenite-induced oxidative stress
promotes processing of tRNAMet(CAT) into stable 3′ tRF in the ab-
sence of SNORD97 and/or SCARNA97. Human cells indicated above
were incubated in either the presenceor absence of 250 μMarsenite for
2 h before RNA extraction. Accumulation of 3′ tRF wasmonitored by
Northern blotting. (B) Angiogenin mediates cleavage of tRNAMet

(CAT).SNORD97 +SCARNA97knockout cells either treatedwith ar-
senite or nontreated were further incubated for 2 h in a medium sup-
plemented with 40 or 96 µM angionenin inhibitor N-65828 or 50 or
100 ng/mL recombinant angiogenin as indicated. RNAs were extract-
ed from each cell line and analyzed by Northern blotting.

Box C/D RNA-directed tRNA 2′-O-methylation
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hybridization in 2× SSC containing 15% formamide (Darzacq et al. 2002).
Nucleoli were detected by transient expression of GFP-fibrillarin (Darzacq
et al. 2002), and Cajal bodies were stained with anticoilin antibody (1:100
dilution; Abcam). Slides weremounted in 90% glycerol, 1× PBS, 0.1 µg/mL
DAPI, and 1 mg/mL p-phenylenediamin. Raw images were acquired using
a Hamamatsu ORCA-Flash 4.0 camera (CMOS Scientific) mounted on an
inverted IX-81 microscope (Olympus) with an UPlan SApo ×100 1.4 oil ob-
jective. Final images were prepared with Adobe Photoshop.
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