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In this study, we demonstrate expression
and examined the biologic sequelae of
PI3K/p110� signaling in multiple my-
eloma (MM). Knockdown of p110� by small
interfering RNA caused significant inhibi-
tion of MM cell growth. Similarly, p110�

specific small molecule inhibitor CAL-101
triggered cytotoxicity against LB and
INA-6 MM cell lines and patient MM
cells, associated with inhibition of Akt
phosphorylation. In contrast, CAL-101
did not inhibit survival of normal periph-

eral blood mononuclear cells. CAL-101
overcame MM cell growth conferred by
interleukin-6, insulin-like growth factor-1,
and bone marrow stromal cell coculture.
Interestingly, inhibition of p110� potently
induced autophagy. The in vivo inhibition
of p110� with IC488743 was evaluated in
2 murine xenograft models of human
MM: SCID mice bearing human MM cells
subcutaneously and the SCID-hu model,
in which human MM cells are injected
within a human bone chip implanted

subcutaneously in SCID mice. IC488743
significantly inhibited tumor growth and
prolonged host survival in both models.
Finally, combined CAL-101 with bor-
tezomib induced synergistic cytotoxic-
ity against MM cells. Our studies therefore
show that PI3K/p110� is a novel therapeutic
target in MM and provide the basis for clini-
cal evaluation of CAL-101 to improve patient
outcome in MM. (Blood. 2010;116(9):
1460-1468)

Introduction

The bone marrow (BM) microenvironment plays a crucial role in
pathogenesis of multiple myeloma (MM) by promoting cell
proliferation, survival, migration, and drug resistance.1-4 The
PI3K/AKT pathway mediates growth and drug resistance in MM
cells and also plays a significant role in autophagy.5,6 PI3K is
activated via upstream tyrosine kinase-associated receptors for
growth factors, cytokines, antigens, and costimulatory molecules.
It in turn activates AKT, which mediates cell proliferation, cell
cycle, apoptosis, and autophagy.7 Class IA PI3K consists of
5 isoforms of regulatory subunits (p85�, p50�, p55�, p85�, and
p55�), which interact with class IA isoforms. Class IA PI3K is
composed of p110�, -�, and -� isoforms.8 Among the 8 distinct
mammalian isoforms of PI3K, class I PI3Ks are responsible for Akt
activation. Importantly, p110� is expressed in many cancers,
including colon and bladder carcinoma, glioblastoma, and acute
myeloid leukemia blasts.9,10

In the current study, we demonstrate high expression of p110�
in patient MM cells. Previous studies have shown that CAL-101, a
potent and selective p110� inhibitor, has broad antitumor activity
against cancer cells of hematologic origin.11,12 Moreover, inhibi-
tion of p110� induces cleavage of caspases and LC3, consistent
with apoptotic and autophagic cell death, respectively. Here we
show that p110� blockade with CAL-101, a potent and selective
p110� inhibitor, inhibits MM cell growth even in the presence of
interleukin-6 (IL-6), insulin-like growth factor-1 (IGF-1), or
bone marrow stromal cells (BMSCs), associated with decreased
phosphorylation of AKT and P70S6k. We also confirmed inhi-
bition of human MM cell growth triggered by p110� inhibition

in our xenograft mouse models of human MM. These studies
therefore show that small molecule inhibitors of p110� trigger
significant anti-MM cytotoxicity both in vitro and in vivo,
providing the framework for their clinical evaluation to improve
patient outcome in MM.

Methods

Materials

p110� inhibitor CAL-101 and IC488743 were provided by Calistoga
Pharmaceuticals. CAL-101 was dissolved in dimethyl sulphoxide at 10mM
and stored at �20°C for in vitro study. IC488743 was dissolved in 1%
carboxyl methylcellulose/0.5% Tween 80 and stored at 4°C for in vivo
study. Recombinant human p110�, �, �, and � were reconstituted with
sterile phosphate-buffered saline (PBS) containing 0.1% bovine serum
albumin. Bortezomib was provided by Millennium Pharmaceuticals.
3-Methyladenine was purchased from Sigma-Aldrich.

Cell culture

Dex-sensitive (MM.1S) and Dex-resistant (MM.1R) human MM cell lines
were kindly provided by Dr Steven Rosen (Northwestern University,
Chicago, IL). H929, RPMI8226, and U266 human MM cell lines were
obtained from ATCC. Melphalan-resistant RPMI-LR5 and doxorubicin
(Dox)-resistant RPMI-Dox40 cell lines were kindly provided by Dr
William Dalton (Lee Moffitt Cancer Center, Tampa, FL). OPM1 plasma cell
leukemia cells were provided by Dr Edward Thompson (University of
Texas Medical Branch, Galveston). IL-6–dependent human MM cell line
INA-6 was provided by Dr Renate Burger (University of Kiel, Kiel,
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Germany). LB human MM cell line was established in our laboratory. No
cytogenetic abnormalities were found; phenotypic analysis is shown in
supplemental Figure 1 (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article). All MM cell lines were
cultured in RPMI 1640 medium. BMSCs were cultured in Dulbecco
modified Eagle medium (Sigma-Aldrich) containing 15% fetal bovine
serum, 2mM L-glutamine (Invitrogen), 100 U/mL penicillin, and 100 �g/
mL streptomycin (Invitrogen). Blood samples collected from healthy
volunteers were processed by Ficoll-Paque gradient to obtain peripheral
blood mononuclear cells (PBMCs). Patient MM and BM cells were
obtained from BM samples after informed consent was obtained in
accordance with the Declaration of Helsinki and approval by the Institu-
tional Review Board of the Dana-Farber Cancer Institute. BM mononuclear
cells were separated using Ficoll Paque density sedimentation, and plasma
cells were purified (� 95% CD138�) by positive selection with anti-CD138
magnetic activated cell separation microbeads (Miltenyi Biotec). Tumor
cells were also purified from the BM of MM patients using the RosetteSep
negative selection system (StemCell Technologies), as described
previously.13,14

Growth inhibition assay

The growth inhibitory effect of CAL-101 on growth of MM cell lines,
PBMCs, and BMSCs was assessed by measuring 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetra-sodium bromide (MTT; Chemicon International) dye
absorbance, as previously described.13

Effect of CAL-101 on paracrine MM cell growth in the BM

MM cells (2 	 104 cells/well) were cultured for 48 hours in BMSC-coated
96-well plates (Corning Life Sciences) in the presence or absence of drug.
DNA synthesis was measured by [3H]-thymidine (PerkinElmer Life and
Analytical Sciences) uptake, with added (0.5 �Ci/well) during the last 8
hours of 48-hour cultures. All experiments were performed in quadruplicate.

Transient knockdown of p110� expression

INA-6 cells were transiently transfected with siRNA ON-TARGET plus
SMART pool p110� or nonspecific control duplex (Dharmacon RNA
Technologies) using Cell Line Nucleofector Kit V (Amaxa Biosystems), as
described previously.15

Electron microscopy

Cells were collected and fixed with 2.0% paraformaldehyde/2.5% electron
microscope grade glutaraldehyde in 0.1M sodium cacodylate buffer (pH
7.4) at 37°C. After fixation, samples were placed in 2% osmium tetroxide in
0.1M sodium cacodylate buffer (pH 7.4), dehydrated in a graded series of
ethyl alcohol, and embedded in resin. Ultrathin sections were cut and placed
on formvar-coated slot copper grids. Sections were then counterstained
with uranyl acetate and lead citrate, and viewed with a TecnaiTM G2 Spirit
Bio TWIN electron microscope. Digital images were acquired with an AMT
2k CCD camera (direct original magnifications, 	1400 and 	6800).

Immunofluorescence

Viable MM cells (2.5 	 104) were pelleted on glass slides by centrifugation
at 500 rpm (400g) for 5 minutes using a cytospin system (Thermo
Shandon). Cells were fixed in cold absolute acetone and methanol for
10 minutes. After fixation, cells were washed in PBS and then blocked for
60 minutes with 5% fetal bovine serum in PBS. Slides were then incubated
with anti-LC3 antibody (Cell Signaling) at 4°C for 24 hours, washed in
PBS, incubated with goat anti–mouse IgG-fluorescein isothiocyanate for
1 hour at 4°C, and analyzed using Nikon E800 fluorescence microscopy.
Images were taken with objective lenses: N Plan 60	/1.25 oil, using a
SPOT Insight QE model camera with SPOT Advanced acquisition software
(Diagnostic Instruments), as previously described.16,17

Detection and quantification of AVOs with acridine
orange staining

Autophagy is characterized by sequestration of cytoplasmic proteins and
development of acidic vesicular organelles (AVOs). To detect and quantify
AVOs in CAL-101– or 3-MA–treated cells, we performed vital staining for
15 minutes with acridine orange at a final concentration of 1 �g/mL.
Samples were examined under a fluorescence microscope.18-20

Angiogenesis assay

The antiangiogenic activity of CAL-101 was determined using an in vitro
Angiogenesis Assay Kit (Chemicon International). Human umbilical vein
endothelial cells (HUVECs) and endothelial growth media were obtained
from Lonza Walkersville. HUVECs were cultured with CAL-101 on
polymerized matrix gel at 37°C. After 8 hours, tube formation was
evaluated using Leica DM IL microscopy (Leica Microsystems) and
analyzed with IM50 software (Leica Microsystems Imaging Solutions).
HUVEC cell migration and rearrangement were visualized, and the number
of branching points counted.

Western blotting

MM cells were cultured with or without CAL-101, harvested, washed, and
lysed using radioimmunoprecipitation assay buffer, 2mM Na3VO4, 5mM
NaF, and 1mM phenylmethylsulfonyl fluoride (5 mg/mL), as described
previously.21 Whole-cell lysates were subjected to sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) separation, transferred to
Pure Nitrocellulose membranes (Bio-Rad Laboratories), and immunoblot-
ted with anti-AKT, phospho(p)-AKT (Ser473, Thr 308), ERK1/2, P-ERK1/2,
P-PDK1, STAT, P-STAT, P-FKRHL, P-70S6K, LC3, PARP, caspase 3, 8,
and 9, as well as PI3K/p110� antibodies (Cell Signaling); anti-p110�,
PI3K/p110�, glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
�-tubulin, and actin Abs (Santa Cruz Biotechnology); anti-p110� Ab
(Alexis); and anti-LC3 Ab (Abgent).

ELISA

Cytokine secretion by human BMSCs cocultured with MM cells was
assessed by enzyme-linked immunosorbent assay (ELISA). BMSCs were
cultured in 96-well plates with various concentrations of CAL-101, with or
without INA-6 cells. After 48 hours, supernatants were harvested and stored

Figure 1. Expression of p110� in MM cell lines and in patient MM cells.
(A) Expression of p110�, �, �, and � in multiple myeloma (MM) cell lines was detected
by immunoblotting using specific Abs. Anti–�-tubulin monoclonal antibody served as
a loading control. (B) p110� in patient MM cells was detected by immunoblotting using
anti-p110� Ab. Anti-GAPDH monoclonal antibody served as a loading control.
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at �80°C. Cytokines were measured using Duo set ELISA Development
Kits (R&D Systems). All measurements were carried out in triplicate.

Human cytokine array

The cytokine levels in culture supernatants were assessed using Proteome
Profiler Antibody Arrays Panel A (R&D Systems). Supernatants from
cocultures with BMSCs were incubated for 4 hours with membranes
arrayed with Abs against 37 cytokines, according to the manufacturer’s
instructions.

Murine xenograft models of human MM

CB17 SCID mice (48-54 days old) were purchased from Charles River
Laboratories. All animal studies were conducted according to protocols
approved by the Animal Ethics Committee of the Dana-Farber Cancer
Institute. Mice were inoculated subcutaneously in the right flank with
3 	 106 LB cells in 100 �L RPMI 1640. When tumors were palpable, mice
were assigned into the treatment groups receiving 10 mg/kg or 30 mg/kg
gavages twice daily; and 7 mice in the control group receiving vehicle
alone. Caliper measurements of the longest perpendicular tumor diameters
were performed every alternate day to estimate the tumor volume using the
following formula representing the 3-dimensional volume of an ellipse:
4/3 	 (width/2)2 	 (length/2). Animals were killed when tumors reached
2 cm or the mice appeared moribund. Survival was evaluated from the first
day of treatment until death. Tumor growth was evaluated using caliper

measurements from the first day of treatment until day of first death, which
was day 12 for the control group and days 17 and 19 for the treatment
groups. The images were captured with a Canon IXY digital 700 camera. Ex
vivo analysis of tumor images was captured with a Leica DM IL
microscope and Leica DFC300 FX camera at 40	/0.60 (Leica).

Human fetal bone grafts were implanted into CB17 SCID-mice
(SCID-hu), as previously described.22 Four weeks after bone implantation,
2.5 	 106 INA-6 cells were injected directly into the human BM cavity in
the graft in a final volume of 100 �L of RPMI 1640 medium. An increase in
the levels of soluble human IL-6 receptor (shuIL-6R) from INA-6 cells was
used as an indicator of MM cell growth and burden of disease in SCID-hu
mice. Mice developed measurable serum shuIL-6R approximately 4 weeks
after INA-6 cell injection and then received either 10 or 30 mg/kg drug or
vehicle alone daily for 7 weeks. Blood samples were collected and assessed
for shuIL-6R levels using an ELISA (R&D Systems).

Statistical analysis

Statistical significance was determined by Dunn multiple comparison tests.
The minimal level of significance was P less than .05. Survival was
assessed using Kaplan-Meier curves and log-rank analysis. The combined
effect of CAL-101 and bortezomib was analyzed by isobologram analysis
using the CalcuSyn software program (Biosoft; Version 2.0); a combination
index less than 0.7 indicates a synergistic effect, as previously described.23,24

Figure 2. Selective cytotoxicity of CAL-101 against
p110�-positive MM cell lines and patient MM cells.
(A) INA-6 cells were transfected with p110� siRNA (Si) or
control siRNA (Mock). After 24 hours, expression of
p110� was determined by Western blot analysis. Vertical
lines have been inserted to indicate a repositioned gel
line. (B) INA-6 cells were transfected with p110� siRNA or
control siRNA and then cultured for 72 hours. Cell growth
was assessed by MTT assay. Data are mean 
 SD of
triplicate cultures, expressed as fold of control. (C) The
chemical structure and PI3K assay profiling data of
CAL-101. (D) LB (�), INA-6 (‚), RPMI 8226(E), OPM2
(�), H929 (F), U266 (�), RPMI-LR5 (Œ), and OPM1 (f)
MM cells were cultured with or without CAL-101 (0-
20�M) for 48 hours. (E) Patient MM cells isolated from
BM by negative selection were cultured with CAL-101 for
48 hours. (F) PBMCs isolated from healthy donors were
cultured with CAL-101 (0-20�M) for 72 hours. Data are
mean 
 SD viability, assessed by MTT assay of triplicate
cultures, expressed as percentage of untreated controls.
(G) INA-6 cells were cultured with or without CAL-101
(50�M for 36 hours 
 Z-VAD-fmk). Total cell lysates
were subjected to immunoblotting using anti–caspases
3, 8, and 9, PARP, and actin Abs. FL indicates full-length
protein; and CL, cleaved protein.
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Results

p110� is highly expressed in patient MM cells

To assess PI3K/p110 expression, we used Abs against recombinant
human PI3K/p110�, �, �, and � proteins with specific immunoreac-
tivity against these isoforms (supplemental Figure 2). We specifi-
cally evaluated the expression of p110� in 11 MM cell lines
(MM.1S, OPM1, OPM2, RPMI8226, DOX40, LR5, MM.1R,
U266, INA-6, H929, and LB), as well as 24 patient MM samples.
INA-6 and LB cells strongly expressed p110�, whereas MM.1S,
OPM1, MM.1R, Dox40, U266, or H929 lacked p110� expression
(Figure 1A). p110� expression in MM.1S and LB cells was
confirmed by immunofluorescence analysis (supplemental Figure
3). Western blotting revealed no correlation between p110� expres-
sion and expression of the other isoforms (�, �, and �). Impor-
tantly, all patient MM cells also expressed p110� (Figure 1B).

CAL-101 has selective cytotoxicity against cells with p110�

We next examined the growth-inhibitory effect of p110� knock-
down in INA-6 cells. Transfection with p110� siRNA, but not
mock siRNA, down-regulated p110� and inhibited MM cell growth
at 72 hours (Figure 2A-B). We similarly examined the growth
inhibitory effect of p110� specific small molecule inhibitor CAL-
101 (Figure 2C; Table 1; and supplemental Figure 4) in MM cell
lines, PBMCs, and patient MM cells. CAL-101 induced cytotoxic-
ity against LB and INA-6 MM cells (p110�-positive) in a dose- and

time-dependent fashion; in contrast, minimal cytotoxicity was
noted in p110�-negative cell lines (Figure 2D). Importantly,
CAL-101 also induced cytotoxicity against 5 patient MM cells
(Figure 2E), without cytotoxicity in PBMCs from 4 healthy
volunteers at concentrations up to 20�M (Figure 2F). These results
strongly suggest that sensitivity to CAL-101 is associated with
p110� expression and suggest a favorable therapeutic window. To
determine whether the cytotoxicity induced by CAL-101 is via
apoptosis, we examined cleavage of caspases and PARP by
Western blot analysis. Treatment of INA-6 cells with CAL-101
(50�M for 36 hours) induced cleavage of caspases 8, 9, and 3 and
PARP. Conversely, the pan-caspase inhibitor z-VAD-fmk (50�M)
blocked CAL-101-induced caspase and PARP cleavage (Figure
2G). Significantly increased cleavage of caspases and PARP was
observed in INA-6 MM cells with prolonged CAL-101 treatment
(120 hours; supplemental Figure 5). These results indicate that
cytotoxicity triggered by CAL-101 is mediated, at least in part, via
caspase-dependent (both intrinsic and extrinsic) apoptosis.

Inhibition of AKT and ERK phosphorylation by CAL-101

Because we have previously shown that pan PI3K inhibitor
LY294002 inhibits both AKT and ERK,14,25,26 we next examined
whether CAL-101 inhibits these pathways in INA-6 cells. As
expected, CAL-101 significantly blocked phosphorylation of AKT
and ERK1/2 in p110�-positive INA-6 cells (Figure 3A) but did not
affect phosphorylation of AKT or ERK in MM.1S cells with low
expression of p110� (Figure 3B). CAL-101 also significantly

Table 1. Kinase inhibition profile of CAL-101

IC50 (nM)

Fold-selectivity, PI3K

Class I Class II Class III Class IV Others

p110� p110� p110� p110� CII� hVPS34 DNA-PK mTOR PIP5Ka PIP5Kb

2.5 � 300	 � 200	 � 40	 � 400	 � 400	 � 3000 	 � 4000 	 � 400 	 � 400 	

CAL-101 shows PI3K/p110� selectivity in kinase profiling assay.

Figure 3. CAL-101 inhibits the PI3K/Akt and ERK
pathway. (A) INA-6 cells were cultured with CAL-101
(0-1.0�M) or LY294002 (0-20�M) for 12 hours. Actin Ab
was used as a loading control. (B) INA-6 and MM.1S cells
were cultured with CAL-101 (0-5.0�M) for 6 hours. (C) LB
and INA-6 cells were cultured with CAL-101 (1.0�M) for
0 to 6 hours. Whole-cell lysates were subjected to
immunoblotting using AKT, P-AKT (Ser473 and Thr308),
ERK1/2, P-ERK1/2, P-PDK1, and P-FKHRLAbs. �-Tubu-
lin is used as a loading control.
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inhibited phosphorylation of upstream PDK-1 and downstream
FKHRL in INA-6 and LB MM cells in a time- and dose-dependent
fashion (Figure 3C), further confirming inhibition of a both
PI3K/AKT and ERK pathways in these cells.

CAL-101 triggers both apoptosis and autophagy

Because AKT also regulates autophagy,27,28 we further investigated
whether CAL-101 induced autophagy in LB and INA-6 MM cells.
Immunofluorescence analysis showed markedly increased LC3 staining
in INA-6 and LB cells triggered by CAL-101 (5�M for 6 hours)
treatment (Figure 4A). Electron microscopic analysis also showed
increased autophagic vacuoles (arrows) in MM cells treated with
CAL-101. Because autophagy is characterized as AVO development,
we next carried out acridine orange staining. As shown in Figure 4B,
vital staining with acridine orange revealed development of AVOs in
CAL-101-treated LB and INA-6 cells. Moreover, markedly increased
LC3-II and Beclin1 protein were detected in INA-6 MM cells after 6
hours of treatment with CAL-101, which was blocked by 3-MA
autophagic inhibitor (Figure 4C). No cytotoxicity in INA-6 and LB cells
was induced by 3-MA at concentrations up to 100�M (supplemental
Figure 6). These results indicate that CAL-101 induces development of
AVOs and autophagy at earlier time points than induction of caspase/
PARP cleavage.

CAL-101 inhibits paracrine MM cell growth with BMSCs

Because IL-6 and IGF-1 induce growth and antiapoptosis in MM
cells, we next examined whether CAL 101 overcomes the effects of
these cytokines in INA-6 and LB MM cells.14,23 Neither IL-6 nor
IGF-1 protected against the growth inhibition induced by CAL-101
(supplemental Figure 7A-B). Because we have also shown that the
BM microenvironment confers proliferation and drug resistance in
MM,29,30 we also examined the MM cell growth-inhibitory effect of
CAL-101 in the presence of BMSCs. Importantly, CAL-101
inhibited growth and cytokine secretion (Figure 5A-B; supplemen-
tal Figure 8), as well as phosphorylation of AKT and ERK
(supplemental Figure 7C), induced by BMSCs. In contrast, no
significant growth inhibition in BMSCs was noted (supplemental
Figure 9). These results indicate that CAL-101 blocks paracrine
MM cell growth in the context of the BM microenvironment.

CAL101 inhibits HUVEC tubule formation

We next investigated the effect of p110� inhibition on angiogen-
esis. HUVECs were treated with 0, 1.0, or 10�M of CAL-101 for 8
hours, and tube formation by endothelial cells was evaluated
(Figure 5C). CAL-101 inhibited capillary-like tube formation in a

Figure 4. CAL-101 induces autophagy. (A) INA-6 and LB MM
cells were treated with 5�M CAL-101 for 6 hours. CAL-101
treatment induced LC3 accumulation in LB and INA-6 cells,
evidenced by fluorescence microscopy or transmission electron
microscopy. Autophagosome formation was defined by the accu-
mulation of LC3; arrows indicate autophagosomes. (B) INA-6
cells were treated with 5�M CAL-101 or serum starvation for
6 hours with or without 100�M 3-MA, stained with 1 �g/mL
acridine orange for 15 minutes, and analyzed by fluorescence
microscopy. (C) LC3 and beclin-1 protein levels were determined
by Western blotting using LC3 and beclin1 Abs of lysates from
INA-6 cells treated with CAL-101, with or without 3-MA. GAPDH
served as a loading control.

Figure 5. CAL-101 inhibits paracrine MM cell growth and angiogenesis. (A) LB
and INA-6 MM cells were cultured for 48 hours with control media and with 2.5, 5, and
10�M CAL-101 in the presence or absence of BMSCs. DNA synthesis was
determined by [3H]-thymidine incorporation. Data are mean 
 SD of triplicate
cultures. (B) IL-6 in culture supernatants from BMSCs treated with CAL101 (0-2.5�M)
was measured by ELISA. Error bars represent SD. (C) HUVECs were cultured with or
without 1.0 or 10�M CAL-101 for 8 hours, and tube formation was assessed by
microscopy. (D) HUVECs were plated on Matrigel-coated surfaces and allowed to
form tubules for 8 hours in the presence or absence of CAL-101 (1.0 and 10�M).
Endothelial cell tube formation was measured by microscopic analysis. *P � .005.
(E) HUVECs were cultured with CAL-101 (0-200�M) for 48 hours, and viability was
assessed by MTT assay. Data are mean 
 SE of triplicate wells from a representa-
tive experiment.
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dose-dependent fashion (P � .05; Figure 5D), without associated
cytotoxicity (Figure 5E). Phosphorylation and expression of AKT
and ERK1/2 were markedly down-regulated in HUVECs by
CAL101 treatment (supplemental Figure 10). These findings
suggest that CAL-101 can inhibit angiogenesis, associated with
down-regulation of AKT and ERK activity.

IC488743 inhibits human MM cell growth in vivo

The in vivo efficacy of p110� inhibitor was next evaluated in our
xenograft model in which SCID mice are injected subcutaneously
with human MM cells. IC488743 (p110� inhibitor) significantly
reduced MM tumor growth in the treatment group (n � 7) com-
pared with control mice (n � 7). Comparison of tumor volumes
showed statistically significant differences between control versus
treatment groups (vs 10 mg/kg, P � .05; vs 30 mg/kg, P � .01;
Figure 6A). Marked decrease in tumor growth in treated versus in
control mice was observed at day 12 (Figure 6B). Kaplan-Meier
curves and log-rank analysis showed a mean overall survival of 15
days (95% confidence interval, 12-17 days) in control mice versus
23 days (95% confidence interval, 15-34 days) and 32 days (95%
confidence interval, 27-49 days) in the 10 mg/kg and 30 mg/kg
IC488743-treated groups, respectively. A trend toward prolonga-
tion in mean OS was observed in treatment versus control groups
(vs 10 mg/kg, P � .086; vs 30 mg/kg, P � .056; Figure 6D).
Importantly, treatment with either the vehicle alone or IC488743
did not affect body weight (data not shown). In addition, we also
confirmed by immunohistochemical (Figure 6C) and immunoblot
(Figure 6E) analysis that IC488743 treatment (30 mg/kg) signifi-
cantly inhibited p-Akt and p-PDK-1 in excised tumors, as well as
significantly decreased CD31-positive cells and microvessel den-
sity (P � .01; Figure 6C).

To examine the activity of IC488743 on MM cell growth in the
context of the human BM microenvironment in vivo, we next used
a SCID-hu model in which IL-6-dependent INA-6 cells are directly
injected into a human bone chip implanted subcutaneously in SCID
mice. These SCID-hu mice were treated with IC488743 or vehicle
alone daily for 4 weeks, and serum shuIL-6R monitored as a
marker of tumor burden. As shown in Figure 6F, IC488743
treatment significantly inhibited tumor growth compared with
vehicle control. Taken together, these data demonstrate that inhibi-
tion of p110� by IC488743 significantly inhibits MM growth in
vivo and prolongs survival.

Combined CAL-101 with bortezomib mediates synergistic
MM cytotoxicity

We next investigated whether combining CAL-101 with bort-
ezomib induced synergistic MM cytotoxicity. Increasing concentra-
tions of CAL-101 (1.5-5.0 �M) added to bortezomib (2.5, 5.0nM)
triggered synergistic cytotoxicity in LB and INA-6 MM cells
(Figure 7A; Table 2). Importantly, induction of phospho-Akt by
bortezomib treatment was inhibited in the presence of CAL-101
(Figure 7B).

Discussion

In this report, we demonstrate that patient MM cells express p110�
and, importantly, that p110� specific inhibitors CAL-101 and
IC488743 trigger MM cytotoxicity in vitro and in vivo, respec-
tively. p110� inhibition by CAL-101 potently induced cytotoxicity
in p110�-positive MM cells as well as in primary patient MM cells
without cytotoxicity in PBMCs from healthy donors, suggesting a

Figure 6. In vivo efficacy of IC488743 treatment of human MM
xenografts in SCID mice. (A) Mice injected with 5 	 106 LB cells were
treated orally twice a day with control vehicle (F), and IC488743 10 mg/kg
(�) or 30 mg/kg (E). Mean tumor volume was calculated as in “Murine
xenograft models of human MM.” Error bars represent SD. (B) Represen-
tative whole-body images from a mouse treated for 12 days with control
vehicle (top panel) or IC488743 (30 mg/kg; bottom panel). (C) Tumors
harvested from IC488743 (30 mg/kg) treated mouse (right panel) and
control mouse (left panel) were subjected to immunohistochemical analy-
sis using CD31 and P-AKT Abs. CD31 and P-AKT positive cells are dark
brown. (D) Mice were treated with IC488743 10 mg/kg (hyphenated line),
30 mg/kg (dotted line), or control vehicle (solid line). Survival was evalu-
ated from the first day of treatment until death using Kaplan-Meier curves.
(E) Tumor tissues were harvested from mice treated with control vehicle or
IC488743 (30 mg/kg). Protein levels of phosphorylated of PDK-1 and AKT
(Ser473) were determined by Western blotting of cell lysates. Actin was
used as a loading control. (F) Growth of INA-6 cells engrafted in human
bone chips in SCID mice was monitored by serial serum measurements of
shuIL-6R. Mice were treated with IC488743 10 mg/kg (�), 30 mg/kg (‚),
or control vehicle (F), and shuIL-6R levels were determined weekly by
ELISA. Error bars represent SD.
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favorable therapeutic index. An important downstream effector of
PI3K is the serine/threonine protein kinase AKT, which is activated
by phosphorylation of Thr308 in the activation loop of the kinase
domain and Ser473 in the C-terminal tail.31,32 Phosphorylation of
both sites requires an interaction between the N-terminal pleckstrin
homology domain of AKT and membrane phosphoinositide gener-
ated by PI3K.8,33,34 CAL-101 inhibits both domains, suggesting that
p110� is the predominant isoform responsible for PI3K signaling in
MM cell lines.

We and others have previously reported that IL-6 triggers
proliferation of MM cells and protects against dexamethasone-
induced apoptosis via activation of PI3K/AKT and MEK/ERK
signaling cascades.35-37 Here we showed that p110� inhibition
using CAL-101 blocked not only PI3K/AKT, but also MEK/ERK,
pathways in MM cells. IGF-I also promotes MM cell proliferation
and survival; however, neither IL-6 nor IGF-I protects against
CAL-101-induced cytotoxicity, suggesting that CAL-101 can over-
come the protective effects of these cytokines in the BM milieu. We
further evaluated the impact of the BM microenvironment on the
antitumor activity of CAL-101 using MM cells cocultured with
BMSCs. CAL-101 both induced MM cytotoxicity in the presence
of BMSCs and significantly inhibited the secretion of IL-6 from
BMSCs, suggesting that inhibition of p110� can both inhibit
growth and overcome drug resistance in the BM milieu.

We next evaluated the in vivo efficacy of p110� inhibitor in SCID-hu
mice implanted with fetal bone chips engrafted with INA-6 MM cells.

This model recapitulates the human BM microenvironment with human
IL-6/BMSC-dependent growth of INA-6 human MM cells. We ob-
served significant tumor growth inhibition in this model, evidenced by
decreased serum shuIL-6R levels released by INA-6 cells, confirming
that p110� inhibition blocks the MM growth-promoting activity of the
BM microenvironment in vivo.

We also evaluated the role of PI3K, specifically p110 isoform,
in angiogenesis.38,39 Endothelial cells are an essential regulator of
angiogenesis for tumor growth. Both Akt and ERK pathways are
associated with endothelial cell growth and regulation of angiogen-
esis40; and importantly, endothelial cells express p110�.41 We here
demonstrated that CAL-101 blocks in vitro capillary-like tube
formation, associated with down-regulation of Akt phosphoryla-
tion. Furthermore, we confirmed the inhibitory effect on angiogen-
esis by immunohistochemical analysis for CD31 expression in our
human MM xenograft model. These results suggest that IC488743
can inhibit angiogenesis in vivo via suppression of Akt pathway.

Autophagy degrades cellular components, recycles cellular
constituents, and responds to various cellular stress.42 We here
shown that LC3-II, a hallmark of autophagy, is induced by
CAL-101 treatment in p110�-positive MM cell lines. Importantly,
CAL-101 treatment resulted in a marked increase in autophagy,
evidenced by the presence of autophagic vacuoles in the cytoplasm,
formation of AVOs, membrane association of microtubule-
associated LC3-I protein with autophagosomes, and a marked
induction of LC3-II protein. Electron microscopic analysis con-
firmed that CAL-101 induced autophagosomes. LC3-II was ex-
pressed through LC3-I conversion. Conversely, autophagy induced
by CAL-101 was suppressed by 3-MA, a specific inhibitor of
autophagy. These studies suggest that early cytotoxic effects of
CAL-101 are associated with autophagy.

Bortezomib was Food and Drug Administration approved for
relapsed/refractory, relapsed, and newly diagnosed MM in 2003,
2005, and 2007,43-45 respectively. However, some patients do not
respond and others acquire resistance. We here demonstrated that
CAL-101 can synergistically augment bortezomib-induced MM
cytotoxicity. Specifically, CAL-101 inhibits bortezomib-induced
phosphorylation of AKT, suggesting the promise of this combina-
tion to overcome clinical proteasome resistance.

In conclusion, we demonstrate, for the first time, that p110�
inhibitor CAL-101 induces cytotoxicity in MM cell lines and
patient MM cells, as well as overcomes the protective effects of
IL-6, IGF-1, and BMSCs. It induces autophagy and synergistic
cytotoxicity with bortezomib. In addition, IC488743 inhibits both

Figure 7. CAL-101 enhances cytotoxicity of bortezomib.
(A) LB and INA-6 MM cells were cultured with medium (f) and
with CAL101 1.25�M ( ), 2.5�M ( ), or 5�M (�) in the
presence or absence of bortezomib (0-5nM). Cytotoxicity was
assessed by MTT assay; data are mean 
 SD of quadruplicate
cultures. (B) INA-6 cells were treated with CAL-101 (5�M) and/or
bortezomib (5nM) for 6 hours. Phosphorylation of AKT was
determined by Western blotting of cell lysates using phospho-AKT
(ser473) Ab. Actin served as a loading control.

Table 2. CAL-101 with bortezomib triggers synergistic cytotoxicity

Bortezomib (nM) CAL-101 (�M) Fa CI

LB

2.5 1.25 0.39 0.57

2.5 2.5 0.52 0.58

2.5 5 0.57 0.67

5 1.25 0.42 0.88

5 2.5 0.60 0.25

5 5 0.67 0.22

INA-6

2.5 1.25 0.49 0.31

2.5 2.5 0.58 0.48

2.5 5 0.69 0.54

5 1.25 0.56 0.73

5 2.5 0.66 0.42

5 5 0.75 0.31

LB and INA-6 cells were treated with bortezomib (2.5-5nM) and/or CAL-101
(1.25-5.0�M). Cytotoxicity was assessed by MTT assay. CI indicates combination
index; and Fa, affected fraction. All doses show CI � 1.
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tumor growth and prolongs survival in our murine xenograft and
SCID-hu models of human MM. Taken together, these results
provide the preclinical rationale for the clinical evaluation of p110�
inhibitor, alone and in combination with bortezomib, to improve
patient outcome in MM.
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