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ABSTRACT

Recent work identifies the AKT kinase as a potential mediator of tumor
expansion in multiple myeloma. The finding of PTEN mutations in several
myeloma cell lines suggests that loss of PTEN function may be one
mechanism by which AKT activity is increased in this disease. Because
PTEN-deficient myeloma cells may have up-regulated activity of the
mammalian target of rapamycin (mTOR), downstream of AKT, they may
be particularly sensitive to mTOR inhibition. To test this hypothesis, we
challenged myeloma cell lines with CCI-779, a newly developed analogue
of rapamycin and an efficient inhibitor of mTOR. Three of four PTEN-
deficient cell lines with constitutively active AKT were remarkably sensi-
tive to cytoreduction and G1 arrest induced by CCI-779 with ID50 con-
centrations of <1 nM. In contrast, myeloma cells expressing wild-type
PTEN were >1000-fold more resistant. Acute expression of a constitu-
tively active AKT gene in CCI-779-resistant myeloma cells containing
wild-type PTEN and quiescent AKT did not convert them to the CCI-
779-sensitive phenotype. Conversely, expression of wild-type PTEN in
CCI-779-sensitive, PTEN-deficient myeloma cells did not induce resist-
ance. Differential sensitivity did not appear to be due to differences in the
ability of CCI-779 to inhibit mTOR and induce dephosphorylation of
p70S6kinase or 4E-BP1. However, CCI-779 inhibited expression of c-myc
in CCI-sensitive PTEN-null myeloma cells but had no effect on expression
in CCI-resistant cells. In contrast, cyclin D1 expression was not altered
in either sensitive or resistant cells. These results indicate that PTEN-
deficient myeloma cells are remarkably sensitive to mTOR inhibition.
Although the results of transfection studies suggest that the level of
PTEN and AKT function per se does not regulate sensitivity, PTEN/AKT
status may be a good predictive marker of sensitivity.

INTRODUCTION

Recent work identifies the PI3-K3/AKT kinase pathway as a po-
tential mediator of tumor expansion in MM. AKT is phosphorylated
(activated) in situ in myeloma cells of patient bone marrow (1), and
selective inhibition of the pathway in myeloma cell lines results in
suppression of myeloma cell proliferation (2) or sensitization to
apoptosis (3).

The activation of AKT in marrow-based myeloma cells may be due
to in situ cytokine stimulation. We (2) and others (4) have shown that
the myeloma growth factors IL-6 and IGF-I activate PI3-K/AKT in
myeloma cell lines, supporting this notion. However, a second pos-
sible mechanism of AKT activation is PTEN mutation. PTEN is a
tumor suppressor gene that encodes a phosphatase that regulates

signaling through the PI3-K/AKT pathway. Thus, loss of PTEN
function results in up-regulated AKT activation and downstream
signaling. Recently, Hyun et al. (5) identified loss of function PTEN
mutations in human myeloma cells.

Although the antiapoptotic effect of the PI3-K/AKT pathway is
mediated through several possible AKT targets, most evidence indi-
cates that the proliferative effect is uniquely mediated via downstream
signaling through the mTOR [also known as FKBP12 rapamycin-
associated protein or FRAP (6)]. It is not clear whether mTOR is
immediately downstream of PI3-K/AKT in a linear pathway or is
regulated by PI3-K/AKT in a more complex fashion (6). In any case,
PI3-K/AKT-dependent mTOR activity, in turn, results in phosphoryl-
ation of p70 and 4E-BP1 translational repressor, and these phospho-
rylation events are critical for the up-regulated translation required for
cell cycle transit (7). Phosphorylation of p70 is critical for ribosome
biogenesis, and phosphorylation of 4E-BP1 disrupts its interaction
with the eIF-4E initiation factor, allowing eIF-4E to participate in
assembly of a translation initiation complex. Our preliminary work
supports a role for these downstream targets of PI3-K/AKT because
p70 and 4E-BP1 are frequently phosphorylated in MM cells (8, 9).

Because mTOR appears to be a critical signal protein in myeloma
cells, the use of mTOR inhibitors has appeal. Rapamycin and its
newly developed analogue, CCI-779, are specific inhibitors of mTOR.
They form a complex with FKBP12 that binds specifically to mTOR
and prevents its ability to induce phosphorylation of p70 and 4E-BP1.
These drugs have shown antitumor efficacy in preclinical models (10,
11) and are currently in Phase I trials (12).

Because PTEN-deficient tumor cells may have a selective up-
regulation of the AKT/mTOR/p70/4E-BP1 pathway, they may be
particularly sensitive to mTOR inhibition. Recent work in prostate
cancer cells (11, 13) supports this hypothesis. Furthermore, trans-
fection of a constitutively active AKT gene into wild-type PTEN-
containing cells resulted in enhanced sensitivity (11), supporting the
hypothesis that the up-regulated signaling downstream of mutated
PTEN determines sensitivity to mTOR inhibition. Because rapamycin
or CCI-779 may be particularly effective in tumors with up-regulated
AKT activation and our prior work established frequent AKT activa-
tion in myeloma cells (1), we initiated the current study, investigating
CCI-779 as a potential therapeutic agent in PTEN-deficient myeloma
cells. Our results are consistent with the previous work (11) docu-
menting enhanced sensitivity to mTOR inhibition. However, there
was no alteration of sensitivity when a constitutively activated AKT
gene was introduced into wild-type PTEN-expressing tumor cells or
when a wild-type PTEN gene was introduced into PTEN-deficient
tumor cells.

MATERIALS AND METHODS

Myeloma Cells. The MM cell lines 8226, OCI-My5, and AF-10 were
kind gifts from Drs. J. Epstein (University of Arkansas), H. Messner
(University of Toronto), and James Berenson (University of California Los
Angeles). The lines were maintained in vitro as described previously (2).
HS-Sultan, ARH-77, OPM 2, and �47 cell lines were purchased from
American Type Culture Collection. The culture conditions for OPM 2 and
�47 have been described previously (5). UCLA #1 and UCLA #2 cell lines
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were recently initiated from isolated CD38-expressing plasma cells of two
patients as described previously (1).

Reagents. Recombinant IL-6 and IGF-I were purchased from R&D Sys-
tems (Minneapolis, MN). Phospho-specific antibodies against phosphorylated
AKT, p70, and 4E-BP1 (on serine 65) were purchased from New England
Biolabs or Upstate Biotechnology, Inc.). Antibody detecting total 4E-BP1 was
a kind gift of N. Sonenberg and C. Lister (Montreal, Canada). CCI-779 was
provided by Wyeth-Ayerst (Pearl River, NY). All other reagents were pur-
chased from Sigma Chemical Co. (St. Louis, MO), unless otherwise described.

Cell Treatment and MTT Assays. For testing effects on cell signaling,
MM lines were incubated with CCI-779 at varying concentrations for 6 h. For
testing effects on cell survival, MM cells were continuously cultured with
varying concentrations of CCI-779 for 48 h. Cells were then harvested, and
viable recovery was determined by MTT assays as described previously (14).
The percentage of cell survival was determined as follows: Aexp group/
Acontrol � 100. An ID50 (concentration of drug inducing 50% decrease in
survival) was determined by extrapolation of results of MTT assays whereby
percentage survival was plotted against log10 concentration.

Western Blot Analysis. Protein was extracted and separated by 12.5%
SDS-PAGE as described previously (2). Proteins were transferred to polyvi-
nylidene difluoride membranes and phosphorylated, and total proteins were
detected as previously described (2). Relative expression of proteins was
determined by densitometry.

Northern Blot Analysis. Total RNA isolation and Northern blot analysis
were performed as described previously (15). Full-length PTEN cDNA was
used as the probe.

Cell Cycle Analysis. MM cells were stained with hypotonic propidium
iodide (50 �g/ml in 0.1% sodium citrate) and 0.1% Triton X-100 for 1 h at
4°C. Cells were kept in the dark before analysis. Cell cycle distribution was
determined by analyzing 1,000–15,000 events on a FACScan flow cytometer
(Becton Dickinson, San Jose, CA). The DNA data were fitted to a cell cycle
distribution analysis by use of the MODFIT program for MAC V2.0.

Apoptosis Assay. Cells were stained with 7-AAD. The percentage of
apoptosis was identified by flow cytometry as described previously (16). To
induce apoptosis, cells were treated for 18 h with anti-fas antibody (clone
CH11; Upstate Biotechnology, Inc.).

p70 in Vitro Kinase Assay. As described previously (17), p70 was immu-
noprecipitated from MM cells with C18 antibody (Santa Cruz Biotechnology).
p70 was then mixed with S6 substrate peptide (Upstate Biotechnology, Inc.) in
kinase buffer in the presence of 200 �Ci/ml �-32P. The reaction was stopped
by the addition of 20 �l of 250 mM EDTA, followed by boiling for 5 min. The
reaction mixture was then transferred to phosphocellulose columns (Pierce)
that were centrifuged to separate free 32P from S6-labeled 32P. The amount of
labeled S6 peptide that adhered to the columns was then assayed by liquid
scintillation. For each cell line, equivalent amounts of cell lysate were immu-
noprecipitated with an anti-Grb2 antibody (similar isotype) as a negative
control, and these precipitates were also tested for phosphorylating activity
against the S6 substrate. The activity of this control immunoprecipitate (in
cpm) was considered background and subtracted from the activity in p70-anti-
p70 immunoprecipitates to give specific p70 activity, which is what is pre-
sented in Figs. 3 and 4.

Expression Constructs and Transductions. The hemagglutinin-tagged
E40K construct, which contains a point mutation in its PH domain and
possesses enhanced constitutive AKT activity, was described previously (18).
A recombinant adenovirus that encodes E40K was generated by homologous
recombination in bacteria as described previously (19). The construct was first
cloned into pAdTrack-CMV, which also contains the green fluorescent protein
gene. The resultant construct was linearized and transformed with the super-
coiled adenoviral vector, pAdEasy-1, into Escherichia coli, and recombinants
were selected in kanamycin and screened by restriction endonuclease diges-
tion. The recombinant adenovirus was then transfected into 293 cells. Control
pAdTrack-CMV recombinant virus was generated in an identical fashion, but
without transgene insertion. Adenovirus expressing wild-type PTEN has been
described previously (20). As a corresponding control, we used the same virus
with EGFP instead of PTEN as the transgene. Myeloma cells were transduced
with adenovirus at varying MOIs for 2 h. Adenovirus was then washed away,
and cells were resuspended in media with low serum concentration (1% FCS)
to minimize proliferation. At 24 and 48 h, EGFP fluorescence demonstrated
that �85% of cells were successfully transfected when using MOIs between 10

and 100. Expression of PTEN and E40K was also confirmed by immunoblot
assay.

Sequencing Analysis. Reverse transcription-PCR reactions were per-
formed as described previously (5) using primers flanking the translation start
codon and stop codon allowing amplification of 1.2-kb cDNAs. The PCR
products were subcloned into the PCR4-Topo cloning vector (Invitrogen) for
sequence analysis.

Binding of 4E-BP1 to m7GTP-Sepharose. 4E-BP1 binding to m7GTP-
Sepharose was performed as described previously (21). 4E-BP1 bound to
beads was eluted by boiling in SDS-PAGE sample buffer. The samples were
subjected to electrophoresis, and 4E-BP1 was detected by immunoblotting.

Statistics. The t test was used to determine significance of difference.

RESULTS

PTEN Mutations in Myeloma Cell Lines Correlate with Height-
ened AKT Phosphorylation. Loss of function PTEN mutations have
been detected recently in two human myeloma cell lines, OPM 2 and
�47 (5). In a further screening, we sequenced PTEN reverse tran-
scription-PCR products in additional myeloma cell lines. AF-10,
8226, OCI-My5, UCLA #1, and ARH-77 MM cells only contained
wild-type PTEN sequence. However, PTEN mutations were detected
in two additional myeloma cell lines. In HS-Sultan cells, PTEN was
mutated with a C to T transition at the first base of codon 17, resulting
in a substitution of glutamine with a premature termination signal.
This point mutation in HS-Sultan cells has actually been described
previously (22). However, we additionally detected a deletion in exon
6 in the HS-Sultan PTEN sequence. As described previously (22),
HS-Sultan cells also showed loss of the wild-type allele. In UCLA #2,
a MM cell line recently initiated from a patient with plasma cell
leukemia, sequencing demonstrated two separate PTEN mutations: (a)
a C to T transition in exon 3, resulting in a leucine to proline
substitution; and (b) an A to G transition in exon 8, resulting in an
aspartic acid to serine substitution. As in HS-Sultan cells, there was
loss of the wild-type allele. Northern blot analysis demonstrated that
the former alterations in HS-Sultan cells (Fig. 1A, HS) resulted in loss
of expression of the PTEN 5.5-kb transcript (Fig. 1A). In contrast,
normal-sized PTEN RNA was expressed in UCLA #2 cells (Fig. 1A,
UC2) as well as in AF-10, 8226, and UCLA #1 cells (Fig. 1A) and in
OCI-My5 and ARH-77 cells (data not shown). In Western blot anal-
ysis, which used AF-10 cells stably transfected with the wild-type
PTEN gene as a positive control (Fig. 1B), we also demonstrated the
absence of PTEN protein expression in HS-Sultan cells. Varying
levels of normal-sized PTEN protein expression were detected in
AF-10, 8226, UCLA #1, and UCLA #2 cells (Fig. 1B) as well as in
OCI-My5 and ARH-77 cells (data not shown). Although the detected
mutations in UCLA #2 cells did not prevent PTEN RNA and protein
expression (Fig. 1, A and B), these mutations are in critical areas of the
gene. The former substitution (exon 3) is in an area that regulates
phosphatase activity, and the latter (exon 8) is in the carboxy termi-
nus, which mediates protein-protein interactions and PTEN targeting
to the cell membrane. Either mutation or both mutations could theo-
retically inhibit normal PTEN function.

To test whether the PTEN alterations described by Hyun et al. (5)
in OPM 2 and �47 cell lines and the above-described alterations in
HS-Sultan and UCLA #2 cells correlated with heightened AKT acti-
vation, we performed immunoblot assays using antibodies that spe-
cifically detect phosphorylated/activated AKT and total AKT protein.
As shown in Fig. 1C, comparable amounts of total AKT were ex-
pressed in all of the screened myeloma lines. However, phosphoryl-
ated AKT was only detected in the four human MM cell lines with
PTEN mutations (UCLA #2, �47, OPM 2, and HS-Sultan). Further-
more, we were able to infect PTEN-mutated HS-Sultan and UCLA #2
cells with an adenovirus expressing wild-type PTEN. As shown in
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Fig. 1D, ectopic PTEN expression resulted in loss of AKT phospho-
rylation in HS-Sultan cells (left panel) and a significant decrease of
AKT phosphorylation in UCLA #2 cells (right panel), confirming that
the respective PTEN mutations were responsible for the uncontrolled
AKT activation.

Sensitivity of PTEN-null MM Cells to Cytoreduction Induced
by CCI-779. Previous work (11) suggests that the PTEN-deficient
state may result not only in heightened AKT activation but also in
enhanced downstream signaling through the mTOR. mTOR activity,
in turn, results in phosphorylation of the p70 and the 4E-BP1 trans-
lational repressor, events that are critical for the up-regulated trans-
lation of transcripts required for cell cycle transit. To examine the
effects of mTOR inhibition on the growth of PTEN-deficient MM
cells, we exposed cells to varying concentrations of CCI-779 in vitro.
CCI-779 is a newly developed analogue of rapamycin, the classical
inhibitor of mTOR. The effect of CCI-779 on mTOR is comparable
with that of rapamycin in potency and specificity, and CCI-779 has
recently entered Phase I trials (12). Furthermore, recent work (11)
demonstrated a heightened sensitivity of PTEN-deficient tumors to
the cytoreductive effects of CCI-779. To test whether our PTEN-

mutated myeloma lines were also sensitive to CCI-779, we cultured
MM cells with increasing concentrations of CCI-779 for 48 h in MTT
assays. As shown in Fig. 2, there was a clear distinction in sensitivity
with three of the four PTEN-mutated MM cell lines (UCLA #2,
HS-Sultan, and OPM 2) demonstrating remarkable sensitivity to CCI-
779 with ID50s of 0.1–1.0 nM. The exception was the PTEN-mutated
�47 cell line, which was resistant to CCI-779. In contrast, MM cells
containing wild-type PTEN (ARH-77, AF-10, and OCI-My5) were all
resistant to CCI-779, and 50% inhibition of growth was never
achieved, even with concentrations of 1000 nM CCI-779. Thus, there
is a general correlation between the PTEN-null state of myeloma cells
and sensitivity to CCI-779, the exception being the �47 cell line.
These results are in keeping with that of Neshat et al. (11).

To examine whether the cytoreductive effect of CCI-779 on PTEN-
mutated MM cells was due to induction of G1 block or apoptosis, we
analyzed cells stained with propidium iodide for cell cycle analysis
and cells stained with 7-AAD to assess induction of apoptosis. Anti-
fas treatment was used as a positive control for induction of and
detection of apoptosis. Data in Table 1 clearly indicate that the mTOR
inhibitors induced a G1 cell cycle block without induction of apoptosis
in the PTEN-deficient OPM 2, HS-Sultan, and UCLA #2 cell lines.
This block in the proliferative cycle of the PTEN-deficient lines was
much more impressive than that seen in the wild-type PTEN-contain-
ing ARH-77 cell line (Table 1).

p70 Activity and Phosphorylation in PTEN-mutated MM Cells.
Because PTEN-deficient MM cells have elevated AKT activation, we
next asked whether these cells also have enhanced mTOR activity.
This might be an explanation for the enhanced sensitivity of PTEN-

Fig. 2. Differential sensitivity to CCI-779. MTT assay was performed after a 48-h
culture of cell lines with increasing concentrations of CCI-779.

Fig. 1. Analysis of PTEN/AKT status in myeloma cells lines. A, Northern analysis of
PTEN RNA expression in AF-10, 8226, HS-Sultan (HS), UCLA#1 (UC1), and UCLA#2
(UC2) cells. B, immunoblot assay for PTEN protein expression in AF-10, 8226, HS-
Sultan (HS), UCLA#1 (UC1), and UCLA#2 (UC2) cell lines. AF-10* , AF-10 cells stably
transfected with wild-type PTEN gene. C, immunoblot assay for phosphorylated AKT
(P-AKT) and total AKT (T-AKT) in myeloma cell lines. OCI, OCI-My5; ARH, ARH-77;
OP, OPM 2; HS, HS-Sultan. PTEN status is shown below the blot as mutated (MU) or
wild type (WT). D, effect of PTEN transfection in HS-Sultan or UCLA #2 cell lines.
Wild-type PTEN gene or control empty vector (EGFP) was transfected by adenoviral
vector. Twenty-four h later, an immunoblot assay was performed for phosphorylated AKT
(AKT-P) or total AKT (AKT-T).

Table 1 CCI-779 induces G1 arrest in PTEN-deficient myeloma cellsa

Cell line Conditionsb % G1
c % Sc % Apoptosisc

OPM 2 40 42 5
CCI-779, 0.05 60d 27d 4
CCI-779, 0.1 68d 22.1d 3.1
CCI-779, 10 78d 17d 4.5
Anti-fas 21d

HS-Sultan 33 61 4.4
CCI-779, 0.05 74d 20d 3.9
Anti-fas 15d

UCLA #2 45 39 3
CCI-779, 0.05 69d 17d 4

ARH-77 45 38 6
CCI-779, 0.05 52 32 5
CCI-779, 0.1 54d 31d 5

a Cell lines were cultured with or without drugs for 20 h, and cell cycle distribution was
determined by fluorescence-activated cell-sorting analysis of hypotonic propidium iodide-
stained cells, and apoptosis was determined by 7-AAD-stained cells.

b CCI-779 concentration shown in nM. Anti-fas antibody was used at 0.5 �g/ml.
c Results are percentage of G1 or S phase or apoptosis, means of four experiments. The

SDs were all �5% of the respective means.
d Significantly different (P � 0.05) from control (culture without drugs).
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null MM cells to CCI-779. We tested this notion by examining p70
and the 4E-BP1 translational repressor, which are downstream targets
of mTOR. p70 activity in the four PTEN-null cell lines (HS-Sultan,
�47, UCLA #2, and OPM-2) was not significantly greater than that in
the ARH-77, AF-10, or OCI-My5 MM cell lines that express wild-
type PTEN (Fig. 3A). However, activity in the latter cell lines was
significantly lost by serum depletion (Fig. 3A, �), whereas p70
activity in PTEN-mutated HS-Sultan, UCLA #2, and OPM-2 cells
was not affected by serum depletion. The activity in PTEN-mutated
�47 cells was modestly affected.

p70 activity correlates well with phosphorylation of p70 on threo-
nine 389 (23). To test phosphorylation, we used a phospho-specific
antibody that only recognizes p70 when it is phosphorylated on
threonine 389. As shown in Fig. 3B, constitutive phosphorylation of

p70 on threonine 389 was demonstrated in three of the four PTEN-
mutated cell lines, HS-Sultan, OPM 2, and UCLA #2. In contrast, the
PTEN-mutated �47 cell line did not express phosphorylated p70,
although the total amount of p70 expressed was comparable with that
of the other three MM lines with PTEN mutations. Of the other four
MM lines we tested that contained wild-type PTEN, only the ARH-77
cell line constitutively expressed a considerable amount of phospho-
rylated p70. Although the other MM cells with wild-type PTEN
contained little phosphorylated p70 in their basal state, the myeloma
growth factor, IL-6, rapidly induced p70 phosphorylation in these cell
lines (Ref. 8 for AF-10 cells; data shown for 8226 and OCI-My5 in
Fig. 3B, bottom panel).

4E-BP1 Phosphorylation in PTEN-mutated Myeloma Cells. In
addition to p70 activity, mTOR also regulates phosphorylation of the
4E-BP1 translational repressor (6). To investigate this additional
potential molecular target, we used immunoblot assays to detect
4E-BP1 expression. 4E-BP1 was resolved into between one and three
separate bands, as shown in Fig. 3C. These separate 4E-BP1 forms
arise from differences in the phosphorylation state, with an increased
phosphorylation causing a decrease in mobility. Thus, as shown in
Fig. 3C, the bands designated � and � represent the more phospho-
rylated species of 4E-BP1. Wild-type PTEN-containing MM cell lines
AF-10, 8226, and OCI-My5 demonstrate that most of their 4E-BP1 is
present in the � hypophosphorylated form. This is expected because
there should be minimal constitutive upstream activation of AKT and
mTOR due to the presence and restraining activity of wild-type
PTEN. However, when AF-10 MM cells are exposed to IL-6, 4E-BP1
becomes phosphorylated, as shown by the development of two slow-
er-migrating bands at the 15 min time point (Fig. 3C, bottom panel).
The induction of 4E-BP1 phosphorylation by IL-6 in AF-10 cells is
even more impressive than that induced by IGF-I. In contrast, con-
siderable proportions of 4E-BP1 are constitutively expressed as the
hyperphosphorylated � and � forms in the PTEN-mutated cell lines
OPM 2, HS-Sultan, UCLA #2, and �47. The ARH-77 cell line, with
wild-type PTEN expression, also expresses increased hyperphospho-
rylated 4E-BP1. Although this is difficult to explain in light of its
wild-type PTEN status and lack of AKT activation, this finding
correlates with ARH-77’s constitutive expression of phosphorylated
p70 (Fig. 3B), the other mTOR target.

Sensitivity of p70 Activation/Phosphorylation and 4E-BP1
Phosphorylation to CCI-779. We next tested the concentration de-
pendence and specificity of the ability of CCI-779 to inhibit the p70.
Relatively low concentrations of drug inhibited p70 activity in all four
PTEN-mutated cell lines (Fig. 4A). This inhibition correlated nicely
with the ability of CCI-779 to also inhibit p70 phosphorylation on
threonine 389 (Fig. 4B). Inhibition of p70 activity/phosphorylation
was relatively specific, with similar concentrations of CCI-779 having
no effect on the heightened AKT phosphorylation in these cell lines
(data shown for HS-Sultan cells in Fig. 4C).

We tested similar concentrations of CCI-79 for their effects on
4E-BP1 phosphorylation. Because 4E-BP1 phosphorylation inhibits
its binding to eIF-4E, we also tested the effect of CCI-779 on the
ability of 4E-BP1 to bind eIF-4E. After exposure to CCI-779, cell
extracts were first immunoblotted with antibodies to detect total
4E-BP1, phosphorylated 4E-BP1 (P-4E-BP1, 4E-BP1 phosphorylated
on serine 65), or actin (Fig. 5). To test binding of 4E-BP1 to eIF-4E,
eIF-4E was first precipitated using m7GTP-Sepharose, followed by
immunoblot detection of 4E-BP1 in the precipitates. Results are
shown in Fig. 5A for two PTEN-deficient MM cell lines, HS-Sultan
and OPM 2. Although there is little expression of total 4E-BP1 in
HS-Sultan cells, the faint hyperphosphorylated � 4E-BP1 band be-
comes lost after exposure to high concentrations of CCI-779 (10 and
100 nM; Fig. 5A, top panel). This occurs in conjunction with decreased

Fig. 3. Analysis of p70 and 4E-BP1 in myeloma lines. A, in vitro kinase assay for p70
activity in cell lines cultured in serum (f) or after serum depletion (overnight, �). HS,
HS-Sultan; UC, UCLA #2; D47, �47; ARH, ARH-77; OCI, OCI-My5; PTEN-WT,
expressing wild-type PTEN. Results are specific kinase activity (calculated as described
in “Materials and Methods”) and are the means of three separate experiments. The SDs
were �5% of the means in all groups. B, top two panels, immunoblot assay for
phosphorylated p70 on threonine 389 (P70-P T389) or total p70; bottom panels, similar
immunoblot assay on 8226 or OCI-My5 cells after 0, 15, or 30 min of incubation with
IL-6 (100 units/ml). C, immunoblot for 4E-BP1 expression in myeloma cells is shown in
the top panel. �, �, and � designate differentially phosphorylated forms of 4E-BP1. PTEN
status is given below the immunoblot as wild type (WT) or mutated (MU). In the bottom
panel, AF-10 cells were stimulated with IGF-I (400 ng/ml) or IL-6 (100 units/ml) for 15
or 30 min (as shown), and an immunoblot assay for 4E-BP1 expression was performed.
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specific immunodetection of phosphorylated 4E-BP1 in HS-Sultan
cells (Fig. 5A, second panel, P-4E-BP1), which is slightly decreased
at 1 nM CCI-779 and barely detected at 10 and 100 nM CCI-779. For
OPM 2 cells, there is little change in 4E-BP1 phosphorylation (Fig.
5A, top panel). With increasing concentrations of CCI-779 (1–100
nM), however, more rapidly migrating forms of phosphorylated 4E-
BP1 (Fig. 5A, second panel) become expressed. This suggests that, in
OPM 2 cells, although CCI-779 has little effect on phosphorylation of
4E-BP1 at serine 65, it is capable of dephosphorylating other residues,
which results in faster electrophoretic migration. Analysis of 4E-BP1
binding to eIF-4E demonstrates that, in HS-Sultan cells, CCI-779-
induced dephosphorylation of 4E-BP1 is associated with increased
binding of 4E-BP1 to eIF-4E. Although this is difficult to see in the
fourth panel of Fig. 5A (labeled PPT-4E-BP1), upon longer exposure
of the film (Fig. 5A, **), this conclusion is clear. Slightly increased
4E-BP1 is detected in the m7GTP-eIF-4E precipitate after exposure to
0.1 and 1 nM CCI-779, and a greater amount of bound 4E-BP1 is
detected after exposure to 10 and 100 nM CCI-779. In contrast, there
is little effect of CCI-779 on 4E-BP1 binding to eIF-4E in OPM 2
cells (Fig. 5A, fourth panel). Reprobing with an antibody to eIF-4E
(Fig. 5A, bottom panel, labeled PPT-eIF-4E) demonstrates that equal
amounts of eIF-4E are present in each precipitate. In summary,
exposure of OPM 2 cells to CCI-779 had little effect on 4E-BP1

phosphorylation at serine 65 and little effect on binding of 4E-BP1 to
eIF-4E. In contrast, CCI-779 induced dephosphorylation of 4E-BP1
and increased the binding of 4E-BP1 to eIF-4E in HS-Sultan cells.

Relative Sensitivity of CCI-779-resistant versus CCI-779-sensi-
tive MM Cells to Drug-induced Dephosphorylation of p70 or
4E-BP1. Another potential explanation for the differential sensitivity
of PTEN-deficient MM cells to CCI-779 is a differential sensitivity to
the ability of the drug to induce dephosphorylation of p70 or 4E-BP1.
We tested that hypothesis by directly comparing the CCI-779-sensi-
tive, PTEN-mutated HS-Sultan and OPM 2 MM cell lines with the
CCI-779-resistant, wild-type PTEN-expressing ARH-77 cell line. The
CCI-779-resistant ARH-77 cell line was an appropriate comparison
because it expressed phosphorylated p70 and phosphorylated 4E-BP1
in its basal state (Fig. 3), which was comparable to that present on the
PTEN-deficient cells. As shown in Fig. 5A, ARH-77 cells were
exquisitely sensitive to dephosphorylation of 4E-BP1. After exposure
to only 0.1 nM CCI-779, the majority of 4E-BP1 became expressed as
the lower, faster-migrating hypophosphorylated � band (Fig. 5A, top
panel), and specific immunodetection of phosphorylated 4E-BP1 (Fig.
5A, second panel, labeled P-4E-BP1) was lost. There was a corre-
sponding increase in the amount of 4E-BP1 bound to eIF-4E first
present after exposure to 0.1 nM CCI-779, which increased with
increasing concentrations of drug (fourth panel, labeled PPT-4E-
BP1). Thus, the ability of CCI-779 to induce dephosphorylation of
4E-BP1 and increase binding of 4E-BP1 to eIF-4E in CCI-779-
resistant ARH-77 cells was at least comparable with that in the
CCI-779-sensitive HS-Sultan cell line and much more impressive than
that in the CCI-779-sensitive OPM 2 cell line.

Similar results were seen when p70 phosphorylation was examined.
As shown in Fig. 5B, CCI-779 was extremely effective in dephos-
phorylating p70 in ARH-77 cells. This was comparable with that seen
in CCI-779-sensitive HS-Sultan and OPM 2 targets when the three
cell lines were compared head to head and occurred at comparable
low concentrations of CCI-779 (0.01 nM).

Effects on Expression of c-myc and Cyclin D1. To test whether
CCI-779 sensitivity correlates with the drug’s ability to reduce ex-
pression of proteins that are important for cell cycle transit, we
performed immunoblot analysis of cyclin D1 and c-myc expression,
comparing the effects in CCI-779-sensitive HS-Sultan versus CCI-
779-resistant ARH-77 cells. As shown in Fig. 6A, exposure to CCI-
779 for 48 h had no inhibitory effect on cyclin D1 expression in either
cell line. In fact, there was even a modest increase in expression in the
CCI-779-sensitive HS-Sultan cells. Because these data were some-
what surprising, we repeated the experiment with CCI-779-sensitive
HS-Sultan cells, studying expression at several time points. As shown
in Fig. 6B, little effect on cyclin D1 expression was present at 6 or
24 h, and at 48 h, a modest increase in expression was again noted. In
contrast, CCI-779 did have a differential effect on c-myc expression.
As shown in Fig. 6C, a significant decrease in expression was induced
in CCI-779-sensitive HS-Sultan cells, whereas expression was unaf-
fected in the CCI-779-resistant ARH-77 cells.

Enhancing or Inhibiting AKT Function Does Not Affect CCI-
779 Sensitivity. When wild-type PTEN-containing prostate cancer
cells are stably transfected with a constitutively active AKT gene, they
become considerably more sensitive to the antitumor effect of CCI-
779 in vivo (11). To attempt similar studies in MM cells lines, we
expressed a constitutively active AKT mutant, E40K, in wild-type
PTEN-containing MM cells using an adenoviral vector. Our adeno-
viral vector expresses EGFP, which allowed us to test transduction
efficiency. Fluorescence microscopy demonstrated very effective
transduction at low MOI (�90% at MOI 10) in AF-10 and OCI-My5
MM cells. Twenty-four h after infection of these cell lines, an immu-
noblot assay demonstrated that the transfected AKT was constitu-

Fig. 4. Effect of CCI-779 on p70. A, PTEN-deficient cell lines were cultured for 6 h
in increasing concentrations of CCI-779, and an in vitro kinase assay was performed for
specific p70 activity. Results are the means � SD of three separate experiments. All levels
of activity after CCI-779 exposure are significantly lower (P � 0.05) than those of the
corresponding control (no CCI-779). B, OPM 2, UCLA #2, or HS-Sultan cells were
incubated with CCI-779 for 6 h at the designated concentration (in nM), and then an
immunoblot assay was performed for expression of phosphorylated p70 (P70-P) or total
P70 (P70-total). C, HS-Sultan cells were exposed to CCI-779 (concentration in shown
above the panels in nM) for 6 h, and then an immunoblot assay was performed for
expression of phosphorylated AKT (AKT-P) or total AKT (AKT-total).
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tively phosphorylated (Fig. 7) and that infection also resulted in
downstream phosphorylation of p70 on serine 411. Expression of
4E-BP1 in these cells (Fig. 7, T-4E-BP1) was mostly resolved into
two bands. Transduction of cells with E40K resulted in an increase in
the portion of 4E-BP1 expressed as a hyperphosphorylated, slower-
migrating species in both AF-10 and OCI-My5 cells. Despite en-
hanced expression of phosphorylated AKT, p70, and 4E-BP1, E40K-
infected cells were not altered in their sensitivity to CCI-779 when
compared with control-infected cells (Fig. 8).

We next used the adenoviral vector to express wild-type PTEN in
the PTEN-null OPM 2 MM cell line. Expression of EGFP in the
control adenoviral vector allowed us to determine that transduction
efficiencies of �80% were achieved with a MOI of 40. After infection
with wild-type PTEN, OPM 2 cell growth was modestly decreased by
20% compared with control adenovirus infection. Twenty-four h after

infection, immunoblot assays confirmed ectopic PTEN expression
(Fig. 7, top right panel) and dephosphorylation of AKT (data not
shown), dephosphorylation of p70 (Fig. 7, P-p70), and decreased
expression of 4E-BP1 phosphorylated on serine 65 (Fig. 7, P-4E-
BP1). Immunoblot assay of total 4E-BP1 (Fig. 7, T-4E-BP1) demon-
strated that the � hyperphosphorylated 4E-BP1 band was markedly
decreased after PTEN transduction and that the � and � hypophos-
phorylated bands were increased. However, this significant inhibition
of AKT, p70, and 4E-BP1 phosphorylation had no effect on sensitiv-
ity to CCI-779 (Fig. 8).

DISCUSSION

This study demonstrates a correlation between the PTEN-null state,
heightened AKT phosphorylation, and sensitivity to the cytoreductive

Fig. 7. Effects of transduction. Left panels, AF-10 or OCI-My5 (OCI) cells were
transduced with control (empty vector, C) or E40K (E) gene, and 24 h later, an immu-
noblot assay was performed for phosphorylated AKT (P-AKT), total AKT (T-AKT),
phosphorylated p70 (P-p70), total p70 (T-p70), or 4E-BP1. Right panels, OPM 2 cells
were transduced with control (empty vector, C) or wild-type PTEN gene, and, 24 h later,
an immunoblot assay was performed for PTEN, phosphorylated p70 (P-p70), total p70
(T-p70), phosphorylated 4E-BP1 on serine 65 (P-4E-BP1), or total 4E-BP1 (T-4E-BP1).

Fig. 5. Comparison of the CCI-779-resistant ARH-77
cell line with the CCI-779-sensitive HS-Sultan and OPM
2 cell lines. A, the three cell lines were exposed to
increasing concentrations of CCI-779 for 6 h, and then an
immunoblot assay was performed for expression of 4E-
BP1 (top panel), phosphorylated 4E-BP1 (on serine 65,
P-4E-BP1, second panel), or actin (third panel). In addi-
tion, cell extracts were incubated with m7GTP-Sepharose
to precipitate eIF-4E, and an immunoblot assay was per-
formed on the precipitate for presence of 4E-BP1 (PPT-
4E-BP1, fourth panel). Results on HS-Sultan cells are
shown below (��) after a longer exposure. Membrane
was reprobed for the presence of eIF-4E (PPT-eIF-4E,
bottom panel). B, the three cell lines were exposed to
increasing concentrations of CCI-779 (in nM) for 6 h, and
an immunoblot assay was performed for phosphorylated
p70 (total p70 expression in all lines was equal; data not
shown).

Fig. 6. Immunoblot assay for expression of cyclin D1 and c-myc. A, ARH-77 or
HS-Sultan cells were treated with 0, 10, or 100 nM CCI-779 for 48 h, and extracts were
assayed for cyclin D1 expression. B, HS-Sultan cells were treated with 0 or 100 nM

CCI-779 for 6, 24, and 48 h and assayed for cyclin D1 expression. C, ARH-77 or
HS-Sultan cells were treated with 0, 10, or 100 nM CCI-779 for 48 h and then assayed for
c-myc expression.
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effects of CCI-779, a newly developed rapamycin analogue that
inhibits mTOR. This finding is consistent with previous work using
other cell model systems (11, 13). However, because acute expression
of a constitutively active AKT gene or wild-type PTEN gene had no
effect on CCI-779 sensitivity, our data suggest that the PTEN-null
state and AKT activation are markers for CCI-779 sensitivity rather
than the cause of heightened sensitivity.

To date, PTEN mutations have been detected in four human MM
cell lines: �47, OPM 2, UCLA #2, and HS-Sultan. These mutations
resulted in loss of PTEN expression in �47 (5), OPM 2 (5), and
HS-Sultan (Fig. 1). Although UCLA #2 MM cells expressed normal-
sized transcripts and protein, the detected PTEN mutations were in
areas of the gene critical for normal PTEN phosphatase activity.
Because ectopic expression of wild-type PTEN in UCLA #2 cells
resulted in significant inhibition of the up-regulated phosphorylation
of AKT [and p70 phosphorylation (data not shown)], the data indi-
cated that a PTEN-deficient state is the cause of heightened activation
of this pathway downstream of PI3-K. The prevalence of PTEN
mutation in patient myeloma specimens is unknown. However, the
fact that the UCLA #2 cell line was recently initiated from a clinical
specimen suggests that PTEN mutations may be present in myeloma
cells of some patients.

The enhanced sensitivity of PTEN-deficient myeloma cells was
remarkable, with at least a 1000-fold lower ID50 than wild-type
PTEN-containing MM cells. The cytoreductive effect in PTEN-defi-
cient cells was primarily one of G1 arrest rather than induction of
apoptosis. This block in cell cycle transit was also more impressive in
PTEN-deficient MM cells when compared with ARH-77 cells con-
taining wild-type PTEN. It is possible, however, that inhibition of
mTOR may result in enhanced apoptosis under some conditions.
Because mTOR results in p70 activation, and p70 may inhibit apo-
ptosis via inactivation of BAD (24), mTOR inhibition and the result-
ing p70 inhibition could potentially induce or sensitize a target cell for
enhanced apoptosis. We are currently evaluating the effects of CCI-
779 and rapamycin on BAD in myeloma cells. If they prevent inac-
tivation of BAD, these drugs may sensitize targets to other apoptosis
inducers in combination therapy. Of note, use of CCI-779 in vivo
resulted in decreased proliferation as well as enhanced apoptosis in
PTEN-deficient tumors (11).

To investigate the determinants of enhanced sensitivity to CCI-779
in PTEN-deficient MM cells, we first asked whether downstream
signaling via AKT/mTOR/p70 and 4E-BP1 was enhanced. Immuno-
blot assays evaluating p70 and 4E-BP1 phosphorylation are somewhat
supportive of this notion in that p70 and 4E-BP1 phosphorylation

roughly correlate with PTEN mutation, AKT activation, and CCI-779
sensitivity. However, the correlation is not perfect. For example,
CCI-779-resistant ARH-77 MM cells, which have wild-type PTEN
and quiescent AKT, demonstrate heightened phosphorylation of p70
and 4E-BP1 that is sensitive to mTOR inhibition. It is possible that
mTOR activation in ARH-77 cells is achieved by an upstream path-
way different from PI3-K/AKT that is unregulated by PTEN. Never-
theless, in the face of phosphorylated p70 and 4E-BP1, ARH-77 cells
are resistant to CCI-779. Furthermore, although there are some dif-
ferences in p70 phosphorylation, p70 activity was comparable be-
tween CCI-779-sensitive and CCI-779-resistant MM target cell lines
(Fig. 3). The finding that the p70 activity in the CCI-779-sensitive
lines was more resistant to serum depletion is probably not relevant
because our MTT and cell cycle distribution assays are run in the
presence of serum. An additional inconsistency is the fact that the �47
MM cell line, which contains a PTEN mutation and constitutively
activated AKT, was completely resistant to CCI-779. The major
difference between �47 and other CCI-779-sensitive, PTEN-deficient
MM lines was an absence of p70 phosphorylation on threonine 389.
Despite this, p70 activity in �47 was equal to that of other PTEN-
deficient MM lines and comparably sensitive to CCI-779-induced
inhibition (Fig. 4). Further evidence that it is not simply the level of
downstream signaling which determines sensitivity to CCI-779 was
obtained by gene transfer studies. Expression of an activated AKT
gene, which resulted in downstream phosphorylation of p70 and
4E-BP1, could not induce sensitivity to CCI-779 in AF-10 or
OCI-My5 cells, and expression of wild-type PTEN, which resulted
in dephosphorylation of AKT, p70, and 4E-BP1, could not induce
resistance.

Although our results do not support the hypothesis that differences
in basal mTOR-dependent p70 activity and 4E-BP1 phosphorylation
account for differences in the response to CCI-779, it was possible
that a differential sensitivity to the mTOR-inhibiting effects of CCI-
779 was key. We tested this by directly comparing CCI-779-resistant
ARH-77 cells with CCI-779-sensitive OPM 2 and HS-Sultan cells.
However, the results shown in Fig. 5 rule out this hypothesis because
when CCI-779-resistant ARH-77 cells are compared with CCI-779-
sensitive cells, there is no difference in the ability of CCI-779 to
induce dephosphorylation of p70, dephosphorylation of 4E-BP1, and
binding of 4E-BP1 to eIF-4E. In fact, CCI-779 effectively inhibits
growth of OPM 2 cells without having a significant effect on 4E-BP1
phosphorylation at serine 65 or on 4E-BP1 binding to eIF-4E. These
latter results are similar to those of a previous study by Neshat et al.
(11), in which treatment of PTEN-null fibroblasts with CCI-779
results in inhibited proliferation and decreased 4E-BP1 phosphoryla-
tion, but no alteration on 4E-BP1 binding to eIF-4E. Thus, our data as
well as the study of Neshat et al. (11) suggest that effects on 4E-BP1
binding to eIF-4E do not regulate sensitivity to CCI-779-induced
cytoreduction.

Because CCI-779 was very efficient in inducing dephosphorylation
of p70 and 4E-BP1 in HS-Sultan and ARH-77 cells as well as in
reducing the amount of free, unbound eIF-4E, we were surprised to
see no inhibitory effects on expression of cyclin D1 in either of these
cell lines. Because we presume that the inhibitory effects of CCI-779
should significantly curtail cap-dependent translation, these data sug-
gest an alternative cap-independent mechanism for cyclin D1 trans-
lation. One possibility is that cyclin D1 RNA can, under certain
conditions, use an IRES to allow for cap-independent translation.
Cyclin D1 RNA has a 5�-untranslated region that is relatively long and
highly structured (25) and also contains a second additional upstream
translation initiation codon. These are molecular characteristics that
have been noted in RNAs previously shown to contain an IRES (26).
Whatever the mechanism for cap-independent expression, it is clear

Fig. 8. MTT assay of transduced cells. AF-10 and OCI-My5 (OCI) cells were
transduced with control EGFP (EGFP) or E40K (AKTE40) genes and treated with
increasing concentrations of CCI-779 for 48 h, and the MTT assay was performed. The
same assay was performed for OPM 2 cells transfected with control EGFP gene (EGFP)
or wild-type PTEN gene (PTEN WT). Results are the means of three separate transduction
experiments.
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that, in our myeloma cells, down-regulation of cyclin D1 expression
is not needed for CCI-779-mediated induction of G1 arrest.

In contrast to cyclin D1, CCI-779 differentially affected c-myc
expression, inhibiting it in CCI-779-sensitive cells but having little
effect in CCI-779-resistant cells. c-myc RNA is known to contain an
IRES (27), which could allow cap-independent translation in resistant
cells. Thus, one potential explanation for the CCI-779-sensitive versus
CCI-779-resistant phenotype is that CCI-779-sensitive cells cannot
use the c-myc IRES for effective cap-independent translation, but
CCI-779-resistant cells can.

As mentioned above, the results of our gene transfer studies are
contrary to those of Neshat et al. (11), who demonstrated that ectopic
expression of a constitutively activated AKT gene significantly sensi-
tized cells to CCI-779. One major difference in our experimental
design that could explain this inconsistency is that we acutely ex-
pressed our AKT gene by adenoviral infection, whereas Neshat et al.
(11) used retroviral transfection and in vitro selection to ectopically
express activated AKT in stably transfected lines. It is thus possible
that in Neshat’s stable transfectants, adaptation to a high level of
AKT/mTOR activation during selection significantly altered sensitiv-
ity to CCI-779. Thus, one key determinant of sensitivity could be the
degree for which a cell depends on mTOR for its proliferative poten-
tial. If cells with PTEN mutation and constitutive AKT activation are
completely dependent on the AKT/mTOR/p70/4E-BP1 cascade for
translation of proteins required for cell cycle transit such as c-myc,
inhibition of that cascade by CCI-779 would induce G1 arrest. In
contrast, other cell populations without PTEN mutation/AKT activa-
tion might have additional pathways for enhancing expression of these
cell cycle proteins (i.e., cap-independent mechanisms as described
above), and, thus, CCI-779, although effectively ablating any mTOR/
p70/4E-BP1 signaling, would have little effect on cell growth. A
similar difference in the mTOR dependence of c-myc expression
explained the development of resistance to rapamycin in a previous
study (28), which is consistent with our data regarding expression of
c-myc. This theory would explain the lack of effect of acute expres-
sion of a constitutively active AKT gene or wild-type PTEN on
sensitivity. In contrast, during selection of cells transfected with active
AKT genes in a retroviral vector, the non-mTOR pathways (i.e.,
cap-independent translation) could become down-regulated, and ulti-
mate transfectants could be solely dependent on AKT/mTOR, thus
explaining their increase in CCI-779 sensitivity.

Although the results of our gene transfer experiments suggest that
the level of AKT activation per se does not regulate sensitivity to
CCI-779, AKT status may be a good predictive marker of sensitivity.
In keeping with this idea, myeloma cells that express activating
mutations of ras and up-regulated downstream signaling through
PI3-K and AKT also demonstrate enhanced sensitivity to mTOR
inhibition (29). Because immunochemistry can identify AKT phos-
phorylation in myeloma cells within marrow biopsies (1), this may be
an effective tool for predicting efficacy in future trials.

REFERENCES

1. Hsu, J., Shi, Y., Krajewski, S., Renner, S., Fisher, M., Reed, J. C., Franke, T. F., and
Lichtenstein, A. The AKT kinase is activated in multiple myeloma tumor cells. Blood,
98: 2853–2855, 2001.

2. Tu, Y., Gardner, A., and Lichtenstein, A. The phosphatidylinositol 3-kinase/AKT
kinase pathway in multiple myeloma plasma cells: roles in cytokine-dependent
survival and proliferative responses. Cancer Res., 60: 6763–6770, 2000.

3. Hideshima, T., Nakamura, N., Chauhan, D., and Anderson, K. C. Biologic sequelae
of interleukin-6 induced PI3-K/AKT signaling in multiple myeloma. Oncogene, 20:
5991–6000, 2001.

4. Ge, N-L., and Rudikoff, S. Insulin-like growth factor-I is a dual effector of multiple
myeloma cell growth. Blood, 96: 2856–2861, 2000.

5. Hyun, T., Yam, A., Pece, S., Xie, X., Zhang, J., Miki, T., Gutkind, J. S., and Li, W.
Loss of PTEN expression leading to high AKT activation in human multiple myelo-
mas. Blood, 96: 3560–3568, 2000.

6. Duffner, A., Andjelkovic, M., Burgering, B. M. T., Hemmings, B. A., and Thomas,
G. Protein kinase B localization and activation differentially affect S6kinase I activity
and eukaryotic translation initiation factor 4E-binding protein I phosphorylation. Mol.
Cell. Biol., 19: 4525–4534, 1999.

7. Brown, E. J., and Schreiber, S. L. A signaling pathway to translational control. Cell,
86: 517–520, 1996.

8. Shi, Y., Hsu, J., Hu, L, and Lichtenstein, A. Cooperative interaction between PI3-
kinase/AKT and MEK/ERK cascades results in p70S6kinase/4E-BP1 phosphoryla-
tion in IL-6-stimulated myeloma cells. Blood, 98: 639a, 2001.

9. Shi, Y., Hsu, J., Hu, L., and Lichtenstein, A. Constitutive p70S6kinase activation and
4E-BP1 phosphorylation in multiple myeloma cells containing PTEN mutations.
Blood, 98: 474a, 2001.

10. Georger, B., Kerr, K., Tang, C-B., Powell, B., Phillips, P., and Janss, A. Antitumor
activity of the rapamycin analog CCI-779 in human neuroectodermal tumor/medu-
loblastoma models as single agent and in combination chemotherapy. Cancer Res.,
61: 1527–1532, 2001.

11. Neshat, M. S., Mellinghoff, I. K., Tran, C., Stiles, B., Thomas, G., Petersen, R., Frost,
P., Gibbons, J. J., Wu, H., and Sawyers, C. Enhanced sensitivity of PTEN-deficient
tumors to inhibition of FRAP/mTOR. Proc. Natl. Acad. Sci. USA, 98: 10314–10319,
2001.

12. Hidalgo, M., Rowinski, E., Erlichman, C., Drengler, R., Marshall, B., Adjei, A.,
Hammond, L., Galanise, E., Edwards, T., Burton, J., Boni, J., Tolcher, A., Dukart, G.,
Buckner, J. Phase I and pharmacologic study of CCI-779, a cell cycle inhibitor.
Clinical Cancer Res., 6: abst #413, 2000.

13. Podsypanina, K., Lee, R. T., Politis, C., Hennessy, I., Crane, A., Puc, J., Neshat, M.,
Wang, H., Yang, L., Gibbons, J., Frost, P., Dreisbach, V., Blenis, J., Gaciong, Z.,
Fisher, P., Sawyers, C., Hedrick-Ellenson, L., and Parsons, R. An inhibitor of mTOR
reduces neoplasia and normalizes p70S6 kinase activity in PTEN�/� mice. Proc.
Natl. Acad. Sci. USA, 98: 10320–10325, 2001.

14. Aparicio, A., Gardner, A., Tu, Y., Savage, A., Berenson, J., and Lichtenstein, A. In
vitro cytoreductive effects on multiple myeloma cells induced by bisphosphonates.
Leukemia (Baltimore), 12: 220–227, 1998.

15. Soon, L., Flechner, L., and Gutkind, J. S. Insulin-like growth factor-1 synergizes with
IL-4 for hematopoietic cell proliferation independent of insulin receptor substrate
expression. Mol. Cell. Biol., 19: 3816–3828, 1999.

16. Lichtenstein, A., Tu, Y., Fady, C., Vescio, R., and Berenson, J. Interleukin-6 inhibits
apoptosis of malignant plasma cells. Cell. Immunol., 162: 248–253, 1995.

17. Kawasome, H., Papst, P., Webb, S., Keller, G. M., Johnson, G. L., Gelfand, E. W.,
and Terada, N. Targeted disruption of p70S6K defines its role in protein synthesis and
rapamycin sensitivity. Proc. Natl. Acad. Sci. USA, 95: 5033–5038, 1998.

18. Aoki, M., Batista, O., Bellacosa, A., Tsichlis, P., and Vogt, P. K. The AKT kinase:
molecular determinants of oncogenicity. Proc. Natl. Acad. Sci. USA, 95: 14950–
14955, 1998.

19. He, T-C., Zhou, S., da Costa, L. T., Yu, J., Kinzler, K. W., and Vogelstein, B. A
simplified system for generating recombinant adenoviruses. Proc. Natl. Acad. Sci.
USA, 95: 2509–2514, 1998.

20. Cheney, I. W., Neuteboom, S. T. C., Vaillancourt, M-T., Ramachandra, M., and
Bookstein, R. Adenovirus-mediated gene transfer of MMAC1/PTEN to glioblastoma
cells inhibits S phase entry by the recruitment of p27 into cyclin E/CDK2 complexes.
Cancer Res., 59: 2318–2323, 1999.

21. Jiang, Y-P., Ballou, L. M., and Liu, R. Z. Rapamycin-insensitive regulation of
4E-BP1 in regenerating rat liver. J. Biol. Chem., 276: 10943–10951, 2001.

22. Gronbaek, K., Zeuthen, J., Guldberg, P., Ralfkiaer, E., and Hou-Jensen, K. Alterations
of the MMAC1/PTEN gene in lymphoid malignancies. Blood, 91: 4388–4390, 1998.

23. Pullen, N., Dennis, P. B., Andjelkovic, M., Dufner, A., Kozma, S. C., Hemmings,
B. A., and Thomas, G. Phosphorylation and activation of p70S6K by PDK1. Science
(Wash. DC), 279: 707–710, 1998.

24. Harada, H., Andersen, J. S., Mann, M., Terada, N., and Korsmeyer, S. J. p70S6kinase
signals cell survival as well as growth, inactivating the pro-apoptotic molecule BAD.
Proc. Natl. Acad. Sci. USA, 98: 9666–9670, 2001.

25. Xiong, Y., Connolly, T., Futcher, B., and Beach, D. Human D-type cyclin. Cell, 65:
691–699, 1991.

26. Vagner, S., Galy, B., and Pyronnet, S. Irresistable IRES: attracting the translational
machinery to internal ribosome entry sites. EMBO J., 10: 893–898, 2001.

27. Stoneley, M., Paulin, F. E., Le Quesne, J. P., Chappell, S. A., and Willis, A. E. C-myc
5� untranslated region contains an internal ribosome entry site. Oncogene, 16:
423–428, 1998.

28. Hosoi, H., Dilling, M. B., Liu, L., Danks, M., Sekulic, A., Abraham, R. T., Lawrence,
J. C., and Houghton, P. J. Studies on the mechanism of resistance to rapamycin in
human cancer cells. Mol. Pharmacol., 54: 815–824, 1998.

29. Hu, L., Hsu, J., Shi, Y., Van Ness, B., and Lichtenstein, A. Downstream effectors of
oncogenic mutated ras in multiple myeloma cells. Blood, 98: 474a, 2001.

5034

EFFICACY OF CCI-779 IN MYELOMA


