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MTORC1 is essential for leukemia
propagation but not stem cell self-renewal
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Although dysregulation of mTOR complex 1 (mTORC1) promotes leukemogenesis, how mTORC1 affects estab-
lished leukemia is unclear. We investigated the role of mMTORC1 in mouse hematopoiesis using a mouse model
of conditional deletion of Raptor, an essential component of mTORC1. Raptor deficiency impaired granulocyte
and B cell development but did not alter survival or proliferation of hematopoietic progenitor cells. In a mouse
model of acute myeloid leukemia (AML), Raptor deficiency significantly suppressed leukemia progression by
causing apoptosis of differentiated, but not undifferentiated, leukemia cells. nTORC1 did not control cell cycle
or cell growth in undifferentiated AML cells in vivo. Transplantation of Raptor-deficient undifferentiated AML
cells in a limiting dilution revealed that mTORC1 is essential for leukemia initiation. Strikingly, a subset of
AML cells with undifferentiated phenotypes survived long-term in the absence of mMTORC1 activity. We further
demonstrated that the reactivation of mTORCI1 in those cells restored their leukemia-initiating capacity. Thus,
AML cells lacking mTORCI1 activity can self-renew as AML stem cells. Our findings provide mechanistic insight
into how residual tumor cells circumvent anticancer therapies and drive tumor recurrence.

Introduction
mTOR is an evolutionarily conserved kinase in eukaryotes that
plays a critical role in sensing and responding to factors such as
nutrient availability, energy sufficiency, stress, hormones, and
mitogens. mTOR forms two complexes, designated mTOR com-
plex 1 (mTORC1) and mTORC2. mTORC1, which consists of
mTOR, Raptor, and mLST8, phosphorylates multiple substrates,
including p70 ribosomal protein S6 kinase (p70S6K) and eukary-
ote translation initiation factor 4E binding protein 1 (4E-BP1).
These target molecules control cell growth (size) and prolifera-
tion by modifying protein translation (1). In addition, mTORC1
regulates mitochondrial biogenesis (2, 3) and autophagy (4).
mTORC2, formed by mTOR, Rictor, mLST8, SIN1, and Protor,
phosphorylates distinct targets including AKT, RAC1, PKCa, and
SGKI1 (1, 5). Disruption of mTOR and Raptor in mice promotes
early embryonic lethality around the implantation stage, whereas
deficiency of Rictor, mLST8, or SIN1 causes embryonic lethality at
mid-gestation (6, 7). Thus, mTORC1 is indispensable for cell pro-
liferation and survival in early embryogenesis. Although mTORC1
has been assumed to function in growth and metabolism of most
cell types, previous studies of mice lacking Raptor only in adipo-
cytes or muscle suggest that mMTORC1 may have distinct functions
in homeostasis depending on the tissue (8, 9). Specifically, Raptor
deficiency alters mitochondrial biogenesis differently in adipo-
cytes than in muscle. Thus, it is unclear how mTORC1 contributes
to the control of growth, proliferation, survival, and differentia-
tion under physiological conditions.

mTORC1 dysregulation promotes leukemogenesis and
depletes HSCs (10-14). The tuberous sclerosis complex (TSC)
proteins TSC1 and TSC2 negatively regulate mTORC1 signaling.
Following phosphorylation by AKT, TSC2 is destabilized, and
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repression of mTOR signaling is relieved. TscI deletion in mice
causes defects in cell cycling and HSC function due to enhanced
mTORCI activity (10, 11). Deficiency in Pten, a negative regula-
tor of PI3K/AKT signaling, also impairs the quiescence of HSCs,
leading to their depletion. Pten deficiency in hematopoietic cells
promotes myeloproliferative disease followed by development
of leukemia (12, 14, 15). Since these phenotypes are inhibited
by the mTORCI inhibitor rapamycin, mTORCI activation has
been thought to induce HSC depletion and leukemogenesis. Cur-
rently, however, it is unclear how altered mTORCI affects the
behavior of established leukemia.

Recent improvements in cell purification and transplantation
techniques have enabled identification of tumor cells capable
of initiating and propagating malignancy, known as cancer
stem cells (CSCs). Previous studies have suggested that com-
mon mechanisms regulate stem cell properties (stemness) in
both HSCs and leukemia stem cells (CSCs in leukemia), leading
to the idea that leukemia stem cells may originate from HSCs
(16). On the other hand, it has been reported that introduc-
tion of oncogene fusion constructs that promote acute myeloid
leukemia (AML), such as the MLL-ENL, MLL-AF9, and MOZ-
TIF2 genes, into committed myeloid progenitors transforms
the cells and promotes the acquisition of self-renewal ability
(17-21). A recent study using a large number of primary human
AML patient samples indicated that human AML stem cells
are immunophenotypically similar to progenitors, including
lymphoid-primed multipotential progenitors and granulocyte-
macrophage progenitors (GMPs), rather than to HSCs (22). Fur-
thermore, the gene expression profiles AML stem cells is similar
to that of committed myeloid progenitors, suggesting that AML
stem cells may be derived from myeloid progenitors. In addition,
it has been reported that the expression pattern of genes that
are associated with stem cell phenotypes in AML is similar to
that in HSCs or embryonic stem cells (18, 22, 23). These find-
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Figure 1

Conditional deletion of Raptor causes abnormalities in the hematopoietic organs of adult mice. (A) Targeting strategy to create the floxed Raptor
(Raptorf) allele. The targeting vector includes a FRT-flanked neo cassette (PGK promoter—driven neomycin resistance gene) for positive selec-
tion and a diphtheria toxin A (DTA) gene for negative selection. Raptor exon 2 is flanked by loxP sites. The neo cassette of the Raptorfneo allele
was removed by crossing Raptorfneo mice with CAG-FLP mice. Exon 2 was removed by Cre recombinase to give the Raptor allele. Probes for
Southern blotting (5’ probe, Neo) and primers for PCR (a, b, c) are indicated. E, EcoRl; S, Sacl. (B) Body weight of Raptor/™+7AM (control) and
RaptorCreER*™M (Raptor-deficient) mice. Data shown are the mean body weight + SD (n = 5). (C) Survival of control and Raptor-deficient mice.
P =0.0003 (log-rank test; n = 15). (D) Decreased numbers of BM-MNCs. Data shown are the mean BM-MNC number + SD in hind legs of control
and Raptor-deficient mice at 10 days post-TAM (n = 12). (E) Organ weights of control and Raptor-deficient mice at 10 days post-TAM. Data shown
are the mean relative organ weight (% of total body weight) + SD (n = 5). *P < 0.05, **P < 0.01 (Student’s t test).

ings suggest that AML stem cells originate from myeloid pro-
genitors that have acquired stemness properties during leuke-
mogenesis. Thus, determining how mTORC1 functions in both
hematopoiesis and leukemia could provide novel insights into

the mechanisms controlling the properties of C
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Rapamycin and its derivatives are allosteric inhibitors of
mTORCI1 and likely inhibit its function through direct interac-
tion. However, 4E-BP1, a direct target of mTORCI, is reportedly a
rapamycin-insensitive substrate (24, 25). Two recent phosphopro-

teomic analyses revealed that there are critical differences between
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rapamycin and ATP-competitive mTOR inhibitors (26, 27). Thus,
genetic approaches will be likely be the most effective for inactiva-
tion of mMTORC]1 in vivo, because the regulation of mTORC1 by
chemical inhibitors is complicated and may not produce predict-
able reductions in mTORCI activity.

In this study, we generated mice with an inducible condition-
al deletion of Raptor, which encodes an essential component of
mTORCI, and investigated the physiological and pathological
roles of mMTORC1 in normal and malignant hematopoiesis. These
studies show striking evidence that the self-renewal and tumor-ini-
tiating properties of leukemia stem cells are differentially depen-
dent on mTORCI.

Results
Conditional deletion of Raptor causes abnormalities in hematopoietic
organs of adult mice. To investigate mTORCI function in normal
hematopoiesis in vivo, we used a tamoxifen-inducible (TAM-
inducible) CreER system to generate mutant mice in which Raptor
could be depleted in all tissues by i.p. injection of TAM (Figure 1A
and Supplemental Figure 1, A and B; supplemental material avail-
able online with this article; doi:10.1172/JC162279DS1). These
Raptorf;Rosa-CreER™ mice are referred to herein as Raptor/'CreER
mice before TAM administration and as Raptor”/CreER*™M mice
after TAM administration and Raptor deletion. The corresponding
control mice, in which Raptor is not deleted, are referred to as Rap-
tor/TAM or RaptorV*CreER*™M mice. As expected, embryonic fibro-
blasts derived from Raptor”CreER, but not from Raptor’/*CreER,
mice showed loss of Raptor protein, resulting in dramatic inhibi-
tion of proliferation after TAM treatment (Supplemental Figure
1C). We also detected a remarkable reduction in p-S6 and p-4E-
BP1 with Western blotting and by flow cytometry (Supplemen-
tal Figure 1, D and E), confirming that we had successfully estab-
lished a system for the conditional inactivation of mTORC1. After
administration of TAM, Raptor/'CreER*™"M mice rapidly lost body
weight and died within 17 days, likely due to severe intestinal dys-
function, because we found dramatic loss of villi associated with
increased apoptosis in the epithelial layer (Figure 1, B and C, and
Supplemental Figure 1, F-I). At 10 days after the last TAM treat-
ment (post-TAM), we found that the number of wbc in peripheral
blood (PB), as well as mononuclear cells (MNCs) in BM, was sig-
nificantly decreased in the absence of Raptor (Figure 1D and Sup-
plemental Figure 2A). The masses of the thymus, spleen, and liver
were also reduced in Raptor”CreER'T™M mice compared with Rap-
tor/f*TAM mice (Figure 1E). These abnormalities were not observed
in Raptor”*CreER*™M mice (Supplemental Figure 3, A and B), con-
firming that the phenotypes are caused by Raptor deletion and not
by nonspecific effects of Cre expression.

Deletion of Raptor impairs granulocyte and B cell development but does
not alter progenitor cell survival or proliferation. To examine which
cell populations are affected by Raptor deletion, we analyzed BM-
MNCs by flow cytometry with Abs to several cell surface markers.
In particular, Raptor deficiency resulted in decreased numbers of
Mac-1*Gr-1* granulocytes, although the number of Mac-1*Gr-1-
myeloid lineage cells increased in BM (Figure 2A and Supple-
mental Figure 2, B, G, and H). Raptor deficiency led to dramatic
decreases in B220"°IgM- cells (early B cell precursors: pro/pre-B
cells) and B220"°IgM* cells (immature B cells), but not B220MIgM*
cells (mature B cells) (Figure 2A and Supplemental Figure 2, I and
J)- These abnormalities were not observed in Raptor’*CreER*TAM
mice (Supplemental Figure 3C). In contrast to its effects on dif-
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ferentiated cells, Raptor deficiency was much less detrimental to
hematopoietic progenitor cells. In the absence of Raptor, the num-
ber of common lymphoid progenitors (CLPs) was normal, and the
number of GMPs was significantly increased (Figure 2A and Sup-
plemental Figure 2, C-F). Importantly, the loss of differentiated
cells in RaptorCreER*™M mice appeared to be due to increased
apoptosis in these populations (Lin* cells and Mac-1*Gr-1*cells),
since Raptor-deficient c-Kit*Sca-1-Lin- (K*S-L") cells, including
common myeloid progenitors (CMPs) and GMPs, did not show
any obvious changes in apoptosis (Figure 2B). Cell cycle status as
determined by in vivo BrdU incorporation was not altered by Rap-
tor deficiency in any cell population examined (Figure 2C).

To evaluate the effect of Raptor deficiency on the colony-forming
ability of myeloid cells in vitro, we isolated c-Kit*Sca-1*Lin- (K*S*L")
cells, which include HSCs and multipotent progenitors (MPPs), or
GMPs from the BM of Raptor/iCreER*™M mice and cultured them
in semisolid medium. Loss of Raptor dramatically inhibited for-
mation of colonies with high proliferative potential in K*S*L- cells
(Figure 2D and Supplemental Figure 4A). Retroviral transduction
of human RAPTOR (hRAPTOR) rescued the defective colony-form-
ing ability of Raptor-deficient K*S*L- cells (Supplemental Figure 4,
B and C). In contrast, GMPs with and without Raptor showed com-
parable colony-forming abilities in this assay (Figure 2E and Sup-
plemental Figure 4A). These data suggest that mTORC1 activity is
not needed for the proliferation or differentiation of GMPs, but it
may be essential for these processes in the more immature progeni-
tor cells. To evaluate the activity of Raptor-deficient progenitor cells
under more physiological conditions, we cultured K'S*L- cells on a
layer of OP9 stromal cells. Whereas both B220" B cells and Mac-1*
myeloid cells were generated from control K*S*L- cells under these
culture conditions, Raptor deficiency strikingly decreased the num-
ber of B220* cells while increasing the number of Mac-1* cells (Fig-
ure 2F). In this culture condition, the emerging B cells are produced
through Raptor-deficient B cell precursors; the defect in B cell pre-
cursors therefore resulted in decreased B cell production. Thus,
these data are consistent with our in vivo observations (Figure 2A).
To exclude the possibility that Raptor is needed for the microenvi-
ronment supporting hematopoiesis in vivo, we transplanted Rap-
torACreER BM-MNCs (CD45.2) plus the same number of competi-
tor WT BM-MNCs (CD45.1/CD45.2) into recipient mice (CD45.1).
At 2 weeks post-TAM, increased GMP and decreased granulocyte
levels were present among Raptor”'CreER*™AM BM-MNCs (Supple-
mental Figure 5, A and B), also consistent with the flow cytometry
data shown in Figure 2A. These findings indicate that the effects of
Raptor deficiency on myeloid lineage cells are cell intrinsic and dem-
onstrate that Raptor is not essential for the survival or proliferation
of myeloid progenitor cells.

Raptor loss has differential effects on phosphorylation of mTORCI effec-
tors in different hematopoietic cell contexts. To investigate the effects of
Raptor deficiency on mTORC1 signaling, we quantitatively evalu-
ated the phosphorylation status of mTORCI effectors by flow
cytometric analysis using intracellular staining with an anti-p-S6
(5235/236) or anti-p-4E-BP1 (T36/45) Ab (Figure 3A), as we had
done with embryonic fibroblasts (Supplemental Figure 1E). In
control mice, the HSC/MPP (K*S*L-) population contained both
p-S6lop-4E-BP1!° (HSC) and p-S6"p-4E-BP 1M (MPP) cells. Control
CMP and GMP populations mainly consisted of p-S6Mp-4E-BP1"i
cells, whereas the majority of control B220* cells were p-S6!o/negp-
4E-BP1'°/7eg with a minority of p-S6"p-4E-BP 1 cells. As expected,
Raptor deficiency in vivo markedly decreased 4E-BP1 phosphory-
Volume 122

Number 6 June 2012



research article

A HSC/MPP CMP/GMP/MEP CLP Myeloid B cell
Lin- gated c-Kit*Sca-1-Lin~ gated IL-7Ra*Lin" gated
0.234£0.05% E 57.7+0.2%
. sale 1.65+0.50% 0.12£0.06% 3 :
5§ 3 ¥ Ja
S of 57 o [OF
& w
1 E
1 1 1 i
0.46+0.18%*~ 0.94+0.36% A +14.242.0%"
AL I 10.5+1.4%** 6.042.4%"
3 0.52+0.11% ] 4.8240.71%" | | o
o ;
w =3 3
L . = = — S ¥
(4 T ¥ 0 s
g3 <. S o & 2.9+0
Q [T
& _
2.45+0.77%** ~ 1.45+0.54% £57.6+12.7%*
Sca-1 CD34 Mac-1 IgM
B [ Raptor'+ C [ Raptor'+ 7 D =<05mm  E 3 <0.5mm
251 Wl Raptor"CreER*™" 50- WM Raptor'CreER"™" &3 >0.5 mm . >0.5 mm
*k 600 @ >1.0mm 15004 @ >1.0 mm
R 40- o~ P 3 NS
S S 28 2% —
—_ = ik 4]
2 @ 30- '€ 1400+ € 210004
5 = o+ o
© 2 S [7)] 0 =
+ o0
*, +, 20- 5 X 5%
z T 5 © 200- G < 500
S D 4p- Z % z =
[= N ~
o i
A @ A @
¥ 30 '<F ¥ 30 '<F
O Q\%QQ,Q‘I o Q@Q@Q‘l
Q“DQ 0@' Q“DQ 0@'
TAM+
96.0£0.9" 0.340.1

29412

1.4£05

191.5+3.3

B220

115.846.8*"

Raptor'"CreER

22613.7“*:' “'5.9,11:3.&11."

Mac-1

The Journal of Clinical Investigation

Figure 2

Deletion of Raptor impairs granulocyte and B cell development but does
not alter progenitor cell survival or proliferation. (A) Flow cytometric analy-
sis of BM-MNCs from control and Raptor-deficient mice. Images represent
data for HSCs/MPPs (K+S*L-), CMPs (Lin—c-Kit*Sca-1-FcgRlIl/1I-CD34+),
GMPs (Lin-c-Kit*Sca-1-FcgRIIl/II*CD34+), MEPs (Lin-c-Kit*Sca-1-FcgRIIl/II-
CD34-), CLPs (IL-7RatLin-c-KitmdSca-1mid), myeloid lineage cells (Mac-1/
Gr-1), and B lineage cells (B220/IgM). Values are the mean percentage + SD
of the specified subpopulation among total BM-MNCs (n = 4). (B) Apoptosis.
BM-MNCs from control and Raptor-deficient mice were subjected to TUNEL
staining, and the indicated subpopulations were analyzed by flow cytometry.
Data shown are the mean + SD of TUNEL* cells (n = 3). (C) Cell cycle. BrdU
was injected i.p. into mice 2 hours prior to sacrifice. The indicated BM cell
populations were stained with an anti-BrdU Ab and analyzed by flow cytom-
etry. Data are the mean percentage + SD of BrdU+* cells (n = 3). (D and E)
Colony-forming ability. K*S*L- cells (D) and GMP cells (E) were isolated from
BM-MNCs of control and Raptor-deficient mice and cultured for 10 days in
semisolid medium. Data are the mean colony number + SD (n = 3). Colony
diameters are indicated. (F) Flow cytometric analysis of the differentiation
into myeloid and B lineage cells of control and Raptor-deficient K*S+L- cells
cultured on stromal cells. Raptor® or Raptor"CreER K+S+L- cells were cul-
tured on a layer of OP-9 stromal cells for 2 weeks in the presence or absence
of TAM. Data shown are the percentage + SD of B220* Mac-1+ cells among
CD45+-gated cells (n = 3). One flow cytometric analysis representative of 3
independent experiments is shown. *P < 0.05, **P < 0.01 (Student’s t test).
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lation in all hematopoietic cell populations. Unexpectedly, how-
ever, S6 phosphorylation was not inhibited in GMPs and CMPs.
In contrast, S6 phosphorylation was markedly downregulated in
Raptor-deficient B220" B cells.

To confirm these findings biochemically, we performed immu-
noblotting analyses of GMPs. Consistent with our flow cytometric
analyses, phosphorylation of S6 (at S235/236 and S240/244) was
not altered by Raptor deficiency (Figure 3B). In contrast, 4E-BP1
phosphorylation at all 4 sites, T36/45, S64, and T69, was strong-
ly inhibited in the absence of Raptor. The phosphorylation of
p70S6K, a direct target of mMTORCI, was also dramatically inhib-
ited by Raptor deficiency, whereas phosphorylation of eEF2K, a
target molecule of p70S6K, was not affected in GMPs (Figure 3C),
suggesting that S6 and eEF2K are phosphorylated in an mTOR-
independent manner, as previously reported (28-30). Thus, these
results indicate that the phosphorylation of downstream mol-
ecules in the mTORC1 pathway is highly variable among hema-
topoietic lineages.

Raptor deficiency suppresses AML progression in vivo. To evaluate the
role of mMTORC1 in established AML, we investigated the effects of
mTORCI inactivation via genetic ablation of Raptor in a murine
AML model. To create a representative AML model, we first insert-
ed the MLL-AF9 fusion gene (17, 18, 21) into K*S*L- cells isolated
from Raptor”fl, Raptor”/*CreER, or Raptor'CreER mice by using
retrovirus-mediated transfer. We then transplanted these geneti-
cally modified cells into lethally irradiated syngeneic recipients to
generate Raptor, Raptor*/*CreER, and Raptor/iCreER AML mice,
2118
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respectively (Figure 4A). In the absence of TAM treatment, all 3
sets of recipient mice soon developed AML characterized by a sig-
nificant increase in GFP*Mac-1* leukemic cells in spleen and BM
(Supplemental Figure 6). To determine the effect of mMTORC1 inac-
tivation on AML in vivo, we carried out a second transplantation
in which BM-MNCs from AML mice were transferred into fresh
recipients (along with WT rescue cells). We administered TAM to
these animals to delete Raptor and monitored their survival and
AML progression. TAM injection significantly prolonged the sur-
vival of the Raptor”CreER AML mice, but not that of Raptor/ AML
mice (Figure 4, B and C) or Raptor*/*CreER AML mice (Supplemen-
tal Figure 7). These data indicate that the prolonged life span of the
Raptor/CreER AML mice treated with TAM was due to Raptor defi-
ciency and not Cre toxicity (Supplemental Figure 7A).

Although all Raptor/CreER*™M (Raptor-deficient) AML mice
died by 42 days post-TAM, the reason for the deaths was the pro-
gression of AML cells with incomplete deletion of the Raptor gene.
Therefore, we analyzed the characteristics of the AML cells at 14
days post-TAM, because we found efficient deletion of the Raptor
gene in all Raptor/ICreER*™M AML mice at this time point. Con-
sistent with their prolonged survival, the number of wbc in the
PB of RaptorACreER ™M AML mice at 14 days post-TAM injection
decreased dramatically compared with that in control Raptor/!
CreER"™M AML mice (Figure 4D). Previous reports on this AML
model have indicated that c-Kit marks undifferentiated AML cells
(17, 18, 31). In the PB of our control AML mice, most AML cells
(GFP*) did not express c-Kit (Figure 4E), indicating that AML cells
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Figure 4

Generation of a Raptor-deficient murine AML model. (A) Experimental design for a Raptor-deficient murine AML model. (B and C) Survival of
AML mice. Raptor”" AML mice (B) and RaptorCreER AML mice (C) were established as illustrated in A. BM-MNCs from these animals were
transplanted into a fresh set of recipients (along with rescue cells), and these animals were treated with oil diluent as the control (TAM-) or with
TAM (TAM+) to generate the indicated control and Raptor-deficient AML mice. P value were determined by the log-rank test. (D) Number of wbc
in PB. PB samples were obtained from the RaptorCreER AML mice at 14 days after control or TAM treatment. Data shown are mean number =
SD (TAM—, n = 6; TAM+ n = 9). The horizontal dotted line is the mean value of the number of wbc in normal adult mice (8 weeks old, n = 5). (E)
Flow cytometric analyses of AML cells in PB. PB samples were obtained from the RaptorCreER AML mice at 14 days after control or TAM treat-
ment. Representative data are shown for GFP/c-Kit expression in PB-MNCs. Values in panels are the mean percentage + SD for the indicated

subpopulations (n = 4). **P < 0.01 (Student’s t test).

present in the circulation had differentiated. Upon TAM injec-
tion, AML cells disappeared from the PB of Raptor/ACreER*TAM
AML mice (Figure 4E), but not of Raptor”*CreER*™M AML mice
(Supplemental Figure 7B). Pharmaceutical inhibition of mTORC1
by rapamycin slightly prolonged the survival of AML mice, but it
had a milder effect than Raptor deficiency (Supplemental Figure
8, A and B). Thus, Raptor deficiency significantly suppressed AML
progression in vivo, thereby prolonging the life span of AML mice.
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mTORCI inactivation induces dramatic levels of apoptosis in differ-
entiated, but not undifferentiated, AML cells. Next, we investigated
the effect of Raptor deficiency on AML cells in BM. Interestingly,
the reduction in the number of AML cells in the BM of Raptor”/f!
CreER*™M AML mice was much milder than that observed in the
PB of the same animals (Figure 5, A and C). In addition, platelet
counts were not restored to normal in mutant AML mice (Figure
5B). These data suggest that Raptor deficiency did not rescue the
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Figure 5

Undifferentiated AML cells are resistant to loss of mMTORC1 activity. The Raptor”CreER AML mice were analyzed 14 days after control or TAM
treatment. (A and B) Number of BM-MNCs in BM (A: TAM—, n = 6; TAM+, n = 5) and of platelets (PLT) in PB (B: TAM—, n = 6; TAM+, n = 9).
Data are mean number + SD of the indicated hematopoietic cell type. Horizontal dotted lines are mean values of the indicated hematopoietic
parameters in normal adult mice (8 weeks old, n = 5). (C and D) Flow cytometric analyses of AML cells in BM. Representative data are shown
for GFP/c-Kit expression in BM-MNCs (C) and for c-Kit/Gr-1 expression in GFP+-gated BM-MNCs (D). Values are the mean percentage + SD for
the indicated subpopulations (C, n = 10; D, n = 3). (E) Absolute numbers of K*G- and K-G+ cells in the hind legs of the RaptorCreER AML mice
(TAM- or TAM+). Data shown are the values for individual mice (n = 10 per group). Horizontal lines are mean values. (F) Morphological analysis
of AML cells. GFP+ cells from the BM of AML mice were stained with May-Grinwald/Giemsa. Data are the mean percentage + SD of AML cells
containing segmented nuclei (n = 5). Right panels show representative images of GFP+ cells. Scale bars: 10 um. Arrowheads indicate AML cells
with segmented nuclei (differentiated AML cells). (G) Cell cycle. BrdU was injected i.p. into AML mice 2 hours prior to sacrifice. AML cells were
harvested, stained with an anti-BrdU Ab, and analyzed by flow cytometry. Data are the mean percentage + SD of BrdU+ cells in the indicated
AML cell subpopulations (n = 5). (H) Apoptosis. Data shown are the mean percentage + SD of Annexin V+7AAD- cells in the indicated AML cell
subpopulations (n = 5). *P < 0.05, **P < 0.01 (Student’s ¢ test).

hematopoietic failure seen in AML mice due to the occupation ers at various stages of AML cell differentiation. Previous reports
of the BM by AML cells. on this AML model have shown that AML stem cells are highly

To evaluate the properties of AML cells in the BM of Raptor/l enriched in the c¢-Kit*Gr-1- (K*G") population (31). Upon TAM
CreER*™M AML mice, we analyzed expression of cell surface mark-  injection, c-Kit* AML cells were enriched in the BM of Raptor/!
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4E-BP1-independent cell growth of Raptor-deficient AML cells. (A) Phosphorylation of mTOR signaling pathway proteins. Lysates were pre-
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Left: Representative histogram shows forward scatter (FSC) of K*G~ AML cells from the mice in A. Right: Quantification. All FSC values were
normalized to the mean value (dotted line) obtained for K*G- AML cells from control AML mice in 10 independent experiments. Data shown are
mean normalized FSC values + SD (n = 10). (C and D) Amount of protein in K*G~ AML cells. Lysates were prepared from K+G- AML cells 14
days post-TAM. Proteins were quantified with a BCA protein assay (C), and SDS-PAGE was performed, followed by silver staining, to visualize
protein levels (D). Data in C are the mean + SD of the amount of protein (ng) in 1 x 10* K*G~ AML cells (n = 8). (E) 7-methyl GTP pull-down assay.
Lysates were prepared from the indicated AML cell subpopulations, incubated with 7-methyl GTP-Sepharose beads, washed, and immunoblotted
to detect the indicated proteins. Numbers below the panel are the ratios of the intensity of the 4E-BP1 and elF4E protein band signals. *P < 0.05,

**P < 0.01 (Student’s t test).

CreER AML mice (Figure 5C), but not Raptor”*CreER AML mice
(Supplemental Figure 7, D and E). In addition, Raptor deficiency
increased the proportion of K*‘G- cells, whereas the proportion of
K-G* cells decreased (Figure 5D). The absolute number of K-G*
AML cells dropped precipitously upon deletion of Raptor, where-
as that of K*G- AML cells increased (Figure SE). Morphological
analysis of AML cells confirmed that Raptor deficiency was associ-
ated with decreased differentiation, as judged by the lack of cells
with segmented nuclei (Figure SF). These data suggest that dif-
ferentiated AML cells, but not undifferentiated AML cells, require
mTORCI for survival or proliferation. In vivo BrdU incorpora-
tion studies showed that loss of Raptor resulted in a decrease in
proliferation of K-G* AML cells, but it had no effect on either
K*G* or K'G~ AML cells (Figure SG). In contrast, apoptosis was
increased by Raptor deficiency in all AML cell populations exam-
ined but was most highly elevated in K*G* AML cells (Figure SH).
No significant effect on apoptosis was seen in these cell popula-
tions from control Raptor”/*CreER AML mice (Supplemental Fig-
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ure 7F). These data indicate that the loss of differentiated AML
cells following mTORC1 inactivation is due to both increased
apoptosis and decreased cell proliferation, whereas undifferenti-
ated (K*G") AML cells are enriched because of reduced apoptosis.

4E-BP1—independent cell growth of AML cells. To examine the molecu-
lar changes occurring in AML cells lacking mTORC1 activity, we car-
ried out immunoblotting analyses. The phosphorylation of p70S6K,
4E-BP1, and S6 was dramatically suppressed in Rapror-deficient,
but not control, AML cells, including the AML stem cell population
(K*G~ cells), indicating downregulated mTORC1 activity (Figure
6A and Supplemental Figure 7G). Rapamycin treatment effectively
suppressed the phosphorylation of p70S6K and S6 in AML cells,
whereas it did not affect phosphorylation of 4E-BP1 (Supplemental
Figure 8C). A similar phenomenon was observed in embryonic fibro-
blasts (Supplemental Figure 1E), which is consistent with previous
reports showing that 4E-BP1 is a rapamycin-insensitive mTORC1
target (24, 25). Although it has been reported that mTORCI inac-
tivation leads to enhanced AKT phosphorylation in some cell types
Volume 122 Number 6
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Raptor-deficient AML stem cells show defective leukemia-initiating capacity. (A) Limiting dilution transplantation assay. The indicated numbers of
K+G~ AML cells from the mice 14 days after control or TAM treatment were transplanted into lethally irradiated recipients along with WT BM-MNCs
(rescue cells), and survival was monitored (n = 5/group). *P < 0.05, **P < 0.01 (log-rank test). (B) Colony-forming ability of AML cells. K-G+ and
K+*G- AML cells were isolated from Raptor”CreER AML mice 14 days after control or TAM treatment and cultured in semisolid medium for 7 days.
Data are the mean colony numbers + SD (n = 3). (C) Apoptosis of K*G- AML cells after 12 hours of stimulation with the cytokines SCF, IL-3, and
IL-6. Data shown are the mean percentage + SD of Annexin V*7AAD- cells (n = 8). (D) Cell cycle of K*G- AML cells after 12 hours of stimulation
with the same set of cytokines. Data shown are the mean percentage + SD of BrdU+ cells (n = 8). (E) Expression level of c-Kit on K*G~ AML cells
after 12 hours of cytokine stimulation. Representative histograms are shown in the left panel. Shaded histogram: nonstained AML cells; dotted
line: Raptor"CreER-"M AML cells; solid line: RaptorCreER+™M AML cells. Data in the right panel are the mean percentage + SD of MFI of c-Kit

(n =3). For B-E, **P < 0.01 (Student’s t test).

(32, 33), neither Raptor deficiency nor rapamycin resulted in hyper-
phosphorylation of AKT (S473) (Figure 6A and Supplemental Fig-
ure 8D). These data suggest that the feedback loop for AKT inhibi-
tion through mTORC1 might not occur in these AML cells.
Although mTORCI1 reportedly controls cell size (cell growth) (34),
we did not observe a decrease in the size of our Raptor-deficient AML
cells (Figure 6B), and we found that the amount of protein per cell was
comparable in control and Raptor-deficient AML stem cells (Figure 6,
C and D). Inactivation of mTORC1 is also reported to suppress cap-
dependent protein translation by enhancing binding between 4E-BP1
and eIF4E (35, 36). Consistent with this, the hypophosphorylation of
4E-BP1 induced by Raptor deficiency enhanced binding of 4E-BP1 to
elF4E, which binds the 7-methyl-guanosine cap structure, as deter-
mined by a 7-methyl GTP pull-down assay (Figure 6E). We also found
an unexpected elevation of eIF4E expression in Raptor-deficient AML
cells (Figure 6E), and binding of eIF4E to the cap structure appeared
to be enhanced. These data suggest that increased production of
elF4E may overcome the inactivation of elF4E by 4E-BP1.
Raptor-deficient AML stem cells show defective leukemia-initiating capac-
ity. To evaluate the leukemia-initiating capacity of Raptor-deficient
AML stem cells, we transplanted into recipient mice a limiting dilu-
tion series of K'G- AML cells isolated from Raptor//CreER AML mice
2122
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that had been injected (or not) with TAM. Transplantation of control
AML cells promoted efficient development of leukemia with features
identical to those of the original AML. Even when only 10 control
AML cells were transplanted per mouse, 80% of recipients developed
overt AML and died within 60 days (Figure 7A). In contrast, recipi-
ents injected with 10 or 100 Raptor-deficient AML cells did not die
of overt leukemia. Although recipients injected with 1,000 RaptorV!
CreER'™M AML cells developed leukemia, the emerging AML cells
showed incomplete deletion of the Raptor gene. Thus, Raptor deficien-
cy apparently has a negative impact on leukemia-initiating capacity.

To investigate the effect of Raptor deficiency on AML stem cell
function, we first evaluated the colony-forming ability of various
Raptor-deficient AML cell subpopulations in vitro. As expected, the
undifferentiated AML cell population (K*G- cells) of control AML
mice formed colonies at a much higher frequency than did differ-
entiated AML cells (K-G* cells) (Figure 7B). When Raptor was delet-
ed by TAM administration, a dramatic reduction was observed in
the number of colonies derived from K*G- AML cells.

To identify the reason for the failure of colony formation and leu-
kemia propagation by Raptor-deficient AML stem cells, we analyzed
the behavior of AML cells stimulated with several cytokines, because
we assumed that both colony formation and the expansion of leu-
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Figure 8

mTORC1-independent long-term survival of AML cells in vivo. (A) Presence of AML cells surviving long-term in BM. 10-400 K*G- cells from
Raptor”CreER+*™M AML mice were transplanted into recipients, and GFP expression was evaluated in BM-MNCs 100 days after transplanta-
tion. Data shown are the percentages of GFP+ cells among total BM-MNCs. Horizontal lines are the mean percentages of GFP+ cells in cases
where GFP+ cells were present. Numbers of mice possessing GFP+ cells/total number of recipients are shown at the bottom of the panel. (B)
Morphological analysis of Raptor®s AML cells. GFP- and GFP* cells were isolated from BM-MNCs of recipients possessing GFP+ cells. Cells
were stained with May-Grinwald/Giemsa. Scale bars: 50 um. (C) Flow cytometric characterization of the AML cells in A. Results of two repre-
sentative analyses are shown. (D) Phosphorylation of mTOR signaling pathway proteins in Raptor® (long-term Raptor-deficient) AML cells.
Immunoblotting to detect the indicated proteins was performed on lysates of GFP+ K*G- cells isolated from the following mice: lanes 1 and 6,
RaptoriCre ER-7"M AML (fl/fl; TAM—, control); lane 2, Raptor”'CreER+™M AML at 14 days post-TAM (fl/fl; TAM+); lanes 3-5, Raptor®2 AML (A/A).
(E and F) Analysis of apoptosis and cell cycle in Raptor®2 AML cells. The apoptosis rate (E) and proportion of cells in the cell cycle (F) of the
indicated subpopulations from RaptorCreER-M AML cells (fl/fl; TAM—, control) and Raptor®® AML cells (A/A) were evaluated by using Annexin
V/7AAD staining and BrdU incorporation, respectively. Data shown in E and F are the mean + SD of Annexin V*7AAD- cells (n = 4) and BrdU*
cells (n = 4), respectively. **P < 0.01 (Student’s ¢ test).

kemia cells are supported by cytokine signals. We found that Raptor-
deficient K'G- AML cells stimulated with the cytokines SCF, IL-3,
and IL-6 showed an increase in apoptosis and a decrease in cell divi-
sion (Figure 7, C and D). However, Raptor deficiency did not down-
regulate c-Kit (Figure 7E). These data indicate that failure of AML
propagation when mTORCI1 is inactivated is due to enhanced apop-
tosis and defective proliferation, but not accelerated differentiation.
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Raptor-deficient AML stem cells can survive long-term in BM. To con-
firm that Raptor deficiency completely depletes AML cells after
transplantation, we analyzed BM of the recipient mice injected with
fewer than 1,000 Raptor”CreER*™M AML cells 100 days after trans-
plantation. Surprisingly, we discovered that some recipient mice
retained donor-derived leukemia cells (GFP*) in their BM. Detailed
examination revealed that these surviving GFP* cells were present
Volume 122 Number 6
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Restoration of leukemia-initiating capacity of long-term Raptor-deficient AML stem cells by mTORC1 reactivation. (A—C) Leukemia development
upon restoration of Raptor. Recipient mice were transplanted with BM-MNCs (including Raptor®’* AML cells) infected with either control retrovirus
expressing KO alone or retrovirus expressing hRAPTOR (hRAPTOR/KO). Survival (A), total number of wbc in PB (B), and the mean percentage +
SD of GFP+ cells in PB (C) of these recipients were analyzed 26—35 days after transplantation. For A, the P value was determined by the log-rank
test. (D) Flow cytometric analysis of Raptor~/A+hRAPTORIKO AML cells. Representative data for GFP/KO fluorescence (left) and c-Kit/Gr-1 expression
(right) of BM-MNCs from the recipient mice in A—C are shown. Values are the mean percentage + SD of the indicated subpopulations (n = 7).
(E) Phosphorylation of mTOR signaling pathway proteins in Raptor~/A+hRAPTORIKO AML cells. Immunoblotting to detect the indicated proteins was
performed on lysates of the indicated AML cell subpopulations prepared from the following mice: lane 1, Raptor®CreER-"M (TAM-, control); lane
2, Raptor®A; lanes 3-5, Raptor’/AhRAPTORIKO (case 1); lanes 6—8, RaptorA/A+hRAPTORIKO (case 2). (F) Colony-forming ability of Raptort/A+hRAPTORIKO
AML cells. K*G~ or K-G+ (GFP+KO*) subpopulations isolated from among Raptory/A+hRAPTORIKO AML cells were cultured in semisolid medium for
7 days. Data are the mean colony number + SD (n = 3). (G) The survival of recipient mice transplanted with 100 K*G~ Raptor/A+hRAPTOR/KO AML
cells was monitored (n = 23). (H) Model of the role of mMTORC1 in AML stem cell regulation. See text for explanation. **P < 0.01 (Student’s ¢ test).

in 8 of 30 recipients injected with 100-400 Raptor”iCreER* ™M AML  showed no overt abnormalities of hematopoiesis in PB (Supple-
cells (Figure 8A) and that the frequency of these leukemia cells in  mental Figure 9, A and B). Recipient mice injected with only 10
the BM of individuals was highly variable. The GFP* cells were  RaptorCreER*™"M AML cells did not harbor any leukemia cells at
morphologically leukemic (Figure 8B). Interestingly, these animals 100 days after transplantation.
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The AML cells that survived long-term in recipient BM exhibited
AML stem cell phenotypes, as judged by the expression of cell sur-
face markers (i.e., they were K*G-; Figure 8C). We confirmed that
AML cells surviving long-term showed complete deletion of the
Raptor gene and loss of the Raptor protein, and we refer to them
as Raptor®® AML cells (Figure 8D). Raptor®® AML cells showed less
phosphorylation of the mTORCI target molecules p70S6K and
4E-BP1 (Figure 8D). Notably, extended survival of Raptor®* AML
cells was dependent on the in vivo microenvironment, as these cells
did not form colonies in vitro (data not shown), just as we observed
for the original AML cells prior to transplantation (Figure 7B).
Raptor® AML cells showed increased apoptosis in vivo compared
with control Raptor"CreER- ™M AML cells, particularly in the K'G*
population (Figure 8E). The cell cycle status of Raptor®» AML cells
was comparable to that of controls (Figure 8F). These data suggest
that AML stem cells lacking mTORC1 activity can survive long-
term in the BM, but that the host animal survives because AML
cells that propagate and differentiate are eliminated by apoptosis.

The self-renewal capacity of AML stem cells is sustained in the absence of
mTORCI activity. Finally, we asked whether the AML cells that sur-
vive long-term in the BM in the absence of mTORCI activity are
genuine AML stem cells. To this end, we devised a strategy to reintro-
duce Raptor into those Raptor®® AML cells that survive long-term
in vivo without mTORCI activity. We prepared a retrovirus carry-
ing the hPRAPTOR gene labeled with Kusabira-Orange (hRAPTOR/
KO) (Supplemental Figure 10, A-F) and used this vector, or a con-
trol retrovirus expressing KO alone, to infect total BM-MNCs from
recipient mice harboring Raptor®’2 AML cells. To avoid the death of
Raptor AML cells ex vivo, retroviral infection was performed with
minimum incubation, followed by immediate transplantation into
fresh recipients. Mice receiving Raptor®* AML cells expressing the
hRAPTOR/KO gene (Raptor®/A*RAPTOR/KO AML cells) developed overt
leukemia (Supplemental Figure 10G) and died rapidly (Figure 9A),
whereas mice that received AML cells expressing the control KO gene
did not. Levels of wbc expressing BRAPTOR/KO were greatly elevated
in affected recipients by day 28 after transplantation (Figure 9, B and
C). All GFP* AML cells also showed KO fluorescence (i.e., expressed
the hRAPTOR/KO gene) (Figure 9D). Moreover, Raptor®/ARAPTOR/KO
AML cells in BM exhibited a pattern of differentiation markers
identical to that of control AML cells (Figure 9D), indicating that
introduction of the hPRAPTOR gene fully restored the original AML
phenotype. Immunoblotting confirmed that the introduction of the
hRAPTOR/KO gene had resulted in RAPTOR protein overexpression
(Figure 9E). RAPTOR overexpression promoted increased levels of
p-p70S6K and restored p-4E-BP1 levels to those seen in the original
AML cells. The colony-forming ability of Raptor-deficient K*G- AML
cells was also rescued by reintroduction of RAPTOR protein (Figure
9F). In addition, a sequential transplantation study showed that only
100 RAPTOR-expressing K*G- AML cells were required to efficiently
generate overt AML in recipient mice, which resulted in their death
within 89 days (Figure 9G). This indicates that the leukemia-initiat-
ing capacity was fully restored by reactivation of mTORC1. Together
with our finding that Raptor®® AML cells are cycling (Figure 8F),
these data indicate that Raptor-deficient AML cells can self-renew
and serve as AML stem cells.

Discussion

Distinct mechanisms control the tumor initiation and self-renewal proper-
ties of CSCs. It has been assumed that CSCs can survive and self-
renew, contributing to cancer recurrence, even when a treatment
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is effective in reducing tumor mass. This is illustrated by the case
of chronic myeloid leukemia patients treated with tyrosine kinase
inhibitors (37, 38). These findings indicate that it is necessary to
distinguish CSC self-renewal activity from tumor-initiating capac-
ity. Here, we demonstrate that although mTORCI inactivation
eliminates AML cells that exhibit properties of transit-amplifying
cells and differentiated cells, it does not affect the self-renewal
activity of AML stem cells (Figure 9H). On the basis of these find-
ings, we propose that tumor-initiating and -propagating prop-
erties should be considered separately from CSC self-renewal
activity. Our observations could have substantial impact on inves-
tigations of mechanisms that allow residual CSCs to escape cancer
treatment and drive tumor recurrence.

Essential role of mTORCI in AML propagation. Appropriate regula-
tion of survival and proliferation of transit-amplifying tumor cells
is required for robust tumor initiation, which is associated with
aggressiveness of tumors. In our study, most Raptor-deficient AML
cells, particularly differentiated AML cells, showed a remarkable
increase in apoptosis in vivo. In addition, Raptor deficiency led to a
defect in proliferation in differentiated AML cells, but not undif-
ferentiated cells. Thus, mTORC1 activity appears to play a critical
role in proliferation and survival in vivo mainly in differentiated
cells, rather than AML stem cells. Consistent with these in vivo
observations, we found that Raptor deficiency enhanced apopto-
sis and reduced proliferation in AML cells stimulated by cytokine
signals in vitro. Because AML cells propagate in vivo as transit-
amplifying AML cells supported by cytokine signals, these find-
ings suggest that mTORC1 inactivation results in defective AML
propagation, leading to prolonged survival of AML mice.

The molecular mechanism of mMTORC1-dependent AML propa-
gation is unclear. Although previous studies reported that inhibi-
tion of 4E-BP phosphorylation is associated with the induction of
apoptosis in tumors (39, 40), it was assumed that other molecules
downstream of mTORCI1 cooperatively contribute to AML propa-
gation. To understand how mTORC1 supports AML propagation
at the molecular level, we performed a quantitative phosphopro-
teomics study using the SILAC (stable isotope labeling with amino
acids in cell culture) method and found numerous peptides that
were dramatically de-phosphorylated by Raptor deficiency (T.
Hoshii and N. Sugiyama, unpublished observations). Among
these molecules, there were several known downstream targets
of mTORC]I, including Raptor, 4E-BP1/2, AKTS1 (also known
as PRAS40), and LARP1 (26, 27). Decreased phosphorylation of
AKTS1, as well as of 4E-BPs, is reportedly associated with apopto-
sis in tumor cells (41). Therefore, we assumed that mMTORC1 inac-
tivation affects the activities of these target molecules, which are
regulated by their phosphorylation status, resulting in defective
AML propagation.

Although rapamycin derivatives have been tested in AML
patients in clinical trials, it has remained controversial whether
such medications are effective (42-44). In our study, rapamycin
treatment slightly prolonged the survival of AML mice, but it had
a milder effect than Raptor deficiency. The difference is likely due
to the limited effects of rapamycin on mTORC1 inhibition. We
found that the inhibitory effects of rapamycin differed among
mTORCI targets. For example, rapamycin treatment effectively
suppressed the phosphorylation of p70S6K but did not affect
the phosphorylation of 4E-BP1, which is consistent with previ-
ous reports (24, 25). These data strongly suggest that a genetic
approach is required to understand the bona fide effects of
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mTORCI inhibition in vivo. Thus, dissection of mTORC1 signal-
ing pathways using the Raptor-deficient AML cells should provide
critical evidence for identifying indicators or therapeutic targets to
control the aggressiveness of leukemic diseases.

Self-renewal of AML stem cells lackingmTORCI. A particularly inter-
esting and unexpected finding emerging from our work is that
AML stem cells lacking mTORCI activity can proliferate and
survive long-term in vivo. Previous studies demonstrated that
mTORC]1 activity plays critical roles in cell proliferation in embry-
onic fibroblasts and cell lines (45, 46). The knockdown of Raptor or
a decrease in serum concentration in culture inhibits cell prolifera-
tion. Because the proliferation is restored by 4E-BP1/2 deficiency,
4E-BPs are thought to be key regulators of cell proliferation when
mTORCI activity is downregulated (45). As expected, we found
that embryonic fibroblasts lacking Raptor showed remarkable
defects in cell proliferation (Supplemental Figure 1C). However,
we unexpectedly observed that the cell cycle and self-renewing pro-
liferation of AML stem cells in vivo were not altered by mTORC1
inactivation in our experiments. Because the phosphorylation of
4E-BP1 was dramatically suppressed in these cells, 4E-BP1-inde-
pendent mechanisms of cell proliferation must support self-
renewal of AML stem cells. Although 4E-BP1 phosphorylation
reportedly induces cap-dependent protein translation, which con-
trols the growth of individual cells, we found no evidence of an
inhibitory effect of Raptor deficiency on the size or protein amount
of AML stem cells. We confirmed that Raptor deficiency enhanced
binding of 4E-BP1 to eIF4E due to 4E-BP1 hypophosphorylation.
However, we unexpectedly found elevated eIF4E protein levels and
enhanced eIF4E binding to cap structures in Raptor-deficient AML
cells. Because eIF4E overexpression reportedly increases cell size
and resistance to rapamycin treatment (41, 42), the increased pres-
ence of eIF4E protein on cap structures may compensate for the
inhibition of eIF4E activity by 4E-BP1, leading to the retained cell
growth and self-renewal in the absence of mMTORCI.

Similar to what we observed in AML stem cells, we also found
that Raptor deficiency did not cause defective phenotypes in GMP
myeloid progenitor cells. Because AML stem cells likely originate
from myeloid progenitors, the two types of cells may share the
property of mMTORCI1 dependency (22). A possible compensatory
mechanism for cell proliferation observed in Raptor-deficient GMP
is mMTORC1-independent regulation of the ribosomal protein S6
and eEF2K. Although S6 and eEF2K are substrates of p70S6K, it
was also reported that p90 RSK can phosphorylate these proteins
(28, 30). Activation of p90 RSK is dependent on Ras/ERK signal-
ing. Study of hematopoietic progenitor cells with the K-rasG12P
mutation revealed that phosphorylation of S6 after GM-CSF
stimulation is highly dependent on MEK/ERK signaling, but not
on PI3K/AKT signaling (29). Therefore, such mTORC1-indepen-
dent S6 and eEF2K phosphorylation may compensate for the lack
of mTORC1 in supporting cell proliferation of GMPs. Unlike in
GMPs, the phosphorylation of S6 was strongly inhibited in Raptor-
deficient AML stem cells. However, the residual level of S6 activity
supported by mTORCI1-independent signaling may be enough to
promote the self-renewal of AML stem cells.

It has been reported that mTORCI inhibition activates auto-
phagy, a protein degradation system, to generate energy for sur-
vival under conditions of stress or starvation (4). An interaction
of Raptor and ULK1 mediates the incorporation of mMTORC1 into
the ULK1-Atg13-FIP200 complex, which is required for autoph-
agy, and mTOR phosphorylates ULK1 and Atgl3, indicating
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that autophagy is directly regulated by mTORCI1 (47). Therefore,
autophagy induced by Raptor deficiency may support the survival
of AML stem cells in vivo. In our preliminary experiments, we did
not observe an increase in LC3-II in Raptor-deficient AML stem
cells (our unpublished observations). Thus, the roles of autoph-
agy in AML stem cell survival are unclear in our experiments. We
believe that it is necessary to investigate how autophagy is involved
in the survival of AML stem cells, because such information may
be important for developing a strategy to use a combination of
mTORCI1 and autophagy inhibitors to eradicate AML stem cells.

A recent study revealed that AKT is a key regulator for the main-
tenance of AML stem cells (48). Suppression of AKT activity is
reported to be essential for inhibiting the differentiation of leuke-
mia stem cells and supporting their self-renewal ability in MLL-
AF9-driven AML. Feedback activation of the PI3K/AKT pathway
is triggered by inhibition of Grb10 and/or activation of IRS after
acute mTORCI inactivation (26, 27). On the other hand, prolonged
rapamycin treatment is reported to suppress AKT via the disas-
sembly of the mTORC2 complex in certain cell types (49). In our
study, we observed that AKT phosphorylation was attenuated in
Raptor®* AML cells. We found that Raptor deficiency did not affect
the expression level of Rictor, an essential component of mTORC2,
butitis possible that long-term inactivation of mTORC1 in Raptor-
deficient AML cells affects the assembly and activity of mTORC2,
leading to inhibition of AKT, in the same manner as prolonged
rapamycin treatment (49). To investigate whether mTORC2 is
involved in regulating AKT for the survival of AML stem cells, a
genetic study using mTOR or Rictor mutant mice would be neces-
sary. Thus, although the mechanism is unclear, the suppression of
AKT in Raptor¥® AML stem cells may suppress the differentiation
of AML stem cells and support their self-renewal activity.

Our results also suggest that mTORCI inactivation might pre-
vent the differentiation of AML stem cells in a cell-intrinsic man-
ner, because we found that Raptor-deficient AML cells had higher
c-Kit expression than controls in culture (Figure 7E). Unknown
microenvironmental factors may enhance this effect of mTORCI,
because we observed a remarkable increase in the absolute number
of AML stem cells in vivo (Figure SE). These findings lead to the
intriguing idea that mTORC1 inhibition enhances self-renewal
activity in combination with microenvironmental factors. Further
dissection of the regulation of Raptor-deficient AML stem cells is
required to identify the critical factors or functions of AML stem
cells. Increased understanding of the mechanisms by which AML
stem cells self-renew should suggest novel therapeutic approaches
that will successfully eradicate CSCs.

Methods
Mice. To generate mice bearing an inducible conditional deletion of Rap-
tor, we obtained BAC clones (BACPAC Resources Center) that encode the
mouse genomic DNA sequences encompassing the region containing exon
2 of the Raptor gene. Genomic DNA fragments were inserted into a plasmid
containing paired loxP sites and FRT recombination sites flanking a neo-
mycin selection cassette. A diphtheria toxin cassette was added downstream
of the 3’ arm to reduce the frequency of random insertion. This vector was
transfected into feeder-free TT2 ES cells (derived from the TT2 ES cell line;
ref. 50) by electroporation, and the cells were subjected to G418 selection as
previously described (51). ES clones possessing the recombined allele were
identified by PCR and Southern blot analyses. ES cells were aggregated with
ICR morulae, and chimeras were obtained. The chimeric mice were crossed
with CAG-Flp mice (51) to remove the neo cassette and generate mice with
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the Raptorf! allele. Mice with the Raptorf! allele were crossed with Rosa26-Cre-
ER™ mice (52) obtained from Tyler Jacks (Massachusetts Institute of Tech-
nology, Cambridge, Massachusetts, USA), and the resulting progeny were
backcrossed for at least 6 generations onto the C57BL/6-CD45.2 genetic
background. All mice used as transplantation recipients in this study were
8- to 12-week-old C57BL/6-CD45.1 mice (Sankyo Lab).

PCR primers. The primers used to identify the Raptor WT, floxed, and
deleted alleles in PCR analyses were raptor-a (AAAGACAAACCAGTGAG-
CAAGGGG), raptor-b (GGAGCTTCCTTATCGTGAATCTCC), and raptor-c
(CTGGGAACTGCGATAAGCCG).

Blood collection and analysis. Total BM cells were obtained from femoral
and tibial bones by aspiration. MNCs were isolated from total BM cells by
density gradient centrifugation using Lymphoprep (Axis-Shield). PB cells
were collected from the postorbital vein and suspended in diluted heparin
solution. Blood counts were performed using Celltac (NIHON KOHDEN).
MNCs in PB were isolated by dextran sedimentation and ammonium chlo-
ride lysis of erythrocytes using standard procedures.

Tamoxifen and rapamycin treatments. To analyze the effect of Raptor defi-
ciency in mice without transplantation, we treated 8-week-old mice with
TAM (Sigma-Aldrich). TAM was dissolved in corn oil (Sigma-Aldrich) to
20 mg/ml and injected i.p. at 150 mg/kg/d for 5 consecutive days. The corn
oil diluent was injected as the control. For TAM treatment of cells in vitro,
1 uM 4-hydroxytamoxifen (4-OHT; Sigma-Aldrich) was added to the culture
medium. Rapamycin (Sirolimus, LC Laboratories) was dissolved in ethanol
to 10 mg/ml stock solution. For in vivo experiments, the rapamycin stock
solution was diluted to make a final concentration of 0.4 mg/ml rapamycin
in 5% PEG-400, 5% Tween 80, and 4% ethanol. Rapamycin (4 mg/kg) or vehi-
cle (5% PEG-400, 5% Tween 80, and 4% ethanol) was injected i.p. every other
day. For rapamycin treatment of cells in vitro, 100 nM rapamycin (Cell Sig-
naling Technology) dissolved in methanol was added to the culture medium.

Flow cytometry. mAbs recognizing the following markers were used for flow
cytometry: Sca-1 (E13-161.7), CD4 (L3T3), CD8 (clone 53-6.7), B220 (RA3-
6B2), TER119 (Ly-76), Gr-1 (RB6-8CS), Mac-1 (M1/70), IL-7Ro. chain (B12-1),
FeyIII/II receptor (2.4G2), CD34 (RAM34), IgM (II/41), CD45.1 (A20),
CD45.2 (clone 104), and c-Kit (2B8) (all from BD Biosciences or eBioscienc-
es). Marker analyses were performed using a FACSCanto II (BD Biosciences),
and cell sorting was performed using a FACSAria (BD Biosciences).

For analysis of intracellular phosphorylated proteins, 5 x 10* cells were
fixed in 4% paraformaldehyde at 37°C for 10 minutes and permeabilized in
90% cold methanol for at least 30 minutes. Cells were then washed with stain-
ing buffer (5% FBS in PBS) and incubated at room temperature for 1 hour
with Alexa Fluor 647-conjugated anti-p-S6 (S235/236) plus Alexa Fluor
488-conjugated anti-p-4E-BP1 (T37/46; T36/T45 for Mus musculus) Abs, or
Alexa Fluor 647-conjugated rabbit mAb IgG isotype control and Alexa Fluor
488-conjugated rabbit mAb IgG isotype control. Immunostained cells were
washed with staining buffer and analyzed by flow cytometry.

Colony-forming assay. K*S*L- cells and GMPs isolated from BM of non-
AML mice, or GFP'K*G- or K-G* cells isolated from BM of AML mice, were
cultured for 10 or 7 days, respectively, in semisolid medium containing
50 ng/ml recombinant murine stem cell factor (rmSCF), 10 ng/ml rmIL-3,
10 ng/ml rmIL-6, and 3 U/ml recombinant human erythropoietin (thEPO)
(Methocult GF M3434, Stem Cell Technologies) at 37°C in humidified air
containing 5% CO,. Colonies containing more than 40 cells were counted
under a microscope.

Cell cycle. To analyze the cell cycle of hematopoietic cells in vivo, BrdU
(100 mg/kg; Sigma-Aldrich) was injected i.p. into mice. After 2 hours,
cells were collected, immunostained to detect surface markers, and puri-
fied using a cell sorter. For analysis of the cell cycle of AML cells in vitro,
cells were cultured with medium supplemented with 10 uM BrdU for 30
minutes. Cells were fixed in 70% ethanol at -30°C for 16 hours. The DNA
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in fixed cells was denatured by treatment with 2 N HCl at room tempera-
ture for 30 minutes, followed by neutralization using 0.05 M borax buffer.
Incorporated BrdU was labeled by incubation with FITC-conjugated anti-
BrdU Ab (BD Biosciences) at room temperature for 1 hour. Labeled cells
were resuspended in PBS containing 1% bovine serum albumin and 7-ami-
noactinomycin D (7AAD; BD Biosciences) plus RNase A (Sigma-Aldrich),
and BrdU-positive cells were quantified by flow cytometry.

Apoptosis. For TUNEL assays of floating cells, cells were fixed in 4%
paraformaldehyde and permeabilized in 70% ethanol at -30°C for 16
hours. For TUNEL assays of small intestine, small intestines were fixed
with 4% paraformaldehyde, and paraffin-embedded tissues were sectioned,
dewaxed, and rehydrated. Fragmented DNA was labeled with fluorescein-
12-dUTP using the DeadEnd Fluorometric TUNEL System (Promega) and
analyzed by flow cytometry or FV1000 confocal microscopy (Olympus).
For Annexin V staining, cells were incubated with PE-conjugated Annexin-
Vand 7AAD in Annexin V binding buffer (BD Biosciences) in accordance
with the manufacturer’s protocol.

Competitive repopulation assay in vivo. Tester BM-MNCs (1 x 10°) from
Raptor”f or Raptor”fCreER mice (CD45.2) and competitor WT BM-MNCs
(1 x 106, CDA45.1/2) were transplanted into lethally irradiated (9.5 Gy) recip-
ient mice (CD45.1*). At 8 weeks after transplantation, TAM was adminis-
tered to the recipients as described above. Hematopoietic cells regenerated
from tester cells or competitor cells were examined by flow cytometry.

Gene transduction by retroviral infection. The pMSCV-MLL-AF9-ires-eGFP
vector was a gift from Akihiko Yokoyama, Kyoto University, Kyoto, Japan.
The Myc-tagged human RAPTOR gene was a gift from David M. Sabatini,
Whitehead Institute, Cambridge, Massachusetts, USA (Addgene plasmid
1859) and was cloned into the pPGCDNsam-ires-eGFP or pPGCDNsam-ires-
hKO vector (both gifts from Masafumi Onodera, National Center for Child
Health and Development, Tokyo, Japan). Retroviral packaging cells (Plat-E,
ref. 53; gift from Toshio Kitamura, University of Tokyo, Tokyo, Japan) were
transiently transfected with the above plasmids using calcium phosphate,
and culture supernatants containing retroviruses were collected 48 hours
after transfection.

For retroviral gene transduction, three cell type-specific protocols were
used: (a) K'S*L- cells isolated from Raptor”? or Raptor/ACreER mice were
cultured overnight in serum-free S-Clone SF-03 medium (Sanko Junyaku)
supplemented with 100 ng/ml recombinant human thrombopoietin (Pep-
roTech) plus 100 ng/ml rmSCF (Wako Pure Chemical). Cells were then
infected with retroviruses carrying MLL-AF9-ires-eGFP or hPRAPTOR-ires-
eGFP using CombiMag (OZ Biosciences) in accordance with the manu-
facturer’s instructions. (b) AML cells were cultured for several days in
RPMI 1640 medium supplemented with 10% FBS and 10 ng/ml rmIL-3
(Wako Pure Chemical). Cells were infected with a retroviral vector carry-
ing hRAPTOR-ires-hKO using 8 ug/ml Polybrene. Two days after infection,
KO* cells were collected using a cell sorter and subjected to colony-forming
assays as described above. (c) For Raptor®® AML cells, freshly isolated BM
cells from recipient mice possessing Raptor®’* AML cells were suspended
in RPMI 1640 medium supplemented with 20 ng/ml rmSCF, 10 ng/ml
rmIL-3, 10 ng/ml rmIL-6, and 10 ng/ml rmIL-7 and containing 8 ug/ml
Polybrene. Spin infection was performed by adding retrovirus carrying
hRAPTOR-ires-KO or KO to the suspended cells and centrifuging at 1,500 g
for 1 hour. After a first round of spin infection, cells underwent a second
round of spin infection using fresh retrovirus. Then, 2 x 10° infected cells
were cultured for an additional 2 hours before transplantation into lethally
irradiated (9.5 Gy) syngeneic recipient mice.

Murine AML model. K*S*L- cells isolated from Raptor/', Raptor”*CreER,
or Raptor/'CreER mice were infected with retrovirus carrying MLL-AF9-
ires-eGFP as described above and transplanted into lethally irradiated
syngeneic mice along with 2 x 105 normal BM-MNCs (rescue cells). AML-
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like disease developed in these AML mice between 34 and 124 days after
transplantation (mean, 76.7 days; SD, 27.8). After the appearance of AML
symptoms, 5 x 10° BM-MNCs from the AML mice were transplanted intra-
venously into lethally irradiated syngeneic recipients along with 5 x 103
normal BM-MNCs. Administration of TAM (150 mg/kg/d for 5 days, i.p.)
was begun 3 days after transplantation. Corn oil was injected as the dilu-
ent control in the same manner. For the limiting dilution transplantation
assay to evaluate leukemia-initiating capacity, GFP*c-Kit*Gr-1- AML cells
were collected from recipient mice 14 days after the last TAM injection
and transplanted into lethally irradiated syngeneic recipients along with
2 x 10° normal BM-MNCs.

Immunoblotting. Cells (5 x 104) of various subpopulations were puri-
fied by cell sorting and lysed in SDS sample buffer containing protein-
ase inhibitor (P8340, Sigma-Aldrich), phosphatase inhibitor cocktail 2
(P5726, Sigma-Aldrich), and phosphatase inhibitor cocktail 3 (P0044,
Sigma-Aldrich). Lysis was completed via ultrasonication, and proteins were
denatured by boiling. Denatured proteins were separated on a 5%-20%
acrylamide gradient gel and transferred to a PVDF membrane (GE Health-
care). Blots were incubated with Abs against Raptor, mTOR, Rictor, TSC1,
p-4E-BP1 (T37/46; T36/T45 for M. musculus), p-4E-BP1 (S65; S64 for
M. musculus), p-4E-BP1 (T70; T69 for M. musculus), 4E-BP1, p-S6 (S235/236),
p-S6 (S240/244), S6, p-p70S6K (T389), p70S6K, p-AKT (T308), p-AKT
(S473), and eIF4E (all from Cell Signaling Technologies), p-histone H3
(Upstate), B-actin (Sigma-Aldrich), and Myc tag (MBL). Immunocomplexes
were labeled using an HRP-conjugated anti-mouse Ab (GE Healthcare) or
anti-rabbit Ab (Cell Signaling Technology) and visualized using Immuno-
star LD (Wako) with ImageQuant LAS 4000 (GE Healthcare).

Histochemical staining. For May-Griinwald/Giemsa staining, cells purified
by cell sorting were centrifuged onto glass slides and stained with May-
Griinwald solution (MUTO Pure Chemicals) for 3 minutes. Subsequently,
the slides were washed with distilled water for 3 minutes and stained with
Giemsa solution (MUTO Pure Chemicals) for 10 minutes. For hematoxy-
lin & eosin staining, rehydrated paraffin-embedded tissue sections were
stained with Mayer’s hematoxylin solution (Wako) for 5 minutes and
washed with water for 5 minutes. The slides were then stained with eosin
solution (Wako) for 10 seconds. Cells and tissues were visualized with Axio
Imager A1 microscopes (Zeiss).

Protein quantification. For the colorimetric detection and quantification
of total protein, cells (5 x 10%) were purified by cell sorting and lysed in
Cell Lysis Buffer (Cell Signaling Technology) containing proteinase inhibi-
tor (P8340, Sigma-Aldrich). Lysis was completed via ultrasonication and
quantified with bicinchoninic acid (BCA) protein assay reagent (Pierce).
For silver staining of protein, cells (5 x 10%) were lysed in SDS sample buf-
fer containing proteinase inhibitor and phosphatase inhibitor cocktail.
Denatured proteins were separated in a 5%-20% acrylamide gradient gel
and then stained with a Silver Stain II Kit Wako (Wako).

7-methyl GTP pull-down assay. Cells (1 x 10°) from each population
were collected by cell sorter and lysed with lysis buffer (50 mM Tris
pH 7.5, 150 mM KCI, 5§ mM 2-ME, 1 mM EDTA, proteinase inhibitor,
phosphatase inhibitor). The samples were completely lysed via ultra-
sonication and incubated with 7-methyl GTP-Sepharose 4B beads (GE
Healthcare) at 4°C. After 16 hours of incubation, the beads were washed
twice with lysis buffer. The beads were suspended in SDS sample buf-
fer and denatured by boiling. Precipitated proteins were detected by
Western blot analysis, and the 4E-BP1/eIF4E ratio was measured using
Image]J software (http://rsbweb.nih.gov/ij/).

Statistics. Statistical differences were determined using the unpaired
Student’s #-test (2-tailed) for P-values, and the log-rank (Mantel-Cox)
test for survival curves.

Study approval. Animal care was in accordance with the guidelines for ani-
mal and recombinant DNA experiments of Kanazawa University or Kuma-
moto University. Animal studies were approved by the Committee on Ani-
mal Experimentation of Kanazawa University and the Ethics Committee of
the Center for Animal Resources and Development, Kumamoto University.
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