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A pharmacological model reveals biased dependency 
on PI3K isoforms for tumor cell growth 
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Aim: To identify the contribution of individual isoform (α, β, γ, δ) of class I PI3Ks to tumor cell growth for proper use of PI3K inhibitors in 
cancer therapy.
Methods: A panel of human rhabdomyosarcoma Rh30 cells stably expressing myristoylation (Myr)-tagged one of class I PI3K p110 
subunits was established.  PI3K activity was analyzed by measuring phosphorylated Akt with Western blotting, and isoform-specific 
PI3K activities were validated with PI3K isoform-selective inhibitors.  The growth of prostate cancer PC-3 cells and B cell type leukemia 
Raji cells was determined using SRB assay and CCK-8 assay, respectively.
Results: The phosphorylation of Akt in Rh30-Myr-p110α, β, γ, δ cells was preferentially inhibited by PI3K isoform-selective inhibitors 
A66 (PI3Kα), TGX221 (PI3Kβ), AS604850 (PI3Kγ) and CAL-101 (PI3Kδ), respectively.  A newly obtained PI3K inhibitor WJD008 (10 
μmol/L) completely abrogated Akt phosphorylation by all the isoforms of class I PI3Ks, thus acted as a pan-PI3K inhibitor.  In prostate 
cancer PC-3 cells, the PI3K isoform-selective inhibitors were much less potent than WJD008 in suppression of the proliferation.  In 
B cell type leukemia Raji cells, inhibition of PI3Kδ alone or all the isoforms of class I PI3Ks displayed similar potency against the cell 
proliferation, whereas selective inhibition of individual PI3Kα/β/γ isoforms resulted in negligible activity.
Conclusion: Rh30-Myr-p110α, β, γ, δ cells are a useful cell model to identify the selectivity of PI3K inhibitors.  Pan-PI3K inhibitors are 
suitable for treating PC-3 cells, whereas selective PI3Kδ inhibitor is sufficient to block Raji cell growth.  The biased dependency on PI3K 
isoforms for tumor cell growth rationalizes the use of PI3K inhibitors with different selectivity for cancer therapy.

Keywords: anticancer drug, PI3K inhibitor, drug selectivity; WJD008; prostate cancer; B cell type leukemia; screening model
 
Acta Pharmacologica Sinica (2013) 34: 1201–1207; doi: 10.1038/aps.2013.81; published online 29 Jul 2013

Original Article

Introduction
The phosphatidylinositol 3-kinase (PI3K)-mediated signaling 
pathway plays a central role in a complex, multi-armed signal-
ing network that orchestrates cell responses, including cell sur-
vival, growth, proliferation, angiogenesis, migration and glu-
cose metabolism[1].  PI3K are lipid kinases that phosphorylate 
3-OH of phosphatidylinositol, which are divided into three 
classes according to their structural and substrate specificity 
(I, II, and III).  Class I PI3Ks are further divided into class IA 
and class IB.  The class IA isoforms PI3Kα, PI3Kβ, and PI3Kδ 
are all bound to one of the p85/p55/p50 regulatory subunits, 
whereas PI3Kγ, the only IB PI3K, associates with the adaptor 
proteins p101 or p87PIKAP [2].  Class I PI3K isoforms localize and 
function non-redundantly in cells; PI3Kα and PI3Kβ are ubiq-
uitously expressed and regulate insulin signaling, neovascu-

larization and platelet aggregation, whereas PI3Kδ and PI3Kγ 
are mainly expressed in leukocytes and regulate immune pro-
cesses[3–5].

PI3K-mediated signaling network is important in tumori-
genesis and progression, which is frequently hyper-activated 
in a variety of human cancers.  This is a result of either gain-of-
function in PI3K, inactivation of the lipid phosphatase PTEN 
(phosphatase and tensin homolog) or deregulated growth 
factor signaling[6, 7].  PI3K has been validated as a therapeutic 
tumor target of increasing interest from the research com-
munity of tumor biology and cancer therapeutics as well[8, 9].  
Due to efforts in academia and industry to develop clinically 
relevant inhibitors, a number of pan- or isoform-specific PI3K 
inhibitors have been identified and developed as potential 
molecularly targeted anticancer therapies, including GDC0941 
(pan-PI3K), A66 (PI3Kα), TGX221 (PI3Kβ), AS604850 (PI3Kγ), 
and CAL-101 (PI3Kδ)[6, 10–14].  Isoform inhibitors may enhance 
targeting and reduce toxicity, whereas pan-PI3K inhibitors 
are thought to be more potent with wide antitumor spectrum.  
Therefore, understanding the specificity of PI3K inhibitors 
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within cells is important for their proper use.  Most isoform-
selectivity data of the present inhibitors were obtained from 
biochemical assays, due to a lack of reliable cellular systems 
to identify their selectivity[15].  In addition, the contribution of 
each isoform within given cells for growth is not fully under-
stood and isoform-selective PI3K inhibitors are good tools for 
such study.  For example, PI3Kα inhibitors were considered to 
possess antitumor activity against PIK3CA mutated tumors[6], 
PI3Kβ was the potential target in PTEN negative cancers[16], 
and PI3Kγ and PI3Kδ were important promoters for T cell 
acute lymphocytic leukemia and B cell type chronic lympho-
cytic leukemia[17–19].

In the present study, we strived to establish a cell model 
to identify the specificity of PI3K inhibitors with an isogenic 
background and unified readout and then the identified 
inhibitors were used as probes to determine the contribution 
of each isoforms to cell growth in specific cell type and in turn 
to clarify the antitumor potential of these inhibitors.

Materials and methods
Compounds and plasmids
A66, CAL-101 (Selleck Chemicals, Houston, TX, USA), 
AS604850 (Cayman Chemical Company, Ann Arbor, MI, USA) 
and WJD008 (synthesized in house with over 98% purity) were 
dissolved in dimethyl sulfoxide at 10 mmol/L and stored at 
-20 °C.  TGX221 (Cayman Chemical Company, Ann Arbor, 
MI, USA) was provided in alcohol at 1 mg/mL.  Plasmids 
containing p110α or p110β were kindly provided by Thomas 
Roberts (Harvard Medical School), and plasmids contain-
ing p110γ or p110δ were kindly provided by Peter K Vogt 
(The Scripps Research Institute).  pBABE-puro plasmid was 
acquired from Addgene (Addgene plasmid 1764); pGP and 
pE-Ampho plasmids were purchased from Takara (Dalian, 
China).

Cell culture
A human rhabdomyosarcoma Rh30 cell line was a gift from 
the St Jude Children’s Research Hospital (Memphis, TN, 
USA).  The parental and transfected Rh30 cells were main-
tained in RPMI-1640 medium supplemented with 10% fetal 
bovine serum (FBS).  Human prostate cancer PC-3 cells and B 
cell type leukemia Raji cells were obtained from the American 
Type Culture Collection and were cultured in F-12 or RPMI 
-1640 medium supplemented with 10% FBS.  293FT cells were 
purchased from Life Technologies Corporation (Carlsbad, CA, 
USA) and maintained in DMEM plus 10% FBS.

Cell transfection
Myristoylated tag (ATGGGGTCTTCAAAATCTAAACCA-
AAGGACCCCAGCCAGCGCCGGCGCAGAATCCGAGGT) 
and HA tag (TACCCATACGACGTGCCAGATTACGCCGGA) 
were ligated in tandem with each p110 gene sequences and 
then inserted into pBabe-Puro plasmid.  The resulting con-
structs were co-transfected with pGP and pE-Ampho plasmids 
into 293FT cells to obtain retrovirus, which were then used to 
infect Rh30 cells.  After selection with 1 μg/mL puromycin for 

1 week, cells stably expressing myristoylated PI3K isoforms 
were pooled for validation and named as Rh30-Myr-p110α, 
Rh30-Myr-p110β, Rh30-Myr-p110γ, and Rh30-Myr-p110δ, 
accordingly.

Western blot analysis
Rh30-Myr-p110 cells grown to 50% confluence in 12-well 
plates continued to be incubated in serum-free medium for 
12 h and were then exposed to tested compounds at indicated 
concentrations for 1 h.  The cells were collected and lysed in 
1×SDS-loading buffer [50 mmol/L Tris-HCl (pH 8.0), 2% SDS, 
100 mmol/L DTT, 0.001% bromophenol blue, 10% glycerol] 
and were heated at 95 °C for 10 min.  Standard Western blot 
was proceeded with the antibodies against Akt, Akt pT308, 
Akt pS473 (Cell Signaling Technology, Danvers, MA, USA) 
and β-actin (Sigma Aldrich, St Louis, MO, USA).  Relative grey 
intensity of bands was analyzed with ImageQuant TL software 
(GE Healthcare Life Sciences, Piscataway, NJ, USA).

Cell proliferation assays
Proliferation of PC-3 cells was evaluated by sulforhodamine 
B (SRB) assay as previously reported[20].  Viability of Raji cells 
was assessed using a cell counting kit (CCK-8, Ddojindo, 
Japan) following the manufacturer’s protocol.  Briefly, cells 
seeded in a 96-well plate were settled for 6 h before diluted 
compounds were added to each well at desired concentra-
tions in triplicate.  CCK-8 reagent was added 72 h later fol-
lowed by color development to the appropriate density and 
the OD value was measured at 450 nm.  The inhibitory rate 
was calculated using the formula: (ODcontrol cells–ODtreated cells)/
ODcontrol cells×100%.

Statistical analysis
Data was shown as mean±SD (standard deviation) of at least 3 
independent experiments.  A value of P<0.05 was considered 
statistically significant.

Results
Myristoylation-tagged PI3K catalytic subunits possessed stimuli-
independent kinase activity
To test the specificity of PI3K inhibitors in cellular system, we 
generated a panel of human rhabdomyosarcoma Rh30 cell 
lines that stably expressed one myristoylation (Myr)-tagged 
p110 catalytic subunit (p110α, p110β, p110γ, or p110δ, respec-
tively) of human class I PI3K at the N terminal, namely Rh30-
Myr-p110α, Rh30-Myr-p110β, Rh30-Myr-p110γ, or Rh30-Myr-
p110δ (Figure 1A).  We next assessed the protein levels of 
each p110 isoform by detecting HA-tag.  As shown in Figure 
1B, HA was detectable in all 4 p110 but not vector expressing 
cells, indicating expression exogenous p110 isoforms in these 
cells.  p110γ and p110δ were expressed more efficiently than 
p110α or p110β in the cell lines.  The ectopically expressed 
p110 isoforms are supposed to be membrane-anchoraged and 
constitutively active due to myristoylation at N-terminals.  We 
detected phosphorylated Akt as a readout of PI3K activity.  As 
shown in Figure 1C, Akt was phosphorylated in the presence 
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of FBS throughout all cells tested, whereas constitutively phos-
phorylated Akt was observed in cells expressing the myristoy-
lated p110 isoforms but not in the control vector-transfected 
counterpart under the serum-free condition.

Isoform-selective PI3K inhibitors blocked PI3K signaling in 
corresponding Rh30-Myr-p110 cells
To test whether the newly established Rh30-Myr-p110 cells 
could be used to identify the isoform selectivity of PI3K inhibi-
tors, we treated the panel of cells with reported PI3Kα inhibi-
tor A66, PI3Kβ inhibitor TGX221, PI3Kγ inhibitor AS604850 
or PI3Kδ inhibitor CAL-101 under serum-free conditions and 
then detected the level of phosphorylated Akt (Figure 2).  A66 
was reported as a highly selective PI3Kα inhibitor with IC50 
of 32 nmol/L in biochemical assays, displaying more than 
100-fold selectivity over other class I PI3K isoforms[6].  We 
found that A66 significantly inhibited the phosphorylation of 
Akt in Rh30-Myr-p110α cells at the concentration of 100 nmol/
L, but more than 3 μmol/L was required to inhibit Akt phos-
phorylation to the same extent in Rh30-Myr-p110γ cells.  Addi-
tionally, it had almost no inhibitory effect in Rh30-Myr-p110β 
and Rh30-Myr-p110δ cells up to 10 μmol/L (Figure 2).  These 
results demonstrated the selectivity of A66 against PI3Kα is at 
the cellular level, which is consistent with results obtained in 
kinase assays.  Similarly, TGX221 (PI3Kβ), AS604850 (PI3Kγ), 

and CAL-101 (PI3Kδ) displayed corresponding selectivity 
against PI3K isoforms (Figure 2).  These results indicated that 
PI3K activity was dependent on one isoform in this panel of 
cells under serum-free cultural condition, and Rh30-Myr-p110 
series cells could be used to identify the isoform selectivity of 
PI3K inhibitors at the cellular level.

WJD008 was a pan-PI3K inhibitor
WJD008 has been reported as a potent dual PI3K/mTOR 
inhibitor by our laboratory[20]; however, its selectivity among 
class I PI3K isoforms has not been studied.  WJD008 was 
designed based on the structure of a PI3Kα-tendentious inhibi-
tor PI-103.  Accordingly, we found that WJD008 preferentially 
blocked Akt phosphorylation at both S473 and T308 in Rh30-
Myr-p110α cells at 0.37 μmol/L (Figure 3).  A higher concen-
tration of WJD008 (1.1 μmol/L) was required to reduce Akt 
phosphorylation in Rh30-Myr-p110β/γ cells.  WJD008 was 
able to completely abrogate Akt phosphorylation in all cells 
of this panel at the concentration of 10 μmol/L (Figure 3).  
Although WJD008 tended to inhibit PI3Kα at lower concen-
tration, the selective window is limited, and WJD008 blocked 
PI3K signaling of all four isoforms at pharmacological concen-
tration range[20].  Therefore, WJD008 was identified as a pan-
PI3K inhibitor.

Figure 1.  Establishment of PI3K isoform-expressing Rh30 cells.  (A) Scheme of the steps: Plasmids that encode myristoylation-HA-p110 were 
transfected into Rh30 cells by retrovirus.  The ectopic proteins are membrane-targeted and constitutively produce second messenger PIP3, which 
results in phosphorylation of Akt.  (B) Western blots were performed to detect each p110s expression indicated by HA-tag.  (C) Myr-p110- or control 
vector-transfected Rh30 cells were cultured either in presence of (FBS+) or absence of FBS (FBS–) for 12 h, then phosphorylation of Akt at Thr308 and 
Ser473 was detected.  β-Actin was served as loading control.  Representative images are presented.
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Antitumor activity of isoform-selective and pan-PI3K inhibitors
As PI3K isoforms express differentially in different tissues, 
PI3K inhibitors with distinct selectivity profiles may act dif-
ferently against tumors that originated from different tis-
sues.  We detected expression of the PI3K isoforms in human 
prostate cancer PC-3 cells and in human B cell type leukemia 
Raji cells.  As shown in Figure 4A, relative to PC-3, p110γ and 
p110δ were the major isoforms expressed in Raji cells.  p110α 
and p110β were also detectable, whereas only p110α and 
p110β were detected in PC-3 cells.  Both of the cell lines were 
PTEN negative, where Rh30 cells were employed as a positive 
control for PTEN.  Meanwhile, Akt phosphorylation was more 
robust in PC-3 cells than that in Raji cells, suggesting more 
activated PI3K signaling (Figure 3).

We next determined the antiproliferative ability of A66, 
TGX221, AS604850, CAL-101, and WJD008 against PC-3 and 

Raji cells at the concentrations that were sufficient to block Akt 
phosphorylation induced by their respective isoform(s).  In 
PC-3 cells, specific inhibition of individual PI3K isoform barely 
has any inhibitory effect except that TGX221 (PI3Kβ inhibitor) 
inhibited cell proliferation by 20%.  However, the inhibitory 
rate reached greater than 75% when all of the isoforms were 
blocked by WJD008.  These results indicated that the functions 
of PI3K isoforms were redundant in PC-3 cells, and PI3Kβ 
accounted for greater proportion (Figure 4B).  Therefore, pan-
PI3K inhibitors are required to gain better antiproliferation in 
PC-3 cells.  The inhibitory profile was different in Raji cells; 
inhibition of PI3Kδ (CAL-101) alone was sufficient to inhibit 
cell growth by 30%, which was more potent than all other iso-
form-specific inhibitors, while inhibition of all four isoforms 
failed to enhance inhibition on cell proliferation, suggesting 
the dominant role of PI3Kδ in PI3K activity in Raji cells (Figure 

Figure 2.  Isoform-selective PI3K inhibitors blocked PI3K signaling in corresponding Rh30-Myr-p110 cells.  Rh30-Myr-p110s cells were cultured in 
serum-free medium for 12 h, and then exposed to the compounds at indicated concentrations for additional 1 h.  (A) The cells were collected to detect 
the level of phosphorylated and total Akt.  β-Actin was served as loading control.  (B) Relative intensity of Akt pS473 bands which was normalized to 
corresponding total Akt was plotted, where control was set as 100%.  Representative images and plots were presented.
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4B).  It should be noted that WJD008 was more active in inhib-
iting proliferation of PC-3 cells than that of Raji cells, which 
was most likely due to more activated PI3K signaling and the 

dependence of cell proliferation on PI3K in PC-3 cells than in 
Raji cells (Figure 4A).

Figure 3.  WJD008 was a pan-PI3K inhibitor.  Rh30-Myr-p110 cells were cultured in serum-free medium for 12 h, and then exposed to serial diluted 
WJD008 for additional 1 h. (A) Cells were collected for Western blot to analyze the level of indicated proteins.  β-Actin was served as loading control.  
Relative intensity of Akt pT308 (B) and pS473 (C) bands which was normalized to corresponding total Akt was plotted, where control was set as 100%.  
Representative images and plots were presented.

Figure 4.  Antitumor activity of isoform selectivity and pan-PI3K inhibitors against cells expressing different PI3K isoforms.  (A) Exponentially growing 
Raji, Rh30 and PC-3 cells were harvested for Western blot to detect the level of indicated proteins.  Rh30 cells were used as a positive control for PTEN 
expression.  (B) PC-3 and Raji cells were exposed to A66 (0.74 μmol/L), TGX221(2.2 μmol/L), AS604850 (6.7 μmol/L), CAL-101 (0.24 μmol/L), and  
WJD008 (10 μmol/L) respectively for 72 h.  Cell growth was determined using SRB assay (PC-3 cells) or CCK-8 assay (Raji cells) and inhibitory rate was 
calculated.  Data shown were mean±SD of at least 3 repeats.
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Discussion
In this study, we established a useful cell model to identify 
the selectivity of PI3K inhibitors among four isoforms of class 
I PI3K and found that a newly discovered PI3K inhibitor 
WJD008 was a pan-PI3K inhibitor.  Using four isoform-specific 
inhibitors and WJD008 as probes, we revealed different depen-
dency on PI3K isoforms for cell growth in different types of 
cells, where PI3K isoforms functioned redundantly in PC-3 
cells and PI3Kδ dominated PI3K activity in Raji cells.

Identifying the isoform selectivity of PI3K inhibitors is 
important for the discovery and development of drugs target-
ing PI3K, thus helping to predict their efficacy and toxicity in 
treatment of a particular tumor type.  Though isoform selectiv-
ity of PI3K inhibitors could be determined with kinase assays, 
their activity at the cellular cell level is affected at least by ATP 
concentration and protein distribution.  To our knowledge, 
this is the first time that an isogenic cellular model was pro-
vided to identify selectivity among all class I PI3K isoforms, 
which is unique from previous studies where different cell 
types and stimulators were used to measure PI3K activity[21, 22].  
Because it is difficult to measure PIP3 level at the cellular level, 
we detected the level of phosphorylated Akt as a surrogate 
reader for the PI3K activity, which faithfully reflects the activ-
ity of PI3K and is easily quantified.  Moreover, PI3K activity 
was dependent on one isoform in Rh30-Myr-p110 cells under 
serum-free cultural condition, which avoided possible discrep-
ancies caused by using different stimulants to trigger isoform-
specific activity.  Therefore, parallel comparison of activity 
among isoforms in cells could be fulfilled using this panel of 
cells, which is suitable for further optimization to meet the 
need of screening and validating PI3K isoform-selective com-
pounds.

WJD008 was modified from PI-103, which is a potent, ATP-
competitive PI3K inhibitor of PI3Kα, PI3Kδ, PI3Kβ, and PI3Kγ 
with IC50s of 8, 48, 88, and 150 nmol/L, respectively[23, 24].  
Interestingly, WJD008 also possessed mild selectivity against 
PI3Kα in cells (Rh30-Myr-p110).  We previously reported that 
WJD008 abrogated IGF-1-induced Akt phosphorylation in 
Rh30 cells at 1 μmol/L, which was also sufficient to reduce 
myr-p110α/β-triggered Akt phosphorylation, suggesting the 
similar sensitivity between ectopic p110 proteins and endog-
enous PI3K[20].  In biochemical assays, TGX221 was reported 
to inhibit PI3Kβ, PI3Kδ, and PI3Kα with IC50 of 8.5, 211, and 
>1000 nmol/L, respectively[25].  Consistently, we found that 
TGX221 possessed marginal effect on PI3Kα-medicated Akt 
phosphorylation, whereas it displayed significant activity 
against PI3Kβ and PI3Kδ, with a selectivity window of less 
than 10-fold (Figure 2).  This limited window may result in 
inhibition of both PI3Kβ and PI3Kδ by TGX221 in Raji cells at 
the concentration that substantially inhibited PI3Kδ, which 
may explain the superior antiproliferative activity of TGX221 
over A66 and AS604850 against Raji cells.  Prostate cancer 
PC-3 cells are PTEN negative and express PI3Kα/β, but not 
PI3Kγ/δ.  TGX221 was more active than A66 in inhibition of 
PC-3 cells, suggesting the relative dominant role of PI3Kβ in 
this type of tumor, which is consistent with previous study[22].

Understanding the functions of PI3K isoforms is attributed 
greatly to genetic approaches.  However, those approaches 
have limitations.  For example, knockout of either PI3Kα or 
PI3Kβ led to embryonic lethality in mice.  There are several 
advantages to utilizing small molecule compounds as probes 
to explore the contribution of PI3K isoforms to tumor cell 
growth: first, chemicals are able to specifically inhibit one or 
several nodal proteins; second, chemicals are able to modu-
late the signaling transduction in a dose- or time-dependent 
manner, and this modulation is reversible; and third, previ-
ous studies indicated that inactivation of target proteins with 
genetic approaches is not identical to inhibition by chemicals.  
Using PI3K isoform-selective inhibitors and pan-PI3K inhibi-
tor WJD008, we revealed the differences in reliance on PI3K 
isoforms for cell growth in PC-3 and Raji cells, which are both 
PTEN negative and PI3K constitutively active.  It also has 
been reported that A66 alone was sufficient to inhibit PI3Kα-
dependent growth of SK-OV-3 tumor xenograft and that 
PI3Kβ inhibition was critical to cease growth of PC-3 tumor 
xenograft, providing in vivo evidence of differences in reliance 
on PI3K isoforms for tumor growth[6, 26].  These results ratio-
nalize determining expression level of various isoform-specific 
PI3K in cancer tissues in the development of PI3K inhibitors 
and using PI3K inhibitors with different selectivity based on 
the dependence of cell growth on PI3K isoform(s).  Though 
PI3K isoforms’ expressional pattern and mutational status 
of tumors impact their sensitivity toward PI3K targeting, it 
should be noted that inhibition of PI3K activity alone may 
not achieve complete block of cell growth (inhibition of 75% 
for PC-3 cells and 30% for Raji cells in this study), indicating 
PI3K-independent cell growth.  Thus, combinatorial therapies 
are required to enhance antitumor activity of PI3K inhibitors.  
We attempted an in vivo study with WJD008, but its activity 
was not significant due to poor oral availability.

In summary, the present study demonstrated the feasibility 
of identifying PI3K isoform-specific inhibitors using a panel of 
Myr-p110 expressing cells and uncovered the biased contribu-
tion of individual PI3K isoforms for the proliferation of tumor 
cells, which sheds light on personalized therapy with different 
PI3K inhibitors.
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