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Disrupting tRNA modifications to target
mitochondrial vulnerabilities in drug-resistant
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Cornelius Pauli,** Michael Kienhafer,"?* Maximilian Felix Blank,®* Oguzhan Begik,5 Christian Rohde,?*
Sarah Miriam Naomi Zimmermann,”* Laura Werner,” Daniel Heid,”® Fu Xu," Katharina Weidenauer,? Sylvain Delaunay,1 Nadja Kral
Katrin Trunk," Duoduo Zhao,”* Fengbiao Zhou,”* Laia Llovera,” Alexane Ollivier,” Anke Heit—Mondrzyk,1 Uwe Platzbecker,®

Claudia Baldus,” Hubert Serve,® Martin Bornhzuser,” Cathrine Broberg Végb(z,10 Salvador Aznar Benitah,'"'? Jeroen Krijgsveld,‘l'13
2,3

|,‘|,2

Eva Maria Novoa,”'?"* Carsten Miiller-Tidow,”® and Michaela Frye1

'Division of Mechanisms Regulating Gene Expression, German Cancer Research Center, Heidelberg, Germany; 2Medical Faculty Heidelberg and Department
of Internal Medicine V, Heidelberg University Hospital, Heidelberg, Germany; *Molecular Medicine Partnership Unit European Molecular Biology Laboratory—
University Hospital Heidelberg, European Molecular Biology Laboratory, Heidelberg, Germany; *Division of Proteomics of Stem Cells and Cancer, German
Cancer Research Center, Heidelberg, Germany; 5Epitranscriptomics and RNA Dynamics, Centre for Genomic Regulation, The Barcelona Institute of Science
and Technology, Barcelona, Spain; ¢ Department of Hematology, Leipzig University Hospital, Leipzig, Germany; ” Department of Hematology, Kiel University
Hospital, Kiel, Germany; 8Depar‘cment of Hematology, Frankfurt University Hospital, Frankfurt, Germany; 9Depar‘cment of Hematology, Dresden University
Hospital, Dresden, Germany; '°Proteomics and Modomics Experimental Core Facility, Norwegian University of Science and Technology and St. Olavs Hospital,
Trondheim, Norway; 11Aging and Metabolism, Institute for Research in Biomedicine, The Barcelona Institute of Science and Technology, Barcelona, Spain;
2Catalan Institution for Research and Advanced Studies, Barcelona, Spain; SMedical Faculty, Heidelberg University, Heidelberg, Germany; and "4 Universitat
Pompeu Fabra, Barcelona, Spain

Dysregulated RNA modifications contribute to cancer progression and therapy resis-
tance, yet the underlying mechanism often remains unknown. Here, we perform CRISPR-
based synthetic lethality screens to systematically explore the role of RNA modifications
in mediating resistance to antileukemic drugs. We identify the tRNA methyltransferase 5
(TRMT5)-mediated formation of N1-methylguanosine (m'G) in the transfer RNA (tRNA)
anticodon loop as essential for mediating drug tolerance to cytarabine and venetoclax
(Ven) in acute myeloid leukemia (AML). TRMT5 methylates nearly all mitochondrial and
nuclear tRNAs with a guanosine at position 37, but its role in promoting drug tolerance
specifically depends on its mitochondrial function. TRMTS is essential for the dynamic
upregulation of mitochondrial messenger RNA translation and oxidative phosphoryla-
tion, which are critical for sustaining drug tolerance in leukemia cells. This mitochondrial
dependency correlates with therapy outcomes in patients with leukemia: lower expres-
sion of electron transport chain genes is linked to poorer outcomes in a cohort of nearly
100 patients with AML undergoing first induction therapy. Finally, we demonstrate that
targeted depletion of the TRMTS5 protein using a conditional degron, in conjunction with
cytarabine and Ven treatment, synergistically induces cell death in drug-tolerant AML cells. Thus, our study reveals
TRMTS as a promising drug target for therapy-resistant leukemia.

® TRMTS5-mediated N1-
methylguanosine tRNA
modifications drive
mitochondrial function
and drug tolerance in
AML via oxidative
phosphorylation.

® TRMTS inhibition
prevents oxidative
phosphorylation
upregulation and
synergizes with
cytarabine and Ven to
overcome resistance.
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The ability to adapt to a changing microenvironment is crucial
for cell fate decisions during development. Aberrant deposi-

Introduction

RNA biochemical modifications regulate gene expression by
affecting RNA stability, nuclear export, localization, and trans-
lation.” Their cellular function is best studied during acute
stress responses,z'4 where RNA-modifying proteins (RMPs)
either degrade or stabilize their target RNAs to rewire cellular
proteomes, often even before transcriptional changes occur.””’
Thus, RNA modifications sense alterations in the environment
and initiate cellular stress responses accordingly.

tion of RNA modifications is frequently linked to human dis-
eases such as neurological deficits and metabolic disorders.’*
Similarly, cancer cells continually and dynamically adapt to
often deleterious microenvironments, induced by factors such
as hypoxia or drug treatments.? Accordingly, RNA medifica-
tions have been found to play biological roles in most cancers
by regulating fundamental cellular processes such as growth,
survival, differentiation, and migration.‘%'9 Consequently, most
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aspects of tumorigenesis, including initiation, growth, metas-
tasis and therapy resistance, can require distinct RNA-
modifying events to ensure cell survival and growth.'*

Here, we performed CRISPR-based synthetic lethality screens
targeting all currently known 150 RMPs.'® We demonstrate that
drug-tolerant leukemia cells require tRNA methyltransferase 5
(TRMT5)-mediated formation of N1-methylguanosine (m'G) in
mitochondrial transfer RNA (mt-tRNAs) to survive exposure to
cytarabine or venetoclax (Ven); both drugs are frequently used
in the treatment of patients with acute myeloid leukemia (AML).
The loss of m"'G impaired mitochondrial messenger RNA (mt-
mRNA) translation and reduced respiration, and thereby
resensitized drug-tolerant cells to cytarabine. Although TRMT5
methylates both mt-tRNAs and nuclear-encoded tRNAs,
selectively inhibiting its function in mitochondria alone was
sufficient to enhance the cancer drug’s toxicity. Finally, we
demonstrate that mitochondrial activity not only predicted
therapy outcome in patients with leukemia but also repre-
sented a targetable vulnerability. TRMTS inhibition significantly
amplified the efficacy of Ven and cytarabine treatment in
resistant cells. In summary, disrupting TRMT5-mediated tRNA
methylation is a promising strategy to enhance leukemia
treatment or minimize side effects of cancer drug treatments.

Materials and methods

CRISPR-based dropout screens

A CRISPR-Cas9 library consisting of single-guide RNAs (sgRNA)
targeting 150 RMPs and 8 control genes (8 sgRNAs per protein),
250 small nucleolar RNAs (~2 sgRNAs per small nucleolar RNA),
and 50 nontargeting sgRNAs was designed. The 1708 sgRNAs
were cloned into the lentiCRISPRv2-green fluorescent protein
(GFP) vector (82461, Addgene). The sgRNA-bearing plasmids
were transduced together with the lentiviral envelope plasmid
pDM2g (12259, Addgene) and the packaging plasmid psPAX2
(12260, Addgene) into lenti-X 293T cells using TurboFect
transfection reagent (R0531, Thermo Fisher Scientific). Lentivi-
ruses were harvested after 72 hours and concentrated via
ultracentrifugation. Before infection, virus concentration was
titrated to a multiplicity of infection of 0.3.

The cell lines were infected and samples were taken after 48
hours (input; day 1), 8 days, and 22 days. For the synthetic
lethal screen, Ontario Cancer Institute—Acute Myeloid Leuke-
mia Line 2 (OCI-AML2) cells were GFP sorted 96 hours after
infection and then divided into treatment and control groups.
The treatment group was stimulated for 3 days with cytarabine
(STADA) followed by 4 days for recovery. Furthermore, 3
treatment-recovery cycles were pen‘ormed with increasing
doses of cytarabine (1 pM, 2 pM, 3 pM). Samples were taken on
days 8, 15, and 22.

sgRNA sequencing and quantification

The whole genomic DNA was isolated using the Quick-DNA
Midiprep Plus Kit (Zymo Research). Polymerase chain reaction
(PCR) input amount was concentrated to achieve a 500x
coverage. Library preparation and sequencing was performed
as described previously."'"'? After sequencing on an lllumina
NextSeq500, the reads were demultiplexed using the P7 bar-
code in addition to the in-line barcode information. Each read
was scanned for the vector motif, and the subsequent
20 nucleotides were used to assign 1 of the 1708 unique
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sgRNAs from the screen. The robust ranking aggregation
algorithm in model-based analysis of genome-wide CRISPR/
Cas9 knockout (MAGeCK) software version 0.5.9.4 was used to
identify positively or negatively enriched guide RNAs (gRNAs).

TRMTS5 knockout and rescue constructs

The coding sequence of TRMT5 isoform 3 was cloned into an
pCDH-EF1a-MCS-(PGK-GFP) plasmid (CD811A-1, System
Biosciences). The target sequence for sgRNA2, along with the
corresponding protospacer adjacent motif (PAM), was silently
mutated via PCR-based mutagenesis. To generate a catalyti-
cally inactive version of TRMT5, point mutations were intro-
duced at 3 catalytically critical amino acids (E288A, R291H,
M386V)."*> The mitochondrial targeting sequence (MTS) was
identified using the internal MTS-like sequences (iMTS) score
(https://mtsviewer.neurohub.ca/)14 and removed from the
coding sequence using mutagenesis PCR.

Nanopore sequencing

Native tRNAs were sequenced using nanopore tRNA
sequencing.”” The library was loaded onto MinlON R9.4 flow
cells (FLO-MIN-106). Reads were base called using Guppy
version 3.6.1 in high-accuracy mode. Reads were mapped using
Burrows-Wheeler Aligner (arXiv:1303.3997v2) with parameters
bwa mem -W13 -k6 -xont2d -T20 to the mature human tRNA
reference set, obtained from gtRNAdb 2.0," to which we added
the ligated adapter sequences. Differential tRNA modifications
were analyzed by extracting basecalling “errors” (mismatch,
insertion, and deletion) for each position, using the get_sum_err.
py script. The output of this script was then used to calculate
differential summed “errors” between wild-type (WT) and
TRMTS5 knockout (KO) samples, which were visualized using the
plot_heatmap.py script. Both scripts are publicly available in
GitHub (https://github.com/novoalab/Nano-tRNAseq).

Total and nascent proteomics

Cells were grown at equal density overnight. GFP-sorted TRMTS
KO and control (scramble) cells were harvested on days 12 and
13 after infection. Furthermore, 4 x 10° cells per condition and
replicates were washed thrice with ice-cold 1x phosphate-
buffered saline. Experiments were conducted at least in tripli-
cates. Raw data were processed with MaxQuant (1.6.2.6)" using
default settings. Only proteins with at least 1 unique peptide
were considered as identified, and normalized label-free quanti-
fication values were used for quantitative comparative analyses.
Nascent proteomics studies were performed as described
previously.®

TRMT5-inducible degron system

For TRMT5-specific protein degradation, we used the degradation
TAG (dTAG) system.'? For the in-frame knockin of FKBP127¢Y, an
electroporation-based approach was used using the Neon Trans-
fection System. A total of 1250 ng of recombinant Cas? (A36498,
Thermo Fisher Scientific) was incubated with 7.5 pmol of CRISPR
RNA for 10 minutes and subsequently mixed with 200 ng of donor
DNA containing FKBP1273¢V-2xHA-T2A-mCherry (eu.idtdna.com).
The reaction mixture was added to 2.5 x 10° cells resuspended in
buffer R, corresponding to a concentration of 20 x 10%/uL. Elec-
troporation was carried out under 3 different conditions (1600 V/10
ms/3 pulses, 1700 V/20 ms/1 pulse, 1150 V/30 ms/2 pulses), and
cells were pooled in prewarmed medium supplemented with 2 pM
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ROCK inhibitor (SCMO075, Sigma-Aldrich). After 72 hours,
mCherry-positive cells were single-cell sorted into 96-well plates.
After 16 days, successfully outgrown single clones were screened
for homologous knockins via gel electrophoresis of amplified
TRMT5 DNA. For functional assays, TRMT5 degradation was
induced using varying concentrations of dTAG-V1 (7374, Tocris
Bioscience).

Data availability

Data in supplemental Table 13 (available on the Blood website)
were obtained from Stratman et al.”® Results are in part based
on DepMap?' and the Cancer Cell Line Encyclopedia.?

A detailed “Materials and methods” description is provided as
a supplemental File.

Results

Target discovery screen identifies essential RNA
modifications in cancer cells

To identify cancer-relevant RNA modifications, we generated
pooled gRNA libraries targeting all currently known human
RMPs (n = 150) (supplemental Figure 1A; supplemental
Table 1).'9 After extensive quality checks (supplemental
Figure 1B-l), we performed dropout viability screens in 16
different cancer cell lines and 2 primary healthy lines
(supplemental Table 2).

Approximately one-third of RMP-targeting gRNAs were signifi-
cantly depleted after 22 days of culture (Figure 1A; supplemental
Table 3A-B). Similar to the MYC proto-oncogene, bHLH tran-
scription factor (MYC), TRMT112 was essential for survival of all
cell lines (Figure 1A). TRMT112 forms heterodimer with methyl-
transtransferase 5 (METTL5) or THUMP domain 3 tRNA guano-
sine methyltransferase (THUMPD3) to form Né-methyladenosine
(m®A) in 18S ribosomal RNA and m?G in cytoplasmic tRNAs,
respectively.”*** Only a small number of gRNAs, such as the
control gRNAs targeting the tumor suppressor TP53, were
enriched, indicating a growth advantage when the targeted RMP
was depleted (Figure 1A). We obtained a similar dependency on
RMPs after 8 days of culture (supplemental Figure 1J-K). The
gene effects observed in our CRISPR screen closely correlated
with genome-scale CRISPR dropout screens performed in >1000
cancer lines (Figure 1B; depmap.org)A25 In total, we identified 50
essential RMPs required for cellular survival in at least 1 of the 18
tested cell lines (https://shiny-portal.embl.de/shinyapps/app/15_
rnamod_trmt5).

Synthetic lethality screen identifies essential roles
of TRMTS5 in cancer drug tolerance

RNA modifications are often linked to cellular stresses such as
oxidative stress, DNA damage, or drug treatment. To identify
cancer stress-specific modifications, we conducted synthetic
lethality screens between RNA modifications and anticancer
drugs. After treating 5 different AML cell lines with cytarabine
(AraC), we found that OCI-AML2 and OCI-AML3 cells exhibited
a >100-fold greater tolerance to AraC compared with other
tested lines (Figure 1C). The OCI-AML2 line was then used for
the synthetic lethality screen. After infection of the CRISPR
library, the cells were repeatedly exposed to AraC in an
increasing concentration (Figure 1D-E). To exclude RMPs
frequently required for cell survival and proliferation, we

DISRUPTING mt-tRNA MODIFICATIONS IN CANCER

compared treated with untreated cells both cultured for 22
days (Figure 1F; supplemental Figure 1L).

The sgRNAs targeting TRMT5 and CTU2 were the most
significantly depleted (Figure 1F; supplemental Figure 1L-M).
The averaged MAGeCK-negative enrichment score revealed a
similarly significant reduction of gRNAs targeting TRMT5 and
CTU2 (Figure 1G). Both enzymes modify the tRNA anticodon
loop. Although CTU2 is responsible for 2-thiolation of cytosolic
tRNAs, TRMT5 methylates the N1 position of guanosine
37 (G37) in mt-tRNAs.'**?” We chose TRMT5 for further
analyses because its protein expression significantly correlated
with half maximal 50% inhibitory concentrations of AraC in
blood cancer cells, which was not the case for CTU2 (Figure 1H;
supplemental Figure 1N).”® Although KO of TRMT5 caused a
negative gene effect across 1178 cancer lines (Figure 1B,1), its
correlation with AraC sensitivity was lineage specific and
included lymphoid and myeloid blood cancer cells (Figure 1J).

TRMT5 forms m'G at position 37 in mitochondrial
and cytosolic tRNAs

To identify TRMT5-specific methylation targets, we selected 2
sgRNAs (sg2 and sg4) and generated 2 drug-tolerant (OCI-
AML2, OCI-AML3) and 2 drug-sensitive (MOLM13, Kasumi) KO
lines (supplemental Figure 2A). We isolated mt-tRNAs and
measured a twofold reduction of m'G levels in TRMT5-KO cells
by mass spectrometry (Figure 2A-B). The residual levels of m'G
in KO cells were likely due to tRNA modifications at position 9,
mediated by TRMT10A.?” Therefore, we next quantified m'G37
levels in their sequence-specific context using nanopore direct
RNA sequencing.'® This method efficiently detected m'G in
synthetic modified mt-tRNA™Y, a known target of TRMTS
(supplemental Figure 2B-D; supplemental Table 4)."* Then, we
compared the modification profiles of mitochondrial and cyto-
solic tRNAs. Most G37-containing tRNAs demonstrated highly
reproducible reductions in m'G levels when TRMT5 was
depleted, whereas all other tRNAs were unaffected (Figure 2C-
G; supplemental Figure 2E; supplemental Table 5).

Next, we rescued TRMT5-KO cells with constructs expressing
either the WT or a catalytic dead (mutant) versions of the
protein."® In addition, we generated a TRMT5 construct lacking
the predicted mitochondrial transfer peptide (AMTS), making it
unable to shuttle into the mitochondria (Figure 2H-I). Most G37
methylation sites were rescued by reexpressing the WT but not
the nonfunctioning proteins, confirming that the reduction of
m'G37 levels was directly caused by loss of TRMTS5 (Figure 2J;
supplemental Figure 2F-H; supplemental Table é). Although
reexpression of the AMTS-TRMTS5 protein failed to rescue mt-
tRNA methylation, it increased methylation of cytosolic tRNAs
when compared with the catalytic-dead protein (Figure 2J). We
concluded that human TRMT5 methylates both mitochondrial-
and nuclear-encoded tRNAs at position G37.

TRMTS is required for efficient mRNA translation
of OXPHOS components

Mitochondrial activity and high oxidative phosphorylation
(OXPHOS) status are hallmarks of AraC-resistant persisting
leukemia cells.*® Upregulation of OXPHOS requires increased
translation of mitochondrial-encoded genes, and modifications
in the mt-tRNA anticodon loop ensure efficient codon-
specific translation.”’ The m'G modification next to the
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Figure 1. CRISPR/Cas9 genetic screen identifies cancer-relevant RNA modification. (A) Scheme of dropout screen (top) and average log, FC (bottom) of 150 human
RMPs, including positive controls (Ctrs) in 18 cell lines at day 22 of the experiment. lllustrated is every sixth RMP. (B) Correlation of RMP gene effect in targeted CRISPR
experiments and genome-scale CRISPR (Chronos) (depmap.org). Each dot represents the average effect across all tested cell lines. (C) Dose-response curve evaluating the
effect of different concentrations of cytarabine (AraC) in blood cancer lines with corresponding ICsg values. (D-E) lllustration of synthetic lethality screen (D) and treatment
regimen with AraC (E) in OCI-AML2 cells. (F-G) Volcano plot illustrating logyo statistical significance (FDR) vs log, FC of sgRNA abundance (F) and MAGeCK-negative
enrichment score of averaged gRNAs per gene (G) identifying essential RMPs in AraC-treated cells after 22 days in culture. (H) Correlation between TRMTS protein
expression and |Csg values in response to AraC treatment (Sanger, GDSC1) in lymphoid and myeloid cancer lines (blood) and all other cell lines. (1) CRISPR MYC, TRMT112,
TRMTS, and METTL3 gene effects (Chronos) (depmap.org) across 1150 cancer cell lines. (J) Cancer lines with significant (left) and nonsignificant (right) correlation of CRISPR
TRMTS gene effect and ICsq values of AraC treatment. FC, fold-change; FDR, false discovery rate; ICsq, 50% inhibitory concentration.
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Figure 2. TRMT5 methylates mitochondrial (mt) and cytosolic (cyto) tRNAs at position 37. (A-B) Illustration of mt-tRNAs methylated by TRMTS at position G37 (A) and
quantification of m'G levels in mt-tRNAs using mass spectrometry (B). Modification levels are normalized to Né-threonyl-carbamoylation, a universal modification of
adenosine 37 in tRNAs. (C-D). Integrative genomics viewer snapshot of nanopore sequenced mttRNAPTES) () and mttRNAAHTED (D) from OCI-AML2 Ctr (scr; top) and
TRMTS- KO (sg2) cells. Nucleotides with mismatch frequencies >0.05 are in color (panels C-D) and in gray otherwise. (E) Principal component analysis of summed error
values from mitochondrial (left) and cyto (right) tRNAs in OCI-AML2 Ctr and KO cells. N = 3 infections per conditions. (F-G) Relative summed error of all potential TRMTS
targets (G37) in KO cells compared with Ctr in OCI-AML2 (F) and Kasumi-1 (G) cells. (H) Alpha-fold model predicting TRMTS protein structure. Green highlights the
predicted mitochondrial transfer peptide (left; 1) and the TRM (right; 2). () Western blot detecting TRMTS5 protein levels in Ctr and rescued TRMTS KO cells. Cells were
infected with scr or sg2. KO cells were rescued by reexpressing TRMTS WT, catalytic dead (mutant [MUT]) or lacking the MTS constructs. Ctr cells (sg2 and scr) were rescued
with an empty vector (EV) Ctr. Vinculin (VCL) serves as a loading Ctr. Dotted line indicates different exposure times of the same blot. (J) FC of relative summed error in
TRMTS mt (n = 3) and (cyto; 12) tRNA targets in the indicated rescued TRMT5 KO lines. Mean + standard deviation (panels F-G). Mean + standard error (panel J). Two-tailed

paired t test (panel J). TRM, tRNA methylation motif.

DISRUPTING mt-tRNA MODIFICATIONS IN CANCER

@)blood* 13 NOVEMBER 2025 | VOLUME 146, NUMBER 20 2447

920¢ Yoren Og uo 3senb Aq pd-ulew-zg8/z0-¥20g-PId PooId/€G00Z 12/Eve/0e/9v L pd-|oe/poo)q/Bio°suoneoiigndyse/:diy woly papeojumod



anticodon prevents translational frameshifting (supplemental
Figure 3A).%?

To quantify mt-mRNA translation, we measured OP-puromycin
incorporation into elongating polypeptide chains using flow
cytometry (Figure 3A). Depletion of TRMT5 reduced mito-
chondrial protein synthesis in all tested cells (Figure 3B;
supplemental Figure 3B). Consequently, basal and maximal
oxygen consumption rates (OCRs) decreased in TRMT5-KO
cells, but the number of active mitochondria was unaffected
(Figure 3C-D; supplemental Figure 3C). Cytoplasmic protein
synthesis was also reduced in the absence of TRMT5
(supplemental Figure 3D), and quantitative proteome analyses
revealed a significant reduction of electron transport chain
(ETC) proteins and an increase in proteins involved in stress
responses (supplemental Figure 3E-F; supplemental Table 7).
Thus, TRMT5 was required for optimal use of OXPHOS for
energy production and protein synthesis.

Drug-tolerant cells switch from low to high
OXPHOS in acute stress conditions

Although high OXPHOS levels have been linked to chemo-
therapy resistance in vivo,’® we unexpectedly observed that
drug-tolerant cancer cells, on average, exhibited the lowest
levels of mitochondrial protein expression (MitoCarta3.0;
n = 1136) and had comparably low levels of OCRs
(supplemental Figure 3G-H; supplemental Table 8). One
possible explanation for our observation was that the steady-
state growth of drug-tolerant cells might not rely primarily on
mitochondria. When we investigated on how acute AraC
exposure affected mitochondrial function, we indeed found
that only drug-tolerant cells upregulated their OCRs
(Figure 3E-F). TRMT5-depleted drug-tolerant cells failed to
upregulate OCRs after exposure to AraC, an effect that was
rescued by reexpressing the TRMT5 protein (Figure 3G-H), but
not the catalytic-dead or mitochondrial-deficient proteins
(Figure 3I-J). Nascent proteome analyses revealed that expo-
sure to AraC enhanced expression of virtual all mitochondrial
proteins (MitoCarta3.0), yet only in drug-tolerant cells
(Figure 3K; supplemental Figure 3, yellow lines). This activa-
tion of mitochondrial protein synthesis depended on the
presence of TRMT5 (Figure 3K, blue and red lines;
supplemental Table 9A-H). In conclusion, drug-tolerant OCI-
AML2 cells required TRMT5-mediated mt-tRNA methylation to
activate mitochondrial function after exposure to AraC.

To better understand why the response to AraC differed in
drug-sensitive cells, we asked how TRMT5 depletion affected
nascent protein synthesis in OCI-AML2 and MOLM13 cells
(Figure 3L). Loss of TRMT5 caused similar changes in proteins
involved in energy metabolism and the unfolded protein
response (Figure 3L-N, blue circles), but the cellular response
to AraC differed dramatically between the 2 KO lines
(Figure 3L-N, red circles). Thus, only the mitochondria in drug-
tolerant OCI-AML2 cells were capable of meeting the energy
demands necessary for survival in response to AraC, but
KO of TRMT5 reduced mitochondrial activity in all cells.
Mitochondrial metabolism was not universally required for
drug responses (supplemental Figure 3J-K; supplemental
Table 10A-E). Among daunorubicin, Ven, and azacitidine
(Aza), only the combination of Ven-Aza enhanced nascent

2448 € blood® 13 NOVEMBER 2025 | VOLUME 146, NUMBER 20

mt-mRNA translation similar to AraC (supplemental Figure 3K-
N; supplemental Table 11A-E).

Drug-tolerant cells withstand mitochondria
inhibition only in the absence of AraC

To directly test how deletion of TRMT5 affected cell prolifer-
ation, we performed growth competition assays (Figure 4A).
Although depletion of TRMTS5 led to a growth disadvantage in
all tested cell lines (Figure 4B-C; supplemental Figure 4A-B),
the apoptosis rate was approximately fourfold higher in drug-
sensitive MOLM13 cells (Figure 4D; supplemental Figure 4B).
In comparison, healthy primary CD34" blood cells exhibited a
twofold increase in apoptosis after TRMTS5 deletion
(supplemental Figure 4C-D). To track the fate of TRMT5-KO
cells over time, we quantified the number of cells containing
the CRISPR-induced mutations over a period of 20 days
(Figure 4E-F). OCI-AML2 tolerated TRMT5 mutations for up to
17 days, but MOLM13-KO cells were eliminated after just an
8-day culture period (Figure 4E-F). Healthy CD34" progenitors
demonstrated intermediate sensitivity to TRMT5 depletion
between MOLM13 and OCI-AML2 cells (supplemental
Figure 4E).

To test for single-cell viability, we performed colony-forming
unit assays. Only drug-tolerant cells (OCI-AML2, OCI-AML3)
formed colonies in the absence of TRMTS5, yet their size and
number were significantly reduced (Figure 4G-H; supplemental
Figure 4F-K). Exposing drug-tolerant TRMT5 KO cells to AraC
further decreased their survival (Figure 4I-K; supplemental
Figure 4L-N). In contrast, drug-sensitive cells had equally
high levels of apoptosis, whether exposed to AraC or after
TRMTS deletion (Figure 4L; supplemental Figure 40).
Accordingly, we did not observe additional proteomic alter-
ations in AraC-exposed MOLM13 KO cells (supplemental
Figure 4P; left panel). In contrast, drug-tolerant OCI-AML2
KO cells exhibited major changes in mRNA translation in
response to AraC treatment (supplemental Figure 4P; right
panel). In particular, expression of proteins regulating mito-
chondrial import and DNA damage repair was significantly
altered (supplemental Figure 4Q-R).

Finally, we revealed that TRMT5-mediated mt-tRNA methyl-
ation was required for both efficient cell growth and survival in
response to AraC exposure. Drug-tolerant KO cells were
rescued by reexpression of the WT, but not the (mutant,
AMTS), TRMT5 protein (Figure 4M). Similarly, the ability to
withstand exposure to AraC required the formation of m'G37
in mt-tRNAs (Figure 4N).

Our data so far revealed that drug-tolerant cells, which depend
less on mitochondria for energy production under steady-state
growth conditions, were less affected by TRMT5 depletion.
However, the activation of mitochondrial function, and conse-
quently the upregulation of TRMT5-driven mt-mRNA trans-
lation, was essential for survival in the presence of AraC.

TRMT5-mediated mitochondrial functions drive
leukemia progression in vivo

To validate TRMT5 as a drug target in cancer therapy, we
performed xenotransplantation assays using drug-tolerant and
-sensitive AML cells (Figure 5A; supplemental Figure 5A-B).
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Figure 3. Drug tolerance requires switching from low to high OXPHOS in AML cells. (A-B) Flow cytometry (A) and quantification (B) of OP-puro incorporation into
nascent polypeptides in mitochondria of TRMT5-depleted (sg2, sg4) and control (sgCtr) MOLM13 cells. Puromycin-treated cells served as a control. (C-D) OCR in OCI-AML2
(C) and MOLM13 (D) TRMTS5 KO (sg2, sg94) and sgCtr cells. (E-F) OCR in drug-tolerant OCI-AML2, OCI-AML3 (F) and drug-sensitive MOLM13 and Kasumi-1 (F) cells exposed
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AraC and corresponding gene enrichment analyses (N) (GOrilla). Mean + standard deviation (panels B-J). Dunnett multiple comparison test (panel B). Wilcoxon matched-
pair signed rank test (panel K). ATP, adenosine triphosphate; ADP, adenosine 5'-diphosphate; Cum FRQ, cumulative frequency; FCCP, carbonylcyanide-p-tri-
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Figure 4. Drug tolerance requires m'G in mt-tRNA. (A-C) Illustration (A) of growth competition assays using GFP-labelled OCI-AML2 (B) and MOLM13 (C) control (sgCtr)
and KO cells (sg2, sg4). (D) Frequency of apoptotic cells in populations of OCI-AML2 and MOLM13 control (sgCtr) and KO (sg2, sg4) cells using Annexin V labelling 3 to 5
days after cell sorting. (E-F) Quantification of mutated OCI-AML2 (E) and MOLM13 (F) cells (green line) overlaid with the frequency of viable TRMT5-KO (sg2) (black dots) and
control (sgCtr) (white dots) cells over time. (G-H) Representative bright field image (G) and colony-forming efficiency assays (H) of OCI-AML2 control (sgCtr) and KO (sg2,
sg4) cells in the presence of increasing concentrations of AraC. (I-L) Log, FC of survival of drug-tolerant OCI-AML2 (I-K) and drug-sensitive MOLM13 (L) control (sgCtr) and
TRMTS5-KO (sg2, sg4) cells at the indicated time points. (M-N) Growth competition assay (M) and relative number of apoptotic cells after cytarabine (AraC) treatment (N) in
Ctr and rescued TRMT5 KO cells. Cells were infected with a scramble (scr) or TRMTS targeting gRNA (sg2). KO cells were rescued by reexpressing TRMT5 WT, catalytic dead
(MUT) or lacking the MTS constructs. Control cells (sg2 and scr) were rescued with an EV control. Dunnett multiple comparisons test (panels D and N). Two-way analysis of
variance multiple comparisons test (panels |-L).
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Figure 5. TRMTS function and predictive value in leukemia. (A) Quantification (left) and representative engraftment images (right) of xenotransplanted Ctr and TRMT5-
KO cells (OCI-AML2) into host mice. (B) Leukemia-free survival of mice transplanted with Ctr and KO OCI-AML?2 (left) or KO MOLM13 (right) cells at the indicated time
points. (C) lllustration of AML patient cohort and treatment. (D) Gene set enrichment analyses (GSEA) for genes encoding proteins regulating mitochondrial translation (top)
and the ETC (bottom) using RNA expression levels of AraC treatment-responsive patients with leukemia at the time of diagnosis (n = 12) revealing complete remission (Rem)
after first induction therapy. (E-F) Heat map of log, RNA normalized counts (ClustVis) (E) and z-score (F) of gene regulation-encoding proteins of the ETC (WP111; n = 86) in
non-responders (non-resp) (n = 20), intermediate responders (n = 47), and patients having complete Rem (n = 12) at first induction therapy. (G) Average log, FC of
normalized RNA counts of ETC genes (WP111) in patients not responding to therapy (n = 20) compared with patients having complete Rem (n = 12). (H-l) Prediction of
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The ability to initiate a leukemia was dramatically reduced in
the absence of TRMTS5 in both lines and enhanced survival of
the mice (Figure 5B). The strict requirement of TRMT5 for
successful engraftment indicated that the establishment of a
leukemia requires OXPHOS for energy production® and is in
line with elevated TRMTS expression in human AML vs healthy
tissues (supplemental Figure 5C).%*

To test whether mitochondrial activity predicted cytarabine-
based therapy outcome, we analyzed RNA sequencing data
from 98 patients obtained at the time of AML diagnosis
(Figure 5C).*° After first induction therapy, we analyzed those
patients who had complete remission (n = 12), no treatment
response (n = 20), or an intermediate response (n = 47). RNA
levels of genes encoding ETC proteins were significantly lower
in patients who did not respond to therapy (Figure 5D-F;
supplemental Figure 5D). To test whether low levels of
OXPHOS genes were associated with poor therapy outcomes,
we averaged the expression of the 7 most downregulated ETC
genes (Figure 5G; blue bars). We excluded ATP5E because it
lacked a JetSet probe.** Low average expression of the ETC
genes significantly correlated with the response to induction
chemotherapy (supplemental Figure 5E) but was unrelated to
sex or TP53 mutation status (supplemental Figure 5F-G). The
correlation between inherently low pretherapy OXPHOS levels
and poorer treatment outcomes aligns with our finding that
drug-resistant AML cells do not rely on OXPHOS for steady-
state growth (Figure 3).

To independently validate the association between low
expression of OXPHOS genes and poor therapy outcomes, we
analyzed 2 additional publicly available data sets, KM-Plotter *’
and BEAT-AML.*** Low average expression of the 7 ETC
genes was associated with worse prognosis (Figure 5H;
supplemental Figure 5H-I), and this was even more pro-
nounced when we filtered for patients undergoing chemo-
therapy (Figure 5I). Multivariable analyses using clinical data
from the BEAT-AML study revealed that low ETC gene
expression was one of the independent variables significantly
associated with shorter overall survival (supplemental
Table 12). Moreover, low ETC gene expression predicted
poorer outcomes specifically in patients without FLT3, IDH1, or
IDH2 mutations (supplemental Figure 6A-H).

To test the role of mitochondrial function in cytarabine-treated
leukemia, we analyzed proteomic data from 47 adult and 22
pediatric patients with AML at diagnosis and relapse
(Figure 5J). Most shared differentially expressed proteins
(75%) in relapsed adult and pediatric patients localized to
mitochondria (MitoCarta3.0) (Figure 5K-L) and were signifi-
cantly enriched for ETC components (Figure 5M; supplemental
Table 13), indicating that resistant leukemia cells underwent
lasting mitochondrial metabolic reprogramming as an adap-
tation to therapy.

Exploiting mitochondrial vulnerabilities to
enhance leukemia treatment

The active form of cytarabine, cytosine arabinoside triphos-
phate, is incorporated into DNA and causes DNA damage by
stalling replication forks. Accordingly, we measured significant
alterations in mRNA translation of genes encoding proteins
involved in the DNA damage response (supplemental
Figure 4R). Because mitochondria sense DNA damage signals,
we asked whether their impact on cell survival during AraC
treatment was indirect, via nuclear DNA damage responses.

Two lines of evidence suggested that mitochondria directly
mediated cellular survival in response to chemotherapeutic
drugs. First, drug-tolerant OCI-AML2 and OCI-AML3 cancer
lines survived a >10-fold higher concentration of CCCP, a
chemical inhibitor of oxidative phosphorylation, confirming low
dependency on OXPHOS under normal growth conditions
(supplemental Figure 7A). Second, cell death of TRMTS-
depleted cells also increased in response to the BCL2-
specific inhibitor Ven (Figure 6A-C).

BCL-2 inhibition reduces oxidative phosphorylation and selec-
tively eradicates quiescent leukemia stem cells.*” In addition to
leukemia stem cells, we revealed that drug-tolerant AML cells
require oxidative phosphorylation to survive acute stress.
Therefore, we next tested whether combining Ven with TRMT5
inhibition could enhance Ven efficacy while potentially reducing
toxicity. To inhibit TRMT5, we endogenously fused the TRMTS
gene in-frame with the FKBP127%Y degron.'? Treatment with
dTAG-V1 reduced degron-tagged TRMT5 protein levels in a
concentration-dependent manner for at least 24 hours
(Figure 6D). Then, we tested how combining dTAG-V1 with Ven
affected cell death and found a significant synergistic effect
when the 2 drugs were used simultaneously (Figure 6E-F;
supplemental Figure 7B). The synergistic effect was further
enhanced when dTAG-V1 and Ven were combined with AraC in
a triple-drug treatment (Figure 6G-H; supplemental Figure 7C).
We observed similar synergistic effects in the OCI-AML3 drug-
tolerant cell line (supplemental Figure 7D-I).

In summary, we propose that inhibition of mitochondrial
functions through blocking tRNA modifications can circumvent
adaptive resistance to Ven and cytarabine therapies in AML.

Discussion

Our study identifies 2 interdependent mechanisms that are
essential for leukemia cells to survive cancer drug treatments.
First, AML cells must contain functional mitochondria that have
the capacity to upregulate metabolic pathways including
OXPHOS to initiate survival. Second, this mitochondrial metabolic
response requires the formation of m'G at the tRNA anticodon
loop to drive mRNA translation and boost OXPHOS.

Figure 5 (continued) survival of all patients with AML (n = 734) (H) or patients treated with chemotherapy (n = 79) (I) (kmplot.com) using the average expression of the 8 most
downregulated WP111 genes in non-resp in G (blue bars): 218563_at (NDUFA3), 223112_s_at (NDUFB10), 203606_at (NDUFSé), 202839_s_at (NDUFB7), 208998 _at
(SLC25A8), 203190_at (NDUFS8), and 213041_s_at (ATP5D). Only JetSet probes were used. (J-K) lllustration (J) and overlap of significantly (P < .05) differently abundant

proteins (K) of AML patient samples collected for proteomics analysis.”’ (L-M) Percentage of proteins (n = 80) in panel K localizing to mitochondria (MitoCarta3.0) (L) and
GSEA analysis (https://tau.cmmt.ubc.ca/eVITTA/) revealing significantly (P < .05) enriched pathways in relapsed adult and pediatric (pediat.). AML samples (M). Sidak
multiple comparisons test (panel F). HR, hazard ratio; NES, normalized enrichment score.

2452 € blood® 13 NOVEMBER 2025 | VOLUME 146, NUMBER 20

PAULI et al

920z Yosen 0z uo 3senb Aq jpd-ulew-zz8,20-¥202-PId”PO0IA/ES002¥2/E1YZ/02/9Y | /pd-ajonie/poojq/Bio suonedlqndyse/:diy wouy papeojumoq



A B o
Venetoclax OCI-AML2 Untreated ~ VEN [1pm]
-0- sgCtr 1.0 4 ;
L 1.0 P g
BCL-2 s -0- sg2 :
=} -@-sg4 = !
sl £ g ! -
00 00 2 0.5 2 051 i ]
° 2 =3 i g
BAX, = < &g E
> ! N
A e, S IC,, = 0.051 : =
% IC.,=0.021 - E <
Cytochrome ¢ 0.0 — T T —0
5 o < 5 o
* 0.01 0.01 0.1 1 10 100 59%38 9%
Apoptosis Venetoclax [uM] g g
b dTAG-V (nM) E F
- n
_ P Venetoclax Mean: 4.46 (P = 3.52e-03)
Z —wn 23 23 i —
[ dTAG-V 174 0 36 44 108 14.1
D W - HA =
- = 0540 01 28 98 101
p =
- d1 ( dTAaG-v x
- A ! sy
z | |- S vCL S 0254 0 -16 13 75 7.3
N
o 500 nM dTAG-V 5]
X nvidiaa-v p— = 01254 0 -5.6 0.2 32 34
bl e © & % - d2 (dmaGv
E z —
S = > & od4o o o o0 o
= | —-— &€ 71kDA HA T T T T T
° 8 5 &8 3
4 ()
Y d3 Synergy Score g o o
— — — — 116kDA  VCL
< — dTAGV (M)
Cell death 20 0 20
G H
€ Anc OCI-AML2 IC,, AraC/Ven IC,, AraD/Ven
o Venstoctax DMSO 93.5/18.7 DMSO 96.1/19.4
l— » 1.0 dTAGV 44.0/88 1.0+ dTAG-V 59.1/11.8
\ - =
]
@©
<~
— 2
d1 ( dTAG-V g
IS
=
=
pu— = Replicate 1 Replicate 2
- d2 (_dTAG-V o=
\h 0‘0 T T T T L] T 0‘0 L] T T T T T
o N n () (=) [ [ o N n () (=) [ [
s & B T € & ¢ s & B T € & ¢
— N o) [} (o) ~ — N o) o (o) ~
n (=) Lo [ n (=) Lo [
" — N (e} — N [
L d3 n n
AraC [nM] + Venetoclax [nM]
Cell death

Figure 6. Exploiting mitochondrial vulnerability in therapies. (A) lllustration of Ven mechanism of action. (B-C) ICs curves (B) and quantification of apoptotic cells (C) of
QOCI-AML2 control (sgCtr) and TRMT5 KO (sg2, sg4) cells in the presence of Ven (n = 3 biological replicates averaged over 3 technical replicates). (D) Western blot revealing
protein levels of endogenously degron- and HA-tagged TRMT5 (HA) after treatment with dTAG-V1 at the indicated concentrations (top panels) or 24 and 48 hours
after treatment with 500 nM dTAG-V1 (bottom panels). WO indicates washout and sample harvested after 24 hours. VCL served as loading control. (E) Illustration of
combinatorial treatment of TRMTS degron-tagged OCI-AML2 with Ven and dTAG-V1 at the indicated days (d). (F) Bliss score calculation of synergistic effect of Ven and
dTAG-V1 treatment on cell death (Annexin V) at the indicated concentration. (G) lllustration of combinatorial treatment of Ven, AraC, and dTAG-V1 at the indicated days (d).
(H) Synergistic effect of dTAG, Ven, and AraC on cell viability (nonlinear curve fitting). lllustrated are 2 independent OCI-AML2 tagged clones. Mean * SD (panels B-C).

Dunnett multiple comparison test (panel C). ICsg, 50% inhibitory concentration.
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Mitochondria are central hubs for signaling pathways that
collectively help cells to recover from stress conditions.”’ They
sustain energy demands by generating ATP through OXPHOS
and modulate reactive oxygen species levels to prevent damage.
Cancer cells rely on OXPHOS to sustain proliferative capacities,
metastatic spread, resistance, and stemness. Therefore, cellular
stresses that affect mitochondria need to be minimized in cancer
cells to avoid activation of mitochondria-associated programmed
cell death.*” When anticancer agents target OXPHOS to induce
apoptosis,** high OXPHOS levels at diagnosis are associated with
better immediate therapy outcome in patients.

In contrast, low OXPHOS levels correlated with worse therapy
outcome and enhanced drug resistance. Our data align with
studies revealing that metabolic reprogramming events, which
reduce mitochondrial oxidation and increase glucose, lipid, and
amino acid metabolism contribute to treatment resistance.***
Unlike these studies, we propose that cancer cells require meta-
bolic flexibility to survive drug treatments and must be capable of
upregulating mitochondrial functions because (1) exposure to
cytarabine upregulated OXPHOS only in drug-tolerant cells and (2)
inhibiting mt-mRNA translation by removing the m'G tRNA
modification resensitized drug-tolerant cells to cytarabine and Ven.

We propose that combining cytarabine, Ven, and a TRMT5
inhibitor is a promising strategy, potentially benefiting older or
unfit patients with AML on Ven with low-dose cytarabine,*®
drug-resistant patients, or those experiencing severe therapy-
related side effects. We also found that exposing drug-
tolerant cells to Ven and Aza induces proteomic changes
similar to those of cytarabine treatment, including upregulation
of mitochondrial protein mRNA translation. Ven and Aza is
frequently used in treatment-naive patients ineligible for
intensive chemotherapy,”’ and TRMT5 inhibition may further
enhance its therapeutic efficacy.

Patients with leukemia with low expression of candidate ETC
genes may be ideal for stratification into combinatorial treat-
ments, as low ETC expression was associated with worse out-
comes in those with intermediate-risk karyotype and minimally
differentiated AML. Our finding that low ETC gene expression
correlates with worse outcomes in patients with AML without
common FLT3, IDH1, or IDH2 mutations supports the hypoth-
esis that metabolic plasticity contributes to chemotherapy
resistance in tumor-persistent cells.”® Mutations in IDH1, IDH2,
and FLT3 alter metabolic profiles and potentially reduce meta-
bolic flexibility. For example, FLT3'™ AML cells metabolically
depend on glutaminolysis,*” and AML cells with IDH mutations
rely on enhanced mitochondrial oxidative metabolism.>%"

In summary, single-tRNA modifications represent promising
targets for novel therapies in chemotherapy-resistant AML.
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