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Activation of Protein Tyrosine Phosphatase Receptor Type g
Suppresses Mechanisms of Adhesion and Survival in Chronic
Lymphocytic Leukemia Cells

Alessio Montresor,* Lara Toffali,* Laura Fumagalli,* Gabriela Constantin,† Antonella Rigo,‡

Isacco Ferrarini,‡ Fabrizio Vinante,‡ and Carlo Laudanna*

The regulatory role of protein tyrosine kinases in b1- and b2-integrin activation and in the survival of chronic lymphocytic
leukemia (CLL) cells is well established. In contrast, the involvement of protein tyrosine phosphatases in CLL biology was less
investigated. We show that selective activation of the protein tyrosine phosphatase receptor type g (PTPRG) strongly suppresses
integrin activation and survival in leukemic B cells isolated from patients with CLL. Activation of PTPRG specifically inhibits
CXCR4- as well as BCR-induced triggering of LFA-1 and VLA-4 integrins and mediated rapid adhesion. Triggering of LFA-1
affinity is also prevented by PTPRG activity. Analysis of signaling mechanisms shows that activation of PTPRG blocks
chemokine-induced triggering of JAK2 and Bruton’s tyrosine kinase protein tyrosine kinases and of the small GTP-binding
protein RhoA. Furthermore, activated PTPRG triggers rapid and robust caspase-3/7�mediated apoptosis in CLL cells in a
manner quantitatively comparable to the Bruton’s tyrosine kinase inhibitor ibrutinib. However, in contrast to ibrutinib, PTPRG-
triggered apoptosis is insensitive to prosurvival signals generated by CXCR4 and BCR signaling. Importantly, PTPRG activation
does not trigger apoptosis in healthy B lymphocytes. The data show that activated PTPRG inhibits, at once, the signaling
pathways controlling adhesion and survival of CLL cells, thus emerging as a negative regulator of CLL pathogenesis. These
findings suggest that pharmacological potentiation of PTPRG tyrosine-phosphatase enzymatic activity could represent a novel
approach to CLL treatment. The Journal of Immunology, 2021, 207: 671�684.

Chronic lymphocytic leukemia (CLL) is a common, highly
heterogeneous leukemia characterized by the clonal expan-
sion of mature, CD5-positive B lymphocytes in the bone

marrow (BM), blood, lymph nodes, and spleen (1). In contrast to
healthy B lymphocytes, CLL cells have a prolonged life span in
BM and lymphoid tissues, where they profit from the stromal micro-
environment to avoid apoptosis and undergo uncontrolled accumula-
tion. Among several stromal factors, chemokines play a central role
in dissemination and survival of CLL cells, thus favoring the accu-
mulation and permanence of a reservoir of leukemic cells in the BM
stromal niches. Accordingly, CLL cells are characterized by higher
expression of the CXCL12 chemokine receptor CXCR4 and of b1-
integrin VLA-4, which is a CLL-negative prognostic marker (2, 3).
In the context of signaling mechanisms involved in CLL pathogene-
sis, the protein tyrosine kinase (PTK) Bruton’s tyrosine kinase
(BTK) plays a critical role (4, 5). BTK couples Ag-activated BCR
to downstream signaling (6), involving the activity of PLCG2 (7, 8),
in turn triggering protein kinase Cb (9) and the subsequent activa-
tion of MAPKs (10) and NF-kB (11). Moreover, BTK is a down-
stream effector of classical chemoattractants (12) and chemokine
receptors (13�15), leading to activation of MAPKs and PLCG2, the
latter having a main role in B cell migration (16). Notably, few

phosphatases have also been implicated in CLL pathogenesis. The
protein tyrosine phosphatase receptor (PTPR) type O Tyr-phospha-
tase was shown to interfere with CLL progression and survival and was
proposed as a tumor suppressor gene (17). Moreover, it was reported
that PHLPP1 and phosphatase-2A Ser/Thr-phosphatases are downmodu-
lated in CLL, thus favoring prosurvival signals in CLL (18, 19). More-
over, SHIP1 and SHIP2 5-phosphate phosphatases have been shown to
interfere with prosurvival signaling mechanisms in CLL (20, 21).
Chemokines activate integrins by triggering a complex signal

transduction cascade involving at least 77 signaling molecules,
mediating rapid integrin affinity and valency upregulation, leading
to increased leukocyte adhesiveness (22). Recently, we have demon-
strated that in CLL cells, JAK2 and BTK PTKs have a pivotal role
in CXCR4-triggered signaling by mediating the activation of the
rho-rap module of integrin affinity triggering, ultimately controlling
LFA-1� and VLA-4�mediated rapid adhesion (23, 24). Importantly,
we showed that BTK activation by CXCR4 is mediated by both
JAK2 and heterotrimeric G-protein signaling, whereas, in contrast,
BTK activation by BCR relies on JAK2 (24). Thus, JAK2 and BTK
PTKs play a concurrent regulatory role in chemokine and BCR sig-
naling in CLL cells. In this context, the counterbalancing activity of
PTPs remains poorly defined.
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The PTP family includes receptor-like and nontransmembrane
proteins, for a total of 38 coding genes (25, 26). We have recently
demonstrated in human monocytes the negative regulatory role of
PTPR type g (PTPRG) in chemoattractant-induced integrin activation
(27). Consistent with the negative role of PTPRG on integrin trig-
gering, high-throughput phosphoproteomics analysis showed that,
among others, JAK2 and BTK PTKs are PTPRG targets of Tyr-
dephosphorylation and inhibition (27). Thus, these data suggest
that PTPRG could also have a role in CLL. However, the expres-
sion and regulatory role of PTPRG in CLL cells have never been
studied.
To study PTPRG in primary B cells and to identify possible

CLL-specific mechanisms, we analyzed leukemic cells isolated from
patients with CLL comparted to B lymphocytes isolated from healthy
donors by taking advantage of two complementary approaches we
previously developed, based on cell-penetrating peptides (CPPs) and
allowing selective activation of PTPRG in primary cells (27). We
show that PTPRG activation specifically blocks both CXCR4- and
BCR-triggered integrin-mediated static adhesion to ICAM-1 and
VCAM-1. The negative role of PTPRG on chemokine signaling
was also confirmed in underflow adhesion assays in physiological
shear stress conditions. Importantly, PTPRG activation completely
inhibited LFA-1 conformational transition to low-intermediate and
high-affinity states, both critical to underflow arrest. Analysis of sig-
naling mechanisms shows that PTPRG activation prevents Tyr-
phosphorylation and activation of JAK2 and BTK. Moreover, and
consistent with integrin LFA-1 affinity downmodulation, PTPRG
activity prevents CXCL12-triggered activation of the small GTPase
RhoA. Furthermore, we found that activation of PTPRG triggers
rapid and robust increase of caspase-3/7 activity in a time- and
dose-dependent manner in CLL cells, but not in healthy B lympho-
cytes, consistent with a CLL-specific PTPRG-mediated proapoptotic
effect. Importantly, PTPRG-triggered apoptosis is minimally sensitive
to prosurvival signals generated by CXCR4 and BCR engagement.
Taken together, our data show that PTPRG activation strongly
impairs signaling mechanisms controlling adhesion and survival of
CLL cells. These findings are, thus, consistent with a contrasting role
of PTPRG on CLL pathogenesis. The data suggest the ratio-
nale for the development of novel CLL treatments based on
selective pharmacological potentiation of PTPRG Tyr-phosphatase
activity.

Materials and Methods
Reagents

Human E-selectin/Fc (catalog number ADP1), human ICAM-1/Fc (catalog
number 720-IC), human VCAM-1/Fc (catalog number 862-VC), and human
CXCL12 (catalog number 350-NS) were from R&D Systems (Minneapolis,
MN); FITC goat secondary Ab to mouse was from Sigma-Aldrich (catalog
number F2012; St. Louis, MO); TAT, penetratin-1 (P1), and P1-wedge
domain (P1-WD) were synthesized by GenScript (Piscataway, NJ); mAb
anti-PTPRG (TPg B9-2) was kindly provided by Prof. Sorio (University of
Verona); KIM127 mouse mAb was from American Type Culture Collection
(Rockville, MD); 327A mouse mAb was kindly provided by Dr. Kristine
Kikly (Eli Lilly and Company, Indianapolis, IN); goat F(ab9)2 anti-human
IgM was from SouthernBiotech (catalog number 2022-14; Birmingham,
AL); PE anti-human CD184 (CXCR4) was from BioLegend (clone 12G5;
catalog number 306505; San Diego, CA); PMA was from Sigma-Aldrich
(catalog number P8139); JAK2 (Phospho) [pY1007/pY1008] Human ELISA
Kit was from Thermo Fisher Scientific (catalog number KHO5621; Wal-
tham, MA); PE mouse anti-BTK (pY223) Ab was from BD Biosciences
(catalog number 562753; San Jose, CA); RhoA G-LISA activation assay Kit
was from Cytoskeleton (catalog number BK124; Denver, CO); and CellEvent
Caspase-3/7 Green Assay Kit was from Thermo Fisher Scientific (catalog
number C10427).

Isolation of B lymphocytes from healthy subjects and patients with
CLL

Normal and CLL B lymphocytes were isolated from PBMCs after blood separa-
tion on Ficoll-Paque Plus and purification by negative selection (Miltenyi Biotec).
Purity of B lymphocyte preparations was checked by flow cytometry with
anti-CD19 mAb (BD Biosciences). The study involved a total of 21 patients
with a diagnosis of CLL compared with normal B lymphocytes isolated
from healthy donors. The diagnosis of CLL was made upon clinical and
laboratory parameters at the hematology section of the Department of Clini-
cal and Experimental Medicine, University of Verona. Patients with CLL
have been selected for complete absence of any previous treatment. Blood
samples were obtained in the context of the project 1828/2010 approved by
the ethics committee of Verona University Hospital; written informed con-
sent was obtained according to Italian law. Blood samples from patients
with CLL contained CD5-positive cells ranging from 70 to 96% with an
average of 86 ± 7% (Table I).

Trojan CPP technology

The control TAT and P1 and the fusion P1-WD peptides were synthesized
by GenScript. The P1-WD peptide (RQIKIWFQNRRMKWKKGKQFV
KHIGELYSNNQHGFSEDFEEVQ) encompassed the complete P1 sequence
(16 aa; RQIKIWFQNRRMKWKK), an inserted glycine to allow flexibility of
the fusion peptide, and the previously identified, 26-aa�long, PTPRG WD
sequence encompassing aa 831 to 856 of human PTPRG (KQFVKHIGE-
LYSNNQHGFSEDFEEVQ) (27). PTPRG TAT-intracellular domain (TAT-
ICD) fusion protein was generated by using the pRSET-TATa expression
vector, as reported (27). Concentrated stock samples of purified native TAT-
ICD fusion protein were stored at �20�C. The tyrosine phosphatase activity
of the TAT-ICD preparations was systematically quantified by means of a
p-nitrophenyl phosphate (pNPP) assay. Freshly purified TAT-ICD was dis-
solved in pNPP assay buffer (20 mM Tris, 10 mM DTT, and 2 mM pNPP) in
the presence or absence of orthovanadate, and the dephosphorylating activity
was evaluated, after 30 min of incubation, at 405 nm by a plate reader. See
YouTube animations at https://www.youtube.com/watch?v=wf8VF6SQaHo
for the mechanisms of action of P1-WD and TAT-ICD CPPs.

Static adhesion assay

B lymphocytes were suspended in standard adhesion buffer (PBS plus 10%
FBS plus Ca21 1 mM plus Mg21 1 mM [pH 7.2]). Adhesion assays were
performed on 18-well glass slides coated with human ICAM-1 or VCAM-1,
1 mg/ml in PBS. A total of 20 ml of cell suspension was added to the well
and stimulated at 37�C with 5 ml of CXCL12, 0.5 mM final concentra-
tion, for 120 s, or with 5 ml of PMA, 50 ng/ml final concentration, for
10 min. After washing, adherent cells were fixed in 1.5% glutaraldehyde
in ice-cold PBS and counted by computer-assisted enumeration, as pre-
viously reported (27).

Underflow adhesion assay

Cell behavior in underflow conditions was studied with the BioFlux 200 sys-
tem (Fluxion Biosciences, South San Francisco, CA). The 48-well plate
microfluidics were first coated overnight at room temperature with 2.5 mg/ml
human E-selectin together with 10 mg/ml human ICAM-1 or with VCAM-1
alone in PBS. Before use, microfluidic channels were washed with PBS and
then coated with 4 mM CXCL12 in PBS for 3 h at room temperature, and
the assay was done at wall shear stress of 1 dyne/cm2. The behavior of inter-
acting lymphocytes was recorded on a digital drive with a fast CCD camera
(25 frames/s, capable of 1/2 subframe 20-ms recording) and analyzed sub-
frame by subframe. Single areas of 0.2 mm2 were recorded for at least 60 s.
Interactions of $20 ms were considered significant and scored. Lymphocytes
that remained firmly adherent for at least 10 s, thus including also events of
adhesion stabilization, were considered fully arrested and scored. Rolling
interacting and arrested cell behaviors were automatically detected and quan-
tified with BeQuanti.

Measurement of LFA-1 affinity states

B lymphocytes were briefly preincubated with 10 mg/ml of KIM127 or
327A mAbs and stimulated under stirring conditions for 120 s with 0.5 mM
CXCL12 at 37�C. After rapid washing, cells were stained by FITC second-
ary polyclonal Ab and analyzed by flow cytometer (MACSQuant Analyzer
10; Miltenyi Biotec). The acquisition gate was restricted to lymphocyte gate
based on morphological characteristics, and 15,000 lymphocytes were
acquired and analyzed.

BTK activation

BTK activation was measured by means of tyrosine 223 phosphorylation.
Cells were treated and stimulated as indicated and, after a rapid wash, fixed
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in formaldehyde 4% for 30 min at 4�C. Cells were washed and suspended in
permeabilization buffer (PBS plus 5% FBS plus 0.5% saponin) containing
PE-conjugated anti�pY223-BTK Ab for 30 min at 4�C. Cells were washed,
suspended in ice-cold PBS, and analyzed by cytofluorimetric quantification.
The acquisition gate was restricted to lymphocyte gate based on morphologi-
cal characteristics, and 15,000 lymphocytes were acquired and analyzed.

JAK2 activation

JAK2 activation was measured by ELISA kit (JAK2 pYpY1007/1008; Life
Technologies, Carlsbad, CA). Cells were treated and stimulated as indicated
and then lysed at 4�C. Cell lysates were tested for pYpY1007/1008 JAK2,
and colorimetric signals were detected by a plate reader (Victor X5 Multilabel
Plate Reader; PerkinElmer, Waltham, MA).

RhoA activation

RhoA activation was measured by using a commercial kit (G-LISA RhoA
Activation Assay Biochem Kit; Cytoskeleton). Cells were treated and stimu-
lated as indicated and then lysed at 4�C. Cell lysates were tested for GTP-
loaded RhoA, and colorimetric signals were detected by a plate reader.

Kinetic analysis of apoptosis

Cell apoptosis was evaluated with the CellEvent Caspase-3/7 Green Assay
Kit. A total of 106 cells/well was dispensed in 24-well plates in the presence
or absence of different agonists. Kinetics of increased caspase-3/7 activity
were evaluated by time-lapse video microscopy with a Zeiss AxioObserver 7
inverted wide-field microscope, equipped with thermostatic chamber, Colibri
7 fluorescent LED illumination, full motorized stage, Hamamatsu ORCA-
Flash4.0 V3 Digital CMOS camera, set at 8 output bit depth, and the Zeiss
ZEN 2.6 time-lapse module. The 24-well plates were kept at 37�C in a 5%
CO2 humidified atmosphere; video acquisition was with a 40� Plan Apo-
chromatic objective (numerical aperture 0.65) corresponding to an acquisi-
tion area of 1.2 � 105 mm2, with a cell density of 500 cells/acquisition area.
Each field was acquired in bright-field and fluorescent light illumination
(503/530-nm excitation/emission). Exposure time for fluorescent light was
set at 500 ms and left unchanged for the entire duration of the experiment.
Time-lapse imaging was for 24 h, with a 15-min time frame, allowing acqui-
sition of 96 frames/condition. Frame-by-frame image analysis was per-
formed, without image preprocessing, with the Zeiss ZEN 2.6 image
analysis module, allowing automatic cell segmentation, recognition, and
pixel intensity quantification. Pixel intensity (0�256 gray levels) was linear
over time with the intensity of emitted fluorescence, in turn proportional to
caspase-3/7 enzymatic activity. A total of 48,000 cellular events/24 h for
every condition were analyzed. Fluorescence intensity was normalized to the
area of every analyzed cell and expressed as intensity per micrometer
squared. Data were either expressed and plotted as number of caspase-3/
7�positive cells over time or as individual cell and average fluorescence
intensity reached after 24 h.

Flow cytometric detection of cell surface CXCR4 expression

B lymphocytes were treated and stimulated as indicated. After washing, cells
were stained with anti-CXCR4 Ab for 1 h at 4�C and analyzed by flow
cytometer (MACSQuant Analyzer 10; Miltenyi Biotec). The acquisition gate
was restricted to lymphocyte gate based on morphological characteristics,
and 15,000 lymphocytes were acquired and analyzed.

Statistical analysis

Results are expressed as mean ± SD. Statistical significance was assessed by
Mann�Whitney U test or one-way ANOVA followed by post hoc Dunnett
multiple-comparisons test at the 95% confidence level (control columns were
set at P1 or TAT alone treatment condition). Statistical significance threshold
was set at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001). All statistical
analyses and data plots were performed using GraphPad Prism version 8 soft-
ware (GraphPad Software).

Results
Activation of PTPRG inhibits signaling mechanisms of integrin
triggering in human primary healthy B lymphocytes

By using an mAb selective for the PTPRG extracellular region
(TPg B9-2) (28), we first confirmed that PTPRG is equally
expressed on both healthy and CLL B cells (Fig. 1A). Considering
the opposite biochemical role of phosphatases with respect to kin-
ases, an effective methodology to study the functional role of pro-
tein phosphatases would allow activating the phosphatase activity

itself. Notably, PTPRG is normally expressed as a homodimer
devoid of enzymatic activity (11). Because monomeric PTPRG has
a very high intrinsic enzymatic activity (29), PTPRG can be acti-
vated by receptor monomerization. However, physiological activa-
tors of PTPRG are unknown. Thus, to investigate the regulatory role
of PTPRG in primary cells, we have recently developed the
PTPRG-specific P1-WD Trojan peptide (27), which selectively
unleashes, by induced receptor monomerization, the intrinsic Tyr-
phosphatase activity of PTPRG. We exploited this approach to first
evaluate whether activation of PTPRG could inhibit integrin trigger-
ing in healthy B lymphocytes.
In static adhesion assays, pretreatment with P1-WD inhibited in a

dose-dependent manner CXCL12-induced rapid adhesion to both
ICAM-1 (Fig. 1B) and VCAM-1 (Fig. 1C). Furthermore, pretreat-
ment with P1-WD also inhibited BCR-induced adhesion to ICAM-1
(Fig. 1D) and VCAM-1 (Fig. 1E). To corroborate these data, we
evaluated the effect of P1-WD on CXCL12-triggered rapid arrest in
underflow conditions at physiological shear stress. Pretreatment with
P1-WD markedly reduced the percentage of arrested cells both on
ICAM-1 and VCAM-1 (Fig. 1F, 1G), with a corresponding increase
of rolling cells, as expected. To further characterize the antiadhesive
role of PTPRG, we measured LFA-1 heterodimer conformational
changes by using two mAbs, recognizing the low-intermediate and
high-affinity states of LFA-1 (KIM127 and 327A mAbs, respec-
tively). Pretreatment with P1-WD completely blocked chemokine-
triggered transition of LFA-1 to both low-intermediate (Fig. 1H, 1I)
and high-affinity states (Fig. 1J, 1K). The P1 control peptide was
ineffective in all conditions.
Next, we evaluated whether activation of PTPRG was able to

interfere with signaling mechanisms mediating integrin activation.
Pretreatment with P1-WD peptide strongly inhibited CXCL12-trig-
gered JAK2 phosphorylation on tyrosine 1007/1008 (Fig. 1L).
Moreover, pretreatment with P1-WD inhibited CXCL12-induced
BTK phosphorylation on tyrosine-223, a residue critical to BTK
kinase activity (12, 16, 30�32) (Fig. 1M, 1N). Furthermore, because
the small GTPase RhoA is a downstream effector of both JAK and
BTK PTKs and is critically involved in integrin affinity upregula-
tion, we tested whether PTPRG activation was able to prevent
RhoA activation by CXCL12. Pretreatment with P1-WD strongly
inhibited CXCL12-induced RhoA activation (Fig. 1O). The P1 con-
trol peptide was ineffective in all settings.
To confirm these findings with a complementary approach, we

generated a Tyr-phosphatase active TAT fusion protein encompass-
ing both the D1 enzymatic and the D2 regulatory intracellular
domains of PTPRG. The PTPRG TAT-ICD fusion protein was pre-
viously biochemically characterized and demonstrated to translocate
into the cell cytosol of primary cells fully retaining the tyrosine
phosphatase activity (27). In static adhesion assays, pretreatment of
healthy B lymphocytes with TAT-ICD inhibited in a dose-dependent
manner CXCL12-induced rapid adhesion to both ICAM-1 (Fig. 2A)
and VCAM-1 (Fig. 2B). Furthermore, pretreatment with TAT-ICD
also inhibited BCR-induced adhesion to ICAM-1 (Fig. 2C) and
VCAM-1 (Fig. 2D). Moreover, in underflow adhesion assays, pre-
treatment with TAT-ICD markedly reduced the percentage of
arrested cells to both ICAM-1 and VCAM-1 (Fig. 2E, 2F). TAT-
ICD also completely blocked chemokine-triggered transition of
LFA-1 to both low-intermediate (Fig. 2G, 2H) and high-affinity
states (Fig. 2I, 2J). Furthermore, TAT-ICD blocked CXCL12-trig-
gered JAK2 (Fig. 2K) and BTK Tyr-phosphorylation (Fig. 2L, 2M),
as well as RhoA activation by CXCL12 (Fig. 2N). The TAT control
peptide was ineffective in all assays.
Altogether, these data demonstrate that, upon activation, PTPRG

becomes a strong negative regulator of signaling mechanisms control-
ling b1- and b2-integrin activation in human primary B lymphocytes.
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FIGURE 1. Activation of endogenous PTPRG inhibits inside-out signaling to integrin activation and dependent adhesion in healthy B lymphocytes.
(A) Mean fluorescence of PTPRG staining in healthy (n = 19) and CLL (n = 21) B lymphocytes. (B) Static adhesion on ICAM-1 of cells treated with DMSO
(not treated [NT] and Control), 50 mM P1, or indicated doses of P1-WD for 1 h at 37�C and then stimulated with CXCL12 500 nM (n = 5, in dupli-
cate). (C) Static adhesion on VCAM-1 of cells treated as in (B) (n = 5, in duplicate). (D) Static adhesion on ICAM-1 of cells treated as in (B) and stimulated
with 10 mg/ml anti-IgM (n = 5, in duplicate). (E) Static adhesion on VCAM-1 of cells treated as in (B) and stimulated with 10 mg/ml anti-IgM (n = 5, in dupli-
cate). (F) Underflow adhesion on ICAM-1 of cells treated with DMSO (Control), P1, or P1-WD (50 mM) for 1 h at 37�C (n = 4). (G) Underflow adhesion on
VCAM-1 of cells treated as in (F) (n = 4). (H) LFA-1 low-intermediate affinity measurement of cells treated as in (F) and stimulated with 500 nM CXCL12
(n = 4). Shown are the percentages of fold increase over NT. (I) Histograms of fluorescence of a representative experiment of LFA-1 low-intermediate affinity.
(J) LFA-1 high-affinity measurement of cells treated and stimulated as in (F) (n = 4). Shown are the percentages of fold increase over NT. (K) Histograms of
fluorescence of a representative experiment of LFA-1 high affinity. (L) JAK2 activation assay in cells treated and stimulated as in (Figure legend continues)
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Activation of PTPRG inhibits signaling mechanisms of integrin
triggering in CLL cells

We next evaluated the effect of PTPRG activation on integrin-medi-
ated adhesion in CLL cells (Table I). It was of primary interest to
test the effect of the P1-WD to exclude that, due to neoplastic pro-
gression, the PTPRG intermolecular regulatory WD, which is the
target of steric hindrance by P1-WD (27), was not mutated or
deleted in CLL cells, thus making PTPRG resistant to triggered
monomerization. In static adhesion assays, pretreatment of CLL
cells with P1-WD reduced in a dose-dependent manner CXCL12-
induced rapid adhesion to both ICAM-1 (Fig. 3A) and VCAM-1
(Fig. 3B). Moreover, similarly to healthy B lymphocytes, pretreat-
ment with P1-WD also inhibited adhesion to ICAM-1 (Fig. 3C) and
VCAM-1 (Fig. 3D) triggered by BCR engagement. The P1 control
peptide was ineffective. P1-WD was also highly effective in under-
flow conditions. Indeed, pretreatment with P1-WD significantly
reduced the percentage of arrested CLL cells on both ICAM-1 and
VCAM-1 (Fig. 3E, 3F), with a corresponding increase of rolling cells.
Furthermore, pretreatment with P1-WD almost completely blocked
chemokine-triggered transition of LFA-1 to both low-intermediate
(Fig. 3G, 3H) and high-affinity states (Fig. 3I, 3J). Analysis of sig-
naling mechanisms confirmed the negative regulatory role of
PTPRG on integrin activation by chemokines also in CLL cells.
Indeed, pretreatment with P1-WD induced a marked inhibition of
CXCL12-triggered JAK2 (Fig. 3K) and BTK (Fig. 3L, 3M) Tyr-
phosphorylation. Finally, pretreatment with P1-WD markedly inhib-
ited CXCL12-induced RhoA activation (Fig. 3N). The P1 control
peptide was ineffective in all settings. Together, the data show the
full responsiveness of CLL cells to P1-WD, indicating that in CLL
cells, the regulatory PTPRG WD is conserved and that the D1 enzy-
matic and the D2 regulatory intracellular domains of PTPRG are
functional.
The strong effect of P1-WD on CLL cell adhesion and sig-

naling was then confirmed by exploiting the TAT-ICD�based

approach. Pretreatment with TAT-ICD inhibited, in a dose-
dependent manner, CXCL12-induced rapid static adhesion to
both ICAM-1 (Fig. 4A) and VCAM-1 (Fig. 4B). Furthermore,
pretreatment with TAT-ICD also inhibited BCR-induced adhe-
sion to ICAM-1 (Fig. 4C) and VCAM-1 (Fig. 4D). Moreover,
in underflow adhesion assays, pretreatment with TAT-ICD
consistently reduced the percentage of arrested cells to both
ICAM-1 and VCAM-1 (Fig. 4E, 4F). TAT-ICD also completely
blocked chemokine-triggered LFA-1 transition to both low-intermedi-
ate (Fig. 4G, 4H) and high-affinity states (Fig. 4I, 4J). Analysis of sig-
naling mechanisms fully confirmed the TAT-ICD efficacy. Indeed,
pretreatment with TAT-ICD completely inhibited CXCL12-triggered
JAK2 (Fig. 4K) and BTK (Fig. 4L, 4M) Tyr-phosphorylation.
Finally, pretreatment with TAT-ICD completely prevented RhoA
activation by CXCL12 (Fig. 4N). The TAT control peptide was
ineffective in all settings.
Altogether, these data show that CLL cells are fully responsive to

PTPRG activation, highlighting, for the first time to our knowledge,
that PTPRG is a strong negative regulator of signaling mechanisms
controlling integrin-mediated adhesion in CLL cells.

PTPRG activation does not affect CXCR4 internalization nor
PMA-induced integrin activation

To investigate the functional specificity of PTPRG, we first evalu-
ated whether activated PTPRG could affect the downmodulation of
CXCR4 surface expression upon CXCL12 stimulation. In either
healthy or CLL B lymphocytes, stimulation with CXCL12 induced
a time-dependent downmodulation of CXCR4 expression, as
expected (Supplemental Fig. 1A�H, Fig. 5A�H). Pretreatment with
P1-WD or with TAT-ICD did not alter the basal expression of
CXCR4 (data not shown). Furthermore, pretreatment with P1-WD
(Supplemental Fig. 1A�D, Fig. 5A�D) or with TAT-ICD
(Supplemental Fig. 1E�H, Fig. 5E�H) did not prevent CXCR4
downmodulation induced by CXCL12 in both healthy and CLL B
cells, respectively. As a further test, we studied integrin-mediated
adhesion upon PMA stimulation. In healthy as well as in CLL B
lymphocytes, pretreatment with P1-WD (Supplemental Fig. 1I, 1J,
Fig. 5I, 5J) or with TAT-ICD (Supplemental Fig. 1K, 1L, Fig. 5K, 5L)
did not inhibit PMA-triggered static adhesion on ICAM-1 or VCAM-1.
Overall, these data support a functional specificity of PTPRG on
CXCL12- and BCR-triggered signaling events leading to integrin
activation.

Activation of PTPRG triggers robust apoptosis in CLL cells, but not
in healthy B lymphocytes

Signals from stromal factors, such as the chemokine CXCL12, are
critical to CLL cell survival (33�37). Thus, considering the effect of
PTPRG activation on chemokine and BCR signaling, we asked
whether, with respect to healthy B lymphocytes, PTPRG activation
could affect the survival of CLL cells, both in the absence and pres-
ence of stromal factors, by applying a time lapse�based methodology
to precisely monitor in real time the kinetics of apoptosis. PTPRG-
activating CPPs were compared, as positive control, to the BTK irre-
versible inhibitor ibrutinib, which we previously showed to also
inhibit integrin activation in CLL cells (24).
In healthy B lymphocytes, ibrutinib did not trigger an increase of

the number of apoptotic cells with respect to untreated cells. More-
over, with respect to P1 and TAT control peptides, the PTPRG-acti-
vating P1-WD peptide and the TAT-ICD fusion protein were unable

(F) (n = 5, in duplicate). (M) BTK activation assay in cells treated and stimulated as in (F) (n = 9). Shown are the percentages of fold increase over NT.
(N) Histograms of fluorescence of a representative experiment of BTK activation. (O) RhoA activation of cells treated and stimulated as in (F) (n = 5
in duplicate). All data are expressed as mean ± SD. *p < 0.05, **p < 0.01 versus P1.

Table I. List of patients with CLL involved in this study

Patient No. Percentage of CD5/CD19 IgVH CD38 Age, y (Sex)

1 88 NM P 74 (male)
2 85 NM P 83 (male)
3 90 M N 66 (male)
4 89 M P 68 (male)
5 78 NM N 62 (female)
6 90 NM P 50 (male)
7 84 M P 70 (male)
8 75 M N 68 (female)
9 87 M N 45 (male)
10 90 NM N 71 (male)
11 85 NM P 50 (female)
12 70 NM N 80 (female)
13 92 NM N 48 (male)
14 85 M P 74 /male)
15 95 NM P 53 (male)
16 89 M N 44 (male)
17 95 NM N 59 (male)
18 96 NM N 81 (female)
19 83 NM N 60 (female)
20 76 M N 72 (male)
21 95 NM N 76 (male)

M, mutated; N, negative (<30% on CLL cells); NM, unmutated; P, positive
(>30% on CLL cells).
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FIGURE 2. A cell-permeable PTPRG active Tyr-phosphatase domain inhibits inside-out signaling to integrin activation and dependent adhesion in healthy
B lymphocytes. (A) Static adhesion on ICAM-1 of cells treated with DMSO (not treated [NT] and Control), 1 mM TAT, or indicated doses of TAT-ICD for
1 h at 37�C and then stimulated with CXCL12 500 nM (n = 5, in duplicate). (B) Static adhesion on VCAM-1 of cells treated as in (A) (n = 5, in duplicate).
(C) Static adhesion on ICAM-1 of cells treated as in (A) and stimulated with 10 mg/ml anti-IgM (n = 5, in duplicate). (D) Static adhesion on VCAM-1 of cells
treated as in (A) and stimulated with 10 mg/ml anti-IgM (n = 5, in duplicate). (E) Underflow adhesion on ICAM-1 of cells treated with DMSO (Control),
TAT, or TAT-ICD (1 mM) for 1 h at 37�C (n = 4). (F) Underflow adhesion on VCAM-1 of cells treated as in (E) (n = 4). (G) LFA-1 low-intermediate affinity
measurement of cells treated as in (E) and stimulated with 500 nM CXCL12 (n = 4). Shown are the percentages of fold increase over NT. (H) Histograms of
fluorescence of a representative experiment of LFA-1 low-intermediate affinity. (I) LFA-1 high-affinity measurement of cells treated and stimulated as in (E)
(n = 4). Shown are the percentages of fold increase over NT. (J) Histograms of fluorescence of a representative experiment of LFA-1 high affinity. (K) JAK2
activation assay in cells treated and stimulated as in (E) (n = 5, in duplicate). (L) BTK activation assay in cells treated and stimulated as in (E) (n = 9). Shown
are the percentages of fold increase over NT. (M) Histograms of fluorescence of a representative experiment of BTK activation. (N) RhoA activation of cells
treated and stimulated as in (E) (n = 5 in duplicate). All data are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus TAT.
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FIGURE 3. Activation of endogenous PTPRG inhibits inside-out signaling to integrin activation and dependent adhesion in CLL B cells. (A) Static adhe-
sion on ICAM-1 of cells treated with DMSO (not treated [NT] and Control), 50 mM P1, or indicated doses of P1-WD for 1 h at 37�C and then stimulated
with 500 nM CXCL12 (n = 5, in duplicate). (B) Static adhesion on VCAM-1 of cells treated as in (A) (n = 5, in duplicate). (C) Static adhesion on ICAM-1 of
cells treated as in (A) and stimulated with 10 mg/ml anti-IgM (n = 5, in duplicate). (D) Static adhesion on VCAM-1 of cells treated as in (A) and stimulated
with 10 mg/ml anti-IgM (n = 5, in duplicate). (E) Underflow adhesion on ICAM-1 of cells treated with DMSO (Control), P1, or P1-WD (50 mM) for 1 h at
37�C (n = 4). (F) Underflow adhesion on VCAM-1 of cells treated as in (E) (n = 4). (G) LFA-1 low-intermediate affinity measurement of cells treated as in
(E) and stimulated with 500 nM CXCL12 (n = 3). Shown are the percentages of fold increase over NT. (H) Histograms of fluorescence of a representative
experiment of LFA-1 low-intermediate affinity. (I) LFA-1 high-affinity measurement of cells treated and stimulated as in (E) (n = 3). Shown are the percen-
tages of fold increase over NT. (J) Histograms of fluorescence of a representative experiment of LFA-1 high affinity. (K) JAK2 activation assay in cells
treated and then stimulated as in (E) (n = 5, in duplicate). (L) BTK activation assay in cells treated and stimulated as in (E) (n = 5). Shown are the percentages
of fold increase over NT. (M) Histograms of fluorescence of a representative experiment of BTK activation. (N) RhoA activation of cells treated and stimu-
lated as in (E) (n = 5 in duplicate). All data are expressed as mean ± SD. *p < 0.05, **p < 0.01 versus P1.
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FIGURE 4. A cell-permeable PTPRG active Tyr-phosphatase domain inhibits inside-out signaling to integrin activation and dependent adhesion in CLL B
cells. (A) Static adhesion on ICAM-1 of cells treated with DMSO (not treated [NT] and Control), 1 mM TAT, or indicated doses of TAT-ICD for 1 h at
37�C and then stimulated with 500 nM CXCL12 (n = 5, in duplicate). (B) Static adhesion on VCAM-1 of cells treated as in (A) (n = 5, in duplicate). (C)
Static adhesion on ICAM-1 of cells treated as in (A) and stimulated with 10 mg/ml anti-IgM (n = 5, in duplicate). (D) Static adhesion on VCAM-1 of cells
treated as in (A) and stimulated with 10 mg/ml anti-IgM (n = 5, in duplicate). (E) Underflow adhesion on ICAM-1 of cells treated with DMSO (Control),
TAT, or TAT-ICD (1 mM) for 1 h at 37�C (n = 4). (F) Underflow adhesion on VCAM-1 of cells treated as in (E) (n = 4). (G) LFA-1 low-intermediate affinity
measurement of cells treated as in (E) and stimulated with 500 nM CXCL12 (n = 3). Shown are the percentages of fold increase over NT. (H) Histograms of
fluorescence of a representative experiment of LFA-1 low-intermediate affinity. (I) LFA-1 high-affinity measurement of cells treated and stimulated as in (E)
(n = 3). Shown are the percentages of fold increase over NT. (J) Histograms of fluorescence of a representative experiment of LFA-1 high affinity. (K) JAK2
activation assay in cells treated and then stimulated as in (E) (n = 5, in duplicate). (L) BTK activation assay in cells treated and stimulated as in (E) (n = 5).
Shown are the percentages of fold increase over NT. (M) Histograms of fluorescence of a representative experiment of BTK activation. (N) RhoA activation
of cells treated and stimulated as in (E) (n = 5 in duplicate). All data are expressed as mean ± SD. *p < 0.05, **p < 0.01 versus TAT.
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FIGURE 5. CXCR4 cell surface levels and PMA-induced adhesion are independent of PTPRG activity in CLL B lymphocytes. (A and C) CXCR4 cell sur-
face expression in cells treated with DMSO (not treated [NT] and Control), P1, or P1-WD (50 mM) for 1 h at 37�C and then stimulated with 500 nM
CXCL12 for the indicated times (n = 4). Shown are the percentages of fold increase over NT. (B and D) Histograms of fluorescence of a representative exper-
iment of CXCR4 cell surface expression. (E and G) CXCR4 cell surface expression in cells treated with DMSO (NT and Control), TAT, or TAT-ICD (1
mM) for 1 h at 37�C and then stimulated with 500 nM CXCL12 for the indicated times (n = 4). Shown are the percentages of fold increase over NT. (F and
H) Histograms of fluorescence of a representative experiment of CXCR4 cell surface expression. (I and J) Static adhesion on ICAM-1 or VCAM-1 of cells
treated as in (A) and stimulated with 50 ng/ml PMA (n = 5, in duplicate). (K and L) Static adhesion on ICAM-1 or VCAM-1 of cells treated as in (E) and
stimulated with 50 ng/ml PMA (n = 4, in duplicate). All data are expressed as mean ± SD. No statistically relevant differences were detected in P1 versus
P1-WD or TAT versus TAT-ICD conditions.
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to trigger effective apoptosis (Fig. 6A, 6B). Accordingly, quantitative
end point analysis at 24 h showed that only the highest concentration
of P1-WD triggered a rather modest increase of caspase-3/7 activity
in a small number of cells (Fig. 6C).
In sharp contrast, in CLL cells, with respect to untreated cells,

ibrutinib triggered a very rapid and consistent increase of the num-
ber of apoptotic cells. Moreover, when compared with the control
P1 peptide, the PTPRG-activating P1-WD peptide triggered in a
dose-dependent manner fast and robust apoptosis (Fig. 6D, 6E). Par-
ticularly, although slower than ibrutinib, P1-WD started to trigger
apoptosis within 2 h. The data were confirmed with TAT-ICD.
When compared to control TAT peptide, TAT-ICD triggered apo-
ptosis in a dose-dependent manner, although to an extent lower than
P1-WD. End point quantitative analysis at 24 h showed that
although ibrutinib triggered apoptosis in a higher number of cells,

the apoptosis strength, measured as caspase-3/7 activity, triggered
by P1-WD and ibrutinib were identical, showing an overlapping
intensity distribution of caspase-3/7�positive cells (Fig. 6F). Consis-
tently, TAT-ICD also increased in a dose-dependent manner the
number of apoptotic cells and the caspase-3/7 activity. Altogether,
these data demonstrate, for the first time to our knowledge, that the
triggering of PTPRG Tyr-phosphatase activity selectively induces
robust apoptosis in CLL cells, but not in healthy B lymphocytes,
thus highlighting the specific negative regulatory role of PTPRG on
CLL cell survival.

PTPRG-triggered apoptosis is weakly sensitive to survival signals
generated by CXCR4 and BCR

We finally tested whether PTPRG-triggered apoptosis in CLL cells
could be affected by prosurvival signals generated by stromal
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FIGURE 6. Activated PTPRG triggers robust apoptosis in CLL cells, but not in healthy B lymphocytes. (A) Superimposed bright-field and fluorescence
photomicrographs of caspase-3/7�positive healthy B lymphocytes treated with DMSO (Control), 1 mM ibrutinib, 50 mM P1, 25 or 50 mM P1-WD, 1 mM
TAT, and 0.5 or 1 mM TAT-ICD. (B) Kinetics of triggered apoptosis in healthy B lymphocytes. Shown is the number of caspase-3/7�positive cells detected
every 15 min for 24 h; cells are treated as in (A). (C) Triggered apoptosis at 24 h in healthy B lymphocytes; cells are treated as in (A). Shown is the fluores-
cence intensity per micrometers squared, columns are average values, and small circles are individually analyzed cells showing the overall distribution of cas-
pase-3/7 positivity. n = number of caspase-3/7�positive healthy B lymphocytes. (D) Superimposed bright-field and fluorescence photomicrographs of
caspase-3/7�positive CLL cells treated with DMSO (Control), 1 mM ibrutinib, 50 mM P1, 25 or 50 mM P1-WD, 1 mM TAT, and 0.5 or 1 mM TAT-ICD.
(E) Kinetics of triggered apoptosis in CLL cells. Shown is the number of caspase-3/7�positive cells calculated every 15 min for 24 h; cells are treated as in
(D). (F) Triggered apoptosis at 24 h in CLL cells; cells are treated as in (D). Shown is the fluorescence intensity per micrometer squared, columns are average
values, and small circles are individually analyzed cells, showing the overall distribution of caspase-3/7 positivity. n = number of caspase-3/7�positive CLL
cells. Representative experiment of three. Average data are expressed as mean ± SD. ***p < 0.001 versus control, P1, or TAT.
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factors. To this end, CLL cells were treated with PTPRG-activating
CPPs in the presence of CXCL12 or anti-IgM to trigger, concur-
rently with PTPRG signaling, CXCR4 and BCR signals. As shown
in Fig. 7A, and in accordance with the above data, ibrutinib, PI-
WD, and TAT-ICD triggered robust apoptosis in CLL cells in
absence of CXCL12 or anti-IgM. However, in the presence of
CXCL12 (Fig. 7B) or anti-IgM (Fig. 7C), the capability of ibrutinib
to trigger apoptosis was strongly suppressed, either considering the
number of apoptotic cells (�95% in the presence of CXCL12
and �77% in the presence of anti-IgM) or the average intensity of
caspase-3/7 activity (�76% in the presence of CXCL12 and �53%
in the presence of anti-IgM). In contrast, the capability of P1-WD to

trigger apoptosis was much less affected by CXCL12 (Fig. 7B) or
anti-IgM (Fig. 7C) signals, with �50% and �44% of the number of
apoptotic cells and �13% and �18% of the average intensity of cas-
pase-3/7 activity, respectively. Finally, the capability of TAT-ICD to
trigger apoptosis was even less affected by CXCL12 (Fig. 7B) or
anti-IgM (Fig. 7C) signals, with �26% and �9% of the number of
apoptotic cells and �12% and 9% of the average intensity of cas-
pase-3/7 activity, respectively.
Altogether, these data show that, in contrast to ibrutinib, PTPRG-

triggered apoptosis in CLL cells is, overall, poorly contrasted by
prosurvival signals generated by CXCR4 and BCR.

Discussion
CLL is characterized by a landscape of genetic alterations leading to
the emergence of a heterogenous disease spanning from almost indo-
lent to very aggressive, therapy-resistant manifestations (38�40). The
molecular mechanisms underlying CLL pathogenesis are not fully
understood. Much evidence points to the importance of the stromal
microenvironment and chemokine-regulated integrin activation in
CLL pathogenesis and progression, leading to prolonged cell survival
and exacerbated dissemination (41�45).
In recent years, combined chemoimmunotherapy has been

shown to be an effective therapeutic regimen for CLL,
although its efficacy was limited by comorbidities and fitness
of the patients (46�51). Treatment with specific inhibitors of
signaling mechanisms is thus progressively replacing chemo-
immunotherapy, greatly improving the therapeutic efficacy.
Ibrutinib for BTK, idelalisib for PI3K (isoform p110d), and
venetoclax for BCL-2 are examples of targeted therapies for
which adoption is going to revolutionize CLL therapy
(52�56). Nevertheless, these targeted treatments may also
eventually fail. For instance, in CLL relapse after ibrutinib
treatment, �67% of patients present the BTK C481S point
mutation, making BTK insensitive to ibrutinib; moreover, 6%
of patients show PLCG2 mutation, and 13% show combined
BTK/PLCG2 mutations (57). Notably, PLCG2, a direct BTK
effector, prevalently presents gain-of-function mutations, thus
leading to downstream pathway activation even in regimens
of BTK inhibition (58). Moreover, even if resistance to idela-
lisib has not yet been fully characterized, it was reported that
upregulation of either PI3KCD or alternative class 1A PI3K,
such as PI3KCA or PI3KCB, can occur, negatively affecting
idelalisib efficacy (59). For venetoclax, mechanisms of resis-
tance are not yet reported, but a possible cause of resistance
could be the upregulation of a different member of the BCL-2
family, such as BCL-W, BCL-XL, or MCL1 (60, 61). Over-
all, monotargeted therapies may eventually favor the emer-
gence of drug-resistant clones. This is clearly exemplified by
Richter syndrome (RS), which represents the most severe
CLL evolution (62). RS has a poor prognosis, which becomes
even worse in patients who transformed on previous thera-
pies, such as ibrutinib. Indeed, BTK or PLCG2 mutations
account for most of the ibrutinib-resistant CLL progressions
to RS (63, 64). Thus, although representing the front line in
CLL treatment, the new therapeutic regimens, based on
highly selective compounds, may potentially lead to clonal
selection, thus increasing the incidence of progression to a
more aggressive disease. It is therefore imperative to deepen
the knowledge of signaling mechanisms regulating CLL path-
ogenesis to envision new therapeutic strategies.
In this study, we investigated whether integrin-mediated adhesion

and survival of leukemic cells isolated from patients with CLL
could be hampered by the specific activation of protein Tyr-
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FIGURE 7. PTPRG-triggered apoptosis is insensitive to signals from
CXCR4 and BCR. Shown is triggered apoptosis at 24 h in CLL cells treated
with DMSO (Control), 1 mM ibrutinib, 50 mM P1, 50 mM P1-WD, 1 mM
TAT, and 1 mM TAT-ICD. Cells were concurrently treated with buffer (A),
500 nM CXCL12 (B), or 10 mg/ml anti-IgM (C). Shown is the fluorescence
intensity per micrometer squared, columns are average values, and small
circles are individually analyzed cells, showing the overall distribution of
caspase-3/7 positivity. n = number of caspase-3/7�positive CLL cells. Rep-
resentative experiment of four. Average data are expressed as mean ± SD.
***p < 0.001 versus control, P1, or TAT.
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phosphatases. We focused on PTPRG because it is a tumor suppres-
sor gene (65), and it was shown to possess the highest intrinsic Tyr-
phosphatase activity among all human phosphatases and the highest
tendency to generate homodimers devoid of enzymatic activity (29),
thus suggesting that PTPRG is an ideal target of activation by means
of controlled monomerization (27, 66, 67). As no direct mechanisms
of PTPRG activation by agonists or natural ligands have been
described in literature, we have previously developed a dual
approach based on CPPs to study PTPRG signaling in primary cells
(27). The first approach targets the intracellular juxta-membrane reg-
ulatory region called WD involved in stabilizing the inactive homo-
dimeric conformation of PTPRG. A P1-WD fusion peptide was
developed capable of disrupting, by steric hindrance, the WD-medi-
ated PTPRG homodimerization, thus freeing the intrinsic phospha-
tase activity of PTPRG ICD. As a second complementary approach,
we generated a TAT fusion protein encompassing the complete,
enzymatically active, PTPRG ICD (TAT-ICD), retaining full Tyr-
phosphatase activity.
We found that activation of PTPRG strongly prevents b1- and

b2-integrin triggering by CXCR4 and BCR. Importantly, signaling
analysis showed that JAK2, BTK, and RhoA, all central to integrin
activation, are inhibited by PTPRG activity. Importantly, P1-WD
and TAT-ICD worked equally well in healthy as well as CLL B
cells, thus suggesting that in CLL cells, PTPRG is normally modu-
lated by homodimerization and, once in a monomeric state, becomes
fully functional. Notably, CXCL12-triggered downmodulation of
CXCR4 expression and PMA-induced integrin activation are not
affected by PTPRG activation. These data show, for the first time to
our knowledge, that PTPRG is a negative regulator of signaling
events specifically controlling integrin activation in CLL cells, thus
suggesting that PTPRG activity could interfere with the dissemina-
tion of CLL cells.
Furthermore, we found that PTPRG activation specifically trig-

gers strong apoptosis in CLL cells. Interestingly, although ibrutinib
triggered apoptosis more rapidly and in a higher number of cells,
quantification at 24 h showed that the intensity of P1-WD�triggered
apoptosis, measured as caspase-3/7 activity, as well as the intensity
distribution of apoptotic cell were identical to those of ibrutinib. The
data were also confirmed with TAT-ICD, with the observed quanti-
tative differences likely reflecting the different intracellular diffusion
rate and/or the different modality of action of the two CPPs (27).
Overall, these data show that PTPRG activation is as effective as
ibrutinib in triggering specific apoptosis in leukemic cells isolated
from patients with CLL. However, we observed an important differ-
ence. Indeed, ibrutinib induced an effective apoptosis only in
absence of concurrent CXCR4- or BCR-triggered signals. In con-
trast, PTPRG did trigger effective apoptosis also in the presence of
CXCR4- or BCR-triggered signaling. Thus, stromal factors can
counteract ibrutinib- but not PTPRG-induced apoptosis. This is an
interesting observation because it may suggest that PTPRG could
also induce apoptosis in CLL cells surrounded by a protective stro-
mal environment. This difference could reflect the different impact
ibrutinib and PTPRG may have on signaling mechanisms. Indeed,
ibrutinib is a BTK inhibitor, whereas, in contrast, we previously
showed that at least 31 signaling molecules are targets of PTPRG
modulation of Tyr-phosphorylation (27, 66, 67), including BTK and
JAK PTKs. Thus, activation of PTPRG could possibly have a
broader effect on signaling mechanisms, more difficult to compen-
sate for by stromal factors or by cancer progression. As we stated
above, BTK activation by chemokines is mediated by JAK2 (24).
Notably, JAK2 inhibition was shown to trigger apoptosis in CLL
cells (68). Thus, a PTPRG-targeted approach could be potentially
highly effective in CLL; indeed, being both JAK and BTK PTPRG
targets, the effect of BTK mutations determining resistance to

ibrutinib could be bypassed by the direct inhibitory effect of
PTPRG. In this context, it will be of great interest to test whether
PTPRG activation may trigger apoptosis in patients with CLL resis-
tant to ibrutinib.
Notably, PTPRG is equally expressed in both healthy and CLL B

cells. However, PTPRG activation triggers apoptosis only in CLL
cells. Thus, although it is possible that our data may not entirely
recapitulate the normal physiological function of PTPRG, especially
considering that no physiological activators of PTPRG are known;
nevertheless, activated PTPRG seems to be arising as a potential
Achilles’ heel of CLL cells. Interestingly, PTPROt, a PTPRG-related
Tyr-phosphatase, has recently been suggested to be a tumor suppres-
sor gene in CLL (17). Moreover, a study was recently published
showing that a small compound leading to upmodulation of the phos-
phatase activity of SHIP1 may induce inhibition of BCR-mediated
PI3K and AKT activation and caspase-mediated apoptosis in CLL
cells (20). Altogether, these data clearly suggest that activation of spe-
cific phosphatases may prevent the course of CLL pathogenesis.
The logic of our dual CPP-based methodology is perfectly in keeping

with the SHIP1 activation approach (20) and suggests that unleashing
the PTPRG enzymatic activity may represent an innovative approach to
CLL treatment, possibly circumventing the limitations of monotargeted
therapies. Because our approach based on CPPs was developed mainly
to test a scientific rationale, an important step forwardwill be to develop,
as for SHIP1, small compound activators of PTPRG, possibly mimick-
ing the steric hindrance capability of P1-WD. Notably, recent data (69,
70) suggest that a cyclic structure could improve our P1-WD peptide in
term of stability and in vivo efficacy. It will be of interest to investigate
these possibilities in our context.
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