
NOTCH1-mutated chronic lymphocytic leukemia cells are
characterized by a MYC-related overexpression of
nucleophosmin 1 and ribosome-associated components
F Pozzo1, T Bittolo1, E Vendramini1, R Bomben1, P Bulian1, FM Rossi1, A Zucchetto1, E Tissino1, M Degan1, G D’Arena2, F Di Raimondo3,
F Zaja4, G Pozzato5, D Rossi6, G Gaidano7, G Del Poeta8, V Gattei1,9 and M Dal Bo1,9

In chronic lymphocytic leukemia (CLL), the mechanisms controlling cell growth and proliferation in the presence of NOTCH1
mutations remain largely unexplored. By performing a gene expression profile of NOTCH1-mutated (NOTCH1-mut) versus
NOTCH1 wild-type CLL, we identified a gene signature of NOTCH1-mut CLL characterized by the upregulation of genes
related to ribosome biogenesis, such as nucleophosmin 1 (NPM1) and ribosomal proteins (RNPs). Activation of NOTCH1
signaling by ethylenediaminetetraacetic acid or by coculture with JAGGED1-expressing stromal cells increased NPM1
expression, and inhibition of NOTCH1 signaling by either NOTCH1-specific small interfering RNA (siRNA) or γ-secretase
inhibitor reduced NPM1 expression. Bioinformatic analyses and in vitro activation/inhibition of NOTCH1 signaling suggested a
role of MYC as a mediator of NOTCH1 effects over NPM1 and RNP expression in NOTCH1-mut CLL. Chromatin
immunoprecipitation experiments performed on NOTCH1 intracellular domain (NICD)-transfected CLL-like cells showed the
direct binding of NOTCH1 to the MYC promoter, and transfection with MYC-specific siRNA reduced NPM1 expression. In turn,
NPM1 determined a proliferation advantage of CLL-like cells, as demonstrated by NPM1-specific siRNA transfection. In
conclusion, NOTCH1 mutations in CLL are associated with the overexpression of MYC and MYC-related genes involved in
protein biosynthesis including NPM1, which are allegedly responsible for cell growth and/or proliferation advantages of
NOTCH1-mut CLL.

INTRODUCTION
Mutations of NOTCH1 gene occur at diagnosis in ~ 10% of
chronic lymphocytic leukemia (CLL) cases, and are enriched
in CLL patient subgroups carrying trisomy 12 and/or an
unmutated IGHV gene status.1–9 In CLL, all the described
NOTCH1 mutations localize either in the coding or in the
3′-untranslated non-coding regions (3′-UTR), and cause impaired
degradation and accumulation of the NOTCH1 intracytoplasmic
domain (NICD).3–7,9

NOTCH1 encodes for a transmembrane receptor acting as a
ligand-activated transcription factor.10–12 In particular, NOTCH1
signaling initiates when the ligand, from either the JAGGED or
DELTA families, binds to the receptor and induces successive
proteolytic cleavages, resulting in the release and nuclear
translocation of the NICD. In the nucleus, the NICD becomes
part of a transcriptional activation complex along with the
transcription factor RBPJ, which leads to the derepression/
activation of specific target genes, including HES1 and
MYC.10,11,13–21 At variance with normal B cell, CLL cells
constitutively express the NOTCH1 receptor as well as its ligands

JAGGED1 and JAGGED2, suggesting autocrine/paracrine loops
for NOTCH1 signaling activation.22,23 Moreover, in a mouse
model, NOTCH1 signaling has been shown to be critical for CLL
development in vivo.23

In CLL, the sustained activation of the NOTCH1 pathway due to
the presence of NOTCH1 mutations3,4,24,25 has clinical implications
in the prognosis and response to immunochemotherapeutic
regimens of NOTCH1-mutated (NOTCH1-mut) CLL patients.6,26–28

Nevertheless, the mechanisms controlling cell growth, prolifera-
tion and apoptosis downstream of NOTCH1 in NOTCH1-mut CLL
remain largely unexplored.
In the present study, we identify a gene expression signature

of NOTCH1-mut CLL characterized by the overexpression
of genes related to ribosome biogenesis, such as nucleophos-
min 1 (NPM1) and genes codifying for ribosomal proteins
(RNPs). We also provide evidence that NOTCH1 signaling is
capable of modulating NPM1 and RNP expression via MYC
transcription. The suggested link between NOTCH1 signaling
activation and enhanced ribosome biogenesis machinery
might eventually provide proliferative advantages to NOTCH1-
mut CLL.
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MATERIALS AND METHODS
Primary CLL cells
The study is part of a comprehensive CLL characterization approved by the
Internal Review Board of the Aviano Centro di Riferimento Oncologico
(Approval no. IRB-05-2010, no. IRB-05-2015) upon informed consent in
accordance with the Declaration of Helsinki, and included peripheral blood
(PB) samples from 188 patients with CLL (Supplementary Table S1).29 The
NOTCH1 mutational characterization of this cohort was included in a
previously published study of 692 CLL cases.28 According to the availability of
biological material, 76 out of 87 NOTCH1-mut cases were included
in the present study cohort, overall accounting for 80 NOTCH1 mutations
(66 c.7541-7542delCT mutation, 11 NOTCH1 mutations within the coding
region other than the c.7541-7542delCT, 3 NOTCH1 mutations in the
3′-UTR). Two co-occurring NOTCH1 mutations were detected in four cases
(Supplementary Table S2).3,4,7,30 A randomly selected subset of 112 NOTCH1
wild-type (NOTCH1-wt) cases was also included in this study as a comparison
group for in vitro validations and functional studies (Supplementary Table S1).
Primary CLL cells were obtained from PB samples by Ficoll-Hypaque

(GE Healthcare, Uppsala, Sweden) density gradient centrifugation and used
either directly or cryopreserved until use. All studies were performed on
highly purified cells (495% pure), as results of negative selection by
immunomagnetic beads when required.28 CLL cases were characterized for
IGHV mutational status, the main cytogenetic abnormalities, and CD38,
CD49d and ZAP70 expression, as described.30–32

NOTCH1 mutational status
NOTCH1 mutational status was assessed by next-generation sequencing
(NGS) with an amplicon-based strategy to cover with at least a × 2000
coverage the whole NOTCH1 exon 34 and part of 3′-UTR, according to
Puente et al.5 PCR products were generated using a high-fidelity Taq
polymerase (Phusion High-Fidelity DNA Polymerase; ThermoFisher Scientific,
Waltham, MA, USA) and subjected to NGS on a MiSeq sequencer (Illumina,
San Diego, CA, USA). Data were analyzed with MiSeq reporter (Illumina) and
IGV software (software.broadinstitute.org/software/igv/)33 against human
genome assembly hg19. Results were expressed as the percentage of
mutated DNA. NOTCH1 NGS primer list is available upon request.

Flow cytometry and cell sorting experiments
Primary CLL cells were evaluated by flow cytometry using a LSRFortessa Cell
Analyzer (BD Biosciences, Milan, Italy) for NPM1 expression (0412; Santa Cruz
Biotechnology, Dallas, TX, USA), total NOTCH1 expression (Ab27526, anti-
NOTCH1 antibody chromatin immunoprecipitation (ChIP) grade; Abcam,
Cambridge, UK), surface NOTCH1 expression (MHN1-519, phycoerythrin-
conjugated; BioLegend, San Diego, CA, USA), JAGGED1 expression (HMJ1-29,
phycoerythrin-conjugated; BioLegend). Intranuclear staining was performed
with Fix&Perm Kit (Caltag Medsystems, Buckingham, UK) with methanol
modification and subsequently saturated with blocking buffer (1% bovine
serum albumin, 2% fetal bovine serum in phosphate-buffered saline) for
30 min. Incubations with primary antibodies were performed overnight at 4 °
C, and then with appropriate secondary antibodies for 30 min at room
temperature. Aqua Live/Dead Fixable Stain (ThermoFisher Scientific) was
used as viability stain. Anti-CD3 and anti-CD14 antibodies (BD Biosciences)
were used, when necessary, for negative gating of B cells. Irrelevant isotype-
matched antibodies were used to determine background fluorescence.
Experiments were performed upon instrument calibration with CS&T beads
(BD Biosciences) and analyzed with FacsDiva software (BD Biosciences).
Quantitative flow cytometry was performed upon instrument calibration
with PE Phycoerythrin Fluorescence Quantitation Kit (BD Biosciences). Cell
size was estimated using the forward scatter values.
Primary CLL cells from selected NOTCH1-mut cases were sorted

according to NPM1 expression. Sorting was performed utilizing a
FACSAriaIII cell sorter (BD Biosciences), as described.28 The NPM1low and
NPM1high fractions were selected below the 25th percentile or above the
75th percentile of NPM1 expression, respectively.

In vitro treatment with chemical compounds
Purified primary CLL cells (2 × 106 cells per ml) were cultured as reported.28

To modulate NOTCH1 signaling, purified primary CLL cells were treated
with γ-secretase inhibitor (GSI L-685 458 (Sigma-Aldrich, St Louis, MO,
USA), 10 μM) or with ethylenediaminetetraacetic acid (EDTA, 1 mM) for up
to 48 h. In control conditions, equal volume of the appropriate solvent
compound was added.

To induce MYC expression by Toll-like receptor 9 triggering, purified
primary CLL cells (2 × 106 cells per ml) were treated for up to 48 h,
with 7.5 μg/ml complete phosphorothioate CpG oligonucleotide 2006
(5-TCGTCGTTTTGTCGTTTTGTCGTT-3; Microsynth, Balgach, Switzerland) in
the presence of 100 U/ml interleukin-2 (IL-2; R&D Systems, Minneapolis,
MN, USA), as reported previously.34–38

Coculture with M2-10B4 stromal cells
M2-10B4 stromal cells, maintained in RPMI 10% fetal bovine serum, were
seeded and left to adhere for 18 h, to obtain a layer of JAGGED1-
expressing stromal cells.39 CLL cells were then seeded on the culture at
0.37× 106 for 1 cm2.40

Proliferation experiments
Proliferation was evaluated in NICD-transfected MEC-1 cells by using
CellTrace Proliferation Kit (for flow cytometry; ThermoFisher Scientific), as
reported previously.41

Further details regarding the materials and methods used are provided
as Supplementary Information.

RESULTS
GEP of NOTCH1-mut CLL cells
To investigate the influence of NOTCH1 mutations on NOTCH1
signaling in CLL cells, a gene expression profiling (GEP) was
performed by comparing constitutive CLL cell samples of five
NOTCH1-mut and five NOTCH1-wt cases in the context of the
homogeneous subgroup of cases with an unmutated IGHV status
(IGHV UM cases). The five NOTCH1-mut cases were selected
among cases with the highest mutational load (i.e. 420% of
NOTCH1-mut DNA). Three hundred and six probes (213 upregu-
lated and 93 downregulated), corresponding to 275 genes (185
upregulated and 90 downregulated), were found differentially
expressed in the NOTCH1-mut category (Supplementary Figure S1
and Supplementary Table S3).
A gene set enrichment analysis,42 focused on the C.2 (curated)

gene sets, selected the ‘RIBOSOMAL_PROTEINS’ and ‘hsa03010_
RIBOSOME’ gene sets as having the lowest nominal P-value (P= 0,
false discovery rate q-value = 0, for both the gene sets;
Supplementary Figure S2a), among those significantly enriched
in upregulated genes in NOTCH1-mut cases. Moreover, in the
same gene set enrichment analysis, gene sets referring to the
nuclear factor-κB pathway (‘TNFA_NFKB_DEP_UP’, P= 0.0037,
q= 0.0315) and the AKT pathway (‘AKTPATHWAY’, P= 0.0261,
q= 0.1225), both known to be directly related to NOTCH1
signaling, turned out to be significantly enriched in upregulated
genes in the NOTCH1-mut category, in keeping with previous
studies (Supplementary Figure S2b).18,43 Consistently, a gene-
ontology (GO) tree machine analysis44 of the 306 differentially
expressed probes revealed an over-representation of gene-
ontology categories related to RNA processing (Supplementary
Table S4).18 Altogether, these bioinformatic analyses along with
previously published data obtained in the T-cell acute lympho-
blastic leukemia model18 prompted us to focus on genes
upregulated in NOTCH1-mut CLL and related to ribosome
biosynthesis (Figure 1a). In particular, we focused on the NPM1
gene, found significantly upregulated in NOTCH1-mut CLL, given
its main multifunctional chaperone role in ribosome biosynthesis
as well as its key role in several hematological malignancies.45–47

Correlation between NPM1 expression and NOTCH1 mutational
status in CLL
Results from GEP were validated by quantitative real-time PCR
(QRT-PCR). Transcript levels of NPM1, as evaluated in 188 cases (76
NOTCH1-mut), were significantly higher in NOTCH1-mut compared
with that in NOTCH1-wt cases (P= 0.0046; Figure 1b). In the same
cohort, also transcript levels of RPL7A, RPL18 and RPS6 were
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upregulated in the NOTCH1-mut category (P= 0.0001, Po0.0001,
P= 0.0259, respectively; Figure 1b).
In CLL, NPM1 expression was previously found higher in IGHV

UM cases compared with cases with mutated IGHV gene status
(IGHV M cases), although information regarding NOTCH1 muta-
tions were not available back then.48 In our series, no significant
difference in NPM1 transcript expression was found by comparing
IGHV UM and IGHV M cases (Supplementary Figure S3a). Moreover,
when IGHV UM cases and IGHV M cases were considered
separately, NPM1 transcript expression was confirmed significantly
higher in NOTCH1-mut compared with that in NOTCH1-wt cases in
the IGHV UM subgroup (P= 0.0113; Supplementary Figure S3b)
and showed the same trend also in the IGHV M subgroup,
although without reaching the statistical significance allegedly
due to the low number (n= 16) of NOTCH1-mut cases in the
context of IGHV M CLL (Supplementary Figure S3b).
We then assessed the protein expression of NPM1 by western

blot (WB). NOTCH1 protein expression was evaluated by WB in five
NOTCH1-mut cases and, for comparison, in six NOTCH1-wt cases. In

keeping with the presence of mutations that impair NICD
degradation,10 NOTCH1-mut cases showed significantly higher
NOTCH1 protein levels than NOTCH1-wt cases by using antibodies
against total NOTCH1 (P= 0.0062; Figures 2a and b) and the NICD
fragment (Supplementary Figure S4). In agreement with GEP and
QRT-PCR data, NPM1 protein expression was significantly higher in
NOTCH1-mut compared with that in NOTCH1-wt cases (P= 0.0446;
Figures 2a and b), with a direct correlation between NPM1 and
NOTCH1 expression (r= 0.814; Figure 2c).
To corroborate the association between NPM1 expression and

NOTCH1 mutations, we performed cell sorting experiments to
isolate the extreme NPM1high and NPM1low sub-populations in six
NOTCH1-mut cases with different NOTCH1 mutational load. When
stained for flow cytometry, NPM1 yielded the expected dot-like
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Figure 2. NPM1 protein expression in NOTCH1-mut and NOTCH1-wt
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and NOTCH1 protein expression, as evaluated by WB, in NOTCH1-
mut and NOTCH1-wt cases; r= Pearson's correlation coefficient.
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nuclear staining, as clearly showed by confocal microscopy
preparations of the same samples analyzed for the flow cytometry
(Figure 3a).47 In the six NOTCH1-mut cases, the percentage of
NOTCH1-mut DNA was 41% (CLL no. 16), 14% (CLL no. 49), 13%
(CLL no. 48), 11% (CLL no. 97), 6% (CLL no. 21) and 3% (CLL no. 12)
of total DNA. As shown by resequencing of the separated sub-
populations, NPM1high-sorted cells always had a relative enrich-
ment in the NOTCH1 mutational burden when compared with the
NPM1low cell counterpart, that is, 42% vs 34% (CLL no. 16), 15% vs
11% (CLL no. 49), 15% vs 11% (CLL no. 48), 15% vs 9% (CLL no. 97),
11% vs 2% (CLL no. 21), 5% vs 2% (CLL no. 12; Figures 3b and c).

NOTCH1 signaling and NPM1 expression in CLL
To evaluate if NOTCH1 signaling could influence NPM1 expression
in primary CLL cases, CLL cells from six NOTCH1-mut and six
NOTCH1-wt cases were treated at different time points with EDTA
to activate NOTCH1 signaling.49 Upon EDTA treatment, NOTCH1
signaling resulted activated, as demonstrated by the increase of
HES1 and DTX1 transcript levels,16,50 after a 3 h exposure
(Figure 4a). At 48 h, NPM1 protein and transcript levels were
significantly augmented by EDTA treatment (NPM1 protein,
NOTCH1-mut cases, median mean fluorescence intensity (MFI)
untreated 2637 vs median MFI EDTA treated 3287; NOTCH1-wt

cases, median MFI untreated 2773 vs median MFI EDTA treated
3096; P= 0.0313 for all the paired comparisons; Figures 4b and c).
Moreover, transcript levels of RPL7A, RPL18 and RPS6 were also
significantly increased by 48 h EDTA treatment (P= 0.0313 for all
the paired comparisons; Figure 4c). The influence of NOTCH1
signaling on NPM1 expression was further confirmed by perform-
ing coculture of CLL cells from six NOTCH1-mut and six NOTCH1-wt
cases with M2-10B4 stromal cells, expressing JAGGED1,39,40 as
evaluated by WB and confocal microscopy (Supplementary
Figures S5a and b). In 48 h coculture with M2-10B4 stromal cells,
NOTCH1 signaling was activated, as defined by HES1 and DTX1
transcript increases (Supplementary Figure S5c). Moreover, both
NPM1 transcript and protein level were significantly augmented
(NPM1 protein, NOTCH1-mut cases, median MFI untreated 8139 vs
median MFI cocultured 10 857; NOTCH1-wt cases, median MFI
untreated 6385 vs median MFI cocultured 7282; P= 0.0313 for all
the paired comparisons; Supplementary Figure S5d). Of note,
NPM1 transcript levels were consistently decreased when CLL cell
samples were pre-treated with GSI,22,28 and, after 3 h, coculture
with M2-10B4 stromal cells was performed (three NOTCH1-mut
and three NOTCH1-wt cases, P= 0.0313; Supplementary
Figure S5e).
To further evaluate the association between NOTCH1 signaling

and NPM1 expression, CLL cells from six NOTCH1-mut and six
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NOTCH1-wt cases were transiently transfected with siRNA for
NOTCH1. NOTCH1 silencing effectively reduced NOTCH1 expres-
sion at both transcript and protein levels. Consistently, NPM1

transcript expression was significantly reduced at 24 h (P= 0.0313
for all the paired comparisons; Supplementary Figure S6a). More-
over, upon treatment with GSI, NPM1 expression was significantly
reduced at 48 h at both transcript and protein level (NOTCH1-mut,
median MFI untreated cases 2637 vs median MFI GSI treated cases
2340; NOTCH1-wt, median MFI untreated cases 2746 vs median
MFI GSI treated cases 2094, P= 0.0313 for all the paired
comparisons; Supplementary Figure S6b).

MYC as a potential mediator of NOTCH1-dependent NPM1
upregulation
Previous studies identified the proto-oncogene MYC as a direct
transcriptional target of the NOTCH1 activation complex,14,18–20,51

which, in turn, operates as transcriptional activator for both NPM1
and RNPs.52

To investigate whether NOTCH1 directly regulates the transcrip-
tion of MYC in CLL, we took advantage of an in vitro model of
NICD-transfected cells (NICD cells) of the CLL-like MEC-1 cell line.28

NICD cells showed higher NOTCH1 protein levels than null cells as
well as higher HES1 transcript levels (Supplementary Figure S7a
and b).28 Moreover, NICD cells showed higher NPM1, RPL7A, RPL18
and RPS6 transcript levels than null cells (Supplementary
Figure S7c).28 ChIP assay for NOTCH1 performed on nuclear
lysates from NICD transfectants showed higher levels of DNA
corresponding to the HES1 promoter in NICD cells compared with
null cells (Figure 5a). The same ChIP assay demonstrated direct
NOTCH1 binding to the MYC promoter. Of note, higher levels of
DNA corresponding to the MYC promoter were found in NOTCH1
chromatin immunoprecipitates from NICD cells compared with
null cells (Figure 5a). Consistently, NICD cells showed higher MYC
transcript and protein levels than null cells (Figures 5b and c).
When cultured in complete medium for 48 h, CLL cells from

both NOTCH1-mut and NOTCH1-wt cases expressed NOTCH1 and
JAGGED1 protein (Supplementary Figure S8a). Moreover, both
NOTCH1-mut and NOTCH1-wt cases expressed HES1 and DTX1
transcripts, with higher levels in NOTCH1-mut cases
(Supplementary Figure S8b). Consistently, at 48 h, NOTCH1-mut
cases showed NICD accumulation by WB (Supplementary
Figure S8c).11,53 In this condition, NOTCH1-mut cases showed
higher MYC transcript levels than NOTCH1-wt cases (10 NOTCH1-
mut cases, 7 NOTCH1-wt cases; P= 0.0393; Figure 5d). Moreover,
activation of NOTCH1 signaling by EDTA or coculture with M2-
10B4 stromal cells was able to significantly increase the
transcription levels of MYC in NOTCH1-mut and NOTCH1-wt cases
(EDTA at 48 h, 10 NOTCH1-mut cases, P= 0.0020, 7 NOTCH1-wt
cases, P= 0.0156; coculture with M2-10B4 cells at 48 h, 6 NOTCH1-
mut cases, P= 0.0313, 6 NOTCH1-wt cases, P= 0.0313; Figures 5e
and f). Finally, NOTCH1 signaling inhibition by transfection with
siRNA for NOTCH1 decreased the transcription levels of MYC in
NOTCH1-mut and NOTCH1-wt cases (at 24 h, 7 NOTCH1-mut cases,
P= 0.0156, 6 NOTCH1-wt cases, P= 0.0313; Figure 5g).14,18–20

In keeping with the previously published gene expression
signature of NOTCH1-mut CLL,4 there was no significant difference
in MYC transcript levels between PB CLL cell samples of NOTCH1-
mut and NOTCH1-wt categories (Supplementary Figure S1,
Supplementary Figure S9a and Supplementary Table S3), con-
sistently with the well-known rapid mRNA and protein turnover of
MYC.54–56 On the other hand, gene set enrichment analysis of the
present GEP data identified a gene set related to upregulated MYC
targets as significantly enriched in upregulated genes in the
NOTCH1-mut cases (P= 0, false discovery rate q-value = 0.0201;
Supplementary Figure S9b), in accordance with a model in which
MYC exerts its role of transcription factor downstream of the
NOTCH1 pathway.
To confirm the association between MYC and NPM1 expression,

NICD transfectants were transiently transfected with siRNA for
MYC. At 48 h, MYC silencing effectively reduced MYC transcript and
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Figure 4. Induction of NPM1 and RNP expression by NOTCH1
signaling activation using EDTA treatment. (a) Dot-and-line plots
showing HES1 (left panel) and DTX1 (right panel) transcript fold-
change increases between untreated (UNT) CLL samples and CLL
samples treated with EDTA (EDTA) for 3 h, of NOTCH1-mut and
NOTCH1-wt cases, as evaluated by QRT-PCR. (b) Left panel: Dot-and-
line plot showing NPM1 protein fold-change increases between
untreated (UNT) CLL samples and CLL samples treated with EDTA
(EDTA) for 48 h, of NOTCH1-mut and NOTCH1-wt cases, as evaluated
by flow cytometry. Right panel: Representative overlay histogram of
NPM1 expression by flow cytometry and representative WB (inset) of
CLL samples left untreated or EDTA treated of a NOTCH1-mut case.
(c) Dot-and-line plots showing fold-change increases of transcript
expression levels of NPM1, RPL7A, RPL18 and RPS6, between
untreated (UNT) CLL samples and CLL samples treated with EDTA
for 48 h of NOTCH1-mut and NOTCH1-wt cases, as evaluated by QRT-
PCR. The P-value (Wilcoxon's signed-rank test) is reported above
each comparison.
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protein expression (Figure 6a). Consistently, at 48 h, NPM1
expression was significantly reduced at both transcript (NICD
cells, P= 0.0348; null cells, P= 0.0084; Figure 6b) and protein (NICD
cells, P= 0.0005; null cells, P= 0.0078; Figure 6b) levels.
The role of MYC in NPM1 regulation was further investigated by

treating CLL cell samples with CpG-ODN/IL-2 to trigger Toll-like
receptor 9. As expected,34–37 CpG-ODN/IL-2-treated samples
showed increased MYC transcript and protein expression levels
at 48 h (Supplementary Figures S10a and b). Consistently, at the
same time-point, CpG-ODN/IL-2 treatment also increased NPM1
expression at both the transcript and protein level (NOTCH1-mut
cases, median MFI untreated 7560 vs median MFI CpG-ODN/IL-2
treated 9382; NOTCH1-wt cases, median MFI untreated 6011 vs
median MFI CpG-ODN/IL-2 treated 7766, P= 0.0313 for all the
paired comparisons; Figure 6c).

NOTCH1 signaling-dependent proliferation and cell growth
To investigate the contribution of NPM1 expression on prolifera-
tion in NICD transfectants, we perfomed a CellTrace assay with the
simultaneous NPM1 silencing by transfection of siRNA for NPM1.
NPM1 expression was effectively reduced by NPM1-specific siRNA
transfection, and proliferation rates were consistently reduced in
both NICD cells (at day 1, Po0.05) and null cells (at day 1,
Po0.001; Supplementary Figures S11a and b). Moreover, in
keeping with a more general role of MYC in cell proliferation,52

transfection with siRNA for MYC was associated with a stronger
reduction of proliferation rates in NICD cells and null cells
(Supplementary Figures S11a and b and Figure 6a).
To further test the hypothesis that NOTCH1 directly controls

genes regulating cell growth/protein biosynthesis,18 forward scatter
values were evaluated to investigate difference in cell size upon
activation of NOTCH1 signaling by EDTA treatment and by coculture
with JAGGED1-expressing M2-10B4 stromal cells, or inhibition of
NOTCH1 signaling by GSI treatment. Activation of NOTCH1 signaling
induced a significant increase of forward scatter values (EDTA
treatment, 6 NOTCH1-mut cases, median MFI untreated 61 599 vs
median MFI EDTA treated 72 420, 6 NOTCH1-wt cases, median MFI
untreated 63 525 vs median MFI EDTA treated 70 475; coculture
with M2-10B4 stromal cells, 6 NOTCH1-mut cases, median MFI
untreated 93 959 vs median MFI cocultured 106 582, 6 NOTCH1-wt
cases, median MFI untreated 91 437 vs median MFI cocultured
98 631, P=0.0313 for all the paired comparisons; Supplementary
Figures S11c and d).18 On the other hand, inhibition of NOTCH1
signaling by GSI treatment induced a significant reduction
of forward scatter values (6 NOTCH1-mut cases, median MFI
untreated cases 124 612 vs median MFI GSI treated cases 120 092;
6 NOTCH1-wt cases, median MFI untreated cases 110 801 vs median
MFI GSI-treated cases 107 750, P=0.0313 for both the paired
comparisons; Supplementary Figure S11e).18

DISCUSSION
By performing a gene expression profile of NOTCH1-mut versus
NOTCH1-wt CLL cases, we showed that NOTCH1-mut CLL have a
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Figure 5. NOTCH1-dependent MYC transcription. (a) ChIP assays of
NOTCH1 binding to MYC promoter sequences. Bar graphs showing
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intragenic fragment, as reported in the material and methods
section. Bar graphs represent mean values, and error bars represent
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control. (b) Bar graphs showing MYC transcript expression levels in
NICD cells and null cells, as evaluated by QRT-PCR. Bar graphs
represent mean values, error bars represent standard error of the
mean (s.e.m.). The P-value (Mann–Whitney U-test) is reported. (c) WB
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was used as a loading control. (d) Box-and-whiskers plots showing
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after 48 h culture in complete medium, as evaluated by QRT-PCR. P-
value (Mann–Whitney U-test) is reported. (e) Dot-and-line plots
showing MYC transcript fold-change increases between untreated
(UNT) CLL samples and CLL samples treated with EDTA for 48 h, of
NOTCH1-mut and NOTCH1-wt cases, as evaluated by QRT-PCR. The P-
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test) is reported. (g) Dot-and-line plots showing MYC transcript fold-
change increases between CLL samples upon transfection with
negative control (NC) and with siRNA for NOTCH1 (siRNA) for 24 h, of
NOTCH1-mut and NOTCH1-wt cases, as evaluated by QRT-PCR. The P-
value (Wilcoxon's signed-rank test) is reported.
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gene signature heavily characterized by the overexpression
of the NPM1 gene and of genes encoding for several RNPs.
Consistently, gene set enrichment analysis identified gene sets
related to the ribosomal machinery for having a significant
enrichment of upregulated genes in the NOTCH1-mut category.
Moreover, a gene-ontology tree machine analysis identified

gene-ontology categories related to the RNA processing as
significantly represented in the gene expression signature of the
NOTCH1-mut CLL.44

Although GEP was performed in a quite limited case cohort, the
validation by QRT-PCR in a wider CLL cohort confirmed the initial
results. The association between NPM1 overexpression and the
presence of NOTCH1 mutations in CLL was further confirmed by
cell sorting experiments of CLL samples with different burden of
NOTCH1 mutation, in which higher percentages of NOTCH1-mut
DNA were found in the sorted NPM1high component compared
with the NPM1low counterpart. A higher NPM1 expression was
previously found in IGHV UM cases compared with that in IGHV M
cases.48 Here, we were not able to find the difference in NPM1
transcript levels between IGHV UM and IGHV M cases.48 On the
other hand, we found higher NPM1 expression levels in NOTCH1-
mut compared with that in NOTCH1-wt cases also by considering
the IGHV UM CLL subset only. These findings suggest that the
higher NPM1 expression in NOTCH1-mut cases is independent of
IGHV mutational status. The higher NPM1 protein expression
previously observed in IGHV UM cases48 could be, at least in part,
explained by an enrichment of NOTCH1-mut cases in the context
of IGHV UM CLL.3–7,9

In the present study, we also demonstrated that activation of
NOTCH1 signaling, by in vitro treatment with EDTA or coculture
with JAGGED1-expressing M2-10B4 stromal cells,21,25,40,49 is able
to significantly increase NPM1 expression at transcript and protein
level in both NOTCH1-wt and NOTCH1-mut CLL cells. The
effectiveness of transfection with siRNA for NOTCH1 or of GSI
treatment in decreasing NPM1 expression clearly confirmed this
association.
These results can be considered in keeping with what was

previously reported for T-cell acute lymphoblastic leukemia cells,
in which the inhibition of NOTCH1 signaling defined a gene
expression signature dominated by downregulated biosynthetic
pathway genes.18 In particular, the upregulation of genes of the
biosynthetic pathway in NOTCH1-mut CLL, in the presence of a
constitutive NOTCH1 protein accumulation, could be considered
as the opposite of what happens when NOTCH1 signaling is
inhibited by GSI exposure, as in Palomero et al.18

The previously published gene expression signature of NOTCH1-
mut CLL reported in Puente et al.4 did not identify NPM1 as
overexpressed, although genes belonging to metabolic pathways
were found differentially expressed also in that context.4 Several
discrepancies between this study4 and the present study could be
ascribed to the frequent subclonal nature of NOTCH1 mutations in
CLL.3–5,7,28 In particular, the different NOTCH1 mutational load of
NOTCH1-mut cases used for GEP experiments could, in principle,
have at least, in part, influenced the final results. In an attempt to
reduce this effect, we selected NOTCH1-mut cases with the
highest mutational load (i.e. 420% of NOTCH1-mut DNA) and
performed the GEP in the context of the homogeneous subgroup
of cases with an IGHV UM status.
Results of ChIP experiments shown in the present study by

taking advantage of stably transfected CLL-like NICD cells strongly
suggest that MYC is a transcriptional target of the NOTCH1
activation complex in CLL.14,18–21,51 We also showed that
modulation of NOTCH1 signaling directly influences MYC tran-
script levels, in keeping with the hypothesis that a NOTCH1
mutation-dependent perduration of NOTCH1 signaling activation,
as in NOTCH1-mut CLL, can be, in turn, responsible for a higher
MYC-dependent transcription of NPM1 and RNPs (Figure 6d).18,21

On the other hand, the fact that we were not able to observe a
differential expression of MYC between PB samples of NOTCH1-
mut and NOTCH1-wt CLL, in accordance with what was reported
previously,4 could be ascribed to the rapid mRNA and protein
turnover of MYC,54–56 as well as to the absence of a sustained
stimulation of NOTCH1 pathway in circulating cells.25
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Figure 6. Induction of NPM1 expression by modulation of MYC
expression levels. (a) Left panel: Bar graphs showing MYC transcript
expression levels of NICD and null transfectants upon transfection
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MYC can induce global protein synthesis by stimulating
ribosome biogenesis through the upregulation of multiple
components including NPM1 and RNPs.52,57,58 Here, we provided
evidence that MYC inhibition by siRNA transfection decreases
NPM1 expression in CLL-like NICD cells. Moreover, Toll-like
receptor 9 triggering by CpG-ODN treatment, to increase MYC
expression by a proliferative stimulus other than the NOTCH1
signaling activation,34–37 was also able to increase NPM1
expression in primary CLL cells. These results suggest a direct
role of MYC in the regulation of NPM1 in CLL cells.
NPM1 is a major nucleolar protein that modulates multiple

steps of ribosome biogenesis.47,59 Here, we showed a reduced
proliferation by NPM1 silencing that suggests a role for NPM1 in
proliferation of CLL cells. Thus, NPM1 overexpression and over-
expression of RNPs might reflect an enhanced biosyntetic path-
way, contributing to cell proliferation and growth in NOTCH1-mut
CLL. Moreover, the well-known constitutive activation of NOTCH1
signaling also outside the NOTCH1-mut CLL subset may represent
a broader mechanism regulating CLL cell proliferation and
growth.22,23

In conclusion, NOTCH1 mutations in CLL are associated with a
MYC-related overexpression of NPM1 and genes codifying for
RNPs, which might reflect proliferative advantages concurring to
explain the worse clinical behavior of NOTCH1-mut CLL. Clinically,
this observation might suggest the possibility to investigate the
role of NPM1 inhibitors in the therapy of NOTCH1-mut CLL.60
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