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ABSTRACT

Mammalian target of rapamycin complex 2 (mTORC2)
is a key downstream mediator of phosphoinositol-3-
kinase (PI3K) dependent growth factor signaling. In
lymphocytes, mTORC2 has emerged as an important
regulator of cell development, homeostasis and immune
responses. However, our current understanding of
mTORC2 functions and the molecular mechanisms
regulating mTORC2 signaling in B and T cells are
still largely incomplete. Recent studies have begun
to shed light on this important pathway. We have
previously reported that mTORC2 mediates growth
factor dependent phosphorylation of Akt and facilitates
Akt dependent phosphorylation and inactivation of
transcription factors FoxO1 and FoxO3a. We have
recently explored the functions of mTORC2 in B cells
and show that mTORC2 plays a key role in regulating
survival and immunoglobulin (Ig) gene recombination
of bone marrow B cells through an Akt2-FoxO1 depen-
dent mechanism. Ig recombination is suppressed in
proliferating B cells to ensure that DNA double strand
breaks are not generated in actively dividing cells.
Our results raise the possibility that genetic or pharma-
cologic inhibition of mTORC2 may promote B cell
tumor development as a result of inefficient suppression
of Ig recombination in dividing B cells. We also propose
a novel strategy to treat cancers based on our
recent discovery that mTORC2 regulates Akt protein
stability.
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MAMMALIAN TORC2 REGULATES Akt ACTIVITY

AND STABILITY

Mammalian target of rapamycin (TOR) is a member of the
phosphoinositide 3-kinase (PI3K)-related kinases (PIKK)
subfamily of atypical protein kinases which regulates cellular
growth, proliferation and survival in response to nutrients,
energy and growth factor signals (Manning et al., 2002;
Wullschleger et al., 2006). Mammalian TOR is incorporated
into two functionally distinct multi-protein complexes called
mammalian TOR complex 1 (mTORC1) and mTORC2
(Wullschleger et al., 2006; Guertin and Sabatini, 2009).
Nutrients, energy and growth factor signals activate
mTORC1, which in turn phosphorylates ribosomal protein
S6 kinase (S6K) and translation initiation factor 4E-binding
protein 1 (4E-BP1) to promote cellular protein synthesis and
ribosome biogenesis (Harris and Lawrence, 2003; Gingras et
al., 2004; Wullschleger et al., 2006; Guertin and Sabatini,
2009). The bacterially derived drug rapamycin acutely inhibits
mTORC1 and is a potent immunosuppressant (Wullschleger
et al., 2006; Guertin and Sabatini, 2009).

Mammalian TORC2 is resistant to acute inhibition by
rapamycin. Interestingly, mTORC2 function may be blocked
in cells that are chronically exposed to rapamycin, but the
mechanism through which this inhibition of mTORC2 function
occurs is currently unclear (Sarbassov et al., 2006; Zeng
et al., 2007; Facchinetti et al., 2008). Mammalian TORC2 is
composed of mTOR, Rictor, mitogen-activated protein kinase
associated protein 1 (Mapkap1/Sin1), mLST8, Protein
observed with Rictor (Protor/PRR5) and DEP domain con-
taining mTOR interacting protein (DEPTOR). Genetic deletion
of Rictor, Sin1 or mLST8 in mammalian cells results in the
disruption of the mTORC2 complex and loss of mTORC2
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function (Frias et al., 2006; Guertin et al., 2006; Jacinto et al.,
2006). In yeast and mammalian cells, mTORC2 has been
shown to regulate actin polymerization and cytoskeleton
function (Wullschleger et al., 2006; Guertin and Sabatini,
2009). Recent studies have revealed that mTORC2 regulates
the activity and stability of the AGC family kinases Akt and
conventional (c)PKC in both a PI3K-dependent and PI3K-
independent manner (Sarbassov et al., 2005; Frias et al.,
2006; Jacinto et al., 2006; Hietakangas and Cohen, 2007;
Facchinetti et al., 2008; Ikenoue et al., 2008).

Akt is a typical example of an AGC family kinase regulated
by mTORC2. Akt is activated in response to PI3K signaling by
PDK1 dependent phosphorylation at the T-loop (Thr308 of
Akt1) and mTORC2 dependent phosphorylation at the
hydrophobic motif (HM) (Ser473 of Akt1). Phosphorylation
at both the T-loop and HM fully activates Akt; however
analysis of mTORC2 deficient Rictor and Sin1 knockout cells
revealed that T-loop phosphorylation may still occur normally
in the absence of HM site phosphorylation (Guertin et al.,
2006; Jacinto et al., 2006). Furthermore, Akt which lacks HM
phosphorylation retains the ability to phosphorylate sub-
strates such as GSK3 and TSC2, indicating that disruption of
mTORC2 does not completely block Akt signaling (Jacinto et
al., 2006). Interestingly, Akt HM phosphorylation is required
for Akt dependent phosphorylation of the Forkhead transcrip-
tion factors FoxO1 and FoxO3a (Jacinto et al., 2006). These
findings led us to propose that HM phosphorylation regulates
Akt substrate specificity. Currently, it is unclear how disruption
of mTORC2 selectively impairs the phosphorylation of some
but not all Akt substrates.

Phosphorylation of the HM site also regulates Akt protein
stability in a growth factor dependent manner. We have
recently shown that the degradation rate of Akt lacking HM
phosphorylation is substantially lower than that of HM
phosphorylated Akt (Wu et al., 2011). Akt HM phosphorylation
promotes K48 polyubiquination of Akt and subsequent
proteasomal degradation of the protein. Interestingly, Akt
shows increased T-loop phosphorylation in mTORC2 defi-
cient cells, suggesting that blocking HM phosphorylation
impairs activation induced Akt degradation and results in the
accumulation of activated Akt. Therefore, the phospho-HM
directed Akt degradation may play an important role in limiting
Akt signaling to prevent over activation of Akt and potential
tumor development.

Mammalian TORC2 also regulates the stability of Akt and
cPKC proteins in a growth factor independent manner.
Studies in Sin1 and Rictor knockout cells revealed that
phosphorylation of the highly conserved turn motif (TM) of Akt
(Thr450 on Akt1) and cPKC is dependent on mTORC2
(Facchinetti et al., 2008; Ikenoue et al., 2008). Akt and cPKC
TM phosphorylation is constitutive and occurs independently
of growth factor or nutrient status. Phosphorylation of the TM
site serves to promote proper folding of newly synthesized Akt
or cPKC. In mTORC2 deficient cells, proper folding of Akt is

rescued by association with the chaperone protein Hsp90
(Facchinetti et al., 2008). Mammalian TORC2 associates with
actively translating ribosomes and phosphorylates the TM
site of the nascent Akt polypeptide during translation (Oh et
al., 2010). Consequently, Sin1 or Rictor knockout cells exhibit
modestly reduced Akt and cPKC expression levels. However,
inhibition of Hsp90 results in more rapid and almost complete
abolishment of Akt and cPKC expression in mTORC2
deficient cells. In summary, mTORC2 regulates the folding
of newly synthesized Akt and cPKC in a growth factor
independent manner and the signaling and degradation of Akt
in a growth factor independent manner.

MAMMALIAN TORC2 REGULATES B

LYMPHOCYTE DEVELOPMENT

B cell development is a well defined process whose principle
purpose is to facilitate the successful recombination and
expression of a unique, non-autoreactive monoclonal antigen
receptor on each mature B cell. Each B cell antigen receptor
(BCR) is composed of two immunoglobulin heavy chain (IgH)
polypeptides plus two Ig light chain (IgL) polypeptides which
are generated by somatic recombination of the Ig genes. First,
IgH gene recombination occurs in progenitor B (pro-B) cells
and, if successful, leads to the expression of the pre-BCR on
the cell surface. Expression of the pre-BCR signals to the
developing B cell that a functional IgH has been produced and
permits differentiation into precursor B (pre-B) cells and
subsequent IgL gene recombination (Llorian et al., 2007;
Herzog et al., 2009). If a pre-B cell successfully rearranges an
IgL allele then the expressed IgL polypeptide pairs with IgH
and produces a functional BCR. Immature BCR+ (IgM+) B cells
then undergo selection to prevent cells expressing auto-
reactive antigen receptors from entering into the mature
peripheral B cell pool. A cartoon illustrating the major stages
of B cell development is shown in Fig. 1.

We investigated the function of mTORC2 in B cells by
generating Sin1−/− fetal liver hematopoietic stem cell (HSC)
chimeric mice. Sin1−/− HSCs are capable of reconstituting the
hematopoietic system of lethally irradiated wild type host mice
and restoring bone marrow B cell development. However, we
found that Sin1 deficient progenitor B cells gave rise to fewer
IgM+ immature B cells than wild type controls. We investigated
this partial block in bone marrow B cell development and
found that Sin1−/− pro-B cells exhibited significantly higher
expression of the interleukin 7 (IL-7) receptor than wild type
pro-B cells. Mouse pro-B cells depend on IL-7 produced by
the bone marrow stromal environment to maintain cell
survival and suppress IgL gene recombination (Malin et al.,
2010). Consistently, we found that Sin1−/− pro-B exhibited
increased IL-7 dependent cell survival when compared to wild
type cells and that Sin1−/− pro-B exhibited a delay in the
development of IgM+ cells compared to wild type cells when
cultured with a low concentration of IL-7. These data indicate
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that the Sin1/mTORC2 dependent signaling facilitates the
down regulation of IL-7 receptor thereby promoting the
generation of IgM+ immature B cells.

PI3K signaling plays a key role in maintaining peripheral B
cell homeostasis. The survival of mature B cells is maintained
by tonic signaling from the BCR plus signaling via the receptor
of the tumor necrosis factor-like ligand BLyS (B-lymphocyte
stimulator) (Kraus et al., 2004; Stadanlick et al., 2008;
Srinivasan et al., 2009; Mackay et al., 2010). PI3K mediates
the BCR and BLyS receptor generated signals to activate Akt
(Patke et al., 2006; Baracho et al., 2011). Deficiencies in PI3K
or Akt result in impaired B cell development and compromised
B cell immune responses (Okkenhaug et al., 2002; Calamito
et al., 2010; Ramadani et al., 2010). In addition, FoxO1 has
emerged as a key target of PI3K-Akt signaling that regulates
B cell development, Ig gene recombination, Ig class switching
and somatic hyper-mutation (Amin and Schlissel, 2008;
Dengler et al., 2008; Herzog et al., 2008; Chen et al., 2010).
Since Akt is downstream of mTORC2, it is reasonable to
assume that some of the developmental and immunologic
defects observed in Akt1−/−Akt2−/− B cells will also be
observed in mTORC2 deficient B cells (Calamito et al.,
2010). Therefore, mTORC2 may regulate mature B cell
survival, BCR dependent B cell proliferation and play a role in
development of marginal zone and B-1 cells which are major

contributors to T-cell independent B cell immunity against
bacterial capsular and cell-wall polysaccharides.

MAMMALIAN TORC2 REGULATES RAG

EXPRESSION AND V(D)J RECOMBINATION IN B

CELLS

B cell development is completely dependent on the rearran-
gement of immunoglobulin genes by V(D)J recombination. In
each developing B-cell, functional Ig genes are produced by
the joining together of variable (V), diversity (D) and joining (J)
gene segments. V(D)J recombination is a highly regulated
process that occurs only in developing lymphoid cells in a
lineage specific (B cells rearrange Ig genes; Tcells rearrange
TCR genes), stage specific (IgH genes recombine first
followed by IgL gene recombination in B cells), and ordered
(IgH D-J recombination occurs first followed by V-DJ
recombination) manner (Schlissel and Stanhope-Baker,
1997; Schlissel, 2003; Chowdhury and Sen, 2004; Goldmit
and Bergman, 2004). Each V, D and J gene segment is
flanked by a conserved recombination signal sequence
(RSS) that is recognized by the V(D)J recombinase, encoded
by the recombinase activating genes rag1 and rag2. RAG1
and RAG2 bind to two RSSs and introduce double strand
DNA breaks that facilitate recombination of the gene

Figure 1. The role of mTORC2 in B cell development in the bonemarrow. Progenitor B (pro-B) cells that differentiate from bone

marrow common lymphoid progenitors are dependent on IL-7 for growth and cell viability. Pro-B cells that produce a functional IgH
allele by somatic recombination will express a surface pre-BCR and differentiate into large precursor B (pre-B) cells. Mammalian
TORC2 mediates pre-BCR signals to suppress RAG expression which inhibits further IgH gene recombination and suppresses IL-7
receptor expression to limit the IL-7 dependent growth, proliferation, and survival of pre-B cells. Down regulation of the pre-BCR

expression facilitates the transition to the small pre-B cell stage and the initiation of IgL recombination. Production of a functional IgL
allele results in expression of the BCR on immature B cells. Immature B cells that express a self reactive BCRmay attempt additional
IgL rearrangements to produce a new, potentially non-self reactive BCR. Expression of a non-self reactive BCR inhibits IgL

recombination through a mechanism which is, in part, mediated by mTORC2 dependent suppression of RAG expression. Surface
BCR expression is required for further B cell maturation and survival in the spleen.
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sequences adjacent to the RSSs (Jung and Alt, 2004).
RAG expression is highly regulated during B cell develop-

ment to ensure that the V(D)J recombinase activity is limited
only to non-dividing cells that are actively undergoing Ig gene
rearrangement. Once a functional Ig gene is produced, RAG
expression is down-regulated to prevent further V(D)J
recombination from occurring, ensuring that each B cell only
expresses a monoclonal Ig receptor. RAG expression is
inhibited by signals initiated by expression of the pre-BCR
(IgH + surrogate light chain) or BCR (IgH + IgL). PI3K and Akt
are key downstream mediators of pre-BCR and BCR
signaling that negatively regulate RAG expression (Llorian
et al., 2007; Verkoczy et al., 2007; Amin and Schlissel, 2008).
In B cells it was recently shown that Akt inhibits RAG
expression by suppressing the transcriptional activity of
FoxO1, which is a direct regulator of rag gene transcription
(Amin and Schlissel, 2008; Dengler et al., 2008; Herzog et al.,
2008, 2009).

Disruption of Sin1 in B cells results in an abnormal
elevation of RAG expression in developing bone marrow B
cells and peripheral splenic B cells (Lazorchak et al., 2010).
Since mTORC2 mediates growth factor dependent Akt HM
phosphorylation, we hypothesized that Akt was the principle
mediator through which mTORC2 regulates RAG expression.
Indeed, deletion of Akt2 but not Akt1 in progenitor B cells
resulted in a similar increase in RAG expression as seen in
Sin1 deficient B cells (Lazorchak et al., 2010). Furthermore,
loss of either Akt2 or Sin1 severely impaired FoxO1 Thr24
phosphorylation resulting in an increase in total FoxO1
protein levels in progenitor B cells. Finally, ectopic expression
of human (h) Akt bearing an HM phosphomimetic S473D
mutation suppressed RAG expression in Sin1−/− B cells while
expression of hAkt with an HM null S473A mutation had no
effect on RAG expression in these cells (Lazorchak et al.,
2010). These data strongly support a model where mTORC2
regulates RAG expression in B cells through an Akt2-FoxO1
dependent mechanism.

Since we observed increased rag1 and rag2 expression in
developing Sin1−/− B cells, we hypothesized that RAG
recombinase activity would be increased in these cells as
well. Indeed, we found that Sin1−/− B cells exhibited a
significantly higher rate of RAG dependent recombination of a
retrovirus containing an artificial V(D)J recombination sub-
strate. Furthermore, we observed that immature IgM+ Sin1
deficient B cells show evidence of increased IgL receptor
editing, implying that mTORC2 dependent signaling influ-
ences immunoglobulin gene V(D)J recombination as well.
Our data indicate that mTORC2 mediates pre-BCR signaling
to facilitate B cell differentiation and suppresses RAG
expression when a functional pre-BCR or BCR is expressed.
Based on our findings and those from other laboratories, we
propose a model that depicts the growth factor independent
and growth factor dependent functions of mTORC2 in pre-B
cells as shown in Fig. 2.

COULD mTOR INHIBITION PROMOTE B CELL

TUMOR FORMATION?

An important observation that emerged from our investigation
of Sin1−/− B cells was that mTORC2 inhibition permits actively
dividing B cells to express high levels of the RAG
recombinase. Rag gene transcription is strongly suppressed
in proliferating B cells and RAG2 protein degradation is linked
to the cell cycle (Grawunder et al., 1995; Li et al., 1996; Zhang
et al., 2011). These two mechanisms help to prevent RAG
mediated double strand DNA breaks from occurring in
dividing cells and limit the potential for mutation and tumor
formation. Mammalian TORC2 couples signals that promote
cell growth and proliferation to the regulation of RAG
expression to ensure that recombinase activity is minimized
in an actively dividing population of B cells. The regulation of
RAG expression by mTORC2 is not just limited to B cells
expressing a pre-BCR or BCR. Disruption of mTORC2 in pro-
B cells which lack a functional IgH or Abl oncogene
transformed pre-B leukemia cells also results in a substantial
up-regulation of RAG expression. These observations sug-
gest that cellular growth signals regulate RAG expression and
V(D)J recombination through mTOR.

RAG mediated double strand breaks are repaired by the
non-homologous end-joining (NHEJ) DNA repair pathway.
Developing p53−/− pro-B cells with impaired NHEJ DNA repair
frequently exhibit oncogenic, RAG dependent chromosome
translocations involving the Ig genes (Zhu et al., 2002). Since
mTORC2 inhibition simultaneously increases RAG expres-
sion in pro-B cells and enhances IL-7 dependent pro-B cell
survival, it is possible that disrupting mTORC2may contribute
to progenitor B cell tumor formation. Surprisingly, mTORC2 is
not required for the transformation, proliferation and survival
of Abelson murine leukemia virus (v-Abl) or human p210
BCR-Abl oncogene dependent pre-B acute lymphoblastic
leukemia (ALL) (Lazorchak et al., 2010) (AL and BS,
unpublished data). This was a particularly unexpected finding
since Abl oncogene dependent suppression of FoxO activity
protects pre-B ALL cells from apoptosis (Kharas et al., 2004).
It is possible that an alternative pathway such as STAT5,
which signals downstream of IL-7R, v-Abl, and BCR-Abl,
complements the mTORC2 deficiency and maintains cell
viability.

Activation induced (cytidine) deaminase (AID) is a B cell
specific DNA mutator which is essential for normal B cell
immunity. AID is highly expressed in activated B cells and
permits Ig gene diversification by facilitating the formation of
double strand DNA breaks in Ig switch regions that permit Ig
class switch recombination and by generating mutations in
the Ig genes which permit Ig affinity maturation. However, AID
activity is not restricted to the Ig genes. AID acts widely across
the genome to introduce DNA breaks which may occur near
known B cell proto-oncogenes (Hasham et al., 2010;
Staszewski et al., 2011; Yamane et al., 2011). FoxO1 is a
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positive regulator of AID expression in B cells (Dengler et al.,
2008). Since mTORC2 regulates FoxO1 activity in B cells it is
possible that inhibition of mTORC2 may induce AID expres-
sion. It is highly likely that inhibition of mTOR in B cells may
create a situation where RAG and AID are co-expressed, and
thus may significantly increase the risk for chromosomal
translocation (Tsai et al., 2008; Wang et al., 2008; Wang et al.,
2009). Further studies must be done to explore the role of
mTOR in preserving B cell genome integrity and to determine
if the use of mTOR inhibitors increases the risk of generating
B cell tumors.

INHIBITING mTORC2 DEPENDENT Akt TM

PHOSPHORYLATION AND Hsp90 TO TREAT

CANCER

Constitutive activation of the Akt signaling pathway is a
common feature of nearly all cancers. Akt promotes tumor cell
growth, proliferation and survival so inhibition of the Akt

signaling pathway is a logical target for cancer therapy. The
discovery that mTORC2 directly regulates Akt raises the
possibility that mTOR inhibitors may serve as useful inhibitors
of Akt activity in cancers. Consistently, the rapamycin deri-
vatives temsirolimus and everolimus are capable in inhibiting
mTORC2 assembly and Akt S473 phosphorylation in human
acute myelogenous leukemia (Zeng et al., 2007). Further-
more, the new generation of mTOR kinase inhibitors is cap-
able of efficiently blocking mTORC2 dependent phosphory-
lation of Akt and shows anti-tumor effects (Feldman et al.,
2009; Hoang et al., 2010; Janes et al., 2010). The rational of
these therapeutic approaches is that inhibition of mTORC2
dependent Akt HM phosphorylation will sufficiently impair Akt
signaling to inhibit tumor growth and promote tumor cell
death. However, Akt lacking the HM phosphorylation is still
partially functional and may still support tumor cell viability.

Loss of mTORC2 function also impairs Akt TM phosphor-
ylation. We have shown that Akt TM phosphorylation is
dependent on mTORC2 and is required to stabilize newly

Figure 2. A model illustrating the growth factor independent [1] and growth factor dependent [2] functions of mTORC2 in
pre-B cells. [1] mTORC2 promotes the stability of maturation of newly synthesized Akt and classical (c)PKC polypeptides. In this

example, we show that mTORC2, associated with ribosomes in a growth factor independent manner, phosphorylates the TM site of
the Akt polypeptide. TM phosphorylation stabilizes the nascent Akt polypeptide and facilitates the maturation of the properly folded
Akt protein. The chaperone protein Hsp90 may facilitate the proper maturation of Akt or cPKC and stabilize these proteins if TM
phosphorylation is inhibited. [2] Expression of a functional pre-BCR signals to PI3K. PDK1 and mTORC2 then mediate the PI3K

signals to phosphorylate Akt at the T-loop and HM sites, respectively. Activated Akt2 then phosphorylates FoxO1 in the nucleus
resulting in the down regulation of FoxO1 transcriptional activity and reduced il7r and rag gene expression. Loss of mTORC2 function
in developing B cells blocks Akt2 HM site phosphorylation and prevents the full activation of Akt2 resulting in insufficient inhibition of

FoxO1. This leads to increased il7r and rag gene expression resulting in increased IL-7 dependent survival and increased
recombinase activity, respectively, in developing B cells
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synthesized Akt. In cells lacking mTORC2, the chaperone
Hsp90 prevents Akt degradation and sustains Akt expression.
Therefore, we propose a novel therapeutic strategy based on
the rational that inhibition of Hsp90 will significantly reduce
the stability of Akt lacking TM phosphorylation and, as a
consequence, inhibit Akt expression. We propose that the
effectiveness of mTOR inhibitors can be significantly
enhanced by combining their use with the Hsp90 inhibitor
17-AAG. Since mTORC2 dependent Akt TM phosphorylation
is ubiquitous and independent of growth factor signaling, we
believe this strategy of inhibiting Akt may be widely applicable
to many cancers. Furthermore, we predict that Hsp90
inhibitors will synergize with mTOR inhibitors to promote
tumor cell death in cancers that are resistant to either drug
alone.

CONCLUSION

Our rapidly expanding understanding of mTOR signaling has
provided new insights into the links between the regulation of
cell metabolism and immunity. Rapamycin suppresses B cell
immunity by inhibiting B cell growth and proliferation (Wicker
et al., 1990). Since we observed that mTORC2 was inhibited
in B cells treated with 10 nmol/L rapamycin for greater than
24 h (Lazorchak et al., 2010), it is possible that the
simultaneous inhibition of mTORC1 and mTORC2 by
rapamycin contributed to B cell immunosuppression
observed in previous studies (Wicker et al., 1990). Therefore,
the mechanism through which mTOR mediates antigen
signals to control the metabolic changes that support blast
cell growth and clonal expansion of B cells during an immune
response remains to be elucidated. Mammalian TOR is the
principle growth regulator and sensor of nutrients and energy
status in our cells. Cell growth control is associated with
mTORC1; however it is likely that mTORC2 may have unique
roles in regulating cell growth and metabolism as well. Our
emerging understanding of mTORC2 signaling and its
associated cellular functions have opened exciting new
routes to expand our investigation of B cell immunity and
provided novel therapeutic avenues to treat B cell associated
autoimmune diseases and cancer.
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