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We provide evidence for a unique pathway engaged by the
type II IFN receptor, involving mTORC2/AKT-mediated down-
stream regulation of mTORC1 and effectors. These events are
required for formation of the eukaryotic translation initiation
factor 4F complex (eIF4F) and initiation of mRNA translation of
type II interferon-stimulated genes. Our studies establish that
Rictor is essential for the generation of type II IFN-dependent
antiviral and antiproliferative responses and that it controls the
generation of type II IFN-suppressive effects on normal and
malignant hematopoiesis. Together, our findings establish a
central role for mTORC2 in IFN� signaling and type II IFN
responses.

IFNs are cytokines that exhibit antiviral, immunomodula-
tory, growth-inhibitory, and cytotoxic properties (1–12). The
critical roles of these cytokines in the innate immune system
have provoked clinical interest and extensive studies to explore
their therapeutic potential. These studies, spanning several
decades, have definitively established their utility in the treat-
ment of viral syndromes, many malignancies, and some auto-
immune disorders (1–12).

IFN�, the sole type II IFN, binds to the IFNGR1 and IFNGR2
subunits of the type II IFN receptor with high affinity and acti-
vates the Janus kinases Jak1 and Jak2, leading to engagement of
Jak-Stat pathways and transcriptional activation of IFN�-regu-

lated genes (13–16). Activation of the Jak-Stat pathway is crit-
ical for the IFN� transcriptional control of IFN-stimulated
genes (ISGs)3 and, subsequently, for the generation of IFN�-
induced biological responses (13–16). Beyond the classical Jak-
Stat pathways, several other signaling pathways have been
shown to be activated by the type II IFN receptor, and their
function appears to be critical for IFN� responses. These
include PKC (17), MAP kinase (18, 19), and Mnk kinase cas-
cades (20). There is evidence that the AKT/mTOR pathway is
engaged in IFN� signaling, controlling the initiation of mRNA
translation for ISGs (21, 22). However, the precise contribution
of different mTOR complexes in this process and the sequence
of events leading to ISG mRNA translation remain to be
determined.

The mTOR kinase forms the catalytic core of two known
complexes, mTOR complex 1 (mTORC1) and mTOR complex
2 (mTORC2) (24 –35). mTORC1 is a protein complex consist-
ing of mTOR, mammalian lethal with Sec 13 protein 8/G-pro-
tein �-protein subunit like (mLST8/G�L), rapamycin-sensitive
companion of mTOR (Raptor), Akt/PKB substrate 40 kDa
(Pras40), and DEP domain-containing mTOR-interacting pro-
tein (Deptor) (24, 25). mTORC1 is known as a key regulator of
pathways involved in the initiation of mRNA translation and is
inhibited by allosteric inhibitors such as rapamycin, everoli-
mus, temsirolimus, and other rapalogs (24, 25). mTORC2 is
comprised of mTOR, mLST8, rapamycin-insensitive compan-
ion of mTOR (Rictor), mammalian stress-activated protein
kinase interacting protein 1 (Sin1), protein observed with rictor
1/2 (protor 1/2), and deptor (26 –32). Although the two mTOR
complexes have different effectors and cellular functions, they
are both considered important targets for the development of
new anticancer agents because they are key promoters of malig-
nant cell growth and survival (24, 29, 31–35). In fact, there is
evidence that dual inhibitors of mTORC1 and mTORC2
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exhibit more efficient anti-leukemic effects both in vitro and in
vivo compared with specific mTORC1 inhibition (36).

In this study, we examined the engagement of mTORC2 in
type II IFN signaling and its role in the generation of IFN�
responses. Our studies demonstrate that mTORC2 is engaged
during activation of the type II IFN receptor and exhibits
unique functions in IFN� signaling and that this signaling is
essential for mRNA translation of type II ISGs. Importantly,
mTORC2 is required for the generation of IFN� responses,
including antiviral effects and effects on normal and malignant
hematopoiesis.

Experimental Procedures

Cell Lines and Reagents—Immortalized mouse embryonic
fibroblasts (MEFs) were grown in DMEM supplemented
with 10% FBS and antibiotics. Immortalized Rictor�/�

(rictorEx3cond/w) and Rictor�/� (rictorEx3del/Ex3del) MEFs were
provided by Dr. Mark Magnuson (31). Normal CD34� cells
were from Stemcell Technologies (Vancouver, Canada). U937
cells were grown in RPMI 1640 medium supplemented with
10% FBS and antibiotics. Phospho-specific antibodies against
mTOR, AKT, p70S6K, 4E-BP1, and eIF4B and antibodies
against mTOR, AKT, p70S6K, 4E-BP1, and eIF4B were from
Cell Signaling Technology (Boston, MA). Phospho-specific
antibody against PDCD4 was purchased from Abcam (Cam-
bridge, MA). An antibody against PDCD4 was purchased from
Rockland (Gilbertsville, PA). An anti-Rictor antibody was from
Bethyl Laboratories (Montgomery, TX). Antibody against
GAPDH was from Chemicon, Millipore (Billerica, MA). An
antibody against CXCL10 (IP10) was from Abcam, and an anti-
IRF9 antibody was from Proteintech Group, Inc. (Chicago,
IL). Recombinant human and mouse IFN� were from Life
Technologies.

Cell Lysis and Immunoblotting—Immortalized MEFs were
starved overnight in DMEM containing 0.5% FBS and were
then treated with mouse IFN� in DMEM containing 0.5% FBS.
U937 cells were transfected with control siRNA or Rictor
siRNA, starved overnight in RPMI containing 0.5% FBS, and
treated with human IFN� in RPMI containing 0.5% FBS. Fol-
lowing treatment, cells were washed with PBS and lysed in phos-
phorylation lysis buffer containing protease and phosphatase
inhibitors, as in previous studies (21–22). The lysates were
resolved by SDS-PAGE, processed for immunoblotting, and
analyzed by enhanced chemiluminescence as in previous stud-
ies (21–22).

Cap Binding Assays—These studies were performed as
described previously (37, 38). Briefly, Rictor�/� and Rictor�/�

MEFs were incubated for 24 h in serum-free medium and then
treated with mouse IFN� for the indicated times. Cell lysates
were incubated for 24 h with a dinucleotide mRNA 5� cap ana-
log (m7GpppG) labeled with biotin attached to ribose of the
second dinucleotide (39). After 4-h incubation with streptavi-
din beads and extensive washing with phosphorylation lysis
buffer, the retained proteins were eluted by boiling, resolved by
SDS-PAGE, transferred onto Immobilon-P membranes (Milli-
pore), and probed with the indicated antibodies.

Hematopoietic Progenitor Assays—Malignant leukemic pro-
genitor (CFU-L) colony formation in methylcellulose from

U937 cells transfected with control siRNA or Rictor siRNA was
performed essentially as described previously (40, 41). Normal
hematopoietic progenitor colony formation for late erythroid
progenitors (BFU-E) or myleoid progenitors (CFU-GM) from
normal CD34� bone marrow-derived cells transfected with
control siRNA or Rictor siRNA was determined in clonogenic
assays in methylcellulose as in our previous studies (41).

Polysomal Isolation—Immortalized Rictor�/� and Rictor�/�

MEFs were either left untreated or treated with 1500 IU/ml of
mouse IFN� for 24 h in DMEM supplemented with 0.5% FBS.
Cells were washed twice with Dulbecco’s PBS with 100 �g/ml
cycloheximide and then lysed in lysis buffer (0.5% Triton X-100,
0.5% sodium deoxycholate, 5 mM Tris (pH 7.5), 2.5 mM MgCl2,
1.5 mM KCl, 100 �g/ml cycloheximide, 2 mM DTT, protease
inhibitor, and 1 unit/�l RNase inhibitor). Lysates were then
centrifuged at 12,000 � g for 5 min at 4 °C, and supernatants
were collected and snap-frozen in liquid nitrogen. To isolate
ribosomal fractions, absorbance at 260 nm was measured for
each of the supernatants, and equal amounts of cell lysates of
each sample were layered on a sucrose gradient of 5–50%, pre-
pared by using the BioComp Gradient Master 108 (Biocomp
Instruments, Fredericton, Canada) according to the instruc-
tions of the manufacturer. Samples were centrifuged at 4 °C for
110 min at 35,000 rpm in a Beckman SW41-Ti rotor. The absor-
bance was measured at 254 nm continuously by a density gra-
dient fractionation system (Brandel, Gaithersburg, MD) with
the following settings: pump speed, 0.80 ml/min; fraction size,
10 drops/fraction; chart speed, 300 cm/h; sensitivity, 1; peak
separator, off; noise filter, 0.5 s. Assignments of the 40S, 60S,
and 80S peaks and polysomes were made on the basis of the
absorbance profile. RNA from polysomal fractions was isolated
using an RNA All-Prep kit from Qiagen, and 1 �g of polysomal
RNA was reverse-transcribed using oligo(dT) primers (Life
Technologies) and the Omniscript RT kit (Qiagen) as described
previously (22, 23, 37, 38).

Quantitative RT-PCR—Serum-starved Rictor�/� and Ric-
tor�/� MEFs were starved overnight in DMEM containing
0.5% FBS and were then treated for 6 h with 2.5 � 103 IU/ml
mouse IFN�. Total RNA was isolated using the RNeasy mini kit
(Qiagen) according to the instructions of the manufacturer. 2
�g of total cellular mRNA was reverse-transcribed into cDNA
using the Omniscript RT kit (Qiagen) and oligo(dT)12–18
primers (Life Technologies). Real-time PCR was carried out
using an ABI7500 sequence detection system (Applied Biosys-
tems) using commercially available 6-fluorescein amidite-la-
beled probes and primers (Applied Biosystems) to determine
mRNA expression of Cxcl10, Irf9, and Gapdh. Gapdh was used
for normalization as described in our previous studies (22, 23,
37, 38, 41).

Antiviral Assays—The antiviral effects of mouse IFN� on
immortalized Rictor�/� and Rictor�/� MEFs infected with
encephalomyocarditis virus (EMCV) were determined as
described in our previous studies (22, 23, 40).

Statistical Analyses—Statistical significance was analyzed by
Student’s t test. Differences were considered statistically signif-
icant when p values were less than 0.05.
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Results

Previous studies have provided evidence for AKT activation
in type II IFN signaling (21, 22), but the precise mechanisms of
its engagement remained undefined. Accordingly, we under-
took studies to determine whether mTORC2 is engaged by the
type II IFN receptor and regulates IFN�-dependent AKT acti-
vation. In initial studies, we compared type II IFN-dependent
phosphorylation of AKT in wild-type cells and Rictor knockout
MEFs. IFN� treatment resulted in phosphorylation of AKT on
Ser-473 and Thr-308 in wild-type MEFs but not in Rictor
knockout MEFs (Fig. 1, A and B, respectively), establishing a
requirement for Rictor in the process. These findings are in
agreement with previous studies in other systems demonstrat-
ing that mTORC2 activation is required for phosphorylation of
AKT on Ser-473 and that this phosphorylation is required for
enabling PDK1 to phosphorylate AKT at Thr-308 (27). Simi-
larly, phosphorylation of mTOR on Ser-2481, a site whose phos-
phorylation correlates with mTORC2 activity (42, 43), was
defective in Rictor knockout cells (Fig. 1C). Taken together,
these studies suggest that IFN� induces activation of mTORC2
in a Rictor-dependent manner. Notably, phosphorylation of
mTOR on Ser-2448 was also Rictor-dependent (Fig. 1D). Ear-
lier evidence suggested that the mTOR phosphorylation sites
Ser-2481 and Ser-2448 may correlate with mTORC2 and
mTORC1 catalytic activity, respectively (44). The defective
type II IFN-dependent phosphorylation of mTOR on Ser-2448,
viewed together with our previous studies implicating AKT
upstream of mTORC1 in IFN� signaling (22, 42), led us to fur-
ther studies to examine the possibility that engagement of

mTORC2 lies upstream of mTORC1 in the type II IFN system.
IFN�-induced phosphorylation of 4E-BP1 on Thr-37/46 (Fig.
1E) and S6K on Thr-389 (Fig. 1F) was reduced in Rictor�/�

MEFs (Fig. 1, E and F). Similarly, IFN�-dependent phosphory-
lation of the downstream effector of S6K, eIF4B, (23), was
decreased in Rictor�/� MEFs (Fig. 1G). Our previous work has
demonstrated that phosphorylation of the translational repres-
sor programmed cell death 4 (PDCD4) protein on Ser-67 also
occurs in a S6K-dependent manner (37) in the type I IFN sys-
tem. IFN� treatment resulted in induction of phosphorylation
of PDCD4 on Ser-67 in Rictor�/� MEFs, but this phosphoryla-
tion was defective in Rictor�/� MEFs (Fig. 1H).

To further establish the role of Rictor in the regulation of
type II IFN-dependent mTOR activity, we performed studies in
U937 hematopoietic cells, employing transient knockdown of
Rictor by specific siRNA-mediated targeting. As shown in Fig.
2, IFN�-dependent phosphorylation of AKT (Fig. 2, A and B)
and S6K (Fig. 2C) were impaired substantially in cells with Ric-
tor knockdown, consistent with the findings in Rictor�/�

MEFs.
We next examined whether the function of Rictor is required

for expression of IFN�-inducible proteins. We determined the
expression of IFN�-induced protein CXCL10 (IP10), a chemo-
kine that has diverse roles in infectious diseases, induction of
apoptosis, and cell growth inhibition (45). A strong induction of
CXCL10 expression was seen in Rictor�/� MEFs upon IFN�
treatment, but this induction was defective in Rictor�/� MEFs
(Fig. 3A). Consistent with these findings, CXCL10 expression
was also reduced in U937 cells in which Rictor was knocked

FIGURE 1. IFN�-dependent activation of mTORC2 and Rictor-dependent regulatory signals in type II IFN signaling. A–H, serum-starved Rictor�/� and
Rictor�/� MEFs were treated with mouse IFN� for the indicated times. Top panels, cell lysates were prepared, and equal amounts of protein were resolved by
SDS-PAGE and then subjected to immunoblot analyses with anti-Ser(P)-473 AKT (A), anti-Thr(P)-308 AKT (B), anti-Ser(P)-2481 mTOR (C), anti-Ser(P)-2448 mTOR
(D), anti-Thr(P)-37/46 4E-BP1 (E), anti-Thr(P)-389 p70S6K (F), anti-Ser(P)-422 eIF4B (G), and anti-Ser(P)-67 PDCD4 antibodies (H). The blots in the respective top
panels were stripped and probed with anti-AKT (A and B), anti-mTOR (C and D), anti-4E-BP1 (E), p70S6K (F), eIF4B (G), and PDCD4 antibodies (H). Bottom panels,
bands from three (A–F) or two (G and H) independent experiments (including the blots shown) were quantified by densitometry. Data are expressed as mean
of ratios of phosphoprotein over respective total protein � S.E. for each experimental condition. Statistical analyses were performed using Student’s t test as
indicated. *, p � 0.05; **, p � 0.01.
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down using specific siRNAs (Fig. 3B). We also examined
whether Rictor is required for the expression of IRF9, which is
required for the transcription of type I IFN-stimulated genes
(46). As expected, IFN� treatment resulted in induction of
expression of IRF9 in Rictor�/� MEFs (Fig. 3C). However, this
induction was defective in Rictor�/� MEFs (Fig. 3C).

Next we conducted studies to define the mechanisms of reg-
ulation of type II IFN-inducible protein expression by Rictor.
RNA from Rictor�/� and Rictor�/� MEFs treated with IFN�
was examined by quantitative real-time RT-PCR to compare
the -fold increase in Cxcl10 and Irf9 mRNA in the presence or
absence of Rictor. Lack of Rictor expression did not reduce
IFN�-dependent Cxcl10 and Irf9 total mRNA expression (Fig.
3, D and E), suggesting that there are no type II IFN transcrip-
tional defects in MEFs lacking Rictor. This led us to consider
the possibility that defective expression of type II IFN-regulated
proteins in the absence of Rictor reflects impaired ISG mRNA
translation. Using the 5� cap binding assay (38), we undertook
studies to determine whether the function of Rictor in IFN�
signaling ultimately controls downstream assembly of the
translation initiation factor complex. As shown in Fig. 4A, IFN�
treatment resulted in enhanced binding of eIF4G and eIF4A to
the 5� cap structure in Rictor�/� MEFs but not in Rictor�/�

MEFs. Notably, IFN� treatment resulted in dissociation of
4E-BP1 from eIF4E in the 5� cap translation initiation complex
in Rictor�/� MEFs but not in Rictor�/� MEFs (Fig. 4A). To
determine whether impaired IFN�-inducible engagement of
mTOR effectors in Rictor�/� MEFs accounts for defective

mRNA translation of type II IFN-dependent ISGs, we examined
and compared Cxcl10 and Irf9 mRNA expression in polysome
fractions from Rictor�/� and Rictor�/� MEFs following treat-
ment with IFN� (Fig. 4B). Quantitative RT-PCR analyses were
used to measure the amount of Cxcl10 and Irf9 mRNA levels in
polysomes. Both Cxcl10 (Fig. 4C) and Irf9 (Fig. 4D) polysomal
mRNA levels were decreased in Rictor�/� cells compared with
Rictor�/� MEFs after IFN� treatment, consistent with defects
in mRNA translation of ISGs in the absence of Rictor.

In parallel, we examined the role of Rictor in the generation
of the anti-leukemic activity of IFN�. We evaluated the effects
of Rictor knockdown in the generation of the suppressive
effects of IFN� on leukemic progenitor colony formation. As
expected, IFN� treatment suppressed CFU-blast (CFU-L) col-
ony formation from U937 cells transfected with control siRNA
(Fig. 5A). However, this IFN� inhibition was partially reversed
by Rictor knockdown (Fig. 5A), suggesting that Rictor is an
essential mediator for induction of the anti-leukemic proper-
ties of IFN�. We also examined the functional relevance of Ric-

FIGURE 2. Rictor requirement for type II IFN-inducible, mTOR-mediated
signaling events. A and B, serum-starved U937 cells transfected with control
siRNA or Rictor siRNA were treated with human IFN� for the indicated times.
Cell lysates were prepared, and proteins were resolved by SDS-PAGE and then
processed for immunoblotting with anti-Ser(P)-473 AKT (A) and anti-Thr(P)-
308 AKT, anti-Rictor, and anti-GAPDH antibodies (B) as indicated. The blots
were stripped and probed with an anti-AKT antibody. Bands from three inde-
pendent experiments were quantified by densitometry. Data are expressed
as mean � S.E. of ratios of phospho-AKT over total AKT for each experimental
condition. Statistical analysis was performed using Student’s t test as indi-
cated. *, p � 0.05. C, serum-starved U937 cells transfected with control siRNA
or Rictor siRNA were treated with human IFN� for the indicated times. Lysates
were analyzed by SDS-PAGE and immunoblotted with an anti-Thr(P)-389
p70S6K antibody. The blot was then stripped and reprobed with an antibody
against p70S6K.

FIGURE 3. Type II IFN-induced CXCL10 and IRF9 expression is Rictor-de-
pendent. A, serum-starved Rictor�/� and Rictor�/� MEFs were treated with
mouse IFN� as indicated. Cell lysates were prepared, proteins were resolved
by SDS-PAGE, and immunoblots were probed with anti-CXCL10 antibody. B,
serum-starved U937 cells transfected with control siRNA or Rictor siRNA were
treated with human IFN� for the indicated times. Cell lysates were prepared,
and proteins were resolved by SDS-PAGE and then processed for immuno-
blotting with an anti-CXCL10 antibody. C, serum-starved Rictor�/� and
Rictor�/� MEFs were treated with mouse IFN� as indicated. Cell lysates were
prepared, proteins were resolved by SDS-PAGE, and immunoblots were
probed with an anti-IRF9 antibody. The blots in the respective top panels
(A–C) were probed with an anti-GAPDH antibody, as indicated, to control for
protein loading. D and E, serum-starved Rictor�/� or Rictor�/� MEFs were left
untreated or treated with mouse IFN� for 6 h, and total RNA was isolated. The
mRNA expression of Cxcl10 (D) and Irf9 (E) was evaluated by quantitative
real-time PCR, and Gapdh was used for normalization. Data are expressed as
-fold change over control untreated cells, and error bars represent mean �
S.E. of three independent experiments.
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tor in mediating the suppressive effects of IFN� on normal
hematopoiesis. Normal human CD34� bone marrow cells
transfected with control siRNA or siRNA specifically targeting
human Rictor were treated with IFN�, and myeloid (CFU-GM)
or erythroid (BFU-E) colony formation was assessed in clono-
genic assays in methylcellulose. As shown in Fig. 5B, treatment
with IFN� resulted in suppression of hematopoietic progenitor
colony formation, but these effects were partially reversed by
Rictor knockdown (Fig. 5B).

Finally, we examined the potential involvement of Rictor in
the generation of the antiviral effects of IFN�. The antiviral
activity of mouse IFN� against EMCV infection was examined
in Rictor�/� MEFs and compared with the effects seen in
parental MEFs. Parental MEFs were responsive to the antiviral
effects of IFN�, as reflected by protection from the cytopathic
effects (CPEs) of EMCV (Fig. 5C). However, the antiviral effects
of IFN� were reduced in Rictor�/� MEFs (Fig. 5C), consistent
with Rictor having an important role in the generation of IFN�-
induced antiviral responses. On the other hand, when the
effects of rapamycin on IFN�-dependent antiviral responses
were assessed, there were no significant differences between

rapamycin-treated and untreated Rictor�/� MEFs (Fig. 5D),
suggesting that rapamycin-sensitive mTORC1 complexes are
not involved in the IFN�-dependent antiviral response.

Discussion

IFN� has minimal homology with type I IFNs and binds to a
unique cell surface receptor, the type II IFN receptor (1–2). The
signaling pathways activated by the type II IFN receptor and the
mechanisms accounting for IFN� responses are of particular
interest because of the critical role of IFN� in immune
responses to a variety of insults. Moreover, IFN� overproduc-
tion has been implicated in the pathophysiology of certain dis-
eases, especially bone marrow failure syndromes in humans
(12, 47, 48). Therefore, precisely defining the signaling path-
ways downstream of the type II IFN receptor and elucidating
their roles in specific biological responses has important clini-
cal translational implications for the design of antiviral thera-
pies and for the design of targeting approaches in bone marrow
failure disorders and syndromes.

Type II IFN signaling includes transcriptional activation of
ISGs via Jak-Stat pathways (15, 16). Accumulating evidence has

FIGURE 4. Essential role of Rictor in mRNA translation of type II ISGs. A, serum-starved Rictor�/� and Rictor�/� MEFs were either left untreated or treated
with mouse IFN�. Cell lysates were bound to the biotin labeled cap analog, m7GTP, and to streptavidin beads (39). After extensive washing, bound proteins
were resolved by SDS-PAGE and immunoblotted with antibodies against eIF4G, eIF4A, eIF4E, and 4E-BP1. The cell lysates used for this experiment were from
the same experiment shown in Fig. 1D. B, Rictor�/� and Rictor�/� MEFs were either left untreated or treated with mouse IFN� in DMEM containing 0.5% FBS
for 24 h. Cell lysates were layered on 5–50% sucrose gradients and subjected to density gradient centrifugation, and then fractions were collected by
continuous monitoring of absorbance at 254 nm. Absorbance at 254 nm is shown as a function of gradient depth, and the 40S, 60S, and 80S peaks and
polysomal fractions are indicated. C and D, polysomal fractions were pooled, and RNA was isolated. Subsequently, quantitative real-time PCR was carried out
to determine CxCl10 (C) and Irf9 (D) mRNA expression in polysomal fractions, using Gapdh for normalization. Data are expressed as -fold change over control
untreated cells, and error bars represent mean � S.E. of five independent experiments, including the ones shown in B. Statistical analyses were performed using
Student’s t test. *, p � 0.05.
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implicated serine kinase pathways in the optimal transcrip-
tional activation of type II IFN genes via regulation of STAT
serine phosphorylation (15, 16). More recently, studies have
focused on the identification of mechanisms by which IFNs
regulate mRNA translation (49). There is accumulating evi-
dence indicating central and essential roles for IFN-activated
AKT/mTOR pathways and effector elements in type II IFN-
signaling (23, 24, 47, 50). Notably, mTOR signals are well rec-
ognized to regulate cap-dependent mRNA translation and pro-
tein expression of tumorigenic proteins and play positive roles
in cytokine-induced mitogenic signaling pathways and immune
signaling networks (24, 29, 32–35).

In this study we provide the first evidence implicating
mTORC2 in type II IFN signaling and provide direct evidence
establishing that mTORC2 has a critical role in Type II IFN
responses. This involves a unique cascade (mTORC23 AKT3
mTORC13 cap effectors) that is not seen in growth factor or
other cytokine signaling pathways (51), with the exception of
type I IFNs (40, 52). Our findings establish that IFN�, a cytokine
that exhibits antiproliferative and antiviral effects but has min-
imal homology to type I IFNs, also engages mTORC2 in a non-
classical way. Moreover, our data strongly suggest that IFN�
receptor-elicited specific signals modify mTORC2 in a unique

way that results in downstream engagement of mTORC1 and
effectors that mediate cap-dependent translation. The unique-
ness of the pathway and the lack of similar Rictor/mTORC2-
dependent signaling events in mitogenic/neoplastic pathways
raise the possibility that type II IFNR-dependent specific utili-
zation of Rictor is ultimately required for the induction of anti-
proliferative and antiviral responses via control of mRNA
translation of specific type II ISGs.

Together, the findings of this study establish that the function of
Rictor is required for the generation of IFN�-induced biological
responses, including the suppressive effects of this cytokine in nor-
mal hematopoiesis. The specificity of this unique signaling cascade
makes it an attractive target for therapeutic approaches aimed at
selectively reversing the suppression of hematopoiesis resulting
from IFN� overproduction in hematopoiesis (47, 48). It is conceiv-
able that future identification of IFN-specific signaling elements
that drive the mTORC2 3 AKT 3 mTORC1 3 cap effector
sequence of events will ultimately allow the development of spe-
cific therapeutic interventions to target the pathway and selec-
tively disrupt production of ISG products that suppress hemato-
poiesis. Moreover, a better understanding of the involvement of
this pathway in the generation of antiviral responses may provide
leads for the design of novel antiviral therapeutic approaches.

FIGURE 5. Requirement of intact mTORC2 for the generation of IFN�-biological effects. A, U937 cells were transfected with either control siRNA or siRNA
specifically targeting Rictor, as indicated. The cells were subsequently plated in methylcellulose in the absence or presence of human IFN�, and leukemic CFU-L
colony formation was assessed. Data are expressed as the percentage of colony formation of untreated control siRNA-transfected cells, and error bars represent
mean � S.E. of four independent experiments. Statistical analysis was performed using Student’s t test as indicated. *, p � 0.05. B, normal human CD34� bone
marrow-derived cells were transfected with control siRNA or Rictor siRNA and incubated in clonogenic assays in methylcellulose in the presence or absence of
human IFN� as indicated. CFU-GM and BFU-E progenitor colonies were scored after 14 days in culture. Data are expressed as the percentage of colony
formation of untreated control siRNA-transfected cells, and error bars represent mean � S.E. of three independent experiments. Statistical analyses were
performed using Student’s t test as indicated. *, p � 0.05. C, Rictor�/� and Rictor�/� MEFs were incubated with the indicated doses of mouse IFN� and
subsequently challenged with EMCV. Virus-induced CPEs were quantified 4 days later. Data are expressed as percent protection from EMCV CPEs and are
representative of three independent experiments. Values are mean � S.E. of quadruplicate assays. D, Rictor�/� MEFs were pretreated with the indicated doses
of mouse IFN� for 16 h and then challenged with EMCV. In parallel, Rictor�/� MEFs were pretreated for 60 min with rapamycin (20 nM) and then with the
indicated doses of mouse IFN� for 16 h in the continuous presence of rapamycin (20 nM) and subsequently challenged with EMCV. Virus-induced CPEs were
quantified 24 h post-infection. Data are expressed as percent protection from EMCV CPEs. Values are mean � S.E. of quadruplicate assays for two independent
experiments.

mTORC2 Complexes and IFN� Responses

2394 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 5 • JANUARY 29, 2016



Author Contributions—B. K. designed and performed the research
and analyzed the data. R. L. R., E. M. K., B. M. K., D. S., A. D. A.,
S. M., and G. T. B. performed the research and analyzed the data. J. J.
and Z. W. developed, produced, and provided key experimental re-
agents for the study. E. N. F. and L. C. P. conceived and designed the
research and analyzed data. B. K., D. S., R. L. R., E. N. F., and L. C. P.
contributed to manuscript drafting. All authors reviewed the results
and approved the final version of the manuscript.

References
1. Borden, E. C., Sen, G. C., Uze, G., Silverman, R. H., Ransohoff, R. M.,

Foster, G. R., and Stark, G. R. (2007) Interferons at age 50: past, current and
future impact on biomedicine. Nat. Rev. Drug Discov. 6, 975–990

2. Stark, G. R., Kerr, I. M., Williams, B. R., Silverman, R. H., and Schreiber,
R. D. (1998) How cells respond to interferons. Annu. Rev. Biochem. 67,
227–264

3. González-Navajas, J. M., Lee, J., David, M., and Raz, E. (2012) Immuno-
modulatory functions of type I interferons. Nat. Rev. Immunol. 12,
125–135

4. Hall, J. C., and Rosen, A. (2010) Type I interferons: crucial participants in
disease amplification in autoimmunity. Nat. Rev. Rheumatol. 6, 40 – 49

5. Platanias, L. C. (2013) Interferons and their antitumor properties. J. Inter-
feron Cytokine Res. 33, 143–144

6. George, P. M., Badiger, R., Alazawi, W., Foster, G. R., and Mitchell, J. A.
(2012) Pharmacology and therapeutic potential of interferons. Pharmacol.
Ther. 135, 44 –53

7. Stauffer Larsen, T., Iversen, K. F., Hansen, E., Mathiasen, A. B., Marcher,
C., Frederiksen, M., Larsen, H., Helleberg, I., Riley, C. H., Bjerrum, O. W.,
Rønnov-Jessen, D., Møller, M. B., de Stricker, K., Vestergaard, H., and
Hasselbalch, H. C. (2013) Long term molecular responses in a cohort of
Danish patients with essential thrombocythemia, polycythemia vera and
myelofibrosis treated with recombinant interferon �. Leuk. Res. 37,
1041–1045

8. Killestein, J., and Polman, C. H. (2011) Determinants of interferon � effi-
cacy in patients with multiple sclerosis. Nat. Rev. Neurol. 7, 221–228

9. Kaufman, H. L., Kirkwood, J. M., Hodi, F. S., Agarwala, S., Amatruda, T.,
Bines, S. D., Clark, J. I., Curti, B., Ernstoff, M. S., Gajewski, T., Gonzalez, R.,
Hyde, L. J., Lawson, D., Lotze, M., Lutzky, J., Margolin, K., McDermott,
D. F., Morton, D., Pavlick, A., Richards, J. M., Sharfman, W., Sondak, V. K.,
Sosman, J., Steel, S., Tarhini, A., Thompson, J. A., Titze, J., Urba, W.,
White, R., and Atkins, M. B. (2013) The Society for Immunotherapy of
Cancer consensus statement on tumour immunotherapy for the treat-
ment of cutaneous melanoma. Nat. Rev. Clin. Oncol. 10, 588 –598

10. Wahren-Herlenius, M., and Dörner, T. (2013) Immunopathogenic mech-
anisms of systemic autoimmune disease. Lancet 382, 819 – 831

11. Baechler, E. C., Bilgic, H., and Reed, A. M. (2011) Type I interferon path-
way in adult and juvenile dermatomyositis. Arthritis Res. Ther. 13, 249

12. Young, N. S., Calado, R. T., and Scheinberg, P. (2006) Current concepts in
the pathophysiology and treatment of aplastic anemia. Blood 108,
2509 –2519

13. Darnell, J. E. Jr., Kerr, I. M., and Stark, G. R. (1994) Jak-STAT pathways and
transcriptional activation in response to IFNs and other extracellular sig-
naling proteins. Science 264, 1415–1421

14. Levy, D. E., and Darnell, J. E. Jr. (2002) Stats: transcriptional control and
biological impact. Nat. Rev. Mol. Cell Biol. 3, 651– 662

15. Stark, G. R., and Darnell, J. E. Jr. (2012) The JAK-STAT pathway at twenty.
Immunity 36, 503–514

16. Platanias, L. C. (2005) Mechanisms of type-I- and type-II-interferon-me-
diated signalling. Nat. Rev. Immunol. 5, 375–386

17. Redig A. J., Sassano, A., Majchrzak-Kita, B., Katsoulidis, E., Liu, H., Alt-
man, J. K., Fish, E. N., Wickrema, A., and Platanias, L. C. (2009) Activation
of protein kinase C� by type I interferons. J. Biol. Chem. 284, 10301–10314

18. Platanias, L. C. (2003) Map kinase signaling pathways and hematologic
malignancies. Blood 101, 4667– 4679

19. Verma, A., Deb, D. K., Sassano, A., Kambhampati, S., Wickrema, A., Ud-

din, S., Mohindru, M., Van Besien, K., and Platanias, L. C. (2002) Cutting
edge: activation of the p38 mitogen-activated protein kinase signaling
pathway mediates cytokine-induced hemopoietic suppression in aplastic
anemia. J. Immunol. 168, 5984 –5988

20. Joshi, S., and Platanias, L. C. (2012) Mnk kinases in cytokine signaling and
regulation of cytokine responses. Biomol. Concepts 3, 127–139

21. Kaur, S., Lal, L., Sassano, A., Majchrzak-Kita, B., Srikanth, M., Baker, D. P.,
Petroulakis, E., Hay N., Sonenberg, N., Fish, E. N., and Platanias, L. C.
(2007) Regulatory effects of mammalian target of rapamycin-activated
pathways in type I and II interferon signaling. J. Biol. Chem. 282,
1757–1768

22. Kaur, S., Sassano, A., Dolniak, B., Joshi, S., Majchrzak-Kita, B., Baker, D. P.,
Hay, N., Fish, E. N., and Platanias, L. C. (2008) Role of the Akt pathway in
mRNA translation of interferon-stimulated genes. Proc. Natl. Acad. Sci.
U.S.A. 105, 4808 – 4813

23. Kroczynska, B., Kaur, S., Katsoulidis, E., Majchrzak-Kita, B., Sassano, A.,
Kozma, S. C., Fish, E. N., and Platanias, L. C. (2009) Interferon-dependent
engagement of eukaryotic initiation factor 4B via S6 kinase (S6K)- and
ribosomal protein S6K-mediated signals. Mol. Cell Biol. 29, 2865–2875

24. Sabatini, D. M. (2006) mTOR and cancer: Nat. Rev. Cancer 6, 729 –734
25. Huang, K., and Fingar, D. C. (2014) Growing knowledge of the mTOR

signaling network. Semin. Cell Dev. Biol. 36, 79 –90
26. Sarbassov, D. D., Ali, S. M., Kim, D. H., Guertin, D. A., Latek, R. R., Erd-

jument-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

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

28. Aimbetov, R., Chen, C. H., Bulgakova, O., Abetov, D., Bissenbaev, A. K.,
Bersimbaev, R. I., and Sarbassov, D. D. (2012) Integrity of mTORC2 is
dependent on the rictor Gly-934 site. Oncogene 31, 2115–2120

29. Oh, W. J., and Jacinto, E. (2011) mTOR complex 2 signaling and functions.
Cell Cycle 10, 2305–2316

30. Yang, Q., Inoki, K., Ikenoue, T., and Guan, K. L. (2006) Identification of
Sin1 as an essential TORC2 component required for complex formation
and kinase activity. Genes Dev. 20, 2820 –2832

31. 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
mTOR complex 2 is essential for fetal growth and viability. Dev. Cell 11,
583–589

32. 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

33. Ma, X. M., and Blenis, J. (2009) Molecular mechanisms of mTOR-medi-
ated translational control. Nat. Rev. Mol. Cell Biol. 10, 307–318

34. Hay, N., and Sonenberg, N. (2004) Upstream and downstream of mTOR.
Genes Dev. 18, 1926 –1945

35. Zoncu, R., Efeyan, A., and Sabatini, D. M. (2011) mTOR: from growth
signal integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell Biol.
12, 21–35

36. Janes, M. R., Limon, J. J., So, L., Chen, J., Lim, R. J., Chavez, M. A., Vu, C.,
Lilly, M. B., Mallya, S., Ong, S. T., Konopleva, M., Martin, M. B., Ren, P.,
Liu, Y., Rommel, C., and Fruman, D. A. (2010) Effective and selective
targeting of leukemia cells using a TORC1/2 kinase inhibitor. Nat. Med.
16, 205–213

37. Kroczynska, B., Sharma, B., Eklund, E. A., Fish, E. N., and Platanias, L. C.
(2012) Regulatory effects of programmed cell death 4 (PDCD4) protein in
interferon (IFN)-stimulated gene expression and generation of type I IFN
responses. Mol. Cell Biol. 32, 2809 –2822

38. Kroczynska, B., Mehrotra, S., Majchrzak-Kita, B., Arslan, A. D., Altman,
J. K., Stein, B. L., McMahon, B., Kozlowski, P., Kahle, P. J., Eklund, E. A.,
Fish, E. N., and Platanias, L. C. (2014) Regulatory effects of SKAR in inter-
feron � signaling and its role in the generation of type I IFN responses.
Proc. Natl. Acad. Sci. U.S.A. 111, 11377–11382

39. Jemielity, J., Lukaszewicz, M., Kowalska, J., Czarnecki, J., Zuberek, J., and

mTORC2 Complexes and IFN� Responses

JANUARY 29, 2016 • VOLUME 291 • NUMBER 5 JOURNAL OF BIOLOGICAL CHEMISTRY 2395



Darzynkiewicz, E. (2012) Synthesis of biotin labelled cap analogue-incor-
porable into mRNA transcripts and promoting cap-dependent transla-
tion. Org. Biomol. Chem. 10, 8570 – 8574

40. Kaur, S., Kroczynska, B., Sharma, B., Sassano, A., Arslan, A. D., Majchrzak-
Kita, B., Stein, B. L., McMahon, B., Altman, J. K., Su, B., Calogero, R. A.,
Fish, E. N., and Platanias, L. C. (2014) Critical roles for Rictor/Sin1 com-
plexes in interferon-dependent gene transcription and generation of an-
tiproliferative responses. J. Biol. Chem. 289, 6581– 6591

41. Saleiro, D., Mehrotra, S., Kroczynska, B., Beauchamp, E. M., Lisowski, P.,
Majchrzak-Kita, B., Bhagat, T. D., Stein, B. L., McMahon, B., Altman, J. K.,
Kosciuczuk, E. M., Baker, D. P., Jie, C., Jafari, N., Thompson, C. B., Levine,
R. L., Fish, E. N., Verma, A. K., and Platanias, L. C. (2015) Central role of
ULK1 in type I interferon signaling. Cell Rep. 11, 605– 617

42. Bhaskar, P. T., and Hay, N. (2007) The two TORCs and AKT. Dev. Cell 12,
487–502

43. Hresko, R. C., and Mueckler, M. (2005) mTOR-RICTOR is the Ser473
kinase for AKT/protein kinase B in 3T3-L1 adipocytes. J. Biol. Chem. 280,
40406 – 40416

44. Copp, J., Manning, G., and Hunter, T. (2009) TORC-specific phosphory-
lation of mammalian target of rapamycin (mTOR): phospho-Ser2481 is a
marker for intact mTOR signaling complex 2. Cancer Res. 69, 1821–1827

45. Liu, M., Guo, S., Hibbert, J. M., Jain, V., Singh, N., Wilson, N. O., and Stiles,
J. K. (2011) CXCL10/IP-10 in infectious diseases pathogenesis and poten-
tial therapeutic implications. Cytokine Growth Factor Rev. 22, 121–130

46. Taniguchi, T., Ogasawara, K., Takaoka, A., and Tanaka, N. (2001) IRF
family of transcription factors as regulators of host defense. Annu. Rev.
Immunol. 19, 623– 655

47. Lin, F. C., Karwan, M., Saleh, B., Hodge, D. L., Chan, T., Boelte, K. C.,
Keller, J. R., and Young, H. A. (2014) IFN-� causes aplastic anemia by
altering hematopoietic stem/progenitor cell composition and disrupting
lineage differentiation. Blood 124, 3699 –3708

48. de Bruin, A. M., Voermans, C., and Nolte, M. A. (2014) Impact of inter-
feron-� on hematopoiesis. Blood 124, 2479 –2486

49. Kroczynska, B., Mehrotra, S., Arslan, A. D., Kaur, S., and Platanias, L. C.
(2014) Regulation of interferon-dependent mRNA translation of target
genes. J. Interferon Cytokine Res. 34, 289 –296

50. Kroczynska, B., Kaur, S., and Platanias, L. C. (2009) Growth suppressive
cytokines and the AKT/mTOR pathway. Cytokine. 48, 138 –143

51. 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
mTORC2 is required for signaling to AKT-FOXO and PKC�, but not
S6K1. Dev. Cell 11, 859 – 871

52. Kaur, S., Sassano, A., Majchrzak-Kita, B., Baker, D. P., Su, B., Fish, E. N.,
and Platanias, L. C. (2012) Regulatory effects of mTORC2 complexes in
type I IFN signaling and in the generation of IFN responses. Proc. Natl.
Acad. Sci. U.S.A. 109, 7723–7728

mTORC2 Complexes and IFN� Responses

2396 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 5 • JANUARY 29, 2016


