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Table 1 Information of the identified methylation sites on ribosomal proteins

LB Bk o R A A A3 o5 S iR HEfL i
RPL40 K22 — W34 SMYD5
RPL29 K5 —H 5L SETD7
LIV RPLI2 K4 =HIA
RPL4 K333 — AL
RPL36A K53 —H 5L
RPS2 R22 TH3AE PRMT3
RPS10 R119 — 5L
AR RPS10 R158 THIRAR PRMT5
RPS10 R160 A PRMT5
RPS19 R67 —H 5L
BRI RPL3 H245 —H 5L METTLI8
RPS14 — 3L NTMT1? @
NG RPS25 A NTMT1?
RPL12 AR NTMTI1?
RPL23A =3 NTMT1?
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Wi AR S B LA AB M 1125 0 98 n] B ) 22201
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IO UE AT e PSR SRR R ER A
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2 Gozani BRI | 7E 5w B B K2 MDA FE AR E 0
Mazurif @2 Fl i B K22 Py e 22001 55 B (Institutes of
Biomedical Sciences, IBS)is 2RI AHLKIE Nature il
Cell Research I RFRWIFEC, LFIFEBH T SMYDSf#
FERPLA0 K224 sii Y 6 2 R Y AR B Wi el 2 e 7,
FEMAIEAAE & A R R A EEE L. b D fg2e i =,
R SMY D532 o7 a5 25 2k F Ak 25 5 UM s 4t A
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— 3 R AR R N AR AR B b, R

0 g A A A RS, X — R BB R T A RA
B U 2R H S A R R R R R MR,
R HAE AR IR R SR T BRI, AL Z R,
JUERPL29 K5 SEAUIB M T A% AR K LA PR
B, SR K IEEL AL R U (Peptidyl  Transferase Center,
PTC), 75 [ Z5 A RRAE IR HAT I fie v 1 (1#11), 15
CAFR R, milRH L% ESETD7 F:8(RPL29 K5
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JE, R PER NSRS i AT A R BERPLARY
K333/ 5 MIRPL36 A K S35 A7 F Ak i i, Hop
RPLAMK333 1 1 H FEAAE T T B2 521 28S rRNA
(ribosomal RNA)S5RNAF#BERFIINY EAE, it
Wi el 2t A A AR AR ZH %%, TITRPL36AFIKS3 H
FABIOL TR RIENL S, PTHES 5 RNA (transfer

RPL36A K53me1

é@f 60S

RPL29 K5me1

.3 H245mef
i RPL40 K22me3

Bl 1 HAE A RHIE A A 1 B B 7 s o A L. FEPRPLA0 K22me3 73 A EAX MR G TP th.ly, BRI F45 61
i #; RPL3 H245mel SR TERE R ANLIS, TTHES SRNAM B F YIRS, RPL29 KSmelfi TRMHAPALA L7, SRR AN I
fig s, FIRERZNR 22 IR EE B3 G s RPL36A K53me 1 W) A0 A 7R B AL s MY T, S A2 A2 G T e ) 2 (B B B ARGEE, 7T RESE [R) AR ENL
FRNARIFS AL K B RY - B (PDB: 8GLP), Reproduced from Ref. [16]

Figure 1 The distribution of ribosomal protein methylation sites with important structure features. RPL40 K22me3 resides within the ribosome’s
GTPase-activating center, the elongation factor binding site. RPL3 H245mel is near the A-site, potentially influencing tRNA codon recognition. RPL29
KSmel, above the P-site and near the peptidyl transferase center (PTC), likely impacts peptide bond synthesis. Finally, RPL36A K53mel is near the E-
site and in close proximity to spermidine, suggesting coordinated regulation of E-site tRNA translocation and translational fidelity (PDB: 8GLP),
Reproduced from Ref. [16]
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RNA) B A7 P8 10170 ] Bof AR 4 235 #1558 4
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— B WFFERPL2 K44 i i H A B B HE A
R PRI R, o RS e e
FERBR DI RE R4 h R I ZFEAL R E RS, M
WE R B B AT AR A, Y RO E R, Kok

PE— AT X LB T EAZ R A DI RE 9 46 P A v D A
P A B X

2.2 HRURTPIE bRz

PR R Sk, AR AR P Poks R Y
B TR X g, Horp, BB AR S FARPS2 AN
RPS10 A7 7 RS &R H 3L IB M 32 81 T3 2 5.
LR, RPS2 R224v o5 H ILALAE M AN A I e
Bl s (AR SR TP BB, T A HORS R P
FEFPRMT3 ik, JF HAFsiE e e ek i h 2 5
PHPEAZ AN LAY H - 2, (EARE EA, i
AERA ) BHIPR AT A 5 & B, ARG ST ARG e Y 3
M EPRMTIRENS 5 MR B FAIRPS2B HAE, 50
pre-rRNAMN Tad #2, AT HeAZA AR Y 1 H 20 22524,
JE SRR, X — ML 5 H RS ST AR 38 e 7 AH

RPL12

. RPL12 K4me3

P-stalk

RPL12 N-term me2

Bl 2 RPLI12 K4 IEALMBTE AR AP-stalk A 43 A 37 1. P-stall RAZMEIRSSH th o BE RSP S22 A8 1Y X3k, REAS -5 I 4E I PR T AH LA,
PEHERNAREE S HIMRNAR IESFE S, Ak IR 1 R AE TCBREAE A R F45 5oIRA T P-stalk 25 HPRZS B RPL12 K4 SR BAG 7 H v (9 437
B8, DN Al B AFE AT BES 5 4 B E 4 (R F- A 25 B P-stalkAH JC A S M B Y 458 (PDB: 4V6X), Reproduced from Ref. [21]

Figure 2 The spatial positioning of RPL12 K4 methylation within the ribosomal P-stalk is illustrated. The P-stalk, a highly conserved and dynamic
region that interacts with translation elongation factors to facilitate tRNA translocation and mRNA movement, is shown here in the absence of

elongation factor binding. We hypothesize that RPL12 K4 methylation may contribute to the binding of specific translation elongation factors and P-
stalk-mediated specific translation (PDB: 4V6X), Reproduced from Ref. [21]
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Ribosomal protein methylation: recent progress and future
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Ribosomal protein methylation, an important post-translational modification (PTM), has emerged as a critical regulatory
mechanism in ribosome biogenesis, translational control, and stress adaptation. Over the past five decades, advances in
isotope tracing technology, high-throughput protein mass spectrometry, and high-resolution cryo-electron microscopy have
transitioned this field from only identifying potential ribosomal proteins with methylation to mapping methylation sites
with single-amino-acid resolution and elucidating their functional roles. This review systematically synthesizes the
historical breakthroughs and current advances in ribosomal protein methylation research, with a focus on its biological
implications and therapeutic potential.

Since the 1970s, isotopic labeling studies unveiled the existence of methylated ribosomal proteins across species.
Research in recent decades has enabled site-specific mapping of methylated lysine (K), arginine (R), histidine (H), and N-
terminal residues. For example, lysine trimethylation at RPL40 K22, catalyzed by SMYDS, enhances ribosome elongation
efficiency and increases translational output, the loss of which has been linked to impaired tumor growth in gastric and
hepatocellular carcinomas. Similarly, RPL3 H245 methylation, which is catalyzed by METTL18, maintains translational
fidelity by ensuring proper rRNA processing and Tyr codon decoding. Arginine methylation, though less explored, is
necessary for correct ribosome assembly, as demonstrated by PRMT5-mediated methylation of RPS10 R158/R160, which
facilitates nucleophosmin interactions. Other methylation sites like RPL12 K4, located near the dynamic P-stalk, and
RPL36A K53, which potentially coordinates spermidine-mediated tRNA translocation, reflect the diverse roles of
methylated ribosomal proteins. Although the characteristics of N-terminal methylation are not clear, it is presumed to be
catalyzed by NTMT1, and further functional validation is needed.

Notably, ribosomal protein methylation plays an important role in pathological pathways, particularly in cancer.
Hyperproliferative tumors exploit these modifications to sustain high translation efficiency, highlighting their potential as
therapeutic targets. For instance, SMYDS5 deletion suppresses RPL40K22 methylation, impairing oncogene translation (e.
g., ATF6, CCNDI1) and sensitizing tumors to PI3K/mTOR inhibitors or CAR-T therapy in gastric carcinomas. In HER2-
negative breast cancer, METTLI18-driven RPL3 methylation indirectly activates Src phosphorylation, promoting
metastasis. Beyond oncology, developmental defects in PRMT3-deficient mice also underscore the crucial role of RPS2
R22 methylation in embryogenesis. Recent findings on translation elongation factors, like METTL13-eEF1 A K55me2 and
FAMS86A-eEF2 K525me3, further validate methylation as a druggable target, selectively inhibiting tumors without
harming normal cells.

Targeting ribosome-specific methylation “switches” helps advance precision therapies while minimizing off-target
effects. However, beyond the progress, many challenges remain in this area. Many methylation sites lack validated
methyltransferases or demethylases, leaving the entire regulatory network unclear. Besides, the crosstalk with
environmental stimuli and other PTMs remains underexplored. Clinical applications based on ribosomal protein
methylation are also challenging, including the lack of available targets and the need for selective and safe small molecule
inhibitors. Future efforts should integrate multi-omics analysis and Al-driven prediction to decode spatiotemporal
dynamics and context-specific functions of ribosomal protein methylation.

In conclusion, ribosomal protein methylation represents a multidimensional regulatory layer in translational control.
Completing mechanistic deficiency and utilizing emerging technologies will unlock its full potential in disease diagnosis
and treatment.

ribosomal protein methylation, translational regulation, cancer therapeutics, epitranslatomics
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