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SUMMARY

Central to cellular proliferative, survival, and metabolic responses is the serine/threonine kinase mTOR, which is activated in many
human cancers. mTOR is present in distinct complexes that are either modulated by AKT (mTORC1) or are upstream and regulatory
of it (mTORC?2). Governance of mTORC2 activity is poorly understood. Here, we report a transmembrane molecule in hematopoietic
progenitor cells that physically interacts with and inhibits RICTOR, an essential component of mTORC2. Upstream of mTORC2
(UT2) negatively regulates mTORC2 enzymatic activity, reducing AKT>*”3, PKCe, and NDRG1 phosphorylation and increasing FOXO
transcriptional activity in an mTORC2-dependent manner. Modulating UT2 levels altered animal survival in a T cell acute lymphoid leu-
kemia (T-ALL) model that is known to be mTORC2 sensitive. These studies identify an inhibitory component upstream of mTORC2 in
hematopoietic cells that can reduce mortality from NOTCH-induced T-ALL. A transmembrane inhibitor of mTORC2 may provide an

attractive target to affect this critical cell regulatory pathway.

INTRODUCTION

We recently described an animal model in which primary
genetic lesions in bone marrow (BM) stromal cells resulted
in abnormal hematopoiesis in mice and the rare develop-
ment of acute leukemia (Raaijmakers et al., 2010). While
evaluating three leukemias that emerged in the setting of
this aberrant stroma, we noted that two of them had a
shared chromosomal abnormality. Reasoning that this rep-
resented a highly nonstochastic event, we assessed the
open reading frames in the altered region and found that
two of them putatively encoded transmembrane mole-
cules. Since transmembrane molecules might represent a
means by which an altered BM stroma could select for
abnormal hematopoietic stem/progenitors, we focused on
these molecules. One of these, C14ORF37, is the subject
of this report. Using overexpression and knockdown con-
structs, we found that C14ORF37 encodes a protein with
unique characteristics in modulating a specific aspect of
the AKT/mTOR growth and differentiation pathway in
hematopoietic cells.

Activation of AKT in hematopoiesis as induced experi-
mentally by deletion of Pten leads to a myeloproliferative
syndrome and eventual loss of hematopoietic stem cells
(Kharas et al.,, 2010; Yilmaz et al., 2006; Zhang et al.,
2006). This is mTOR dependent, as loss of hematopoietic
stem cells can be rescued by rapamycin. The mTOR com-
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plex implicated in this process appears to be mTORCI,
since experimental deletion of Raptor (a canonical compo-
nent of mTORC1) similarly resulted in hematopoietic fail-
ure as evidenced by a lack of reconstituting ability upon
transplantation (Kalaitzidis et al., 2012; Magee et al,
2012). In addition, pharmacological inhibition of mTOR
resulted in antileukemia effects in a mouse model of acute
myeloid leukemia (AML) (Zeng et al., 2007, 2012). In some
leukemia-initiating cells, however, the AKT pathway
appears to play a different role. AKT activation at position
S473 is associated with subsequent phosphorylation of
FOXOs, which reduces the ability of the FOXOs to enter
the nucleus and serve as transcriptional regulators. How-
ever, 40% of human AML shows a gene-expression signa-
ture consistent with Foxo transcriptional activity, and
FOXO inhibition in human and mouse AML cells results
in terminal differentiation (Sykes et al., 2011). Deletion of
Foxo1, Foxo3, and Foxo4 in a mouse model of AML resulted
in differentiation and loss of leukemia-initiating cells.
Therefore, the AKT pathway may have complex roles in
the proliferation and differentiation abnormalities associ-
ated with myeloid malignancies.

Acute lymphocytic leukemia (ALL) is more clearly driven
by activation of the AKT/mTOR pathway. Rapamycin was
shown to reduce the leukemia burden in xenograft models
of B cell ALL (B-ALL), and reducing AKT activity by
anti-connective tissue growth factor (anti-CTGF) therapy
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resulted in decreased B-ALL (Lu et al., 2014). In T cell ALL
(T-ALL), clonal dominance was shown in cells where AKT
activation increased and was associated with resistance to
antitumor glucocorticoid therapy (Blackburn et al., 2014).
Another study showed that inhibition of AKT could over-
come glucocorticoid resistance (Piovan et al., 2013). The
T-ALL that emerged with either Pten deficiency or with
NOTCH activation was dependent upon very specific ele-
ments of the AKT pathway, in particular, the mTORC2
complex. This complex includes RICTOR, among other
proteins, and is upstream of AKT, phosphorylating AKT at
S473. Deletion of Rictor is capable of inhibiting T-ALL asso-
ciated with either Pten deletion (Kalaitzidis et al., 2012) or
NOTCH activation (Lee et al., 2012). Therefore, mMTORC2
is critical for some lymphoid leukemias. Here, we report
that C140RF37 encodes a protein that is capable of
interacting with and inhibiting the function of mTORC2.
This distinctive transmembrane molecule may be a modu-
lator of growth-regulator signals conveyed from the BM
microenvironment.

RESULTS

Impact of UT2 on the mTORC2/AKT/FOXO Axis
C140RF37 encodes a putative type I transmembrane pro-
tein with an intracytoplasmic tail that has no clear
functional homologies. C140ORF37 is expressed by BM
hematopoietic cells, with the most abundant message
being found in the hematopoietic stem and progenitor
cell (HSPC)-enriched Lin"SCA1*c-KIT* (LSK) fraction and
dominantly present in BM (Figures S1A-S1C available on-
line). To determine its function, we transduced multiple
small hairpin RNA (shRNA) constructs targeting CI14o0rf37
and overexpressed cDNA in primary mouse hematopoietic
cells and, for some assays, FLAG-tagged cDNA expressed in
HEK293T cells. Three shRNAs targeting distinctive regions
within the C140rf37 transcript provided effective knock-
down (Figures S1D and S1E) and comparable effects (data
are presented using one shRNA displaying >90% inhibi-
tion). Because the molecule was studied as a potential
mediator of altered hematopoietic cell growth, we exam-
ined growth-regulatory pathways to determine whether
any were altered in the context of changing the levels of
C140RF37 (called UT2 for reasons given below). Although
there was no effect on ERK phosphorylation or PP2A,
PTEN, PDK1, or PI3K p85 levels (Figure 1A), there was evi-
dence that UT2 shRNA increased the level of pAKT®*? (Fig-
ures 1A-1C and S1F-S1H).

Phosphorylation of AKT at S473 occurs through the
RICTOR-containing complex with mTOR, mTORC2.
Notably, the PDK1 phosphorylation site on AKT, T308,
was not consistently changed. To further assess the impact

of UT2 on AKT, we evaluated the downstream targets
of pAKT™%, including pmTOR®?**® and pPRAS40"*¢,
which were not altered (Figures 1A, 1D, and S1F). Also,
PAKT™3%® results in activation of the RAPTOR-containing
mTOR complex, mTORCI1, so we evaluated the targets of
mTORCI activation: pS6°*3>/23¢ and p4EBP1"7/#¢, Neither
of these was altered. Together, these data indicate that UT2
knockdown does not influence mTORC1. These results
were further validated by overexpression of UT2: decreased
pAKT®*7? and RICTOR levels were noted, but no consistent
changes were observed in mTORC1 components or targets.
These data suggest that UT2 (C140ORF37) modulates
RICTOR and alters mTORC2-dependent AKT phosphoryla-
tion without affecting mTORC1. Therefore, we have
named C140ORF37 upstream of mTORC2 (UT2) in refer-
ence to its distinctive relationship with the mTOR complex
containing RICTOR.

With a change in mTORC2 activity, one would expect
known substrates such as PKCa (Guertin et al., 2006) and
SGK (assayed by NDRG1 [Garcia-Martinez and Alessi,
2008] phosphorylation), as well as the effects of pAKT>*”3,
to be perturbed. We found that UT2 shRNA increased
pPKCa*®” and pNDRG1"™3*¢, whereas overexpression of
UT2 reduced it (Figures 1A, 1C, and S1F). Similarly,
pAKTS*73 is known to phosphorylate FOXOs, resulting in
their retention in the cytoplasm and reduced transcrip-
tional activity. Inhibiting UT2 by shRNA led to increased
pAKT®*”® and a consequent increase in the levels of
pFOXO3s (8253, T32, and S318/321). The converse was
seen when UT2 was overexpressed in these cells (Figures
1A, 1C, and S1F). Together, these results argue that levels
of UT2 modulate the activity of mTORC2 and two of its pri-
mary known targets with expected biochemical results
downstream. UT2 decreases mTORC2 functional activity.

UT2 Negatively Regulates AKT Signaling via
Interaction with mTORC2

Given the impact of UT2 on the mTORC2/AKT/FOXOs
axis, we postulated that UT2 may physically interact with
RICTOR. To address this, we first assessed the cellular
distribution of endogenous UT2 and RICTOR by immuno-
staining (Figure S2A). Primary hematopoietic cells from
wild-type (WT) and Rictor-deficient animals were stained
with antibodies against UT2 and RICTOR, and this revealed
that a substantial proportion of UT2 colocalized with
RICTOR. To examine whether the effects of UT2 reflected
a physical interaction with candidate target proteins,
we conducted immunoprecipitation (IP) experiments on
HEK293T cells expressing a FLAG-UT2 fusion or FLAG-
UT2 fusion with the cytoplasmic region of UT2 deleted
(FLAG-UT2-AC) (Figure 2A). Anti-FLAG monoclonal IP
demonstrated coprecipitation with UT2 and RICTOR
by western blot. Furthermore, the RICTOR interaction
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Figure 1. UT2 Regulates the mTORC2/AKT/FOXO0 Axis in Primary Hematopoietic Cells
(A) Primary hematopoietic cells from cells overexpressing or depleted for UT2 were analyzed by western blotting using the indicated

antibodies. ACTIN was used as a loading control (n = 2-3 experiments).

(B) Graphs show the fold change of the indicated normalized protein ratios (pAKT>*73/AKT and RICTOR/ACTIN) in (A). Data are means +

SEM (n = 3 experiments).

(C and D) Flow cytometry was performed on hematopoietic cells overexpressing or shRNA-depleted for UT2. Quantification of the fold
change in mean fluorescence intensity for the indicated phosphoprotein in these cells is shown. Data are means + SEM (n = 2-3

experiments; two-tailed, unpaired t test). *p < 0.05, **p < 0.01.
See also Figure S1.

required the cytoplasmic portion of UT2, as demonstrated To further verify a direct interaction between UT2 and
by the FLAG-UT2-AC construct. We therefore pursued the RICTOR, we generated in vitro-translated proteins and
interaction further in primary hematopoietic cells from conducted IP experiments. IP of UT2 and RICTOR demon-
animals with conditional homozygous deletion of Rictor strated colP indicative of a direct interaction between the
(Figure 2B) and again demonstrated colP of UT2 and proteins in vitro (Figure 2C, left). When the same experi-
RICTOR in control cells that was lost in Rictor-deleted cells ment was conducted with UT2 in which the C-terminal
(the faint band represents incomplete deletion). To assess  cytoplasmic domain had been deleted, the results failed
other possible molecular interactions of UT2, we used a to demonstrate any colP of UT2AC and RICTOR (Figure 2C,
panel of antibodies for other known components of right). Therefore, UT2 directly interacts with RICTOR and
mTOR complexes and performed IP and western blot (Fig- does so in a manner that depends on its cytoplasmic
ure S2B). UT2 IP brought down RICTOR, but did not bring domain. Next, we examined whether UT2 altered the phos-
down RAPTOR, a canonical mTORC1 member. Cumula- phorylation levels of pAKT®*”? in primary hematopoietic
tively, these data indicate that UT2 interacts with cells from animals conditionally deficient in Rictor (Fig-
mTORC2, but not mTORC1. ure 2D). The effects of shUT2 on pAKT**”® were not
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transfected with vectors encoding FLAG-UT2 full length and subjected to in vitro kinase assays using recombinant inactive AKT as
the substrate and pAKT®*”® as the readout. An immunoblot for the levels of RICTOR, mTOR, and mLST8 in each immunoprecipitate is shown

(n = 3 experiments).
See also Figure S2.

observed in Rictor-deleted cells, indicating that UT2 modu-
lates pAKT®*’* in primary hematopoietic cells through
RICTOR. We then performed mTORC2 in vitro kinase
assays to define whether UT2 had a meaningful impact
on mTORC2 function. mTORC2 was isolated from lysates
of HEK293T cells by colP with RICTOR and proportionately
included other components of the complex, including
mTOR and mLST8 (Figure 2E). The HEK293T cells were ex-
pressing FLAG-UT2 or controls. AKT was exogenously
added as a substrate (note: it was not immunoprecipitated
with RICTOR). Phosphorylation of AKT at S473 was dimin-
ished in the presence of FLAG-UT2 (Figure 2E), indicating
that UT2 inhibits mTORC2 phosphorylation of AKT.
Furthermore, shRNA against UT2 in primary hemato-
poietic cells demonstrated increased pAKT**”* levels that
were accentuated by insulin or serum stimulation of
starved cells (Figure S2C). Together, these data indicate
that UT2 inhibits mTORC2 kinase activity as evidenced
by phosphorylation of AKT.

FOXO3 Directly Regulates Ut2 Expression In Vivo
Given the impact of UT2 on the mTORC2/AKT/FOXO axis
and the importance of FOXOs in regulating hematopoietic
function (Paik et al., 2007; Tothova et al., 2007), we as-
sessed whether FOXOs influenced UT2 expression. Mouse
primary hematopoietic cells were transduced with recom-
binant retroviruses expressing FOX0O3 WT, FOXO3 triple
mutant (AAA, FOXO3 AKT-resistant and active form)
(Brunet et al.,, 1999), or myristoylated AKT (myr-AKT,
which leads to diminished FOXO activity) (Kharas et al.,
2010; Kohn et al., 1996) (Figure 3A). Enforced expression
of either the WT or AKT-resistant mutant version of
FOXO3 activated Ut2 expression (Figure 3B). Primary
hematopoietic cells derived from mice lacking functional
purified Foxol, Foxo3, and Foxo4 alleles (hereafter termed
Foxo1/3/4 KO) displayed significantly lower levels of Ut2
transcripts compared with the WT (Figure 3C), suggesting
that members of the FOXO family regulate Ut2 expression
in vivo.
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Figure 3. FOX03 Activates Ut2 Expres-
sion in Primary Hematopoietic Cells

(A) Schematic representation of a gene-
expression assay in primary hematopoietic
cells.

(B) Quantitative RT-PCR for Ut2 expression.
Data are means + SEM (n = 3 experiments;
two-tailed, unpaired t test). **p < 0.01.
(C) Ut2 expression in primary hematopoi-
etic cells from WT and Foxo1/3/4 KO mice.
Data are means + SEM (n = 3 mice per each
genotype; two-tailed, unpaired t test).
**p <0.01.

(D) ChIP analysis for MIG-FOX03 or mock
expressing BM cells, using the indicated
antibodies. Data are means + SEM (n = 3
experiments; two-tailed, unpaired t test).
**p <0.01.

(E) Relative luciferase activity of FOX03 on
the Ut2 promoter. Data are means + SEM
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Sequence analysis of the Ut2 promoter showed that
there is a putative FOXO3-binding site embedded approx-
imately 7 kb upstream of the transcriptional start site
(Figure S3A). Chromatin IP (ChIP) with FOXO3-specific
antibodies in primary hematopoietic cells and fibroblast
cells showed that FOXO3 binds to this conserved site
within the Ut2 promoter in vivo (Figures 3D and S3B).
Furthermore, FOXO3 can activate luciferase expression
driven by a minimal promoter containing the putative
FOXO3 consensus sequence found in the Ut2 promoter
(Figure 3E). Collectively, these data show that FOXO3
directly regulates the transcription of Ut2. Moreover,
UT2 regulation of Rictor levels was evaluated and found
to occur at the level of transcription (Figure S3C). The
evidence therefore suggests that FOXO3 is a regulator of
UT2 that can feed forward to further increase FOXO3
activity by inhibiting AKT’*”® phosphorylation (Fig-
ure 4D). However, this is recognized to be only a
partial characterization of the mechanisms that regulate
FOXO3 and expression of UT2.

———— (n = 4 experiments; two-tailed, unpaired
lgG FOX03
$ (FOX03) t test). **.p <0.01.
’ See also Figure S3.
Albumin

Impact of UT2 on NOTCH-Associated T-ALL

To determine whether UT2 altered the function of hemato-
poietic cells, we chose to use a model of malignancy
because it was previously shown to be a striking phenotype
of mTORC2 deficiency. More than 50% of human T-ALL
cells depend on NOTCH mutations for their growth or
viability (Weng et al., 2004), and a previous study showed
that mTORC2 facilitates NOTCH-driven T-ALL develop-
ment, whereas Rictor depletion substantially prolongs
survival (Lee et al., 2012). Furthermore, in settings of Pten
deletion, T-ALL develops rapidly except when the mTORC2
component, Rictor, is deleted (Kalaitzidis et al., 2012; Magee
et al., 2012). To examine whether UT2 affects T-ALL, he-
matopoietic BM precursors were transduced with a consti-
tutively active form of NOTCH1 (intracellular NOTCH1
[ICN]) and transplanted into recipient mice (Chiang
etal., 2008; Lee et al., 2012; Piovan et al., 2013) (Figure 4A).
Mice transplanted with UT2 overexpressing ICN™ cells dis-
played significantly prolonged disease survival, whereas
the animals with knocked-down UT2 died significantly
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Figure 4. UT2 Extends the Disease Latency of T-ALL in Mice

(A) Expression profile of the indicated genes before BM transplantation (BMT) assays. Primary hematopoietic cells from C57BL/6
5-fluorouracil (5-FU)-injected donors with cells overexpressing or shRNA-depleted for UT2 were transduced with overexpressing
intracellular NOTCH1 (ICN), and then BMT assays were performed. Data are means + SEM (n = 3 experiments; two-tailed, unpaired t test).
*p < 0.05. **p < 0.01. “Control” represents ICN-transduced cells.

(B) Kaplan-Meier survival curves for recipient mice after transplantation of ICN1-transduced BM cells from cells overexpressing or shRNA-
depleted for UT2 as described in (A) (n = 10-11 biological replicated experiments, log rank test). **p < 0.01.

(C) Flow-cytometry analysis of various hematopoietic tissues from T-ALL recipient mice in (A) (n = 8-9 biological replicated experiments).
(D) Expression of phosphorylated AKT on S473 in spleen and thymus from recipient mice in (A). Animals were examined when they were
moribund. Data are means + SEM (n = 8-9 biological replicated experiments, two-tailed, unpaired t test). **p < 0.01.

(E) UT2 negatively regulates AKT signaling by modulating the activity of RICTOR/mTORC2.

See also Figure S4.
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more rapidly (Figure 4B). An examination of hematopoietic
tissues by flow cytometry revealed aberrant T cells in the
thymus, spleen, and BM consistent with leukemic disease,
although survival was prolonged in UT2-overexpressing
cells (Figure 4C). The changes in mortality correlated
with different levels of pAKT®*”? as anticipated from UT2
modulation (Figure 4D). Together, these results demon-
strate that UT2 is capable of affecting the outcome of
NOTCH-associated T-ALL in association with changes in
mTORC2 activity.

DISCUSSION

These data identify a transmembrane molecule that nega-
tively regulates AKT signaling via modulation of mTORC2
(Figure 4E). It joins the small number of mMTORC2 upstream
interactors, such as ribosome components (Zinzalla et al.,
2011).Its transmembrane, putative cell-surface localization
suggests that it may be a means by which exogenous cues
can dampen mTORC?2 activation. We identified this mole-
cule by virtue of its amplification in the context of a micro-
environmentally induced AML (Raaijmakers et al., 2010),
in line with AKT playing a tumor-suppressive role in a sub-
stantial proportion of patients with this disease and in
maintenance of leukemia stem cells in an animal model
(Sykes et al., 2011). However, we cannot draw a direct link
between UT2 amplification and aberrant signals from the
modified stroma in that model. Of note, UT2 had modest
effects on normal hematopoietic function (Figure S4). We
did observe that enforced UT2-expressing donor cells
contributed to lower levels of blood cells (Figure S4B), the
frequency of Lin SCA1*c-KIT* (L™S*K") cells (Figure S4C),
and colony formation as compared with control cells (Fig-
ure S4D). Moreover, hematopoietic cells from the BM of an-
imals with the altered microenvironment showed evidence
of decreased pAKT®*”3 (Figure S1I) consistent with a role for
UT2, but whether that was then selected for in the emer-
gence of the leukemia cannot be discerned by our studies
to date. In T-ALL, where mTORC2/AKT plays a clearer onco-
genic role, we were able to demonstrate that UT2 could be a
therapeutic target to modulate that disease. Collectively,
our work points to the value of models that can be used
to examine niche contributions to oncogenesis and reveals
a previously unrecognized transmembrane modulator of a
critical pathway with therapeutic implications for cancer.

EXPERIMENTAL PROCEDURES

Mice and Animal Procedures

All mice were kept in a specific pathogen-free facility at Massachu-
setts General Hospital. All mice studies and breeding were carried
out under the approval of Institutional Animal Care and Use Com-
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mittee of Massachusetts General Hospital. Foxo1/3/41°%*4:Mx1-Cre
(Paik et al., 2007; Sykes et al., 2011; Tothova et al., 2007) and
Rictor"**%;Mx1-Cre (Shiota et al., 2006) mice were generated previ-
ously. To examine T-ALL model in mice, hematopoietic BM precur-
sors were transduced with a constitutively active form of NOTCH
(ICN) and transplanted into recipient mice (Chiang et al., 2008;
Lee et al., 2012; Piovan et al., 2013). See the Supplemental Experi-
mental Procedures for further details.

Protein Analyses

Western blot analysis was carried out according to standard
methods as previously described (Sykes et al., 2011). For standard
IP experiments, all cells, with the exception of those used to isolate
mTORC, were lysed with Triton X-100-containing lysis buffer as
previously described (Peterson et al., 2009). For IPs of mTORC, cells
were lysed in mTORC lysis buffer (ice-cold CHAPS-containing lysis
buffer) as previously described (Guertin et al., 2006; Huang et al.,
2008; Kim et al., 2002; Peterson et al., 2009; Sarbassov et al.,
2004, 2005). The mTORC?2 in vitro kinase assay was performed
as described previously (Guertin et al., 2006; Huang et al., 2008;
Jacinto etal., 2006; Kim et al., 2002; Peterson et al., 2009; Sarbassov
etal., 2004, 2005). ChIP experiments were performed with the use
of a ChIP Assay Kit (Millipore) according to the manufacturer’s in-
structions (Lee et al., 2008). For serum and insulin stimulation ex-
periments, BM cells expressing UT2 or shRNA-mediated depletion
of UT2 BM cells were deprived of serum for 3 hr and then fetal
bovine serum or insulin was add back at 10% serum or 1 ug/mL in-
sulin concentration, respectively, for 30 min prior to lysis (Guertin
et al.,, 2006; Jacinto et al., 2006). See the Supplemental Experi-
mental Procedures for further details.

Real-Time Quantitative RT-PCR
Real-time quantitative RT-PCR was performed as previously
described (Lee et al., 2008, 2011).

Flow Cytometry and Antibodies

BM cells and leukocytes were harvested and subjected to red cell
lysis (Lee etal., 2011; Sykes et al., 2011). Phosphoflow experiments
were performed as previously described (Kalaitzidis et al., 2012;
Sykes et al., 2011). See the Supplemental Experimental Procedures
for further details.

Statistical Analysis

The sample size required for experiments was estimated based on
preliminary data. In vitro and in vivo data were analyzed with a
two-tailed, unpaired Student’s t test (GraphPad Prism; GraphPad
Software) and SigmaPlot 10.0 software (SPSS). Values of p < 0.05
were considered statistically significant (*p < 0.05; **p < 0.01).
The Kaplan-Meier log rank test was used to analyze mouse survival
data using GraphPad Prism. No blinding or randomization was
performed for any of the experiments.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures and four figures and can be found with this article
online at http://dx.doi.org/10.1016/j.stemcr.2014.08.011.
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1, related to Figure 1. Characterization and Expression profile of UT2 in
primary hematopoietic stem and progenitor cells (HSPCs).

(A) gRT-PCR analysis for Ut2 mRNA from primary hematopoietic stem and progenitor
cells. Data are means * s.e.m. (n = 3 experiments; two-tailed, unpaired t-test). **p < 0.01.
(B) gRT-PCR analysis for Ut2 mRNA from adult tissues (n = 3 experiments; two-tailed,
unpaired t-test).

(C) Western blot analysis for UT2 protein from adult tissues. The shRNA lanes indicate the
specificity of the antibody.

(D) Primary hematopoietic cells from depletion of UT2 were analyzed by western blotting
using the indicated antibodies (top panels) and RT-PCR (bottom panels).

(E) Restoration of depletion of UT2 primary hematopoietic cells with UT2 expression
vector.

(F) Flow cytometry was performed on sorted overexpressing or ShRNA-depleted for UT2

GFP' cells from over-expression and depletion of UT2 primary hematopoietic cells, and
these were then processed for flow cytometry (n = 2-3 experiments).

(G) Western blot from hematopoietic (BM) cells overexpressing (left panels) and depleted
(right panels) of UT2 were analyzed by an infrared western-blotting method (Odyssey
system) using the indicated antibodies. Beta-ACTIN (B-ACTIN) was used as a loading
control.

(H) Graph shows the fold change of the indicated normalized protein ratios by infrared
method (Odyssey system) (n = 4 experiments). Data are means £ s.e.m. **p < 0.01.

(1) Osx-GFP-Cre;Dicerl KO mice showed decreased pAKT®*® expression in vivo. Stromal
cells from control and Dicerl KO mice were isolated, and analyzed by western blotting
using the indicated antibodies (n = 3 mice pool per each genotype).

Figure S2, related to Figure 2. Interaction between UT2 and mTORC2/RICTOR.

(A) Wild-type and Rictor KO primary hematopoietic cells immunostained for UT2 (green)
and RICTOR (red). Scale bars, 10 ym.

(B) Immunoblot analyses for the presence of the indicated components of the mTORC2 in
immunoprecipitates prepared from primary hematopoietic cell lysates with antibodies
against UT2, RICTOR, RAPTOR, mTOR, or mLST8.

(C) Wild-type and Rictor KO BM cells expressing shRNA constructs against control or UT2
were starved for 3 hr, and then restimulated with insulin (1 yg/mL) or serum (10 % serum),
respectively, for 30 min prior to lysis, and analyzed by western blotting (n = 6 mice pool per
each genotype).

Figure S3, related to Figure 3. FOXO3 binds to this conserved site within the Ut2
promoter in vivo.

(A) Schematic representation of mouse Ut2 promoter region, and FOXO3 binding site
predicted by rVISTA 2.0 (http://rvista.dcode.org/).

(B) ChIP analysis for Flag-FOXO3 or mock expressing NIH3T3 cells that used the
indicated antibodies, respectively. Data are means + s.e.m. (n = 3 experiments; two-tailed,
unpaired t-test). **p < 0.01.

(C) UT2 regulates Rictor expression in primary hematopoietic cells. gRT-PCR for Rictor
expression from overexpressing or shRNA-depleted for UT2 primary hematopoietic cells.



http://rvista.dcode.org/

Data are expressed as mean £ s.e.m. (n = 3 experiments; two-tailed, unpaired t-test). *p <
0.05. **p < 0.01.

Figure S4, related to Figure 4. Role of UT2 in primary hematopoietic cells.

(A) Experimental scheme for competitive BMT experiments.

(B) The normalized fold changes (% of donor GFP* cells) from recipients were determined
by fluorescence-activated cell sorting (FACS) at the indicated times. Data are expressed
as mean = s.e.m. (n = 6-9 biological replicated experiments, two-tailed, unpaired t-test). *p
< 0.05. *p < 0.01.

(C) The normalized GFP* hematopoietic stem and progenitor (Lin'c-KIT'SCAL")
populations were determined by FACS at 20 weeks post-transplantation. Data are means
+ s.e.m. (n = 6-7 biological replicated experiments, two-tailed, unpaired t-test). *p < 0.05.
(D) GFP" cells were sorted from primary hematopoietic cells of recipients, and were plated
in cytokine-supplemented methylcellulose medium. Data are means + s.e.m. (n = 6-7
biological replicated experiments, two-tailed, unpaired t-test). *p < 0.05. **p < 0.01.

SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Mice and Animal Procedures

All mice were kept in a specific pathogen-free facility at Massachusetts General Hospital.
All mice studies and breeding were carried out under the approval of Institutional Animal
Care and Use Committee of Massachusetts General Hospital. Foxo1/3/4"*¢%:Mx1-Cre
(Paik et al., 2007; Sykes et al., 2011; Tothova et al., 2007) and Rictor"**:Mx1-Cre (Shiota
et al., 2006) mice were generated previously. To examine T-ALL model in mice,
hematopoietic bone marrow precursors were transduced with a constitutively active form
of NOTCHL1 (ICN) and transplanted into recipient mice (Chiang et al., 2008; Lee et al.,
2012; Piovan et al., 2013). For competitive bone marrow transplantation (BMT) assay,
wild-type mice (CD45.2) were administered 150 mg/kg 5-flurouracil (5-FU) (Kalaitzidis et
al., 2012; Lee et al., 2011; Sykes et al., 2011). Recovered bone-marrow (BM) cells was
stimulated overnight in RPMI/10% FBS with murine IL-3, IL-6, and stem cell factor. BM
cells were then transduced twice with UT2-expressing retroviruses or lentiviruses
expressing shRNA against mouse UT2, respectively, and transplanted into lethally
irradiated recipient mice (CD45.1) with competitive BM cells (CD45.1). Beginning four
weeks after transplantation and continuing for 16 weeks, blood from the tail veins of
recipient mice, was subjected to ammonium-chloride potassium (ACK) red cell lysis and
guantities donor cell engraftment.

Materials

The Ut2 cDNA was cloned into the retrovirus and lentivirus expression vector. FLAG
expression vectors for UT2 full length and AC mutant were generated by restriction
enzyme digestion with BamHI-Xhol and PCR-based mutagenesis. The MIG-myr-Foxo3
WT, AAA mutant, and Akt construct were kindly provided by Dr. S. Sykes. And MIG-
Notchl (ICN) was kindly provided by Dr. D. Kalaitzidis. FLAG-Foxo3 construct was a kind
gift of Dr. DS Lim (Department of Biological Sciences, Korea Advanced Institute of Science
and Technology (KAIST), Daejeon, Korea). Myc-Rictor vector was purchased from
Addgene. The pLKO-shUT?2 lentiviral vectors were purchased from Open Biosystems. For
pLKO-GFP-shUT2, the GFP marker was replaced by a puromycin resistance cassette
subcloned into the BamHI and Kpnl sites of pLKO. For luciferase reporter constructs,



PCR-amplified murine Ut2 promoter fragment from 129/Sv mouse tail genomic DNA was
inserted into the Xhol and Hindlll sites of pGL3-Basic (Promega). Antibodies to AKT,
PAKTS*”® pAKT™% PTEN, FOXO3, pFOX03%%2 pFOX03™%/pFOX01"™* pFOX03%%8321
mTOR, pmTOR®**® RICTOR, pRICTOR™!¥, S6, pS652°2%¢ AEBP1, pAEBP1™"®,
PRAS40, pPRAS40™*°, RAPTOR, mLST8, ERK1/2, PDK1, PP2A, PI3K p85, MYC and B-
ACTIN were from Cell Signaling Technology. Antibodies to UT2 (C140RF37), RICTOR,
PKCa, and pPKCa®®’, pERK1/272°%2%* \yere from Santa Cruz Biotechnology, and RICTOR,
UT2 (C140RF37) were from Abcam, and FLAG M2 antibody was from Sigma.

Cell culture, Virus production, Transfection, and Stimulation

The retrovirus and lentivirus expression constructs were transfected using Fugene 6
(Promega) into 293FT or 293TL cells, respectively. Media containing the recombinant
retrovirus was collected for transduction at 48 hours post transfection, filtered through a
0.45 pm filter, and concentrated with PEG-it Virus Concentration Solution (System
Biosciences) overnight at 4 °C (Sun et al., 2009). Viruses were precipitated next day and
resuspended with PBS. For luciferase reporter assay, HEK293T cells (3 x 10°/well of a 6-
well plate) were transfected with 1 ug Foxo3 expression plasmid, 200 ng pGL3-Ut2
promoter constructs, and 25 ng pRL-CMV by employing polyethylenimine (Polysciences).
Forty-eight hours later, cells were harvested, and luciferase activity was measured using
the Dual-Luciferase reporter assay system (Promega) according to the manufacturer’'s
instructions. Firefly luciferase values were divided by RENILLA luciferase values to
calculate transfection efficiency. Primers used for the construct of the Ut2 promoter were
were as follow: Foxo3_Ut2-F, 5'- AAT TCT CGA GAG TCA AAG AGT AGC TGT TCATGA
A and Foxo3_Ut2-R, 5'- AAT TAA GCT TCT AAA AGC AAA ATG AGA GAG AGG A. Cell
proliferation of GFP* BM cells expressing UT2 or shRNA-mediated depletion of UT2 cells
were followed by cell counting of samples in triplicate using a cellometer (Nexcelom
Bioscience). For serum and insulin stimulation experiments, BM cells expressing UT2 or
shRNA-mediated depletion of UT2 BM cells were deprived of serum for 3 hr, then FBS or
insulin was add back at 10% serum or 1ug/mL insulin concentration, respectively, for 30
min prior to lysis (Guertin et al., 2006; Jacinto et al., 2006).

Protein Analyses

For immunoblotting, cells were lysed in RIPA buffer (Cell Signaling Technology)
supplemented with Halt protease and phosphatase inhibitor cocktails (Thermo Scientific).
Western blot analysis was carried out according to standard methods (Sykes et al., 2011).
Equal amounts of total protein from lysates were subjected to SDS-PAGE, transferred to
PVDF membrane (invitrogen), and membranes were probed by overnight incubation with
appropriate primary antibodies. Bound antibodies were visualized with HRP-conjugated
secondary antibodies and ECL detection reagent (GE Healthcare) and quantification of
protein bands (Multigauge V3.0, Fuijifilm). And Data were imaged and quantitated with the
Odyssey Infrared Imaging System (LI-COR Biosciences). For standard
immunoprecipitation experiments, all cells, with the exception of those used to isolate
MTORC were lysed with Triton X-100 containing lysis buffer (Peterson et al., 2009) and all
protein extracts were pre-cleared with Protein-A/G agarose (Santa Cruz Biotechnology)
and incubated with Protein A/G agarose bound with antibodies at 4 °C.
Immunoprecipitates were washed four times with lysis buffer and boiled for 10 minutes in
1X LDS sample buffer (Invitrogen). For immunoprecipitations of mTORC, cells were lysed
in mTORC lysis buffer (ice-cold CHAPS-containing lysis buffer) (Guertin et al., 2006;



Huang et al., 2008; Kim et al., 2002; Peterson et al., 2009; Sarbassov et al., 2004;
Sarbassov et al., 2005). Immunoprecipitates were washed washed four times with mTORC
lysis buffer. Samples were resolved by SDS-PAGE and proteins transferred to PVDF and
visualized by immunoblotting as described above. mMTORC2 in vitro kinase assay was
performed as described previously (Guertin et al., 2006; Huang et al., 2008; Jacinto et al.,
2006; Kim et al., 2002; Peterson et al., 2009; Sarbassov et al., 2004; Sarbassov et al.,
2005). For Chromatin Immunoprecipitation (ChlP) experiments, we performed using a
Chromatin Immunoprecipitation (ChlP) Assay Kit (Millipore) in accordance with the
manufacturer’s instructions (Lee et al., 2008). The immunoprecipitated DNA fragments
were recovered and subjected to gPCR using the primers. Primer sequences were as
follow: Foxo3_ChlIP-F, 5'- ACA CGA AGC AAT GTT TTG TTT TA and Foxo3_ChIP-R, 5'-
AAG GAA GTC TCC CCT TCA CC; Albumin_ChlIP-F, 5- CTC CAG ATG GCA AAC ATA
CG and Albumin_ChlIP-R, 5- TCT GTG TGC AGA AAG ACT CG.

Quantitative (real-time) reverse-transcriptase PCR (qRT-PCR)

Reverse transcription and quantitative PCR were performed as previously described (Lee
et al., 2011; Lee et al., 2008). Briefly, one microgram of total RNA was extracted from BM
cells using RNeasy Plus Mini Kit (Qiagen). cDNA was made with iScript cONA Synthesis
Kit (Invitrogen). Quantitative RT-PCR was performed with SYBR Green Mix (Applied
Biosystem) and a StepOne Real-Time PCR System instrument (Applied Biosystem), and
data were normalized by the abundance of Gapdh mRNA. The normalized Ct values were
measured by using the 2V calculation method. The sequences of specific primers are
available upon request.

Immunofluorescence assay

Immunofluorescence assays were performed as previously described (Sykes et al., 2011).
BM cells from wild-type and Rictor-deficient animals were placed on coated slides via
cytospin (4 min at 450 rpm), and fixed with 1% paraformaldehyde for 10 minutes. After
washing, cells were permeabilized with methanol and blocked with 5 % BSA. Slides were
stained with anti-RICTOR (Abcam) and anti-UT2 antibodies at 4 °C overnight. After
washing, slides were incubated with secondary antibodies conjugated with AlexaFluor 488
or 594 (Invitrogen), respectively, together with DAPI.

Flow Cytometry and Antibodies

BM cells and leukocytes were harvested and subjected to red cell lysis (Lee et al., 2011,
Sykes et al., 2011). For phosphoflow experiments, we performed as previously described
(Kalaitzidis et al., 2012; Sykes et al., 2011). Briefly, Sorted GFP* cells were fixed with 1.6%
paraformaldehyde (PFA) and permeablized with ice-cold 95% methanol. Stained cells
were analyzed with an LSRIlI and FACSCalibur flow cytometer. Cell sorting was performed
with a FACSAriall instrument (Becton Dickinson). Data acquisition and analysis were
performed with Cell Quest Pro or Diva software (BD Biosciences) and with FlowJo
software (Tree Star), respectively.

Colony Formation Assays

For assessing hematopoietic progenitor cell activity, sorted GFP* BM cells were counted
and plated in methylcellulose medium (M3434, STEMCELL Technologies). The colony
number is counted 7 days after plating.



Statistical Analysis

Sample size required for the experiments was estimated based upon results of preliminary
data. In vitro and in vivo data were analyzed with a two-tailed, unpaired Student’s T Test
(GraphPad Prism (GraphPad Software Inc.) and SigmaPlot 10.0 software (SPSS Inc.)).
Values of p < 0.05 were considered statistically significant (*p < 0.05; **p < 0.01). The
Kaplan-Meier log-rank test was used to analyze mouse survival data using GraphPad
Prism (GraphPad Software Inc.). No blinding or randomization was performed for any of
the experiments.



SUPPLEMENTAL REFERENCES

Chiang, M.Y., Xu, L., Shestova, O., Histen, G., L'Heureux, S., Romany, C., Childs, M.E.,
Gimotty, P.A., Aster, J.C., and Pear, W.S. (2008). Leukemia-associated NOTCH1
alleles are weak tumor initiators but accelerate K-ras-initiated leukemia. J Clin Invest
118, 3181-3194.

Guertin, D.A., Stevens, D.M., Thoreen, C.C., Burds, A.A., Kalaany, N.Y., Moffat, J., Brown,
M., Fitzgerald, K.J., and Sabatini, D.M. (2006). Ablation in Mice of the mTORC
Components raptor, rictor, or mLST8 Reveals that mMTORC2 Is Required for Signaling
to Akt-FOXO and PKCa, but Not S6K1. Dev Cell 11, 859-871.

Huang, J., Dibble, C.C., Matsuzaki, M., and Manning, B.D. (2008). The TSC1-TSC2
complex is required for proper activation of mMTOR complex 2. Mol Cell Biol 28, 4104-
4115.

Jacinto, E., Facchinetti, V., Liu, D., Soto, N., Wei, S., Jung, S.Y., Huang, Q., Qin, J., and
Su, B. (2006). SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt
phosphorylation and substrate specificity. Cell 127, 125-137.

Kalaitzidis, D., Sykes, S.M., Wang, Z., Punt, N., Tang, Y., Ragu, C., Sinha, A.U., Lane,
S.W., Souza, A.L., Clish, C.B., et al. (2012). mTOR complex 1 plays critical roles in
hematopoiesis and Pten-loss-evoked leukemogenesis. Cell Stem Cell 11, 429-439.

Kim, D.H., Sarbassov, D.D., Ali, S.M., King, J.E., Latek, R.R., Erdjument-Bromage, H.,
Tempst, P., and Sabatini, D.M. (2002). mTOR interacts with raptor to form a nutrient-
sensitive complex that signals to the cell growth machinery. Cell 110, 163-175.

Lee, D., Kim, T., and Lim, D.S. (2011). The Er71 is an important regulator of hematopoietic
stem cells in adult mice. Stem Cells 29, 539-548.

Lee, D., Park, C., Lee, H., Lugus, J.J., Kim, S.H., Arentson, E., Chung, Y.S., Gomez, G.,
Kyba, M., Lin, S., et al. (2008). ER71 acts downstream of BMP, Notch, and Wnt
signaling in blood and vessel progenitor specification. Cell Stem Cell 2, 497-507.

Lee, K., Nam, K., Cho, S., Gudapati, P., Hwang, Y., Park, D., Potter, R., Chen, J.,
Volanakis, E., and Boothby, M. (2012). Vital roles of mMTOR complex 2 in Notch-driven
thymocyte differentiation and leukemia. J Exp Med 209, 713-728.

Paik, J.H., Kollipara, R., Chu, G., Ji, H., Xiao, Y., Ding, Z., Miao, L., Tothova, Z., Horner,
J.W., Carrasco, D.R., et al. (2007). FoxOs are lineage-restricted redundant tumor
suppressors and regulate endothelial cell homeostasis. Cell 128, 309-323.

Peterson, T.R., Laplante, M., Thoreen, C.C., Sancak, Y., Kang, S.A., Kuehl, W.M., Gray,
N.S., and Sabatini, D.M. (2009). DEPTOR is an mTOR inhibitor frequently
overexpressed in multiple myeloma cells and required for their survival. Cell 137, 873-
886.

Piovan, E., Yu, J., Tosello, V., Herranz, D., Ambesi-Impiombato, A., Da Silva, A.C.,
Sanchez-Martin, M., Perez-Garcia, A., Rigo, I., Castillo, M., et al. (2013). Direct
reversal of glucocorticoid resistance by AKT inhibition in acute lymphoblastic leukemia.
Cancer Cell 24, 766-776.

Sarbassov, D.D., Ali, S.M., Kim, D., Guertin, D.A., Latek, R.R., Erdjument-Bromage, H.,
Tempst, P., and Sabatini, D.M. (2004). Rictor, a novel binding partner of mTOR,
defines a rapamycin-insensitive and raptor-independent pathway that regulates the
cytoskeleton. Curr Biol 14, 1296-1302.

Sarbassov, D.D., Guertin, D.A., Ali, S.M., and Sabatini, D.M. (2005). Phosphorylation and
regulation of Akt/PKB by the rictor-mTOR complex. Science 307, 1098-1101.



Shiota, C., Woo, J.T., Lindner, J., Shelton, K.D., and Magnuson, M.A. (2006). Multiallelic
disruption of the rictor gene in mice reveals that mMTOR complex 2 is essential for fetal
growth and viability. Dev Cell 11, 583-589.

Sun, N., Panetta, N.J., Gupta, D.M., Wilson, K.D., Lee, A,, Jia, F., Hu, S., Cherry, AM.,
Robbins, R.C., Longaker, M.T., et al. (2009). Feeder-free derivation of induced
pluripotent stem cells from adult human adipose stem cells. Proc Natl Acad SciU S A
106, 15720-15725.

Sykes, S.M., Lane, S.W., Bullinger, L., Kalaitzidis, D., Yusuf, R., Saez, B., Ferraro, F.,
Mercier, F., Singh, H., Brumme, K.M., et al. (2011). AKT/FOXO signaling enforces
reversible differentiation blockade in myeloid leukemias. Cell 146, 697-708.

Tothova, Z., Kollipara, R., Huntly, B.J., Lee, B.H., Castrillon, D.H., Cullen, D.E., McDowell,
E.P., Lazo-Kallanian, S., Williams, I.R., Sears, C., et al. (2007). FoxOs are critical
mediators of hematopoietic stem cell resistance to physiologic oxidative stress. Cell
128, 325-339.



	Transmembrane Inhibitor of RICTOR/mTORC2 in Hematopoietic Progenitors
	Introduction
	Results
	Impact of UT2 on the mTORC2/AKT/FOXO Axis
	UT2 Negatively Regulates AKT Signaling via Interaction with mTORC2
	FOXO3 Directly Regulates Ut2 Expression In Vivo
	Impact of UT2 on NOTCH-Associated T-ALL

	Discussion
	Experimental Procedures
	Mice and Animal Procedures
	Protein Analyses
	Real-Time Quantitative RT-PCR
	Flow Cytometry and Antibodies
	Statistical Analysis

	Supplemental Information
	Author Contribution 

	Acknowledgments
	References




