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Abstract
The R98S mutation in ribosomal protein L10 (RPL10 R98S) affects 8% of pediatric T-cell acute lymphoblastic leukemia
(T-ALL) cases, and was previously described to impair cellular proliferation. The current study reveals that RPL10 R98S
cells accumulate reactive oxygen species which promotes mitochondrial dysfunction and reduced ATP levels, causing the
proliferation defect. RPL10 R98S mutant leukemia cells can survive high oxidative stress levels via a specific increase of
IRES-mediated translation of the anti-apoptotic factor B-cell lymphoma 2 (BCL-2), mediating BCL-2 protein
overexpression. RPL10 R98S selective sensitivity to the clinically available Bcl-2 inhibitor Venetoclax (ABT-199) was
supported by suppression of splenomegaly and the absence of human leukemia cells in the blood of T-ALL xenografted
mice. These results shed new light on the oncogenic function of ribosomal mutations in cancer, provide a novel mechanism
for BCL-2 upregulation in leukemia, and highlight BCL-2 inhibition as a novel therapeutic opportunity in RPL10 R98S
defective T-ALL.

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a geneti-
cally complex and aggressive hematologic cancer caused by

the accumulation of somatic mutations in developing
T-cells [1]. Outcomes of T-ALL improved with the advent
of high-dose, multi-agent chemotherapy regimens, resulting
in long-term event free survival (EFS) rates above 80% in
pediatric patients [2]. However, relapses due to therapy
resistance or initial therapy failure remain a problem and are
the most common causes of death. To further improve
therapy, targeted treatments are necessary that specifically

Corrected: Correction

* Kim De Keersmaecker
kim.dekeersmaecker@kuleuven.be

1 Department of Oncology, Laboratory for Disease Mechanisms in
Cancer, KU Leuven and Leuven Cancer Institute (LKI),
Leuven, Belgium

2 Laboratory of Cellular Metabolism and Metabolic Regulation,
Center for Cancer Biology, VIB, Leuven, Belgium

3 Department of Oncology, Laboratory of Cellular Metabolism and
Metabolic Regulation, KU Leuven and Leuven Cancer Institute
(LKI), Leuven, Belgium

4 Department of Pediatric Oncology & Hematology, University
Hospitals Leuven, Leuven, Belgium

5 Princess Máxima Center for Pediatric Oncology,
Utrecht, The Netherlands

6 Leukaemia Research Cytogenetics Group, Northern Institute for
Cancer Research, Newcastle University, Newcastle-upon-
Tyne, United Kingdom

7 Department of Gastroenterology-Hepatology and Metabolic
Center, University Hospitals Leuven, Leuven, Belgium

8 Laboratory of Molecular Biology of Leukemia, Center for Human
Genetics, KU Leuven and Leuven Cancer Institute (LKI),
Leuven, Belgium

9 Laboratory of Molecular Biology of Leukemia, Center for Cancer
Biology, VIB, Leuven, Belgium

10 Department of Laboratory Medicine, University Hospitals Leuven,
Leuven, Belgium

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41375-018-0176-z) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-018-0176-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-018-0176-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-018-0176-z&domain=pdf
http://orcid.org/0000-0001-8414-8907
http://orcid.org/0000-0001-8414-8907
http://orcid.org/0000-0001-8414-8907
http://orcid.org/0000-0001-8414-8907
http://orcid.org/0000-0001-8414-8907
https://doi.org/10.1038/s41375-019-0424-x
mailto:kim.dekeersmaecker@kuleuven.be
https://doi.org/10.1038/s41375-018-0176-z


interfere with the cellular processes deregulated in genetic
subgroups of pediatric T-ALL patients.

Ribosomes are the cellular components that execute
protein translation of mRNAs. Mutations in 4 different
ribosomal proteins (RPL5, RPL10, RPL22, and RPL11)
have been described in T-ALL, with the highest incidence
of genetic lesions occurring at residue R98 of ribosomal
protein L10 (RPL10) [3–5]. The RPL10 R98S missense
mutational hotspot was identified in 8% of pediatric T-ALL
cases [4]. The R98 residue is located at the base of an
essential flexible loop near the ribosomal catalytic core in
the 60S subunit. This loop is required for proper 60S
assembly and translational fidelity, and we have previously
demonstrated that mutant RPL10 R98S yeast and mouse
lymphoid cells display impaired ribosome formation and
proliferation [4, 6]. Besides its function in regulating
translation-associated functions, RPL10 has a known extra-
ribosomal function of binding the transcription factor AP-1
(proto-oncogene c-Jun), thereby interfering with c-Jun
transcriptional activation [7, 8]. In addition, RPL10 has
been proposed to inhibit the activity of the Src family kinase
Yes [9]. Moreover, a study investigating the RPL10 H213Q
mutation associated with autism spectrum disorder indicates
a function for RPL10 in cell metabolism [10]. In the context
of T-ALL, we recently found RPL10 R98S mutations to be
mutually exclusive with JAK/STAT mutations [11]. While
existing literature on RPL10 points to several promising
candidates for therapeutic intervention, no therapeutic
strategy has been validated in a mouse model so far.
Moreover, while the observed hypoproliferation phenotype
associated with the RPL10 R98S mutation has been tied to
ribosome assembly defects in yeast, no causal mechanisms
for this proliferation phenotype have been elucidated in
mammalian cells yet.

In the present study, we describe the RPL10 R98S
ribosomal mutation associated phenotypes, and that hypo-
proliferation of RPL10 R98S cells is influenced by mito-
chondrial dysfunction. A leukemic cell survival benefit is
facilitated by the R98S mutant ribosome specific IRES-
mediated BCL-2 translation. Finally, we demonstrate that
the RPL10 R98S specific elevated BCL-2 expression sen-
sitizes RPL10 R98S leukemia to the clinical inhibitor ABT-
199, and that ABT-199 suppresses leukemia progression
in vivo.

Methods

Cell cultures

Ba/F3 and Jurkat cells (DSMZ) were cultured in RPMI-
1640 (Life technologies) with 10–20% Fetal Bovine Serum
(FBS) (Thermo Fisher Scientific). Mouse lymphoid-B-cell

Ba/F3 RPL10 WT and RPL10 R98S mutant clones were
generated as previously described [11]. CRISPR/Cas9
genome editing was used to introduce the RPL10 R98S
point mutation in the Jurkat T-ALL cell line as described in
Supplementary data file.

MTS assay

Cell proliferation was assessed using the CellTiter 96
Aqueous One Solution Cell Proliferation assay (MTS)
(Promega). Cells were plated at a density of 0.25×106 in the
presence or absence of Nac/H2O2 for 48 h.

Generation of a conditional Rpl10 R98S knock in
mouse line (Rpl10cKI R98S)

Generation of this mouse model was performed by the
company Polygene AG (Rümlang, Switzerland) and was
previously described [11].

Serial re-plating assay

Rpl10cKI R98S mice were crossed with Mx1-Cre mice (Fig-
ure S1A). Lineage negative cells were isolated (EasySep
Mouse Hematopoietic Progenitor Cell enrichment kit,
Stemcell Technologies) from 6 to 8 weeks old male Mx1-
Cre Rpl10cKI R98S mice and from Mx1-Cre control mice.
Cells were plated at 2000 cells/ml in Methocult (M3534,
Stemcell Technologies) containing 1250 units/ml of inter-
feronβ for complete recombination (IFNβ) (R&D systems)
(Figure S1B). More details are in Supplementary data.

T-ALL patient samples

This study was approved by the ethics committees at the
institutes involved. After getting written informed consent,
the mononuclear cell fraction of BM from pediatric T-ALL
patients was obtained (Table S4).

Proteomics

Cells from 3 monoclonal Ba/F3 cultures expressing WT or
R98S RPL10 were lysed in lysis buffer (Cell Signaling
Technology) with addition of 5 mM Na3VO4 and protease
inhibitors (Complete, Roche). In total 20 µg of protein were
processed for quantitative proteomics, as previously
described [11]. Data are available via ProteomeXchange
with identifier PXD005995 [11].

Immunoblotting

In total 1×106 cells were lysed (cell lysis buffer, Cell sig-
naling technology) and denatured in 1 × Laemmli sample
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buffer (Bio-rad) containing 2-mercaptoethanol (Sigma
Aldrich). Proteins were separated on Criterion Tris-Glycine
eXtended gels (Bio-rad), transferred to PVDF membranes
using the Trans-Blot Turbo system (Bio-rad), incubated
with primary antibodies targeting Catalase (Cell Signaling
#14097 & Abcam #ab76024), xanthine oxidase (Abcam
#ab109235), Bcl-2 (Cell Signaling #2870), and with sec-
ondary antibody Goat Anti-Rabbit or Goat Anti-Mouse
IgG-HRP (Thermo Fischer). Proteins were visualized using
chemiluminescence on an Azure C600 (Azure Biosystems).
Quantification was performed using LI-COR Image Studio
Lite software version 5.2. Vinculin (Sigma Aldrich), tubulin
or beta actin (Sigma Aldrich) was used to normalize for
protein input.

13C Tracer analysis

Labeling experiments were performed in dialyzed serum for
48 h. 13C6-glucose tracer was purchased from Sigma-
Aldrich. The cell quenching procedures and the metabo-
lite preparations were described before [12]. Metabolites
were derivatized and measured as described before [13, 14].
Mass distribution vectors were extracted from the raw ion
chromatograms using a custom Matlab M-file, which
applies consistent integration bounds and baseline correc-
tion to each ion. Data are corrected for naturally occurring
isotopes. More details are in Supplementary data.

Flow cytometry

Cells were stained for 30 min with 5 nM dihydroethidium
(Life technologies) for the detection of reactive oxygen
species, with 400 nM mitotracker (Cell signaling technol-
ogy) to detect active mitochondria, or with 4 uL human or
mouse CD45 antibody (ebioscience #17-9459-42, BD
biosciences #557659). The cells were analyzed using a
MACSQuant VYB (Miltenyi) flow cytometer and FlowJo
software. Viable cell counts/mL were determined by FSC/
SSC performed with and without administration of hydro-
gen peroxide (H2O2, 20 μM, Sigma Aldrich) or N-acetyl-
cysteine (NAC, 1–5 mM, Sigma Aldrich). Annexin V-RPE
(IQ products), Propidium iodide (PI, Sigma Aldrich) and
active caspase 3 (BD biosciences) were used as apoptotic
markers in the experiments with doxorubicin, maritoclax
(Selleckchem) and/or ABT-199 (LC Laboratories).

Ribosomal fractionation and qRT-PCR

Cell lysates from three Ba/F3 RPL10 WT and three R98S
clones were applied on a sucrose gradient and centrifuged in
order to get a distribution of monosomes and polysomes as
described before [11]. Seven fractions of equal volume were
collected (Figure S7B). For technical reasons, the three

fractions corresponding to the highest polysomes were
subsequently combined and considered as 1 fraction. RNA
was extracted from equal volumes of the 5 remaining
fractions followed by cDNA synthesis. On each fraction,
qRT-PCR was performed for Bcl-2 and Hprt in quad-
ruplicate. Primer sequences: mouse Bcl-2 forward ATC
GCC CTG TGG ATG ACT GAG, reverse CAG CCA GGA
GAA ATC AAA CAG AGG, and mouse Hprt forward
CAT TAT GCC GAG GAT TTG G, reverse GCA AGT
CTT TCA GTC CTG T.

Xenografts in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)
mice

NSG animal experiments were approved by the local ethics
committee (P179/2015). Human T-ALL patient samples
were engrafted by tail vein injections of 106 cells. Blood
samples were obtained every 2 weeks from the facial vein.
Animals reaching > 90% human CD45 expressing cells in
their peripheral blood were sacrificed. Terminal cardiac
bleeding was performed under pentobarbital (150 mg/kg)
anesthesia to obtain blood plasma.

BCL-2 IRES reporter assay

The BCL-2 IRES plasmids were a kind gift from Dr. Adi
Kimchi (Weizmann institute of science) [15]. IRES activ-
ities were tested in CRISPR-Cas9 engineered RPL10 WT
and RPL10 R98S Jurkat cells using dual luciferase reporter
assays (Promega) as detailed in Supplementary section.

Statistics

Statistical analyses were performed using IBM SPSS 23
(IBM Analytics) software. A two-tailed student’s t-test was
used to compare RPL10 WT and RPL10 R98S mutational
groups for all in vitro and in vivo measurements based upon
Levene’s Test for Equality of Variances. When data of
multiple independent mouse experiments were combined,
we made use of the Mann–Whitney U test due to unequal
distribution of the data as mentioned in the text where
applicable. The statistical tests used are indicated for each
experiment that has been performed.

Results

Proteomic profiling of RPL10 R98S cells identifies an
increase in peroxisomal β-oxidation

We previously described that RPL10 R98S impairs pro-
liferation of lymphoid Ba/F3 cells under exponential growth
conditions [4]. Moreover, in a recent study we described
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a quantitative proteomics mass spectrometry analysis of
these RPL10 WT and R98S Ba/F3 clones [11]. Yet, the
underlying mechanism of hypoproliferation as a cellular
phenotype of the RPL10 R98S mutation remains unknown.
To gain insights into the causes of hypoproliferation, we
explored KEGG pathway analysis of the proteomics dataset.
The peroxisome and associated metabolic pathways were
upregulated in the Rpl10 R98S Ba/F3 cells (Figure 1a, b,
Table S1/2, FDR < 0.1). For two of these genes, elevated
mRNA expression levels were detected (Figure S1). Per-
oxisomes are membrane-enclosed cellular organelles in
which β-oxidation of very long-chain fatty acids occurs.
During peroxisomal β-oxidation high levels of hydrogen
peroxide (H2O2) are produced, which form a selective
substrate for the anti-oxidant catalase (Fig. 1b), a marker for
peroxisome activity [16]. In accordance with higher protein
expression of peroxisome enzymes, catalase protein
expression was significantly elevated in Rpl10 R98S Ba/F3
cells (Figure S3A, student’s t-test, p= 0.045), in lineage
negative (lin-) bone marrow (BM) cells extracted from
MX1-Cre Rpl10 R98S mutant knock-in mice (Rpl10cKI R98S)

(Figure S2A/B and S3B, student’s t-test, p= 0.003), and in
RPL10 R98S mutant T-ALL xenografted patient samples
(Figure S3C, student’s t-test, p= 0.020), but not in isogenic
Jurkat T-ALL cells RPL10 R98S CRISPR-Cas9 cells
(Figure S3D, student’s t-test, p= 0.309). Elevated catalase
expression was previously described as a leukemic cell
phenotype in patients, and might therefore not be affected
by RPL10 R98S in our Jurkat leukemic cell model [17, 18].
These data support that induced peroxisomal enzyme
expression in RPL10 R98S mutant leukemia cells may lead
to higher peroxisomal β-oxidation activity.

RPL10 R98S cells accumulate ROS causing impaired
cell proliferation

While the peroxisomal β-oxidation associated H2O2 pro-
duction can be scavenged by catalase, system overloading
may lead to the accumulation of ROS (Fig. 1b) [16]. Rpl10
R98S mutant Ba/F3 cultures contained 25% more cells
with high ROS levels (Figure 1c, S4A, student’s t-test,
p= 0.018). Similarly, 20% more cells with high ROS levels

Fig. 1 RPL10 R98S enhances peroxisomal activity and is associated
with oxidative stress. a Heatmap representing significantly (p < 0.01)
upregulated peroxisome proteins in RPL10 WT and R98S Ba/F3
clones. Values are normalized spectral counts as determined using the
Scaffold analysis software. b Overview of the peroxisome dysregu-
lation in RPL10 R98S mutant cells. c Flow cytometry analysis of ROS

levels showing the percentage DHE expressing cells from the total
population in different RPL10 R98S cell models: (left) Ba/F3 lym-
phoid cells, (middle) Jurkat T-ALL cells, (right) lin- BM CFC assay
cells. Box-plots show the data median and error bars define data
distribution
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Fig. 2 Mitochondrial dysfunction and the associated proliferation
defect in RPL10 R98S cells can be restored by neutralizing oxidative
stress. aMetabolic tracing analysis (13C6-Glucose) measuring the mass
distribution vector presented as % citrate derived from labeled glucose.
Left: comparison of three independent Ba/F3 RPL10 WT clones ver-
sus three RPL10 R98S clones. Right: technical triplicates for RPL10
WT Jurkat and RPL10 R98S mutant Jurkat cells. Data are represented
as mean ± SD. b Mitotracker flow cytometry analysis of Rpl10 WT

and R98S CFC assay cells. Three independent CFC plates per BM
donor were analyzed. Box-plots show the median and error bars define
data distribution. c MTS cell proliferation assay analysis of Ba/F3
RPL10 WT and R98S clones either untreated or treated with 5 mM
Nac (optical densitometry). Data are represented as mean ± SD. Sta-
tistical analysis *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001.
# clone ID and donor mouse ID
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Fig. 3 The RPL10 R98S mutation promotes a survival benefit.
a Viable cell counts (day 5) of Ba/F3 RPL10 WT clones versus R98S
clones (overgrowth condition, triplicate measurement). b Ba/F3
RPL10 WT and R98S clones were grown at 2×106 for two days in
exhausted media derived from overgrown Ba/F3 parental cells (viable
cell counts). c Proliferation curve of RPL10 WT and RPL10 R98S

Jurkat clones during 72 h of culturing (cell counts in quadruplicate/
24 h). d Percentage of viable cells at day 5 of culture (overgrowth
condition, triplicate measurement). e CFC assay using Rpl10 WT or
Rpl10 R98S mouse lin- BM (CFC in duplicate for each mouse). Data
are represented as mean ± SD. Statistical analysis *p-value < 0.05,
***p-value < 0.001. # clone ID and donor mouse ID
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were observed in RPL10 R98S as compared to RPL10 WT
Jurkat cultures (Figure 1c, S4B, student’s t-test, p= 0.028),
and 40% more cells with high ROS occurred in Rpl10 R98S
BM as compared to WT BM (Figure 1c, S4C, student’s
t-test, p= 0.022). To examine whether changes in mito-
chondrial activity contributed to higher ROS percentages in
R98S cells, we explored 13C6-Glucose tracing into meta-
bolites of the TCA cycle. Glucose tracer analysis [19]
demonstrated a decrease in the labeled carbons in M+ 4 to
M+ 6 (mass distribution vector) in citrate from 13C6-Glu-
cose and a concomitant increase in M+ 2 labeling in Rpl10
R98S Ba/F3 and RPL10 R98S Jurkat cells in comparison to
WT cells (Fig. 2a, student’s t-test, all p < 0.05). This

labeling pattern was consistently observed in other TCA
cycle metabolites and suggests decreased oxidative phos-
phorylation in the TCA cycle (Figure S4D/E). In addition,
Rpl10 R98S Ba/F3 cells presented a 40% reduction in basal
ATP levels (Figure S4F, student’s t-test, p < 0.001). Lin-
BM Rpl10 R98S colony forming cell (CFC) cultures dis-
played a reduced percentage of cells with active mito-
chondria (Fig. 2b, student’s t-test, p= 0.001). Altogether,
these observations support that RPL10 R98S is associated
with impaired mitochondrial function, and that elevated
ROS levels are thus likely to originate from the enhanced
peroxisomal activity in RPL10 R98S cells. Oxidative stress
driven by cellular H2O2 ROS accumulation has been shown

Fig. 4 RPL10 R98S mutant cells
present enhanced BCL-2 protein
expression. a Immunoblot
analysis of BCL-2 in several
RPL10 WT and RPL10 R98S
mutant cell models.
b Quantification of immunoblot
analysis. Box-plots represent the
median and error bars define
data distribution for RPL10 WT
(gray) and RPL10 R98S mutant
(blue) samples. Statistical
analysis **p-value < 0.01,
***p-value < 0.001. # clone ID
and donor mouse ID
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Fig. 5 RPL10 R98S cells display elevated BCL-2 IRES-mediated
translation. a Overall ribosome bound Bcl-2 mRNA levels relative to
Hprt mRNA binding. Box-plots represent the median and error bars
define data distribution for the overall Bcl-2/Hprt ratio in sucrose
gradient fractions. b/c BCL-2 IRES reporter assay read outs of RPL10
WT and R98S clones. Data are represented as mean ± SD. b On the

left, the overall IRES and Cap-dependent BCL-2 translation and on
the right IRES-driven BCL-2 translation. WT and R98S numbers
represent the different Jurkat clone ID’s. c In the presence or absence
of Nac anti-oxidant treatment. RPL10 WT (gray) and RPL10
R98S (blue). Statistical analysis *p-value < 0.05, **p-value < 0.01,
***p-value < 0.001
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to lead to mitochondrial dysfunction, such as reduced
mitochondrial respiration [21–24]. As oxidative stress has
previously been shown to perturb the proliferation of

leukemia cells [20], we explored neutralizing treatment
with the antioxidant N-acetylcysteine (Nac). Nac treatment
completely abolished the proliferation defect in Rpl10 R98S

Fig. 6 RPL10 R98S cells show selective sensitivity to BCL-2 inhibi-
tion in vitro and in vivo. a CFC assay of Rpl10 WT or Rpl10 R98S
knock in mouse lin- BM cells in the absence or presence of the Bcl-2
inhibitor venetoclax (ABT-199, 1 μM, in triplicate for two individual
RPL10 WT and R98S donor mice). The box-plots present the median
viable cell count and error bars define data distribution. b Experi-
mental in vivo study design for xenografting T-ALL patient samples in

NSG mice. c On the left, flow cytometry analysis of human CD45 cells
in the blood of the animals and on the right, the associated spleen
weights of mice injected with RPL10 WT X11 and X12 and RPL10
R98S X13 and X15 T-ALL that progressed to the leukemia disease
end stage, comparing DMSO and ABT-199 treated animals to healthy
control animals. Data are presented as individual data points. Statis-
tical analysis *p-value < 0.05, ***p-value < 0.001
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Ba/F3 cells (Fig. 2c). Collectively, these data demonstrate
RPL10 R98S-specific enhancement of peroxisomal β-oxi-
dation, which leads to oxidative stress through ROS accu-
mulation, resulting in mitochondrial dysfunction and the
associated proliferation defect.

RPL10 R98S mutant cells possess an increased cell
survival that is associated with enhanced Bcl-2
expression

Under normal physiological conditions, cells encountering
such high levels of oxidative stress would undergo pro-
grammed cell death. WT cells treated with H2O2 show
reduced cell viability due to enhanced oxidative stress,
while RPL10 R98S cells remained unaffected even upon
further increase of oxidative stress levels (Figure S5A). To
investigate if RPL10 R98S cells have adapted a general
survival mechanism, we explored their cell survival capa-
city. Ba/F3 Rpl10 R98S mutant cells displayed a clear
survival benefit as compared to RPL10 WT cells in over-
growth condition (cell culture having reached the growth
plateau, Fig. 3a, student’s t-test, p < 0.001), and independent
of differences in residual nutrients (Fig. 3b, student’s t-test,
p < 0.001). RPL10 R98S mutation in T-ALL Jurkat cells
caused hypoproliferation, similar to our observation in Ba/
F3 R98S cells (Fig. 3c, student’s t-test, p < 0.001) [4]. Also
RPL10 R98S Jurkat cells presented an enhanced cell sur-
vival capacity in overgrowth condition, supported by
reduced levels of propidium iodide (PI) stained apoptotic
cells (Figure 3d, S5B, student’s t-test, p < 0.001). In addi-
tion, R98S Jurkat clones were more resistant to apoptotic
stimuli such as doxorubicin chemotherapy (Figure S5C). In
line with previous data, lin- Rpl10 R98S bone marrow cells
displayed a reduced expansion potential during the first
replate (Figure S5D, Mann–Whitney U test, p= 0.043) in
CFC assays. However, RPL10 R98S cells presented an
enhanced replating capacity at the 3rd and 4th re-plate,
while Rpl10 WT replating capacity was lost (Fig. 3e, stu-
dent’s t-test, for all p < 0.05), supporting an enhanced sur-
vival phenotype.

Proteome profiling showed an induction of anti-apoptotic
Bcl-2 expression while other apoptosis regulators were
unchanged or even decreased (Figure S5E/F). Immunoblot
analysis confirmed increased BCL-2 expression in Rpl10
R98S Ba/F3 (Fig. 4a, b, student’s t-test, p < 0.001), RPL10
R98S CRISPR/Cas9 Jurkat cells (Fig. 4a, b, student’s t-test,
p= 0.002), lin- BM Rpl10 R98S cells (Fig. 4a, b, student’s
t-test, p < 0.001), and in RPL10 R98S mutant patient T-
ALL xenografted samples (Fig. 4a, b, student’s t-test,
p < 0.001). This BCL-2 upregulation was specific to the
ribosomal RPL10 R98S mutation, as mutations in RPL5
and RPL22 did not enhance BCL-2 expression in Jurkat
T-ALL cells (Figure S6).

RPL10 R98S cells display increased IRES-mediated
Bcl-2 translation

BCL-2 is an important factor in the defense against oxida-
tive stress-induced apoptosis in leukemia cells [25]. While
the Bcl-2 mRNA levels were unchanged between RPL10
WT and R98S Ba/F3 clones (Figure S7A), we observed a
1.6-fold enhanced ribosome binding to Bcl-2 mRNA
(Fig. 5a, student’s t-test, p < 0.001). In addition, qRT-PCR
analysis on fractions collected from monosomes versus
polysomes showed a shift in Bcl-2 mRNA distribution
towards the heavy polysome fraction in RPL10 R98S cells,
supporting enhanced Bcl-2 translation efficiency by the
R98S mutant ribosome (Figure S7B). BCL-2 protein
translation can be cap-dependent or IRES-mediated. BCL-2
has previously been shown to be regulated by stress-
induced IRES-mediated translation [26]. Alterations in
IRES-dependent BCL-2 translation was examined using
specific dual luciferase reporter assays (Figure S7C). This
revealed that RPL10 R98S Jurkat cells possess a 5-fold
increase in BCL-2 IRES translational activity as compared
to WT cells (Fig. 5b, student’s t-test, p < 0.001). Upon cap-
dependent translation inhibition, RPL10 R98S Jurkat cells
even showed a 9-fold increase in BCL-2 IRES translation
(Fig. 5b, student’s t-test, p < 0.001). Involvement of oxi-
dative stress in the regulation of BCL-2 translation was
explored by Nac treatment. In line with previous data,
Jurkat leukemic RPL10 WT cells displayed reduced total
and IRES-driven BCL-2 translation upon Nac treatment
(Fig. 5c, student’s t-test, p < 0.001 for IRES and Cap-
dependent translation, p= 0.011 for IRES-driven transla-
tion) [26]. However, the IRES-mediated BCL-2 reporter
activity of RPL10 R98S mutant Jurkat leukemia cells
remained unchanged after Nac treatment (Fig. 5c, student’s
t-test, p= 0.054 for IRES and Cap-dependent translation,
p= 0.549 for IRES-driven translation). These results
emphasize that RPL10 R98S-mutant ribosomes have an
intrinsically higher preference for IRES-dependent BCL-2
translation, which is likely to enhance their leukemic cell
survival.

RPL10 R98S specific therapeutic targeting by BCL-2
inhibition

To investigate whether the elevated IRES-mediated BCL-2
translation in RPL10 R98S leukemic cells provides a
potential new selective therapeutic opportunity, we tested
the efficacy of the FDA approved clinical BCL-2 inhibitor
ABT-199 (venetoclax, RG7601, GDC-0199). Lin- BM
Rpl10 R98S cells presented a ~50% reduction in CFC
capacity in the presence of ABT-199, while Rpl10 WT BM
cells were not inhibited (Fig. 6a, p < 0.001). Jurkat RPL10
R98S cells were slightly more apoptotic upon ABT-199
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treatment as compared to RPL10 WT clones (Figure S8A).
In xenografted T-ALL samples, ABT-199 treatment
induced apoptosis of RPL10 R98S T-ALL cells, while no
cellular responses were detected in RPL10 WT T-ALL cells
(Figure S8B). R98S cells were not generally sensitized to
targeting of anti-apoptotic proteins, as RPL10 R98S
lin- BM and Jurkat cells were less sensitive to MCL-1
inhibitor maritoclax as compared to RPL10 WT cells
(Figure S9A/B/C/D). Moreover, RPL10 R98S cells
could be re-sensitized to doxorubicin by the addition of
ABT-199 (Figure S10). Combined, these findings highlight
that BCL-2 driven enhanced cellular resistance of RPL10
R98S cells can be efficiently targeted by ABT-199
treatment.

To further evaluate the effectiveness in vivo, RPL10 WT
and R98S pediatric T-ALL samples were injected into
NSG mice (Fig. 6b), receiving DMSO or ABT-199
(50 mg/kg) therapy once a week when human CD45% in
the peripheral blood (PB) reached > 2%. The RPL10 WT
X11 and X12 xenografted mice showed minimal sensitivity
to ABT-199 (n= 5 DMSO versus n= 5 ABT-199), and the
percentages of human CD45 T-ALL cells in the PB of the
mice were identical between DMSO and ABT-199 treated
groups (Fig. 6c, p= 0.149 and p= 0.428). The spleen
weights were slightly reduced in the ABT-199 treated X11,
but not in X12 RPL10 WT xenografted mice (Fig. 6c,
p= 0.040 and p= 0.603). The X12 animals all presented

>95% human CD45 positive engraftment in BM (Fig-
ure S11A). In contrast, the RPL10 R98S X13 and X15
xenografted mice treated with ABT-199 did not show any
signs of human CD45 leukemia progression in their PB,
while progressive disease was observed in DMSO treated
animals (Fig. 6c and S11B/D, X13 n= 5 DMSO and n= 4
ABT-199 and X15 n= 5 versus n= 5). Splenomegaly
caused by human leukemia progression in DMSO treated
animals was almost completely suppressed in ABT-199
treated animals (Fig. 6c, X13 and X15 p < 0.001), and the
spleens of ABT-199 treated animals were only slightly
larger than the spleens from healthy NSG mice (Fig. 6c).
Flow cytometry analysis revealed a 30–50% suppression of
human CD45 leukemia cell engraftment in the BM and the
presence of 30–40% mouse CD45 cells in ABT-199 treated
animals, whereas DMSO treated animals presented >95%
human leukemia infiltration in the BM with a complete lack
of mouse CD45 expressing cells (Figure S11C/E, X13
hCD45 and mCD45 both p < 0.001, X15 hCD45 p= 0.009
and mCD45 p= 0.004). This was underscored by white
femurs (lack of erythropoiesis) in the DMSO treatment
animals, while the femurs of ABT-199 treated animals
remained red in color (Figure S11C). Altogether, these
findings support that the RPL10 R98S mutation induces
IRES-driven BCL-2 translation that sensitizes RPL10 R98S
pediatric T-ALL for BCL-2 targeted therapies such as ABT-
199/Venetoclax.

Fig. 7 Schematic model representing the leukemic RPL10 R98S
mechanism. Two phenotypes can be observed; (1) enhanced perox-
isomal function generating ROS, which causes a proliferation defect,

and (2) a mutant ribosomal preference for BCL-2 IRES-mediated
translation. Enhanced BCL-2 can be efficiently targeted by ABT-199/
venetoclax treatment
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Discussion

In this study, we describe that RPL10 R98S leukemic cells
harbor a proliferative disadvantage due to enhanced cellular
oxidative stress from the accumulation of ROS (Fig. 7).
Impairment of mitochondria is a likely consequence of the
oxidative stress, resulting in a robust decrease in ATP levels
and TCA cycle metabolites. It remains to be determined by
which mechanism RPL10 R98S cells upregulate perox-
isomal activity causing hypoproliferation. The proliferation
impairment observed in different ribosomal protein defec-
tive models has been linked to ribosome assembly defects
[4, 27, 28]. Such defects can be caused by oxidative stress
as well [29]. To our knowledge, this is the first demon-
stration that a ribosomal mutation causes hypoproliferation
due to extensive oxidative stress and mitochondrial dys-
function. This defect can be rescued by anti-oxidant treat-
ment or possibly by acquired secondary mutations.

While normal cells initiate programmed cell death upon
H2O2 exposure, RPL10 R98S cells protect themselves via
enhanced IRES-dependent BCL-2 translation. The resulting
constitutive BCL-2 expression facilitates and enhances
leukemic RPL10 R98S cell survival (Fig. 7). The exact role
of BCL-2 in the observed phenotypes may be addressed in
more detail by silencing and/or overexpression of BCL-2 in
RPL10 WT and R98S cells, and we cannot exclude that
other apoptosis regulators for which no protein expression
data were available (such as BAD, BMF, HRK, NOXA or
PUMA) may also play a role. Nevertheless, we show that
RPL10 R98S cells are highly sensitive to BCL-2 inhibitors,
which have limited reactivity to normal healthy cells and are
in clinical usage for lymphoid malignancies [30–34]. Sev-
eral research groups observed high expression of BCL-2 in
early T-cell precursor (ETP)-ALL and/or associations with
JAK/STAT mutant cases, rendering such samples sensitive
to ABT-199 [35–42]. However, the RPL10 R98S mutation
mainly occurs in mature non-ETP-ALL [43]. The T-ALL
sample X11 in our study harbored an activating JAK3
mutation (M511I). This sample did not show detectable
BCL-2 protein expression, and was not targeted by ABT-
199 in vivo (Fig. 6c). We previously showed that RPL10
R98S enhances JAK/STAT signaling [11]. Our current
observations support that RPL10 R98S regulates BCL-2
expression independently, preceding the effects of RPL10
R98S on JAK/STAT pathway activation that only occurred
during later stages. The CRISPR-Cas9 engineered RPL10
R98S Jurkat cells show increased BCL-2 expression levels,
while increased JAK/STAT pathway activation was not
present. Moreover, oxidative stress has been shown to
modulate JAK/STAT pathway regulation [44] and protea-
some complexes [45]. We could observe that JAK1 protein
expression was slightly reduced upon Nac treatment in
RPL10 R98S Ba/F3 cells but not in RPL10 WT cells

(Figure S12), providing another mechanism for enhanced
JAK/STAT pathway activation in these cells.

The peroxisomal enzyme xanthine oxidase (XO) is
involved in purine degradation, with uric acid as a waste
product [16, 46]. Peroxisome-active RPL10 R98S leukemic
cells may have contributed to the significantly higher uric acid
levels in the blood at diagnosis of RPL10 R98S mutant T-
ALL patients as compared to RPL10 WT T-ALL patients
(RPL10 WT n= 38 and RPL10 R98S n= 15, Figure S13A,
Mann–Whitney-U test, p= 0.041). In serum samples of
RPL10 R98S T-ALL xenografted mice, we observed a trend
for increased uric acid levels upon leukemia development,
which was inhibited by ABT-199 treatment (Figure S12B).
These observations suggest that uric acid levels at diagnosis
might be indicative for RPL10 R98S mutant T-ALL cases.

So far, only few examples of altered IRES-driven
translation in disease have been described. Changes in
ribosomal RNA (rRNA) modifications can deregulate
translation rates of IRES-containing genes in cancer:
IGF1R, MYC, FGF1, FGF2 and VEGFA [47]. Moreover,
hypo-pseudouridylation of rRNA in the congenital disease
dyskeratosis congenita reduces IRES-translation of XIAP,
TP53, CDKN1B, and BCL2L1 and increases VEGF trans-
lation [48–50]. Inactivation of Diamond-Blackfan anemia
genes RPS19 and RPL11 impaired IRES-mediated transla-
tion of mRNAs involved in erythroid development [51].
The upregulation of IRES-dependent translation in RPL10
R98S cells seems to be specific for the BCL-2 IRES, as
other known cellular IRES-containing genes showed no
consistent increase in translation/expression in RPL10 R98S
cells as revealed by mass spectrometry (Table S3) [52]. The
unique preference of IRES-mediated translation specific to
the RPL10 R98S mutation in leukemia provides a novel
mechanism for BCL-2 upregulation.
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