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Basics of the mammalian target of rapamycin signaling 
network
Mammalian target of rapamycin (mTOR) is a serine/threonine 
kinase and member of the PI3K-related kinase (PIKK) family, 
which includes PI3K, DNA protein kinase (DNA-PK), and ataxia 
telangiectasia mutated (ATM). mTOR is a master integrator of 
signals governing protein and lipid biosynthesis and growth 
factor–driven cell cycle progression (Figure 1). It functions to 
regulate these processes in two cellular complexes. mTOR com-
plex 1 (mTORC1) includes mTOR regulatory-associated protein 
of mTOR (Raptor), mLST8, and proline-rich Akt substrate 40 
(PRAS40) (1) and is allosterically inhibited by the macrolide anti-
biotic rapamycin (2). Rapamycin binds irreversibly to mTORC1 
and  impairs  substrate  recruitment.  mTOR  forms  a  second 
complex, mTORC2, with rapamycin-insensitive companion of 
mTOR (Rictor), mLST8, and stress-activated MAPK-interact-
ing protein 1 (Sin1) (3). Although rapamycin does not directly 
inhibit mTORC2, in U937 lymphoma cells, PC3 prostate can-
cer cells, and PC3 xenografts, prolonged rapamycin treatment 
inhibits mTORC2 action, likely via irreversible mTOR seques-
tration (4). While most mTORC1 and -2 components differ, 
DEP domain–containing mTOR-interacting protein (DEPTOR) 
binds and inhibits both complexes. Upregulation of DEPTOR 
expression or activity may present a novel therapeutic strategy 
for mTOR kinase inhibition (5).

mTOR activity is intricately linked to PI3K signaling (Figure 1 
and refs. 6, 7). Receptor tyrosine kinases (RTKs) for IGF-1, HGF, 
and EGF all signal through PI3K to activate phosphoinositide-
dependent protein kinase–1 (PDK1). In turn, PDK1 phosphor-
ylates AGC family kinases (homologs of protein kinases A, G, 
and C), including AKT, serum/glucocorticoid-regulated kinase 1 
(SGK1), and ribosomal S6 kinase, 90 kDa, polypeptide 1 (RSK1), 
all of which require a second stimulatory phosphorylation to 
become activated. mTORC2 mediates this second phosphoryla-

tion on AKT (8, 9); both mTORC1 and mTORC2 can do so for 
SGK1 (10, 11); and MAPK1 and MAPK3 both do so for RSK1 
(12). Thus, PI3K and mTOR pathways act together to promote 
cell growth, division, and survival: AKT activates antiapoptot-
ic mechanisms and the cell cycle; SGK1 regulates insulin and 
energy metabolism; and RSK1 activates mitogenic transcription 
factors (12–14).

The tuberous sclerosis 1 (TSC1)/TSC2 complex inhibits mTOR/
Raptor by keeping the mTORC1 activator Ras homolog enriched 
in brain (Rheb) in its inactive state (1, 15). Importantly, AKT is 
not only a substrate of mTORC2, but also indirectly activates 
mTORC1  by  phosphorylating  and  inhibiting  TSC2  (16–18). 
TSC1/2 functions as a molecular hub, integrating growth factor 
and energy-sensing pathways to regulate mTOR/Raptor activity 
(Figure 1). Mitogens inactivate TSC1/2 via ERK-, AKT-, and RSK1-
mediated phosphorylation of TSC2, to drive mTORC1-dependent 
protein and lipid biosynthesis (17, 19–21). RSK1 also phosphory-
lates and activates Raptor (22).

In  normal  tissues,  TSC1/2  is  activated  by  adverse  condi-
tions such as DNA damage, hypoxia, and nutrient deprivation 
to  inhibit  mTORC1-mediated  biosynthetic  processes  when 
substrate availability is limited. Hypoxia, via HIF1α, activates 
REDD1, which antagonizes AKT-mediated TSC2 inactivation 
(23–25).  Nutrient  deprivation  activates  LKB1,  which  drives 
AMP-activated protein kinase (AMPK) to phosphorylate and 
activate TSC2 (26–28). DNA damage also activates AMPK via 
the tumor suppressor p53 (29). AMPK can also phosphorylate 
Raptor, leading to its sequestration by 14-3-3 (30). Thus, DNA 
damage and energy stress drive AMPK to activate TSC1/2 and 
inhibit mTORC1 via multiple mechanisms.

The intricate regulation of TSC1/2 highlights the importance 
of mTORC1 in cellular homeostasis. mTORC1 stimulates protein 
biosynthesis by phosphorylating ribosomal protein S6 kinase 1 
(S6K1) to activate ribosomal biogenesis and by phosphorylating 
eukaryotic initiation factor 4E–binding protein 1 (4EBP1), there-
by activating eukaryotic initiation factor 4E (eIF4E) to promote 
protein translation (31). mTOR also stimulates lipid biogenesis, 
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which is required for both membrane synthesis and modifica-
tion of mitogenic signal transducers (32). While mTORC1 is best 
understood for its role in the activation of protein biosynthe-
sis, both mTORC1 and mTORC2 activate cell cycle progression 
via the AGC kinases (reviewed in refs. 33, 34, and see Figure 1). 
mTORC2, via AKT, increases cyclin D1 transcription and trans-

lation,  and  inhibits  glycogen  synthase  kinase–3-β–mediated 
(GSK3-β–mediated) cyclin D1 and cyclin E proteolysis (33, 35). 
AKT phosphorylates the forkhead transcription factor AFX to 
inhibit cyclin-dependent kinase inhibitor 1B (CDKN1B) tran-
scription (36). AKT also phosphorylates the Cdk inhibitors p21 
and p27 to impair their actions (33, 37).

Figure 1
Targeting the mTOR signaling network for cancer therapy. mTOR-based targeting strategies are presented in the context of the PI3K/mTOR 
signaling network. Pathways activating mTOR via RTKs and PI3K are shown together with effectors regulating protein and lipid biosynthesis 
and cell cycle. mTORC1 and mTORC2 modulate cell cycle via effects on Cdk inhibitors p21 and p27, cyclin D1, and cyclin E; SREBPs and ACL 
regulate lipid biosynthesis downstream of AKT; mTORC1 phosphorylates 4EBP1 and S6K1 to activate critical drivers of global protein translation. 
Also represented are important feedback pathways whereby mTORC1 reduces signaling through PI3K and mTORC2: S6K1 phosphorylates 
IRS1, promoting its proteolysis; S6K1 phosphorylates Rictor to inhibit mTORC2-dependent AKT activation. The TSC1/2 complex serves as 
a relay center for tumor microenvironmental queues. Oncogenic PI3K/PDK1 and Ras/MAPK signaling cooperate to reduce TSC1/2 activity. 
Hypoxia (via HIF1α), DNA damage (via p53), and nutrient deprivation (via LKB1) all activate TSC1/2 to restrain mTORC1 and biosynthetic pro-
cesses in normal tissue. These pathways are often inactivated during tumorigenesis. Rapalogs are mTORC1-specific inhibitors. TOR-KIs more 
potently inhibit both mTOR complexes. Dual PI3K/TOR-KIs additionally block upstream signaling via PI3K. Green circles represent stimulatory 
phosphorylations; red circles, inhibitory phosphorylations.
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Here we review how investigation of this complex mTOR sig-
naling network has revealed important mechanisms contributing 
to human tumorigenesis and stimulated development of mTOR-
targeted anticancer therapies. Despite the limited clinical success 
of the first-generation drugs, rapamycin and its analogs (which 
are known as rapalogs), biological insights into molecular signal-
ing arising from their use have informed pharmacological design 
of second-generation drugs that target mTOR kinase activity, the 
mTOR kinase inhibitors (TOR-KIs).

mTOR signaling in cancer
Crosstalk among mTORC1, mTORC2, and PI3K normally ensures 
an elegant balance between cell growth and division (Figure 1). 
Given this, it is perhaps not surprising that disruption, either up- 
or downstream of mTOR, is seen in many tumor types.

Upstream of mTOR in cancer. Aberrant PI3K/mTOR activation is 
commonly observed in cancers (7) and can result from amplifica-
tion of, or activating mutations in, genes encoding the upstream 
RTKs, components of PI3K, or effector kinases (38). PIK3CA, which 
encodes the catalytic p110α subunit of PI3K, is the most frequently 
mutated kinase in human cancer (39). Moreover, the gene encod-
ing phosphatase and tensin homolog (PTEN), which normally 
restrains PI3K activity, is frequently deleted or inactivated (7). RSK1 
hyperactivation due to RTK-dependent oncogenic Ras/MAPK and 
PI3K/PDK1 pathway activation is also observed in cancers (40).

In tumors, the TSC1/2-activating pathways discussed above (in 
“Basics of the mammalian target of rapamycin signaling network”) 
are often disrupted (41): inactivating mutations of the P53 and 
LKB1 tumor suppressor–encoding genes are common, while angio-
genesis and re-oxygenation reduce signaling via HIF1α and REDD1. 
Heritable mutations affecting either TSC1 or TSC2 give rise to tuber-
ous sclerosis syndrome, which is characterized by multiple benign 
tumors, including angiofibroma of the skin, lymphangioleiomyoma 
of the lungs, renal angiomyolipoma, and astrocytomas of the brain 
(41). While TSC1 and TSC2 mutations are rare in sporadic human 
cancers (42–44), reduced TSC1 or TSC2 levels have been observed 
(45–48). Mutational inactivation of another tumor suppressor, 
neurofibromatosis 1 (NF1), which encodes a Ras-GAP, upregulates 
Ras-GTP levels leading to activation of MEK/MAPK and RSK1, 
which in turn inactivates TSC1/2 (49). Finally, oncogenic MEK/
MAPK activation by BRAF in melanoma was recently shown to 
inhibit LKB1 binding to AMPK1 and thereby AMPK1 activation (50, 
51). All of these events impair the ability of the TSC1/TSC2 complex 
to inhibit mTOR/Raptor in response to nutrient and oxygen depri-
vation and DNA damage, resulting in mTORC1 hyperactivation.

The different genetic  lesions that mediate mTORC1 activa-
tion in cancer have different consequences: PTEN loss uncouples 
mTORC1 activation from growth factor signaling (i.e., PI3K/
MAPK  signaling),  leaving  bioenergetic  sensing  via  LKB1  and 
AMPK intact (52); LKB1 mutations permit mTORC1 activation 
despite nutrient deprivation in poorly vascularized tumors; and 
P53 mutations uncouple DNA damage from the inhibition of bio-
energetic processes and cell cycle arrest.

mTOR studies have also revealed a new link between obesity 
and increased cancer risk. Data from experimental animals and 
humans show that mTORC1 is activated by a high-fat diet (53) 
and by branched-chain amino acids present in obese individuals 
(54). Interestingly, metformin, an oral hypoglycemic agent used 
to treat type 2 diabetes, was recently shown to activate AMPK via 
LKB1 (55). It has therefore been suggested that metformin may 

have anticancer effects via AMPK-mediated mTORC1 inhibition 
(56). A recent phase I trial of metformin with temsirolimus dem-
onstrated disease stabilization (57), and clinical trials combining 
metformin with newer TOR-KIs warrant consideration.

Downstream of mTOR in cancer. mTOR drives cancer growth by 
activating the lipid and protein biosynthesis needed for robust 
tumor expansion. This occurs via deregulated signal transduction 
and the resulting hyperactivation of the critical mTORC1 effectors 
S6K1 and eIF4E. Oncogenic mTORC1 and mTORC2 activation 
also drives cell proliferation via increases in cyclin D1 and cyclin E  
and loss of the restraining effects of p21 and p27 on cell cycle as 
noted above. Recent work links oncogenic PI3K/mTOR activation 
with cancer cell motility via p27. AKT, SGK1, and RSK1 cooperate 
to phosphorylate p27 at T157 and T198, which impairs nuclear p27 
import (10, 58–62), causing cytoplasmic p27 to accumulate in can-
cer cells and bind RhoA (63). This inhibits RhoA-ROCK1, causing 
actin cytoskeleton destabilization and increased cell motility and 
metastasis (63–65). SGK action on p27 may underlie the observation 
that SGK3, a kinase closely related to SGK1, promotes anchorage- 
independent tumor growth (66). While the normal physiologic 
role for this is not clear, in cancers, constitutive PI3K/mTOR mis-
localizes p27 to cytoplasm, thereby reducing Cdk inhibition by p27, 
and increases p27-RhoA binding to enhance tumor metastasis.

Rapamycin and rapalogs as anticancer therapies
Biologic investigation of the PI3K/mTOR signaling network has 
complemented the identification of genetic mutations in specific 
cancers to inform the development of clinical therapies targeting 
the network. Initial observations of network activation in human 
tumors led to the preclinical and clinical development of rapa-
mycin and its analogs — allosteric, irreversible inhibitors of Rap-
tor-bound mTOR — as anticancer therapies. Their investigation 
as anticancer therapies was aided by the fact that rapamycin had 
been FDA approved for many years as an immunosuppressant to 
prevent organ transplant rejection, and was well tolerated, despite 
the importance of mTORC1 in cellular homeostasis (67–69).

Rapalogs: preclinical and clinical trials. Clinical trials are currently 
underway to test the efficacy of rapamycin and several rapalogs, 
including temsirolimus  (Torisel, CCI-779, Pfizer), everolimus 
(RAD001, Novartis), and ridaforolimus (AP23573, Ariad Phar-
maceuticals), as anticancer therapies (ref. 70 and Table 1). By late 
2010, the U.S. NCI website ClinicalTrials.gov listed more than 160 
mTOR-directed clinical trials underway. In a large, multicenter 
phase III trial, temsirolimus prolonged overall survival of patients 
with metastatic renal cell carcinoma (RCC) compared with other 
treatments (71), leading to FDA approval of temsirolimus in 2007 
for metastatic RCC. This study validated mTOR as a therapeutic 
target in cancer. Everolimus also showed efficacy in a placebo-con-
trolled phase III trial in RCC (72) and was FDA approved in 2009.

Rapalogs have shown promise in several other malignancies 
that are often refractory to standard chemotherapies. Temsiroli-
mus yielded a 22% overall response rate (ORR, which represents 
complete or partial responses divided by the number of patients 
treated) in a phase III trial for refractory mantle cell lymphoma, in 
contrast to only 2% for investigator’s choice of therapy (73). Simi-
larly, rapalogs showed single-agent activity against other types of 
lymphomas (74–76) and are being evaluated in phase II trials for 
sarcomas, endometrial cancers, and other advanced solid tumors 
(77–79). For example, a recent phase I study of everolimus showed 
promise in patients with advanced colorectal cancer (80).
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Not surprisingly, rapalogs have shown efficacy against prolifera-
tive syndromes resulting from mutational inactivation of either 
TSC1 or TSC2. Various studies in TSC patients showed that rapa-
logs improve facial angiofibroma, renal angiomyolipoma, and 
pulmonary lymphangioleiomyomatosis (81–83), and further tri-
als are underway. Substantial regression of subependymal giant 
cell astrocytomas was observed with rapamycin in a phase I trial in 
TSC patients (84). This was followed by a phase II trial of everoli-
mus for subependymal giant cell astrocytomas that showed reduc-
tion in seizures and tumor size (85). These striking results provide 
perhaps the strongest proof of concept that mTOR inhibitors will 
work in selected patients whose tumors are driven by mTOR sig-
naling abnormalities.

Despite frequent PTEN loss in sporadic glioma and melanoma, 
rapalogs have had little efficacy in patients with these tumors (86, 
87). In endometrial cancers, which have early PTEN loss, tumor 
regression has rarely been observed, despite stabilization of disease 
by rapalogs in 26%–44% of those treated in two small phase II studies 
(78, 79). Moreover, while breast cancers show frequent PI3K activa-
tion (7), via HER2 amplification, overexpression of IGF-1R or EGFR, 
PIK3CA mutation, or PTEN loss, the activity of temsirolimus (ORR, 

7%–10%) (88) and everolimus (ORR, 12%) (89) as single-agent thera-
pies was disappointing in individuals with metastatic breast cancer.

Thus, while rapalogs have demonstrated some success, they 
have shown only modest efficacy  in tumors where they were 
expected to provide substantial benefit. The clinical successes, 
notably for RCC and mantle cell lymphoma, are meaningful, 
since these diseases are largely resistant to standard chemother-
apy. Benign tumors arising from TSC1 and TSC2 mutations may 
be most sensitive to rapalogs because of their greater inherent 
genetic stability and a lower propensity for activation of resis-
tance mechanisms. Perhaps the most significant success of the 
laboratory and clinical investigation of rapalogs in cancers is that 
they have revealed potential causes of rapalog failure, which fos-
tered the development of next-generation TOR-KIs.

Mechanisms underlying the limited anticancer efficacy of rapalogs. Both 
animal and clinical studies have shown that rapalogs are primarily 
cytostatic, not cytotoxic, and clinical efficacy largely reflects disease 
stabilization rather than regression (70). One reason for rapalog 
failure is that they are incomplete, substrate-selective mTORC1 
inhibitors: rapalogs block the action of mTORC1 on certain sub-
strates more effectively and more durably than others. For example, 

Table 1
Rapalogs: clinical development status

Cancer type Everolimus Temsirolimus Ridaforolimus
Renal Approved, 3rd-line, single-agent; Approved, 1st-line, single-agent,
  phase III, 2nd-line + bevacizumab;  high-risk patients;
  phase III, adjuvant, single agent  phase III + bevacizumab

Non-Hodgkin lymphoma Phase III, 1st-line, maintenance Phase III, 3rd-line, mantle cell
  (therapy given during remission  lymphoma
  to prevent relapse), diffuse large
  B cell lymphoma

Pancreatic neuroendocrine Phase III, single-agent;
  phase III + octreotide

Gastric Phase III, 2nd-line, single-agent

Sarcoma   Phase III, maintenance

Liver Phase III + BSC;
  phase IIB, 1st-line + sorafenib;
  phase IIB + TACE

Breast (ER+) Phase III + exemestane Failed phase III + letrozole

Breast (HER2+) Phase III, 1st-line + paclitaxel/trastuzumab;  
  phase III, 2nd/3rd-line + trastuzumab/vinorelbine;
  phase IIB, neoadjuvant + trastuzumab

Breast (HER2–) Phase IIB, 1st-line + paclitaxel/bevacizumab

Ovarian Phase IIB + bevacizumab

Head and neck Phase IIB, adjuvant + single-agent

Colorectal Phase IIB, 1st-line + XELOX-A

Glioblastoma Phase IIB, 1st-line Phase IIB, 1st-line, unmethylated
  + temozolomide/radiotherapy  MGMT promoter + radiotherapy

Prostate (hormone resistant) Phase IIB + bicalutamide  Phase IIB + bicalutamide

Non–small cell lung   Phase IIB, KRAS mutant

Endometrial   Phase IIB, single-agent

BSC, best supportive care; MGMT, O6-methylguanine-DNA methyltransferase; TACE, transarterial chemoembolization; XELOX-A, bevacizumab/
capecitabine/oxaliplatin.
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although rapamycin and its analogs inhibit S6K1 phosphorylation, 
they show only transient or no ability to block 4EBP1 phosphoryla-
tion and cap-dependent translation (90–92). The molecular mecha-
nisms underlying this are not well understood. Thus, rapalogs only 
incompletely inhibit mTORC1-dependent protein synthesis, and 
this may contribute to resistance to rapalogs.

Rapalogs, through irreversible sequestration of mTOR, disrupt 
a dynamic signaling network linking mitogen and energy sensing. 
Another reason for rapalog failure is the existence of feedback cir-
cuits, activated by mTORC1 inhibition, that drive mitogenic sig-
naling. For example, mTORC1 inhibition leads to feedback activa-
tion of the PI3K pathway. In normal cells, autoinhibitory feedback 
mechanisms limit mTORC1 and -2 signaling (Figure 1). mTORC1 
activates S6K1, which promotes insulin receptor substrate (IRS) 
proteolysis (93). The IRS scaffold protein facilitates insulin and 
IGF receptor signaling to activate PI3K. mTORC1- and S6K1-medi-
ated IRS loss dampens PI3K signaling, which in turn reduces input 
to mTORC1. Rapalogs block this S6K1-dependent autoinhibitory 
pathway (93), causing feedback activation of PI3K, promoting resis-
tance to the effects of rapamycin and its analogs. Following everoli-
mus treatment, biopsy specimens showed AKT activation in colon 
cancers (94). Rapalog-sensitive feedback mechanisms also activate 
other RTKs through additional scaffold proteins (95, 96).

Another feedback circuit exists in which mTORC1 activity, func-
tioning via S6K1, leads to phosphorylation of Rictor to inhibit 
mTORC2 (97, 98). Rapalog-mediated mTORC1 inhibition relieves 
this tonic Rictor inhibition and drives mTORC2-mediated AKT 
activation. In addition, mTORC1 inhibition can cause feedback 
activation of MAPK via an S6K1/PI3K/Ras pathway. Consistent 
with this, MAPK activation has been observed in metastatic solid 
tumors following RAD001 treatment (99). Thus, the cytostatic 
effects of rapalogs in cancers are limited by feedback activation of 
PI3K, Ras/MAPK, mTORC2, and downstream AGC kinases, all of 
which oppose rapalog effects on protein biosynthesis and cell cycle.

Combinations targeting upstream activators to enhance rapalog  
efficacy. The modest clinical results of single-agent rapalog trials, 
with disease stabilization rather than regression being achieved, 
have prompted a number of combination therapy trials (Table 1). 
Rapalogs have shown in vitro synergism with several cytotoxic 
chemotherapeutic agents (100, 101). While rapalog/chemothera-
peutic combination trials may have had little molecular rationale 
at their inception, recent work has provided one. p53-deficient 
cancers have lost a major mechanism by which DNA damage 
leads  to  mTORC1  inhibition.  In  normal  cells,  DNA  damage 
activates AMPK via p53, and AMPK-driven TSC1/2 activation 
inhibits mTORC1 to permit DNA repair before cell division (29). 
Cells with p53 loss no longer respond to chemotherapeutic DNA 
damage by attenuating mTORC1 activity and arresting prolifera-
tion. This allows continued cell division despite significant DNA 
damage, rendering cells more sensitive to chemotherapy-induced 
apoptosis. Cell survival becomes mTORC1 dependent, rendering 
cancer cells more sensitive to combined chemo-/rapalog therapy.

Trials are underway to enhance rapalog efficacy and overcome 
feedback PI3K activation by combining rapalogs with antitumor 
agents acting upstream of mTORC1 (Table 1). Everolimus is being 
evaluated with a somatostatin analog, octreotide, that blocks IGF 
production and consequent PI3K activation. A phase II trial of 
everolimus and octreotide for the treatment of neuroendocrine 
tumors yielded an ORR of 20%, a dramatic improvement over 
everolimus alone (102), and a phase III registration trial is now 

underway (Table 1). In non–small cell lung cancer, where EGFR 
inhibitors have modest efficacy, combinations of rapalogs with 
erlotinib, an EGFR tyrosine kinase inhibitor, are under investiga-
tion in phase II trials. Estrogen is known to stimulate both MAPK 
and PI3K, both of which contribute to mTORC1/2 activation 
(103). In preclinical breast cancer studies, rapalogs augmented 
effects of anti-estrogens, including tamoxifen, fulvestrant, and 
aromatase inhibitors (letrozole and exemestane) (104–106). It is 
not clear why combined temsirolimus and letrozole yielded no 
improvement over letrozole alone in one trial in metastatic estro-
gen receptor–positive (ER+) breast cancer (107), while everolimus 
appeared to complement letrozole in advanced breast cancer (108, 
109). Combined aromatase and mTORC1  inhibition  is being 
further evaluated in larger patient cohorts. Strategies combining 
exemestane with everolimus have been promising, as has combin-
ing HER2 blockade by trastuzumab and everolimus in HER2+ 
breast cancer in early clinical studies (110).

Perhaps the greatest therapeutic efficacy of rapalogs and the TOR-
KIs will lie in their rational combination with drugs that block nodal 
pathways in cancer signaling and preclude feedback pathway activa-
tion, such as inhibitors of EGFR1/2, IGF-1R, PI3K, BRAF, and MEK. 
For example, since BRAF is frequently activated in melanoma (111), 
the ensuing MEK activation blocks LBK1/AMPK-driven TSC1/2 
activation and keeps mTORC1 constitutively active (50, 51). Thus, 
rapalog/BRAF inhibitor combinations may prove beneficial for this 
tumor type. While such strategies may ultimately yield viable treat-
ment options, dose-limiting rapalog toxicities, including skin rash, 
nausea, and diarrhea, may be manifest in combination with other 
drugs. This potential limitation and the more concerning observa-
tions that rapalogs cause only incomplete inhibition of mTORC1 
signaling and lead to the unintended activation of feedback loops 
that drive PI3K, mTORC2, and MEK signaling have therefore stimu-
lated a shift in drug development toward next-generation TOR-KIs 
and dual PI3K/mTOR catalytic site inhibitors (PI3K/TOR-KIs).

Beyond rapalogs: molecular rationale and new 
therapeutic strategies
The promise of TOR-KIs and PI3K/TOR-KIs. The recognition that 
rapalogs have limited substrate-specific efficacy and cause feed-
back activation of several oncogenic pathways has fueled the 
development of TOR-KIs and PI3K/TOR-KIs. Several of these 
are currently in phase I/II trials (Tables 2 and 3) or in preclini-
cal development with lead compound optimization underway. 
mTOR catalytic inhibitors, via inhibition of mTORC2, prevent 
feedback-mediated AKT activation that results from inhibition 
of only mTORC1. In addition to circumventing this consequence 
of rapalog-mediated PI3K activation, several other mechanisms 
underlie the greater potential efficacy of these newer agents.

TOR-KIs  cause  more  potent  and  durable  inhibition  of 
mTORC1 than rapalogs and hence more effectively inhibit pro-
tein synthesis. The mechanistic reasons for this are unclear. In 
a majority of cancer lines, rapalogs fail to inhibit protein syn-
thesis due to weak or only transient inhibition of mTORC1- 
mediated  4EBP1  phosphorylation  (92).  TOR-KIs,  including 
WYE354 and WYE132 (Pfizer) (112), PP30 and PP242 (INK-128, 
Intellikine)  (91), AZD8055 (AstraZeneca) (113), and Torin 1 
(114), all inhibit protein synthesis with greater potency, due in 
part to greater inhibition of mTORC1 action on 4EBP1. Poten-
tial contributions of mTORC2 to protein synthesis via AKT/
GSK3-β and PKC are also obviated by these drugs.
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Most cancers show strong activation of glycolysis, which con-
tributes to cell survival in hypoxic and energy-poor environments. 
This shift to glycolytic over oxidative metabolism is mediated in 
part through AKT-dependent activation of glucose transporter 1 
(Glut1). Lactate accumulation and acidosis activate HIF1α and 
HIF2α, which drive transcription of glycolytic regulators (115, 
116). TOR-KIs may more strongly oppose glycolysis than rapa-
mycin (112) due to the lack of feedback activation of PI3K-driven 
AKT and due to their direct inhibition of mTORC2 leading to 
loss of AKT-dependent Glut1 accumulation. This may contrib-
ute importantly to the greater antitumor effects demonstrated in 
xenograft tumors treated with these compounds (112).

The increase in biomass of any malignant tumor requires lipid 
biosynthesis for cell membrane synthesis and lipid-based energy 
metabolism. In addition, many lipid-modified molecules regulate cel-
lular signaling. It has recently come to light that GSK3-β–mediated 
phosphorylation targets for degradation a class of lipogenic transcrip-
tion factors known as sterol-responsive element–binding proteins 
(SREBPs) (117, 118). PI3K/mTORC2-mediated AKT activation, by 
inhibiting GSK3-β, stabilizes the SREBPs to promote lipogenesis. In 
addition, ATP citrate lyase (ACL), a critical regulator of fatty acid syn-
thesis, is phosphorylated and activated by AKT (119, 120). TOR-KIs 
and PI3K/TOR-KIs would thus, through their more potent inhibition 
of AKT than rapalogs, oppose lipid biosynthetic processes contribut-
ing to the selective loss of rapidly proliferating tumor cells (32, 121).

The TOR-KIs all cause greater cell cycle inhibition and G1 arrest 
in preclinical studies than rapamycin (91, 112–114, 122). TOR-KIs 
not only inhibit mTORC1-dependent cyclin D1 translation, but 
also block AKT-mediated activation of cyclin D1 transcription 
(112). Furthermore, they more powerfully oppose the action of 
AKT via inhibition of GSK3-β to stabilize cyclin D1 and cyclin E 
(33, 35). In addition, mTORC1/2 inhibition would more effectively 
block AKT- and SGK1-mediated phosphorylation of p27, revers-
ing its cytoplasmic mislocalization and leading to more effective 
cyclin-CDK2 inhibition (123).

An additional benefit of mTORC1/2 inhibition may be to impair 
tumor cell invasion and metastatic potential. The inhibition of 
AKT/SGK1/RSK1-mediated p27 phosphorylation by TOR-KIs 

and PI3K/TOR-KIs, in addition to restoring nuclear p27 localiza-
tion, would also abrogate the pro-oncogenic function acquired 
when p27pT198 binds RhoA, inhibits actin stability, and activates 
tumor cell motility and metastasis (63).

It is noteworthy that several of the pure TOR-KIs appear to 
induce apoptosis (112) or autophagy (113, 114), while rapamy-
cin does not. This in part reflects more potent inhibition of 
AKT, whose antiapoptotic effects are legion (13). In addition to 
inhibiting protein and lipid biosynthesis, mTORC1/2 inhibi-
tors also have potent antiangiogenic effects. This was shown 
for Palomid 529 in preclinical in vivo models (124) and may 
result from more potent inhibition of hypoxia-induced HIF1α 
and HIF2α activation and reduced VEGF production (112). 
Recent work has shown that HIF2α critically mediates cancer 
cell–autonomous growth through increased RTK expression 
(125).  More  potent  inhibition  of  HIF2α  production  would 
oppose RTK accumulation and growth factor independence 
(125), constituting yet another potential mechanism for the 
greater efficacy of TOR-KIs over rapalogs.

Despite promising preclinical and early clinical results with 
TOR-KIs, resistance to TOR-KIs could still arise via feedback PI3K 
activation. Despite the loss of mTORC2-mediated S473 phos-
phorylation of AKT in cells treated with a TOR-KI, mTORC1 
inhibition would still promote feedback activation of PI3K- and 
PDK1-driven phosphorylation of AKT at T308. Constitutively 
T308-phosphorylated AKT shows modest substrate-dependent 
action without S473 phosphorylation; this may attenuate the 
therapeutic efficacy of TOR-KIs (91). Furthermore, the loss of 
mTORC1-mediated IRS feedback might activate PI3K effectors 
other than AKT. These molecular insights have stimulated the 
development of PI3K/TOR-KIs (Table 3). These new PI3K/TOR-
KIs have shown powerful effects in xenograft models of breast can-
cer (126–129), pancreatic cancer (130), melanoma (131), multiple 
myeloma (132), glioma (129, 133), RCC (134), and acute myeloid 
leukemia (AML) (135). Like the TOR-KIs, many dual PI3K/TOR-KIs  
strongly induce apoptosis (128, 129, 132, 134, 135) and/or autophagy  
(133). Several also show notable antiangiogenic properties, with 
significant reduction of xenograft neovascularization (131, 133).

Table 2
TOR-KI clinical development status

Drug, company Phase Start date Planned accrual Development statusA

OSI-027, OSI Pharmaceuticals I June 2008 75 Single agent (oral, dose escalation schedules) for solid tumors
     or lymphomas (NCT00698243)

AZD8055, AstraZeneca I/II July 2008 100 Single agent (oral, twice daily) for advanced solid tumors
     (NCT00731263)
 I September 2009 21 Single agent (oral, twice daily) for advanced solid tumors
     in Japanese patients (NCT00973076)
 I/II October 2009 80 Single agent (oral, dose escalation) for advanced hepatocellular
     carcinoma in Asian patients (NCT00999882)

INK128, Intellikine I December 2009 30 Single agent (oral dose escalation) for advanced solid malignancies
     (NCT01058707)
 I June 2010 56 Single agent (oral dose escalation) for relapsed or refractory
     multiple myeloma or Waldenström macroglobulinemia
     (NCT01118689)

AThe ClinicalTrials.gov identifier is shown in parentheses.
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Together, these data indicate that relative to rapalogs, TOR-KIs 
and PI3K/TOR-KIs have the potential to more profoundly inhibit 
protein and lipid biosynthesis, as well as coordinate arrest of cell 
growth and cell cycle. In addition, they more effectively oppose 
angiogenesis, tumor invasion, metastasis, and survival.

PI3K/TOR-KIs and TOR-KIs in clinical trials. Several PI3K/TOR-
KIs and TOR-KIs have entered clinical trials. The drugs, date of 
trial initiation, disease sites treated, and planned trial accrual are 
listed in Tables 2 and 3. This information is largely unpublished 
and comes from meeting reports of 2009 and 2010 (American 
Association of Cancer Research [AACR], San Antonio Breast Can-
cer Symposium [SABCS], European Organisation for Research 
and Treatment of Cancer [EORTC], and the American Society 
of Clinical Oncology [ASCO]) and from postings at ClinicalTri-
als.gov. Phase I trials of Novartis’s PI3K/TOR-KIs, BEZ235 and 
BGT226,  in advanced solid tumors began in 2006 and 2007, 
respectively. The BGT226 trial ended in 2009, and this drug will 
not be developed further, since BEZ235 is both more potent and 
more bioavailable. No dose-limiting toxicities have been reported 
for BEZ235, and mild adverse events (including nausea, vomit-
ing, diarrhea, anemia, and anorexia) were manageable and revers-
ible upon drug withdrawal. BEZ235 is pharmacodynamically 
active, exhibiting dose- and schedule-dependent PI3K inhibition 
(136). A phase I dose escalation study of XL765 (Exelixis) has 
shown good tolerability, with adverse effects including diarrhea, 
anorexia, rash, and mild elevations of postprandial insulin lev-

els without effects on glycemia (137). This drug yielded marked 
disease stabilization in advanced solid tumors. In 2009 and early 
2010, additional phase I trials of PI3K/TOR-KIs were initiated 
with GSK2126458 (GlaxoSmithKline), GDC0980 (Genentech), 
and PF-04691502 and PF-0521384 (Pfizer).

TOR-KIs have also entered clinical trials (Table 2), and additional 
lead compounds are in development. Phase I trials of OSI-027 (OSI 
Pharmaceuticals) and AZD8055 (AstraZeneca) in solid tumors and 
lymphoma were initiated in mid-2008, and the latter has moved 
to phase II trials in endometrial cancer. As a single agent, OSI-027 
has shown preliminary evidence of pharmacodynamic activity, as 
assessed by reduction of phospho-4EBP1; it has also been well toler-
ated, and dose escalation studies are ongoing (138). OSI-027 is also 
being tested with the EGFR inhibitor erlotinib for non–small cell 
lung cancers and with temozolamide for gliomas.

PI3K inhibitors in cancer therapy. While they are not within the 
focus of this mTOR review, we would be remiss not to mention 
the development of a number of pure PI3K inhibitors. These com-
pounds have been extensively reviewed elsewhere (139, 140). As 
for the TOR-KIs and PI3K/TOR-KIs, early preclinical studies and 
clinical trials have been promising, showing tumor growth inhibi-
tion in vitro and in vivo and favorable tolerability profiles. PI3K 
inhibitors currently in clinical trials include XL147 (as mono-
therapy in solid tumors or in combination with erlotinib or car-
boplatin/paclitaxel), NVP-BKM120, PX-866, GSK1059615 (all as 
monotherapy in solid tumors), and CAL-101 (as monotherapy 

Table 3
PI3K/TOR-KI clinical development status

Drug, company Phase Start date Planned accrual Development statusA

BEZ235/NVP-BEZ235, Novartis I/II December 2006 80 Single agent (oral dose escalation), phase I/II for advanced
     solid tumors/phase II for advanced breast cancer
     (NCT00620594)
 I October 2010 30 Single agent (oral dose to determine MTD), Phase I for
     advanced solid tumors (NCT01195376)

BGT226, Novartis I/II December 2007 57 Single agent (oral) for phase I for advanced solid tumors;
     phase II for advanced breast cancer (NCT00600275)
 I November 2008 57 Phase I for advanced solid tumors (NCT00742105)

XL765, Exelixis I June 2007 75 Single agent (oral, once or twice daily) for solid tumors
     (NCT00485719)
 I October 2008 80 For NSCLC + erlotinib (NCT00777699)
 I September 2008 80 For gliomas + temozolomide (NCT00704080)
 I/II May 2010 124 For breast cancer + letrozole (NCT01082068)

GDC-0980, Genentech I April 2009 63 Single agent (oral dose escalation) for non-Hodgkin
     lymphoma/solid tumors (NCT00854126)
 I March 2009 75 Single agent (oral dose escalation) for non-Hodgkin
     lymphoma/solid tumors (NCT00854152)

GSK2126458, GlaxoSmithKline I August 2009 70 Single agent (oral dose escalation) for solid tumors
     or lymphoma (NCT00972686)

PF-04691502, Pfizer I December 2009 75 Single agent (oral dose escalation) for solid tumors
     (NCT00927823)
PF-05212384 (PKI-587), Pfizer I November 2009 85 Single agent (i.v. dose escalation) for solid tumors
     (NCT00940498)

AThe ClinicalTrials.gov identifier is shown in parentheses. MTD, maximum tolerated dose; NSCLC, non–small cell lung cancer.
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in chronic lymphocytic leukemia, non-Hodgkin lymphoma, and 
acute myelogenous leukemia). Continued development of these 
compounds, and others that have yet to enter the clinic, will be 
important as they may complement the action of TOR-KIs and 
show synergies with other targeted therapies.

Biomarkers for Rapalog and TOR-KI patient selection. Identification 
of reliable biomarkers to assist in patient selection and to monitor 
treatment response is of paramount importance. HER2 amplifi-
cation in breast cancer; overexpression of other RTKs, PTEN loss, 
PIK3CA mutations, elevated levels of phosphorylated AKT in many 
human cancers; cyclin D1 overexpression due to chromosomal 
translocations in mantle cell lymphoma; and von Hippel–Lindau 
tumor suppressor (VHL) loss in renal cell cancers and Kaposi sarco-
ma have been identified in preclinical models as putative predictors 
of rapalog response (141–144). However, the use of PTEN and PIK-
3CA mutations and AKT phospho-status for predicting rapalog sen-
sitivity has not been fully validated in clinic (145–150). Interestingly, 
one recent study showed that either PI3K activation or PTEN loss 
predicted enhanced susceptibility to everolimus in cancer cell lines, 
but this was abrogated if activating KRAS or BRAF mutations were 
also present (151). These results were validated in a small cohort of 
patients with advanced solid tumors: tumors showing PTEN loss 
and KRAS activation had minimal benefit from everolimus (151).

To date, attempts to identify and standardize biomarkers of 
rapalog response have been largely unsuccessful. The notion that 
pathway activation or “oncogene addiction” predicates response to 
pathway inhibition has not always been borne out. This may reflect 
the complexity of the PI3K/mTOR signaling network and the exis-
tence of feedback loops. Predictive factor studies accompanying 
early trials with rapalogs often had woefully too few tumor num-
bers to achieve significance (70), and technological challenges limit 
application of phosphoprotein-based  immunohistochemistry 
(IHC) in human tumor specimens. Moreover, analysis of fixed, 
paraffin-embedded primary tumor specimens may have limited 
predictive ability for drug responses in metastatic disease due to 
tumor evolution over time, emphasizing the importance of clinical 
trial design with real-time tumor analysis. The recently attempted 
use of genomic methods to identify signaling pathway activation 
holds promise but requires refinement for clinical application.

Although most predictive biomarker studies have had too few 
samples for clinical prediction, IHC and genomic analysis of putative 
drug targets have illuminated drug mechanism. The recent appre-
ciation that rapamycin is a substrate-specific mTORC1 inhibitor, 
causing transient, if any, 4EBP1 inhibition (90, 91, 112), illuminates 
why S6K1 and ribosomal protein S6 (S6) phospho-status does not 
correlate with rapamycin response in preclinical models (149) and 
is unlikely to predict rapamycin sensitivity in humans. The observed 
activation of phosphorylated AKT in post–rapalog treatment tumor 
samples from clinical trials (94) confirmed the importance of feed-
back mechanisms in resistance and fueled the discovery of new-gen-
eration TOR-KIs. In future trials, the phosphorylation status of AKT, 
4EBP1, S6K1, and S6 and the presence of PTEN or PIK3CA muta-

tions may prove to be useful response predictors for PI3K/TOR-KIs 
and TOR-KIs. Moreover, cytoplasmic p27, which is readily detected 
by IHC, may be a powerful indicator of PI3K/mTOR activation and 
susceptibility to PI3K/TOR-KIs. Clinical trials with accompanying 
histopathologic evaluation of pre- and post-treatment effects in 
skin, peripheral blood mononuclear cells, and tumor samples will 
help define the most biologically relevant targets, ensuring that these 
agents are delivered to patients most likely to respond.

Concluding remarks and future directions
The last decade has witnessed a growing appreciation of the com-
plexity of PI3K/mTOR signaling and of the potential of mTOR-
targeted  anticancer  therapies.  Despite  the  limited  efficacy  of 
rapalogs, these drugs have shown clear benefit in mantle cell lym-
phomas, RCC, and TSC-related tumors, for which few therapeutic 
options exist. Studies of rapalog action in cell lines and patients 
have revealed mechanisms underlying their limited clinical impact, 
including substrate-selective inhibition of mTORC1 and activa-
tion of feedback loops. These insights have prompted the develop-
ment of direct mTOR kinase inhibitors.

It remains to be determined whether catalytic inhibition of mTOR 
and/or PI3K will also give rise to feedback loop activation via novel, 
as-yet-undiscovered autoregulatory mechanisms. This highlights 
the need for ongoing design of clinical trials with molecular cor-
relative studies utilizing tumor biopsies. As tolerability profiles for 
new TOR-KIs and PI3K/TOR-KIs are assessed, correlative analyses 
are required to identify clinically feasible and reliable biomarkers of 
response and of the emergence of drug resistance.

While PI3K/TOR-KIs and TOR-KIs may prove more potent as 
single agents than rapalogs, their greatest efficacy may lie in com-
binations with other pathway inhibitors. It is increasingly clear 
that antitumor efficacy and response duration with inhibitors of 
a single kinase are frequently limited by parallel signaling, bypass 
pathway activation, or feedback activation of mitogenic pathways. 
Molecular arguments can be made for testing the new TOR-KIs 
together with MEK or Src inhibitors, farnesyl transferase inhibi-
tors, EGFR- or HER2-directed therapies, antiangiogenic agents, 
and, for ER-positive breast cancers, hormonal agents. As signaling 
complexity in cancers is better understood, therapeutic strategies 
to inhibit mTOR together with other pivotal biosynthetic, prolif-
eration, and survival pathways hold significant promise.
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