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ABSTRACT
Recent evidence suggests that inhibition of protein phosphatase 2A (PP2A) tumor 

suppressor activity via the SET oncoprotein contributes to the pathogenesis of various 
cancers. Here we demonstrate that both SET and c-MYC expression are frequently 
elevated in T-ALL cell lines and primary samples compared to healthy T cells. Treatment 
of T-ALL cells with the SET antagonist OP449 restored the activity of PP2A and reduced 
SET interaction with the PP2A catalytic subunit, resulting in a decrease in cell viability 
and c-MYC expression in a dose-dependent manner. Since a tight balance between 
phosphatases and kinases is required for the growth of both normal and malignant cells, 
we sought to identify a kinase inhibitor that would synergize with SET antagonism. We 
tested various T-ALL cell lines against a small-molecule inhibitor screen of 66 compounds 
targeting two-thirds of the tyrosine kinome and found that combined treatment of T-ALL 
cells with dovitinib, an orally active multi-targeted small-molecule receptor tyrosine 
kinase inhibitor, and OP449 synergistically reduced the viability of all tested T-ALL cell 
lines. Mechanistically, combined treatment with OP449 and dovitinib decreased total 
and phospho c-MYC levels and reduced ERK1/2, AKT, and p70S6 kinase activity in both 
NOTCH-dependent and independent T-ALL cell lines. Overall, these results suggest that 
combined targeting of tyrosine kinases and activation of serine/threonine phosphatases 
may offer novel therapeutic strategies for the treatment of T-ALL.

INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is 
an aggressive hematopoietic malignancy that represents 
15% of pediatric ALL and 25% of adult ALL cases in the 

United States [1]. The standard treatment for these patients 
is intensive chemotherapy; however, 25% of children 
and more than 50% of adults fail first-line therapy [1, 2].  
Cytotoxic chemotherapy leads to acute and chronic side 
effects, including osteoporosis, peripheral neuropathy, risk 
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of secondary malignancy, and infertility [1]. Additionally, 
the prognosis for refractory or recurrent ALL is dismal, 
demanding new molecular targets and improved treatment 
options for these patients. Emerging evidence suggests that 
therapies targeted towards specific molecular lesions will 
be more effective and less toxic for cancer patients [3]. 
Therefore, oncogenes of interest need to be established 
before pharmacological intervention can be utilized to 
attack these targets. 

Recently, a variety of genetic lesions, including 
aberrant expression of TAL1, LYL1, and TLX1/HOX11 
[4], activating mutations of NOTCH1[5, 6], and increased 
expression of c-MYC have been implicated in T-ALL 
pathogenesis [5, 7, 8]. However, many of these lesions 
are either difficult to target directly or lack broader 
applicability. For example, despite the critical role of 
c-MYC in T-ALL, direct targeting of c-MYC is not 
currently a clinically viable option. Similarly, targeting 
NOTCH activating mutations using γ-secretase inhibitors 
(GSIs) is limited to patients harboring those mutations 
[9]. Increasing evidence suggests that many of these 
undruggable yet functionally critical targets are controlled 
by complex phosphorylation events driven by deregulated 
activity of specific kinases and phosphatases, which may 
offer an improved option for molecularly targeted therapy. 
Accordingly, several studies have recently shown that 
dephosphorylating c-MYC at serine62 through activation 
of protein phosphatase 2A (PP2A) reduces c-MYC 
stability. Targeting c-MYC by reactivation of PP2A might 
thus be an attractive therapeutic strategy in T-ALL [10–12]. 

PP2A is a serine/threonine phosphatase involved 
in cellular proliferation, survival, and differentiation 
[13]. It has been identified as a tumor suppressor [14, 15] 
that negatively regulates cell cycle progression and pro-
survival molecules [10] and represents a novel therapeutic 
target in cancer [14, 16–22]. PP2A activity is regulated 
by a number of inhibitor proteins, including SET and 
cancerous inhibitor of PP2A (CIP2A). PP2A can be 
inactivated in cancer cells due to increased accumulation 
of the endogenous SET and CIP2A oncoproteins, which 
bind to different subunits of PP2A to inhibit PP2A 
activity [16, 23]. This leads to increased accumulation 
of PP2A targets, thus contributing to oncogenesis [24]. 
Furthermore, it has been shown that high levels of 
SET and CIP2A at diagnosis are biomarkers for cancer 
progression in leukemia and confer a poor prognosis 
[25]. Similarly, overexpression of SET binding protein 1  
(SETBP1) protects SET from protease cleavage and 
permits formation of a SETBP1-SET-PP2A complex, 
which inhibits PP2A phosphatase activity. Therefore, 
high SETBP1 levels may also confer a poor outcome in 
cancer through increased activity of SET and subsequent 
inhibition of PP2A [26]. 

We and others have shown that pharmacological 
re-activation of PP2A or silencing of SET inhibits the 
growth of cancer cells and reduces disease progression 

in vivo in murine models [14, 21, 23, 27–31]. Additionally, 
we discovered that the apoE-mimetic peptide OP449 
(formerly COG449, Oncotide Inc) [32, 33] inhibits 
SET, resulting in restoration of PP2A tumor suppressor 
activity in chronic myelogenous leukemia (CML) and 
acute myelogenous leukemia (AML) [34]. Based on this 
evidence, we sought to evaluate the role of the SET/PP2A 
axis as a therapeutic target in T-ALL. We demonstrate 
that the SET oncoprotein is overexpressed in various 
T-ALL cell lines that also display high expression of 
c-MYC. Further, we demonstrate that SET antagonism 
using OP449 significantly reduces viability in T-ALL cell 
lines by reducing the interaction of PP2A with SET. As 
a consequence, PP2A activity is restored, and expression 
and activity of c-MYC is drastically decreased. 

Additionally, there is increasing evidence 
demonstrating the role of various tyrosine kinases, such 
as IGF1R [35], TYK2 [36], or FAK [37], in T-ALL 
pathogenesis. Since decreased phosphatase function 
and increased kinase activity is a hallmark of cancer 
progression, we tested whether activating PP2A through 
SET antagonism, in combination with tyrosine kinase 
inhibitors, would reduce survival of T-ALL cells. We 
discovered that combination therapy using dovitinib to 
target tyrosine kinases and OP449 to reactivate PP2A is 
more effective in decreasing the viability of T-ALL cells 
than either compound alone, thus offering a potential new 
treatment strategy for T-ALL patients.

RESULTS 

SET and c-MYC are overexpressed in T-ALL 
cells compared to T lymphocytes

The overexpression of c-MYC, a well-known 
PP2A target, has been previously demonstrated in T-ALL 
[5, 8, 11]. We and others have shown that SET and CIP2A, 
two oncogenic inhibitors of PP2A, are overexpressed in 
various cancers, including hematopoietic malignancies 
[25] and breast cancer [23, 32]. The CIP2A/c-MYC 
link has been previously reported [38], where CIP2A 
binds the scaffold subunit of PP2A and prevents c-MYC 
dephosphorylation at S62, consequently stabilizing 
c-MYC [11, 38].

Regarding SET and c-MYC, we have recently 
reported that c-MYC plays an important role in the 
regulation of SET transcription, and correlation analysis 
showed that SET expression associates with c-MYC in 
AML patients [39]. To evaluate whether the expression 
of c-MYC in T-ALL is regulated by the PP2A axis, we 
first interrogated the expression of c-MYC, SET, CIP2A, 
and SETBP1 [26] by quantitative RT-PCR (qRT-PCR) 
in multiple cell lines and primary samples derived from 
T-ALL patients, compared to control T cells derived 
from healthy individuals. We found that c-MYC mRNA 
levels were 2- to 7-fold higher in T-ALL cell lines and 
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some primary T-ALL samples compared to control T cells 
purified from healthy samples (Figure 1A, Supplementary 
Table S1). Further, both SET and CIP2A mRNA levels 
were increased up to 16-fold and 60-fold, respectively, in 
T-ALL cells compared to control cells. Consistent with 
higher mRNA levels, we observed increased c-MYC, SET, 
and CIP2A protein levels in T-ALL cell lines compared 
to normal T cells. Accordingly, SET expression was also 
high in primary T-ALL samples compared to normal 
BM, peripheral blood, and thymus cells as evident from 
the analysis of three independent databases (Supplementary 
Figure S1). Notably SETBP1 expression was increased in 
T-ALL cell lines and in few primary T-ALL cells compared 
to normal T cells (Supplementary Figure S2). The expression 
of wild-type NOTCH, as in LOUCY and JURKAT cells 
[40], or mutated NOTCH, as in RPMI-8402 and MOLT-4 
cells [40, 41], did not differentially affect this upregulation of 
c-MYC, SET, CIP2A, and SETBP1 (Figure 1B). Increased 
expression of PP2A activity regulators SET, CIP2A, and 
SETBP1 across various T-ALL cell lines and primary samples 
strongly suggests a role for these PP2A activity regulators and 
the PP2A axis in T-ALL. Previous studies have shown that 
PP2A targets c-MYC and dephosphorylates the stabilizing 
residue serine 62, leading to c-MYC ubiquitination and its 
subsequent degradation by the proteasome [11, 42]. One 
possibility for the increase in c-MYC expression in T-ALL 
could be that increased SET and CIP2A expression mediates 
inhibition of PP2A activity, leading to stabilization of the 
c-MYC protein. Our results indicate that targeting the PP2A 
axis may be a potential strategy in both NOTCH-dependent 
and independent T-ALL cells. 

SET antagonism promotes PP2A activity and 
inhibits T-ALL cell growth

Recently, we showed that the peptide-based drug 
OP449 selectively binds to SET and restores the activity 
of PP2A [21, 32], causing decreased cell viability in CML 
and AML [34]. Consistent with this, we observed that 
the treatment of T-ALL cell lines with OP449 increased 
PP2A activity in a dose-dependent manner. JURKAT, 
LOUCY, RPMI-8402, and MOLT-4 cells exhibited a 3- to 
4-fold increase in PP2A activity after being treated with 
0.62–1.25 μM OP449 (Figure 2A, p < 0.001). In addition, 
treatment with OP449 reduced the association of SET 
with the PP2A catalytic subunit (PP2Ac) (Figure 2B), 
suggesting that OP449 may increase PP2A activity by 
reducing PP2A’s association with SET. This increase in 
PP2A activity with OP449 treatment correlated with a 
decrease in cell viability in a dose-dependent manner, 
with an IC50 value of 1.25 μM at 72 hrs across all of 
these T-ALL cell lines (Figure 2B, p < 0.001 compared 
to untreated control), together with a dose-dependent 
increase in cellular apoptosis as reflected by annexin V 
staining (Supplementary Figure S3). Taken together, these 
data suggest that OP449 inhibits growth of both NOTCH-

dependent and independent T-ALL cells by antagonizing 
SET inhibition of PP2A.

Dovitinib, a multi-kinase inhibitor, decreases 
T-ALL cell growth and synergistically inhibits 
T-ALL growth with OP449

Combined targeting of tyrosine kinases and 
activating phosphatases has been explored as a therapeutic 
approach for targeting cancer cells [43, 44]. We therefore 
attempted to identify a kinase inhibitor that would be 
synergistic with SET antagonism. We tested 9 T-ALL 
cell lines derived from pediatric T-ALL patients on 
a well-characterized small-molecule inhibitor screen 
comprising 66 compounds targeting various kinases [45]. 
We identified several kinase inhibitors targeting the PI3K/
AKT, MAPK, and JAK pathways, as well as pan-tyrosine 
kinase inhibitors, that uniformly inhibited the growth of 
T-ALL cells. We tested the synergistic effect of OP449 
with at least one agent from each subclass (Supplementary 
Table S2) and identified the most significant effect with 
dovitinib[46, 47]. Dovitinib is an orally active small 
molecule targeting tyrosine kinases including FGFR1/3, 
VEGFR1-4, FLT-3, and c-KIT [48], and is particularly 
effective in decreasing growth of various T-ALL cell 
lines. At 72 hrs, IC50 values ranged from 0.5–1.2 μM 
for both NOTCH-dependent (RPMI-8402 and MOLT-4)  
and independent cell lines (LOUCY and JURKAT) 
(Figure 3A). To determine whether combined targeting of 
relevant tyrosine kinases and phosphatases would reduce 
T-ALL cell growth synergistically, we used a matrix of 
various concentrations of dovitinib and OP449 to assess 
their effects on the growth of 9 T-ALL cell lines. Most of 
the tested T-ALL cell lines showed a synergistic reduction 
in cell growth upon treatment with dovitinib and OP449, 
as determined by calculation of a combination index (CI) 
(Figure 3B, Supplementary Figure S4B). For example, 
treatment of LOUCY cells with 1.25 µM OP449 or 0.312 
µM dovitinib alone reduced cell viability by 48% and 28% 
(Figure 3A), respectively, while combined treatment with 
these concentrations synergistically reduced cell viability 
by 60% (CI value 0.313, Figure 3A, 3B). Similar trends 
were observed for most T-ALL cell lines tested (Figure 3, 
Supplementary Figure S4). These results demonstrate that 
dovitinib offers an effective therapeutic combination with 
OP449 for inhibiting T-ALL cell growth in vitro. 

Combined treatment with OP449 and dovitinib 
reduces c-MYC and kinase activity

To investigate the mechanism by which dovitinib 
and OP449 decrease cell viability in T-ALL, we tested 
the effect of these treatments on c-MYC levels and 
on phosphorylation of kinases previously shown to 
have activity in T-ALL cell lines expressing wild-type 
NOTCH (JURKAT) or mutated NOTCH (RPMI-8402). 



Oncotarget84217www.impactjournals.com/oncotarget

The treatment of RPMI-8402 and JURKAT cells with 
OP449 reduced total c-MYC levels and phosphorylation 
of c-MYC at serine 62 (Figure 4A, 4B). Since previous 
studies have shown that decreased phosphorylation of 
the PP2Ac subunit at Y307 is correlated with increased 
PP2A activity [18] and that decreased phosphorylation of 
c-MYC at serine 62 reduces c-MYC stability [10, 11], we 
investigated whether phosphorylation of these proteins is 
reduced in T-ALL cell lines upon treatment with OP449. 
We found a decrease in both PP2Ac Y307 phosphorylation 
and an association of phospho-S62 c-Myc with PP2Ac 
(Figure 4C), suggesting that SET antagonism reduced 
c-MYC stability by promoting PP2A activity. Next, to 
determine whether SET antagonism influences c-MYC 
activity, we tested the effect of OP449 treatment on direct 
targets of c-MYC, such as transcription factor E2F2 
and proteins involved in ribosome biogenesis, including 

5sRNA and nucleolin (Supplementary Figure S5) [49]. 
Our data indeed showed that OP449 treatment reduced the 
expression of c-MYC targets E2F2, 5sRNA, and nucleolin, 
corroborating our hypothesis that SET inhibition has a 
negative effect on the activity of c-MYC. Additionally, 
OP449 treatment led to a reduction in SET, CIP2A, and 
SETBP1 levels (Figure 4A, 4B), possibly due to a decrease 
in c-MYC activity and increase in PP2A activity [39, 50].

Further, we observed differential sensitivity of 
OP449 and dovitinib in inhibiting downstream kinase 
activity (Figure 4A, 4B). Treatment with OP449 reduced 
phosphorylation of ERK1/2 in RPMI-8402 cells and 
phosphorylation of ERK1/2 and AKT in JURKAT cells. 
Treatment with dovitinib diminished phosphorylation 
of p70S6 kinase and pan-phosphotyrosine activity. 
Interestingly, combined treatment with OP449 and 
dovitinib induced both OP449- and dovitinib-mediated 

Figure 1: SET and c-MYC are overexpressed in T-ALL cells. (A) SET, CIP2A, and c-MYC mRNA expression levels in T-ALL 
cell lines, primary T-ALL samples, and normal CD3+ cells were tested by quantitative RT-PCR. (B) SET, CIP2A, and c-MYC protein 
levels were tested by immunoblotting in T-ALL cell lines, primary T-ALL samples, and normal CD3+ cells. A representative blot is shown 
from three independent experiments for cell lines and from two independent analyses from primary T-ALL samples. Protein levels were 
quantified by performing densitometric analysis of protein expression in each of the indicated samples and normalizing with total actin 
levels. The dashed horizontal line represents mean of healthy controls used for the analysis. The data represents mean+/−SEM from three 
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2: OP449 inhibits growth of T-ALL cells by reactivating PP2A. (A) Indicated T-ALL cell lines were exposed to graded 
concentrations of OP449 for 24 hrs and free phosphate levels were measured. Results are presented as free phosphate levels normalized 
to the total amount of immunoprecipitated PP2Ac protein as detected by western blot analysis ± standard deviation. PP2Ac levels were 
quantified by densitometric analysis of immunoprecipitated protein in each sample. ***denotes p < 0.001 compared to untreated control. 
(B) Effect of OP449 on the interaction of SET/PP2A in T-ALL cells. Co-immunoprecipitation experiments were performed with T-ALL 
cell lines treated with vehicle or 1.25 μM OP449 for 4 hrs  using anti-PP2Ac antibody or non-specific IgGs (used as a control) . Then, the 
immunoprecipitates were separated by SDS PAGE, transferred onto PVDF and analyzed for the presence of PP2Ac and its inhibitor SET. 
(C) Effect of OP449 on the growth of T-ALL cells. T-ALL cell lines were cultured in graded concentrations of OP449 and cell viability 
was measured at 24, 48, and 72 hrs by colorimetric MTS assay in three independent experiments. Results are graphed as the mean percent 
viability relative to untreated cells ± standard deviation.
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Figure 3: Combination of OP449 and the multi-targeted tyrosine kinase inhibitor dovitinib synergistically inhibits 
T-ALL growth synergistically. (A) Combined treatment with OP449 or dovitinib on T-ALL cell lines (Additional cell lines are in 
Supplementary Figure S4). Cells were incubated for 72 hrs alone or in combination and cell viability was measured by standard MTS 
assay. (B) Heatmap of combination indices calculated using Calcusyn corresponding to (A), where values less than one were considered 
synergistic.
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Figure 4: OP449 and dovitinib synergistically inhibit downstream signaling. (A) RPMI-8402 and JURKAT cell lines 
were incubated 24 hrs in the presence of 1 µM OP449, 1 µM dovitinib, or combination. Cells were lysed and immunoblotted with the 
indicated antibodies. A representative blot is shown. (B) Protein levels were quantified by performing densitometric analysis for each of 
the indicated proteins for various treatments and normalizing to GAPDH controls. For pan-phosphotyrosine (p-TYR) blot, all distinct 
bands were quantitated separately and then consolidated into one graph. The relative protein expression was represented as fold changes 
over vehicle-treated control. The data represent mean+/−SEM from three independent experiments. *p < 0.05, **p < 0.01 (C) PP2Ac 
co-immunoprecipitation experiments in RPMI-8402 and JURKAT cell lines treated with vehicle or 1.25 μM OP449 for 8 hrs. Then, the 
immunoprecipitates were analyzed for the presence of phospho-PP2A Y307 and phospho-c-MYC S62.
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effects and blocked the phosphorylation of c-MYC, AKT, 
ERK1/2, p70S6, and pan-phosphotyrosine activity in both 
NOTCH-dependent and independent T-ALL cell lines. 
These results offer a novel therapeutic approach where 
the combined targeting of T-ALL cells with a multi-kinase 
inhibitor and PP2A activator synergistically reduces 
growth by inhibiting multiple oncogenic pathways in both 
NOTCH-dependent and independent T-ALL cells (Figure 
5). 

DISCUSSION

The outcome of pediatric cases of ALL has 
improved tremendously over the last 25 years [51], and 
dose intensification of cytotoxic drugs now appears to 
be optimized; however, 25% of children and more than 
50% of adults fail first-line therapy [1, 2], leaving a gap 
in survival that current therapies fail to fill. Additionally, 
patients cured of T-ALL through standard treatment suffer 
numerous side effects that can lead to poor quality of life. 
Therefore, a new approach for novel treatment options is 
desperately needed. 

Half of T-ALL cases harbor activating mutations in 
NOTCH [52, 53]. c-MYC is a direct transcriptional target 
of NOTCH; however, c-MYC protein is elevated in T-ALL 
cells regardless of NOTCH dependency [54], suggesting 
a broader application of interfering with c-MYC signaling 
than targeting NOTCH. Recent studies have identified that 
c-MYC can be destabilized by increasing the activity of 

the serine/threonine phosphatase PP2A [10–12]. PP2A 
is a tumor suppressor [14, 15] that can be inactivated in 
cancer cells due to increased accumulation of the SET 
and CIP2A oncoproteins [16, 23, 25]. This prevents the 
downregulation of PP2A targets such as c-MYC, thus 
contributing to oncogenesis [23]. Targeting the SET/PP2A  
or CIP2A/PP2A axes might successfully destabilize 
c-MYC and disrupt aberrant cellular function. Although 
the specific mechanism by which CIP2A inhibits PP2A 
is believed to be through direct binding to the scaffold 
subunit of PP2A, the details of this interaction are still 
unknown, and CIP2A inhibitors have yet to be designed. 
Therefore, in this work, we focused on SET and sought 
to determine the role of the SET/PP2A axis in T-ALL 
by using a SET antagonist, OP449, which has been 
previously shown to be effective against CLL, non-
Hodgkin’s lymphoma, CML, and AML cells ex vivo 
[32, 34]. Here we report a novel role of SET antagonism 
in T-ALL and show that combined targeting of tyrosine 
kinases and activation of PP2A may offer an effective and 
novel therapeutic strategy for the treatment of NOTCH-
dependent and independent T-ALL. 

We found that SET, CIP2A, and c-MYC mRNA 
and protein levels were frequently elevated in both 
NOTCH-dependent and independent cell lines and 
primary T-ALL samples compared to normal T cells, 
which is consistent with our recent finding that c-MYC 
activates the transcription of SET and possibly CIP2A 
in AML [39]. Next, we investigated the in vitro efficacy 

Figure 5: A model showing that combining phosphatase reactivation using SET antagonism with tyrosine kinase 
inhibition blocks the growth of T-ALL cells. (A) SET is overexpressed in leukemic cells, which leads to decreased PP2A phosphatase 
activity, and loss of deactivation of downstream kinases. Leukemia cells have increased tyrosine kinase activity that promotes downstream 
signaling. (B) Combined targeting of SET and activated kinases leads to a more pronounced inhibition of leukemic cell growth in T-ALL.
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of the SET inhibitor OP449 on T-ALL cell lines and 
demonstrated a dose-dependent increase in PP2A activity 
and a decrease in cell viability and survival, supporting 
previous findings regarding the oncogenic properties 
of SET in hematopoietic malignancies [16, 18, 32, 34]. 
We observed that treatment with OP449 reduced total 
c-MYC levels and serine 62 phosphorylation of c-MYC. 
Because phosphorylation at serine 62 stabilizes c-MYC, 
these results suggested that PP2A reactivation via SET 
antagonism regulates c-MYC stability, consistent with 
previous studies showing the role of PP2A in stabilization 
of c-MYC [11]. Additionally, OP449 treatment reduced 
c-MYC activity as evidenced by decreased expression of 
direct c-MYC targets E2F2, 5sRNA, and nucleolin. OP449 
treatment also led to a reduction in CIP2A and SETBP1 
levels. The reduction in CIP2A levels may be due to a 
decrease in c-MYC activity, which is known to regulate 
CIP2A expression [50]. SETBP1 may be destabilized due 
to an increase in PP2A activity and reduction in c-MYC 
and SET levels, as we previously reported in AML 
[39]. Overall, the increase in free phosphate together 
with decreased binding of PP2Ac to SET, decreased 
phosphorylation of PP2Ac at Y307, and decreased c-MYC 
stability with OP449 treatment, indicates reactivation of 
PP2A and the specificity of the compound to antagonize 
the SET oncoprotein. 

Since increasing evidence has demonstrated the 
role of various tyrosine kinases such as IGF1R [35], 
TYK2 [36], or FAK kinases [37] in T-ALL pathogenesis, 
we identified a kinase inhibitor to synergize with SET 
antagonism and enhance the potency of OP449. This 
combined strategy of phosphatase activation with OP449 
and kinase inhibition with the multi-tyrosine kinase 
inhibitor dovitinib demonstrated synergy in reducing 
cell viability in vitro. OP449 treatment itself reduced 
phosphorylation of ERK1/2 and AKT, while dovitinib 
treatment diminished phosphorylation of p70S6 kinase 
and pan-phosphotyrosine activity. Notably, combined 
targeting decreased phosphorylation of c-MYC, AKT, 
ERK1/2, p70S6, and pan-phosphotyrosine levels. Our 
data suggests that dovitinib might be effective in T-ALL 
because it has the ability to inhibit multiple kinases 
together, as evidenced by reduced pan-phosphotyrosine 
kinase activity. Dovitinib is known to inhibit several 
kinases, including FLT3, c-KIT, FGFR1/3, and VEGFR1-4 
[46, 48]. However, in our small-molecule inhibitor screen 
with T-ALL cells, we have not seen consistent activity 
of FLT-3/c-KIT inhibitor (sunitinib), FGFR1/3 inhibitor 
(ponatinib), or VEGFR inhibitor (sorafenib, AMG 706) 
[45], suggesting further investigation needed to identify 
the specific targets for dovitinib in T-ALL. 

Our data suggest that activation of the serine/
threonine phosphatase PP2A by OP449 treatment 
not only reduces serine/threonine phosphorylation of 
c-MYC, AKT, and p70S6, but also reduces the activity 
of ERK1/2, which is phosphorylated at both threonine 

and tyrosine residues, and pan-phosphotyrosine activity. 
This is consistent with previous studies showing that 
increased PP2A activity is associated with increased 
tyrosine phosphatase activity of SHP-1, which in turn 
dephosphorylates tyrosine kinases [24], and that SHP-1  
can itself induce tyrosine dephosphorylation of PP2A [55]. 
Accordingly, our data show that OP449 treatment reduced 
tyrosine phosphorylation of PP2Ac and associated pan-
phosphotyrosine activity. Additionally, both NOTCH-
dependent and independent cell lines responded to 
treatment with OP449 and dovitinib, suggesting that SET 
antagonism in combination with this kinase inhibitor will 
be beneficial irrespective of NOTCH status in T-ALL 
cells. Further, NOTCH activating mutations can be 
therapeutically targeted with γ-secretase inhibitors (GSIs); 
however, GSIs may reduce PP2A activity, leading to 
reactivation of many oncogenic proteins such as c-MYC 
[9, 56]. Our data suggests that targeting the SET/PP2A axis 
should be beneficial for reactivation of PP2A, thus blocking 
downstream signaling in T-ALL with activated NOTCH. 
Our results are in accordance with recent studies suggesting 
the antipsychotic drug perphenazine (PPZ) could be 
repurposed for activating PP2A in T-ALL cells [57].

Overall, our study offers additional insight 
suggesting that antagonizing SET in combination with 
tyrosine kinase inhibition will be beneficial for T-ALL 
patients (Figure 5). Our previous work has shown that 
antagonism of SET does not cause any toxicity in an in 
vivo mouse model[34], which may help in reducing some 
of the toxicity of standard-of-care chemotherapy drugs. 
These results support ongoing efforts for the development 
of small molecules targeting the SET/PP2A axis [58], 
which may provide better outcomes not only for larger 
subsets of T-ALL patients, but also for other cancer types. 

MATERIALS AND METHODS

Cell culture and normal T cells

Certified CCRF-CEM, JURKAT, LOUCY, MOLT-4,  
PEER, RPMI-8402, DND41, SUPT13 and KOPTK1 
cell lines were generously provided by Dr. A. 
Thomas Look at Dana Farber Cancer Institute. 
MOLT-3 cell lines were purchased from ATCC 
(CRL-1552, Manassas, Va). All cell lines were 
maintained in RPMI-1640 medium supplemented 
with 2 mM L-glutamine, 10% FBS, 100 U/ml  
penicillin, 100 µg/mL streptomycin. LOUCY cell line 
was grown in RPMI-1640 with 20% FBS. All cell lines 
were cultured at 37°C in 5% CO2. Fresh peripheral blood 
was collected from consented donors in accordance 
with OHSU IRB guidelines. T cells were isolated from 
fresh PBMCs by magnetic bead separation using the 
EasySep Human CD3 Positive Selection Kit (Stem Cell 
Technologies) according to manufacturer’s instructions. 
T cells were counted and assessed for viability by trypan 
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blue exclusion, which was always > 95%. 

Cell viability assay and inhibitor screen

OP449 was obtained from Oncotide Pharmaceuticals 
(Research Triangle Park, NC) (molecular weight  
9223 g/mol) and was reconstituted in PBS as a 10 mM 
stock and prepared as previously described [34]. Dovitinib 
was purchased from Selleckchem (S1018, Houston, TX) 
and reconstituted with DMSO as 20 mM stock for 
in vitro studies. Sensitivity to OP449 and dovitinib was 
tested using a concentration gradient in a 96 well plate, 
seeding 5000 cells per well. Cells were cultured in their 
respective media for 72 hrs. The cytotoxic effect of drugs 
was assessed by Cell Titer 96 Aqueous One solution cell 
proliferation assay (MTS) (Promega, Madison, WI) and 
a BioTek Synergy 2 plate reader (Winooski, VT). The 
IC50 for each compound was calculated for each cell line. 
Combination indices (CI) were calculated using Calcusyn 
software. We performed a small molecule inhibitor screen 
comprised of 66 compounds targeting two-thirds of the 
tyrosine kinome as described previously [45].

Immunoblotting

T-ALL cell lines were cultured in the presence or 
absence of 1 µM OP449, 1 µM dovitinib, or combination. 
Following the indicated drug exposure time, cells were 
washed in PBS and lysed in 50 µL lysis buffer (9803, Cell 
Signaling Technology, Boston, MA) supplemented with 
complete protease inhibitor and phosphatase inhibitor 
cocktail-2 (Sigma-Aldrich, St. Louis, MO). Equal amounts 
of protein were fractionated on 4–15% Tris-glycine 
polyacrylamide gels (Bio-Rad, Hercules, CA), transferred 
to PVDF membranes and probed with antibodies to 
SETBP1 (98222) and p-cMYC (78318) from AbCam, San 
Francisco, CA; c-MYC (764) from Santa Cruz, Dallas, TX; 
p-AKT (4060), AKT (9272), p-ERK1/2 (9101), ERK1/2 
(4695), p-p70S6K (9234), and p70S6K (2708) from Cell 
Signaling, Danvers, MA; p-Tyr (05-321), actin (C4), and 
PP2A-C (05-421) from Millipore, Temecula, CA; SET 
(A302-261a) from Bethyl, Montgomery, TX;  CIP2A (a gift 
from Jukka Westermarck, Finnish Cancer Institute, Turku 
Centre for Biotechnology, Turku, Finland), p-PP2A-Y307 
(1155-1) from Epitomics, Cambridge, MA; and GAPDH 
(AM4300) from ThermoFisher, Carlsbad, CA.

PP2A assay

PP2A activity was determined as previously 
described [14, 34] using the commercially available PP2A 
Immunoprecipitation Phosphatase Assay Kit (17-313,  
Upstate Biotechnology). Briefly, protein lysates were 
prepared in 20 mM imidazole-HCl, 2 mM EDTA, 2 mM 
EGTA, pH 7.0 with 10 μg/ml each of aprotinin leupeptin 
and pepstatin, 1 mM benzamidine, 1mM PMSF and 

phosphatase inhibitors tablets (Roche, Madison, WI).  
50 μg of protein was immunoprecipitated with 2 μg 
of anti-PP2A antibody (1D6, Upstate Biotechnology) 
and 50 μL of protein-A-agarose beads for 2 hrs at 4°C. 
Beads were washed extensively with lysis buffer, then 
with Ser/Thr assay buffer. Beads were then used in the 
phosphatase reaction for measuring dephosphorylation 
of the phosphopeptide (K-R-pT-IR-R) according to the 
manufacturer’s protocol using malachite green phosphate 
detection solution. The level of free phosphate was 
normalized to total amount of PP2Ac immunoprecipitated 
as measured by densitometry analysis of immunoblots.

Immunoprecipitation

OP449 or vehicle-treated cell pellets were lysed 
in 300 µl of co-IP buffer (PBS containing 0.5% Triton 
X-100, 1 mM EDTA, 100 μM sodium orthovanadate, 
0.25 mM PMSF and complete protease inhibitor mixture, 
Roche). After centrifugation, protein samples were 
quantified by the BCA method and incubated over night at 
4°C with 4 µg of PP2Ac antibody followed by two hours 
incubation with protein A/G- agarose beads (Invitrogen). 
The immunocomplexes were extensively washed with 
co-IP buffer, subsequently eluted with 25 µl of Laemmli 
buffer and boiled at 100ºC for Western blot analysis. IP 
control samples were incubated with irrelevant IgG.

Quantitative PCR

Total RNA was extracted using an RNeasy Kit 
(QIAGEN, Valencia, CA) and cDNA was synthesized using 
Oligo(dT)-primers with a SuperScript First Strand Synthesis 
kit (Invitrogen, Carlsbad, CA). cDNA was quantified and 
normalized using a NanoDrop 1000 spectrophotometer. 
Quantitative PCR was performed in triplicate using 
Taqman primer/ probe sets (Applied Biosystems) for 
c-MYC (Hs00905030_m1), SET (Hs00853870_g1), 
CIP2A (Hs00405413_m1), and for normalization 18S  
(Hs99999901_s1) genes.  Reactions were carried out 
using 5ng of cDNA and PerfeCta qPCR FastMix (Quanta 
Biosciences) on a StepOne Real-Time PC System machine 
(Applied Biosystems).  For E2F2, Nucleolin, and 5sRNA 
RT-PCR reactions were performed with the QuantStudio 7 
Flex System (Thermo Fisher Scientific, Grand Island, NY) 
using Platinum SYBR Green qPCR SuperMix (Invitrogen) 
according to manufacturer’s instructions. ROX reference 
dye was used to normalize fluorescent signal between 
reactions. The following primers: Nucleolin forward: 
5′-ACTGACCGGGAAACTGGGTC-3′ and reverse: 5′-TG 
GCCCAGTCCAAGGTAACT-3′, E2F2 forward: 5′-ACA 
AGGCCAACAAGAGGCTG-3′ and reverse: 5′-TCAGT 
CCTGTCGGGCACTTC-3′, 5sRNA forward: 5′-GGCC 
ATACCACCCTGAACGC-3′ and reverse: 5′-CAGCACC 
CGGTATTCCCAGG-3′, and for normalization GAPDH 



Oncotarget84224www.impactjournals.com/oncotarget

forward: 5′-TCCTGCACCACCAACTGCTTAG-3′ and 
reverse: 5′-GGCATGGACTGTGGTCATGAG-3′ were used. 

SET expression analysis using databases

Oncomine™ (Compendia Bioscience, Ann Arbor, MI)  
was used for examination of putative differential 
expression and visualization for SET. Specifically, the 
expression of SET was examined between T-ALL and 
normal samples in the Andersson and Haferlach datasets. 
All Oncomine data sets are log-transformed and median-
centered per array [59]. In addition, SET expression was 
examined between T-ALL and thymus samples using 
GEO’s GSE46170 dataset (unpublished).  Raw data was 
downloaded and normalized using quantile normalization 
and RMA background correction. (Bioconductor’s affy 
package 1.46.1).

Statistical methods

IC50 values were generated using GraphPad Prism 
software.  Combination indices (CI) were calculated using 
Calcusyn software. A CI value less than 1.0 represents a 
synergistic drug combination. Statistical comparisons were 
performed using a two-tailed, unpaired Student’s t-test 
when comparing expression between healthy and leukemia 
samples and two-tailed, paired Student’s t-test when 
comparing untreated and treated groups from the same 
sample. A p value less than 0.05 was considered statistically 
significant. * denotes p < 0.05, ** denotes p < 0.01, and *** 
denotes p < 0.001. Densitometry analysis was conducted 
using Image Lab software (Bio-Rad, Hercules, CA).
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