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Abstract. Y-box-binding protein 1 (YB-1) is a regulatory
protein that is associated with drug resistance and relapse in
solid tumors. As YB-1 mediates some of its activity through
growth factor receptor signaling dysregulation, the present
study compared the expression of YB-1 and interleukin 7
(IL-7) receptor a (IL-7Ra) in pediatric B-cell precursor
(BCP) acute lymphoblastic leukemia (ALL) and normal BCP
cells. The expression levels of IL-7Ra and YB-1 were higher
in relapsed vs. diagnostic samples of primary BCP ALL,;
however, co-expression was also observed in a minor BCP cell
population in samples from healthy donors. Functional cross-
talk between YB-1 and IL-7R was detected: Overexpression
of YB-I1 increased surface levels of IL-7R in B cells, and the
stimulation of BCP ALL cell lines and primary samples by
IL-7 activated YB-1 by phosphorylation at S102 in a phospha-
tidylinositol 3-kinase-independent and MEK1/2-dependent
manner. Targeted knockdown of YB-1 reduced IL-7-mediated
protection against rapamycin, and an inhibitor of MEK1/2
potentiated rapamycin-mediated killing in the presence of
IL-7. These data establish a novel link between two well-char-
acterized pro-survival factors in acute leukemia, and suggest
that YB-1 inhibition may represent a novel therapeutic strategy
for increasing sensitivity to chemotherapy in patients with
refractory acute B-cell leukemia.
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Introduction

B-cell precursor acute lymphoblastic leukemia (BCP ALL)
is the most common type of cancer that occurs during child-
hood. Although the majority of patients may be cured by the
currently available therapeutic regimens, novel treatments
are urgently required for the 20% of patients who experi-
ence relapse (1). The prevalence of BCP ALL may result,
in part, from the fact that transformation generally occurs
in cells arrested at the B-cell receptor checkpoint, a stage
of differentiation associated with a balance between prolif-
eration and recombination-activating gene-mediated DNA
rearrangement (2-4). The stromal cytokine interleukin (IL)-7
serves an important role during this highly ordered process
of differentiation, proliferation and somatic recombina-
tion (5-7). IL-7 binds to a receptor (IL-7R) that is composed
of cluster of differentiation (CD) 127 (IL-7Ra) and CD132
(yc), which is found on lymphoid progenitor cells, BCP cells
and T cells. It has been demonstrated that IL-7 facilitates the
proliferation and survival of leukemia cells (8-10), contrib-
utes to the progression and relapse of leukemia (11,12) and
induces resistance to chemotoxins (13), thus contributing
to the pathogenesis of ALL. As a result, identifying the
leukemia-specific mediators of these IL-7-driven effects may
enable the therapeutic targeting of this pathway.

Y-box-binding protein 1 (YB-1) regulates differentiation,
proliferation and survival in a broad range of cells (14). In
the cytoplasm, this highly conserved protein acts as a trans-
lational inhibitor to repress mRNA involved in survival and
proliferation (15), whereas activation by stress and other
factors leads to YB-1 phosphorylation and translocation to the
nucleus where it functions as a transcription factor (16-18).
Aberrant YB-1 expression may contribute to the development
and maintenance of malignancy in several ways, including
dysregulation of hormone/growth factor receptors (19-21),
enhancement of survival during stress, and induction of drug
resistance (22-25). Increased expression of YB-1 has been
implicated as a poor prognostic factor in various different
types of malignancy, including B-cell lymphoma (26-28).
However, YB-1 expression has not yet been investigated in
ALL.


https://www.spandidos-publications.com/10.3892/ol.2016.5437
https://www.spandidos-publications.com/10.3892/ol.2016.5437
https://www.spandidos-publications.com/10.3892/ol.2016.5437
https://www.spandidos-publications.com/10.3892/ol.2016.5437

498

YB-1 functions downstream of growth factor receptors in
other malignancies (29); therefore, it was hypothesized that
YB-1 is involved in IL-7-mediated survival pathways in ALL.
The present report describes a comparative analysis of YB-1
and IL-7Ra expression in pediatric BCP ALL and normal
precursor B cells, in order to determine whether crosstalk
occurs between these two key regulators of proliferation and
survival and whether YB-1 is involved in the IL-7-mediated
protection of BCP ALL cells against rapamycin. The present
study aimed to determine whether the inhibition of YB-1 may
represent a novel strategy to increase the susceptibility of BCP
ALL to mammalian target of rapamycin (mTOR) inhibitors.

Materials and methods

Cells, tissue samples and antibodies. Cell lines derived from
relapsed human BCP ALL were obtained from commercial
vendors: 697, 380, RCH-ACV and MHH-CALL-2 were
purchased from DSMZ (Braunschweig, Germany); RS4;11
was acquired from ATCC (Manassas, VA, USA). All cell
lines were cultured at 37°C in 5% CO, in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine solution
(FBS), 100 U/ml penicillin/streptomycin, and 2 mM glutamine
(all from Thermo Fisher Scientific Inc., Waltham, MA, USA),
with the exception of MHH-CALL-2, which was cultured
in RPMI with 20% FBS. The phosphatidylinositol 3-kinase
(PI3K) inhibitor LY294002 (30 uM) and the Janus kinase
(JAK) 1/2 inhibitor ruxolitinib (100 nM) were purchased from
Selleck Chemicals (Houston, TX, USA), and the MEK1/2
inhibitor U0126 (10 xM) was acquired from Cell Signaling
Technology, Inc. (Danvers, MA, USA). The inhibitors in
dimethyl sulfoxide (DMSO) were added 2 h prior to IL-7
stimulation. Cells were then incubated for a further 30 min
after the addition of recombinant 25 ng/ml IL-7 (BioLegend,
Inc., San Diego, CA, USA).

The use of human tissue samples was approved by the
ethics boards of the British Columbia Children's and Women's
Hospital (Vancouver, BC, Canada) and the Alberta Children's
Hospital (Calgary, AB, Canada), in accordance with the
Declaration of Helsinki. BCP ALL samples, obtained from
surplus clinical tissue banked between November 1998 and
July 2002, were of varied or unknown risk group classifica-
tions; the median ages of the patients at diagnosis (n=20) and
relapse (n=7) were 6 years (range, 1-16 years) and 13 years
(range, 1-17 years), respectively. One adult BCP ALL relapse
sample was included in the current study. Normal precursor
and mature B cells were purchased as bone marrow mononu-
clear cells from Lonza Inc. (Allendale, NJ, USA) or obtained
from fresh cord blood or bone marrow samples from pediatric
non-hematological malignancy patients without bone marrow
involvement. Xenograft-mediated expansion of primary BCP
ALL samples in NOD.Cg-Prkdc*““/IL2rg"™"/SzJ mice (NSG
mice™; Jackson Laboratory, Bar Harbor, ME, USA) was
performed as previously described (30). All animal experi-
ments were performed in accordance with a University of
British Columbia Animal Care Committee-approved protocol
(A11-0130).

Western blotting. Cell lines were harvested and lysed for
20 min on ice in the presence of a protease and phosphatase
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inhibitor cocktail (Roche Life Science, Benzberg, Germany)
using 1X Cell lysis buffer from Cell Signaling Technology, Inc.
(catalog no. 9803). After spinning down (18,000 x g for 10 min
at 4°C), the amount of protein in the supernatant (lysate) was
determined using the Pierce BCA Protein Assay kit (Thermo
Fisher Scientific, Inc.), and an equal amount of protein was
collected and mixed with Laemmli sample buffer and dena-
tured for 5 min at 95°C followed by 1 min on ice. Proteins
were separated on a 10% sodium dodecyl sulfate gel followed
by electro-transfer blotting onto polyvinylidene difluoride
membranes (BioRad, Hercules, CA, USA) using the Mini
Trans-Blot Electrophoretic Transfer Cell device (BioRad).
The membranes were then blocked using protease-free bovine
serum albumin (catalog no. A7030; Sigma-Aldrich) blocking
buffer (5% w/v in Tris-buffered saline). The following primary
antibodies were used: PhosphoAKTS*" (catalog no. 5012),
phospho-signal transducer and activator of transcription
(STAT) 5Y% (catalog no. 9351), phosphoYB-15'°? (catalog
no. 2900), phospho42/44 MAPK [extracellular signal-regu-
lated kinase (ERK) 1/2] T9%Y2%4 (catalog no. 4370), total p90
ribosomal S6 kinase (RSK) 1 (catalog no. 8408), total AKT
(catalog no. 4691), total STATS (catalog no. 9363) and total
p42/44 (catalog no. 4695). Anti-total YB-1 was purchased
from Abcam (Cambridge, UK; catalog no. ab12148) and
anti-pRSK1/25221/2271218/232 wa9 obtained from Invitrogen
(catalog no. PA5-37829; Thermo Fisher Scientific, Inc.).
Anti-rabbit or -mouse immunoglobulin (Ig)G-horseradish
peroxidase (HRP) was used as a secondary antibody (Biorad
catalog no. 1721019). All antibodies were purchased from Cell
Signaling Technology, Inc., unless otherwise stated and were
used at a dilution of 1:1,000. Signals were detected using the
Novex ECL HRP Chemiluminiscent Substrate Reagent kit,
and captured on X-ray film (both from Invitrogen; Thermo
Fisher Scientific, Inc.).

Flow cytometry. For detection of total YB-1 in hematogones
and BCL ALL primary cells, frozen cells were thawed,
washed and counted. A total of 1-2x10° peripheral blood
mononuclear cells were stained with a 1:25 dilution of the
following antibodies: CD19-peridinin chlorophyll (PerCP),
CD10-allophycocyanin (APC), CD20-Brilliant™ Violet 421,
CD45-APC-Cy7 and CD127-phycoerythrin (PE) antibodies
(BioLegend, Inc.), and incubated for 15 min on ice. The
cells were then fixed using BD Biosciences Fix buffer (BD
Biosciences, Franklin Lakes, NJ, USA) for 15 min on ice and
then permeabilized using Perm II buffer (BD Biosciences) for
10 min at room temperature. All cell washes were in 2% FBS
in phosphate buffered-saline (PBS) and the spun at 4°C and
500 x g for 5 min. For detection of total intracellular YB-1,
the cells were stained with a rabbit monoclonal antibody
against YB-1 (Abcam; catalog no. ab76540) followed by
anti-rabbit IgG-fluorescein isothiocyanate (BioLegend, Inc.;
catalog no. 406403). Hematogones were identified as CD45%™,
CD19*, CD2(dimtonezative gnd CD10* cells. Flow cytometry data
was acquired using the BD LSRII with FACSDiva software™
V8 (BD Biosciences) and analyzed using FlowJo v9.2 (Tree
Star, Inc., Ashland, OR, USA). Detection of phosphoYB-1 in
primary cells or cell lines after IL-7 treatment was performed
as aforementioned for total YB-1 but substituting the pY B-15!°?
antibody (catalog no. ab74162; Abcam). Primary transfected
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B-cells were stained at 24 h post-transfection for surface
markers using CD19-PB (catalog no. 302223), CD127-PerCP
(catalog no. 351322) (all 1/25 dilution; BioLegend, Inc.), then
fixed/permeabilized and stained for intracellular YB-1 as
aforementioned, with the exception that anti-rabbit IgG-PE
(Biolegend, Inc.; catalog no. 406421) was used.

Knockdown and overexpression of YB-1. A total of 1x10°
MHH-CALL-2 cells in PBS were transfected with 200 nM
small interfering RNA (siRNA), or 2-4 ug plasmid, using
electroporation (Amaxa™ nucleofection, Lonza, Inc.) and the
proprietary program C005. Silencer® Select stealth siRNA
(Invitrogen; Thermo Fisher Scientific, Inc.), modified to extend
cell half-life, was used for the targeted knockdown of YB-1.
The universal negative control MEDGC (Invitrogen; Thermo
Fisher Scientific, Inc.) served as a control for non-specific
interactions. The siRNA sequences used for YB-1 knockdown
were as follows: siRNA YB-1-1, 5-CAAGGUAGACCAGUG
AGGCAGAAUA-3'; siRNA YB-1-2, 5-GGUCCUCCACGC
AAUUACCAGCAAA-3". Transcript and protein levels were
determined by quantitative polymerase chain reaction (QPCR)
or flow cytometry three days after transfection. RNA was
extracted from the cells using the Qiagen RNAeasy Mini kit
(Qiagen, Mississauga, ON, Canada) and cDNA synthesized
with a first-strand cDNA synthesis kit (GE Healthcare Life
Sciences, Chalfont, UK) using random primers. The TagMan®
Universal PCR Master Mix was used for qPCR with the TagMan
gene expression assay for human YB-1 (Hs00898625_gl), with
human TATA-box binding protein (Hs99999910_m1) used as
an endogenous control. Amplification was performed using
a GeneAmp® 5700 Sequence Detection system (40 cycles;
95.0°C for 15 sec and 60.0°C for 60 sec). All qPCR reagents
were purchased from Applied Biosystems (Thermo Fisher
Scientific, Inc.). Quantification of RNA was performed using
the 244% method (31).

For overexpression of YB-1, CD19* B cells were isolated
from cord or peripheral blood using a RosetteSep™ Human
B Cell Enrichment Cocktail (catalog no. 15064; Stemcell
Technologies, Inc., Vancouver, BC, Canada) and 1x10° cells
were transfected with the plasmid as described above; a
pEGFP-based vector expressing the green fluorescent protein
(GFP)/YB-1 fusion protein, which was generously provided by
Dr Michel Lebel (Cancer Research Center of Laval University,
QC, Canada), was used for overexpression (32), and pEGFP-C1
(Clontech Laboratories, Inc., Mountain View, CA, USA)
served as a negative control.

Cytotoxicity assays. MHH-CALL-2 cells were incubated over-
night with 25 ng/ml IL-7. IL-7 treatment was repeated 30 min
prior to the addition of 140 yM rapamycin (LC Laboratories,
Woburn, MA, USA). After 8 h, cells were harvested and the
percentage of dead cells was determined by flow cytometry
using the Fixable Viability Dye eFluor® 450 (eBioscience Inc.,
San Diego, CA, USA).

For experiments combining rapamycin and U0126, cells
were incubated for 2 h with 10 mM UO0126 or 0.15% DMSO
and subsequently overnight with 25 ng/ml IL-7. The following
morning, cultures were administered a second dose of U0126
and IL-7 for 30 min prior to the addition of 34 uM rapamycin for
a further 18 h. The percentage of dead cells was subsequently
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determined. The extent of apoptosis (A) induced by rapamycin
with or without IL-7 and U0126 was calculated as previously
described (28). The percent rescue with IL-7 was calculated as
follows: Percent rescue = [1 - (AV L7/ AvithoutIL7y] x 100,

Statistical analysis. To compare levels of YB-1 and IL-7 in
different populations, selected data sets were analyzed by
one-way analysis of variance with corrections for multiple
comparisons. All other data sets were compared using an
unpaired Student's t-test unless otherwise indicated. All tests
were two-tailed. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Expression of IL-7Ra and YB-1 in normal and malignant BCP
cells. YB-1 is well established as a risk factor for various types
of malignancy (14), and IL-7Ra mediates proliferation and
survival signaling in BCP ALL cells (33); therefore, the levels
of these two proteins in normal BCP cells and unmatched BCP
ALL cells obtained at diagnosis or relapse were compared. As
shown in Fig. 1A, levels of YB-1 in BCP ALL at diagnosis and
relapse were significantly higher than those of cells within the
broader BCP cell population (defined as CD45™CD10*CD19%)
obtained from healthy donors (P=0.0018). Furthermore, levels
of YB-1 expression were higher in relapsed BCP ALL than in
diagnostic samples (P=0.0019). Similarly, IL-7Ra expression
levels were significantly higher in BCP ALL cells compared
with normal BCP cells (Fig. 1B; P=0.0286); however, given
the broad range of expression levels in the different patient
samples, IL-7Ra expression did not differ significantly
between diagnostic and relapse samples. These data indicate
that IL-7Ra and YB-1 may serve a potential role in the onset
and/or progression of BCP ALL. Therefore, it was investigated
whether YB-1 and IL-7R co-expression was fully restricted to
leukemic BCP cells.

As 90% of the primary ALL samples were CD10*/CD20%™,
the phenotypically equivalent normal BCP population was
evaluated for YB-1 and IL-7R expression (Fig. 1C). This anal-
ysis demonstrated that a particular subset of cells, previously
hidden in the more broadly defined CD45%"CD10*CD19*
BCP cell population, expressed YB-1 and IL-7R. In this cell
subset, the mean fluorescence intensity for YB-1 staining of
cells expressing IL-7R was not significantly different from
that observed on diagnostic BCP ALL cells (data not shown).
This result indicates that YB-1 is co-expressed with IL-7R in
a small subset of normal B-cell progenitors, and therefore not
restricted to leukemic cells.

Surface levels of IL-7Ra increase with overexpression of
YB-1. Having established that YB-1 and IL-7Ra are highly
expressed in BCP ALL and a subset of normal BCP cells,
it was investigated whether the co-expression of the two
proteins was functionally related. Previously, YB-1 has been
demonstrated to regulate the expression of hormone and
growth factor receptors in cancer (19,20); therefore the effect
of YB-1 overexpression on IL-7 receptor levels was evaluated.
Peripheral blood- or cord blood-derived CD19* B cells were
transiently transfected with a YB-1-GFP fusion construct or
a GFP control, and subsequently analyzed for IL-7Ra surface
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expression. A comparison of GFP-positive cells in the two
groups indicated that the marked increase in YB-1 expression
in B cells containing the GFP/YB-1 plasmid was accompa-
nied by an increase in the proportion of IL-7Ra-positive
cells. IL-7Ra expression did not change in the YB-1-negative
fraction or in cells rendered GFP-positive by the control
plasmid (Fig. 2A and B). While YB-1 expression alone was
not always sufficient to increase the expression of IL-7Ra
(transfection of cells with YB-1-GFP increased the proportion
of YB-1"/IL-7Ra cells), this result supports the concept that
surface expression of IL-7Ra is influenced by YB-1 expression
in B-lineage cells.

IL-7 induces phosphorylation of YB-1 in BCP ALL cell lines
and patient samples. In the cytoplasmic compartment, YB-1
forms an inhibitory complex with mRNA. It has previously
been demonstrated that phosphorylation at Serl02 activates
YB-1, inducing the release and translation of mRNA and
enabling nuclear localization for transcriptional regula-
tion (16,34,35). As pYB-15'°? is induced by epidermal growth
factor stimulation in breast cancer cell lines (36), the ability
of IL-7 to induce the phosphorylation of YB-1 in BCP ALL
cells was examined. Several different BCP ALL cell lines
(380, RS;4:11, 697, RCH-ACV and MHH-CALL-2) were
stimulated with PBS or 25 ng/ml IL-7 for 5-60 min. Western
blotting was subsequently performed to analyze the expression
of phosphorylated and total YB-1 (Fig. 3A). Within 15 min
of stimulation with IL-7, all of the cell lines exhibited YB-1
phosphorylation. Similar results were obtained for pYB-1
following intracellular flow cytometric analyses of the cell
lines (data not shown). Furthermore, analysis of primary BCP
ALL diagnostic samples (deidentified code nos. A193 and
A199) and the primary BCP ALL relapse sample (deidentified
code no. A247) by flow cytometry indicated an increase in
pYB-132 within 5 min of IL-7 stimulation (Fig. 3B). Thus,
IL-7 has the ability to activate YB-1 by S102 phosphorylation
in BCP ALL cell lines and in primary samples of pediatric
BCP ALL at diagnosis and relapse.

IL-7-mediated phosphorylation of YB-1 is MEKI-dependent
and PI3K/Akt-independent. The binding of IL-7 to its receptor
on BCP cells triggers a distinct set of responses including
differentiation, proliferation and survival. JAK1/3 phos-
phorylates tyrosine residues on the IL-7Ra chain allowing
recruitment and activation of STATI1, 3 and 5 proteins (37),
PI3K (38) and the Ras/Raf signaling cascade (39,40). To
identify which of these signaling pathways are involved in
the IL-7-mediated phosphorylation of YB-1, the induction of
these pathways in a BCP ALL cell line by IL-7 was assessed.
Stimulation of CALL-2 cells with 25 ng/ml IL-7 induced the
phosphorylation of STAT5Y%4, Akt3** and ERK1/2T20%/Y204
(Fig. 4A). It has been demonstrated that RSK1/2, downstream
of ERK1/2, is able to phosphorylate YB-1 (36); therefore,
the induction of pRSK5?25227 wags investigated. RSK1 was
strongly and constitutively phosphorylated; however, RSK2
was only transiently induced by IL-7 (Fig. 4A). To determine
which signaling components were required for YB-1 phos-
phorylation, CALL-2 cells were treated with pharmacological
inhibitors of the JAK/STAT, PI3K and Raf/ERK signaling
pathways prior to IL-7 stimulation, and the phosphorylation
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of YB-1 was then examined (Fig. 4B). Inhibition of signaling
downstream of PI3K with Ly294002 blocked phosphorylation
of Akt completely; however, phosphorylation of YB-1 was
only slightly reduced. Phosphorylation of YB-1 downstream
of IL-7 was strongly inhibited by the MEK1/2 inhibitor
U0126. Likewise, the JAK1/2 inhibitor ruxolitinib blocked
all IL-7-induced signaling and thus phosphorylation of YB-1.
Consistent with this finding, U0126 blocked the increase in
levels of phosphorylated YB-1 in IL-7-stimulated ALL patient
samples (Fig. 4C). These results indicate that IL-7-mediated
activation of YB-1, in cell lines and patient-derived BCP ALL,
requires MEK1/2.

YB-1 contributes to IL-7-mediated inhibition of
rapamycin-induced cell death. Having identified YB-1 as
an IL-7 signaling intermediate in BCP ALL, the functional
significance of this relationship was examined. YB-1 is a
prognostic marker for multi-drug resistance in many different
types of cancer (22-25); thus, the finding that YB-1 expression
is highest in relapsed BCP ALL suggests that YB-1 serves a
potential role in contributing to chemotherapy resistance. The
ability of IL-7 to protect BCP ALL cells against cell death
has previously been demonstrated with the mTOR inhibitor
rapamycin (13). In the present study, the role of YB-1 in
this type of protection was assessed using two approaches:
Targeted knockdown of YB-1 and pharmacological inhibition
of YB-1 phosphorylation. Determination of YB-1 levels in
CALL-2 cells 72 h following transfection with siRNA YB-1-1
or YB-1-2 demonstrated respective reductions of 88 and 68%
in mRNA, and 67 and 37% in protein levels compared with
control cells transfected with a non-specific control siRNA
(Fig. 5A). Knockdown of YB-1 alone did not cause a significant
decrease in cell viability in the absence or presence of IL-7 in
the 24 h assay (Fig. 5B). To evaluate the effect of YB-1 knock-
down on rapamycin sensitivity, 48 h after siRNA transfection,
cells were treated overnight with IL-7 or vehicle control and
then challenged with rapamycin for a further 8 h. Even in
the absence of 1L-7, cells transfected with siRNA exhibited
increased susceptibility to rapamycin (91 and 86% cell death
for siRNA YB-1-1 and YB-1-2, respectively), compared with
cells transfected with control siRNA (71% cell death; Fig. 5B;
P<0.05). In cells transfected with control siRNA, treatment
with IL-7 reduced the proportion of dead cells following
rapamycin challenge from 71 to 36%, corresponding to 49%
cell rescue. In cells transfected with siRNA targeting YB-1,
IL-7 reduced the percentage of cell death following rapamycin
treatment to 66% (for siRNA YB-1-1) and 58% (for siRNA
YB-1-2); this corresponded to rescue rates of 27 and 33%,
respectively, which were significantly lower than the rescue
rate obtained by IL-7 treatment of control siRNA-transfected
cells (Fig. 5B; P<0.005 and P<0.01, respectively). This result
indicates that YB-1 knockdown reduces the ability of IL-7 to
protect BCP ALL cells against rapamycin.

To confirm the validity of the knockdown experiment
results, the ability of MEK1/2 inhibition by U0126 (which was
shown to completely inhibit IL-7-induced YB-1 phosphoryla-
tion) to augment cell death in response to rapamycin in cells
with and without IL-7 pretreatment was evaluated. Rapamycin
was added to U0126-treated cells which had been exposed
to IL-7 or medium, and the percentage of dead cells was
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Figure 1. YB-1 is significantly higher in BCP ALL, at diagnosis and relapse, compared with normal counterparts. Flow cytometric analyses of (A) YB-1 and
(B) IL-7Ra expression in BCP cells from the bone marrow of healthy individuals and pediatric BCP ALL patients at diagnosis and at relapse. Normal BCP
cells were defined by a CD45™/CD19*/CD10* phenotype. The number of samples evaluated in each case is indicated on each plot. Results are presented
as a box and whisker plot (Tukey method). (C) Evaluation of normal BCP subsets (percentage of total BCP population is indicated in each box) revealed
an IL-7Ra/YB-1-expressing subpopulation within the CD10*/CD20%™ subset. "P<0.05, “P<0.005, “**P<0.0001. YB-1, Y-box-binding protein-1; IL-7Ra,
interleukin-7 receptor a; BCP, B-cell precursor; ALL, acute lymphoblastic leukemia; diag., diagnosis; rel., relapse; CD, cluster of differentiation; MFI, mean

fluorescence intensity.

determined 18 h later (Fig. 5C). In the presence of IL-7, MEK
inhibition increased the rate of rapamycin-induced apop-
tosis from 9-33% (P<0.001). Additionally, MEK inhibition
increased rapamycin-mediated apoptosis in cells not treated
with IL-7 (from 24-41%, P<0.001) indicating downstream
involvement of additional, IL-7-independent survival path-
ways. However, the U0126-mediated increase in cell death was
greater in IL-7-treated cells than untreated cells (3.8 fold vs.
1.8 fold, P<0.001), indicating a significant contribution from
IL-7-mediated survival pathways. These results identify YB-1
as a significant factor in the IL-7-mediated protection of BCP
ALL against rapamycin.

Discussion

To the best of our knowledge, the present study provides the
first evidence for the involvement of YB-1 in IL-7 signaling
in B cells. The results suggest that crosstalk occurs between
these proteins, with increased YB-1 levels contributing to
IL-7Ra upregulation, and IL-7 signaling leading to YB-1
phosphorylation. While the full implications of this interaction
remain unknown, the crosstalk mediates a clear survival signal
for BCP ALL cells. Although the current study is limited by
the lack of matched samples, the increase in YB-1 expression
between diagnosis and relapse ALL samples is in accordance

with its role in chemotherapy resistance described for other
malignancies (24,25) and suggests the physiological relevance
of this pathway for survival during therapy. Although YB-1
has not been identified in RNA microarray-based studies
comparing BCP ALL samples at diagnosis and relapse,
evidence is emerging that indicates that this protein is largely
regulated at a post-transcriptional level (41).

TheIL-7receptorand YB-1 are overexpressed in malignant
compared with normal BCP cells. It has been demonstrated
that YB-1 increases the expression of growth factor receptors
in prostate and breast cancer (19,20). Transfection of YB-1
into normal B cells led to the upregulation of YB-1 expression
in the majority of transfected cells; however, the induction of
IL-7Ra expression occurred in only a proportion of these,
suggesting that this relationship is influenced by additional
factors. These data support the hypothesis that YB-1 may
contribute to IL-7Ra overexpression, which in turn may
contribute to the development or maintenance of malignant
BCP cells by binding IL-7 or thymic stromal lymphopoietin
(TSLP) (42), a cytokine which signals through a dimer
composed of cytokine receptor-like factor 2 and IL-7Ra. The
pro-leukemic potential of such signaling is suggested by the
gain of function mutations in IL-7Ra or associated pathways
that occur in the context of TSLP signaling and have been
described in BCP ALL (43.,44).
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Figure 2. Overexpression of YB-1 increases surface IL-7Ra. levels. (A) Representative dot plots showing CD19*/GFP" cells stained with anti-YB-1 and
anti-IL-7R following transfection with a GFP control plasmid (left panel) or YB-1/GFP plasmid (right panel). The percentage of the total cells is indicated
in each quadrant. (B) Cumulative results of 4 overexpression experiments (n=2 for cord blood and n=2 for peripheral blood) showing the percentage of GFP*
cells expressing IL-7Ra. (plotted as the mean + standard error of the mean). "P<0.05. IL-7Ra, interleukin-7 receptor a; CD, cluster of differentiation; YB-1,
Y-box-binding protein-1; GFP, green fluorescent protein.
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Figure 3. IL-7 induces YB-1 phosphorylation in BCP ALL cell lines and in primary patient samples. (A) Western blot analysis of BCP ALL cell lines (RS4;11,
380, 697, RCH and CALL-2) for pYB-1. Cell lines were serum-starved for 24 h, stimulated with 25 ng/ml IL-7 for 0-60 min and sequentially probed with
anti-pY B-1 (S102) and anti-tYB-1 antibodies. (B) Flow cytometric determination of pYB-1 following IL-7 stimulation of BCP ALL samples. Primary samples,
expanded in NOD.Cg-Prkdc*“/IL2rg""""/SzJ mice, were thawed, rested for 1.5 h in serum-free medium and stimulated with 25 ng/ml IL-7 for the indicated
times. Histograms of pYB-1 from each expanded patient sample prior to and following stimulation with IL-7 at the time of maximum phosphorylation are
presented. IL-7, interleukin-7; YB-1, Y-box-binding protein-1; pYB-1, phosphorylated YB-1; tYB-1, total YB-1; BCP, B-cell precursor; ALL, acute lympho-
blastic leukemia.

Addition of IL-7 to BCP ALL cells induces YB-1 phos-
phorylation at S102. In previous studies using breast cancer
cells, Akt (16,18) and RSK (34) have been implicated as the
serine kinase responsible for YB-1 phosphorylation; the
signaling pathway may vary according to cell type and envi-
ronmental context. In the current study, the pharmacological

blockade of ERK1/2 signaling by MEK1/2 inhibition, but not
of Akt signaling by PI3K inhibition, completely abolished the
IL-7-mediated phosphorylation of S102. Downstream targets
of ERK remain to be identified; however, RSK2, which phos-
phorylates YB-1 in breast cancer cells (34) and is induced by
IL-7 in BCP ALL, is a primary candidate. Phosphorylation of
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Figure 4. IL-7-mediated phosphorylation of YB-1 is MEKI-dependent but PI3K/AKT independent. Cells were serum-starved for 24 h prior to IL-7 stimulation.
Lysates were then probed with antibodies specific for phosphorylated (phosphoRSK S221, phosphoSTATS5 Y694, phosphoAkt S473, phosphoYB-1 S102,
phosphoERK1/2 T202/Y204) and total proteins. (A) A time course of phosphorylation responses to IL-7 added for the indicated durations. (B) Inhibition
of signaling pathways in CALL-2 cells pretreated with 0.15% DMSO or the indicated inhibitor (30 xM LY294002, 10 xM U0126 or 100 nM ruxolitinib) for
2 h prior to the addition of IL-7 for 30 min. Blots are representative of at =3 different experiments. (C) Inhibition of YB-1 phosphorylation with U0126 in
expanded patient samples. An arbitrary gate was used to define phospho-YB-1" and applied to all samples; the percentage of phospho-YB-1" cells prior to
and following stimulation with 25 ng/ml IL-7 with and without prior treatment with 10 M UO0126 are presented. The graph shows the averages from three
NSG-expanded cell lines (A193, A247 and A199), each repeated three times. "P<0.05. NSG mice, NOD.Cg-Prkdc*“/IL2rg"™"™/SzJ mice; IL-7, interleukin
7; YB-1, Y-box-binding protein-1; p-YB-1, phosphorylated Y-box-binding protein 1; STATS, signal transducer and activator of transcription 5; DMSO/DMS,
dimethyl sulfoxide; U0126, MEK1/2 inhibitor; Ly29, LY294002.
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Figure 5. YB-1 contributes to IL-7-mediated protection against rapamycin-induced cell death. CALL-2 cells were electroporated with 200 nM non-specific
control siRNA, siRNA YB-1-1 or siRNA YB-1-2. Figures are compiled from a minimum of three experiments. (A) YB-1 siRNA-mediated knockdown
of mRNA (left panel) and protein (right panel) 72 h after transfection. Results are expressed as the fold of the negative control + standard deviation.
(B) YB-1 involvement in IL-7 protection against rapamycin challenge. CALL-2 cells were transfected with siRNA against YB-1 or control siRNA, and
48 h later they were treated overnight with medium or 25 ng/ml IL-7, and then for further 8 h with or without 140 »M rapamycin. The average percentage
of dead cells + standard error of the mean compiled from three experiments are presented and the numbers indicate the percentage of rescue following
IL-7 treatment compared with cells transfected with control siRNA. (C) The effect of a combination of U0126 and rapamycin in the absence and presence
of IL-7. CALL-2 cells were treated with 10 M U0126 or vehicle for 2 h prior to overnight stimulation with PBS or 25 ng/ml IL-7. U0126 and PBS or
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percentage of cell death was determined by 7-AAD exclusion. Results from three independent experiments are presented. Numbers indicate the fold differ-
ence with and without IL-7 treatment. "P<0.01, “P<0.005, ““P<0.001. siRNA, small interfering RNA; IL-7, interleukin 7; YB-1, Y-box-binding protein-1;

PBS, phosphate-buffered saline; STATS, signal transducer and activator of transcription 5; DMSO, dimethyl sulfoxide; U0126, MEK1/2 inhibitor; 7-AAD,
7-aminoactinomycin D.
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YB-15'% activates the translation of mRNA involved in growth
and survival, while direct phosphorylation or subsequent stress
induces nuclear localization enabling YB-1 to exert transcrip-
tional control on a further subset of genes, including those
involved in drug resistance (16,45). In contrast to results from
studies on squamous carcinoma cells (46), reduced leukemia
cell viability was not observed following YB-1 knockdown
alone. The current study, however, implicates the activation of
YB-1 by IL-7 as a mechanism contributing to the survival of
BCP ALL in the presence of cytotoxic stressors.

IL-7 inhibits the induction of apoptosis by the mTOR
inhibitor rapamycin (13). Curtailment of YB-1 activity, through
targeted knockdown or pharmacological inhibition, reduced
the IL-7-mediated protection against rapamycin. mTOR is
a translational regulator of mRNA which is involved in cell
cycle progression, proliferation and survival. IL-7, mTOR and
YB-1 may work in synergy to augment survival: IL-7 can
induce mTOR downstream of Akt (47), YB-1 is involved in
the mTOR-mediated increase of translation downstream of
growth factor-induced PI3K/Akt (15), and mTOR may influence
the translation of YB-1 (41). IL-7-mediated induction of YB-1
requires ERK rather than Akt in BCP ALL, and the induced
survival pathway is effective against inhibitors of mTOR;
therefore, it is assumed that this pathway is at least partly
mTOR-independent. Factors downstream of IL-7 and YB-1 that
contribute to increased survival remain to be determined. One
potential explanation is increased expression of the ATP-binding
cassette transporter multi-drug resistance 1, which is known to
influence YB-1-mediated drug resistance (25,27). When acti-
vated downstream of IL-7, YB-1 may also contribute to survival
by stimulating a STATS5-mediated increase in B-cell lymphoma
2 expression (38,48). Finally, it must be noted that the ability of
IL-7 to protect cells from cytotoxins may be difficult to observe
in cell monocultures as it is likely to depend on interaction with
stromal cells (49).

In conclusion, although the functional analysis of the present
study is limited to BCP ALL cells, the observation that YB-1
and IL-7Ra expression are closely correlated in a non-malignant
subset of BCP cells, and that augmented YB-1 expression drives
increased IL-7R levels on normal CD19* B cells, suggests that
this novel interaction may also have relevance to B cell biology.
The similarly elevated levels of YB-1 in BCP ALL cells at diag-
nosis and in the normal BCP cell subset is intriguing; however,
further studies are required to determine whether this reflects
the fact that leukemia frequently arises from this subset of BCP
cells or that there is selective pressure for ALL cells to reca-
pitulate the pathway. YB-1 directs differentiation, proliferation
and survival programs in a broad range of cells (25); therefore,
it is conceivable that YB-1 pathways mediate the expression of
factors that facilitate transformation by increasing the potential
for self-renewal and drug resistance, as has been reported for
breast cancer cells (50). Overall, the results of the present study
suggest that inhibition of YB-1 may represent a novel strategy
to increase the susceptibility of BCP ALL to mTOR inhibitors.
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