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ABSTRACT At the heart of the ribosome lie rRNAs, whose catalytic function in translation is
subtly modulated by posttranscriptional modifications. In the small ribosomal subunit of bud-
ding yeast, on the 18S rRNA, two adjacent adenosines (A1781/A1782) are Né-dimethylated
by Dim1 near the decoding site, and one guanosine (G1575) is N’-methylated by Bud23-
Trm112 at a ridge between the P- and E-site tRNAs. Here we establish human DIMT1L and
WBSCR22-TRMT112 as the functional homologues of yeast Dim1 and Bud23-Trm112. We
report that these enzymes are required for distinct pre-rRNA processing reactions leading to
synthesis of 18S rRNA, and we demonstrate that in human cells, as in budding yeast, ribo-
some biogenesis requires the presence of the modification enzyme rather than its RNA-
modifying catalytic activity. We conclude that a quality control mechanism has been con-
served from yeast to human by which binding of a methyltransferase to nascent pre-rRNAs is
a prerequisite to processing, so that all cleaved RNAs are committed to faithful modification.
We further report that 18S rRNA dimethylation is nuclear in human cells, in contrast to yeast,
where it is cytoplasmic. Yeast and human ribosome biogenesis thus have both conserved and
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distinctive features.
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INTRODUCTION

Ribosomes are essential to protein production in all living cells. At
the core of the translational machinery reside rRNAs, whose cata-
lytic function in translation is subtly modulated by posttranscrip-
tional modifications (Lafontaine, 2015). Eukaryotic rRNAs are exten-
sively modified by 2’-O methylation and pseudouridylation, carried
out, respectively, by box C/D and box H/ACA small nucleolar ribo-
nucleoprotein (RNP) particles (Watkins and Bohnsack, 2012). In ad-
dition, conventional stand-alone protein enzymes modify some
bases—six on the small and six on the large ribosomal subunit
(Sharma and Lafontaine, 2015).

Although the precise involvement of rRNA base modifications in
translation is not fully understood, their conservation and conspicu-
ous presence at functional sites suggest that they are important. The
m$Ai781m$Ai7s2 modification (yeast numbering), in the 185 rRNA 3’
minor domain, is on the apical loop of a highly conserved hairpin
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FIGURE 1: The 185 rRNA m’G and m§Am$A modifications are conserved in S. cerevisiae and Homo sapiens.

(A) Secondary structure of the 18S rRNA. The insets illustrate conservation of rRNA sequence and secondary structure
near the N’-methylguanosine (m’G) modification introduced by Bud23-Trm112 in yeast and WBSCR22-TRMT112 in
humans and in the vicinity of the two N¢,N¢-dimethyladenosines m§Am$A synthesized by Dim1 in yeast and DIMT1L in
humans. Modified nucleotide positions are highlighted in red. The 5’, central (C), 3’ major (3" M), and 3" minor (3" m)

domains are indicated. (B) Three-dimensional representation of the yeast

small subunit (model based on Protein Data

Bank entry 3U5B) with posttranscriptional modifications and functional sites highlighted. The decoding site (DCS, in
cyan) at the base of helix 44 (in anthracite) and the mRNA entry (green circle) and exit (red circle) sites are indicated.
Residues shown as green and red spheres are 2’-O methylated or pseudouridylated, respectively. Bd, body; Bk, beak;

H, head; Lf, left foot; Nk, neck; Pt; platform, Rf, right foot; Sh, shoulder.

(helix 45), which folds near the decoding site in the three-dimen-
sional structure of the ribosome (Figure 1). The m’Gys75 modifica-
tion, in the 18S rRNA 3" major domain, is at a ridge forming a steric
block between the P-site and E-site tRNAs at the back of the small
subunit head (Figure 1). The m$A1781m$A17s2 modification is one of
the most highly conserved rRNA base modifications (van Knippen-
berg, 1986; Rife, 2009). With a few exceptions, including organellar
ribosomes of Euglena gracilis and Saccharomyces cerevisiae, it is
present on all ribosomes inspected to date in all three kingdoms of
life (van Knippenberg, 1986; Rife, 2009). In a recent phylogenetic
analysis focused on Mollicutes parasitic bacteria, which has under-
gone massive genome reduction during evolution, investigators
defined a minimal set of core ribosome biogenesis and translation
factors (Grosjean et al., 2014). They showed that KsgA (the bacterial
homologue of Dim1) is part of this set. This is significant because
KsgA is one of the very few rRNA modification enzymes to have
been retained during Mollicutes genomic erosion (Grosjean et al.,
2014). This supports the notion that KsgA is primordial and was pre-
sumably present in the last common ancestor (Rife, 2009). The
m’Gys75 modification, on the other hand, is conserved throughout
eukaryotes but is not found in bacteria or Archaea.

In budding yeast, the twin modification N¢,Né-dimethyladenosine
m$A is synthesized by Dim1 and the 7-methylguanosine (m’G)
modification by Bud23-Trm112 (Lafontaine et al., 1994; White et al.,
2008; Figaro et al., 2012). In bacterial cells lacking ksgA, expression
of the DIM1 gene restores 16S rRNA dimethylation and sensitivity to
the aminoglycoside antibiotic kasugamycin (Lafontaine et al., 1994),
suggesting that Dim1 is active by itself. Yet, in yeast cells, Dim1 ac-
tivity is inhibited upon depletion of the assembly factor Dim2 (Pno1;
Vanrobays et al., 2004), which binds to precursor ribosomes near the
dimethylation site (Strunk et al., 2011) and presumably affects its
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structure. In contrast to Dim1, which does not seem to require any
coactivator, Bud23 is the catalytic subunit of a heterodimeric Bud23-
Trm112 methyltransferase complex, and it strictly requires its coacti-
vator Trm112 to gain metabolic stability (Figaro et al., 2012; Sardana
and Johnson, 2012; Létoquart et al., 2014).

Eukaryotic ribosome biogenesis is a complicated multistep pro-
cess. Ribosome production is initiated in the nucleolus, where long
precursor rRNAs are synthesized and initial RNA processing, RNA
modification, and RNP assembly reactions take place (Woolford and
Baserga, 2013; Fernandez-Pevida et al., 2015; Henras et al., 2015).
Ribosome biogenesis then proceeds in the nucleoplasm and is final-
ized in the cytoplasm, where protruding subunit structures are
formed and important proofreading steps occur (Lafontaine, 2015).
Remarkably, both m§A formation and m’G synthesis are late events
in small-subunit biogenesis, whereas Dim1 and Bud23-Trm112 as-
sociation with preribosomes are early steps occurring on nascent
nucleolar transcripts (Grandi et al., 2002; Figaro et al., 2012;
Létoquart et al., 2014). This implies that the methylation activities of
Dim1 and Bud23-Trm112 are specifically delayed, presumably until
subunit assembly has achieved sufficient maturation and a modifi-
able substrate has been produced. Characterization of catalytically
defective variants of Dim1 and Bud23 has led to the conclusion that
the modifications catalyzed by these enzymes are not required for
yeast cell growth, at least under optimal laboratory conditions
(Lafontaine et al., 1998; White et al., 2008; Létoquart et al., 2014).
This was unexpected, as Dim1 is essential to cell growth and bud23A
and trm112A cells are strongly impaired in growth, particularly at
low temperature (Lafontaine et al., 1994; White et al., 2008; Figaro
etal., 2012; Létoquart et al., 2014). It turns out that the presence of
Dim1 and Bud23-Trm112 within precursor ribosomes, rather than
their RNA-methylating catalytic activity, is required for pre-rRNA
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processing reactions leading to synthesis of small-subunit 18S rRNA
(Lafontaine et al., 1995, 1998; White et al., 2008). On the basis of
these observations, it is suggested that in yeast, Dim1 and Bud23
participate in robust quality control mechanisms that make binding
of the methyltransferase to precursor rRNAs a prerequisite to
processing (Lafontaine et al., 1995; White et al., 2008), thus commit-
ting all cleaved RNAs to modification.

In bacteria, KsgA is both important for cell growth at low tem-
perature and required for pre-rRNA processing (Connolly et al.,
2008). Its binding sites on 30S subunits overlap with that of initia-
tion factor 3 (IF3; Xu et al., 2008). This prevents incompletely ma-
tured subunits from entering the translation cycle before methyla-
tion (Xu et al., 2008; Boehringer et al., 2012). Structural studies
further demonstrated that KsgA binding prevents helix 44 from
adopting its conformation in mature 30S, thus blocking decoding
site (DCS) formation and subunit joining (Boehringer et al., 2012).
Like KsgA, yeast Dim1 binds at the DCS (Granneman et al., 2010;
Strunk et al., 2011), preventing de facto, together with other assem-
bly factors, premature translation initiation (reviewed in Lafontaine,
2015).

In eukaryotes other than yeast and in Homo sapiens in particular,
the precise functions of Dim1 and Bud23-Trm112 in ribosome bio-
genesis have not yet been fully explored. In A. thaliana, Dim1 is
required for organized root growth, epidermal patterning, and
chloroplast development at low temperature (Tokuhisa et al., 1998;
Wieckowski and Schiefelbein, 2012), and WBSCR22 (known as RID2
in plants) is required for reactivation of cell division during dedif-
ferentiation, a process essential to organ regeneration and wound
healing (Ohbayashi et al., 2011). In human cells, WBSCR22 (MERM1)
is required for ribosome biogenesis (Wild et al., 2010; Ounap et al.,
2013; Tafforeau et al., 2013; Haag et al., 2015) and is known as a
breast cancer biomarker and metastasis promoter, a therapeutic
target in myeloma, and an enhancer of glucocorticoid receptor
function that is regulated during lung inflammation and cancer
(Jangani et al., 2014). It is also one of the numerous genes associ-
ated with the Williams—-Beuren neurodevelopmental syndrome
(Doll and Grzeschik, 2001; Nakazawa et al., 2011; Tiedemann et al.,
2012).

In the present study we characterized the human homologues of
Dim1 and Bud23-Trm112. Our work led us to conclude that the
functions of DIMT1L and WBSCR22-TRMT112 in pre-rRNA process-
ing and modification can be uncoupled, that DIMT1L is required for
earlier processing steps than WBSCR22-TRMT112, and that in hu-
man cells, dimethylation takes place in the nucleus, whereas it is
reported to be cytoplasmic in yeast.

RESULTS

DIMT1L is a nucleolar protein, and WBSCR22 and TRMT112
are nucleocytoplasmic

To gain initial insight into the functions of DIMT1L, WBSCR22, and
TRMT112, we determined the subcellular distribution of the en-
dogenous proteins by fluorescence microscopy in Hela cells ex-
pressing the nucleolar antigen fibrillarin as a green fluorescent fu-
sion (FIB-GFP; Figure 2A). DIMT1L was detected almost exclusively
in the nucleoli, with weak nucleoplasmic staining (Figure 2A).
WBSCR22 and TRMT112 were observed in the nucleoplasm, with
for TRMT112 a clear exclusion from the nucleolus. In addition,
TRMT112 was found to decorate a perinuclear “basket” polarized
at one end of the nucleus (arrows; Figure 2A), which was even more
evident in nonmanipulated Hela cells, in which FIB-GFP is not sta-
bly expressed (Figure 2B). The TRMT112 perinuclear “basket” was
always detected on the same side of the nucleus as the Golgi and
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lysosomes, showing partial colocalization with these structures
(Figure 2C). Some WBSCR22 signal was consistently detected out-
side the nucleus, suggesting that this protein might also be part of
such a perinuclear structure (Figure 1B). The nucleolar and nuclear
localization of DIMT1L and WBSCR22 was confirmed in cells ex-
pressing Flag-tagged constructs (see later discussion; unpublished
data).

WBSCR22 and TRMT112 form a heterodimeric
methyltransferase complex

In budding yeast, the 185 rRNA m’Gs75 methylation is carried out
by a heterodimeric complex consisting of Bud23 and Trm112
(Figaro et al., 2012). In this complex, Bud23 acts as a catalytic sub-
unit and Trm112 as a coactivator, conferring metabolic stability to
Bud23. Determination of the crystal structure of yeast Bud23-
Trm112 established that the interaction between Bud23 and Trm112
involves formation of a conserved B-zipper, masking, in the water-
based cell environment, a naturally unfavorable large hydrophobic
surface on Bud23 (Létoquart et al., 2014).

The considerable primary sequence conservation between
Bud23 and WBSCR22 and between Trm112 and TRMT112 and their
distribution in the same subcellular compartments are compatible
with their acting as a complex in human cells also. Consistently, we
found polyhistidine-tagged WBSCR22 to copurify efficiently with
TRMT112 when the proteins were coexpressed in bacteria (Figure 3,
A-C, lane 5). As control, no such copurification is seen in cells ex-
pressing only untagged TRMT112 (Figure 3, A-C, lanes 6-9). WB-
SCR22 is largely insoluble and could not be stably isolated in the
absence of TRMT112 coexpression (unpublished data).

In yeast cells, Trm112 interacts with, and stabilizes, at least four
methyltransferase partners: Bud23, Mtqg2, Trm9, and Trm11 (Figaro
etal., 2012; Létoquart et al., 2014). Trm112 is in limiting amounts in
cells, and its multiple partners compete with each other in order to
gain metabolic stability (Figaro et al., 2012). In humans, TRMT112
also interacts with several methyltransferases, as illustrated here for
HemK2 (the human homologue of Mtqg2), with which it interacts di-
rectly (Figure 3, lane 10; Figaro et al., 2008), and elsewhere for AL-
KBHS8 (the homologue of Trm9; Fu et al., 2010; Songe-Moller et al.,
2010).

Further evidence of the existence of a WBSCR22-TRMT112 com-
plex was provided by the observation that TRMT112 is strictly re-
quired for the metabolic stability of WBSCR22 (Figure 3E). Deplet-
ing TRMT112 to 50-70% of its wild-type level with any of three small
interfering RNAs (siRNAs; #1, #2, or #3) indeed led to loss of
WBSCR22 detection by Western blot (Figure 3E, lanes 2-4, and
Supplemental Figure S1). As a control, a nontargeting siRNA (SCR)
was used throughout this work (Figure 3E, lane 1). Of interest, de-
pleting TRMT112 to only ~40% of its normal cellular level is suffi-
cient to promote near-total loss of WBSCR22. This is consistent with
the idea that TRMT112 interacts with multiple competing partners
in human cells, similar to yeast.

DIMT1L and WBSCR22-TRMT112 are required for
distinct early pre-rRNA processing steps leading to
18S rRNA synthesis
In budding yeast, Dim1 and Bud23-Trm112 are required for pre-
rRNA processing (Lafontaine et al., 1995; White et al., 2008; Figaro
et al., 2012; Sardana and Johnson, 2012). This prompted us to test
the involvement of DIMT1L and WBSCR22-TRMT 112 in this process
in human cells.

Mature rRNAs are produced from long precursors by multistep
processing (Mullineux and Lafontaine, 2012; see Supplemental
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A a-Mtase/ a-Mtase/
a-Mtase FIB-GFP FIB-GFP FIB-GFP/DAPI

DIMT1L

WBSCR22

TRMT112

B a-Mtase/ a-Mtase/ a-Mtase/
a-Mtase DAPI Phase 'I?hase/ DAPI

WBSCR22

TRMT112

C a-Mtase/ a-Mtase/
LysoTracker LysoTracker/DAPI

TRMT112

a-Mtase/ a-Mtase/

GolgiTracker GolgiTracker/DAPI

TRMT112

Subcellular distribution of DIMT1L, WBSCR22, and TRMT112. (A-C) DIMT1L is a
nucleolar protein. WBSCR22 and TRMT112 localize to the nucleoplasm, with nucleolar exclusion
for TRMT112, and to a polarized perinuclear structure (white arrows), overlapping partially with
the Golgi and lysosomes. Cells were counterstained with DAPI for DNA labeling. Image sections
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Figure S2 for a summary of the pre-rRNA
processing pathway in human cells). Pre-
rRNA processing was analyzed in detail by
quantitative Northern blotting (”steady-
state analysis”) in primary cells (WI-38) and
three cell lines (Hela, RKO, and HCT116;
Supplemental Figure S3 and Figure 4) and
by metabolic labeling (“dynamic analysis”)
in Hela cells (Figure 5).

In our initial analysis, conducted on Hela
cells, we found that depletion of DIMT1L
led to accumulation of the 43S and 26S
pre-rRNAs (Supplemental Figure S3, lanes
10-14; see quantitation on the heatmap).
Such an accumulation is a sign of disconnec-
tion between the early cleavages at sites AO
and 1, which normally occur largely con-
comitantly (Supplemental Figure S2; dis-
cussed in Mullineux and Lafontaine, 2012).
In addition, long, truncated forms of 18S
precursors (asterisks) were detected. De-
spite this inhibition of processing, the over-
all effect on mature rRNA accumulation was
limited in Hela cells, as shown by the largely
unaffected 28S/18S ratio (Supplemental
Figure S3; values remained close to 1.0). Of
interest, the processed spacer fragment +1-
01, destined for rapid clearance, also accu-
mulated to some extent upon DIMT1L de-
pletion, indicating that functional coupling
might occur between RNA-processing com-
plexes and degradation machineries.

Hela cells depleted of WBSCR22
showed a mild reduction in 30S, indicative
of reduced cleavage at site 2, and signifi-
cant accumulation of 18S-E (Supplemental
Figure S3, lanes 2-6), revealing inhibition of
cleavage at site 3. In addition, long and
short truncated forms of 18S precursors
were detected (single and double asterisks).
The long forms appeared similar in length to
those observed upon DIMTI1L depletion,
but they accumulated to lower levels (Sup-
plemental Figure S3, compare lanes 1-6

were captured in confocal mode with a
Yokogawa spinning disk on a Zeiss Axiovert
microscope at 40x magnification. Scale bar,
10 pm. (A) Hela cells stably expressing the
nucleolar protein fibrillarin fused to GFP
(FIB-GFP) were processed for immuno-
fluorescence with a primary antibody specific
to DIMT1L, WBSCR22, or TRMT112 and a red
fluorescent secondary antibody. The intrinsic
GFP fluorescence was used to visualize
fibrillarin. (B) Hela cells decorated with a
WBSCR22- or TRMT112-specific primary
antibody, revealed with a green fluorescent
secondary antibody. (C) Hela cells incubated
with either Lyso- or Golgi-tracker and
decorated with a TRMT112-specific primary
antibody, revealed with a red fluorescent
secondary antibody.
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and 10-14). On WBSCR22 depletion, the amount of mature 18S
rRNA was markedly reduced and the 285/18S rRNA ratio conse-
quently increased (from 1.0 to up to 1.7). TRMT112 depletion led to
processing phenotypes largely similar to those observed upon WB-
SCR22 depletion (moderate 30S reduction and accumulation of
18S-E); Supplemental Figure S3, lanes 7-9). Again, this is consistent
with the conclusion that TRMT112 is required for WBSCR22 meta-
bolic stability and that a WBSCR22-TRMT112 complex is formed
(Figure 3).

The efficiencies of DIMT1L, WBSCR22, and TRMT112 depletion
were assessed at the mRNA and protein levels by quantitative
reverse transcription (RT)-PCR (qRT-PCR; Supplemental Figure S1B)
and Western blotting (Figure 3, D and E; see later discussion of
Figures 7A and 8A; also unpublished data). For WBSCR22 and
TRMT112, the residual level of mMRNA was 1-3% and 1-5%, respec-
tively; for DIMTI1L, it was 8-25% (Supplemental Figure S1B). For
DIMT1L and WBSCR22, the residual level of protein was close to or
below the detection level; for TMRT112, it was ~40% (Figure 3, D
and E; see later discussion of Figures 7A and 8A).

It is noteworthy that neither DIMT1L nor WBSCR22-TRMT112
depletion appeared to have any significant effect on the processing
steps leading to synthesis of large-subunit rRNAs, as concluded
from the largely unaltered levels of 5.85 rRNA, its precursors
(5.85+40, 7S, and 12S), and 28S rRNA (Supplemental Figure S3 and
unpublished data).

Our pre-rRNA processing analysis was then extended to primary
lung fibroblasts (WI-38) and two colon carcinoma cell lines (RKO,
HCT116), with, for each target, one siRNA that proved effective in
Hela cells. The results were largely similar to those described for
Hela cells (Figure 4). In WI-38, RKO, and HCT116 cells, DIMT1L
depletion also led to 26S accumulation (Figure 4, lanes 4, 8, 12, and
16). In these cells, and in contrast to HelLa, DIMT1L depletion further
led to accumulation of 21S and 21S-C pre-rRNAs and to reduced
levels of 18S-E and 18S rRNA (the 285/18S ratio increased from 1.0
to up to 1.8; Figure 4). In WI-38, RKO, and HCT116 cells, WBSCR22
or TRMT112 depletion led to striking accumulation of 18S-E, as seen
in Hela cells (Figure 4, lanes 2/3, 6/7, 10/11, and 14/15). The long
and short forms of truncated 18S rRNA precursors (single and dou-
ble asterisks) observed in Hela cells depleted of DIMT1L, WBSCR22,
or TRMT112 were also detected in the other cell types tested.

The nucleolus is a long-known cancer biomarker and a recently
demonstrated therapeutic target (Bywater et al., 2012). Because
there are numerous connections between nucleolar functions and
synthesis of the antitumor protein p53, pre-rRNA processing was
directly compared in colon carcinoma cells expressing p53 or not
(Figure 4, lanes 9-12 vs. lanes 13-16). The pre-rRNA processing

induced cells; 4 and 8, supernatant loaded on Ni-NTA column; 5 and
9, 50 mM imidazole eluates, revealing copurification of WBSCR22 and
TRMT112 in extracts prepared from bacterial cells coexpressing
Hise-WBSCR22 and TRMT112, or the absence of any purification from
cells expressing only the construct encoding untagged TRMT112. As
a control, lane 10 shows the purified Hemk2-TRMT112 complex
(Figaro et al., 2008). (D) Depletion of WBSCR22 is efficient at the
protein level. Hela cells were treated for 3 d with one of five different
siRNAs (#1-#5) targeting WBSCR22. Total protein was analyzed by
Western blotting with antibodies against TRMT112 and WBSCR22.
B-Actin was used as loading control. (E) TRMT112 is required for
WBSCR22 metabolic stability. HeLa cells were treated for 3 d with an
siRNA (#1, #2, or #3) targeting TRMT112. Total protein extracts were
processed as in C. The residual level of TRMT112 was estimated by
densitometry to be between 50 and 70%.
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WBSCR22, or TRMT112. Paired HCT116 cell lines expressing p53 or not were used (+/+ and —/-).
Total RNA was extracted, resolved on denaturing agarose gel, transferred to a nylon membrane,
and hybridized with probes. The probes used were as follows: (I, Il) LD1844, (lll) LD1827, and (IV)
LD1828. The detected pre-rRNA species are indicated to the right and schematized. (V, VI) The
mature 285 and 18S rRNAs stained with ethidium bromide. For each sample, the 285/18S ratio
was calculated from Agilent bioanalyzer electropherograms. All RNA species were quantified with
a Phosphorimager normalized with respect to the nontargeting control (SCR), and their
abundances represented as a heatmap using the color code indicated to the right. The sequences
of the siRNAs used are listed in Supplemental Table S3 (WBSCR22#1, TRMT112#2, and
DIMT1L#2). Note that in the heatmap for RKO cells, the signal for lane 8 was corrected for loading.

defects observed in the presence and absence of functional

p53 were largely similar, indicating that p53 is not involved in the
inhibition of ribosome biogenesis observed upon DIMTIL or
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WBSCR22-TRMT112 depletion (Figure 4,
lanes 9-16; compare HCT116 p53**+ and
HCT116 p53-).

Finally, we examined the kinetics of the
pre-rRNA processing defects in Hela cells
by in vivo metabolic labeling (Figure 5).
Cells depleted of DIMT1L, WBSCR22, or
TRMT112 for 3 d with a specific siRNA were
pulse labeled with L-(methyl-3H)-methionine
for 30 min, chased with an excess of cold
methionine, and collected in a time-course
experiment. Total RNA extracted at each
time point was analyzed by denaturing aga-
rose gel electrophoresis and the signal visu-
alized by fluorography. In agreement with
the Northern blot data (Figure 4 and Sup-
plemental Figure S3), depletion of DIMT1L
or WBSCR22 was found to have a strong ef-
fect on the kinetics of 18S rRNA synthesis.
The effects were more moderate for
TRMT112, but 185 rRNA formation was
again delayed. In agreement with our
steady-state analysis (Supplemental Figure
S3), DIMTI1L depletion, but not WBSCR22
depletion, led to accumulation of the 43S
precursor (Figure 5, lanes 19-21). The other
RNA precursors discussed earlier (e.g., 265)
are not detected in pulse-chase labeling ex-
periments because they are either not abun-
dant enough or too short-lived. Of interest,
however, additional bands were detected
below 41S after DIMT1L depletion (seen as
a doublet in Figure 5, lanes 19-22). These
are likely aberrant truncated intermediates,
which, in the absence of faithful subunit as-
sembly, are produced by activation of cryp-
tic processing or increased degradation.

In conclusion, DIMT1L and WBSCR22-
TRMT112 are involved in pre-rRNA process-
ing steps leading to small-subunit rRNA pro-
duction. DIMTIL is required for earlier
processing steps than WBSCR22. This is
consistent with the nucleolar subcellular lo-
cation of DIMTIL and the nucleoplasmic
distribution of WBSCR22. Furthermore, the
processing defects do not depend on p53
and are essentially the same, with minor dif-
ferences, in different cell types.

DIMT1L and WBSCR22-TRMT112

are required for 18S rRNA base
methylation

Given their homology with the yeast pro-
teins and the extreme conservation of the
rRNA substrate at these positions, DIMT1L
and WBSCR22-TRM112 are predicted to
methylate, respectively, adenosines Ajgso/
Aqgs1 and the guanosine Gqgse in human
18S rRNA (Figure 1A).

We tested this prediction by primer extension mapping in cells
depleted of DIMT1L or WBSCR22 (Figure 6). The m§Am$A modifi-
cation is readily detected by primer extension because it is a bulky
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FIGURE 5: Dynamic analysis of pre-rRNA processing defects in cells depleted of DIMT1L, WBSCR22, or TRMT112.

() HelLa cells were depleted of WBSCR22, TRMT112, or DIMT1L for 3 d by means of a specific siRNA, pulse labeled for
30 min with L-(methyl-*H)-methionine, chased with an excess of cold methionine, and collected at different time points
over a 4-h period. Total RNA was extracted, resolved on an agarose gel, transferred to a GeneScreen membrane, and
then exposed by fluorography. (Il, Ill) The ethidium bromide-stained mature 285 and 18S rRNAs. The sequences of the
siRNAs used are listed in Supplemental Table S3 (WBSCR22#1, TRMT112#2, and DIMT1L#2).

modification blocking reverse transcriptase progression during
cDNA synthesis, thus generating strong primer extension stops and
a "stutter” (Lafontaine et al., 1995). In contrast, detection of m’G by
primer extension ideally requires specific cleavage of the RNA at the
site of modification. This is achieved by reduction with sodium bo-
rohydride followed by aniline-mediated strand scission at the re-
duced residue (Figaro et al., 2012; Létoquart et al., 2014).

Primer extension mapping was performed on total RNA ex-
tracted from Hela cells treated for 3 d with siRNAs against DIMT1L
or WBSCR22 (Figure 6, A, B, and E). When primer LD2141, which
specifically selects the nuclear 21S-C and its precursors (Figure 6C;
Preti et al., 2013), was used to initiate cDNA synthesis on RNAs ex-
tracted from DIMT1L-depleted cells, we detected 57% reduction in
dimethylation efficiency (Figure 6A). This observation is in agree-
ment with the prediction that DIMT1L is the bona fide 18S rRNA
dimethyltransferase. Because the 21S-C is nuclear, we further con-
clude that in human cells, the m§Am$A modification is synthesized
in the nucleus, in contrast to the situation in yeast, in which this
modification is reported to occur in the cytoplasm (Brand et al.,
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1977). RNA extracted from WBSCR22-depleted cells was specifi-
cally cleaved at N’G-modified residues and used as template for
cDNA synthesis with primer LD2120 or LD2122 (Figure 6, B and C).
As expected from the assumption that WBSCR22 is the bona fide
18S rRNA m’G methyltransferase, a substantial 62% reduction in
methylation level was observed with both primers. Since m’Gy 439 is
readily detected from primer LD2122, specific to a sequence 3’ to
the dimethylation site that would stop its extension, we further con-
clude that 18S rRNA N’G-methylation occurs prior to dimethylation
and is thus also nuclear.

In yeast cells, depletion of the 40S subunit assembly factor Pno
(also known as Dim2) strongly inhibits Dim1-mediated dimethyl-
ation (Vanrobays et al., 2004; Introduction). In pre-40S ribosomes,
Dim1 and Pno1/Dim2 are located to either side of the incipient plat-
form (Strunk et al., 2011). This physical proximity likely underlies the
functional interaction between Dim1 and Dim2. The position of the
platform (“Pt”) on mature 40S is shown in Figure 1B. Using the
primer extension assay described, we tested whether efficient 18S
rRNA dimethylation in human cells might likewise require PNO1,
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FIGURE 6: DIMT1L and WBSCR22 are required for 185 rRNA m$Aigsom$Aissi and m’Gyg39 methylation, respectively.
(A-D) Primer extension mapping of the substrate nucleotides of DIMT1L and WBSCR222 on human 18S rRNA. Total RNA
was extracted from Hela cells depleted for 3 d with a DIMT1L-targeting (A) or WBSCR22-targeting (B) siRNA and
analyzed by primer extension with oligonucleotide LD2120, LD2122, or LD2141. (C, D) The positions of the
oligonucleotides and of the rRNA species. (E) PNO1 is required for efficient DIMT1L-mediated dimethylation. Total RNA
was extracted from Hela cells depleted for 3 d with a siRNA specific to DIMT1L or PNO1 and processed by primer
extension with oligonucleotide LD2141. The level of residual dimethylation estimated with a Phosphorimager is indicated
to the right. The results shown are means of three independent experiments. The sequences of the siRNAs used are
listed in Supplemental Table S3 (WBSCR22#1, DIMT1L#2). (F) PNO1 is not required for the metabolic stability of DIMT1L.
Total protein extract from Hela cells depleted for 3 d with a siRNA specific to DIMT1L or PNO1 and tested by Western
blotting with the antibodies indicated. Right, residual level of DIMT1L and PNO1 mRNAs assessed by qRT-PCR.

the human homologue of Dim2, and we found that it does (Figure
6E). It is not yet clear why PNO1 depletion consistently affected 18S
rRNA dimethylation more than DIMT1L depletion. We hypothesized

that this is because in cells depleted for PNO1, the substrate fails
to adopt a suitable conformation to be modified. Finally, we were
interested to know whether PNO1 is required for the metabolic
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FIGURE 7: The methyltransferase function of DIMT1L is not required for pre-rRNA processing.
Protein levels and pre-rRNA processing in HEK293 cells stably expressing, via an siRNA-resistant
mRNA (siRNAr), a construct encoding the wild-type or a catalytically deficient (Y131G) Flag-
tagged version of DIMT1L in the presence or absence of endogenous DIMT1L. The allele
encoding catalytically deficient DIMT1L and, as controls, the wild-type construct and the empty
plasmid were integrated at the same genomic locus. Expression of the recombinant constructs
was under the control of an inducible Tet promoter (bent arrow) and was induced by incubating
the cells in 0.2 pg/ml tetracycline. Expression of the endogenous DIMT1L gene was suppressed
by incubating the cells for 3 d with siRNA DIMT1L#2 (see Supplemental Table S3). As control, a
nontargeting siRNA (SCR, scramble) was used. (A) Western blot analysis with an antibody
against DIMT1L. The antibody detects the endogenous DIMT1L protein, displaying the
expected molecular weight of 35 kDa, and the Flag-tagged recombinant variants, detected at
38 kDa. B-Actin was used as loading control. The anti-DIMT1L antibody detects a faint
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stability of DIMT1L, and we found, in cells
efficiently depleted for PNO1, that it is not
(Figure 6F).

In conclusion, our primer extension map-
ping data demonstrate that DIMT1L and
WBSCR22-TRMT112 are responsible, re-
spectively, for m§At1gsom$Args1 and m’Gye39
in human 18S rRNA. We further show that
DIMT1L-mediated dimethylation in human
resembles dimethylation in yeast in that it
requires hDIM2 (PNO1), but differs from
yeast dimethylation in that it occurs in the
nucleus before preribosome export to the
cytoplasm.

The methylation activities of DIMT1L
and WBSCR22-TRMT112 are not
necessary for pre-rRNA processing
In budding yeast, pre-rRNA processing re-
quires the presence of the methyltransfer-
ases Dim1 and Bud23 within preribosomes
but not their RNA-modifying catalytic activ-
ity (Lafontaine et al., 1995; White et al.,
2008; Létoquart et al., 2014; Introduction).
To determine whether pre-rRNA pro-
cessing in human cells requires the catalytic
activity of DIMTIL and WBSCR22-
TRMT112, we analyzed cell lines express-
ing constructs coding for catalytically defi-
cient variants (Figures 7 and 8). The
mutations introduced resulted in amino
acid substitutions at key functional residues
in the methyltransferases (Supplemental
Figure S4). In DIMT1L, tyrosine 131 was re-
placed with glycine (Y131G), and in WB-
SCR22, mutations G63E and D82K were
introduced, either individually or in combi-
nation (Figures 7 and 8 and Supplemental
Figure S4). The selected residues are at,
or directly adjacent to, the S-adenosyl-me-
thionine-binding site. In budding yeast,
mutations at the equivalent positions result
in catalytically dead methyltransferases
(White et al., 2008; Létoquart et al., 2014).
In human cells, expression of the DIMT1L-
Y131G allele led to only 15% residual rRNA
dimethylation (Supplemental Figure S4A).

nonspecific band (asterisk) above Flag-
tagged DIMT1L. Hybridizing the membrane
with an anti-Flag antibody revealed only
recombinant proteins of the expected size
(unpublished data). (B) Northern blot analysis.
Total RNA treated as described in Figure 4
was probed with oligonucleotide LD1827.
The abundances of the various RNAs
detected were established by
Phosphorimager quantification and
normalized with respect to the nontargeting
SCR control and are presented as a heatmap
with the color code indicated to the right.
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FIGURE 8: The methyltransferase function of WBSCR22 is not required for pre-rRNA processing. Protein levels and
pre-rRNA processing in HEK293 cells stably expressing, via an siRNA-resistant mRNA (siRNAr), a construct encoding the
wild-type or a catalytically deficient (G63E, D82K, and D63E/D82K) Flag-tagged version of WBSCR22 in the presence or
absence of endogenous WBSCR22. The constructs encoding catalytically deficient WBSCR22 and, as controls, the
wild-type construct and the empty plasmid were integrated at the same genomic locus. Expression of the recombinant
constructs was under the control of an inducible Tet promoter (bent arrow) and was induced by incubating the cells in
0.2 pg/ml tetracycline. Expression of the endogenous WBSCR22 gene was suppressed by incubating the cells for 3 d
with siRNA WBSCR22#1 (see Supplemental Table S3). As control, a nontargeting siRNA (SCR, scramble) was used.

(A) Western blot analysis with an antibody against WBSCR22. The antibody detects the endogenous WBSCR22 protein,
displaying the expected molecular weight of 32 kDa, and the Flag-tagged recombinant variants, detected at 35 kDa.
B-Actin was used as loading control. Hybridizing the membrane with an anti-Flag antibody revealed only the
recombinant variants of the expected size (unpublished data). (B) Northern blot analysis. Total RNA treated as described
in Figure 4 was probed with oligonucleotide LD1827. The abundances of the various RNAs detected were established
by Phosphorimager quantification and normalized with respect to the nontargeting SCR control and are presented as a

heatmap with the color code indicated to the right.
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To allow a direct comparison of the effects of the various muta-
tions, all variants were expressed in HEK293 cells as Flag-tagged
proteins, under the control of a tetracycline-inducible promoter,
from constructs inserted into the same genomic locus. This was
achieved by using the Flp-In 293 T-REx system (see Materials and
Methods). The presence of a Flag tag, resulting in a 3-kDa increase
in protein size, made it easy to distinguish the endogenous pro-
teins from the recombinant ones by Western blotting. The use of a
Tet promoter allowed optimizing the level of recombinant protein
produced so as to match that of the endogenous protein as closely
as possible (see later discussion of Figures 7A and 8A). To analyze
specifically the effects of the catalytic mutations, the endogenous
mRNA transcripts of each methyltransferase were silenced with a
siRNA. Expression of each mutant or control construct was made
immune to this siRNA by an additional, silent mutation having no
effect on the amino acid sequence of the protein but altering the
siRNA-targeted sequence on the mRNA. As controls, a construct
encoding the wild-type protein, with only the siRNA-resistant mu-
tation, and an empty construct were integrated at the same
locus.

Tetracycline at 0.2 pg/ml in the medium was found optimal for
obtaining levels of mutant DIMT1L similar to that of endogenous
protein (Figure 7A, lanes 6 and 10; the recombinant variants are 3
kDa larger). When cells were treated with a DIMT1L-targeting
siRNA, the level of the endogenous protein dropped to below the
detection level (Figure 7A, lanes 3/4, 7/8, and 11/12), whereas the
mutant variants, encoded by siRNA-resistant mRNAs, were stably
produced (Figure 7A, lanes 8 and 12).

When expression of a recombinant construct was not induced
(lanes without tetracycline addition), cells depleted of endogenous
DIMT1L accumulated the 26S pre-rRNA and/or the long truncated
(asterisk) 18S precursor fragment (Figure 6B, lanes 3, 4, 7, and 11).
This is consistent with our earlier results (Figure 4 and Supplemental
Figure S3). When synthesis of the DIMT1L-Y131G variant was
induced by addition of tetracycline to the medium, accumulation of
these diagnostic RNAs was suppressed (Figure 6, compare lanes 11
and 12 and see quantitation). Hence the catalytic activity of DIMT1L
is not required for pre-rRNA processing. As control, expression of
the wild-type construct with the siRNA resistant mutation also sup-
pressed the processing defect (disappearance of the 18S-E trun-
cated form [asterisk] in Figure 6B, lane 8, as compared with lane 7),
indicating efficient rescue.

Similarly, 0.2 pug/ml tetracycline proved optimal for produc-
tion of the recombinant forms of WBSCR22, in most cases yield-
ing levels similar to that of the endogenous protein (Figure 8A,
lanes 6, 10, 14 and 18). Synthesis of endogenous WBSCR22 was
efficiently suppressed by siRNAs (Figure 8A, lanes 3/4, 7/8,
11/12,15/16, and 19/20). In contrast, the recombinant constructs
were stably expressed, indicating that, as expected, the mRNAs
encoding them were siRNA resistant (Figure 8A, lanes 8, 12, 16,
and 20). In the absence of expression of a complementing con-
struct, cells depleted of endogenous WBSCR22 accumulated the
18S-E pre-rRNA intermediate and the long and short truncated
18S precursor fragments (single and double asterisks; Figure 8B,
lanes 3, 4, 7, 11, 15, and 19). This is consistent with our earlier
results (Figures 4 and Supplemental Figure S3). Accumulation of
these fragments was suppressed to a similar extent in cells pro-
ducing the wild-type protein (Figure 8B, lane 8) or any of the
three catalytically defective variants (Figure 8B, lanes 12, 16, and
20). This demonstrates that the catalytic activity of WBSCR22,
like that of DIMT1L, is not required for pre-rRNA processing in
human cells.
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DISCUSSION

The ribosome is an extraordinary complex nanomachine whose
blueprint has been extremely conserved throughout evolution
across all three kingdoms of life (Melnikov et al., 2012). This is strik-
ingly illustrated when one compares the ribosomes of simple and
more complex eukaryotic cells, such as budding yeast and human
cells (Ben-Shem et al., 2011; Anger et al., 2013). This resemblance
has led to the assumption that ribosome biogenesis must be quite
similar in yeast and humans. Recent research indicates that this is
true, but only to some extent, as important specificities have begun
to emerge (Sloan et al., 2013; Tafforeau et al., 2013). For example,
the RNA exosome involved in ITS2 processing in yeast is addition-
ally required for ITS1 maturation in humans, and the endoRNase
MRP, which cleaves ITS1 in yeast, does not seem to play such a role
in humans (Sloan et al., 2013; Tafforeau et al., 2013). Such specifici-
ties in pre-rRNA processing are making it absolutely imperative to
conduct research directly on human cells. If ribosomopathies—that
is, human syndromes associated with ribosome assembly dysfunc-
tions (Narla and Ebert, 2010)—were to be modeled only in budding
yeast, potential therapeutic targets might be selected for the wrong
reasons and others left totally unnoticed.

Here we characterized two human methyltransferases with speci-
ficity toward the small ribosomal subunit rRNA. We show that their
presence in cells, but not their RNA-methylating catalytic activity, is
indispensable for pre-rRNA processing steps leading to the synthe-
sis of the 18S rRNA (Figures 4, 5, 7, and 8 and Supplemental Figure
S3). We demonstrate that DIMT1L is responsible for N6, N® dimeth-
ylation at positions Aygsp and Aqgsq and that WBSCR22 is required
for N7 methylation at nucleotide G139 (Figures 1 and 6; see also
Haag et al., 2015). These nucleotide positions are equivalent to
those modified in yeast by the homologous methyltransferases. We
show that WBSCR22 interacts directly with TRMT112, forming a het-
erodimer, and that the latter protein is required for the metabolic
stability of the former (Figure 3). Taken together, these findings indi-
cate strong conservation of the functions of Dim1/DIMTIL and
Bud23-Trm112/WBSCR22-TRMT112 in yeast and human cells
(Lafontaine et al., 1994, 1995; White et al., 2008; Figaro et al., 2012;
Sardana and Johnson, 2012; Létoquart et al., 2014).

In the late 1970s, fingerprint analysis revealed that both the m’G
and m$Am$A modifications are late maturation events in budding
yeast (Brand et al., 1977). It was suggested that m’G is introduced
into pre-18S rRNA precursors in the nucleus, and that m§AmSA is
synthesized after pre-18S rRNA export to the cytoplasm, before final
processing (Brand et al., 1977). On this basis, Dim1-mediated di-
methylation was used as a convenient marker of late cytoplasmic
assembly events (e.g., Grandi et al., 2002; Schafer et al., 2003;
Figaro et al., 2012). Primer extension mapping confirmed that, in
budding yeast, both m’Gs75 and m$Ai781m§Ai7s2 are introduced
at the level of the 20S pre-rRNA, the direct precursor of the 18S
rRNA (Lafontaine et al., 1995; Létoquart et al., 2014). Dimethylation
in Hela cells was reported long ago to be a late 185 rRNA modifica-
tion (Salim and Maden, 1973), but whether it occurred in the nucleus
or the cytoplasm was not determined in humans. Using primer ex-
tension mapping, we detected m§AmSA in Hela cells with an oli-
gonucleotide that selects the 21S pre-rRNA and its precursors
(Figure 6). Because these pre-rRNA intermediates are nuclear, we
conclude that dimethylation in human cells, in contrast to yeast cells
(Brand et al., 1977), is a nuclear event.

It is unclear at this stage whether specific individual RNA modifi-
cations, such as the rare base methylation, act as quality control
checkpoints during subunit biogenesis. An attractive possibility is
that they might contribute to signaling to the assembly machinery
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that key maturation steps have been completed. Preribosomes hav-
ing passed this checkpoint would be committed to the next assem-
bly step, and the others would be aborted (see later discussion on
surveillance). Because m$Am$A is a nuclear event in human cells, it
could, for example, commit pre-40S subunits to export to the
cytoplasm.

Several hundred ribosome assembly factors have been identi-
fied in budding yeast and, more recently, human cells (Wild et al.,
2010; Tafforeau et al., 2013; Woolford and Baserga, 2013). The field
is now facing the daunting task of assigning precise functions to
them, identifying their binding sites or substrates on precursor ribo-
somes, and establishing the timing of their intervention—that is, a
precise sequence of events. We show here that DIMT1L is involved
in earlier processing steps than WBSCR22-TRM112 (Figures 4 and
5 and Supplemental Figure S3). This is consistent with the respec-
tive subcellular localizations of these proteins: the nucleolus and
nucleoplasm. The nuclear localization of WBSCR22 is consistent
with previous reports (Nakazawa et al., 2011; Ounap et al., 2013),
but these studies failed to detect it in perinuclear vesicles (see later
discussion).

Cells lacking DIMT1L accumulate the 43S, 26S, and 215/21S-C
pre-rRNAs. Hence the cleavages occurring at sites AO and 1, which
are normally concomitant, are disconnected in these cells, and
cleavage at sites 1, C, and E is inhibited. Cells lacking WBSCR22 or
TRMT112 accumulate the 18S-E precursor. This indicates inhibition
of cleavage at site 3, a processing step reported to occur in the cy-
toplasm (Mullineux and Lafontaine, 2012). A likely explanation of
this processing phenotype is that in the absence of WBSCR22-
TRMT112, preribosomes are simply not exported to the cytoplasm.
In agreement with this hypothesis, investigators have observed re-
tention of fluorescently labeled pre-40S in the nucleus upon WB-
SCR22 depletion (Wild et al., 2010), and the 3-extended forms of
18S-E that accumulates under these conditions are reported to be
nuclear (Haag et al., 2015).

Because subtle variations in pre-rRNA processing are reported
between cell lines (e.g., Sloan et al., 2014), we tested the effects of
DIMT1L and WBSCR22-TRMT112 depletion on pre-rRNA process-
ing in multiple cell types: cervix and colon carcinoma cell lines, em-
bryonic kidney cells, and primary lung fibroblasts (Figures 4, 5, 7,
and 8 and Supplemental Figure S3). The processing phenotypes
observed were largely similar, but we did note a few differences. For
example, DIMT1L depletion did not strongly affect mature rRNA
accumulation in Hela cells, but it did reduce the level of 18S rRNA
in the other cell types tested.

Given the many connections between p53 and the synthesis of
ribosomal components on one hand (Ruggero and Pandolfi, 2003)
and between the functional integrity of the nucleolus and p53 meta-
bolic stability on the other (James et al., 2014; Vlatkovic et al., 2014),
we examined whether p53 somehow might contribute to the ob-
served processing defects. Using a pair of isogenic colon carcinoma
cell lines that only differ by the expression of p53 (Bunz et al., 1998),
we found that p53 has no effect (Figure 4). It is noteworthy that our
description of the requirements of WBSCR22 in pre-rRNA process-
ing is consistent with and expands those of recent reports (Ounap
etal., 2013; Haag et al., 2015).

In cells depleted of DIMT1L or WBSCR22-TRMT112, we consis-
tently observed truncated 18S rRNA precursor fragments that ap-
peared similar in length (Figures 4, 7, and 8 and Supplemental
Figure S3). This suggests that in the absence of faithful subunit as-
sembly, cryptic processing sites are activated, triggering increased
turnover of precursor RNAs due to specific surveillance or increased
sensitivity to cellular RNases. Such a specific surveillance may occur
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in a polarized perinuclear structure overlapping with the Golgi and
lysosomes where WBSCR22-TRMT112 has been detected (Figure
2). Surveillance mechanisms are active at all steps of ribosome bio-
genesis, their purpose being to recognize misassembled ribosomes
and target them for rapid clearance (Lafontaine, 2010). In principle,
surveillance can occur anywhere in the cell. It can take place in dedi-
cated degradation centers, such as those described in the nucleo-
lus, the nucleoplasm, a perinuclear region, and the cytoplasm (dis-
cussed in Lafontaine, 2010). In yeast trmT112A cells, pre-rRNAs
undergo massive degradation, and this phenotype is suppressed
upon inactivation of the nucleolar surveillance machinery by dele-
tion of the gene encoding the poly(A)-polymerase Trf4 or Trf5
(Figaro et al., 2012). Both of these proteins are subunits of the
TRAMP complexes acting as specific adaptors to the RNA Exosome
(Schneider and Tollervey, 2013). We posit that WBSCR22-TRMT112
exerts functions in surveillance, in addition to being required for pre-
rRNA processing and RNA methylation. We further speculate that
the polarized perinuclear vesicles to which WBSCR22 and TRMT112
localize may be degradation centers. Of interest, a process termed
piecemeal microautophagy of the nucleus (PMN) has been de-
scribed in yeast during which the vacuole (the yeast lysosome)
literally “pinches off” portions of the nucleus, including the nucleo-
lus, in order to degrade them (Roberts et al., 2003; Kvam and
Goldfarb, 2006; discussed in Lafontaine, 2010). Whether the hypo-
thetical surveillance function of WBSCR22-TRMT112 in human cells
might relate to a process similar to PMN in yeast remains to be
investigated.

An evolutionarily conserved strategy to commit processed
rRNAs to faithful modification?
Analysis of catalytically deficient Bud23 and Dim1 variants in yeast
cells has revealed that neither m’Gys75 nor m§Aizgim$Aizez is re-
quired for growth, at least under optimal laboratory conditions (La-
fontaine et al., 1998; White et al., 2008; Létoquart et al., 2014). On
the other hand, both Dim1 and Bud23-Trm112 are either essential
to, or important for, cell growth (Lafontaine et al., 1994; White et al.,
2008; Figaro et al., 2012). Dim1 and Bud23-Trm112 associate with
early precursor ribosomes (Schafer et al., 2003; Figaro et al., 2012)
and are required for early nucleolar pre-rRNA processing steps (La-
fontaine et al., 1995; White et al., 2008). The corresponding modifi-
cations occur later, on pre-18S rRNA precursors (Létoquart et al.,
2014). In the case of m§Am$A, modification takes place in the cyto-
plasm (Brand et al., 1977). These observations have two important
implications. First, modification does not take place at the time of
binding of the methyltransferase to the preribosomes. This implies
that there is a regulated delay and a specific catalytic activation of
the methyltransferase. Presumably, this simply involves the substrate
acquiring competence for modification after sufficient maturation to
adopt an appropriate (productive) conformation. Second, because
only pre-RNAs having bound the methyltransferase are processed,
all cleaved RNAs are destined to be modified. We interpret this
as strong evidence of the existence of robust quality control
(Lafontaine et al., 1995, 1998). Our results on human cells demon-
strating that pre-rRNA cleavage requires the presence of the meth-
yltransferase but not its catalytic activity now allow us to extend our
model to humans. Remarkably, the quality control mechanism pro-
posed to involve m§AmSA further appears primordial because in
bacteria, KsgA is also required for efficient pre-rRNA processing and
regulates the last steps of pre-30S subunit formation (Connolly
et al., 2008; Xu et al., 2008; Introduction).

The exact role of the 185 rRNA m’G and m§Am$A modifications
in ribosome function is not fully understood. Clearly, however, both
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modifications are present at important, conserved ribosomal sites
(the decoding site and a ridge between the P- and E-site tRNAs),
and the absence of either is associated, in one way or another, with
translational deficiencies. In budding yeast, dim1, bud23, and
trm112 mutants are hypersensitive to the aminoglycoside antibiotic
paromomycin (Lafontaine et al., 1998; Figaro et al., 2012; Létoquart
et al., 2014), and a catalytically deficient dim1 mutant shows im-
paired translation in vitro (Lafontaine et al., 1998). In bacteria, ksgA
mutants are resistant to the aminoglycoside antibiotic kasugamycin
(Helser et al., 1971). In vitro, small subunits purified from ksgA-meth-
yltransferase—deficient cells show decreased affinity for large sub-
units and the initiator tRNA, whereas in vivo, the absence of 16S
rRNA dimethylation causes translational errors during both initiation
and elongation, including increased readthrough of nonsense and
frameshift mutations (van Buul et al., 1984; van Knippenberg, 1986;
Rife, 2009). Finally, the crystal structure of Thermus thermophilus
30S subunits lacking m§Am$A reveals that the modification facili-
tates a packing interaction near the decoding site, between helices
44 and 45 (Figure 1), through formation of an extensive hydrogen-
bonding network (Demirci et al., 2010). Loss of this packing interac-
tion perturbs rRNA structure in the neighboring A and P sites of the
ribosome (Demirci et al., 2010), potentially explaining the transla-
tion defects of ksgA mutants.

Given the extreme conservation of the mechanism and machin-
eries involved in synthesizing the m’G and m§Am$A base modifica-
tions, it seems highly unlikely that they do not contribute any benefit
to ribosome function, if only under specific conditions that remain to
be determined (e.g., under stress, during development, etc.). High-
resolution, high-throughput experimental strategies, such as ribo-
some profiling and quantitative mass spectrometry, should soon
help us understand exactly what these modifications do in
translation.

In conclusion, our work provides important novel insights into
the function of two highly conserved human rRNA methyltransfer-
ases required in cell differentiation pathways and associated with
severe diseases, including cancer. Despite overall conservation be-
tween yeast and humans, we highlight differences confirming that
basic research on ribosome biogenesis must be conducted directly
on human cells to allow selection of truly promising therapeutic tar-
gets before initiating costly drug development programs.

MATERIALS AND METHODS

Plasmid constructs

To overproduce WBSCR22 and TRMT112 in bacterial cells in order
to test for direct interaction and complex formation, the WBSCR22
open reading frame was PCR amplified from plasmid pDL0737 with
oligonucleotides HéwbNdel and wbBglll introducing, respectively,
at the 5" end an Ndel site together with a sequence encoding a
hexahistidine tag, and at the 3" end, a Bglll site (Supplemental Ta-
bles S1 and S2). This fragment was cloned into the pET11a vector
between Ndel and BamHlI to yield plasmid pVH475 (Supplemental
Table S1). TRMT112 was overproduced from the previously
described plasmid pFFh5 (Figaro et al., 2008). To generate cell lines
stably expressing constructs encoding catalytically defective meth-
yltransferase variants via siRNA-resistant mRNAs, DIMT1L and
WBSCR22 were PCR amplified from pDL0846 and pDLO737, re-
spectively, and cloned as BamHI-Xhol fragments into pDLO811
(PcDNAS/FRT/TO vector containing 2x FLAG tags under the con-
trol of a tetracycline-regulated promoter, a gift from N. Watkins
[University of Newcastle, Newcastle upon Tyne, United Kingdom]).
Site-directed mutagenesis (QuikChange Il XL, 200521; Agilent) was
used to introduce the siRNA-resistant and catalytic mutations. All
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constructs were sequenced. The resulting plasmids and the oligo-
nucleotides used are listed in Supplemental Tables S1 and S2.

Cell culture

Cells were grown at 37°C in a humidified incubator under 5% CO,
in the following media: DMEM (Dé429; Sigma-Aldrich)/10% fetal
bovine serum (FBS; A&E Scientific) for HeLa (AIDS Ref. 153; National
Institutes of Health), HEK293 (LifeTech), and FIB364 cells (Hela cells
stably expressing fibrillarin-GFP); MEM (30-2003; American Type
Culture Collection [ATCC]/10% FBS for WI-38 cells (CCL-75; ATCC);
and McCoy’s 5a modified (Sigma-Aldrich)/10% FBS for HCT116 cells
(CCL-247; ATCQ). All media were supplemented with 50 U/ml peni-
cillin and 50 pg/ml streptomycin (Life Technologies). The stable cell
lines generated in this work were maintained in DMEM (Sigma-
Aldrich) supplemented with FBS (10%), penicillin-streptomycin
(Pen-Strep; 1%), hygromycin B (100 pg/ml; Invitrogen), and blastici-
din (10 pg/ml; Life Technologies). Unless otherwise stated, all chemi-
cals were purchased from Sigma-Aldrich.

Creation of stable cell lines

Isogenic stable cell lines expressing alleles encoding methyltransfer-
ase-deficient variants were generated by transfecting FRT-HEK293
cells (Lifetech) with the corresponding pcDNA5-derived constructs
(see Supplemental Table S1), using the Flp-In T-Rex system accord-
ing to the manufacturer's protocol (LifeTech). The recipient cell line
was cotransfected with the recombinant construct and a vector ex-
pressing the Flp recombinase. This resulted in targeted integration
of all constructs at the same transcriptionally active genomic locus,
giving rise to homogeneous expression levels. Individual clones
were selected and analyzed.

siRNA inactivation and total RNA extraction
All siRNAs were purchased from Life Technologies (Silencer Select
siRNA or Custom select; Supplemental Table S3). Hela, WI-38, and
HCT116 cells were reverse transfected as follows: 1.5 pl of 20 uM
siRNA (10 nM final concentration) and 4 pl Lipofectamine RNAIMAX
(Life Technologies) were mixed with 500 ul OPTI-MEM (Life Technolo-
gies) in each well of a six-well plate. After a 20-min incubation at
room temperature, 1.5 x 10° cells, resuspended in 2.5 ml of medium
without antibiotics, were seeded into each well. Inactivation was car-
ried out for 72 h before total RNA extraction. Negative controls were
transfected with a nontargeting scrambled (SCR) siRNA (ref. 4390844).
Total RNA was extracted with the TRI Reagent (Life Technologies)
according to the manufacturer’s protocol and analyzed by northern
blotting and/or quantitative gRT-PCR as described later.

For the experiments presented in Figures 7 and 8, HEK-293 Flp-
In T-Rex cells lines (150,000 cells/ml) were transfected with siRNA
targeting DIMT1L or WBSCR22 mRNA (LD070-s26097 or LD020-
s41529, respectively) or with a nontargeting negative control siRNA
(LDO35_Scramble) as described previously (Tafforeau et al., 2013).
Transfected cells were first cultured for 24 h in DMEM (Sigma-
Aldrich) supplemented with FBS (10%) and Pen-Strep (1%) in the
presence or absence of tetracycline at 0.2 pg/ml. After 24 h, the
medium was replaced with DMEM (Sigma-Aldrich) supplemented
with FBS (10%), Pen-Strep (1%), hygromycin B (100 pg/ml; Invitro-
gen), and blasticidin (10 pg/ml; Life Technologies) in the presence
or absence of tetracycline at 0.2 pg/ml. Cells were cultured for an
additional 24 h before total protein and total RNA extraction.

mRNA quantitation

The residual level of MRNAs was assessed by gqRT-PCR. cDNA was
synthesized (qSCript cDNA supermix; Quanta Biosciences) using as
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template total RNA extracted from Hela cells transfected with a
siRNA and incubated for 3 d. The gPCR was performed on a SetOne
Plus system (Life Technologies) with the PerfeCta SYBR green super-
mix ROX (Quanta Biosciences) with the following specific primers:
WBSCR22 (LD2476 x LD2477); TRMT112 (LD2472 x LD2473);
DIMT1L (LD2637 x LD2638); PNO1 (LD2530 x LD2531); and glycer-
aldehyde-3-phosphate dehydrogenase (LD1818 x LD1819).

RNA electrophoresis and Northern blotting

For analysis of high-molecular weight RNA species, 3 pg of total
RNA (for RKO and HCT116 cells) or 1.5 pg of total RNA (for WI-38
cells) was resolved on a denaturing agarose gel (6% formalde-
hyde/1.2% agarose in 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid [HEPES]-EDTA buffer). For analysis of low—-molecular
weight species, 3 pg of total RNA was resolved on denaturing acryl-
amide gels (8% acrylamide-bisacrylamide 19:1/8 M urea in Tris-bo-
rate-EDTA buffer). Agarose gels were transferred overnight by capil-
larity (in 10x saline-sodium citrate) onto Hybond-N+ membranes.
The membranes were prehybridized for 1 h at 65°C in 50% for-
mamide, 5x SSPE, 5x Denhardt’s solution, 1% (wt/vol) SDS, and
200 pg/ml fish sperm DNA solution (Roche). The 2P-labeled oligo-
nucleotide probe was added and incubated for 1 h at 65°C and
then overnight at 37°C. The probes are described in Supplemental
Table S4. Northern blots were exposed to Fuji imaging plates
(Fujifilm) and signals acquired with a Phosphorimager (FLA-7000;
Fujifilm). The following rRNA fragments were quantified: the 47S
pre-rRNA and the aberrant 34S (with the 5’-ETS probe, LD1844), the
47S/45S, 41S, 30S, 26S, 21S, and 18-E pre-rRNAs (ITS1 probe,
LD1827), and the 32S (ITS2 probe, LD1828). Quantification was per-
formed with native MultiGauge software, version 3.1. Each gel lane
and RNA band was identified manually. The background was set
automatically with the help of a polygonal lane (settings: H ratio =
10; V ratio = 75) and was then manually curated. The 285/18S ratio
was calculated with the Agilent RNA 6000 nano kit (5067-1511) on a
BioAnalyzer 2100 (Agilent).

Pulse-chase analysis

We reverse transfected 75,000 Hela cells with the appropriate
siRNA as described under siRNA inactivation and total RNA extrac-
tion. After a 72-h incubation, the cells were washed and incubated
for 30 min at 37°C in methionine-free DMEM (Invitrogen) supple-
mented with 10% dialyzed FBS (Sigma-Aldrich), labeled for 30 min
with 50 pCi t-(methyl-3H)-methionine (50 mCi/ml; PerkinElmer),
washed with complete growth medium supplemented with
0.3 mg/ml methionine, and incubated for 0, 15, 30, 60, 120, or
240 min in the same medium. The cells were then resuspended in
1 ml TRI Reagent (Life Technologies) for RNA extraction as de-
scribed. Purified RNAs were separated on an agarose denaturing
gel (6% formaldehyde/1.2% agarose in HEPES-EDTA buffer) for
16 h at 60 V and transferred to a GeneScreen membrane. The
membrane was sprayed with tritium enhancer (PerkinElmer) and
exposed and autoradiographed.

Primer extension

Primer extension was carried out on 5 pg of total RNA and a molar
excess of oligonucleotide (LD2141 for mapping the m§A1gsom$Aigs:
modifications, and LD2120 or LD2122 for m’G1439), using AMV Re-
verse Transcriptase (Promega). The RNA was then hydrolyzed and
the cDNA precipitated and resolved on 6% sequencing gels. For
mapping m’Gyg39, reverse transcription was performed on RNAs
that had first been specifically cleaved at N’-methylated guanosine
positions by borohydride reduction in 0.1 M NaBH,, followed by
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cleavage in a 1.0 M aniline/acetate, pH 4.5, buffer in the presence
of 50 pg of m’GTP carrier (Létoquart et al., 2014). Primer extension
stops were mapped with a DNA sequencing ladder generated with
the same oligonucleotide as used for primer extension.

Protein overexpression and purification of the WBSCR22-
TRMT112 complex

TRMT112 and polyhistidine-tagged (Hiss-tagged) WBSCR22 were
produced in the Escherichia coli strain SoluBL21 DE3 cotransformed
with suitable plasmids (see Supplemental Table S1) after induction
overnight with isopropyl-B-p-thiogalactoside (IPTG; 1 mM) at 23°C
at an optical density (600 nm) of 0.5 in Luria-Bertani medium con-
taining ZnCl, (100 pM final concentration), ampicillin (200 pg/ml),
kanamycin (50 pg/ml), and chloramphenicol (15 pg/ml). The com-
plexes obtained were purified as previously described for ScMtq2-
Trm112 (Heurgue-Hamard et al., 2006), except for the use of
His-Select Nickel affinity Gel (Sigma-Aldrich), for which we used
the following resuspension/wash buffer (10 mM Tris-HCI, pH 7.5,
200 mM NaCl, 6 mM B-mercaptoethanol, 10 uM ZnCl,, 10 mM
imidazole). Elution was done with the same buffer containing 50 mM
imidazole.

Western blots

For total protein extraction, confluent cells from one well of a six-
well plate were washed in 1 ml of cold phosphate-buffered saline
(PBS), incubated on ice for 15 min in 300 pl of lysis buffer (20 mM
Tris-HCI, pH 8.0, 0.5% NP-40, 150 mM NaCl, 1 mM EDTA, and pro-
tease inhibitor [Roche]), detached, and centrifuged at 20,000 x g for
10 min at 4°C. A 10-ug amount of protein (assayed by Bradford as-
say; Bio-Rad) was resolved on a 12% or a 4-12% polyacrylamide gel
(Novex; Life Technologies) and transferred onto a nitrocellulose or
polyvinylidene fluoride membrane. Membranes blocked in PBS
supplemented with 5% bovine serum albumin (BSA) were incubated
with primary antibody. For detection, we used the following primary
antibodies: anti-DIMT1L (sc135130; Santa Cruz Biotechnology),
anti-WBSCR22 (ab97911; Abcam), and anti-TRMT112 (HO0051504-
MO09; Novus Biological) at 1:500 and anti-Flag (F3165; Sigma-
Aldrich) at 1:1000. After washes in PBS/Tween-20, the membranes
were incubated with horseradish peroxidase-tagged secondary an-
tibodies (Santa Cruz Biotechnology). The signal was produced with
the Supersignal WestPico Chemiluminescent Substrate (Thermo
Scientific) or the Clarity Western ECL Substrate (Bio-Rad) and ana-
lyzed with the ChemiDoc imaging system fitted with an XRS camera
(Bio-Rad). B-Actin (SC69879; Santa Cruz Biotechnology) was used as
a loading control.

Microscopy

Immunofluorescence experiments were carried out on cells grown
in 96-well plates. Cells were fixed in PBS/formaldehyde (4%) for
15 min at room temperature and rinsed three times for 5 min in PBS.
The cells were then permeabilized by incubation in PBS supple-
mented with Triton X-100 (0.3%) and BSA (5%) for 60 min at room
temperature. Primary antibodies targeting DIMT1L (ab69434;
Abcam), WBSCR22 (HPA052185; Sigma-Aldrich), or TRMT112
(HO0051504-M09; Novus Biologicals) were added at 1:500 in PBS
supplemented with Triton X-100 (0.3%) and BSA (1%), and incuba-
tion was carried out for 16 h at 4°C. The cells were washed three
times for 5 min in PBS before incubation for 1 h at room temperature
with the appropriate secondary antibody (Alexa Fluor 488 or 594;
Invitrogen) diluted at 1:1000 in PBS supplemented with Triton X-100
(0.3%) and BSA (1%). After washes in PBS, the cells were stained for
10 min at room temperature with 4’,6-diamidino-2-phenylindole
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(DAPI; 5 mg/ml, diluted 1:20,000; Sigma-Aldrich) and finally washed
and stored in PBS before imaging. For lysosome or Golgi localiza-
tion, cells were treated just before fixation, for 1 h at 37°C in the in-
cubator, with Lyso- or Golgi-Tracker (LysoTracker Green DND-26 or
CellLight Golgi-GFP BacMam 2.0; Life Technologies) diluted
1:20,000. The cells were washed once in PBS before being pro-
cessed for immunofluorescence. Cells were observed with a Zeiss
Axio Observer Z1 microscope driven by MetaMorph (MDS Analyti-
cal Technologies). High-resolution images were captured in the con-
focal mode with a Yokogawa spinning-disk head and the HQ2 cam-
era with a laser illuminator from Roper (405-nm, 100-mW Vortran;
491-nm, 50-mW Cobolt Calypso; and 561-nm, 50-mW Cobolt Jive).
To assess the specificity of the observed subcellular distribution of
the relevant label, cells were incubated with secondary antibody
alone and examined after the same exposure time. Images were
analyzed with ImageJ (National Institutes of Health, Bethesda, MD).
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Fig S1: Positions of siRNAs on transcripts targeted in this work, and
siRNA-mediated depletion efficiency

A, The regions targeted by the siRNAs on mature mRNAs are shown on
the structure of the pre-mRNAs. Exons are shown as blue boxes, introns
as thin black lines. The 5’ and 3’ UTR elements are in cyan. There are
two known isoforms of WBSCR22; both are targeted by the siRNAs
used. siRNAs, depicted as red arrowheads, are numbered from 1 to 5.

B, The level of residual mRNAs was tested by qRT-PCR on total RNA
extracted from HeLa cells incubated for 3 d with each siRNA. The signal
was normalized to GAPDH, and expressed with respect to a
nontargeting (Scr) control.

Fig S2: Simplified pre-rRNA processing pathway in human cells

Three of the four mature rRNAs, the 18S, 5.8S, and 28S rRNAs are
produced from a single RNA Pol | transcript (47S). The 18S rRNA is the
RNA component of the small subunit (40S); 5.8S and 28S are
incorporated into the large subunit (60S). There is a third rRNA in the
60S subunit, 5S, which is independently produced by RNA Pol Ill (not
shown). The mature sequences are embedded in noncoding 5’ and 3’
external transcribed spacers (ETS) and internal transcribed spacers
(ITS1 and 2). Cleavage sites (in blue) and alternative pathways are
indicated. For details, see www.ribosomesynthesis.com and ref.
Mullineux and Lafontaine, 2012.

Fig S3: Pre-rRNA processing of HeLa cells depleted of WBSCR22,
TRMT112, or DIMT1L

Total RNA extracted from HeLa cells treated for 3 d with an siRNA
specific to the indicated target was resolved on a denaturing agarose
gel and analyzed by northern blotting with specific oligonucleotide
probes. Five distinct siRNAs (#1 to #5) were used for DIMT1L and
WBSCR22 and three for TRMT112 (see Fig S1 and Table S3). A non-
targeting control (SCR) was used as control. The positions of the probes
used and the pre-rRNA intermediates detected are indicated to the right
of the northern-blot panels. Detection of the RNA component of the
signal recognition particle (7SL) was used as a loading control (panel
VI). The probes used were as follows: panels | and I, LD1844; panel lll,
LD1827; panel IV, LD1828; panel V, probe LD2132; panel VI, probe
LD2133. The mature 18S and 28S rRNAs were visualized by ethidium
bromide staining of the agarose gel (panels VII and VIll). The mature
28S/18S ratio was calculated from Agilent
Bioanalyzerelectropherograms. The major pre-rRNA intermediates
detected were quantitated with a Phosphorimager and represented as a
heatmap with a color code indicating the respective abundances
normalized with respect to the SCR control. Note that the 12S, 7S, and
5.8S+40 RNAs were detected and quantified, but are not shown for the
sake of simplicity.

Fig S4: 3-D representations of the SAM binding pocket area of human
DIMT1L and yeast Bud23
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The models illustrate the positions of the mutated residues in the
catalytic pocket of each methyltransferase. From left to right: ribbon
representation, surface rendering, and surface rendering with
transparence. SAM and the residues mutated in this work are
highlighted and shown as sticks. The carbon atoms of SAM are shown
in light grey and the methyl group transferred during the methylation
reaction as a grey sphere. Conservation between the yeast and human
proteins in the area targeted by mutagenesis is illustrated by pairwise
alignments underneath. The sequence identity percentages are
indicated.

A, Human DIMT1L (model based on PDB entry 1ZQ9): residue Y131, in
the immediate vicinity of SAM, is indicated in green. Right panel, the
residual dimethylation activity in HCT116 cells expressing the Y131G
catalytically deficient allele of DIMT1L was estimated to be of ~15%.

B, Yeast Bud23 (model based on PDB entry 4QTU, see Létoquart et al.,
2014): residues D77 and G57, lining the SAM binding site, are shown in
green and purple, respectively. The equivalent residues in human are
numbered in brackets.

SUPPLEMENTAL TABLES

TABLE S$S1: plasmids

Plasmid name insert Marker, origin of | Reference
replication

pET11a(Hise- (His)6-WBSCR22 Ap, Kn colE1 E. coli origin This study

WBSCR22) expressed from T7

= pVH475 promoter

pACYC-Duet-1 TRMT112 Ap, Kn, p15A E. coli origin [1]

(hTrm112) = | expressed from T7

pFFh5 promoter

pDL0737 WBSCR22 in pDONR223 ORFeome, Prof Vidal

(Harvard University)

pDL0811 pcDNA5-Flag For tet-inducible Flag- | Gift from Prof Watkins

Precision cleavage site-His- | (U. Newcastle)
amino ter-tagged constructs

pDL0846 DIMT1L in pPDONR223 ORFeome, Prof Vidal

(Harvard University)

pDL0886 pcDNA5-Flag- A PCR fragment generated | This study
DIMT1L-siRNAr-wt | with oligonucleotides LD2819
and LD2820 on pDL0846
was cloned as a BamHI/Xhol
fragment into pDL0811

pDL0887 pcDNA5-Flag- Generated as pDL0886 This study
DIMT1L-siRNAr-
Y131G

pDL0888 pcDNA5-Flag- A PCR fragment generated | This study
WBSCR22- with oligonucleotides LD2817
siRNAr-wt and LD2818 on pDLO737

was cloned as a BamHI/Xhol
fragment into pDL0811

pDL0889 pcDNA5-Flag- Generated as pDL0888 This study
WBSCR22-
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SiRNAr-G63E

pDL0890 pcDNA5-Flag- Generated as pDL0888 This study
WBSCR22-
siRNAr-D82K

pDL0891 pcDNA5-Flag- Generated as pDL0888 This study
WBSCR22-
SiRNAr-

G63E/D82K

TABLE S2: oligonucleotides used for cloning purposes

Name Sequence Used for:
HéwbNdel | GTACAAAAAAGTTCATATGCACCACCACCACCACCACGCGTCGCG | overexpress  His6-
CGGCCGGCGTCC WBSCR22 in
bacteria
wbBglll ACAAGAGATCTGATTAGAAGCGGGGCTTGC overexpress  His6-
WBSCR22 in
bacteria

GATACTTGTGTGGCAAATTTGCCTGGACAGATCTCTTCGCCTTTTG
LD2797 TCTTC

DIMT1L Y131G FP

GAAGACAAAAGGCGAAGAGATCTGTCCAGGCAAATTTGCCACACA
LD2798 AGTATC

DIMT1L Y131G RP

LD2161 GCTGGATATTGGCTGTGAGACTGGGCTGAGTGGAAG

WBSCR22 G63E FP

LD2162 CTTCCACTCAGCCCAGTCTCACAGCCAATATCCAGC

WBSCR22 G63E
RP

LD2163 CTATTGGGTGGGCCTGAAAATCAGCCCTGCCATGC

WBSCR22 D82K FP

LD2164 GCATGGCAGGGCTGATTTTCAGGCCCACCCAATAG

WBSCR22 D82K
RP

WBSCR22  siRNA

41529 silent

LD2665 ACTGGGCTGTCTGGTTCTTACTTATCAGATGAAGG mutation FP
WBSCR22  siRNA
41529 silent

LD2666 CCTTCATCTGATAAGTAAGAACCAGACAGCCCAGT mutation RP
DIMT1L siRNA
CACCCATCAATTTTCAGGAATGGGACGGCCTGGTGAGAATCACCT | s26097 silent

LD2667 TTGTTAGGAAAAACAAGAC mutation FP
DIMT1L siRNA
GTCTTGTTTTTCCTAACAAAGGTGATTCTCACCAGGCCGTCCCATT | s26097 silent

LD2668 CCTGAAAATTGATGGGTG mutation RP
BamH1 cloning site
CTCTTTTTTCTGTTCTCGTCCGGGGTAGTCGAGCTGTCCTGCAGCT | removal from

LD2815 GTACCC

WBSCR22 ORF FP

GGGTACAGCTGCAGGACAGCTCGACTACCCCGGACGAGAACAGA
LD2816 AAAAAGAG

BamH1 cloning site
removal from
WBSCR22 ORF RP

LD2817 CACCATCACCATGGATCCATGGCGTCGCGCGGCCGG

Cloning WBSCR22
into pPCDNAS5 FP

LD2818 GCTAGATCTAGACTCGAGCTAGAAGCGGGGCTTGCGC

Cloning WBSCR22
into pCDNA5 RP

Cloning DIMT1L into

LD2819 CACCATCACCATGGATCCATGCCGAAGGTCAAGTCG pCDNAS FP
Cloning DIMT1L into
LD2820 GCTAGATCTAGACTCGAGCTAGGAAAAATGAATACCTTCTGC pCDNAS5 RP

TABLE S3: siRNAs used in this work

Lab ref target Lifetech Ref Sense sequence

LD035 SCRAMBLED 54390844 undisclosed
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LD020 WBSCR22#1 s41529 GAGUGGAAGUUAUCUGUCALtt
LDO021 WBSCR22#2 s41530 GCAACUCACGGAUGAUUGALt
LD022 WBSCR22#3 541531 CAAGAAGUCUGAAAACCCUtt
LD023 WBSCR22#4 s445233 CUGACAAAGUAGUAUUUUALt
LD024 WBSCR22#5 s445234 AAAUGUUUUCUGCAGUAAALt
LD068 TRMT112#1 528228 GGCCGGUUGAGGGAUAUGALt
LD027 TRMT112#2 528229 GUAUUUUUGUUGAUCUAUALtt
LD026 TRMT112#3 5445236 CAAUGACACCAAACACAGUtt
LD069 DIMT1L#1 526096 GGCUAGUAGCUGAACUUCALtt
LD070 DIMT1L#2 526097 GGAUGGUCUAGUAAGGAUALtt
LDO071 DIMT1L#3 526098 GGAGGACUCAUGUUCAACALtt
LD072 DIMT1L#4 ACDOO7RR AGCCGCAGAGACGCACAACtt
LDO073 DIMT1L#5 ACDOO7RS CCUUUAGCUCUGUUCCUCCtt
PNO1#2 $32352 CCAAGGAUGUUAGUGCUCUtt

TABLE S4: oligonucleotides used for RNA

extension analysis, and qRT-PCR

Northern-blots:

Northern blotting, primer

LD1827 | CCTCGCCCTCCGGGCTCCGTTAATGATC 5'1TS-1
LD1828 | CTGCGAGGGAACCCCCAGCCGCGCA ITS-2
LD1844 | CGGAGGCCCAACCTCTCCGACGACAGGTCGCCAGAGGACAGCGTGTCAGC | 5'ETS
LD2079 | GGGGCGATTGATCGGCAAGCGACGCTC 5'1TS-2
LD2133 | GCTCCGTTTCCGACCTGGGCC 7SL
LD2132 | CAATGTGTCCTGCAATTCAC 5.8S
Primer extension:

LD2120 GTACAAAGGGCAGGGACTTAATC map m’Gygse

LD2122 GCCCTCCGGGCTCCGTTAATGATC map m’Gygse

LD2141 CGAGCGAGCGAACGAACGGGC map i dzgeimEdiza
LD2165 GGCTTAATTTGACTCAACACGG sequencing ladder

LD2166 GAACGAACGAGCGAGCGAAC sequencing ladder
qRT-PCR:

LD2476 CACTGGGCTGAGTGGAAGTT WBSCR22 FP

LD2477 TTACAGAGCCACTGCACAGC WBSCR22 RP

LD2472 CTGTGGAATTCAACCCCAAC TRMT112 FP

LD2473 GGTGCCCTCTATCACTTCCA TRMT112 RP

LD1818 TGCACCACCAACTGCTTAGC GAPDH FP

LD1819 GTTCAGCTCAGGGATGACC GAPDH RP

LD2637 AGAGAATTTGCCCTCCGACT DIMT1L FP

LD2638 CCTGAAAATTGATGGGTGGT DIMT1L RP

LD2530 CACCATGCCTGGCTAATTTT PNO1 FP

LD2531 GTATGGCCAAAACCACTGCT PNO1 RP
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