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Several rRNA-modifying enzymes install rRNA modifications while participating in ribosome assembly. Here, we
show that 18S rRNAmethyltransferase DIMT1 is essential for acutemyeloid leukemia (AML) proliferation through
a noncatalytic function.We reveal that targeting a positively charged cleft of DIMT1, remote from the catalytic site,
weakens the binding of DIMT1 to rRNA and mislocalizes DIMT1 to the nucleoplasm, in contrast to the primarily
nucleolar localization ofwild-typeDIMT1.Mechanistically, rRNAbinding is required forDIMT1 to undergo liquid–
liquid phase separation,which explains the distinct nucleoplasm localization of the rRNAbinding-deficientDIMT1.
Re-expression of wild-type or a catalytically inactive mutant E85A, but not the rRNA binding-deficient DIMT1,
supports AML cell proliferation. This study provides a new strategy to target DIMT1-regulated AML proliferation
via targeting this essential noncatalytic region.

[Keywords: RNA; cell proliferation; methyltransferase; phase separation]

Supplemental material is available for this article.

Received December 8, 2022; revised version accepted March 21, 2023.

Dimethyladenosine transferase 1 (DIMT1), a S-adenosyl
methionine (SAM)-dependent methyltransferase, is an
rRNA-modifying enzyme that participates in ribosome
biogenesis (Chaker-Margot et al. 2015, 2017; Klinge and
Woolford 2019). DIMT1 installs N6,6-dimethyladenosine
(m2

6,6A) at the two adjacent adenosine sites A1850 and
A1851, almost to 100% occupancy, in human 18S rRNA
(Poldermans et al. 1980; O’Farrell et al. 2004; Mangat
and Brown 2008; Tu et al. 2009; Boehringer et al. 2012).
Previous studies reveal that the catalytic role of DIMT1
is important for stress response (Helser et al. 1971; Lafon-
taine et al. 1994; Tokuhisa et al. 1998; Wieckowski and
Schiefelbein 2012) and is required for translational fidelity
in bacterial and human cells (Shen et al. 2020). DIMT1 is
located in the cell nucleolus where rRNA transcription,
rRNA processing, and ribosome assembly take place (Zor-
bas et al. 2015). Specifically, DIMT1 participates in the
late steps of 18S rRNA processing in a noncatalytical
manner (Zorbas et al. 2015). Ablation of DIMT1 disrupts

ribosome biogenesis and is lethal for human cells. Recent-
ly, we and others have shown that the catalytic activity of
DIMT1 is not required for ribosome biogenesis (Zorbas
et al. 2015; Shen et al. 2020, 2021). Thus, the function of
DIMT1-mediated rRNA methylation and DIMT1’s non-
catalytic role in rRNA processing and ribosome biogene-
sis are decoupled.
Ribosome biogenesis is fundamentally important for

cell growth and proliferation. Although ribosomes are
ubiquitously expressed in all cell types, certain cell types
(such as hematopoietic cells) are more affected by ribo-
somal defects than others (Mills and Green 2017). For in-
stance, ribosomal defects are frequently seen in bone
marrow failure, anemia, and hematopoietic malignancy.
Mutations in ribosomal proteins RPL5 and RPL10 of the
large ribosomal subunit have been implicated in T-cell
acute lymphoblastic leukemia, and mutations in RPS15
of the small ribosomal subunit have been implicated in
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chronic lymphocytic leukemia (Vlachos 2017). Early ribo-
some biogenesis occurs in the cell nucleolus where it rep-
resents a multilayered biomolecular condensate that is
formed through a biophysical process called liquid–liquid
phase separation (LLPS) (Feric et al. 2016). LLPS facilitates
the initial steps of ribosome biogenesis and several other
functions (Lafontaine et al. 2021). For instance, ribosomal
proteins and rRNA-modifying enzymes such as the box
C/D small nucleolar RNA-associated methyltransferase
fibrillarin (FBL) and nucleophosmin (NPM1) reside in dif-
ferent layers in the nucleolus to facilitate rRNA synthesis
and ribosomal subunit maturation steps (Amin et al.
2008). However, it is not known whether DIMT1 under-
goes LLPS to the nucleolus to facilitate ribosome matura-
tion or rRNA methylation. Since DIMT1 aids ribosome
assembly in the nucleolus, understanding themechanism
by which DIMT1 localizes to the nucleolus may provide a
new strategy to regulate its role in ribosome assembly.

Additionally, a diverse set of chemical modifications is
found within rRNAs (Desrosiers et al. 1974, 1975; du Toit
2016; Gilbert et al. 2016; Lewis et al. 2017; Roundtree
et al. 2017; Willyard 2017; Zhao et al. 2017). Critically,
these modifications can dramatically alter rRNA struc-
ture, stability, and protein synthesis (Sloan et al. 2017).
The functional significance of rRNA modifications is
further evidenced by the fact that dysregulation of rRNA-
modifying enzymes and snoRNAs (which guide rRNA-
modifying enzymes to achieve substrate specificity) has
been linked to a battery of human cancers, including hema-
topoietic malignancies (Narla and Ebert 2010; McMahon
et al. 2015; Frye and Blanco 2016; Nachmani et al. 2019;
Janin et al. 2020; Barros-Silva et al. 2021). DIMT1 is highly
expressed in hematopoietic malignancies such as acute
myeloid leukemia (AML) andmultiplemyeloma, and stud-
ies show that knockdown of DIMT1 leads to reduced tu-
morigenicity in myeloma (Zorbas et al. 2015; Ikeda et al.
2017, 2018; Janker et al. 2019). However, it is not known
whether the catalytic role or the noncatalytic role of
DIMT1 supports leukemia cell proliferation.

Here, we revealed a positively charged cleft that is re-
mote from the catalytic center of DIMT1 and is essential
for its RNA binding ability and function in ribosome bio-
genesis. Furthermore, this cleft is required for DIMT1 to
undergo RNA-facilitated LLPS. Simultaneous mutation of
those positively charged residues, which dampens the
rRNA binding affinity of DIMT1, leads to aberrant nucleo-
plasm localization ofDIMT1 and thus fails to support AML
cell proliferation. The results also demonstrate that the
noncatalytic role of DIMT1 instead of DIMT1-mediated
rRNAmethylation is important for AML cell proliferation.

Results

DIMT1 depletion impairs 18S rRNA processing
and AML cell proliferation

Previous studies have suggested that DIMT1 is highly ex-
pressed in leukemia cells (Shen et al. 2021; https://depmap
.org/portal/publications). The CERES score showed mod-
erately higher dependency of leukemia cells on the

DIMT1 gene compared with all cancers (Supplemental
Fig. S1A). To validate the requirement of DIMT1 in cancer
cell proliferation, we performed a competition-based
proliferation assay across a selection of cancer cell lines.
We transduced single-guide RNAs (sgRNAs) targeting
DIMT1, Rosa (a negative control), and PCNA (a positive
control) coexpressed with the GFP marker into two
AML cell lines and two solid tumor cells lines (Supple-
mental Fig. S1B). The resulting cell population was com-
prised of both transduced (GFP+) and untransduced
(GFP+) cells, and the relative abundance of each popula-
tion was tracked via flow cytometry. Unlike the effects
of sgRosa, we found that cells expressing sgDIMT1 were
rapidly outcompeted by nontransduced cells, as shown
by flow cytometry-based tracking of GFP expression. Fur-
thermore, the cellular competition results showed that
the AML cell lines (MOLM-13C and MV4-11C) preferen-
tially required DIMT1 for proliferation in comparison
with solid tumor cell lines (Fig. 1A). The Western blot
analyses confirmed the successful depletion of DIMT1 af-
ter 5 d of sgDIMT1 administration (Fig. 1B).

To further verify the essential function of DIMT1 and
the on-target effect of our sgRNA, we ectopically ex-
pressed CRISPR-resistant WT-DIMT1 cDNA, which
containsmutations at the sgRNA targeting site or an emp-
ty vector in leukemia cells (Fig. 1C). To achieve a proper
expression level of our transgene, CRISPR-resistant
WT-DIMT1, we transducedMOLM-13C cells at lowmul-
tiplicity of infection (Supplemental Fig. S1C). Since exog-
enous DIMT1 had an mCherry tag separated by a P2A
linker, we performed fluorescence-activated cell sorting
(FACS) to enrich cells expressing exogenous DIMT1.
Low multiplicity of infection following by cell sorting al-
lowed us to achieve expression of exogenous DIMT1 close
to its endogenous level (expression levels of exogenous
WT-DIMT1 and E85A-DIMT1 are 2.69 ± 0.6 and 2.67 ±
0.4, while endogenous DIMT1 was normalized to 1). We
then transfected the sgDIMT1 to target the endogenous
DIMT1. As shown in Figure 1D, cells re-expressing WT-
DIMT1 have rescued cell proliferation, but cells express-
ing the empty vector do not.

To dissect whether the enzymatic activity of DIMT1 is
important for AML proliferation, we expressed CRISPR-re-
sistant E85A-DIMT1 (catalytically inactive) (Shen et al.
2020) in MOLM-13C cells and performed the same assays
as WT-DIMT1. As shown in Figure 1, D and E, cells re-ex-
pressing E85A-DIMT1 rescued MOLM-13C cell prolifera-
tion. We further investigated whether DIMT1 depletion
influences 18S rRNA processing by performing Northern
blots.We usedDNAprobes targeting ITS1 (Fig. 1F, top pan-
el) and ITS2 (Fig. 1F, bottom panel) to quantify the levels of
the rRNA precursors. The results suggest that DIMT1
depletion caused a substantial accumulation of 21S pre-
RNA compared with the control cells (Fig. 1F,G).

DIMT1 depletion alters the expression and translation
of transcripts involved in cell proliferation

To understand the impact of DIMT1 depletion on transla-
tion, we carried out ribosome profiling followed by high-
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Figure 1. DIMT1 is essential for AML cell proliferation. (A) Competition-based proliferation assays performed in the indicated Cas9+ cell
lines. sgRNA+ populations weremonitored over timewith a GFP coexpressionmarker. Plotted is the relative sgRNA+ population normal-
ized to the day 3 sgRNA+ population over 13 d. sgRosa is the negative control, and sgPCNA is the positive control. (B) Western blots show-
ingDIMT1 expression in cells transfectedwith the indicated sgRNAs on day 5 after infection. (C ) Schematic of re-expressingWT-DIMT1,
E85A-DIMT1, or empty vector inMOLM-13C cells. DIMT1 carries synonymousmutations, so it is not targeted by sgRNA of DIMT1. (D)
Competition-based proliferation assay of MOLM-13C cells re-expressing WT-DIMT1, E85A-DIMT1, or an empty vector versus parental
cells. (E) Western blots showing endogenous DIMT1 (indicated by two asterisks) and exogenousDIMT1 (indicated by one asterisk) expres-
sion in cells transfectedwith the indicated sgRNAs on day 5 after infection. (F ) Northern blot analysis of rRNAprecursors with total RNA
extracted fromMOLM13C cells transfectedwith negative control (sgRosa) or gRNA targetingDIMT1 (sgDIMT1). The detected pre-rRNA
species are indicated at the right and schematized. The probes targeted ITS1 (top panel) and ITS2 (bottom panel). Themature 28S and 18S
rRNAswere stainedwith ethidiumbromide. (G) Quantification of rRNAprecursors from F. The two-tailed t-test was used to calculate the
P-value (P =0.0012). Error bars represent mean±SD.

GENES & DEVELOPMENT 323



throughput sequencing (Ribo-seq) in MOLM-13C cells
transfected with sgRosa versus cells transfected with
sgDIMT1. The principal component analysis is summa-
rized in Supplemental Figure S2A, which shows the se-
quencing data of the ribosome-protected RNA (RIBO)
and the input RNA (RNA) from DIMT1 depletion, as
well as the control cells, separated well into sequencing
group (RNA vs. RIBO) and treatment condition (sgRosa
vs. sgDIMT1). The two biological replicates also cluster
together, indicating the reliable quality of the sequencing

data. First, we analyzed the differential gene expression.
We found that DIMT1 depletion leads to significantly in-
creased expression of 134 genes (log2 fold change > 1) (Fig.
2A; Supplemental Fig. S2B; Supplemental Table S1); gene
ontology (GO) analysis indicated that the proteins en-
coded by these transcripts are mainly involved in the reg-
ulation of the immune response and cell adhesion (Fig.
2B). DIMT1 depletion also significantly decreases the ex-
pression of 18 genes (log2 fold change <−1); gene ontology
(GO) analysis indicated that the proteins encoded by these

A

EB

C

D

Figure 2. The effect of DIMT1 depletion onMOLM-13C cells. (A) A volcano plot showing the RNAs with differential expression levels in
DIMT1-depleted versus control MOLM-13C cells. The significantly up-regulated (Padj< 0.05; log2 fold change>1) transcripts are shown in
orange, and the significantly down-regulated (Padj < 0.05; log2 fold change<−1) transcripts are shown in blue. (B) GO analysis of the signifi-
cantly up-regulated and down-regulated transcripts that are shown inA. Transcripts with increased expression levels are in orange, and tran-
scripts with decreased expression levels are in blue. (C ) Gene set enrichment analysis (GSEA) of sequencing data presented in
B. NUP98_HOXA9_fusion_up andMYC_lymphoma_up signatures were used. (D) A volcano plot showing the RNAswith differential trans-
lational efficiency in DIMT1-depleted versus control MOLM-13C cells. The significantly up-regulated (Padj< 0.05) genes are shown in or-
ange, and the significantly down-regulated (Padj < 0.05) genes are shown in blue. (E) GO analysis of the differential transcripts in Figure
6D (below). Transcripts with increased translation efficiencies are in red, and transcripts with decreased translation efficiencies are in blue.
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transcripts are mainly involved in the regulation of the
cell cycle (Fig. 2A,B). Gene set enrichment analysis
(GSEA) revealed that the MYC target gene signature
and the HOX gene cluster signature are significantly al-
tered upon DIMT1 depletion, indicating that dysregula-
tion of DIMT1 may affect common cancer pathways
and lead to a broad spectrum of cancers including leuke-
mia (Fig. 2C). Next, we analyzed the translational effi-
ciency difference between DIMT1-depleted cells and
the control cells. As shown in Figure 2D, Supplemental
Figure S2C, and Supplemental Table S2, 70 transcripts
exhibited significantly increased translation efficiency
upon DIMT1 depletion; these transcripts are mainly in-
volved in the regulation of leukocyte migration and
spliceosomes (Fig. 2E). Another 46 transcripts showed
decreased ribosome occupancies upon DIMT1 depletion;
these transcripts are mainly involved in the regulation of
translation and ribosome biogenesis, which is consistent
with the function of DIMT1 as a ribosome assembly fac-
tor (Fig. 2D,E).

A cleft in DIMT1 consisting of five positively charged
residues is important for its RNA binding

DIMT1 associates with preribosomes at the early steps of
18S rRNA processing and 40S small subunit assembly in
the nucleolus (Zorbas et al. 2015). Since the catalytic ac-
tivity of DIMT1 is not required for AML proliferation
(Fig. 1D), we next investigated whether we could impede
DIMT1 joining ribosome assembly to reduce AML prolif-
eration. We analyzed the residues in DIMT1 that contact
18S rRNA. As shown in the structure of DIMT1 (PDB
7MQA) (Fig. 3A,B; Shen et al. 2021), there is a positively
charged cleft between the N-terminal domain and the
C-terminal domain of DIMT1 that contacts helix 45 in
18S rRNA. There are five positively charged residues—in-
cluding Arg162 and Arg174 in theN-terminal domain and
Arg228, Lys253, and Arg256 in the C-terminal domain of
DIMT1—that are particularly noteworthy for their poten-
tial rRNA binding ability (Fig. 3B). We asked whether
these residues contribute to DIMT1’s RNA binding and
processing of 18S rRNA.
To investigate whether these positively charged resi-

dues in the cleft are important for DIMT1’s binding of
18S rRNA, we constructed a DIMT1 variant that contains
five mutations inducing R162A, R174A, R228A, K253A,
and R256A, which we refer to as 5mutA-DIMT1. We fur-
ther expressed and purified full-length recombinant WT-
DIMT1 and 5mutA-DIMT1 proteins (Supplemental Fig.
S3A) and performed differential scanning fluorimetry ex-
periments. The results suggest that WT-DIMT1 and
5mutA-DIMT1 are both well-folded proteins and share
similar melting temperatures (Fig. 3C,D), as improperly
folded, aggregated, or denatured proteins would typically
present high background at low temperatures of a melting
curve (Gao et al. 2020). Additionally, as shown in Supple-
mental Figure S3B, the AlphaFold-predicted structure of
5mutA-DIMT1 superimposed very well with the struc-
ture of WT-DIMT1 (with a root mean square deviation
of atomic positions = 0.177 Å). Collectively, these results

suggest that 5mutA does not lead to major structural
changes in WT-DIMT1.
We then performed electrophoretic mobility shift as-

says (EMSAs) to compare the RNA binding affinities of
WT-DIMT1 and 5mutA-DIMT1. We used a synthetic
RNA probe with carboxyfluorescein at the 5′ end
(5′ FAM). This probe bears the same local structure as
the two modification sites of DIMT1 in helix 45 of 18S
rRNA (Supplemental Fig. S3C). As shown in Figure 3, E
and F, the binding affinity of 5mutA-DIMT1 to the RNA
probe significantly decreases in comparison with WT-
DIMT1. We determined Khalf, which represents the con-
centration of an enzyme reaching half maximal binding.
The Khalf decreases from 1.2 µM protein for WT-DIMT1
to 3.9 µM for 5mutA-DIMT1. Next, we performed in vitro
methylation assays using WT-DIMT1 or 5mutA-DIMT1
in the presence or absence of SAM. The substrate RNA
probe was of the same sequence (but no 5′ FAM) as used
in the EMSAs. The liquid chromatography triple-quadru-
pole mass spectrometry (LC-MS/MS) quantification re-
sults show that WT-DIMT1 effectively installs m2

6,6A
in this RNA probe, while only background level of
m2

6,6A can be detected in the reaction using 5mutA-
DIMT1 (Supplemental Fig. S3D,E). These results suggest
that 5mutA-DIMT1 is weaker than WT-DIMT1 in meth-
ylation installation because of the weaker RNA binding
ability.

rRNA binding is a determinant for the nucleolar
localization of DIMT1

Since DIMT1 is an essential gene, we used a DIMT1+/−

heterozygous HEK293T cell line that we established pre-
viously (Shen et al. 2020) to study the cellular localization
of WT DIMT1, E85A-DIMT1 (a catalytically inactive var-
iant), and 5mutA-DIMT1 in cells. We reconstituted emp-
ty vector, WT-DIMT1, E85A-DIMT1, and 5mutA-DIMT1
in thisDIMT1+/− heterozygous cell line (Shen et al. 2020).
Exogenous FLAG-tagged WT-DIMT1, FLAG-tagged
E85A-DIMT1, and FLAG-tagged 5mutA-DIMT1 express
comparable levels in DIMT1+/− heterozygous cells (Sup-
plemental Fig. S3F). The immunofluorescence imaging re-
sults show that 5mutA-DIMT1 predominantly localizes
to the nucleoplasm, while WT-DIMT1 and E85A-DIMT1
both colocalize well with fibrillarin in the nucleolus (Fig.
3G). Similarly, MOLM-13C cells expressing WT-DIMT1-
mClover or E85A-DIMT1-mClover, but not 5mutA-
DIMT1-mClover, localize in the nucleolus (Supplemental
Fig. S3G).The results suggest that rRNAbindingmay be es-
sential for the primary localization of DIMT1 in the nucle-
olus, while the enzymatic activity is not required for its
localization. DIMT1 not only interacts with 18S rRNA
but also associates with two other ribosome assembly fac-
tors (BMS1 and DHX37), as shown in the small subunit
processome structure (PDB 7MQ9) (Singh et al. 2021).
Immunostaining analyses ofMOLM-13C cells that express
only exogenous WT-DIMT1 or 5mutA-DIMT1 shows that
BMS1 remains in the nucleolus in both WT-DIMT1- and
5mutA-DIMT1-expressing cells (Supplemental Fig. S3H).
These data suggest that the RNA binding deficiency of
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DIMT1 does not significantly impact the nucleolar locali-
zation of its associated proteins.

We further quantified the cellular m2
6,6A levels in 18S

rRNA using LC-MS/MS. The results showed that the levels
of m2

6,6A in 18S rRNA are significantly lower in E85A-
DIMT1 cells compared with WT-DIMT1, 5mutA-DIMT1,
and empty vector-expressingDIMT1+/− cells (Supplemental
Fig. S3I). We previously showed that DIMT1+/− heterozy-
gous cells donot have lowerm2

6,6A levels in 18S rRNAcom-
pared with the wild-type HEK293T cells; however,
exogenous E85A-DIMT1 competes with endogenous
WT-DIMT1 in binding to 18S rRNA and thus leads to lower
m2

6,6A levels in 18S rRNA (Shen et al. 2020). In contrast,
5mutA-DIMT1 cells have fully modified 18S rRNA, similar
to the empty vector-expressing DIMT1+/− cells, suggesting
that exogenous 5mutA-DIMT1cannot competewith endog-
enous WT-DIMT1 in binding to 18S rRNA (Supplemental
Fig. S3I). These results suggest that the cleft region consist-
ing of the five positively charged residues are critical for
RNA binding and catalysis by DIMT1 in vitro and in cells.

rRNA binding is indispensable for DIMT1 undergoing
phase separation

What is the molecular mechanism underlying the nucleo-
plasmic localization of 5mutA-DIMT1? We first suspected
that 5mutA-DIMT1might disturb the nucleolar leading se-
quence (NoLS) in DIMT1. NoLS detector predicted that res-
idues 1–26 harbored the nucleolar leading sequence
(Supplemental Fig. S4A,B). We fused the predicted NoLS
to the N terminus of mClover. The results showed an en-
richment of NoLS-mClover in the nucleolus compared
with expressing mClover alone (Supplemental Fig. S4C).
Next, we truncated the first 26 residues and constructed
the ΔNoLS-DIMT1. The immunofluorescent imaging re-
vealed that ΔNoLS-DIMT1 still remains localized to the nu-
cleolus (Supplemental Fig. S4D). These studies suggest that
the N-terminal segment of DIMT1 (a putative NoLS) does
not play a leading role in DIMT1’s nucleolar localization.

The first 26 residues of DIMT1 are not visible in previ-
ous crystal structures despite its presence in the

A

E G

F

B C D

Figure 3. 5mutA-DIMT1 presents weaker RNA binding affinity. (A) The electrostatic surface of DIMT1 is shown to reveal the details of
the RNA binding surface (PDB 7MQA). (B) Five positively charged residues, glutamate 85, and SAM are depicted as stick and ball struc-
tures. (C ) Differential scanning fluorometry (DSF)melting curves showing the relative fluorescence unitswith increasing temperature. (D)
The fluorescence is a product of SYPRO Orange dye, which resides on hydrophobic residues of exposed residues of WT-DIMT1 and
5mutA-DIMT1. The steady increase in fluorescence is due to the unfolding of the protein with increased temperature and the subsequent
binding of the SYPROOrange dye. (E) EMSA experiments showWT-DIMT1 and 5mutA-DIMT1 binding to the RNAprobe. (F ) RNA bind-
ingwas plotted using the equation detailed in theMaterials andMethods.WT-DIMT1 and 5mutA-DIMT1 at the indicated concentrations
and 5′ FAM-labeled RNA probe at 1 µM were used. (G) Representative fluorescence microscopy images of FLAG-tagged WT-DIMT1-
mClover, E85A-DIMT1-mClover, and 5mutA-DIMT1-mClover inDIMT1+/−HEK293T cells. The nucleoliwere stainedwith an antifibril-
larin antibody as a marker (red), and the nuclei were stained with a NuclearMask dye (blue). Scale bar, 10 µm.
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crystallized construct (Shen et al. 2020), which is likely
due to its disordered nature (Supplemental Fig. S4E). We
used AlphaFold software to predict the structures of
WT-DIMT1 (with high per-residue confidence score
[pLLDT] over 90% of the amino acid sequence) (Supple-
mental Fig. S5A). The first 26 residues are predicted to
adopt a helical secondary structure with a low pLLDT
score <50% (Supplemental Fig. S5B,C) and are far from
the five positively charged cleft residues mutated in this
study. Since the nucleolus represents a multilayered bio-
molecular condensate whose formation by LLPS facili-
tates ribosome biogenesis and other functions
(Lafontaine et al. 2021), wewonderedwhether DIMT1 un-
dergoes LLPS and whether this biophysical process is im-
portant for its nucleolar localization. Thus, we performed
in vitro droplet assays using purified DIMT1-mClover
(Supplemental Fig. S5D). The results showed that WT-
DIMT1 alone does not form droplets in vitro using 12.5
µM protein and a series of salt concentrations. Remark-
ably, the addition of total RNA extracted from HeLa cells
promotes the formation of droplets of WT-DIMT1 (Fig.
4A). As the RNA concentration increases (16.7–100 ng/
µL), the apparent volume of the condensed phase (roughly
indicated by the total droplet area in each image) increas-
es. The most evident round droplets of WT-DIMT1 with
RNAwere formed using 200mMNaClwith 100 ng/µL to-
tal RNA, since increasing NaCl concentrations to 400
mM and beyond diminished the droplet formation. At
identical protein, RNA, and salt concentrations, 5mutA-
DIMT1 presents significantly lower, nearly nondetectable
droplet formation comparedwithWT-DIMT1 (Fig. 4B). At
the optimal condensation formation condition for WT-
DIMT1 (200 mM NaCl with 100 ng/µL total RNA), the
condensation intensity of 5mutA-DIMT1 is nearly unde-
tectable using the same exposure settings and equal inten-
sity as those used for WT-DIMT1 (Fig. 5A,B).
We next studied the dynamics of the DIMT1-RNA

droplets using fluorescent recovery after photobleaching
(FRAP). We measured the recovery halftime and mobile
fraction of the DIMT1-RNA droplets by using a one-phase
association nonlinear regression curve. The recovery half-
time for WT-DIMT1-RNA droplets is ∼4.9 sec, while it is
∼ 9.2 sec for nucleoplasmic 5mutA-DIMT1 (Fig. 5C,D).
We observed that WT-DIMT1 and 5mutA-DIMT1 have
mobile fractions of 62% and 30.8%, respectively (Fig.
5E). Together, these results suggest that RNA binding is
essential for DIMT1 to undergo LLPS in vitro.
To assess whether DIMT1 undergoes LLPS in the cell

nucleolus, we expressed DIMT1-mClover (both WT and
E85A) in HEK293T DIMT1+/− cells. As shown in Figure
5F, the mClover tag on WT and E85A does not disturb
the nucleolar localization of the proteins. We then per-
formed FRAP to determine the dynamics of nucleolar
WT-DIMT1. FRAP experiments performed on live
HEK293T cells expressing WT-DIMT1 or 5mutA-
DIMT1 reveal that the average recovery halftime of WT-
DIMT1 nucleolar puncta is 0.8 sec, which is noticeably
faster than the 1.68-sec recovery halftime of nucleoplasm
5mutA-DIMT1 (Fig. 5F). These results suggest that WT-
DIMT1 undergoes LLPS in vitro and in cells, and rRNA

binding-promoted LLPS of WT-DIMT1 is a possible driv-
ing force for the nucleolar localization of DIMT1.

The noncatalytic rRNA binding ability of DIMT1
is critical for cell proliferation

To assess the significance of the nucleolar localization of
DIMT1 in promoting cell proliferation, we performed com-
petition-based proliferation assays using CRISPR-resistant
WT-DIMT1, 5mutA-DIMT1, and ΔNoLS-DIMT1 in
MOLM-13C cells. The Western blot analyses suggest that
5mutA-DIMT1was expressed close to the endogenous lev-
el of DIMT1 in MOLM13C cells (Supplemental Fig. S5A).
As shown in Figure 6A, MOLM-13C cells re-expressing
5mutA-DIMT1 showed the same proliferation as cells re-
expressing an empty vector—both presenting significant
decreases in cell proliferation compared with cells re-ex-
pressing wild-type DIMT1. In contrast, WT-DIMT1- and
ΔNoLS-DIMT1-expressing cells do not present decreased
cell proliferation after transduction of the sgDIMT1 target-
ing endogenous DIMT1 (Fig. 6A). Pre-rRNA processing
in MOLM-13C cells expressing 5mutA-DIMT1,
WT-DIMT1, and E85A-DIMT1 after transduction with
sgRosa or sgDIMT1 was analyzed by using Northern blot-
ting (Fig. 6B). Depletion of endogenous DIMT1 caused sig-
nificant accumulation of the 21S precursor only in 5mutA-
DIMT1-expressing, but not in WT-DIMT1- and E85A-
DIMT1-expressing, cells. These results indicate that only
WT-DIMT1 and E85A-DIMT1, but not the RNA binding-

A

B

Figure 4. WT-DIMT1 but not 5mutA-DIMT1 forms liquid con-
densates in vitro. In vitro droplet formation of 10 µM recombinant
WT-DIMT1-mClover (A) and 5mutA-DIMT1-mClover (B) in the
presence of the indicated concentrations of total RNA in the buffer
with the indicated salt concentrations. Scale bar, 20 µm.
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deficient 5mutA-DIMT1, are able support 18S rRNA pro-
cessing. Polysome profiling ofMOLM-13C cells expressing
5mutA-DIMT1, WT-DIMT1, and E85A-DIMT1 with the
endogenous DIMT1 depleted demonstrated decreased lev-
els of polysomes only in 5mutA-DIMT1 cells (Fig. 6C). To
determine the translational status of the top five mRNA
targets identified by Ribo-seq in DIMT1 depletion com-
pared with the control, we performed qRT-PCR on RNA
isolated from the light and heavy fractions of the polysome
profiles. The results showed that the five mRNAs that pre-
sented increased ribosome occupancies upon DIMT1
depletion in Ribo-seq are enriched in the heavy fractions
of the gradients in cells expressing 5mutA-DIMT1 but
not WT-DIMT1 or E85A-DIMT1 (Fig. 6D). Altogether,
these results consistently demonstrate that RNA binding-
facilitated nucleolar localization, but not the methyltrans-
ferase activity, of DIMT1 is essential for ribosome biogene-
sis to support AML proliferation.

Discussion

Previous studies have emphasized that dysregulation of ri-
bosome assembly results in distinct types of human dis-
eases, including cancers. However, there is limited
knowledge about the underlying mechanism by which ri-
bosome assembly factors and enzymes lead to these dis-
eases. Here we investigated the noncatalytic role of
ribosome assembly factor DIMT1 in cell proliferation.
The results of competition-based proliferation assays
demonstrated that AML cell lines show higher sensitivity
to DIMT1 loss compared with the tested solid tumor cell
lines. Ribosome profiling of AML cells upon DIMT1
depletion revealed subsets of dysregulated transcripts, in-
cluding MYC and HOX mRNAs implicated in variety of
different cancers, suggesting that DIMT1 affects common
cancer pathways andmay impact a broad spectrum of can-
cers including leukemia.

A B

C D

E

F

Figure 5. WT-DIMT1, but not 5mutA-DIMT1,
forms liquid condensates. (A) In vitro droplet forma-
tion of 10 µM recombinant WT-DIMT1-mClover
and 5mutA-DIMT1-mClover in the presence of 100
ng/µL total RNA and 200 mM NaCl. Scale bar, 20
µm. (B) Quantification of the total integrated intensi-
ty of WT-DIMT1-RNA condensation and 5mutA-
DIMT1-RNA condensation in Figure 4A. (C ) Time-
lapse images of 12.5 µM mClover-WT-DIMT1 and
10 µM 5mutA-DIMT1-mClover droplets from in vi-
tro FRAP experiments. Droplets were formed in the
presence of 100 ng/µL total RNA and 200 mM
NaCl. The FRAP experiments were performed using
the same conditions for WT-DIMT1-mClover and
5mutA-DIMT1-mClover. Scale bar, 5 µm. (D) FRAP
curves for the in vitro droplets of mClover-WT-
DIMT1 (gray) andmClover-5mutA-DIMT1 (maroon).
The traces of the FRAP data represent mean±SEM. n
=3 from three independent experiments. (E) The mo-
bile fractions fromD show that 5mutA-DIMT1 has a
significantly slower recovery phase compared with
WT-DIMT1. The two-tailed t-test was used to calcu-
late the P-value. (∗∗∗∗) P< 0.0001. (F ) Images and
FRAP analysis of recovery curves for WT-DIMT1-
mClover (gray), E85A-DIMT1-mClover (dark gray),
and 5mutA-DIMT1-mClover (maroon) in DIMT1+/−

HEK293T cells. The fast fluorescence recovery plots
indicate the liquid-like nature of the puncta of WT-
DIMT1 and E85A-DIMT1 but not 5mutA-DIMT1.
The traces of the FRAP data represent mean±SEM.
n=20 independent experiments from three biologi-
cally independent experiments.
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Using a catalytically dead DIMT1 mutant, we showed
that MOLM-13C cells rely on DIMT1 not for its catalytic
activity but for its ability to bind to 18SRNA for its nucle-
olar localization and function (Fig. 6C). Of note, our study
of 5mutA-DIMT1 and ΔNoLS-DIMT1 reveals that the
rRNA binding but not the predicted nucleolar leading se-
quence is the driving force for nucleolar localization. Tak-
en together, our study of a positively charged cleft in
DIMT1 provides insight into the vital role that rRNA
binding plays in the nucleolar phase separation and func-
tions of DIMT1. This discovery opens new avenues to
studying other ribosome assembly factors and their con-
nections to cancers.

rRNA binding affinity but not the putative nucleolar
localization sequence is important for the nucleolar
localization of DIMT1

The nucleolus is the hallmark of nuclear compartmental-
ization and plays a primary role in rRNA synthesis and ri-

bosome assembly. DIMT1 localizes in the nucleolar
compartment. Previous studies show that short protein
sequences with a minimum of five basic amino acids (of-
ten lysine and arginine residues) are termed nucleolar lo-
calization sequences (NoLSs) (Martin et al. 2015).
Nuclear proteins without nucleolar function are often
less concentrated or completely excluded from the nucle-
oli, while nucleolar proteins are highly enriched in this
nuclear compartment. Although NoLSs have been identi-
fied in nucleolar proteins, it remains unclear which prop-
erties or requirements of such proteins are essential for
accumulation in the nucleoli. We noticed that DIMT1
contains a predicted NoLS at the N terminus of the pro-
tein (Supplemental Fig. S4A). However, deleting this re-
gion did not alter the nucleolar localization of DIMT1.
In contrast, mutations of a basic RNA binding cleft that
do not disturb the predicted NoLSs are responsible for
modulating the nucleolar localization of DIMT1, which
highlights the role of rRNA binding in cellular
localization.

A

B

C

D

E

Figure 6. The RNA binding region, but not the
catalytic activity, ofDIMT1 is required for cell pro-
liferation. (A) Competition-based proliferation as-
say of MOLM-13C cells re-expressing sgRNA-
resistant 5mutA-DIMT1 (left) and ΔNoLS-
DIMT1 (right). Cells were transduced with the in-
dicated sgRNAs (sgRosa as a negative control,
sgPCNA as a positive control, and sgDIMT1). (B,
top panel) Representative Northern blots showing
pre-rRNA processing in MOLM-13C cells re-ex-
pressing sgRNA-resistant 5mutA-DIMT1, WT-
DIMT1, and E85A-DIMT1 after transduction
with the indicated sgRNAs. Northern blot analy-
ses were performed using two probes targeting
ITS1 and ITS2. The detected pre-rRNA species
are indicated at the right and schematized. (Bot-
tom panel) The abundance of rRNA precursors of
two biological replicates was quantified with a
phosphorimager and converted into a heat map.
The heat map shows the abundance of each pre-
rRNA species in sgDIMT1-infected cells com-
pared with the abundance of the same pre-rRNAs
in cells infected with sgRosa. (C ) Polysome pro-
files of MOLM-13C cells expressing exogenous
WT/E85A/5mutA-DIMT1 after knockout of en-
dogenous DIMT1. (D) Results of the qRT-PCR of
RNA extracted from the light or heavy fractions
of the polysome profiles shown in C performed
in two biological replicates. The Y-axis represents
the abundance of mRNA in the heavy fraction rel-
ative to in the light fraction. The fold change val-
ues of the relative mRNA abundance in WT-
DIMT1 cells were normalized to 1. (E) Schematic
illustration of a positively charged cleft in
DIMT1 supports 40S small subunit assembly and
leukemia proliferation. The empty arrows indicate
up-regulation (stimulating) or down-regulation (in-
hibiting) of the proliferation.
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RNA-promoted phase separation is a possible
mechanism for DIMT1 localization in the nucleolus

The nucleolus is the most prominent nuclear compart-
ment and is formed by liquid–liquid phase separation of
proteins and protein/RNA complexes. This multilayered
subcellular compartment performs a host of diverse roles
in a highly organizedmanner. In this study, we investigat-
ed whether DIMT1 undergoes liquid–liquid phase separa-
tion in vitro and inside cells. Our results suggest thatRNA
binding promotes in vitro droplet formation of WT-
DIMT1 but not 5mutA-DIMT1. Additionally, WT-
DIMT1 presents a liquid condensation property in the nu-
cleolus. These results suggest that RNA-promoted LLPS
is a possible mechanism for DIMT1 localizing in the nu-
cleolus.However, this study does not exclude the possibil-
ity that 18S rRNA binding facilitates the nucleolar
localization of DIMT1 regardless of its LLPS status.

The localization of proteins and RNAs to the nucleolus
is critical for a host of biological events (Lafontaine et al.
2021). The localization or exclusion of proteins from the
nucleolus can dramatically change in response to cellular
stimuli and reorganization during cell cycle progression.
DIMT1 is an indispensable assembly factor in 18S rRNA
processing and 40S subunit assembly. Thus, the function
of DIMT1 may be better facilitated by its high concentra-
tion in the nucleolus. Additionally, DIMT1-mediated
m2

6,6A occurs at two adjacent sites in 18S rRNA at nearly
100% occupancy. We predict that enriched DIMT1 in the
nucleolus might be indispensable for its catalysis. Al-
though DIMT1-mediated m2

6,6A is not required for the
proliferation ofMOLM-13C cells, the doublemethylation
does play a role in other cellular aspects such as cell differ-
entiation, especially since the loss of DIMT1-mediated
m2

6,6A sensitizes living organisms to stress conditions
and decreases translational fidelity (Helser et al. 1971; La-
fontaine et al. 1994; Tokuhisa et al. 1998;Wieckowski and
Schiefelbein 2012).

The rRNA cleft identified in this study is anAchilles’ heel
of DIMT1

DIMT1 is a commonessential gene that is indispensable for
ribosome biogenesis. However, our results suggest that cer-
tain cell types such as AML cells are more sensitive to
DIMT1 deficiency (Fig. 1A). In our previous study (Shen
et al. 2021), we observed thatDIMT1+/− HEK293T cells ex-
pressing E85A-DIMT1 have reduced translation and cell
proliferation compared with DIMT1+/− HEK293T cells ex-
pressing WT-DIMT1. However, E85A-DIMT1-expressing
MOLM-13C cells have cell proliferation indistinguishable
from WT-DIMT1 cells. It is not known whether E85A-
DIMT1MOLM-13C cells have translational status compa-
rablewithWT-DIMT1MOLM-13C cells.We reasoned that
the cell type specificitymight contribute to the different re-
quirements of DIMT1’s catalytic role in the cell prolifera-
tion of HEK293T and MOLM-13C cells. Additionally, the
DIMT1+/− HEK293T system still contains the remaining
endogenous DIMT1, which is different than the MOLM-

13C system that expresses E85A-DIMT1 before complete
ablation of endogenous DIMT1.

Since we show that DIMT1 supports MOLM-13C cell
proliferation through promoting rRNA processing and ri-
bosome biogenesis, methods to regulate DIMT1’s nonca-
talytic role in ribosome assembly could be further
pursued. Given that the data in this study show that the
RNA binding cleft is linked to DIMT1’s nucleolar locali-
zation and function (Figs. 3G, 6), itmay be a new therapeu-
tic site for targeting DIMT1 in rapidly dividing cells, such
as in AML proliferation. Identifying this indispensable
role of an rRNA binding cleft remote from DIMT1’s cata-
lytic site is important and potentially inspiring because
there are several other rRNA-modifying enzymes and
rRNA binding proteins that also function as assembly fac-
tors in preribosomal complexes in the nucleolus. Tackling
the RNA binding ability of these similar rRNA-modifying
enzymes and rRNA binding proteins may provide a new
therapeutic avenue for ribosomopathies.

In summary, this study describes an RNA binding cleft
of DIMT1 and uncovers its function in controlling
DIMT1’s cellular localization and role in promoting cell
proliferation. The findings detailed in this report open
new avenues for studying ribosome assembly factors and
introduce a potential therapeutic target in treating ribo-
some defects such as those in AML and other human dis-
orders related to ribosomal defects.

Materials and methods

Mammalian cell culture, lentivirus production, and transduction

HEK293T, HUH7C, and A375C cells were cultured in DMEM+
GlutaMAX (Gibco 11995065) with 10% FBS (Gibco 26140-079)
and 1% penicillin/streptomycin (Corning 30-002-CI) in a humid-
ified incubator with 5%CO2 at 37°C. MOLM-13C andMV4-11C
cells were cultured in RPMI (Gibco 22400-089) supplemented
with 10% FCS and 1% penicillin/streptomycin.
For lentivirus production, HEK293T cells in a 10-cm plate at

90%–100% confluency were transfected with 10 μg of plasmids
of interest, 5 μg of VSV-G plasmid, and 7.5 μg of psPAX2 plasmid
using 80 µL of 1 mg/mL polyethylenimine (Polysciences 25000)
in 500 μL of Opti-MEM (Gibco 31985062). Themedia was changed
with 6 mL of fresh DMEM 6–8 h after transfection. Lentivirus was
collected twice a day for the next 3 d after transfection. Collected
virus was pooled together, filtered with a 0.45-μm PVDF filter
(Millipore), and stored at−80°C in small aliquots for long-termuse.
For viral transduction, cells of interest were transduced with

lentivirus using 4 μg/mL polybrene (Sigma H9268) and centri-
fuged at 650g for 25 min at room temperature. The transduced
cells were incubated overnight at 37°C, and media was replaced
15 h after infection.

Construction of stable cell lines

HEK293T stable cell lines were generated in HEK293TDIMT1+/−

heterozygous background using pPB vector as previously de-
scribed (Shen et al. 2020). Transfection was performed at 60%
cell confluency using Lipofectamine 2000 (Invitrogen
11668019). Twenty-four hours after transfection, the cells were
selected under 2 μg/mL puromycin for 2 wk. During the selection
period, cells were resuspended every 2 d with fresh DMEM sup-
plemented with 10% FBS and 2 μg/mL puromycin. The stable
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overexpression was confirmed by Western blotting using an anti-
FLAG antibody (Thermo MA1-91878-HRP).
To create MOLM-13C stable cell lines, MOLM-13C cells were

transduced with WT‐CRISPR-resistant and E85A-CRISPR-resis-
tant DIMT1 followed by a P2A-linked mCherry. Transduced
MOLM-13C cells containing ∼30% mCherry-positive cells
were sorted and collected using a FACSMoFlo Astrios cell sorter
(Beckman).

Plasmid constructs

For DIMT1 and recombinant DIMT1-mClover protein expres-
sion, DIMT1 mutations were introduced through site-directed
mutagenesis PCR into a pET-28a vector to generate DIMT1
5mutA. DIMT1-mClover constructs were introduced into pET-
28a through fusion PCR to generate a DIMT1-mClover insert.
This was used to generate DIMT1-WT-pET-28a-mClover,
DIMT1-E85A-pET-28a-mClover DIMT1, and 5mutA-pET-28a-
mClover vectors.
For transfection and establishment of HEK293T stable cell

lines, DIMT1-5mutA-pPB vector was generated by subcloning a
5mutA insert from an existing DIMT1-5mutA-pET-28a vector.
Similarly, DIMT1-mClover constructs were subcloned out of
pET-28a-mClover vectors into pPB vectors to generate DIMT1-
pPB-mClover vectors. The ΔNoLS was generated by truncating
amino acids 1–26 and insertion into pPB and pPB-mClover
vectors.
To generate sgRNA-encoding plasmids, sense and antisense

DNA oligos were annealed and ligated into a BsmbI-digested
LRG2.1 expressing GFP (Addgene 108098).
To generate the CRISPR-resistant DIMT1 mutant, the follow-

ing base substitutions were introduced into the DIMT1
cDNA by PCR mutagenesis: A177→T, G180→T, G183→T,
A186→G, and T189→A. CRISPR-resistant DIMT1 was cloned
into Lenti Cherry vector using the In-Fusion cloning system
(Takarabio 638943). Generated vectors encoded N-terminal
FLAG-tagged CRISPR-resistant WT-DIMT1 and E85A-DIMT1,
which were followed by P2A-linked mCherry.
All plasmids were validated through Sanger sequencing.

Protein purification

pET-28a vectors were transformed into Escherichia coli BL21
(DE3 C2527H) for purification. Bacteria were grown at 37°C until
an optical absorbance at 600 nmbetween 0.6–0.8was achieved, at
which point protein expression was induced by the addition of
IPTG at 1 mM final concentration. After overnight growth at
16°C, cells were collected and lysed using lysis buffer (25 mM
Tris-HCl at pH 7.5, 500 mM NaCl). Cell lysate was centrifuged
at 11,000 rpm for 30 min at 4°C, and the supernatant was then
loaded onto a Ni-affinity chromatography column (GE Health-
care), which was pre-equilibrated using the lysis buffer. The load-
ed column was washed with 100 mL of wash buffer (50 mM
imidazole in lysis buffer) before the bound protein was eluted
with elution buffer (500 mM imidazole in lysis buffer). Finally,
eluted protein was further purified by running a HiLoadSuperdex
200 (GEHealthcare 28989335) column with S200 buffer (25 mM
Tris-HCl at pH 7.5, 500 mM NaCl, 5% glycerol).

Differential scanning fluorimetry assay

PurifiedWT-DIMT1 and 5mutA-DIMT1 proteins were diluted to
1 mg/mL in S200 buffer (25 mM Tris-HCl at pH 7.5, 500 mM
NaCl, 5% glycerol). Nineteen microliters of each protein was
transferred to one well in a 384-well plate, and 1 μL of fivefold

SYPRO Orange (Thermo Fisher S6650) was added to each well.
The platewas sealed and spun at 3600g for 2min. The fluorescent
signal at 570 nm was recorded using a RT-qPCR machine, with
the temperature ramping from 20°C to 95°C. The data were ana-
lyzed using DSF World (Wu et al. 2020).

Competition assay

To perform the proliferation-based cellular competition assay,
Cas9-expressing human cell lines of interest were transduced
with sgRNA coexpressed with GFP as a marker for transduction.
To deplete DIMT1, sgDIMT1#1 (GTAGTGCTGGAAGTTG
GACC) and sgDIMT1#2 (ACAGTCATGTTGCCAGTTCC)
were used, while sgRosa and sgPCNA were used as negative
and positive controls, respectively. The number of GFP-positive
cells was measured every second day starting from day 3 after in-
fection using a Guava Easy 5HT instrument (Luminex 0500-
4005). The percentage of GFP-positive cells on each day was nor-
malized to the percentage of GFP-positive cells on day 3 after in-
fection. The competition assays were performed in three
biological replicates each in two technical replicates.

EMSA

A FAM-labeled RNA probe (5′-rUrUrCrCrGrUrArGrGrUrGrAr
ArCrCrUrGrCrGrGrArA-3′) was dissolved in RNase-free water
at 100 μM and diluted to 1 μM in EMSA binding buffer (25 mM
Tris-HCl at pH 7.2, 150 mM NaCl, 40 U/mL RNasin). WT-
DIMT1 and 5mutA-DIMT1were diluted to a concentration series
of 0.1, 0.5, 1, 2, 4, and 6 μM in EMSA binding buffer. One micro-
liter of RNA probe and 1 μL of protein were mixed with 8 μL of
binding buffer and incubated for 30 min on ice. The entire 10-
μL RNA–protein mixture was then loaded onto a 4% TBE gel
with 2.5 μL of loading buffer (1% bromophenol blue, 50% glycer-
ol) and run at 120 V for 35 min at 4°C. The gel was imaged using
an Amersham Typhoon 5 (Cytiva 29187191) fluorescent scan
with a 473-nm laser. Quantification was carried out using Fiji
ImageJ to quantify the intensity of the bottom free RNA band.
The KD (dissociation constant) was calculated in Prism with
nonlinear curve fitting (allosteric sigmoidal) with the equation
y=Vmax ×x

h/(Khalf
h +xh), where y is the bound fraction, x is the

concentration of DIMT1 (in micromolar), Vmax is set to 1, h is
the hill slope, and Khalf is the DIMT1 concentration resulting in
0.5 bound fraction.

RNA isolation

Total RNA was extracted from cell pellets using TRIzol reagent
(Invitrogen 15596026) according to the manufacturer’s instruc-
tions. To isolate 18S rRNA, 5 μg of total RNA was denatured in
RNA loading dye (Thermo Fisher R0641) for 10 min at 72°C
and run on a 1% TBE agarose gel. The 18S rRNA band was then
excised from the gel and purified using a gel RNA recovery kit
(Zymoclean R1011).

Quantitative analysis of the m2
6,6A level

Purified RNAwas digested and dephosphorylated to single nucle-
osides using nucleoside digestionmix (NEBM0649S) for 2 h at 37°
C. The nucleosides were quantified using retention time and nu-
cleoside-to-base ion mass transitions of 268.0→136.0 (A), 284.0
→152.0 (G), and 296.0→164.1 (m2

6,6A). The percentage ratio of
m2

6,6A to A was then used to compare the different modification
levels between samples. LC-MS/MS data were analyzed using
Skyline software.
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In vitro methylation assays

The in vitro methylation assays were performed in a 30-μL reac-
tion mixture containing the following components: 4 µg of bio-
tinylated RNA probe 3′-rUrArGrGrUrGrArArCrCrUrG-5′

(0.945 nmol), 0.7875 nmol of protein, 1 mM SAM, 50 mM
Tris-HCl (pH 7.5), 5 mM MgCl2, and 1 mM DTT. The reaction
mixture was incubated for 10 h at 16°C. After incubation, strep-
tavidin beads (Thermo Scientific 10608D) were used to
purify the RNA probe according to the manufacturer’s instruc-
tions and eluted with 18.5 μL of RNase-free water for 5 min at
75°C.

Immunofluorescence microscopy

DIMT1+/− HEK293T cells expressing exogenous DIMT1 were
grown in a six-well plate on top of a cover slide. Cells were rinsed
oncewith 1× PBS followed by a 15-min rocking incubation with 1
mL of 4% formaldehyde in PBST (1× PBS, 0.05% Tween-20).
Next, cells were incubated in 0.5% Triton in 1× PBST for 20
min followed by rinsing with PBST. Cells were then blocked in
1%BSA in PBST for 1 h followed by 1 h in primary anti-FLAG an-
tibody (1:1000; MA1-142) and incubation in 1% BSA in PBST.
Cells were then rinsedwith 1%BSA in PBST followed by a 1-h in-
cubation in antirat secondary antibody (1:300; A-11006). After
secondary incubation, cells were rinsed with PBST followed by
1 min of incubation with 0.5 μg/mL DAPI and another PBST
rinse. Twenty microliters of antifade reagent (P36970) was then
applied to a microscope slide, and the coverslip was sealed on
top.Microscope slides were then imaged on a Leica TCS SP8 con-
focal microscope.

Fluorescence recovery after photobleaching (FRAP)

All FRAP assays were performed using the bleaching module of
the Zeiss LSM 880 confocal microscope. The 488-nm laser was
used to bleach the mClover signal. Bleaching was focused on a
circular region of interest (ROI) using 100% laser power, and
time-lapse images were collected afterward. Additionally, a cir-
cular area of the same size outside the bleaching point was used
as an unbleached control. The fluorescence intensity was
directly measured in the Zen software (Zeiss). The values are re-
ported as relative to prebleaching time points. GraphPad Prism
was used to plot the data. The halftime for each replicate was
calculated using a nonlinear one-phase association fit using
the equation Y =Y0 + (plateau−Y0) × [1− exp(−K × x)], in which
plateau−Y0 is the slow recovery fraction, K is the recovery
rate, and the halftime is ln(2)/K. The mobile fraction is repre-
sented as the plateau.
To perform in vitro FRAP experiments, 30 µL of in vitro LLPS

reaction was set up at room temperature with 25 mM Tris-HCl
and NaCl concentrations of 50, 100, 200, 400, and 500 mM;
DIMT1-mClover at 12.5 μM; and total RNA at 0, 16.7, 33.3, and
100 ng/μL. Reactions were incubated for 20 min at room temper-
ature, transferred to a 384-well glass-bottom reader plate, and
spun at 100g for 1 min. Images were taken using a Zeiss LSM
880 confocal microscope under a 20× lens.
The cellular FRAP was performed on HEK293T cells ex-

pressing DIMT1-mClover constructs cultured in glass-
bottom dishes (MatTek P35GC). The media was changed
with FluoroBrite DMEM (Thermo Scientific A1896701), and
cells were incubated with one drop of NucBlue Live ReadyP-
robes reagent (Thermo Scientific R37605) for 1 min before im-
aging with a Zeiss LSM 880 confocal microscope under a 20×
lens.

Protein quantitation and Western blotting

Protein concentrations were determined by Bradford assay (Bio-
Rad 5000006). Fifty micrograms of protein samples was boiled
for 5 min at 95°C in 1× Laemmli sample buffer , loaded onto
SDS-PAGE gel, and run at 180 V for 1 h. Samples were transferred
onto PVDFmembranes using a semidry transfer apparatus at 20 V
(sequences are listed in Supplemental Table S1) for 50min.Mem-
branes were then blocked with 3%milk in PBST followed by pri-
mary antibody incubation in 3%milk in PBST. Membranes were
then rinsed with PBST followed by secondary incubation. The
membranes were then washed with PBST and visualized using
an ECL Western blotting detection kit (Thermo Fisher 34577).

AlphaFold structure analysis

The DIMT1-5mutA amino acid sequence was input into Alpha-
Fold’s ColabFold program. The resulting output PyMol file was
compared with the solved crystal structure of WT-DIMT1 and
the AlphaFold protein structure database model of WT-DIMT1.
PyMol’s superimpose command was then used to determine
how closely folded the different structures were.

Ribosome profiling

MOLM-13C were transduced with sgDIMT or sgRosa coex-
pressedwithGFP as a transductionmarker in three biological rep-
licates. The efficiency of lentivirus transduction was estimated
by counting the number of GFP-positive cells using a Guava
Easy 5HT instrument (Luminex 0500-4005). Depletion of
DIMT1 was confirmed by Western blotting. On day 5 after infec-
tion, cells were treated with 100 μg/mL cycloheximide (CHX) for
7min. The cells were harvested by spinning at 400g for 5min and
then washed once with ice-cold PBS supplemented with 100 μg/
mL CHX. The collected cell pellets were resuspended in lysis
buffer (10 mM Tris-HCl at pH 7.4, 150 mM KCl, 5 mM MgCl2,
100mg/mLCHX, 0.5%TritonX-100, protease inhibitor cocktail,
RNase inhibitor, 100 μg/mLCHX) and kept for 15min on ice, fol-
lowed by centrifugation at 13,000 rpm for 15 min at 4°C. For the
input library construction, 10 μL of 10% SDSwas added to 100 μL
of the cell lysis aliquot, and the Zymo Research RNA Clean and
Concentrator-25 kit was used to purify total RNA. On the other
hand, to digestmRNAnot protected by ribosome, 120UofRNase
I (Ambion) of the cell lysate (absorbance260 nm=3) was incubated
for 30 min on ice. The reaction was stopped by addition of
SUPERase:In (Ambion). To obtain ribosome-protected fragments
(RPF), the digested lysate was loaded onto 10%–50% (w/v)
sucrose gradient prepared in the lysis buffer without Triton
X-100 by the Gradient Master (BioCamp). The gradients were
centrifuged at 38,300 rpm for 2.75 h at 4°C in a SW-40Ti (Beck-
man) rotor using an Optima XE-100 ultracentrifuge (Beckman).
Next, the gradient was fractionated into 1 mL by a Biocomp pis-
ton fractionator with a TRIAX flow cell for continuous UV detec-
tion at 256 nm and the monosome fractions were pooled,
followed by RNA purification with the Zymo Research RNA
Clean and Concentrator-25 kit. Obtained RNA was depleted of
rRNA with the Ribo-minus kit (Invitrogen), separated in 15%
TBE-urea gel, and stained with ethidium bromide. Gel slices con-
taining nucleic acids 27–30 nt were excised and purified using the
Zymo small RNA gel purification kit. To prepare the input sam-
ples, RNA >200 nt was extracted from the total RNA using RNA
extraction kit (Zymo Research R1013). Purified RNA was then
fragmented using an RNA fragmentation reagent kit (Invitrogen).
Prior to library construction, both input sample RNA and RPF
RNA were subjected to RNA end repair under PNK treatment
(Thermo Fisher). Libraries were constructed according to the
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NEBNext small RNA library preparation kit (NEB) protocol. The
concentrations for all of the libraries were determined by the
KAPA library quantification kit (KAPA Biosystems) according
to the manufacturer’s protocol and subjected to next-generation
high-throughput sequencing using an Illumina NextSeq 550
with a single-end 75-bp read length.

Data analysis

The high-throughput sequencing reads were subjected to adaptor
trimming using Trimmomatic (Bolger et al. 2014) with the fol-
lowing command: trimmomatc SE -phred33 ILLUMINACLIP:
TruSeq3-SE.fa:2:30:10 MAXINFO:20:0.5 MINLEN:20. Reads
mapping to rRNA, tRNA, and mtDNA were first cleaned using
Bowtie2. The rRNA sequences were downloaded from the gene
bank. The tRNA sequences were downloaded from the gtRNA
database. The mtDNA sequences were directly obtained from
the whole genome sequence. Next, the clean reads were mapped
to genome GRCh38 using STAR (Dobin et al. 2013) with the fol-
lowing command: STAR –runThreadN 8 –alignSJDBoverhang-
Min 1 –alignSJoverhangMin 51 –outFilterMismatchNmax 2
–alignEndsType EndToEnd –readFilesCommand gunzip -c –out-
FileNamePrefix –quantMode GeneCounts –outSAMtype BAM
SortedByCoordinate –limitBAMsortRAM 31532137230 –outSA-
Mattributes All. Last, featureCounts (Liao et al. 2014) was used
to count the read numbers for each gene. The differential transla-
tion efficiency and gene expressionwere calculated usingDESeq2
(Love et al. 2014) according to the instructions from a previously
reported procedure (Chothani et al. 2019).

Northern blots

Ten micrograms of total RNA was resolved on a denaturing
1.25% agarose gel containing 6.7% formaldehyde. The RNA
was transferred overnight onto a HybondNmembrane by passive
transfer in 20× saline–sodium citrate. After UV cross-link, RNA
was probed for pre-rRNAs using P32-labeled oligonucleotides tar-
geting ITS1 (CCTCGCCCTCCGGGCTCCGTTAATGATC) or
ITS2 (GGGGCGATTGATCGGCAAGCGACGCTC). Mem-
braneswere hybridized overnight at 65°C,washed, and dried prior
to exposure and signal detection in a Typhoon FLA 9500 (GE
Healthcare) phosphoimager. The pre-rRNAs were quantified
and normalized to the mature 28S rRNA (EtBr or methylene
blue staining) and then to the control samples (sgRosa).

Polysome profiling followed by qRT-PCR

MOLM-13C cells expressing WT-DIMT1, E85A-DIMT1, or
5mutA-DIMT1 on day 5 after infectionwith sgDIMT1were treat-
ed with 100 μg/mL cycloheximide (CHX) for 7 min. The cells
were harvested by spinning at 400g for 5 min and then washed
with ice-cold PBS supplemented with 100 μg/mL CHX. The col-
lected cell pellets were resuspended in lysis buffer (10 mM Tris-
HCl at pH 7.4, 150 mM KCl, 5 mM MgCl2, 100 mg/mL CHX,
0.5% Triton X-100, protease inhibitor cocktail, RNase inhibitor,
100 μg/mL CHX) and kept for 15 min on ice, followed by centri-
fugation at 13,000 rpm for 15min at 4°C. The lysates were loaded
on top of 10%–50% (w/v) sucrose gradient prepared in the lysis
buffer without Triton X-100 by the Gradient Master (BioCamp).
The gradients were centrifuged at 38,300 rpm for 2.75 h at 4°C
in a SW-40Ti (Beckman) rotor using an Optima XE-100 ultracen-
trifuge (Beckman). Next, the gradients were fractionated into
1 mL by a Biocomp piston fractionator with a TRIAX flow cell
for continuous UV detection at 256 nm. After fractionation, 200
μL of the light fraction (fraction 1) and 200 μL of the heavy frac-

tions (pooled fractions 5–12) were subjected to RNA extraction.
To have a normalization control, 0.2 ng of luciferase mRNA
was spiked in prior to each RNA extraction. Extracted RNA
from light and heavy fractions was subjected to qRT-PCR using
a Luna RT-qPCR kit (NEB).

Data availability

The sequence data have been deposited in the NCBI GEO data-
base under accession code GSE197276. All other data are avail-
able on request. All of the primers and probes used in this study
are listed in Supplemental Table S3.
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