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ORIGINAL ARTICLE
Functional impact of NOTCH1 mutations in chronic lymphocytic
leukemia

F Arruga', B Gizdic'?, S Serra'?, T Vaisitti', C Ciardullo®, M Coscia®, L Laurenti®, G D'Arena’, O Jaksic?, G Inghirami®, D Rossi?,
G Gaidano® and S Deaglio’?

The purpose of this study was to compare the expression and function of NOTCH1 in chronic lymphocytic leukemia (CLL) patients
harboring a wild-type (WT) or mutated NOTCH1 gene. NOTCHT mRNA and surface protein expression levels were independent of
the NOTCH1 gene mutational status, consistent with the requirement for NOTCH1 signaling in this leukemia. However, compared
with NOTCHT-WT CLL, mutated cases displayed biochemical and transcriptional evidence of an intense activation of the NOTCH1
pathway. In vivo, expression and activation of NOTCH1 was highest in CLL cells from the lymph nodes as confirmed by
immunohistochemistry. In vitro, the NOTCH1 pathway was rapidly downregulated, suggesting that signaling relies upon micro-
environmental interactions even in NOTCH1-mutated cases. Accordingly, co-culture of Jagged1 ™ (the NOTCH1 ligand) nurse-like
cells with autologous CLL cells sustained NOTCH1 activity over time and mediated CLL survival and resistance against pro-apoptotic
stimuli, both abrogated when NOTCH1 signaling was pharmacologically switched off. Together, these results show that NOTCH1
mutations have stabilizing effects on the NOTCH1 pathway in CLL. Furthermore, micro-environmental interactions appear critical in
activating the NOTCH1 pathway both in WT and mutated patients. Finally, NOTCH1 signals may create conditions that favor drug

resistance, thus making NOTCH1 a potential molecular target in CLL.
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INTRODUCTION

Chronic lymphocytic leukemia (CLL), one of the most common
types of adult leukemia in Western countries, is characterized by
the accumulation of mature CD5*/CD23* B lymphocytes in the
peripheral blood (PB) and lymphoid organs.! Mainly diagnosed in
older adults, CLL is heterogeneous in terms of progression,
therapeutic response and outcome. Research to identify
prognostic biological markers for CLL has therefore been a
major priority and has yielded fruitful results.>”” Recently, next-
generation sequencing of the CLL exome has revealed previously
unrecognized genetic lesions®'> Among these, NOTCH1
mutations characterize 5-10% of newly diagnosed CLL cases,
with their prevalence increasing to 15-20% in progressive or
relapsed patients.'”> NOTCH1 mutations are found preferably in
CLL with unmutated immunoglobulin heavy variable (IGHV) genes
and even more frequently in CLL that harbor trisomy 12, where
they identify a distinct clinico-molecular subgroup characterized
by deregulated cell cycle and short survival.'*'>

NOTCHT1 encodes a transmembrane receptor acting as a ligand-
activated transcription factor.'®'” 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 NOTCH1
intra-cellular domain (NICD). In the nucleus, the NICD assembles a
transcriptional complex that interacts with the transcription factor

CBF1/RBP-Jk, leading to de-repression/activation of CBF1-
dependent target genes.'®?° Several members of the hairy/
enhancer of split (Hes) family of the basic helix-loop-helix
proteins including HEST are direct NOTCH1/CBF1 transcriptional
targets.'*? Besides this canonical pathway, NOTCH1 also activates
Deltex1 (DTX1), which binds to the ankyrin repeats of the NICD,
likely antagonizing CBF1 binding.>*** In mammalian cells, DTX7
has been shown to be a transcriptional target of NOTCH1 itself,
suggesting a positive feedback loop between NOTCH1 and DTX1.
Furthermore, DTX1 may bind to the nuclear coactivator EP300,
perturbing EP300 interactions with the transcription factor TCF3/
E2A.>>?% A role for this non-canonical NOTCH1 pathway in tumor
transformation has recently been proposed.?’

NOTCH1 is constitutively expressed by CLL cells, where it
increases cell survival and induces apoptosis resistance.?®%°
Moreover, leukemic cells express JAGT/Jaggedl and JAG2/
Jagged2 ligands, suggesting autocrine/paracrine loops for
NOTCH1 signaling activation.?®

NOTCH1 mutations in CLL cluster in exon 34 are selected to
disrupt the C-terminal PEST domain of the protein, responsible for
the proteosomal degradation of the activated form of NOTCH1,
and associate with a specific gene expression signature, suggesting
a major impact on the biology of mutated cells®'® Even if
truncation of the PEST domain by NOTCH1 mutations is predicted
to result in NOTCH1-impaired degradation, stabilization of the
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active form of the molecule and deregulated signaling,3 a formal
demonstration of the functional effects of NOTCHT mutations in
CLL cells is still lacking. On these bases, the present study was
undertaken to compare the expression and functional role of
NOTCH1 in wild-type (WT) or mutated CLL patients.

PATIENTS AND METHODS
Patient samples and cell lines

Biological samples were obtained after informed consent, in accordance
with Institutional Guidelines and Declaration of Helsinki. Patients’
characteristics are reported in Supplementary Materials and Methods
(SMM) and Supplementary Table 1. PB mononuclear cells (PBMCs) and
purified B lymphocytes were prepared as described in SMM.

Paired PB, bone marrow (BM) and lymph node (LN) samples from the
same patient were made available by the Department of Hematology of
Dubrava University Hospital (Supplementary Table 2).

Nurse-like cells (NLC) were generated as described.>’

MEC-1 (CLL-like), Molt-4/IG (T-ALL clone of Molt-4) and Nalm-6 (pre-B-
ALL) were cultured in RPMI-1640 medium with 10% heat-inactivated fetal
calf serum and penicillin streptomycin (100 IU/ml, all obtained from Sigma,
Milan, Italy).

NOTCH1 mutational analysis

NOTCH1 mutational status was determined as reported.'® Sanger-based
sequencing analysis of exon 34 was performed for each patient. The
percentage of mutant alleles was determined using a Custom TagMan SNP
Genotyping Assay (Applied Biosystems, Life Technologies, Monza, Italy),
see SMM.

Reagents

Gamma-secretase inhibitor (GSi)IX was obtained from Merck (Darmstadt,
Germany), Marimastat (matrix metalloprotease inhibitor) was obtained
from Tocris (Bristol, UK) and fludarabine (2-Fluoroadenine-9-B-D-arabino-
furanoside) was obtained from Sigma-Aldrich (Milan, Italy).

CLL-NLC co-cultures

Two different CLL-NLC co-culture approaches were used. In the first, CLL
lymphocytes remaining viable after the NLC differentiation process were
gently collected and analyzed. In the second, CLL lymphocytes remaining
viable after the NLC differentiation process were removed. Autologous
purified CLL lymphocytes, frozen at the time of sample arrival, were
thawed and added to the culture (0.5 x 10° for each 48 well) for the
indicated time points.

Flow cytometry
Antibodies used for flow cytometry were anti-CD5-FITC, -CD19-PE,
-NOTCH1-APC (eBiosciences, Milan, Italy), anti-CD19-PerCP (Aczon,
Bologna, ltaly), anti-Jagged1 (from Vinci-Biochem, Florence, lItaly) and
anti-Jagged2-PE, -DLL1-PE, -DLL4-PE (from Biolegend, Milan lItaly).

Data were acquired using a FACSCanto Il cytofluorimeter (BD Biosciences,
Milan, Italy) and processed with DIVA v6.1.3 and FlowJo Version 9.01
(TreeStar, Ashland, OR, USA).

RNA extraction and quantitative real-time PCR

RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Milan Italy) and
retro-transcribed using the Reverse Transcription Kit (Applied Biosystems).
Quantitative real-time PCR (qQRT-PCR) was conducted with the 7900 HT Fast
Real-Time PCR System (SDS2.3 software, Applied Biosystems). Primers and
analysis of the results are detailed in SMM.

Western blot

Cells were lysed as described.>? Proteins were resolved by SDS-PAGE or by
Nu-PAGE 3-8% Tris-Acetate gel (Life Technologies) and transferred to
nitrocellulose membranes (Life Sciences, Bio-Rad, Segrate, Italy). Antibodies
used were: anti-total NOTCH1 (Abcam, Cambridge, UK: clone no. 27526),
anti-cleaved NOTCH1 and anti-HES1 (both from Cell Signaling Technology,
Pero, ltaly; clone no. D3B8 and clone D6P2U) and anti-ERK1/2
(BD Transduction Laboratories, clone no. 610124). Image acquisition and
densitometric analyses were performed using ImageQuant LAS4000 and

© 2014 Macmillan Publishers Limited

TL Version 7.0 software (GE Healthcare, Milan, Italy). Band intensities were
calculated by standardizing over total ERK1/2 expression levels. The Molt-
4/IG cell line was used as an internal loading control in the different gels.

Immunohistochemistry and immunofluorescence

LN sections were obtained from the Department of Molecular Biotechnol-
ogy and Health Sciences of the University of Turin, the Department of
Pathology of the University of Eastern Piedmont (Novara, Italy) and the
Department of Hematology of Dubrava University (Zagreb, Croatia).
Formalin-fixed, paraffin-embedded sections from 22 LN samples were
deparaffinized and endogenous peroxidase activity was blocked. Epitope
retrieval was performed in 0.01M citrate buffer, pH 6.0 (40m, 98 °C).
Antibodies used for immunohistochemistry or immunofluorescence
studies were: rabbit polyclonal anti-NOTCH1 (Abcam, clone no. 27526,
which binds a peptide at the C terminus, before the c.7544_7545delCT
mutation), rabbit monoclonal anti-Jagged1 (Abcam, clone no. EPR4290),
mouse monoclonal anti-CD68 (Abcam, clone no. KP1) and goat polyclonal
anti-CD23/Fc (R&D Systems, Minneapolis, MN, USA). Anti-rabbit horse
radish peroxidase-conjugated Abs and 3,3'-diaminobenzidine (EnVision
System, Dako, Milan, Italy) were used to visualize the reaction.

For immunofluorescence, tissue sections or glass coverslips were
incubated with the following secondary Abs: AlexaFluor 633-conjugated
goat anti-mouse IgG (1:250; Invitrogen, Milan, Italy), DyLight 488-
conjugated bovine anti-goat IgG and DyLight 594-conjugated donkey
anti-rabbit IgG (1:300, both obtained from Jackson Immunoresearch, West
Grove, PA, USA). Alexa-568-conjugated phalloidin (Life Technologies) and
DAPI (4,6 diamidino-2-phenylindole) were used to counterstain.

Slides were analyzed using a DMI 3000 B optical microscope (Leica
Microsystems, Milan, Italy), equipped with a DCF 310 FX digital camera and
LAS Version 3.8 software. For immunofluorescence experiments, slides
were mounted in SlowFade Gold reagent (Invitrogen) and analyzed using a
TCS SP5 laser scanning confocal microscope with four lasers (Leica
Microsystems). Images were acquired with the LAS AF software (version
Lite 2.4) and processed with Adobe Photoshop (Adobe Systems, San Jose,
CA, USA). Pixel intensity and raw integrated density analyses were
performed using ImageJ (http://rsbweb.nih.gov/ij/).

Apoptosis assay
Apoptosis was measured using the Annexin-V FITC Apoptosis Kit
(Invitrogen).

Detection of soluble jagged1 and -2

Soluble Jagged1 and Jagged2 were quantified using enzyme-linked
immunosorbent assay kits (Antibodies-online GmbH, Germany).

Statistical analysis of data

Statistical analyses were performed with GraphPad version 5 (GraphPad
Software Inc., La Jolla, CA, USA) and are detailed in SMM.

RESULTS

Expression of NOTCH1 and its ligands in mutated and WT CLL
patients

The first step of this study was the analysis of the expression of
NOTCH1 and its ligands by CLL cells. The cohort included 21
NOTCHI1-mutated and 21 WT patients, all expressing unmutated
IGHV genes. The NOTCHT-mutated subset was enriched in patients
with trisomy 12 (9/19, 43% in the mutated vs 1/18, 6% in the WT
subset, Supplementary Table 1), as expected.'*'”

CLL lymphocytes expressed NOTCH1 mRNA at high levels,
without measurable differences between NOTCH7-mutated or WT
patients (Figure 1a). This finding confirms previous data showing
that expression in CLL samples is relatively homogeneous.?®

In line with these results, NOTCH1 protein was expressed by the
majority of CD19/CD5™ CLL cells, with no differences between
the two subsets, either in terms of percentage of positive cells or
of mean fluorescence intensity (MFI; Figure 1b).

CLL cells expressed JAGT and JAG2 transcripts (Figure 1c and
Supplementary Figure 1), whereas they lacked DLL1 or DLL4 (not
shown). No differences were detected between NOTCH7-mutated
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Figure 1. Expression of NOTCH1 and Jagged1 in CLL cells from NOTCHT-mutated and WT patients. (a) Box plot representing gRT-PCR data of

NOTCHT mRNA levels in B lymphocytes purified from CLL patients classified according to the presence (M, n=21) or absence (WT, n=21) of
NOTCH1 mutations. NOTCHT mRNA levels were normalized on f-actin mRNA as housekeeping gene. Mean AACT in NOTCHT-mutated patients
was 2.78 £0.39 vs 3.31 £ 0.38 in WT patients. Relative expression is the result of normalization of CLL values over those of MEC-1, added for
calibration purposes. (b) Percentage (left) and MFI (right) of NOTCH1 * cells in CD191/CD5" CLL lymphocytes, divided according to the
presence (M, n=21) or absence (WT, n=21) of NOTCHT mutations. Mean % of NOTCH1 " cells 88.56 *+ 1.96 in the mutated vs 91.09 + 1.36 in
the WT subgroup; mean MFI values in mutated 706 *+ 85.53 vs 675.9 £ 68.42 in WT patients. Data are expressed as mean +s.e.m. (c) (Left)
gRT-PCR data showing relative expression of JAGT in B lymphocytes purified from CLL patients classified according to the presence (M, n=21)
or absence (WT, n=21) of NOTCHT mutations. Mean AACT of JAGT 1.1£0.34 in mutated vs 1.0 £0.28 in WT patients. (Right) Histograms
representing the percentage of Jagged1™ B lymphocytes from CLL patients categorized according to the presence (M, n=21) or absence
(WT, n=21) of NOTCH1 mutations. Mean % of CD19*/CD5 */Jagged1 " in mutated 71.71 + 7.736 vs 66.86 + 9.787 in WT CLL patients. Data are
expressed as mean t s.e.m. (d) Box plot showing the results of an enzyme-linked immunosorbent assay performed on plasma from CLL
patients (M, n=21; WT, n=62) or normal individuals (HD, n = 8) to quantify soluble Jagged1. Mean ng/ml in plasma of mutated 2.93 + 1.44 vs

2.77 £ 2.04 in WT patients vs 0.73£0.12 in plasma from age- and sex-matched controls.

or WT patients. At the protein level, CLL lymphocytes stained
homogeneously positive for Jagged1 and Jagged2, either in terms
of percentage of positive cells or of MFI (Figure 1c and
Supplementary Figure 1).

The plasma of CLL patients contained Jagged1 in significantly
higher amounts than the plasma obtained from age- and sex-
matched healthy donors (P=0.03, Figure 1d). Low levels of
Jagged2 were also detected in the plasma of CLL patients and of
normal donors (Supplementary Figure 1).

Activation of NOTCH1 pathway in mutated and WT patients
Next, constitutive activation of NOTCH1 pathway in circulating CLL
lymphocytes was studied by gene profiling and biochemical
approaches. Expression of HEST and DTX1 was selected as
hallmark of activation of the canonical and non-canonical NOTCH1
pathways, respectively. Both genes were significantly upregulated
in NOTCHT-mutated CLL compared with WT cases (P=0.02 for
HEST1, Figure 2a; P=0.03 for DTX1, Figure 2b).

Leukemia (2014) 1060 -1070

Differential activation of the NOTCH1 pathway in the two
patient subsets was confirmed using biochemical assays.
An antibody recognizing total NOTCH1 and one specific for the
NICD were used to detect distinct molecular species. Experimental
conditions were set up using Molt-4/IG (T-ALL, NOTCH1*,
activating mutation in the heterodimerization domain but WT in
the PEST domain), Nalm-6 (pre-B-ALL and NOTCH1") and MEC-1
(CLL-like, NOTCH1™ and WT). The antibody recognizing total
NOTCH1 highlighted a band in Molt-4/IG and MEC-1 lysates of
~110kDa, compatible with the transmembrane form and a
higher band of ~300kDa, compatible with the precursor protein
(Supplementary Figure 2). No specific band could be highlighted
in the Nalm-6 lysate. A prominent band corresponding to the
NICD was apparent in the Molt-4/IG lysate, in line with the
presence of a constitutively activated pathway (Supplementary
Figure 2). Pretreatment of Molt-4/IG cells with GSilX, a gamma-secretase
inhibitor, induced a dose-dependent loss of the band correspond-
ing to NICD and of the Hes1 target (Figure 2c). A sharp decrease in
the transcription of HEST and DTX1 was also observed, confirming

© 2014 Macmillan Publishers Limited
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that GSilX can be used to inhibit the NOTCH1 pathway (Figure 2d).
GSilX treatment also induced a dose-dependent accumulation of a
second band, compatible with NEXT, a molecular intermediate
of the transmembrane form, cleaved by the metalloproteases but
not by the gamma-secretase complex (Figure 2e).>* The use of
Marimastat, a metalloprotease inhibitor, in combination with GSilX
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prevented accumulation of NEXT in a dose-dependent way
(Figure 2e).

A panel of NOTCH1-mutated and WT patients was then
analyzed using the same antibody grid. The patients selected for
analysis carried a comparable load of NOTCHT mutations
(Supplementary Table 2). WT patients showed a major band at
~ 110 kDa, compatible with the transmembrane form highlighted
in Molt-4/IG and MEC-1 cells. Mutated patients invariably
displayed a second band of slightly lower molecular weight,
compatible with NEXT, suggesting marked differences in global
NOTCH1 processing in mutated patients (Figure 2f). With this
antibody, the mutant allele could not be highlighted. In contrast,
when probed with the NICD-specific antibody, NOTCHT-mutated
patients selectively displayed a prominent band ~10kDa lower
than that of Molt-4/IG (Figure 2f, lower black arrow), which was
otherwise absent in NOTCHT-WT cases, and, therefore, compatible
with the product of the mutant allele. The band corresponding to
the WT NICD was less prominent and did not significantly differ in
intensity when compared with WT patients (Figure 2f, upper black
arrow).

The conclusion of this first part of the work is that circulating
CLL cells from NOTCHI-mutated cases display evidence of
constitutive NOTCH1 pathway activation, despite comparable
levels of receptor expression. Furthermore, they show marked
differences in the processing of the mutant and the WT NOTCH1
alleles.

The NOTCH1 pathway is rapidly inactivated following in vitro
culture of CLL cells
The aim of the second part of the work was to determine how the
NOTCH1 pathway is regulated. NOTCH7-mutated CLL cells
cultured for 24h showed a sharp decrease of the band
corresponding to NICD (P=0.003; Figure 3a), reaching the levels
of WT patients. A concomitant decrease in HEST and DTX1 levels
was highlighted by gqRT-PCR (P =0.008 for both genes, Figure 3b).
Presenilin1 (PSENT), the main catalytic subunit of the gamma-
secretase complex, showed a similar behavior, with decreased
expression after culture (P=0.01, Figure 3b). This finding offers a
partial mechanistic explanation of pathway inhibition.
Inactivation of the pathway, however, was not due to decreased
NOTCH1 expression, as inferred by comparable mRNA levels
before and after culture (Figure 3c). At the protein level, NOTCH1
showed a robust increase at the cell surface in mutated patients
(P=0.03), whereas in WT patients, no differences could be detected

<
Figure 2. Characterization of NOTCH1 pathway activation in CLL
cells from NOTCH1-mutated and WT patients. Box plots reporting
qRT-PCR data of the expression of HEST (a) or DTX1 (b) in a cohort of
CLL patients divided according to NOTCH1 mutational status
(M=21, WT=21). Mean values of HEST 4.41 £ 1.54 in mutated vs
0.24 £ 0.07 in WT patients; mean values of DTX7 1.75%0.43 in the
mutated vs 0.77 £0.18 in the WT subgroup. Relative expression is
the result of normalization of CLL values over those of MEC-1, added
for calibration purposes. (c¢) Dose-dependent effects of treatment
with GSilX, a y-secretase inhibitor, on the expression of NICD (upper
panel) and HES1 (middle panel) in the Molt-4/IG cell line. ERK1/2
(lower panel) was used as internal loading control. (d) qRT-PCR data
showing NOTCH1, HEST and DTX1 expression after GSilX treatment.
Graphs show results of three independent experiments. “*' denotes
P<0.05, whereas “** denotes P<0.005. (e) Combined effects of
GSilX and Marimastat on total NOTCH1 protein expression in the
Molt-4/1G cell line. ERK1/2 was used as internal loading control. Black
arrows show distinct NOTCH1 molecular species. (f) Western blot
analysis of total NOTCH1 (upper panels) or NICD (lower panels) in
four NOTCHI-WT and four NOTCHI1-mutated CLL patients. ERK1/2
was used as internal loading control. Black arrows show distinct
NOTCH1 molecular species.
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(Figure 3d). These findings suggest an impairment in the generation
of NICD in the absence of the ligand, specific for the mutated subset,
resulting in accumulation of the molecular species upstream of the
proteolytic cut operated by the gamma-secretase complex. This
hypothesis was indirectly confirmed by western blot analyses
showing increased levels of the precursor, transmembrane and
NEXT forms specifically in the mutated subset (Figure 3e).
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Differential in vivo expression and activation of NOTCH1

These findings suggest that NOTCH1 activation is dependent on
conditions selectively active in vivo. To measure NOTCH1
expression and activation in different disease compartments, we
took advantage of a unique collection of PB, BM and LN samples
taken from the same patient at the same time (n =10, with two
mutated samples indicated in red in the figure, Supplementary
Table 3). The percentage of CD19"/CD5" cells did not vary
significantly in the three compartments and was invariably > 80%.
NOTCHT mRNA levels were significantly higher in the LN as
compared with PB and BM (P=0.01 and P=0.006, respectively;
Figure 4a). The same holds true for percentage of expression and
MFI (Figure 4b). Western blot analysis of the available samples
(n=3, no. 1 is shown) confirmed a selective increased in total
NOTCH1 in the LN (Figure 4qg). Jagged1, on the contrary, showed
no measurable differences in the three compartments, whether at
the mRNA or protein levels (Figure 4d).

HES1 levels did not differ in the compartments studied
(Figure 4e). However, a significant increase in DTX7 in the LN
was evident (P=0.002 and P=0.004 as compared with PB and
BM, respectively; Figure 4e), suggesting that the NOTCH1 non-
canonical pathway is selectively activated. Immunohistochemical
analyses of LN biopsies (n=22) confirmed diffuse NOTCH1
expression by leukemic cells in the LN. Mutated patients (n=6)
showed preferential nuclear localization of the molecule, whereas
localization in WT patients was mostly cytoplasmic (n=16;
Figure 5a). Jagged1 expression was then checked to infer which
cells can trigger NOTCH1 activation in vivo. The results show a
preferential association of Jagged1 with the stromal architecture
surrounding leukemic lymphocytes (Figure 5a). This was con-
firmed using tissue immunofluorescence that highlighted a
colocalization of Jagged1 and CD68, a common marker for
stromal cells of myeloid origin (Figures 5b and c).

These results suggest that in the LN, CLL lymphocytes are
NOTCH1 ", whereas the myeloid compartment is Jagged1l ™",
supporting the view that the cross talk between CLL lympho-
cytes and myeloid elements keeps the NOTCH1 pathway
active.

<
Figure 3. Expression and activation of NOTCH1 after in vitro culture.
(@) (Left) Western blot analysis of NICD on total cell lysates from
purified CLL lymphocytes of four NOTCHI-mutated patients at
baseline and after 24 h in vitro cultures. The Molt-4/IG cell line was
used as positive control, whereas ERK1/2 as internal loading control.
(Right) Graphs representing cumulative data of band intensity
quantification from five independent mutated patients. Mean
intensity of NICD in basal conditions 1.36 + 0.13 vs 0.44 = 0.04 after
24 h cultures. (b) qRT-PCR evaluation of mRNA levels of HES1, DTX1
and PSENT at baseline and after 24 h in vitro cultures of purified CLL
lymphocytes from eight NOTCH1-mutated patients. Mean AACT of
HEST in basal conditions 4.62 £ 1.3 vs 0.38 £ 0.13 after 24 h cultures;
mean AACT of DTX1 in basal conditions 1.2 £ 0.35 vs 0.58 £ 0.17 after
24 h cultures; mean AACT of PSENT in basal conditions 6.28 = 0.58 vs
3.14+0.52 after 24 h cultures. Relative expression is the result of
normalization of CLL values over those of MEC-1, added for
calibration purposes. (c) gRT-PCR analysis of NOTCHT mRNA levels
in purified CLL lymphocytes at baseline and after 24h cultures
(n=8). Mean AACT of NOTCH1 in basal conditions 2.2 +0.26 vs
2.1 £ 0.3 after 24 h cultures. (d) MFI values of NOTCH1 expression in
basal conditions and after 24 h cultures in NOTCH1-mutated (n =35,
left panel) or WT (n =4, right panel) CD19"/CD5" CLL cells. Mean
MFI in mutated in basal conditions 575.8+82.7 vs 1389+ 301
after 24 h culture; mean MFI in WT in basal conditions 513 £ 170.3 vs
618 £ 65.9 after 24 h culture. (e) (Left) Western blot analysis of total
NOTCH1 protein levels at the baseline and after in vitro culture in
NOTCHI-WT and -mutated patients. ERK1/2 was used as internal
loading control. (Right) Band intensities were quantified and
normalized over ERK1/2 values. NOTCHI-mutated patients are
indicated in red.
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NOTCH1 expression and pathway activation in different disease compartments. (a) gqRT-PCR analysis of NOTCH7 mRNA levels in PB,

BM and LN samples obtained from 10 different patients at the same time. Mean AACT of NOTCHT in PB 1.5+ 0.27 vs 1.67 £0.18 in BM vs
2.54+0.35 in LN. Relative expression is the result of normalization of CLL values over those of MEC-1, added for calibration purposes.
(b) Percentage (left) and MFI (right) of NOTCH1 " cells in CD19*/CD5" CLL lymphocytes obtained from paired PB, BM and LN samples. Mean
% of CD19 " /CD5 " /NOTCH1 " cells in PB 57.19 + 4.4 vs 59.1 + 4.9 in BM vs 79.6 + 5.1 in LN; mean MFI in PB 408.3 + 39.8 vs 420 + 40.6 in BM vs
652.1 £ 65.9 in LN. (c) qRT-PCR evaluation of JAGT mRNA levels in PB, BM and LN paired samples. Mean AACT 0.38 £ 0.16 in PB vs 0.34 + 0.06 in
BM vs 0.19 + 0.06 in LN. (d) Percentage (left) and MFI (right) of Jagged1 ™ cells in CD19*/CD5* CLL lymphocytes obtained from paired PB, BM
and LN samples. Mean % of CD19"/CD5*/Jagged1™ cells in PB 48.68 +3.1 vs 50.13+ 1.9 in BM vs 57.96 +3.9 in LN; mean MFI in PB
490 £ 31.9 vs 503.6 £ 32.8 in BM vs 603.3 £ 53.2 in LN. qRT-PCR analysis of HEST (e) and DTX1 (f) mRNA expression in paired PB, BM and LN
samples. Mean AACT of HEST 0.29 £0.15 in PB vs 0.20+ 0.11 in BM vs 0.08 £ 0.03 in LN; mean AACT of DTX7 0.86+0.23 in PB vs 1.15+ 0.23 in
BM vs 2.42 £ 0.62 in LN. (g) Western blot analysis using an antibody against total NOTCH11 on total cell lysates of CLL cells from PB, BM and
LN in a representative patient. ERK1/2 was used as internal loading control. Red triangles and squares represent paired CLL cells of two

NOTCHIT-mutated patients.

The NOTCH1 pathway is activated during CLL-NLC cell cross talk
NLC, cells of myeloid origin that can be differentiated from PBMC
of CLL patients®' and that support CLL survival, were exploited to
recreate a lymphoid niche in vitro.>* NLC expressed high levels of
JAGT mRNA (Figure 6a). Furthermore, supernatants derived from

© 2014 Macmillan Publishers Limited

NLC cultured for 2 weeks contained levels of soluble Jagged1
comparable to those of the plasma of CLL patients (Figure 6b),
likely reflecting accumulation during culture. Jagged1 expression
was also confirmed at the protein level by immunocytochemistry
(Figures 6¢c and d). In contrast, CLL lymphocytes displayed
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Figure 5. Expression of NOTCH1 and Jagged1 in the CLL LN. (a) Anti-total NOTCH1 and anti-Jagged1 immunostaining of representative LN
sections from NOTCH1-mutated or WT CLL patients. An anti-rabbit HRP-conjugated secondary antibody and 3,3’-diaminobenzidine (brown
signal) were used to detect the binding. The inset shows high magnifications of the same sections. Original magnifications are x 20 and x 40.
(b) Triple staining of a representative LN section from a NOTCHT-mutated patient with anti-CD23 (green), -Jagged1 (red) and -CD68 (white).
Original magnification is x 63, zoom factor of 2. Scale bars represent 50 um. (c) Quantification of Jagged1 pixel intensity in proximity of
CD68 ™" vs CD68areas. HRP, horse radish peroxidase.
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Figure 6. Modulation of the NOTCH1 pathway in CLL/NLC co-cultures. (a) gRT-PCR data showing relative expression of JAGT mRNA in NLC
obtained from eight CLL patients (two NOTCH1-mutated and six WT). Levels were compared with those of CLL cells at baseline (n = 40). Mean
AACT of JAGT 8351 1.2 in NLC vs 1.06 £ 0.2 in CLL cells. (b) Box plots showing the results of an enzyme-linked immunosorbent assay performed
on supernatants obtained after culturing PBMC from 17 CLL patients for 14 days. Jagged1 levels in the plasma of the same 17 individuals is
shown for comparison. Mean ng/ml in NLC supernatants 1.77 £ 0.23 vs 2.17 £ 0.45 in CLL plasma. (c) Quantification of immunofluorescence data
presented in d and e. Immunofluorescence stainings showing expression of Jagged1 (d) or NOTCH1 (e) on 14 day cultures of PBMC from
NOTCH1-mutated or -WT CLL patients NLC. Cells were counterstained with phalloidin (red) and DAPI (blue). Original magnification is x 63, zoom
factor of 2. Insets represent cropped and zoomed area of the same samples. (f) Purified CLL lymphocytes from NOTCHT-mutated (red dots, upper
part) or -WT (black dots, lower part) CLL patients were cultured (48 h) alone or on NLC layers obtained after 14 day cultures of autologous PBMC
before. gRT-PCR analyses were performed to compare expression levels of DTX1, PSENT and HES1. Mutated patients: mean levels of DTX1 in basal
conditions 1.09 + 0.39 vs 0.67 + 0.2 after 48 h vs 1.34+0.26 after 48 h cultures with NLC; mean levels of HEST in basal conditions 1.84+ 0.95 vs
0.18£ 0.1 after 48h vs 0.8+ 0.75 after 48 h cultures with NLC; mean levels of PSENT in basal conditions 4.82 + 1.09 vs 3.09 £ 0.56 after 48 h vs
496 + 1.07 after 48 h cultures with NLC. WT patients: mean levels of DTX1 in basal conditions 0.57 + 0.53 vs 0.48 + 0.43 after 48h vs 0.37 +0.28
after 48 h cultures with NLC; mean levels of HEST in basal conditions 0.52 £ 0.3 vs 0.05 £ 0.02 after 48 h vs 0.04 £ 0.02 after 48 h cultures with NLGC;
mean levels of PSENT in basal conditions 4.79 £ 1.18 vs 3.52 £ 0.51 after 48 h vs 2.9 + 0.36 after 48 h cultures with NLC. Relative expression is the
result of normalization of CLL values over those of MEC-1, added for calibration purposes.
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heterogeneous levels of JAGT mRNA (Figure 6a) and low reactivity
in immunocytochemistry (Figure 6¢), confirming immunofluores-
cence data (Supplementary Figure 1).

CLL lymphocytes that were still viable and in direct contact with
NLC after 2-week cultures were characterized by nuclear localiza-
tion of NOTCH1, detected using an antibody directed against total
NOTCH1 (Figures 6¢c—e) and suggesting the presence of an active
pathway. Fluorescence intensity indicated that NOTCHT-mutated
cells stained more intensely positive than WT cells (P<0.0001,
n=4 for both subgroups, Figures 6c-e).

In a different experiment, purified autologous CLL cells were
thawed and plated on differentiated NLC for 48 h before assessing
NOTCH1 pathway status. Under these conditions, DTXT expression
levels were fully rescued (P=0.03, compared with the same cells
cultured without NLC, Figure 6f), whereas HEST levels decreased
after in vitro culture and were not significantly modified after the
addition of NLC (Figure 6f). PSENT mRNA levels followed the same
pattern of DTX1, with a decrease in purified cultures and a rescue
in NLC cultures (P=0.03, Figure 6f). These effects were evident
selectively in the NOTCHT1-mutated subset as WT samples did not
show significant modifications in the expression levels of the
genes under analysis. These results indicate that NLC selectively
activate the non-canonical pathway in NOTCH1-mutated CLL cells.

NOTCH1-mutated CLL cells show partial chemoresistance in vitro

Finally, the role of NOTCHT mutations in promoting CLL survival
and in rescuing leukemic cells from drug-induced apoptosis was
studied by in vitro assays. When cultured in the presence of
fludarabine for 48-72h, no differences were observed in the
apoptotic levels between NOTCHT-mutated and WT cases.
A subgroup of patients with 17p deletion (del17p) was used as
a control and confirmed as chemoresistant (Figure 7a). This
observation may be explained by considering that the NOTCH1
pathway is fully inactivated after a few hours in culture. The
experiment was then repeated by treating CLL cells with
fludarabine in the presence of autologous NLC. In these
conditions, NOTCH7-mutated patients became markedly resistant
to apoptosis (P=0.008 compared with the same cells cultured
without NLC, P=0.01 compared with WT samples). Responses of
NOTCHI1-WT and of del17p samples were unaffected by NLC
exposure (Figure 7b).

Involvement of the NOTCH1 pathway in mediating resistance to
apoptosis was demonstrated using GSilX, which prevents the
formation of NICD, even in the presence of the ligand (Figure 2c).
Addition of GSilX to CLL cells cultured alone (not shown) or in
presence of fludarabine (Figure 7¢) did not modify apoptosis,
independently of the underlying genetic lesion. However, GSilX
pretreatment of CLL cells on a NLC layer reverted the resistant
phenotype of the NOTCHT-mutated subset (Figure 7d).

The conclusions of the last part of the work indicate that CLL
cells from patients harboring NOTCHT mutations show a marked
resistance to drug-induced apoptosis, which is completely
abrogated in the presence NOTCH1 inhibitors.

DISCUSSION

Recent advances in DNA sequencing technology have facilitated
analysis of entire genomes of individual cancers and have led to
the identification of novel genetic alterations.3**® The ongoing
challenge is to make biological sense of the wealth of genetic data
by understanding its impact on tumor transformation and
progression.>” The ultimate goal is to determine how mutations
impact on cancer epidemiology, biology, prognosis and response
to therapy.

Applied to CLL, next-generation sequencing studies have shown
that at diagnosis, the number of mutations that alter the protein
sequence per case is 10-12 on average.”'%*® Among these, NOTCH1
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Figure 7. Activation of the NOTCH1 pathway and drug resistance

in vitro. (@) Bar graph showing % of viable cells in del17, NOTCHI-
mutated or -WT CLL patients cultured in the presence of fludarabine
(10 um for 48 h). Mean % of live cells at 48 h 90.1 £ 8.4 in the del17p
vs 25.09%59 in the NOTCHI-mutated vs 22.7+6.8 in the WT
subsets). (b) The same experiment was performed after plating
purified CLL cells on autologous NLC differentiated from PBMC.
Graph shows % of viable cells upon culture in the presence of
fludarabine (10 um for 48 h). Mean % viable cells 95.7 £ 3.8 in the
del17p vs 63.5+ 5.2 in the NOTCHT-mutated vs 38.9 £5.9 in the WT
subsets. (c) Bar graph showing the effects of the combination of
fludarabine with GSilX on purified CLL cells from del17, NOTCHI-
mutated or -WT CLL patients. Cells were pretreated with GSilX (5 um
for 20 h) before starting fludarabine incubation (10 um for 48 h). GSilX
was re-added once after 24h. Mean % of viable cells in del17p
821 13.5vs21.6 £ 5.1 in the NOTCH1-mutated vs 21.5+ 9.4 in the WT
subset. (d) The same experiment described in ¢ was performed by
culturing purified CLL cells on autologous NLC. Cells were
pretreated with GSilX (5pum for 20h) before starting fludarabine
incubation (10 um for 48 h). GSilX was re-added once after 24 h of
fludarabine culture. Mean % of viable cells in del17p 94.6+3 vs
42.9 £ 5.6 in the NOTCHT-mutated vs 31.5+ 4.9 in the WT subset.

mutations represent one of the most frequent somatic aberrations,
affecting 10-15% of patients and conferring an adverse
prognosis.®'>*° The present study was undertaken to investigate
the expression and functional impact of NOTCHT mutations in CLL.
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From the results obtained, two main conclusions can be drawn.
The first is that NOTCHT mutations truncating the PEST domain
have a stabilizing effect on the NOTCH1 signaling pathway. Gene
expression data show that both the canonical and non-canonical
pathways are constitutively upregulated in NOTCHT-mutated
patients, notwithstanding comparable levels of expression of the
receptor and of presenilin1/2, the catalytic subunits of the enzyme
that controls NOTCH1 final activation (Supplementary Figure 3).
Furthermore, biochemical data indicate selective overexpression
of the NICD fragment encoded by the mutant NOTCHT allele. This
finding is in keeping with the notion that PEST domain mutations
impair ubiquitination and degradation of the receptor and
are in line with observations obtained in acute lymphoblastic
leukemias.*® The molecular species produced by the WT allele of
NOTCHI1-mutated patients are also markedly different from those
of WT patients, with accumulation of NEXT, the molecular
intermediate immediately upstream of NICD, suggesting the
presence of compensatory mechanisms to inhibit NOTCH1
activation.

The second conclusion of this work is that the NOTCH1 pathway
needs to be activated through micro-environmental connections
both in NOTCHT-mutated and WT patients. Even if CLL cells
express Jaggedl and Jagged2, it appears that CLL-CLL cell
interactions are ineffective in activating signaling. This is inferred
by the drastic drop in pathway activation when purified CLL cells
are kept in culture, an event also occurring in NOTCH7-mutated
samples. A possible explanation is that these ligands are
expressed by CLL cells at a surface density that does not reach
the necessary activation threshold or signal intensity."
Downregulation of NICD may be attributed to the loss of
gamma-secretase activity, apparent at the transcriptional level,
underlying a bidirectional control between NICD and presenilini,
already highlighted in other models.*? The lack of ligand and the
decrease in gamma-secretase activity prevents NICD generation,
at the same time inducing relative accumulation of NOTCH1
species upstream of the NICD, clearly visible in western blot
assays.

On the other hand, in vivo and in vitro evidence favors the view
that interactions with myeloid cells are critical in activating the
NOTCH1 pathway. The analysis of paired samples deriving from
different disease compartments indicates that NOTCHT mRNA and
protein expression levels are highest within LN. In this environ-
ment, the non-canonical NOTCH1 pathway appears clearly
enhanced. Moreover, NOTCH1-mutated patients show immuno-
histochemical evidence of nuclear localization of NOTCH1,
as opposed to the cytoplasmic reactivity observed in the WT subset,
in line with recent findings.** In the LN, the Jagged1 ligand is
highly expressed by differentiated myeloid elements, suggesting
that it is this interaction that activates NOTCH1. Confirmation was
obtained by recreating a lymphoid niche in vitro, based on co-
culture of purified CLL cells and autologous NLC differentiated
from PBMC. These experiments allow us to conclude that the non-
canonical NOTCH1 pathway is selectively kept active when CLL
cells are cultured on an NLC layer. The dissociation between the
canonical and non-canonical pathways observed under these
conditions and in vivo in CLL cells obtained from the LN of paired
samples is of interest, particularly in light of recent reports that
indicate that Deltex1 is a major downstream modulator of the
NOTCH1 signaling pathway by interfering with the binding of the
coactivator p300 to the transcription factor E2A.** This mechanism
is relevant in controlling thymocyte maturation.?®**

A final consideration of this work is that activation of NOTCH1
signaling in the LN may contribute to create conditions favoring
drug resistance, in line with observations obtained using multiple
myeloma models.*® The finding that resistance can be overcome
through the use of GSis to stop NOTCH1 signaling suggests that
the receptor could be a putative therapeutic target, at least
in the NOTCHI1-mutated subset. However, the clinical association
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between NOTCHT mutations and a chemoresistant phenotype in
CLL is highly controversial at this point and requires further
elucidation.3**”*° Future studies are needed to evaluate the
therapeutic impact of targeting NOTCH1 though the use of GSis or
monoclonal antibodies, building on experience gathered in acute
lymphoblastic leukemia.”' >3
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