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NEOPLASIA

Brief report

Rapamycin derivatives reduce mTORC?2 signaling and inhibit AKT

activation in AML

Zhihong Zeng,' Dos D. Sarbassov,?? Ismael J. Samudio,! Karen W. L. Yee,* Mark F. Munsell,5 C. Ellen Jackson,’
Francis J. Giles,* David M. Sabatini,23 Michael Andreeff,!# and Marina Konopleva'

Section of Molecular Hematology and Therapy, Departments of Stem Cell Transplantation and Cellular Therapy, The University of Texas M. D. Anderson

Cancer Center, Houston, TX; 2Department of Biology, Whitehead Institute for Biomedical Research and Massachusetts Institute of Technology, Cambridge, MA;
3Department of Biochemistry, The Broad Institute, Cambridge, MA; “Section of Molecular Hematology and Therapy, Departments of Leukemia and ®Biostatistics,
The University of Texas M. D. Anderson Cancer Center, Houston, TX

The mTOR complex 2 (mnTORC2) contain-
ing mTOR and rictor is thought to be
rapamycin insensitive and was recently
shown to regulate the prosurvival kinase
AKT by phosphorylation on Ser473. We
investigated the molecular effects of
mTOR inhibition by the rapamycin deriva-
tives (RDs) temsirolimus (CCI-779) and
everolimus (RADO001) in acute myeloid
leukemia (AML) cells. Unexpectedly, RDs

not only inhibited the mTOR complex 1
(mTORC1) containing mTOR and raptor
with decreased p70S6K, 4EPB1 phosphor-
ylation, and GLUT1 mRNA, but also
blocked AKT activation via inhibition of
mTORC2 formation. This resulted in sup-
pression of phosphorylation of the direct
AKT substrate FKHR and decreased tran-
scription of D-cyclins in AML cells. Simi-
lar observations were made in samples

from patients with hematologic malignan-
cies who received RDs in clinical studies.
Our study provides the first evidence that
rapamycin derivatives inhibit AKT signal-
ing in primary AML cells both in vitro and
in vivo, and supports the therapeutic po-
tential of mTOR inhibition strategies in
leukemias. (Blood. 2007;109:3509-3512)

© 2007 by The American Society of Hematology

Introduction

The mammalian target of rapamycin (mTOR) pathway regulates
cell growth, proliferation, and survival.! mTOR, the central compo-
nent of this pathway, partitions between 2 scaffold proteins, raptor
and rictor. Upon activation, the rapamycin-sensitive raptor/mTOR
protein complex (mTORC1) increases mRNA translation via
activation of p70S6-kinase and inhibition of eI[F4E-binding protein
4EPB1.2 The rictor/mTOR protein complex (mMTORC2) was discov-
ered only recently, is thought to be rapamycin insensitive, and
phosphorylates AKT in the hydrophobic Ser473 site. It is therefore
essential for AKT activity.? Despite activity in model systems, the
clinical antitumor activity of rapamycin derivatives in patients has
been modest,'# and only a fraction of patients responds (reviewed
in Thomas?). This has been attributed to the unanticipated ability of
rapamycin to increase AKT activity via release of feedback
inhibition of growth signaling pathways, both in cell systems and in
tumor biopsies from patients.® However, in certain cell types,
prolonged inhibition of mTOR by rapamycin may impair mTORC2
assembly and hence AKT activation.” In this study, we investigated
the molecular consequences of mTOR inhibition in leukemic
cells, both in vitro and in a clinical trial in vivo. Our results
demonstrate that rapamycin derivatives suppress assembly of
mTORC?2, resulting in marked inhibition of AKT signaling. We
propose that rapamycin-induced functional blockade of AKT in
leukemic cells may define a subset of hematologic malignancies
that is likely to respond favorably to mTOR inhibition, and that
inhibition of AKT signaling may serve as a valuable biomarker
of mTOR inhibition in vivo.

Materials and methods

Acute myeloid leukemia (AML) cell lines were cultured under standard
conditions® with rapamycin derivatives CCI-779 and RAD0O1. Bone marrow or
peripheral blood samples for the in vitro studies were obtained from patients with
newly diagnosed or recurrent acute myeloid leukemia (AML) after informed
consent. Peripheral blood samples were obtained from relapsed or refractory
patients with hematologic malignancies treated with CCI-779 (temsirolimus;
Wyeth Pharmaceuticals, Pearl River, NY) or RADOO1 (everolimus; Novartis
Pharmaceuticals, East Hanover, NJ)? after obtaining written informed consent.
Approval was obtained from the M. D. Anderson Cancer Center institutional
review board for these studies. Clinical characteristics of patients are summarized
in Table S1 (available on the Blood website; see the Supplemental Materials link
at the top of the online article). Expression of total and phosphorylated AKT
(Ser473), p70S6K (Thr389), 4EBP1 (Thr70), FoxO1 (Ser256), and PTEN was
detected by Western blot analysis as previously reported.” mTOR was immuno-
precipitated using a specific anti-mTOR antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) and protein-A/G agarose (Santa Cruz Biotechnology). Immune
complexes were washed with CHAPS buffer’ and analyzed by Western blot
as described.’

Real-time polymerase chain reaction (PCR) was carried out to detect the
transcriptional level of CCND1, CCND2, and GLUT1 (for details, please
refer to Document S1).

Results and discussion

We first investigated the effects of prolonged (24 hours) CCI-779
treatment on mTOR/raptor and mTOR/rictor complexes in U937
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cells by immunoprecipitation/immunoblotting. CCI-779, with-
out affecting the expression levels of mTOR, raptor, or rictor,
interrupted the mTORC1 and mTORC?2 formation at concentra-
tions of 1.25 pwg/mL and higher (Figure 1A). However, incuba-
tion of cell lysates with CCI-779 resulted in reduced raptor
binding to mTOR with little effect on rictor/mTOR assembly
(Figure 1B), consistent with the recent observation that pro-
longed rapamycin treatment in certain cell types can inhibit the
assembly of mTORC?2 in vivo, but interferes with raptor-mTOR
interaction only in vitro.” Functionally, mTORC1/mTORC?2
inhibition in leukemic cells resulted in decreased phosphoryla-
tion of p70S6K and 4EBP1, well-established mTORC1 down-
stream targets. Additionally, we observed decreased phosphory-
lation of AKT (Ser473) and of its substrate FoxOl1, indicating
that the ability of CCI-779 to disrupt rictor/mTOR association in
leukemic cells results in the blockade of AKT signaling (Figure
1C). Further, TagMan (Applied Biosystems, Foster City, CA)
PCR revealed inhibition on the transcription of the mTOR/
HIF-1a target GLUTI,' and transcriptional down-regulation of
D-type cyclins, conceivably through mTOR-mediated inhibition
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of AKT signaling and restoration of the activity of forkhead
transcription factors!! (Figure 1D). Similar results were ob-
served in OCI-AMLS3 cells treated with CCI-779 or with the
other rapamycin derivative everolimus (RADO0O01) (Figure 1E-G).

Further, in 8 primary AML samples treated with CCI-779 in
vitro for 24 hours, mTORCI and mTORC2 formation was de-
creased by approximately 80% and 50%, respectively, in all
samples tested, without affecting the expression of mTOR, raptor,
and rictor (see examples in Figure 1H). Expression of wild-type
PTEN protein was detected in 6 of 6 samples tested, consistent with
previously published reports.!? Incubation of cell lysates from 5 of
these 8 samples with CCI-779 resulted in reduced raptor binding to
mTOR with little effect on rictor/mTOR assembly, consistent with
the results obtained in U937 and OCI-AMLS3 cell lysates. Further,
mTORCI inhibition translated into dephosphorylation of p70S6K
and 4EBP1, while CCI-779—induced inhibition of mTORC?2 re-
sulted in blockade of phosphorylation of AKT and FoxO1 (Figure
1I). TagMan PCR demonstrated that CCI-779 down-regulated
CCND1 and GLUTI gene transcriptional levels in a concentration-
dependent fashion (Figure 1J). These data indicate that mTOR

Lt s OCI-AMLS treated with CC1-779 OCI-AMLS freated with
([ ——— — -y COL-TTHRADINN
TORIF| TS ;. » = TR A
;':“-m“ — +— Ricior — PRTIGEK (Thedil) 8 =003 wroeie[ | BF =% — = |¢+—mTOR
- = fram cells o 0
L | — gy — v v | T0S5K g - e = P TISGH (Thrshu)
r [ = —[—mTOR =} - e Rapior
Cell lysate | | g e— — 5 4 =— -
T4 inpust] | ictor 4 WTOR 2056
2% i) — Rict |E=m = e 2 Cell ipuaty [ | = — c— — i — | PUSEK
--.E *= Raptor s (250 input) | | — e — |4 Hictor
DMEQ 125 5 ..- AEBPI S Ll — | — Raptor .! - HEBET (TheTi)
L s = = hBS i e e
€O (g/ml) = 4 wrorp [[| == e | 4— mTOR
— = = | PAKT (Serd®l) o 3 "l Lo, Trum cell S — ... dEDE]
| ] - exiract
B L L[ BRs H RGN __ Ity —— PAKT (SerdT3)
IE—— S Laicd DMS0 125 5 !
- =) +— Ty -r 3
p—tL e mTOR -- = | FusOn (Ser2se) | COLT™ fug/mlLh —— — w— | AKT
from cell | | g—— — |4 Ricior o = - b 2 - r ®oC ot
et —-— +— Raptor . o el MU - -1 ’ OCI-AMLS treated with RADODI S O S| oo sense)
DMSO 125 5 1 2 = | — e p— pr—w—
- == = —wmTOR ]
O gl -— —— | oD covm coNp? mTOR 1P Fas0l
=113 (e} L 1 from celts)| | “— Blctor
DMSO 135 15 CCET™ {upimL — i —| P
[rr—— P
COLTM (ug/ml)y
Celllysate [ | wm— — | Ly
H I J Q%P | o q— i
Patient mo. | Patient na, | Patlend mo, 1 n = = Raptor
= 3 |*—mToR _—
= e
mTOR 1P S . wrorp( | == == T |+—mTOR
: =" | p™SGK (Thr389)
from cells) | Gk s 4= Rlictor w 140 Cyelia D1 Chatt from cell — q— - Ricior
= Ragor ' —— & q0 ! . —_— extract -— Raptor
- e - — 0K e -
- *+— mTOR =
Cell lysate b g DMS0 10 m
@hinput)| | m— e |4 Hictur PEBPLTHEM) 5 g ] RAD (M)
E
—— # |+ Rapior =
- - Ao g -
. _ [== = B |+— mTOR & 40 4 G
mTOR IP — PAKT (Ser473) L
Trom cell | SN - —— Ricior 2 = p = il
extenct
5 [LIRE 5 3
L - S | Rapeor S ey . | KT ] T - ¥ R
pMs0 125 15 3 g al L]
COLIM fugimL.) I | Foadi (eria) CCIT (mpimly LT ugmLy 7
—_— e — | Fo]
Putient no. 2
- | — — — — TR --- GAPDH
mTOR [P

DMSO 125 15

CORTTH (ug/ml)

from .-.-u\[ - | R
- e e Raptor

7| — - -——awTOR
Cell lysaie
Poingut)| | . g
L s | < e
= =]« mr0k
mTOR IF
Tromcell | [W——— o g
enract
L [ — ol | #— Raptor
DMS0 125 s

CORTT {ug/ml)

Copies of per 10 copies of BIM
B = m ow & omo@m
ui‘ﬂ

ampeg
(BT NIV

auppryy

TN L
[UETTET T ]

2 | rmunsz) e
L

8
§

Figure 1. Rapamycin derivatives inhibit nMTORC1 and mTORC2 signaling in AML cell lines and in primary AML samples. (A-B) U937 cells (A) or cell lysates (B)
were treated with different concentrations of CCI-779 for 24 hours. Cell lysates and mTOR immunoprecipitates prepared from the lysates were analyzed by Western blot
for the levels of mTOR, rictor, and raptor. (C) U937 cells were treated with indicated concentrations of CCI-779 for 24 hours, and cell lysates were analyzed by
immunoblotting for the indicated proteins and phosphorylation states. (D) The effects of mTOR inhibition on transcriptional level of CCND1/CCND2 and GLUT1 were
assessed via real-time PCR. Error bars denote half the difference between the maximum and minimum values that arose on substituting ACt — SD or ACt + SD,
respectively, for ACtin the formula RE = 100 X 2 exp [-ACt]. (E) OCI-AMLS3 cells were treated with indicated concentrations of CCI-779 and RAD0O01 for 24 hours. The
level of mTOR, rictor, and raptor from cell lysates and mTOR immunoprecipitates was evaluated by Western blot. (F-G) The effect of mTOR inhibition on mTOR
upstream regulators (Akt) and downstream targets was detected by Western blot (F) and real-time PCR (G). (H) Primary AML blasts or cell lysates from 2 patients’
samples were treated with CCI-779 for 24 hours, and immunoprecipitation of mMTOR was carried out as described in panel A. Representative results of 2 of the 8 primary
samples yielded similar results. (I-J) Effects of mTOR inhibition on downstream mTOR and AKT substrates were examined by immunoblotting of cell lysates from patient
no. 1 (1), and on the transcriptional levels of CCND1/CCND2 and glut-1 by real-time PCR (J).
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inhibition by CCI-779 suppresses AKT signaling in AML cell lines
and primary samples.

To determine whether the observations in Figure 1 are clinically
relevant, we obtained peripheral blood samples from patients with
hematologic malignancies treated on phase 1/2 protocols of the
rapamycin derivatives temsirolimus (25 mg intravenously every
week) and everolimus (continuously at 5 or 10 mg orally daily).?
The levels of Ser473-phosphorylated AKT decreased in 3 of 5
patient samples at 1 or 24 hours(s) of temsirolimus treatment, and
in 6 of § patient samples treated with everolimus (Figure 2A; Table
S1). In the 9 samples in which AKT was inhibited, a 2-fold or
higher decrease in CCNDI mRNA was observed in 5 patients;
CCND2, in 3; both CCND1 and CCND2, in 1; and GLUTI, in 4
(Figure 2B and not shown). In 9 samples in which rapamycin
derivatives inhibited AKT phosphorylation, statistically significant
decreases in CCND1 and CCND?2 levels were observed (P = .028
and P = .039, respectively, Wilcoxon pairwise test), while changes
in GLUTI did not reach statistical significance (Table S2). In
contrast, no statistically significant modulation of these genes was
observed in a group of patients without AKT dephosphorylation
(Table S2). In 7 of the 9 patients in whom AKT was inhibited, a
more than 50% decrease in peripheral blood absolute blast count (3
AML, 1 ALL) or absolute lymphocyte count (1 chronic lympho-
cytic leukemia [CLL]) for more than 1-week duration was docu-
mented (Figure 2C), and 2 patients with RAEB-1 (no. 5 and no. 6)
had improvements in platelet counts, with 1 fulfilling the criteria
for hematologic improvement.” No changes in peripheral blood
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counts or progression of leukemias were seen in 6 patients. Of
these, decrease in pAKT was observed in 2, no change in 3, and
increase in 1 (Table S2, Fisher exact 2-tailed, P = .021). These
results suggest that the suppression of AKT signaling by mTOR
inhibitors observed in vitro in leukemia cell lines and in primary
clinical samples may be clinically important.

In summary, our observations suggest that rapamycin deriva-
tives potently inhibited AKT activity in leukemic cells via
suppression of mTORC2 assembly, in addition to its well-
characterized ability to suppress the mTORC1 pathway. Further,
the data reported here provide the first in vivo evidence that
rapamycin derivatives are capable of suppressing AKT signaling
in patients treated with these inhibitors. We propose that this
unforeseen mechanism of action of these agents defines hemato-
logic tumors as malignancies, which are likely to respond
favorably to pharmacological inhibition of mTOR signaling, in
contrast to certain solid tumors in which the negative feedback
loop from p70S6K to AKT may instead exacerbate cancer
progression. Since dysregulation of components of the PI3K/
AKT/mTOR pathway is a common event in hematologic
malignancies,'>!# inhibition of mTOR signaling by rapamycin-
like molecules may be a useful therapeutic strategy. Based on
the results presented in this report, we speculate that the ability
of rapamycin to inhibit AKT and its downstream prosurvival
pathways may serve as a valuable biomarker in elucidating
biologically effective doses and schedules of mTOR inhibitors
in leukemia and cancer patients.
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Figure 2. Rapamycin derivatives inhibit AKT signal-
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