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Mutations in NOTCH1, which occur in ~10% of Chronic Lymphocytic Leukemia (CLL) patients at diagnosis, are typically associated
with unmutated (UM) B-cell receptor (BCR) subsets and define patients with earlier treatment need. Using primary CLL cells
classified as NOTCH1 wild-type (CLL/NWT) or mutated (CLL/NM), both with UM-BCR, we show that BCR stimulation activates the
NOTCH1 pathway, upregulating metabolic programs and mitochondrial biogenesis, selectively in CLL/NM. These cells display
enhanced basal respiration and glycolysis, driven by higher mitochondrial mass, and further increase metabolic activity upon BCR
triggering. To directly implicate NOTCH1 mutations, we engineered an MEC-1 model to generate wild-type (MEC-1/NWT) or mutated
(MEC-1/NM) clones in a UM-BCR background. Here, NOTCH1 hyperactivation promoted mitochondrial metabolism through TFAM-
dependent transcriptional control. Gene expression profiling, metabolic assays, and stable isotope tracing confirmed that MEC-1/NM

cells rely on oxidative metabolism, with increased glutamine dependency and strengthened anabolic pathways, leading to
augmented proliferation compared to MEC-1/NWT. Importantly, CLL/NM cells exhibit a marked vulnerability to glutamine
deprivation. Combined inhibition of glutamine utilization and BCL2 triggered rapid apoptosis, providing a rationale for tailored
therapeutic strategies in NOTCH1-mutated CLL.
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INTRODUCTION
Chronic lymphocytic leukemia (CLL) is considered an antigen-
driven B cell malignancy, with the B cell receptor (BCR) serving as
the driving force in disease progression [1]. This is confirmed by
the success of Bruton’s tyrosine kinase (Btk) inhibitors in
eradicating the disease [2–4]. The variable genes of the heavy
chain of the Immunoglobulins (IGHV) in CLL cells may be found in
germline or mutated configurations, a finding that carries
prognostic implications and paves the way for many studies
aimed at determining the origin of these cells [5]. Importantly, CLL
cells do not bear a common genetic lesion, but are characterized
by a complex genetic architecture [6, 7].
The ligand-activated transcription factor NOTCH1 represents

one of the most recurrently mutated genes, with ~10% of patients
carrying the mutation at diagnosis [8–11]. It encodes a cell surface
molecule that, upon ligand binding, undergoes multiple enzy-
matic cleavages to generate the NOTCH Intracellular Domain
(NICD), which translocates to the nucleus and joins a molecular

complex that regulates transcription [12, 13]. In patients with CLL,
the vast majority of NOTCH1 mutations affect the C-terminal PEST
domain of the protein, impacting its ability to be ubiquitinated
and degraded [14]. This mutated NOTCH1 is characterized by an
extended half-life of the NICD, prolonged NF-κB activity, and
sustained transcription of genes involved in cell survival and
proliferation [15–18]. Interestingly, the great majority of NOTCH1-
mutated patients also display unmutated BCR, suggesting a
possible relationship between these two pathways [19, 20]. We
have previously described a functional interplay between BCR and
NOTCH1 pathways that creates a positive feedback loop amplify-
ing leukemic cell activation [21]. In addition, these two signaling
pathways have been recently linked to metabolic reprogramming
in CLL. Specifically, CLL cells exhibit enhanced glucose metabolism
and oxidative phosphorylation, enabling them to meet increased
energy demands [22–24].
NOTCH1 hyperactivation has been implicated in driving a

metabolic shift toward increased glucose uptake and metabolic
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performances, supporting growth both in CLL and other tumor
models [25–27]. In this context, the interplay between aberrant
BCR signaling, NOTCH1 hyperactivation, and metabolic reprogram-
ming represents a critical axis in CLL pathogenesis.
Our findings, obtained in primary CLL cells and verified using a

controlled cell line model, demonstrate that NOTCH1-mutated CLL
cells are characterized by enhanced mitochondrial metabolism,
regulated at least in part through the up-regulation of mitochon-
drial transcription factor A (TFAM). Furthermore, NOTCH1 mutated
primary CLL cells rely heavily on glutamine which is a therapeutic
vulnerability.

MATERIALS AND METHODS
Reagents and antibodies
Antibodies used in Western Blot (WB) and flow cytometry (FC) are listed in
Table S1 and analytical methods in Supplementary Materials and
Methods (SMM).

Patient samples
Patient samples were obtained from CLL peripheral blood. A detailed
correspondence between experiments, patient IDs (coded as P#), NOTCH1
mutational status, statistical comparison of cytogenetic abnormalities and
sex distribution is provided in Tables S2A-B. Leukemic cells were purified as
described [28].

Molecular cloning and generation of MEC-1/IgM-UM clones
MEC-1 cells, which carry an IGHV 4-59 mutated BCR, were obtained from
DSMZ. MEC-1/sIgM- cells, a subclone lacking expression of surface IgM
(sIgM) that was constitutively present in the original cells, were sorted by
limiting dilution cloning and were reconstituted with the unmutated
IGHV4-59 sequence of a patient with CLL, as detailed in SMM.

BCR ligation
For BCR stimulation, the goat anti-human IgM-UNLB (Southern Biotech,
Birmingham, AL) was used. Protocols are described in SMM.

Quantitative real-time PCR (qPCR) and mitochondrial DNA
(mtDNA) content determination
RNA extraction, retrotranscription, and analyses were carried out as
detailed in SMM. qPCR was used to assess absolute mtDNA levels as an
index for mitochondrial mass. MT-COX4 was used as the standard for
mtDNA, and GAPDH was used as the nuclear DNA (nDNA) normalizer to
calculate the mtDNA/nDNA ratio.

TFAM down-regulation
For TFAM down-regulation, TFAM, 4392420 – s1400 (Thermo Fisher,
Waltham, MA) was used as described in SMM.

Reactive oxygen species (ROS) production
ROS production was determined using MitoSOX Red (Thermo Fisher),
following the manufacturer’s instructions. Fluorescence was measured by
BD FACScelesta (Franklin Lakes, NJ).

MitoTracker staining
Mitochondrial mass was evaluated by FC analysis and by confocal
microscopy, as described in SMM.

Glucose uptake
Glucose uptake was measured using the 2-NBDG Glucose Uptake Assay Kit
(Sigma-Aldrich), St. Louis, MO, with fluorescence was measured by BD
FACScelesta.

Seahorse metabolic rate assay
Seahorse assay was performed for measuring Oxygen Consumption Rates
(OCR) and Extracellular Acidification Rates (ECAR) using the XFp Mito Stress
Test Kit and the XFp Glycolysis (Agilent Technologies, Santa Clara, CA). Full
details in SMM.

Evaluation of glucose consumption, extracellular lactate, ATP
synthesis, and OCR
Glucose consumption, extracellular lactate, ATP synthesis, and OCR were
measured as described [29, 30]. Details in SMM.

Stable isotope tracing and metabolite extraction
Stable isotope tracing experiments with [U-13C]-glucose and [U-13C]-
glutamine tracers (Cambridge Isotope Laboratories, CLM-1396) were
performed as previously described [31].

In vitro competition assays
MEC-1/NWT and MEC-1/NM cells were co-cultured at a 1:1 ratio and their
density monitored by flow cytometry every 2 days by FC analysis until one
of the two populations reached ~80% relative abundance. The relative
abundance of the two MEC-1 populations was calculated as a percentage
of the morphological gate population and plotted as such. This assay was
designed to quantify relative changes in population abundance (compe-
titive fitness) under shared culture conditions and is not intended to infer
absolute monoculture proliferation rates.

RNA sequencing and data analysis
RNA sequencing was performed as described [16]. Details in SMM.

CUT&Tag
CUT&Tag experiments are detailed in SMM [32].

Statistical analyses
Statistical analyses were performed with GraphPad 9 (GraphPad Software
Inc., La Jolla, CA). All data are plotted as means ± SEM, unless otherwise
specified. Statistical significance was tested using unpaired t tests, with
threshold set at p ≤ 0.05.

RESULTS
Crosstalk between BCR and NOTCH1 in primary CLL cells
activates genes belonging to metabolic pathways in NOTCH1-
mutated subset
Our previous data indicate that IgM cross-linking increases
NOTCH1 protein levels and that BCR-induced calcium flux
promotes ligand-independent NOTCH1 activation [21]. We
selected a cohort of 64 primary CLL samples from untreated
patients all with an unmutated BCR background and stratified as
NOTCH1-mutated (CLL/NM) or NOTCH1-wild-type (CLL/NWT). BCR
cross-linking led to activation of NOTCH1 signaling, which was
significantly higher in CLL/NM cells compared to CLL/NWT, as
evidenced by western blot analysis (Fig. 1A). Expression levels of
canonical NOTCH1 target genes, such as NRARP and DTX1 further
confirmed these findings, with EDTA used as positive control to
induce ligand-independent NOTCH1 activation (Fig. 1B). These
results indicate that BCR stimulation alone is sufficient to enhance
NOTCH1 transcriptional activity, further supporting a functional
crosstalk between the two pathways. RNA-seq data from a
randomly down-sampled (balanced) cohort of CLL/NWT (n= 50)
and CLL/NM (n= 50) [33] confirmed that NOTCH1 signaling
pathway was significantly enriched in CLL/NM cells (NES= 1.52,
FDR= 0.106, Fig. 1C). Gene Set Enrichment Analysis (GSEA) also
revealed enrichment of metabolic and proliferative pathways
specifically in the CLL/NM subset. Main categories included
glycolysis (NES= 1.51, FDR= 0.006), mitochondrial biogenesis
(NES= 1.90, FDR < 0.001), oxidative phosphorylation (NES= 1.32,
FDR= 0.144), and reactive oxygen species (NES= 1.61, FDR=
0.109). Cell cycle-associated gene sets, such as mitotic spindle
formation (NES= 1.64, FDR= 0.128) were also significantly
enriched (Fig. 1C, Table S4-5). A pathway-level overview of the
full MSigDB Hallmark collection is provided in Supplementary
Fig. 1 (Table S4), placing NOTCH1 signaling and metabolic
pathways in the context of all enriched signatures. Consistently,
GO enrichment analysis of genes up-regulated in CLL/NM
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Fig. 1 Functional assessment of NOTCH1 activation and transcriptional signature in CLL/NM cells compared to CLL/NWT cells. A Western
blot analysis of total and cleaved (Val1744) NOTCH1 in CLL/NM (n= 9) and CLL/NWT (n= 9) primary cells, either untreated (NT) or stimulated with
anti-IgM (aIgM). Actin is shown as a loading control. The right panel shows quantification of cleaved NOTCH1 (Val1744) normalized to total
NOTCH1 levels. B qtRT-PCR analysis of NRARP (left, CLL/NWT n= 9 and CLL/NM= 7) and DTX1 (right, CLL/NWT n= 14 and CLL/NM n= 9) following
stimulation with anti-IgM and/or EDTA, as indicated. mRNA expression was normalized over β-2-microglobulin (β2M). C Gene Set Enrichment
Analysis (GSEA) comparing transcriptional profiles from a down-sampled cohort of CLL/NM (n= 50) and CLL/NWT (n= 50) patients. Enrichment
plots are shown for curated gene sets related to NOTCH1 signaling, glycolysis, mitochondrial biogenesis, oxidative phosphorylation, reactive
oxygen species (ROS), and mitotic spindle. Normalized Enrichment Score (NES) and False Discovery Rate (FDR) values are indicated in the top-
right corner of each panel. (p ≤ 0.05, *; p ≤ 0.01, **; p ≤ 0.001, ***; p ≤ 0.0001, ****). CLL/NWT CLL/NOTCH1 WILD TYPE, CLL/NM CLL/NOTCH1
MUTATED.
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Fig. 2 CLL/NM cells show higher rates of glycolysis and mitochondrial respiration compared to CLL/NWT cells. A Seahorse Glycolysis Stress
Test measuring the extracellular acidification rate (ECAR) in CLL patients (CLL/NWT n= 11, CLL/NM n= 7) following the sequential addition of
Glucose, Oligomycin (Oligo), and 2-deoxy-D-glucose (2-DG). A representative ECAR profile chosen from two different CLL patients is shown
(CLL/NWT-pink and CLL/NM-blue, left panel). Bar graphs display quantification of glycolysis, glycolytic capacity, and glycolytic reserve under
unstimulated (–) or stimulated (+) with plate-bound α-IgM for 24 h (right panel). B Seahorse Cell MitoStress Test measuring the oxygen
consumption rate (OCR) in CLL patients (CLL/NWT n= 11, CLL/NM n= 8) following the sequential addition of inhibitors of mitochondrial
function: Oligomycin (Oligo), Carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), and a combination of antimycin A and rotenone
(Rot/AA). A representative OCR profile chosen from two different CLL patients is shown (CLL/NWT-pink and CLL/NM-blue, left panel). Bar
graphs graphs display quantification of basal respiration, maximal respiration, ATP production and spare respiratory capacity under
unstimulated (–) or stimulated (+) with plate-bound α-IgM for 24 h (right panel). Basal respiration was calculated after subtraction of non-
mitochondrial respiration. ATP-linked respiration was calculated following the addition of oligomycin. Maximal respiration was measured
following the addition of FCCP. Spare respiratory capacity was calculated based on the difference between the basal respiration and maximal
respiration. C Confocal microscopy images of CLL/NWT and CLL/NM cells. Merged images show nuclei stained in blue with Hoechst 33342 and
mitochondria stained in red with MitoTracker Deep Red FM. Merge insets highlight representative areas of the merged signal. Mitochondrial
signal alone (MitoTracker Deep Red FM) is also shown. Quantitative assessment of MitoTracker Deep Red FM fluorescence is also shown (right
panel). D qRT-PCR analysis of COX4I1/GAPDH ratio in primary CLL cells (CLL/NWT n= 7 and CLL/NM n= 9) in basal conditions. mRNA expression
was normalized over β-2-microglobulin (β2M). (p ≤ 0.05, *; p ≤ 0.01, **; p ≤ 0.001, ***; p ≤ 0.0001, ****).
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highlighted mitochondrial respiratory/energy metabolism-related
processes (Supplementary Fig. 1B). Differential expression results
are summarized in Supplementary Fig. 1C (volcano plot, with
representative leading-edge genes from GSEA annotated). Alto-
gether, these results indicate that metabolic pathways are
prominently enriched in CLL/NM samples.

Primary CLL/NM cells show enhanced metabolic performances
To validate GSEA findings, we employed the Seahorse metabolic
analyzer to measure both glycolysis and mitochondrial respiration,
using the extracellular acidification rate (ECAR) and the oxygen
consumption rate (OCR) as respective readouts. CLL/NM cells were
characterized by elevated ECAR compared to CLL/NWT together
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with a low lactate production, suggesting an enhanced glycolytic
flux directed toward mitochondrial metabolism (Fig. 2A and
Supplementary Fig. 2A-B). Consistently, CLL/NM cells displayed
significantly higher OCR and ATP synthesis compared to CLL/NWT

(Fig. 2B). This was supported by increased proton leak and higher
spare respiratory capacity associated with CLL/NM cells, indicating
highly active mitochondria capable of handling increased energy
demands (Supplementary Fig. 2C-D). Notably, at baseline, CLL/NM

cells consistently displayed higher ECAR and OCR values,
indicating enhanced metabolic activity even in standard condi-
tions. Upon BCR stimulation, both ECAR and OCR further increased
in CLL/NM cells, resulting in a more pronounced metabolic
activation. In line with these findings, CLL/NM cells also displayed
increased concentration of free mitochondrial radicals, as detected
by MitoSOX Red staining, suggesting the presence of increased
oxidative stress (Supplementary Fig. 2E). We then assessed
mitochondrial density by staining with both MitoTracker Green
and Red. The former was used in flow cytometry to stain total
mitochondria irrespective of membrane potential, while the latter
was used in confocal microscopy to visualize active, membrane
potential-dependent mitochondria. Results showed that the
increased aerobic mitochondrial metabolism in CLL/NM cells was
associated with higher mitochondrial density (Fig. 2C, D and
Supplementary Fig. 2F). Notably, an extensive mitochondrial
network was observed in CLL/NM cells, compared to CLL/NWT,
suggesting a correlation between this gene mutation and
increased mitochondrial mass (Fig. 2C and Supplementary Fig. 2F).
Consistently, we also observed an increase in mitochondrial DNA
(mtDNA) content by quantifying the ratio of COX4I1 mRNA, a
mitochondrial gene, to GAPDH mRNA, a nuclear gene, indicating a
higher mitochondrial mass (Fig. 2D). Collectively, these results
suggest that CLL/NM are specifically sensitive to metabolic
reprogramming driven by BCR signaling.

Establishment and characterization of MEC-1/NM and MEC-1/
NWT MEC-1 models recapitulating CLL metabolic signatures
To overcome CLL cell constraints, we developed a cellular model
carrying unmutated BCR with or without NOTCH1 mutations. We
took advantage of the MEC-1 CLL-like cell line, which harbors a
subpopulation of naturally occurring surface IgM-negative cells
(Supplementary Fig. 3A-B). These cells, which express the mRNA
for IGHV genes, but fail to express the surface protein, were cloned
to obtain a homogeneous sIgM- population and edited to obtain
clones with truncating mutations in exon 34 to delete the NOTCH1
PEST domain [21]. The resulting subclones were lentivirally
transduced with an unmutated IGHV4-59-derived IgM heavy
chain, cloned from a patient with UM-CLL (Supplementary Fig. 3C).
Clones carrying robust and comparable surface IgM levels, with or
without NOTCH1 mutation (abbreviated as MEC-1/NWT and MEC-1/
NM) were then selected for functional assays (Supplementary
Fig. 3D). To assess BCR functionality in the reconstituted MEC-1

models, we stimulated MEC-1/NWT and MEC-1/NM cells with
soluble anti-IgM and observed phosphorylation of BTK and ERK1/
2, indicating that NOTCH1 mutations do not directly impact short-
term BCR signaling (Supplementary Fig. 4A-B). Long-term activa-
tion with plate-bound α-IgM led to increased and comparable
expression of MYC and CCL3 in both cell lines, confirming intact
BCR responsiveness regardless of NOTCH1 status (Supplementary
Fig. 4C). In addition, MEC-1/NM cells showed higher expression
levels of NRARP compared to MEC-1/NWT cells, consistent with
constitutive NOTCH1 signaling. Upon stimulation with either α-
IgM or EDTA, NRARP expression further increased in both cells, but
remained significantly higher in MEC-1/NM cells, confirming the
hyperactive NOTCH1 signaling status (Supplementary Fig. 4D).
RNA-seq profiling confirmed that MEC-1/NM cells recapitulate the
metabolic and proliferative transcriptional programs identified in
unstimulated primary CLL/NM samples and demonstrated that
these pathways are further reinforced upon 24-h α-IgM stimula-
tion in the MEC-1 model (Supplementary Fig. S5-6). Principal
component analysis (PCA) of the 20,395 protein-coding genes
showed that MEC-1 cells samples cluster primarily by NOTCH1
mutational status. For completeness, all pairwise principal
component projections are reported in Supplementary Fig. S5.
Supplementary Fig. S6A highlights the PC1 vs PC4 projection, and
PCA restricted to genes in the NOTCH1 signaling pathway similarly
segregated samples by NOTCH1 status (Supplementary Fig. S6B).
Consistent with the patient-derived data, enrichment in

metabolic and proliferative pathways was found in MEC-1/NM

cells in both basal and stimulated conditions (Supplementary
Fig. 6C-D and Table S7). These observations were further
supported by (Metabolic Reaction Enrichment Analysis) MaREA
analysis, showing selective upregulation of key enzymatic
programs, confirming NOTCH1-dependent metabolic reprogram-
ming (Supplementary Fig. 7). Thus, this model recapitulates
NOTCH1 activity and CLL metabolic features, offering a valuable
in vitro system.

MEC-1/NM cells are metabolically more active compared to
MEC-1/NWT cells
We then used these clones to recapitulate the metabolic signature
observed in primary CLL cells. Results showed a significantly
higher glucose consumption in MEC-1/NM compared to MEC-1/
NWT cells in basal conditions, which robustly increased upon BCR
engagement, in line with previous findings (Fig. 3A) [34–36]. BCR
activation caused a slight but significant reduction in lactate
production, especially in MEC-1/NM cells, suggesting that glucose
may be differentially used to fuel the tricarboxylic acid (TCA) cycle
rather than glycolysis (Fig. 3B). We then focused on the role of
mitochondria in metabolic reprogramming. Rates of OCR, as well
as ATP synthesis, were lower in MEC-1/NWT cells than in the MEC-
1/NM, a condition boosted after BCR ligation (Fig. 3C, D). These
findings were further supported by analyses of mitochondrial

Fig. 3 MEC-1/NM cells display higher metabolism compared to MEC-1/NWT cells. A Glucose consumption by MEC-1/NWT and MEC-1/NM cells
either unstimulated (–) or stimulated (+) with plate-bound α-IgM for 24 h (n= 3). B Lactate concentration in the culture medium of MEC-1/NWT

and MEC-1/NM cells either not treated (–) or stimulated (+) with plate-bound α-IgM for 24 h (n= 3). C ATP synthesis rate by MEC-1/NWT and
MEC-1/NM cells either unstimulated (–) or stimulated (+) with plate-bound α-IgM for 24 h (n= 3). ATP synthesis coming from Complexes I, III, IV
was measured with pyruvate/malate supplementation. ATP synthesis coming from Complexes II, III, IV was measured with succinate
supplementation. D Oxygen consumption rate (OCR) of MEC-1/NWT and MEC-1/NM cells either unstimulated (–) or stimulated (+) with plate-
bound α-IgM for 24 h (n= 3). Pyruvate/Malate and Succinate were provided as substrates as described in the ATP synthesis part. E Confocal
microscopy images of MEC-1/NWT and MEC-1/NM cells. Nuclei are stained blue with Hoechst 33,342, MitoTracker Deep Red FM was used to
stain mitochondria. Mitochondrial morphology was visualized by 3D reconstruction for confocal stacks. F Quantitative assessment of
MitoTracker Deep Red FM fluorescence. G Representative flow cytometry profile of MitoTracker Green internalized by MEC-1/NWT and MEC-1/
NM cells compared to unstained control (UN). MFI of MitoTracker Green internalized by unstimulated MEC-1/NWT (n= 8) and MEC-1/NM cells
(n= 9) (right panel). H Determination of mtDNA/nDNA ratio as COX4I1/GAPDH by real-time PCR as an index of mitochondrial mass (MEC-1/NWT

n= 9 and MEC-1/NM n= 12). mRNA expression was normalized over β-2-microglobulin (β2M). IMFI of MitoSOX Red internalized by MEC-1/NWT

(n= 4) and MEC-1/NM (n= 4) cells either unstimulated (–) or stimulated (+) with aIgM for 24 h. (p ≤ 0.05, *; p ≤ 0.01, **; p ≤ 0.001, ***; p ≤ 0.0001,
****). MEC-1/NWT MEC-1/NOTCH1 WILD TYPE, MEC-1/NM MEC-1/NOTCH1 MUTATED.
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content and organization, which revealed that the increased
aerobic mitochondrial metabolism in MEC-1/NM cells was asso-
ciated with higher mitochondrial density. Notably, an extensive
mitochondrial network was observed in MEC-1/NM cells, com-
pared to MEC-1/NWT, reinforcing the association between this

NOTCH1 mutations and increased in mitochondrial mass, con-
sistent with findings in CLL/NWT and CLL/NM (Fig. 3E–G and
Video 1-2). Accordingly, MEC-1/NM cells displayed a significantly
higher COX4I1/GAPDH ratio compared to MEC-1/NWT clones
(Fig. 3H). In addition, MEC-1/NM cells exhibited higher free radical
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concentrations compared to MEC-1/NWT, both at baseline and
after 24-h BCR stimulation (Fig. 3I). Altogether, these findings
validate the metabolic reprogramming observed in primary CLL
cells and confirm that this adaptation is associated to NOTCH1
mutation.

Stable isotope tracing analysis identifies glutamine as the
main fuel for the energetic processes of MEC-1/NM and CLL/
NM cells
To investigate whether enhanced mitochondrial metabolism
observed in MEC-1/NM was primarily fueled by glucose or
glutamine, we performed stable isotope tracing on MEC-1/NWT

and MEC-1/NM cells cultured for 24 h with plate-bound αIgM in
media containing either [U-13C]-glucose or [U-13C]-glutamine
(Fig. 4A). We then analyzed metabolites from pentose phosphate
pathway (PPP), nucleotide and amino acid metabolism, and the
TCA cycle. Mass isotopologue distributions (MIDs), representing
the incorporation of 13C-labeled substrates into metabolites
(from m + 0 to m + n, where n is the maximum number of
carbon atoms), revealed a higher incorporation of 13C from
[U-13C]-glucose in all the glycolytic intermediates of MEC-1/NM

cells, confirming that NOTCH1 hyperactivation increases glyco-
lytic flux. Importantly, incorporation of 13C from [U-13C]-glucose
was greater in MEC-1/NM cells, possibly linked to increased
nucleotide synthesis and the generation of reducing equivalents
to support proliferation. In contrast, glucose-derived labeling
was significantly higher in MEC-1/NWT cells across nearly all TCA
cycle intermediates, while MEC-1/NM cells displayed significantly
higher levels of glutamine-derived labeling in all TCA inter-
mediates. Labeling from [U-13C]-glutamine was also significantly
enriched in glutathione and aspartate in MEC-1/NM cells,
suggesting the involvement of glutamine not only as an energy
substrate but also as a carbon source for biosynthetic processes
(Fig. 4B). Stable isotope tracing was also replicated in CLL/NWT

and CLL/NM cells and under the same experimental conditions
(Supplementary Fig. 8A). MIDs showed generally reduced tracer
incorporation overall, as observed by the higher proportion of
m + 0 (Supplementary Fig. 8B). This is consistent with the fact
that primary CLL cells are characterized by low proliferative rates
in vitro. Nonetheless, labeling patterns for multiple TCA cycle
intermediates (including aspartate, malate, fumarate, citrate, and
α-ketoglutarate) mirrored those observed in the MEC-1/NM cells,
with higher glutamine-derived incorporation in CLL/NM com-
pared to CLL/NWT (Supplementary Fig. 8B). We next assessed
glucose and glutamine uptake: MEC-1/NM and CLL/NM cells
displayed significantly higher glutamine uptake compared to
their counterparts, aligning with the isotope tracing data and
indicating increased glutamine fueling of the TCA cycle
(Supplementary Fig. 9A). Glucose uptake was also enhanced in
MEC-1/NM and CLL/NM cells, mirroring the glycolytic profile
observed (Supplementary Fig. 9B). Together, these data suggest
that glutamine serves as the primary metabolic fuel sustaining
TCA cycle and mitochondrial metabolism in NOTCH1-mutated
cells.

Metabolic reprogramming due to TFAM transcriptional
regulation in MEC-1/NM cells
To elucidate the mechanisms underlying metabolic reprogram-
ming in NOTCH1-mutated cells, we performed high-throughput
CUT&Tag profiling. While the analysis was unbiased, we focused
on pathways related to metabolism. Differential binding analysis
of the activating histone mark H3K4me3 (associated with
transcription start sites) revealed significant enrichment in MEC-
1/NM cells at genes associated with mitochondrial transcription
and translation, in both untreated (UN) and BCR-stimulated (IgM)
conditions (TableS6-7). In the UN condition, gene ontology (GO)
enrichment included Mitochondrial RNA 3’-End Processing
(GO:0000965), Ribosome Disassembly (GO:0032790), and
Mitochondrial Translation (GO:0032543). Key genes involved in
these processes, such as TRMT10C, MTIF3, and mitochondrial
ribosomal protein genes (MRPSs, MRPLs), showed increased
H3K4me3 signal, suggesting transcriptional activation of the
mitochondrial gene expression machinery in MEC-1/NM cells
(Table S6). These results point to a broader transcriptional up-
regulation of the mitochondrial functional network in MEC-1/NM

cells. Upon BCR cross-linking, the enriched GO terms included
Mitochondrial Genome Maintenance (GO:0000002) and Regula-
tion of Establishment of Protein Localization to Mitochondrion
(GO:1903747), indicating a sustained engagement of mitochon-
drial gene regulatory programs in MEC-1NM cells (Table S7). Given
the up-regulation of several genes involved in mitochondrial
transcription and translation, we investigated Mitochondrial
Transcription Factor A (TFAM), a nuclear-encoded transcription
factor essential for mtDNA transcription and replication [37], as a
potential master regulator driving this program. DBA analysis
revealed significant gain of the active transcription mark H3K27Ac
at the TFAM promoter in MEC-1/NM cells compared to MEC-1/NWT

(log₂FC= 0.47, FDR= 0.007), with no differential enrichment for
the repressive histone mark H3K27me3 (Fig. 5A). Notably,
CUT&Tag for NICD revealed clear binding at the TFAM locus in
MEC-1/NM cells under both UN and IgM-stimulated conditions,
with no binding detected in MEC-1/NWT cells (Fig. 5A, Supple-
mentary Fig. 10A). RNA-seq data and qRT-PCR analyses revealed
higher levels of TFAM expression in MEC-1/NM and CLL/NM cells,
compared to their counterpart, in line with NOTCH1-mediated
positive regulation of the TFAM locus (Fig. 5B, Supplementary
Fig. 10B).

MEC-1/NM CLL cells rely on TFAM for mitochondrial integrity
and survival
Based on epigenomic and transcriptional data implicating TFAM
as a potential master regulator of the overall metabolic
reprogramming, we tested functional dependence of MEC-1/NM

cells on TFAM. Partial knockdown of TFAM using siRNA in MEC-1/
NWT and MEC-1/NM cells, confirmed by Western blot and qRT-PCR
(Fig. 6A, B and Supplementary Fig. 10C), led to a decrease in
mitochondrial mass, selectively in MEC-1/NM cells while in MEC-1/
NWT it remained unaffected (Fig. 6C and Supplementary Fig. 10D).
This difference was confirmed by quantification of both

Fig. 4 Glucose and glutamine fueling of BCR-stimulated MEC-1/NWT and MEC-1/NM cells. A Metabolomic isotopologue analysis was
performed in MEC-1/NWT and MEC-1/NM cells stimulated with plate-bound α-IgM for 24 h and subsequently cultured in medium containing
either [U-13C]-glucose (orange) and [U-13C]-glutamine (green) (n= 3). Incorporation of 13C in metabolic intermediates was analyzed by liquid
chromatography–mass spectrometry (LC-MS). B Mass isotopologue distributions (MID) of each m+ n isotopologue were plotted to assess ¹³C
incorporation from fully labeled glucose (MEC-1/NWT, yellow; MEC-1/NM, orange) or glutamine (MEC-1/NWT, light blue; MEC-1/NM, dark blue)
into selected metabolites following BCR stimulation. The red dashed panel indicates the glycolytic/fermentative arm (F6P, BPG, and lactate).
The blue dashed panel compiles anabolic pathways, including de novo nucleotide biosynthesis (ATP, GTP, UTP, CTP) and amino acid/
antioxidant pools (alanine, GSH). The green dashed panel depicts glutaminolysis (glutamine and glutamate). Data represent mean ± SD.
(p ≤ 0.05, *; p ≤ 0.01, **; p ≤ 0.001, ***; p ≤ 0.0001, ****). F6P fructose-6-phosphate, BPG bisphosphoglycerate, GSH reduced glutathione.
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mitochondrial surface area and volume (Fig. 6D, Supplementary
Fig. 10E), which were significantly decreased in MEC-1/NM cells
upon TFAM loss but remained unaffected in MEC-1/NWT cells.
Confocal images also revealed a higher proportion of apoptotic
MEC-1/NM cells following TFAM silencing, as indicated by the
absence of MitoTracker staining and the presence of condensed
Hoechst-positive nuclei (Fig. 6C). Annexin V/PI staining of silenced
cells demonstrated a significant increase in apoptosis specifically
in MEC-1/NM cells after TFAM knockdown, while MEC-1/NWT cells
remained viable (Fig. 6E). Altogether, these results demonstrate
that MEC-1/NM cells are uniquely dependent on TFAM for
mitochondrial maintenance and survival, underscoring TFAM as
a critical node in the metabolic reprogramming driven by NOTCH1
mutations.

NOTCH1-mutated cells rely on glutamine metabolism to
sustain their proliferative advantage and show enhanced
sensitivity to glutamine inhibition combined with venetoclax
Given that metabolic reprogramming is associated with increased
tumor survival, proliferation, and aggressiveness [18, 38], we
focused on investigating whether an elevated metabolic profile
correlated with a growth advantage. To the purpose, MEC-1/NM

(GFP-labeled) and MEC-1/NWT (RFP-labeled) cells were co-cultured
(1:1) for 10 days and cell proliferation kinetics assessed to monitor
their relative expansion under identical conditions. When cells
were cultured in standard condition, MEC-1/NM cells gradually
outgrew the counterpart, becoming the dominant population
(Fig. 7A) and indicating a clear advantage conferred by the
NOTCH1 mutation. We next investigated whether this proliferative

Fig. 5 NOTCH1-Mediated Transcriptional Regulation of TFAM. A Genome browser tracks (visualized in IGV) showing CUT&Tag data for the
NICD domain of NOTCH1 at the TFAM locus in wild-type (MEC-1/NWT) and NOTCH1-mutant (MEC-1/NM) cells. Each track represents the merged
signal from three biological replicates (n= 3) of untreated MEC-1/NWT and MEC-1/NM samples. Histone modifications (H3K4me1, H3K4me3,
H3K27ac, H3K27me3) and IgG (as control) are also shown to provide chromatin context. The lower panels display peaks called with SEACR for
each histone mark and NICD, highlighting regions of significant enrichment. Numbers indicate the value of intensity of the peaks. B qRT-PCR
analysis of TFAM expression in both CLL/NWT (n= 3) and CLL/NM (n= 4) cells (left panel) and MEC-1/NWT (n= 7) and MEC-1/NM (n= 6) cells
(right panel) under basal (–) or aIgM stimulated (+) conditions. mRNA expression was normalized over β-2-microglobulin (β2M). (p ≤ 0.05, *; p
x ≤ 0.01, **; p ≤ 0.001, ***; p ≤ 0.0001, ****).
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advantage was dependent on the availability of glucose and
glutamine. To this end, we tested the effect of selective metabolic
inhibitors UK5099 (mitochondrial pyruvate carrier inhibitor) [39]
V-9302 (inhibitor of the glutamine transporter ASCT2) [40, 41]
V-9302 reversed the competitive outgrowth of MEC-1/NM cells,
resulting in a relative enrichment of MEC-1/NWT cells over time
(Fig. 7B). In contrast, blocking glucose-derived oxidative metabo-
lism, using UK5099 did not significantly affect co-culture kinetics
(Fig. 7C), underscoring the predominant role of glutamine over
glucose in sustaining the competitive fitness advantage of MEC-1/
NM cells.

In apoptosis assays performed in MEC-1/NM cells and CLL/NM

samples, glutamine inhibition with V-9302 significantly reduced
cell viability compared to the untreated condition, confirming a
metabolic dependency on glutamine (Fig. 7D, E). In contrast,
glucose inhibition had a minimal effect on cell viability in both
cases and in line with the proliferation assays.
Lastly, to assess whether this metabolic dependency could

become a therapeutic vulnerability, we decided to test cells with
the BCL-2 inhibitor venetoclax as an inducer of mitochondrial
apoptosis. MEC-1/NM and CLL/NM cells were constitutively more
sensitive to venetoclax compared to their counterparts, whereas

Fig. 6 TFAM knockdown reveals TFAM dependency of NOTCH1-mutated CLL cells in mitochondrial regulatory circuitry. A Western blot
analyses of TFAM protein’s steady-state levels in MEC-1/NWT and MEC-1/NM cells in the presence of small interfering RNAs (siRNAs) against
controls (siCTRL) and TFAM (siTFAM). Images are representative of n= 3 independent experiments. ERK was used as a loading control. B qtRT-
PCR analysis of TFAM expression in MEC-1/NWT and MEC-1/NM cells in the presence of siCTRL and siTFAM. mRNA expression was normalized
over β-2-microglobulin (β2M). C Representative confocal microscopy images of MEC-1/NWT and MEC-1/NM cells upon TFAM silencing, stained
with MitoTracker Deep Red FM to visualize mitochondria and Hoechst 33342 (blue) for nuclei. Merged channel images are shown. White
arrows indicate dying/dead cells in the MEC-1/NM-siTFAM condition. D Quantification of mitochondrial surface area from multiple
independent images of MEC-1/NWT and MEC-1/NM cells following TFAM knockdown. E Percentage of viable MEC-1/NWT and MEC-1/NM cells
assessed by Annexin V/7-AAD staining in basal conditions, siCTRL, and following TFAM knockdown (siTFAM, left). Representative dot plots of
FC upon TFAM silencing (right). (p ≤ 0.05, *; p ≤ 0.01, **; p ≤ 0.001, ***; p ≤ 0.0001, ****).
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the combination of V-9302 and venetoclax led to a further
significant reduction in viability exclusively in NOTCH1-mutated
subsets (Fig. 7D). The two agents showed synergic action, as
determined by the combination index (Supplementary Fig. 11A).
This effect was not observed when venetoclax was combined with
glucose inhibition, reinforcing the idea that glutamine, but not
glucose, is the critical metabolic vulnerability in CLL/NM, and
suggesting that targeting this dependency can sensitize cells to
venetoclax (Fig. 7D, E and Supplementary Fig. 11B-C).

DISCUSSION
Our study uncovers how NOTCH1 mutations reprogram mitochon-
drial metabolism in CLL, establishing a mechanistic connection
between oncogenic signaling and metabolic plasticity. NOTCH1 is
recurrently mutated in CLL patients, and the prevalence of its
mutations increases with disease progression, arguing in favor of a
direct role of the protein in this process. Building on previous
evidence of BCR-NOTCH1 crosstalk [21], we investigated whether
this signaling axis could shape the metabolic phenotype of CLL
cells. In a cohort of BCR-UM samples, BCR engagement triggered
NOTCH1 activation in both wild-type and mutated backgrounds,
but with CLL/NM exhibiting more sustained responses. NOTCH1

activation was confirmed by EDTA treatment, providing a rationale
to focus our investigations solely on BCR stimulation (Fig. 1). Given
the limited proliferative capacity and spontaneous in vitro
mitochondrial apoptosis of primary CLL cells, we developed an
isogenic MEC-1 model harboring either wild-type or mutated
NOTCH1 in an UM-BCR background (Supplementary Fig. 2).
Through integrated transcriptomic and metabolic analyses, we
found that NOTCH1-mutated cells exhibit a distinct bioenergetic
profile, characterized by upregulation of mitochondrial programs,
enhanced oxidative phosphorylation, and elevated ROS produc-
tion, all hallmarks of an active mitochondrial phenotype
(Figs. 2–4). Stable isotope tracing revealed a dual metabolic
strategy in which glucose is redirected to the pentose phosphate
pathway (PPP), while glutamine fuels the TCA cycle, highlighting a
selective reliance on glutamine to sustain mitochondrial output
[42]. This preferential use of glutamine was especially evident in
MEC-1/NM cells, which displayed significantly higher uptake rates,
corroborating recent findings and reinforcing the centrality of this
amino acid in NOTCH1-driven metabolic reprogramming [41–45].
Consistently, metabolomics in primary CLL samples showed that
glutamine, rather than glucose, predominantly supports mito-
chondrial function in MEC-1/NM cases, suggesting a shift away
from glucose-driven biosynthesis (Fig. 4 and Supplementary Fig. 6).

Fig. 7 NOTCH1-mutated CLL cells show increased sensitivity to glutamine blockade and Venetoclax combination treatment. Cell viability
analyses determined by AV/PI staining in MEC-1/NWT and MEC-1/NM cells co-cultured in standard condition (RPMI+ 10% FCS) for 10 days (A),
in the presence of the glutamine transporter ASCT2 Inhibitor V-9302 (B), or in the presence the mitochondrial pyruvate carrier inhibitor UK-
5099 (C). Asterisks refer to the significance compared to day 0. D Percentage of viable MEC-1/NWT and MEC-1/NM cells, after the following
conditions: untreated (UN), V-9302, UK-5099, venetoclax (VEN), V-9302 + venetoclax (V-9302+ VEN), and UK-5099 + venetoclax
(UK5099+ VEN), for 96 h (n= 3). E Percentage of viable CLL/NWT and CLL/NM cells (CLL/NWT n= 5 and CLL/NM n= 8) after the following
conditions: UN, V-9302, VEN and V-9302+ VEN, for 48 h. Asterisks and values on the columns indicate the significance and corresponding p
values compared to the UN condition (p ≤ 0.05, *; p ≤ 0.01, **; p ≤ 0.001, ***; p ≤ 0.0001, ****).
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This dual activation of PPP and glutaminolysis not only fuels
mitochondrial respiration but also sustains proliferation, confer-
ring a growth advantage tightly linked to NOTCH1 mutational
status and consistent with the transcriptomic signature.
The breakthrough finding of our study is the identification of

TFAM, a master regulator of mitochondrial transcription and
replication [37], as a direct target of NOTCH1. Using epigenomic
profiling, we demonstrate that the NICD directly binds and
activates the TFAM locus, leading to increased expression of this
mitochondrial factor and elevated mtDNA content (Fig. 5 and
Supplementary Fig. 8A). TFAM knockdown selectively disrupted
mitochondrial structure and viability in MEC-1/NM cells, with no
effect in the MEC-1/NWT counterparts, establishing TFAM as a
critical downstream effector of NOTCH1-dependent metabolic
remodeling (Fig. 6 and Supplementary Fig. 8B–E). Functionally, this
reprogramming translated into increased proliferation. These
findings are consistent with recent in vivo studies supporting a
role for sustained NOTCH1 activation in promoting disease
evolution [46, 47]. The second relevant finding of our study is
the selective dependence on glutamine of MEC-1/NM cells which
can be exploited therapeutically as previously shown for CLL cells
[41, 48]. Consistently, our results show that glutamine transport
blockade primes MEC-1 cells, as well as primary CLL cells to the
effect of BCL-2 inhibitor venetoclax, with the two drugs showing
synergic action (Supplementary Fig. 9A). It is important to stress
that, this effect is also seen in the MEC-1 cells, which are typically
resistant to venetoclax action due to their TP53 mutation (Fig. 7)
[49].
In conclusion, our work shows that BCR ligation in NOTCH1-

mutated CLL cells induces metabolic adaptation, with increased
mitochondrial activity, mediated through the activation of TFAM
transcription factor. This axis uncovers an actionable metabolic
dependency on glutamine, specific for NOTCH1 mutated subset.
The translational inference is that CLL cells are sensitive to
glutamine import blockade. However, as tumor cells tend to adapt
to pharmacological inhibition of a single pathway, we reasoned
that combinations would be most successful. Accordingly, in our
study MEC-1/NM cells showed maximal responses to BCL-2
inhibition in the presence of V-9302. Combinatorial strategies of
metabolic inhibitors and apoptotic inducers are rapidly emerging
in hematological cancers: for example, CB-839 (telaglenastat), a
selective GLS1 inhibitor, has shown potent synergy with BCL2
inhibition in lymphoma and AML models by increasing oxidative
stress and collapsing mitochondrial respiration [50, 51]. In parallel,
pegcrisantaspase (PegC), an amino acid–depleting enzyme that
lowers circulating glutamine and asparagine, demonstrated
clinical activity when combined with venetoclax in relapsed/
refractory AML [52], paving the way for future clinical trials. These
and other data support the concept that therapeutically targeting
glutamine metabolism can dismantle mitochondrial resilience and
restore apoptotic competence, providing a mechanistically
grounded strategy to enhance venetoclax efficacy and overcome
resistance in NOTCH1-mutated cells.
Our study also has some limitations. First, we used isolated

primary CLL cells in the absence of their native microenvironment,
nullifying the possibility of NOTCH1 being ligand activated and of
multiple other cellular and soluble players. Second, we have used
a highly artificial cellular model and highly selected primary cells,
reducing the natural complexity of a disease characterized by
multiple and co-existing mutations [53–55]. Future work will clarify
the role of the microenvironment and of other molecular players
in this novel axis and whether MYC cooperates with or amplifies
NOTCH1-driven metabolic rewiring downstream of BCR
engagement.

DATA AVAILABILITY
Data in this manuscript can be accessed via an email to the corresponding author.
RNA-seq data is deposited in the EGA (European Genome-Phenome Archive)
database (EGAD50000001435). All other raw data needed to evaluate the conclusions
in the paper are present in the Supplementary Materials.

REFERENCES
1. Kipps TJ, Stevenson FK, Wu CJ, Croce CM, Packham G, Wierda WG, et al. Chronic

lymphocytic leukaemia. Nat Rev Dis Prim. 2017;3:16096.
2. Burger JA, Wiestner A. Targeting B cell receptor signalling in cancer: preclinical

and clinical advances. Nat Rev Cancer. 2018;18:148–67.
3. Bosch F, Dalla-Favera R. Chronic lymphocytic leukaemia: from genetics to treat-

ment. Nat Rev Clin Oncol. 2019;16:684–701.
4. Schmid VK, Hobeika E. B cell receptor signaling and associated pathways in the

pathogenesis of chronic lymphocytic leukemia. Front Oncol. 2024;14:1339620.
5. Iatrou A, Agathangelidis A, Bordini J, Stamatopoulos K, Ghia P. Autonomous B-cell

receptor signaling in chronic lymphocytic leukemia. Hematol Oncol Clin North
Am. 2025; 39:845–58.

6. Puente XS, Pinyol M, Quesada V, Conde L, Ordonez GR, Villamor N, et al. Whole-
genome sequencing identifies recurrent mutations in chronic lymphocytic leu-
kaemia. Nature. 2011;475:101–5.

7. Landau DA, Tausch E, Taylor-Weiner AN, Stewart C, Reiter JG, Bahlo J, et al.
Mutations driving CLL and their evolution in progression and relapse. Nature.
2015;526:525–30.

8. Di Ianni M, Baldoni S, Rosati E, Ciurnelli R, Cavalli L, Martelli MF, et al. A new
genetic lesion in B-CLL: a NOTCH1 PEST domain mutation. Br J Haematol.
2009;146:689–91.

9. Sportoletti P, Baldoni S, Cavalli L, Del Papa B, Bonifacio E, Ciurnelli R, et al.
NOTCH1 PEST domain mutation is an adverse prognostic factor in B-CLL. Br J
Haematol. 2010;151:404–6.

10. Fabbri G, Rasi S, Rossi D, Trifonov V, Khiabanian H, Ma J, et al. Analysis of the
chronic lymphocytic leukemia coding genome: role of NOTCH1 mutational
activation. J Exp Med. 2011;208:1389–401.

11. Rossi D, Rasi S, Fabbri G, Spina V, Fangazio M, Forconi F, et al. Mutations of
NOTCH1 are an independent predictor of survival in chronic lymphocytic leu-
kemia. Blood. 2012;119:521–9.

12. Gazave E, Lapebie P, Richards GS, Brunet F, Ereskovsky AV, Degnan BM, et al.
Origin and evolution of the Notch signalling pathway: an overview from eukar-
yotic genomes. BMC Evol Biol. 2009;9:249.

13. Zhou B, Lin W, Long Y, Yang Y, Zhang H, Wu K, et al. Notch signaling pathway:
architecture, disease, and therapeutics. Signal Transduct Target Ther. 2022;7:95.

14. Arruga F, Vaisitti T, Deaglio S. The NOTCH pathway and its mutations in mature B
cell malignancies. Front Oncol. 2018;8:550.

15. Fabbri G, Holmes AB, Viganotti M, Scuoppo C, Belver L, Herranz D, et al. Common
nonmutational NOTCH1 activation in chronic lymphocytic leukemia. Proc Natl
Acad Sci USA. 2017;114:E2911–E9.

16. Arruga F, Gizdic B, Bologna C, Cignetto S, Buonincontri R, Serra S, et al. Mutations
in NOTCH1 PEST domain orchestrate CCL19-driven homing of chronic lympho-
cytic leukemia cells by modulating the tumor suppressor gene DUSP22. Leuke-
mia. 2017;31:1882–93.

17. Majumder S, Crabtree JS, Golde TE, Minter LM, Osborne BA, Miele L. Targeting
Notch in oncology: the path forward. Nat Rev Drug Discov. 2021;20:125–44.

18. Carrillo-Tornel S, Chen-Liang TH, Zurdo M, Puiggros A, Gomez-Llonin A, Garcia-
Malo MD, et al. NOTCH1 mutation in chronic lymphocytic leukaemia is
associated with an enhanced cell cycle G1/S transition and specific cyclin over-
expression: Preclinical ground for targeted inhibition. Br J Haematol.
2023;201:470–9.

19. D’Avola A, Drennan S, Tracy I, Henderson I, Chiecchio L, Larrayoz M, et al. Surface
IgM expression and function are associated with clinical behavior, genetic
abnormalities, and DNA methylation in CLL. Blood. 2016;128:816–26.

20. Pozzo F, Bittolo T, Tissino E, Zucchetto A, Bomben R, Polcik L, et al. Multiple
mechanisms of NOTCH1 activation in chronic lymphocytic leukemia: NOTCH1
mutations and beyond. Cancers (Basel). 2022;14:2997.

21. Arruga F, Bracciama V, Vitale N, Vaisitti T, Gizzi K, Yeomans A, et al. Bidirectional
linkage between the B-cell receptor and NOTCH1 in chronic lymphocytic leu-
kemia and in Richter’s syndrome: therapeutic implications. Leukemia.
2020;34:462–77.

22. Jitschin R, Hofmann AD, Bruns H, Giessl A, Bricks J, Berger J, et al. Mitochondrial
metabolism contributes to oxidative stress and reveals therapeutic targets in
chronic lymphocytic leukemia. Blood. 2014;123:2663–72.

A. Fascì et al.

12

Leukemia



23. Vangapandu HV, Havranek O, Ayres ML, Kaipparettu BA, Balakrishnan K, Wierda
WG, et al. B-cell Receptor Signaling Regulates Metabolism in Chronic Lympho-
cytic Leukemia. Mol Cancer Res. 2017;15:1692–703.

24. Simon-Molas H, Montironi C, Kabanova A, Eldering E. Metabolic reprogramming
in the CLL TME; potential for new therapeutic targets. Semin Hematol.
2024;61:155–62.

25. Landor SK, Mutvei AP, Mamaeva V, Jin S, Busk M, Borra R, et al. Hypo- and
hyperactivated Notch signaling induce a glycolytic switch through distinct
mechanisms. Proc Natl Acad Sci USA. 2011;108:18814–9.

26. Baran N, Lodi A, Dhungana Y, Herbrich S, Collins M, Sweeney S, et al. Inhibition of
mitochondrial complex I reverses NOTCH1-driven metabolic reprogramming in
T-cell acute lymphoblastic leukemia. Nat Commun. 2022;13:2801.

27. Tien PC, Chen, X, Elzey, BD, Pollock, RE, Kuang, S. Notch signaling regulates a
metabolic switch through inhibiting PGC-1α and mitochondrial biogenesis in
dedifferentiated liposarcoma. Oncogene. 2023;42:2521–35.

28. Arruga F, Rubin M, Papazoglou D, Iannello A, Ioannou N, Moia R, et al. The
immunomodulatory molecule TIGIT is expressed by chronic lymphocytic leuke-
mia cells and contributes to anergy. Haematologica. 2023;108:2101–15.

29. Colla R, Izzotti A, De Ciucis C, Fenoglio D, Ravera S, Speciale A, et al. Glutathione-
mediated antioxidant response and aerobic metabolism: two crucial factors
involved in determining the multi-drug resistance of high-risk neuroblastoma.
Oncotarget. 2016;7:70715–37.

30. Cappelli E, Cuccarolo P, Stroppiana G, Miano M, Bottega R, Cossu V, et al. Defects
in mitochondrial energetic function compels Fanconi Anaemia cells to glycolytic
metabolism. Biochim Biophys Acta Mol Basis Dis. 2017;1863:1214–21.

31. Largeot A, Klapp V, Viry E, Gonder S, Fernandez Botana I, Blomme A, et al. Inhi-
bition of MYC translation through targeting of the newly identified PHB-eIF4F
complex as a therapeutic strategy in CLL. Blood. 2023;141:3166–83.

32. Kaya-Okur HS, Janssens DH, Henikoff JG, Ahmad K, Henikoff S. Efficient low-cost
chromatin profiling with CUT&Tag. Nat Protoc. 2020;15:3264–83.

33. Knisbacher BA, Lin Z, Hahn CK, Nadeu F, Duran-Ferrer M, Stevenson KE, et al.
Molecular map of chronic lymphocytic leukemia and its impact on outcome. Nat
Genet. 2022;54:1664–74.

34. Doughty CA, Bleiman BF, Wagner DJ, Dufort FJ, Mataraza JM, Roberts MF, et al.
Antigen receptor-mediated changes in glucose metabolism in B lymphocytes:
role of phosphatidylinositol 3-kinase signaling in the glycolytic control of growth.
Blood. 2006;107:4458–65.

35. Iperi C, Bordron A, Dueymes M, Pers JO, Jamin C. Metabolic program of reg-
ulatory B lymphocytes and influence in the control of malignant and auto-
immune situations. Front Immunol. 2021;12:735463.

36. Kluckova K, Clear AJ, D’Avola A, Rassenti LZ, Kipps TJ, Gribben JG, et al. B-cell
receptor signaling induced metabolic alterations in chronic lymphocytic leuke-
mia can be partially bypassed by TP53 abnormalities. Hemasphere. 2022;6:e722.

37. Filograna R, Mennuni M, Alsina D, Larsson NG. Mitochondrial DNA copy number
in human disease: the more the better? FEBS Lett. 2021;595:976–1002.

38. Edelmann J, Holzmann K, Tausch E, Saunderson EA, Jebaraj BMC, Steinbrecher D,
et al. Genomic alterations in high-risk chronic lymphocytic leukemia frequently
affect cell cycle key regulators and NOTCH1-regulated transcription. Haemato-
logica. 2020;105:1379–90.

39. Farook MR, Croxford Z, Morgan S, Horlock AD, Holt AK, Rees A, et al. Loss of
mitochondrial pyruvate carrier 1 supports proline-dependent proliferation and
collagen biosynthesis in ovarian cancer. Mol Metab. 2024;81:101900.

40. Luo Z, Xu J, Sun J, Huang H, Zhang Z, Ma W, et al. Co-delivery of 2-Deoxyglucose
and a glutamine metabolism inhibitor V9302 via a prodrug micellar formulation
for synergistic targeting of metabolism in cancer. Acta Biomater.
2020;105:239–52.

41. Chen Z, Simon-Molas H, Cretenet G, Valle-Argos B, Smith LD, Forconi F, et al.
Characterization of metabolic alterations of chronic lymphocytic leukemia in the
lymph node microenvironment. Blood. 2022;140:630–43.

42. Altman BJ, Stine ZE, Dang CV. From Krebs to clinic: glutamine metabolism to
cancer therapy. Nat Rev Cancer. 2016;16:619–34.

43. Nguyen TL, Nokin MJ, Teres S, Tome M, Bodineau C, Galmar O, et al. Down-
regulation of Glutamine Synthetase, not glutaminolysis, is responsible for glu-
tamine addiction in Notch1-driven acute lymphoblastic leukemia. Mol Oncol.
2021;15:1412–31.

44. Omezzolli G, Iannello A, Vallone FE, Brandimarte L, Micillo M, Bertola N, et al.
Complementary approaches define the metabolic features that accompany
Richter syndrome transformation. Cell Mol Life Sci. 2025;82:152.

45. Gregory MA, Nemkov T, Park HJ, Zaberezhnyy V, Gehrke S, Adane B, et al. Tar-
geting Glutamine Metabolism and Redox State for Leukemia Therapy. Clin Cancer
Res. 2019;25:4079–90.

46. Kohlhaas V, Blakemore SJ, Al-Maarri M, Nickel N, Pal M, Roth A, et al. Active Akt
signaling triggers CLL toward Richter transformation via overactivation of
Notch1. Blood. 2021;137:646–60.

47. Rompietti C, Adamo FM, Sorcini D, De Falco F, Stella A, Martino G, et al. Bcor loss
promotes Richter transformation of chronic lymphocytic leukemia associated
with Notch1 activation in mice. Leukemia. 2025;39:1157–68.

48. Chen Z, Cretenet G, Carnazzo V, Simon-Molas H, Kater AP, Windt G, et al. Electron
transport chain and mTOR inhibition synergistically decrease CD40 signaling and
counteract venetoclax resistance in chronic lymphocytic leukemia. Haematolo-
gica. 2024;109:151–62.

49. Gao MY, Georgiou A, Lin VS, Jahja M, White CA, Anderson MA, et al. Potential
impact of NOTCH1 activation on venetoclax sensitivity in chronic lymphocytic
Leukaemia: In vitro insights and clinical implications. Br J Haematol.
2024;205:1389–94.

50. Gomez Solsona B, Horn H, Schmitt A, Xu W, Bucher P, Heinrich A, et al. Inhibition
of glutaminase-1 in DLBCL potentiates venetoclax-induced antitumor activity by
promoting oxidative stress. Blood Adv. 2023;7:7433–44.

51. Okabe S, Moriyama M, Arai Y, Gotoh A. Glutaminase 1 plays critical roles in
myelodysplastic syndrome and acute myeloid leukemia cells. Cancer Biomark.
2024;41:55–68.

52. Liu Y, Bollino DR, Bah OM, Strovel ET, Le TV, Zarrabi J, et al. A phase 1 study of the
amino acid modulator pegcrisantaspase and venetoclax for relapsed or refractory
acute myeloid leukemia. Blood. 2025;145:486–96.

53. Jeromin S, Weissmann S, Haferlach C, Dicker F, Bayer K, Grossmann V, et al. SF3B1
mutations correlated to cytogenetics and mutations in NOTCH1, FBXW7, MYD88,
XPO1 and TP53 in 1160 untreated CLL patients. Leukemia. 2014;28:108–17.

54. Rossi D, Spina V, Bomben R, Rasi S, Dal-Bo M, Bruscaggin A, et al. Association
between molecular lesions and specific B-cell receptor subsets in chronic lym-
phocytic leukemia. Blood. 2013;121:4902–5.

55. Del Giudice I, Rossi D, Chiaretti S, Marinelli M, Tavolaro S, Gabrielli S, et al.
NOTCH1 mutations in +12 chronic lymphocytic leukemia (CLL) confer an unfa-
vorable prognosis, induce a distinctive transcriptional profiling and refine the
intermediate prognosis of +12 CLL. Haematologica. 2012;97:437–41.

ACKNOWLEDGEMENTS
This work was supported by the Associazione Italiana per la Ricerca sul Cancro (AIRC
IG-23095 to SD, MFAG 23107 to TV and AIRC (5 ×1000) 21198 to GG), “Funded by the
European Union—Next Generation EU—NRRP M6C2—Investment 2.1 Enhancement
andstrengthening of biomedical research in the NHS” PNRR-MAD-2022-12376441
cup master C43C22001280007, by grants from the Luxembourg National Research
Fund (FNR), by the Fondation Cancer to EM and JP (C20/BM/14582635, and C20/BM/
14592342, C23/BM/17987391 and C24/BM18920969) and from FNRS-Télévie
(7.4572.22) to EV. We thank the Metabolomics Platform (LIH, Dr Nathalie Legrave)
for LC-MS measurements and for providing technical and analytical support.

AUTHOR CONTRIBUTIONS
AF designed research, organized text and Figures, performed experiments, and
contributed to paper writing; FEV, NN, EV, IS, AM, SS, NAP, MR, NB: designed research,
performed experiments and analyzed data; SM CV MC GG JA RF: contributed patient
samples and discussed results; SR MM PG EM JP TV: analyzed data and discussed
results; SD designed research, analyzed data, organized text and Figures and
contributed to paper writing. All authors approved the final version of the
manuscript.

FUNDING
Open access funding provided by Università degli Studi di Torino within the CRUI-
CARE Agreement.

COMPETING INTERESTS
PG received honoraria from AbbVie, AstraZeneca, BeiGene, BMS, Galapagos,
Johnson&Johnson, Lilly/Loxo Oncology, MSD, Roche and research funding from
AbbVie, AstraZeneca, BeiGene, BMS, Johnson&Johnson, Lilly/Loxo Oncology, MSD.

A. Fascì et al.

13

Leukemia



ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All methods were performed in accordance with relevant guidelines and regulations.
Peripheral blood samples from CLL patients were obtained after informed consent, in
accordance with Institutional Guidelines and the Declaration of Helsinki. The study
was approved by the Institutional Review Board of the recruiting center (Prot. n.
0002013).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41375-026-02912-7.

Correspondence and requests for materials should be addressed to Silvia Deaglio.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

A. Fascì et al.

14

Leukemia

https://doi.org/10.1038/s41375-026-02912-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Functional cooperation between the B-cell receptor and NOTCH1 in regulating metabolic reprogramming in chronic lymphocytic leukemia
	Introduction
	Materials and methods
	Reagents and antibodies
	Patient samples
	Molecular cloning and generation of MEC-1/IgM-UM clones
	BCR ligation
	Quantitative real-time PCR (qPCR) and mitochondrial DNA (mtDNA) content determination
	TFAM down-regulation
	Reactive oxygen species (ROS) production
	MitoTracker staining
	Glucose uptake
	Seahorse metabolic rate assay
	Evaluation of glucose consumption, extracellular lactate, ATP synthesis, and OCR
	Stable isotope tracing and metabolite extraction
	In vitro competition assays
	RNA sequencing and data analysis
	CUT&Tag
	Statistical analyses

	Results
	Crosstalk between BCR and NOTCH1 in primary CLL cells activates genes belonging to metabolic pathways in NOTCH1-mutated subset
	Primary CLL/NM cells show enhanced metabolic performances
	Establishment and characterization of MEC-1/NM and MEC-1/NWT MEC-1 models recapitulating CLL metabolic signatures
	MEC-1/NM cells are metabolically more active compared to MEC-1/NWT cells
	Stable isotope tracing analysis identifies glutamine as the main fuel for the energetic processes of MEC-1/NM and CLL/NM cells
	Metabolic reprogramming due to TFAM transcriptional regulation in MEC-1/NM cells
	MEC-1/NM CLL cells rely on TFAM for mitochondrial integrity and survival
	NOTCH1-mutated cells rely on glutamine metabolism to sustain their proliferative advantage and show enhanced sensitivity to glutamine inhibition combined with venetoclax

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ACKNOWLEDGMENTS
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




