. ® Chronic Lymphocytic Leukemia

Targeted activation of the SHP-1/PP2A

signaling axis elicits apoptosis of chronic B
lymphocytic leukemia cells o |

Elena Tibaldi,* Mario Angelo Pagano,> Federica Frezzato,** Valentina
Trimarco,** Monica Facco,** Giuseppe Zagotto,? Giovanni Ribaudo,? Valeria
Pavan,? Luciana Bordin,* Andrea Visentin,** Francesca Zonta,® Gianpietro
Semenzato,** Anna Maria Brunati*s and Livio Trentin34s

‘Department of Molecular Medicine, University of Padua; 2Department of
Pharmaceutical and Pharmacological Sciences, University of Padua; *Department of
Medicine, University of Padua; “Venetian Institute of Molecular Medicine (VIMM), Centro
di Eccellenza per la Ricerca Biomedica, Padua and *Department of Biomedical
Sciences, University of Padua, Italy

5Co-senior authors

ABSTRACT

yn, a member of the Src family of kinases, is a key factor in the dys-

regulation of survival and apoptotic pathways of malignant B cells

in chronic lymphocytic leukemia. One of the effects of Lyn’s action
is spatial and functional segregation of the tyrosine phosphatase SHP-1
into two pools, one beneath the plasma membrane in an active state pro-
moting pro-survival signals, the other in the cytosol in an inhibited con-
formation and unable to counter the elevated level of cytosolic tyrosine
phosphorylation. We herein show that SHP-1 activity can be elicited
directly by nintedanib, an agent also known as a triple angiokinase
inhibitor, circumventing the phospho-5591-dependent inhibition of the
phosphatase, leading to the dephosphorylation of pro-apoptotic players
such as procaspase-8 and serine/threonine phosphatase 2A, eventually
triggering apoptosis. Furthermore, the activation of PP2A by using MP07-
66, a novel FTY720 analog, stimulated SHP-1 activity via dephosphory-
lation of phospho-5591, which unveiled the existence of a positive feed-
back signaling loop involving the two phosphatases. In addition to pro-
viding further insights into the molecular basis of this disease, our find-
ings indicate that the PP2A/SHP-1 axis may emerge as an attractive,
novel target for the development of alternative strategies in the treatment
of chronic lymphocytic leukemia.

Introduction

Reversible protein phosphorylation is the fundamental post-translational modifi-
cation by which virtually all cellular events are regulated, enabling cells to respond
properly to intra- and extra-cellular cues. The crucial players involved in this dynam-
ic process are protein kinases and protein phosphatases, which are placed at the dif-
ferent levels of cellular signaling, and, albeit traditionally considered as functionally
opposed to one another, not rarely cooperate to finely orchestrate and appropriately
drive signal transduction.”® The significance of both classes of enzymes for a cell’s
life and fate is mirrored by the effects of their dysregulation, whether related to
altered expression or activity, which frequently underlies the onset and progression
of a plethora of diseases.”” B-cell chronic lymphocytic leukemia (CLL), the most
common leukemia in the western world,*" is no exception to this paradigm, with a
high level of intracellular phosphorylation being mediated by the abnormal activity
of several kinases downstream of the B-cell receptor, including Lyn, Syk, Btk, PI3K,
and Akt." This condition, along with the aberrant expression of anti-apoptotic mol-
ecules” and the supportive microenvironment,” leads to the derangement of cell sig-
naling and contributes to the growth and survival of leukemia cells.
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Accumulating evidence suggests that the abnormal sig-
nal transduction is also supported by the lack of a proper
counterbalance mediated by a number of phosphatases,
whose expression or activity is altered in CLL cells. For
instance, the expression of PTEN," PTPROt,*” PHLPP1'*"
and SHIP1* is significantly decreased, leaving tonic pro-
survival signaling intact, whereas PTPN22, which acts as a
positive regulator of anti-apoptotic signals by hampering
the negative regulation of B-cell receptor-dependent sig-
naling pathways, is overexpressed.” By contrast, protein
phosphatase 2A (PP2A)* and the Src homology 2 domain-
containing phosphatase 1 (SHP-1)* are expressed in CLL at
levels comparable to those in normal B cells, but are func-
tionally dysregulated by a variety of mechanisms, which
are chiefly mediated by the Src family kinase, Lyn.*” In
normal B cells, this tyrosine kinase is central to propagat-
ing signals initiated by engagement of the B-cell receptor
through phosphorylation of the immunoreceptor tyro-
sine-based activation motifs of the B-cell receptor itself,
promoting the formation of a multiprotein “signalo-
some”.” It also possesses the unique ability to phosphory-
late immunoreceptor tyrosine inhibitory motifs of
inhibitory cell surface co-receptors, including FcyRIIbl,
CD22, CD72 and CD3, and eventually to negatively regu-
late B-cell receptor signaling.””* In CLL cells, Lyn is over-
expressed and constitutively active, distributed between
the plasma membrane and an aberrant cytosolic multipro-
tein complex,”” exerting a crucial anti-apoptotic role by
phosphorylating and thereby modifying the functional
status of, a variety of protein targets.””

As to PP2A, the phosphorylation of its catalytic subunit
(PP2Ac) by Lyn stabilizes the interaction of PP2Ac itself
with SET, an endogenous PP2A inhibitor overexpressed in
CLL cells,” resulting in blockade of the phosphatase activ-
ity*** and a persistently high level of phosphorylation of
factors implicated in CLL cell survival” On the other
hand, Lyn induces the spatial segregation of SHP-1 into
two pools, one being associated with the inhibitory co-
receptor CD5 in an active form triggering membrane-
derived anti-apoptotic signals, the other being located in
the cytosol in an inactive conformation.” Importantly, this
latter condition is thought to be promoted by phosphory-
lation of the C-terminal tail at Ser591, whereas PP2A
seems to play a role in the reactivation of SHP-1.”

The landscape of cell signaling inhibitors approved for
the treatment of CLL has expanded rapidly and several
agents with novel mechanisms of action (inhibitors of
BTK, PI3K and Bcl2) have been introduced into routine
clinical practice with promising results documented also
in patients with relapsed/refractory disease.”** Because
CLL is characterized by a high level of Lyn-dependent
tyrosine phosphorylation in the cytosol,”” we won-
dered whether compounds capable of directly or indi-
rectly driving the activation of SHP-1 could counter the
pervasive action of Lyn and induce cell demise. Here we
demonstrate that nintedanib, a small molecule tyrosine
kinase inhibitor approved for the treatment of pul-
monary fibrosis and lung adenocarcinoma,” and MP07-
66, a novel fingolimod analog designed and synthesized
in our laboratories, generate a positive feedback signaling
loop involving SHP-1 and PP2A, which dismantles the
oncogenic machinery supported by the pro-survival
action of the aberrant cytosolic form of Lyn. These mol-
ecules, which specifically target and activate molecular
players other than those traditionally considered compo-

nents of the CLL signalosome, may represent new
weapons for the treatment of CLL patients.

Methods

Ethics statement

Written informed consent was obtained from all patients, prior
to sample collection, according to the Declaration of Helsinki. The
ethical approval for our study was granted by the local ethical

committee of “Regione Veneto on Chronic Lymphocytic
Leukemia” (3259/A0/14).

Patients, cell separation and culture conditions

B cells from 37 untreated patients with CLL were purified and
cultured as previously described,” and subjected to the treatments
described throughout the text. The patients’ relevant features are
reported in Online Supplementary Table S1.

Information concerning reagents, cell lysis and subcellular frac-
tionation, SHP-1 activity assays immunoprecipitation of SHP-1,
["P]-Band 3 preparation, the PP2A activity assay, the Casp8 activ-
ity assay, cell transfection, co-culture conditions, apoptosis assays,
western blotting, and the statistical analysis is detailed in the
Online Supplementary Data.

Results

Nintedanib directly activates SHP-1 in the cytosol
of chronic lymphocytic leukemia cells

We previously demonstrated that SHP-1 is present in
CLL cells in two forms, one bound to the plasma mem-
brane receptor CD5 in an active state, and the other in the
cytosol in an inhibited conformation.” As shown in Figure
1A, as well as in Online Supplementary Figure S1A, the plas-
ma membrane-enriched fraction (particulate) and the
cytosol of CLL cells were separated from total lysates and
immunoblotted with anti-pY536-SHP-1 and anti-pS591-
SHP-1 antibodies, a positive response to which is indica-
tive of either activation or inhibition of SHP-1, respective-
ly. As expected, the distribution of SHP-1 in the two cellu-
lar compartments paralleled the phosphorylation state,
these characteristics proving independent of the diverse
biological and clinical features of the single patients
(Online Supplementary Table S1). Moreover, to establish
how the phosphorylation state affected SHP-1 activity,
SHP-1 was immunoprecipitated from the cytosolic and
particulate fractions and its activity was measured by
using [*P]-Band 3 as a substrate.” The phosphatase activi-
ty of the cytosolic fraction of SHP-1 was negligible as
compared to that of the particulate (Figure 1B and Online
Supplementary Figure S1B), underscoring that the catalytic
activity of SHP-1 can be profoundly changed by phospho-
rylation at different residues. This finding raised the issue
of whether activating the cytosolic pool of SHP-1 might
represent a means of countering the elevated level of tyro-
sine phosphorylation of CLL cells in this compartment,
which was previously shown to promote anti-apoptotic
mechanisms in this disease.” We, therefore, first per-
formed in vitro phosphatase activity assays on the cytosolic
pool of SHP-1 in the presence of increasing concentrations
of nintedanib, a receptor tyrosine kinase inhibitor recently
shown to trigger SHP-1 activity™* despite the inhibitory
S591 phosphorylation.” First, SHP-1 was immunoprecipi-
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tated from the cytosolic fraction of CLL cells in the
absence or presence of serine/threonine phosphatase
inhibitors, so that the inhibitory phosphorylation at S591
could be removed or preserved, respectively (Figure 1C,
inset), and the effect of nintedanib on the activity of the

A #2

non-phosphorylated and phosphorylated forms of SHP-1
could be evaluated. Figure 1C shows that nintedanib was
capable of activating the phosphorylated, and inhibited,
form of SHP-1 (Ip2-SHP-1, right-hand panel), as expect-
ed," whereas the non-phosphorylated form was not influ-

#17 #36

Whb: pS591-SHP-1 w s -— —_—— — — -_—
Whb: SHP-1 —— - — — . - — e e e
Wb: pY536-SHP-1 s s - - e —
Whb: SHP-1 — — = = = — . ——
Wb: LDH —— C— — - - - —— -——
Lysate = = = + = = + = =
Particulate — 4+  — — + — s
Cytosol —_ — + — —_ + — —  +
B
Ip: 1IgG SHP-1
Wb: SHP-1 wwss Particulate
Wb: SHP-1 W Cytosol
Ip: SHP-1 - 4+ + - + + - + +
e 10 * 10 # 10 *
832 & ==
s iy | || 0 ——— 0 .
32p-Band 3 S . -_— . — e —
Wb: SHP-1 - o=e - oo - -
Particulate — + — — + — — + —
Cytosol = = 5 - - # = +
C
# 34 — —2
Ip: 1gG SHP-1 lgG SHP-1
PP-inhibitors —_— — + +
Whb: pS591-SHP-1 —
Whb: SHP-1 — _—
g = g Ip1-SHP-1 £ ~ 10 ip2-3HpP-1
) 7S
" pT &9~
28 28%
S5 4 3£ 5]
aTe +PTPI "¢ +PTP Il
o 3 —T @, ) e, S 5 —%
: g 0 " 0 : g
Nintedanib(uM) 4 8 16 32 4 8 16 32

Figure 1. In vitro effect of nintedanib on the differently phosphorylated forms of SHP-1 pulled down from chronic lymphocytic leukemia cells. (A) Phosphorylation
state of SHP-1 in total cell lysates, particulate and cytosol of CLL cells of patients belonging to various clinical and biological subtypes. Anti-LDH (cytosolic marker),
anti-PMCA (plasma membrane marker). (B) Tyrosine phosphatase activity of SHP-1 immunoprecipitated from particulate and cytosol of CLL of patients #2, #17, and
#36 measured as [*?P] released from in vitro [**P]-Band 3. (C) Tyrosine phosphatase activity of SHP-1 immunoprecipitated in the absence (Ip1-SHP-1) and presence
(Ip2-SHP-1) of serine/threonine phosphatase inhibitors from the cytosol of CLL cells of 15 patients as determined in vitro in the presence of increasing concentra-
tions of nintedanib supplemented without (solid circles) or with 25 uM PTP I-| (open circles). Data are mean + SD of three experiments performed in triplicate
(*P<0.01). LDH: lactate dehydrogenase; PMCA: plasma membrane Ca2* ATPase; Wb: western blot; IP: immunoprecipitation.
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enced by this compound, the phosphatase being already
active (Ip1-SHP-1, left-hand panel). These results are con-
cordant with the hypothesis that this drug causes a change
in the inhibited conformation of SHP-1 induced by phos-
phorylation at S591. Similarly, we analyzed the activity of
SHP-1 immunoprecipitated from the cytosolic and partic-
ulate fractions of CLL cells treated with increasing concen-
trations of nintedanib, considering that SHP-1 in these

compartments is differently phosphorylated and active.
As shown in Figure 2A, SHP-1 reached full activation at a
concentration as high as 15 uM nintedanib (left-hand
panel), as determined by the dephosphorylation of [*P]-
Band 3, whereas SHP-1 from the particulate was unaffect-
ed (right-hand panel). After incubating CLL cells with 15
wM nintedanib, we evaluated the phosphorylation status
of SHP-1 from the cytosolic and particulate fractions by
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Figure 2. Effect of nintedanib on the activity of the differently phosphorylated forms of SHP-1 inside chronic lymphocytic leukemia cells. (A) Phosphatase activity
of SHP-1 immunoprecipitated from the cytosol (left) and particulate (right) of CLL cells cultured in the absence or presence of increasing concentrations of nintedanib
for 1 h measured as [*?P] released from [**P]-Band 3. Data are mean + SD of three experiments performed in triplicate. (B) Expression and phosphorylation state of
SHP-1 of CLL cells cultured in the presence of 15 uM nintedanib over time. (C) Phosphatase activity of SHP-1 immunoprecipitated from the cytosol (left) or particulate
(right) of the CLL cells described in (B) measured as [**P] released from [**P]-Band 3. (D) Densitometric analysis of western blots probed with anti-pS591 or anti-
pY536 antibody (arbitrary units, open circles, left- and right-hand panel, respectively) and phosphatase activity from (C) normalized as percentage (solid circles, left
and right panel, respectively) and plotted as line graphs. Data are mean + SD of three experiments performed in triplicate (*P< 0.01), n=16. Wb: western blot; IP:
immunoprecipitation; incub: incubation.
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western blot analysis with anti-pS591-SHP-1 and anti-
pY536-SHP-1 antibodies, respectively, and performed
phosphatase activity assays on SHP-1 immunoprecipitates
at each time interval. Nintedanib did not affect either the
phosphorylation status (Figure 2B, right-hand panel) or the
catalytic activity (Figure 2C, right-hand panel) of the SHP-
1 pool of the particulate, whereas SHP-1 in the cytosol
was readily activated by nintedanib, reaching maximal
efficacy already at the earliest incubation times by circum-
venting the inhibitory phosphorylation at S591 (Figure
2B,C, left-hand panel). The data obtained from western
blot analysis and phosphor imaging were quantitated as
arbitrary units and are illustrated in Figure 2D for clarity’s
sake.

Nintedanib induces activation of caspase-8 and PP2A
by decreasing tyrosine phosphorylation in chronic
lymphocytic leukemia cells

To verify whether the inhibition of SHP-1 contributed
to the elevated tyrosine phosphorylation of CLL cells,
which we earlier demonstrated to be dependent on the
delocalized and constitutively active HSP90-bound form
of Lyn”” (Online Supplementary Figure S2), freshly isolated
CLL cells underwent SHP-1 knockdown (Figure 3A) and
then incubated for 1 h in the presence of increasing con-
centrations of nintedanib (0-30 uM). After cell lysis, west-
ern blotting with anti-phosphotyrosine antibody showed
that nintedanib caused a dramatic reduction in tyrosine
phosphorylation at a concentration of 10 wM (Figure 3B
and Ounline Supplementary S3B, left-hand panel), which is
significantly higher than the nanomolar range reported to
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inhibit the receptor tyrosine kinases that nintedanib is
known to target.”* Importantly, the effect of nintedanib
was abrogated by the genetic inhibition of the phos-
phatase itself (Figure 3B and Ounline Supplementary S3B,
right-hand panel). On the other hand, tyrosine kinase
activities were only affected to a limited extent by
nintedanib, as assessed by the level of phosphorylation of
poly-Glu-Tyr or cdc2[6-20], peptide substrates used to
determine global (including that of receptor tyrosine
kinases) or Src family kinase-specific tyrosine kinase activ-
ity, respectively.”* In fact, as shown by the histograms in
Figure 3C and Ounline Supplementary Figure S3C, both types
of activities were affected at most by 30% of the control
only at high concentrations of nintedanib (over 10 uM).
Notably, the slight decrease in tyrosine kinase activity par-
alleled the activation state of Lyn, as monitored by west-
ern blot analysis with anti-pTyr-396-Lyn antibody (Figure
3D and Ounline Supplementary Figure S3D), whereas the
phosphorylation of CD5, to which the pool of SHP-1 asso-
ciated with the plasma membrane is bound,”® was
unchanged (Figure 3E and Ounline Supplementary Figure
S3E). Moreover, stimulation with 20 ug/mL anti-IgM anti-
body at different time points, which only weakly
increased the level of phosphorylation of CLL cells com-
pared to that in the resting state,®” did not affect the
decrease in tyrosine phosphorylation caused by pre-incu-
bation with 15 uM nintedanib for 1 h (Ounline
Supplementary Figure S4), again underscoring the impor-
tance of the activation of the cytosolic pool of SHP-1 in
dampening phospho-tyrosine-mediated signals.

Additionally, we wanted to evaluate whether
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Figure 3. Effect of nintedanib on the tyrosine phosphorylation of chronic lym-
phocytic leukemia cells. (A) Expression of SHP-1 in CLL cells of patient #18
transfected with scrambled and SHP-1 siRNA. (B) Phosphorylation pattern of
CLL cells transfected with scrambled or SHP-1 siRNA and cultured in the
absence or presence of increasing concentrations of nintedanib for 1 h. (C)
Global tyrosine kinase activity and specific Src activity in CLL cells cultured as
in (B) determined by [**P] incorporation into the nonspecific random polymer
polyGludTyr (top panel) or the specific peptide substrate cdc2(6-20) (bottom
panel). (D) Activation state of Lyn in CLL cells cultured as in (B) determined by
western blotting with anti-pTyr396-Lyn antibody. (E) Phosphorylation state of
CD5 as assessed by western blotting with anti-pTyr antibody of CD5 immuno-
precipitates from total cell lysates of CLL cells treated as in (B). Data are mean
+ SD of three experiments performed in triplicate (*P<0.05). Wb: western blot-
ting; IP: immunoprecipitation.
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nintedanib could affect CLL cell viability, considering that
compounds decreasing the tyrosine phosphorylation in
CLL cells also induced apoptosis.”* Freshly isolated CLL
cells incubated with increasing concentrations of
nintedanib (0-24 uM) for 24 and 48 h exhibited a marked
level of apoptosis, as determined by annexin V-propidium
iodide flow cytometry and pooled densitometric analysis
(Figure 4A, left-hand panel). Moreover, the degree of vari-
ability observed among the different subsets of patients as
spontaneous apoptosis was attenuated after treatment
with nintedanib (Online Supplementary Figure S5). Notably,
the concentrations of nintedanib able to induce apoptosis
in CLL cells did not alter the survival of normal B cells
(Online Supplementary Figure S6). Mechanistically, PARP
cleavage suggested that activation of the apoptotic path-
way was the major route leading to cell death (Figure 4A,
right-hand panel), which was further confirmed by the use
of the pan-caspase inhibitor z-VADfmk" (Ounline
Supplementary Figure S7A) and by experiments exploring
alternative mechanisms possibly contributing to cell
demise, such as necroptosis or autophagy. In fact, survival
of CLL cells did not vary if treatment with nintedanib fol-
lowed pre-incubation with necrostatin-1, an inhibitor of
necroptosis (Online Supplementary Figure S7B), and the pro-
tein levels of p62/SQSTMI, the degradation of which is
indicative of autophagy,”* remained stable for the entire
duration of the experiments performed in the presence of
nintedanib (Online Supplementary Figure S7C). In the latter
case, the positive control was provided by supplementing
the incubation medium of CLL cells with the mTOR
inhibitor everolimus, which caused a decrease in the pro-
tein level of p62/SQSTM1 (Online Supplementary Figure
S7D).” Similar results were obtained by co-culturing CLL
cells with bone marrow mesenchymal stromal cells,
which had been cultured in monolayer and grown to con-
fluence (approximately 1x10° mesenchymal stromal cells
per well), in a 20:1 ratio, to mimic the tissue microenviro-
ment in which CLL cells proliferate® (Online Supplementary
Figure S8).

To further investigate the contribution of SHP-1 to
nintedanib-induced apoptosis, we used genetic and phar-
macological inhibition of SHP-1 itself. Figure 4B (left-hand
panel) shows that the rate of apoptosis after 24 h of treat-
ment with nintedanib (bar 4) was dramatically reduced by
the silencing of SHP-1 (bar 8) to levels comparable to those
reached by knocking down the phosphatase in the
absence of nintedanib (bar 6). At the molecular level,
nintedanib induced caspase-dependent apoptosis, as wit-
nessed by the cleavage of caspase-3 and PARP (Figure 4B,
right-hand panel, lane 4), the latter event being negligible
when silencing SHP-1, irrespective of the presence of
nintedanib (lanes 6 and 8). These findings were consistent
with our previous data demonstrating that SHP-1 knock-
down brings about caspase-independent apoptosis by tar-
geting the plasma membrane pool of the phosphatase,
which is catalytically active and orchestrates anti-apoptot-
ic signals.”” The pharmacological inhibition of SHP-1
mediated by PTP-I-I provided results overlapping those
obtained by using SHP-1 short interfering RNA (Figure
4C). These observations led us to hypothesize that the
dephosphorylation of specific SHP-1 substrates induced
apoptosis following treatment with nintedanib in CLL
cells. We, therefore, focused on two factors that we had
previously explored and the activity of which we found to
be inhibited in CLL via phosphorylation by the aberrant

cytosolic form of Lyn, procaspase-8 (procasp8)” and
PP2A* After incubating freshly isolated CLL cells with
increasing concentrations of nintedanib, we performed
western blot analysis with antibodies directed against the
phosphorylated form of specific inhibitory residues of
these two proteins, Y380 of procasp8 and Y307 of PP2Ac.
Both tyrosines were phosphorylated when SHP-1 was not
silenced and nintedanib was not added to the incubation
medium (Figure 5A,C, left-hand panels, 0 uM), the level of
phosphorylation gradually declining as nintedanib concen-
tration increased (1-20 uM). Moreover, total lysates from
the same samples were assayed for the activity of the two
enzymes in vitro (see the Online Supplementary Data for
details on the commercial kits employed), which allowed
us to conclude that the activation of both enzymes
depended on the action of nintedanib exerted on SHP-1
(Figure 5B,D, left-hand panels). Importantly, dephospho-
rylation and activation of these factors were blocked,
albeit in the presence of nintedanib, by silencing SHP-1 in
CLL cells (Figure 5, right-hand panels), indicating that pro-
casp8 and PP2Ac were substrates for SHP-1 and effectors
of a SHP-1- dependent pro-apoptotic pathway.

Apoptosis of chronic lymphocytic leukemia cells can
be induced by indirect activators of SHP-1

The data collected thus far confirmed that nintedanib
could trigger SHP-1 by circumventing the phosphorylation
at the inhibitory residue S591. Interestingly, we recently
demonstrated that pS591 could be dephosphorylated by
PP2A, the activity of which was impaired by phosphory-
lation at Y307 as well as by the interaction with its
endogenous inhibitor SET.”” In this scenario, the restora-
tion of PP2A activity by a fingolimod analog devoid of
immunosuppressive action, the so-called MP07-66 [(2,2-
diethoxyethyl{[4-(hexyloxy)phenyl]lmethyl})amine], and
the subsequent dephosphorylation of PP2A substrates,
was shown to trigger apoptosis.” These findings led us to
conjecture that MP07-66 could be used as an indirect acti-
vator of SHP-1 via PP2A, and exploited to potentiate the
action of nintedanib on SHP-1 itself to reinforce the apop-
totic response of CLL cells. As shown in Figure 6A (left-
hand panel), incubation with increasing concentrations of
MP07-66 (0-24 wM) for 24 and 48 h brought about a
marked level of apoptosis in CLL cells, as determined by
annexin V—-propidium iodide flow cytometry. As in the
case of nintedanib (Figure 4), MP07-66 evoked apoptosis
in a caspase-dependent manner, as shown by the use of
the pan-caspase inhibitor zZVADfmk* (Figure 6A, Online
Supplementary Figure S9A,B), with no evidence of necrop-
tosis, the number of viable cells remaining unchanged fol-
lowing pre-incubation with necrostatin-1 prior to MP07-
66 treatment, or autophagy, as indicated by the stable level
of expression of p62/SQSTM145 (Online Supplementary
Figure S9C) for the duration of the experiments in the pres-
ence of PP2A activator. Under these conditions, the sur-
vival of normal B cells was not altered (Online
Supplementary Figure S10). To evaluate whether SHP-1 was
implicated in these events, aliquots from the cytosol for
each time interval were immunoblotted with anti-pS591-
SHP-1 antibody and tested for phosphatase activity in the
presence of [“P]-Band 3 as a substrate. The elevation of
activity of SHP-1 was concomitant with the dephosphory-
lation thereof as the concentration of MP07-66 increased
(Figure 6B,C) and the results were highly similar for all the
samples tested (Omnline Supplementary Figure S11A,B).
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Figure 4. Effect of nintedanib on the viability of chronic lymphocytic leukemia cells. Apoptosis of CLL cells from ten patients belonging to the various clinical and bio-
logical subtypes cultured (A) in the presence of increasing concentrations of nintedanib for 24 and 48 and assessed h by annexin V-propidium iodide flow cytometry,
(B) in the absence (bars 1-2, 5-6) or presence (bars 3-4, 7-8) of 15 uM nintedanib for O or 24 h after transfection with either scrambled siRNA or SHP-1-siRNA (white
and gray bars, respectively, left-hand panel) analyzed as in (A), and (C) pre-incubated without (1-4) or with 25 uM PTP-I- (5-8) for 1 h (white and gray bars, respectively,
left-hand panel) and then cultured in the absence (bars 1-2, 5-6) or presence (bars 3-4, 7-8) of 15 uM nintedanib for O or 24 h analyzed as in (A). Expression of SHP-1
in CLL cells of patient #34 after transfection with either scrambled siRNA or SHP-1-siRNA by western blotting analysis and pooled densitometric analysis (arbitrary units)
of the Wb bands of ten patients is represented by the histograms in the inset of (B). Data are mean percentage of early and late apoptosis + SD from three separate
experiments performed in triplicate (left-hand panel, *P<0.01). Western blotting analysis with anti-caspase 3 and anti-PARP antibodies monitored caspase-dependent
apoptosis; anti-B-actin antibody was used as a loading control (right-hand panels). Wh: western blot.
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Whb: pY380-procasp8

Further evidence for the role of SHP-1 in mediating apop-
tosis of CLL cells upon treatment with MP07-66 was pro-
vided by western blotting with antibodies against pY380-
procasp8 and pY307-PP2Ac, which revealed the dephos-
phorylation of the inhibitory residues (Figure 6D, lane 6)
at 6 h. As expected, this event was blocked by the specific
SHP-1 inhibitor PTP-I-I (Figure 6D, lane 8) as well as by
okadaic acid, a phosphatase inhibitor that is highly selec-
tive toward PP2A in the low nanomolar range® (lane 7),
which confirmed that the activation of PP2A drove the
dephosphorylation of SHP-1 S591, thereby promoting
global tyrosine dephosphorylation and cell death. Again,
these results were similar for all the samples tested, as
reported in the pooled densitometric analysis shown in
Ounline Supplementary Figure S11C.

All these observations were consistent with the
hypothesis that SHP-1 and PP2A form a signaling axis
wherein the single phosphatases, when stimulated, can
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activate one another, and that such a process can be
amplified by a combination of molecules activating both
simultaneously.

MP07-66 potentiates the pro-apoptotic effect
of nintedanib

Since our data suggest that the activation of either PP2A
or SHP-1 triggered by specific small molecules caused
stimulation of each other’s activity, thereby evoking a pos-
itive feedback signaling loop promoting apoptosis, we
wondered whether the combination of nintedanib and
MP07-66 could result in a more robust apoptotic response
of CLL cells. We, therefore, incubated freshly isolated CLL
cells with 15 uM nintedanib and 8 uM MP07-66 at differ-

ent times and monitored apoptosis by annexin V-propid-
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ium iodide flow cytometry (Figure 7A). Nintedanib
proved moderately effective at inducing apoptosis of CLL
cells after 6 and 12 h of incubation, its efficacy being large-

Figure 5. Effect of nintedanib on the phosphory-
lation state and activity of procaspase 8 and
PP2Ac. (A) Western blotting (Wb) analysis with
anti-pY380-procasp8 antibody, stripped and
reprobed with anti-procasp8 antibody and with
anti-p-actin antibody as a loading control, of total
cell lysates of CLL cells from ten patients belong-
ing to the various clinical and biological subtypes
transfected by nucleofection with either scram-
bled siRNA (left-hand panels) or SHP-1-siRNA
(right-hand panels) and cultured in the presence
of increasing concentrations of nintedanib for 1
h. Densitometric analysis (arbitrary units) of the
pY380-procasp8 and pro-casp8 bands is repre-
sented as histograms. (B) In vitro casp8 activity
on cell lysates from CLL cells treated as in (A) as
described in the Methods section. Compared
with the effect of nintedanib, changes due to
siRNA were statistically significant (*P<0.01). (C)
Wb analysis with anti-pY307-PP2Ac antibody,
stripped and reprobed with anti-PP2Ac antibody
and with anti-B-actin antibody as a loading con-
trol, of total cell lysates of CLL cells from ten
patients treated as in (A). Densitometric analysis
(arbitrary units) of the pY307-PP2Ac and PP2Ac
bands is represented as histograms. Data are
mean + SD from four experiments performed in
triplicate. (D) In vitro PP2A activity on cell lysates
from CLL cells treated as in (A) by using a specific
phosphopeptide as a substrate, as described in
the Methods section of the Online
Supplementary Data. Compared with the effect
of nintedanib, changes due to siRNA were statis-
tically significant (*P<0.01).




ly improved by the concomitant presence of MP07-66,
which itself exhibited a pro-apoptotic activity overlapping
that of nintedanib when used as a single agent.
Furthermore, the variability exhibited by the different sub-
sets of patients as spontaneous apoptosis was attenuated
after treatment with the combination of the two agents
(Online Supplementary Figure S12). Similarly, co-cultures of
CLL cells with bone marrow mesenchymal stromal cells
were treated as above with overlapping results (Online
Supplementary Figure S13). Moreover, to explore how PP2A
activation took part in the apoptotic process induced by
MP07-66, CLL cells were incubated with 15 uM
nintedanib for 6 h in the absence or presence of okadaic
acid. As expected, 5 nM okadaic acid drastically reduced
the rate of apoptosis of CLL cells treated with MP07-66 or
the combination with nintedanib, but only to a lesser
extent with nintedanib alone (Figure 7B, left-hand panel).
Moreover, the PP2A activity assay performed using a com-
mercial PP2A assay kit on cell lysates of CLL cells treated
as above showed a trend similar to that observed for the
apoptotic rate (right-hand panel). Overall, these data cor-
roborate the hypothesis that the inhibition of PP2A is cen-

SHP-1/PP2A as a new druggable axis in CLL e

tral to CLL cell viability and that its activation is facilitated
by the supportive action of SHP-1, as demonstrated by the
effect produced by the simultaneous use of the respective
activators.

Discussion

In this study, we show that nintedanib induces caspase-
dependent apoptosis in CLL cells via dephosphorylation
of pro-apoptotic key players such as procasp8 and PP2A
by directly activating the cytosolic pool of the tyrosine
phosphatase SHP-1.

SHP-1 is a tyrosine phosphatase that negatively regu-
lates signaling in cells of hematopoietic lineage, having a
key role in modulating the response to antigens and con-
tributing to the development of tolerance to self-antigens.
In CLL, SHP-1 undergoes multiple regulatory mechanisms
leading to both spatial and functional segregation, which
seem to be crucial in supporting the cancer phenotype.”
Phosphorylation of different residues, especially at the C-
terminus, significantly changes the activation status and

phorylation state of pS591 of CLL cells of patient
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#28 cultured in the presence of increasing con-
centrations of MPO7-66. Data are expressed as
mean + SD from one experiment performed in
triplicate (*P<0.01). (D) Expression and phos-
phorylation state of procasp8 and PP2Ac in the
CLL cells of patient #28 cultured in the absence
(lanes 1 and 5) and presence of 8 uM MP0O7-66
supplemented with 5 nM okadaic acid (OA)
(lanes 3 and 7) or 25 uM PTP-I- (lanes 4 and 8)
for 0 and 6 h.
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localization of SHP-1, phospho-Y536 being typical of the
activated pool bound to the plasma membrane co-receptor
CD5, and phospho-5591 characterizing the inhibited pool
of SHP-1 in the cytosol. This latter form appears to be one
of the factors that sustains the aberrant Lyn-dependent
tyrosine phosphorylation of countless proteins in the
cytosol of CLL cells, which is ultimately key to the anti-
apoptotic signaling network in this disease.””” Here, we
demonstrate that nintedanib, a small molecule known to
act as a triple angiokinase inhibitor in the low nanomolar
range,”* activates the cytosolic fraction of SHP-1 by cir-
cumventing pS591-dependent inhibition, as recently

A [ control

[T Nintedanib (15 uM)
100-1 Il MP07-66 (8 uM)

Apoptotic cells
(% of control)

Nintedanib

inactive
MP07-66 [==am
active
SET

Il Nintedanib (15 uM)+MP07-66 (8 uM)

; ||nactive

described in another cancer model.* Significantly, in addi-
tion to leaving SHP-1 at the plasma membrane unaffected,
nintedanib only marginally modifies tyrosine kinase activ-
ities in CLL cells even at micromolar concentrations. On
the other hand, a dramatic drop in tyrosine phosphoryla-
tion occurs as a result of SHP-1 activation in the cytosol
with consequent caspase-dependent apoptosis, suggesting
that the massive tyrosine phosphorylation in CLL cells
directly affects the function of factors that counteract the
oncogenic machinery. Notably, although genetic or phar-
macological inhibition of SHP-1 can prevent the caspase-
dependent apoptosis evoked by nintedanib, again sup-
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Figure 7. Effect of the combined action of
nintedanib and MP0O7-66 on chronic lymphocytic
leukemia cell survival. (A) Apoptosis of CLL cells
from ten patients belonging to the various clinical
and biological subtypes cultured in the absence
and presence of 15 uM nintedanib, 8 uM MPO7-
66 or both over time analyzed by annexin V-pro-
pidium iodide flow cytometry. (B) Apoptosis of
CLL cells from ten patients as described in (A)
supplemented without or with 5 nM okadaic acid
(OA) (right panels) for 6 h. Analysis by annexin V-
propidium iodide flow cytometry is expressed as
mean percentages of early and late apoptosis +
SD from three separate experiments performed
in triplicate (*P<0.01). (C) PP2A phosphatase
activity performed on the total lysates of CLL
cells treated as in (B). (D) Working model of the
positive feedback signling loop triggered by the
combination of nintedanib and MPO7-66, which
counters the high level of cytosolic tyrosine phos-
phorylation, the crucial factor sustaining the
oncogenic machinery in CLL cells, mediated by
the aberrant form of HSP90-bound Lyn.
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porting the hypothesis that the action of this drug is medi-
ated by SHP-1, such treatments can still induce caspase-
independent apoptosis, which is in line with the role of
the CD5-bound form of SHP-1 as a pro-survival agent in
CLL>

Our findings indicate that the distribution of the two
forms of SHP-1 is central to their differentiated function,
at the plasma membrane in an active form taking part in a
signalosome that orchestrates survival signals, and in the
cytosol in an inhibited conformation. This condition ren-
ders SHP-1 unable to dephosphorylate cytosolic Lyn tar-
gets endowed with pro-apoptotic potential, such as pro-
casp8 and PP2A. Procasp8 occurs as an inactive homodi-
mer in CLL cells, the trigger for dimerization being the
phosphorylation of Y380 mediated by Lyn.” Here,
nintedanib, via direct activation of SHP-1 in the cytosol,
induces dephosphorylation, autocatalysis and activation
of procasp8, which explains the caspase-dependent apop-
tosis observed. As to PP2A, Lyn-mediated phosphoryla-
tion at Y307 of the catalytic subunit stabilizes its interac-
tion with its physiological inhibitor SET, hampering the
activity of the phosphatase.” This results in the persistent
serine/threonine phosphorylation of PP2A substrates,
including the cytosolic pool of SHP-1, and propagates pro-
survival and anti-apoptotic signals.” Conversely,
nintedanib-activated SHP-1 dephosphorylates PP2A, facil-
itating the disruption of the PP2A/SET complex, with acti-

vation of PP2A itself and dephosphorylation of SHP-1
(Figure 7D), eventually triggering the apoptotic response.
This latter event is magnified by the combination of
nintedanib with the FTY720 analog MP07-66 in that this
latter compound interferes directly with the interaction
between PP2A and SET,” further aiding in the reactivation
of PP2A. In this scenario, nintedanib and MP07-66, direct
activators of SHP-1 and PP2A, respectively, appear to initi-
ate a positive feedback signaling loop which opposes Lyn-
mediated oncogenic signaling, thus promoting the
dephosphorylation of crucial players in the deranged sig-
naling architecture of CLL, switching off anti-apoptotic
signals and unleashing cell death.

In conclusion, our findings indicate that phosphatase
activators may represent a new weapon against this form
of leukemia, especially in the light of the heterogeneity
and the unavoidable progression of the disease as well as
the resistance to the front-line drugs currently in use, not
to mention the adverse effects recently reported for the
most promising second-line drugs.”
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