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mTOR is a rational target in renal cell carcinoma (RCC) because of its role in disease progression. However, the effects of tem-

sirolimus, the only first-generation mTOR inhibitor approved by the FDA for first-line treatment of metastatic RCC, on tumor

reduction and progression-free survival are minimal. Second-generation mTOR inhibitors have not been evaluated on RCC. We

compared the effects of temsirolimus and MLN0128, a potent second-generation mTOR inhibitor, on RCC growth and metasta-

sis using a realistic patient-derived tissue slice graft (TSG) model. TSGs were derived from three fresh primary RCC specimens

by subrenal implantation of precision-cut tissue slices into immunodeficient mice that were randomized and treated with

MLN0128, temsirolimus, or placebo. MLN0128 consistently suppressed primary RCC growth, monitored by magnetic resonance

imaging (MRI), in three TSG cohorts for up to 2 months. Temsirolimus, in contrast, only transiently inhibited the growth of

TSGs in one of two cohorts before resistance developed. In addition, MLN0128 reduced liver metastases, determined by

human-specific quantitative polymerase chain reaction, in two TSG cohorts, whereas temsirolimus failed to have any signifi-

cant impact. Moreover, MLN0128 decreased levels of key components of the two mTOR subpathways including TORC1 targets

4EBP1, p-S6K1, HIF1a and MTA1 and the TORC2 target c-Myc, consistent with dual inhibition. Our results demonstrated that

MLN0128 is superior to temsirolimus in inhibiting primary RCC growth as well as metastases, lending strong support for fur-

ther clinical development of dual mTOR inhibitors for RCC treatment.

mTOR, as a component of two distinct protein complexes,
TORC1 and TORC2, plays an important role in development
and progression of renal cell carcinoma (RCC).1,2 Two mTOR
inhibitors improved progression-free survival and quality of
life and have been approved for metastatic RCC (mRCC)
patients.3,4 These are temsirolimus for treatment-na€ıve patients
with poor prognosis mRCC and everolimus for patients with

mRCC who failed antiangiogenic therapy. These first-
generation mTOR inhibitors were only modestly successful in
clinical trials5 with efficacy limited by preferential inhibition
of TORC14,5 and compensatory upregulation of the Akt path-
way by TORC26,7; therefore, inactivation of both TORC1 and
TORC2 may represent a more effective strategy.8 Indeed,
second-generation mTOR inhibitors compete against ATP to
bind the mTOR catalytic domain and effectively inhibit both
TORC1 and TORC2, resulting in more significant antiprolifer-
ative effects compared to rapalogs.9 One such inhibitor,
MLN0128, is currently in phase I clinical trials (http://clinical
trials.gov/show/NCT01058707).

In preclinical studies of prostate cancer (PCa), treatment
with MLN0128 not only significantly reduced PCa volume in
mice but also completely blocked the progression of invasive
PCa locally in the mouse prostate and profoundly inhibited
the total number and size of distant metastases.10 In addition,
MLN0128 inhibited the translation of four genes (YB1,
MTA1, vimentin and CD44) that direct invasion and metas-
tasis through 4EBP1 and S6k1 downstream of TORC1, and
downregulated p-AKT, a known target of TORC2, confirm-
ing its dual inhibition of both subpathways.10

In this work, we evaluated the effects of MLN0128 on
RCC growth and metastasis using a patient-derived tissue
slice graft (TSG) model recently developed in our labora-
tory.11 We monitored tumor growth noninvasively by
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magnetic resonance imaging (MRI) and compared tumor
growth rates in mice treated with MLN0128 or temsirolimus
vs. placebo. In addition, liver metastases in TSG-bearing mice
were quantified and the effects of MLN0128 and temsiroli-
mus were compared. Finally, the mechanisms of MLN0128
and temsirolimus activity were examined by determination of
the levels of key components of the TORC1 and TORC2 sub-
pathways and target genes.

Material and Methods
Tissue acquisition

Tissues were freshly obtained from three patients undergoing
nephrectomy at Stanford between September 2011 and May
2012 under an Institutional Review Board-approved protocol.
Frozen sections were used to histologically confirm the diag-
nosis of clear cell RCC. Clinicopathological features of the
cases are summarized in Table 1.

Precision-cutting and subrenal implantation of tissue

slices

Precision-cutting and subrenal implantation of tissue slices
were performed as previously described.11 All animal work
was done in accordance with institutional regulations for lab-
oratory animal studies. RAG22/2gC2/2 mice,12 6–8 weeks of
age, were engrafted with RCC tissue slices.

Immunohistochemistry

Immunohistochemistry was performed as previously
described.13 The sources and dilutions of the antibodies used
in this study are listed in Supporting Information Table 1.

VHL sequencing

DNA was extracted from TSGs preserved in Allprotect tissue
reagent (Qiagen, Germantown, MD) using an AllPrep DNA/
RNA/Protein Mini Kit (Qiagen) according to the manufac-
turer’s directions. The three exons of VHL were selected for
polymerase chain reaction (PCR) amplification and direct
sequencing. PCR primers for VHL exons 1–3 are listed in
Supporting Information Table 2.

MRI of TSGs

A Discovery MR901 7.0 T MRI system (Agilent, Santa Clara,
CA) was used at the Stanford University Small Animal Imag-
ing Facility for in vivo imaging. A custom T2-weighted
sequence was developed for abdominal imaging of the grafts
in situ on the mouse kidney. Blinded 3D volumetric model-
ing was performed with OsiriX 4.1 (Pixmeo, Bernex, Switzer-
land). Specific growth rate (SGR) was calculated as SGR 5

ln(V2/V1)/(t2 2 t1) with (t2 2 t1) as time (in days) between
the two MRI measurements V2 and V1 (in cm3).14

Drug administration

Temsirolimus (Sigma-Aldrich, St. Louis, MO) was adminis-
tered by intraperitoneal injection, once a week, 10 mg/kg/
week, as shown to be an effective dose against multiple types
of cancers including RCC in mouse models.15,16 It was
stocked at 50 mg/ml in 100% EtOH and diluted in 5%
Tween-80 and 5% polyethylene glycol 400 to the final con-
centration on the day of injection. MLN0128 (ChemieTek,
Indianapolis, IN) was administered by oral gavage daily,

Table 1. Pathological features and engraftment rates of RCC cases in this study

Case Sex Age
Pathologic
stage

Nodal and
metastatic stage

Furhman
grade

Additional
pathologic
features

TSG generation
and engraftment
rate (engrafted/total) Comments

1 M 42 T3a NxMx III First, 55% (12/22) VHL mutation1

2 F 59 T3a NxM1 (bone and
brain)

IV Rhabdoid First, 72% (21/29) Cytoreductive nephrectomy
after neoadjuvant sunitinib2

3 F 64 T3a NxMx III Sixth3, 83% (10/12) Postoperative metastases4

1The patient has a known mutation of the Von-Hippel-Lindau (VHL) gene that is validated in this study.
2The patient presented with metastatic disease at time of diagnosis and underwent brain and bone metastasectomy, followed by two cycles of neo-
adjuvant sunitinib before cytoreductive nephrectomy and the implantation of the primary tumor tissue into mice. The patient developed liver metas-
tases within a year after surgery.
3Tumor tissues from this patient were serially passaged in mice and the tumor graft line used in this study was the sixth generation of TSG.
4Postoperative development of new lung and pancreatic metastases within 6 months after surgery.

What’s new?

Second-generation mTOR inhibitors, which target both the TORC1 and the TORC2 mTOR subpathways, could be more effective

against renal cell carcinoma (RCC) than first-generation inhibitors, which target only TORC1. This study lends support to that

idea, revealing that the novel second-generation mTOR inhibitor MLN0128 consistently suppresses primary RCC growth in a

patient-derived tissue slice graft (TSG) model, whereas the FDA-approved first-generation inhibitor temsirolimus only transi-

ently inhibited TSGs. The results suggest that dual mTOR inhibitors may have superior activity compared with first-generation

drugs and should be evaluated in human trials for RCC.
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1 mg/kg/day. It was formulated in 5% polyvinylpropylene,
15% NMP (N-methylpyrrolidone) and 80% water. This for-
mulation served as placebo, which was administered daily by
oral gavage. The pharmacokinetic characteristics of MLN0128
in tumor xenograft models have been described previously.17

The dose and schedule used in this study were based on the
previously published pharmacokinetic data and other previ-
ous studies demonstrating maximal mTOR inhibition while
minimizing off-target effects.10,18–20 Tissues were collected
within 24 hr after the last treatment.

Quantitative real-time PCR

Tissues were preserved in Allprotect tissue reagent (Qiagen)
at 220�C before RNA extraction using an AllPrep DNA/
RNA/Protein Mini Kit (Qiagen). The quality of RNA was
determined using an Agilent 2100 Bioanalyzer (Agilent).
Quantitative real-time PCR (qRT-PCR) was performed as
previously described.21 Primer sequences for human-specific
and universal GAPDH are listed in Supporting Information
Table 2.

Immunoblot analysis

TSGs were homogenized in Tissue Protein Extraction Rea-
gent (Pierce, Appleton, WI) in the presence of proteinase/
phosphatase inhibitor cocktail (Millipore, Billerica, MA). Pro-
tein concentration was determined using the Bradford assay
(Bio-Rad, Hercules, CA). Protein separation and detection
were performed as previously described.21 Antibodies used in
this study are listed in Supporting Information Table 1. Sig-
nal intensities were quantified with the Image J software
(NIH).

Statistical analysis

Student’s t-test was used for two-arm experiments and
ANOVA for three-arm experiments. A p < 0.05 was consid-
ered significant. Statistical tests were performed with Excel
Stats.

Results
TSGs derived from RCC tissues maintained histological

and genetic fidelity

TSG cohorts were generated from three patient-derived speci-
mens by implanting precision-cut slices of fresh RCC tissues
under the renal capsule of immunodeficient mice. The patho-
logical features and engraftment rates of RCC cases in this
study are listed in Table 1. Cohort 1 TSGs were derived from
a treatment-na€ıve patient undergoing nephrectomy. The
donor for cohort 2 TSGs had undergone neoadjuvant suniti-
nib, providing an opportunity to investigate whether RCC
previously treated with a tyrosine kinase inhibitor remained
responsive to mTOR inhibitors. TSGs that had been passaged
five times in mice were used for cohort 3 because these TSGs
had demonstrated consistent metastatic potential. The donor
of cohort 3 TSGs was treatment-na€ıve at the time of nephrec-
tomy, and developed postoperative metastases. All three TSG

cohorts showed similar histological phenotypes to the parent
tumors (Fig. 1). Specifically, TSG cohorts 1 and 2 showed
high intensity of membranous CAIX staining similar to par-
ent tumors (Figs. 1a–1d), whereas both parent tumor and its
derivative TSGs for case 3 showed modest CAIX staining
(Figs. 1e and 1f). In addition, all three parent tumors and
TSGs showed patchy CD10 staining (Figs. 1g–1l). Moreover,
all TSGs and parent tumors were negative for CD117 (Figs.
1m–1r) and CK7 except for weak patchy CK7 staining
observed for both parent tumor and TSGs of case 1 (Figs.
1s–1x). Overall, the staining patterns observed for CAIX,
CD10, CD117 and CD7 were as expected for clear cell RCC.
Finally, DNA sequencing revealed the same VHL mutation
(473 T->C in exon 3) in parent tumor and TSGs for case 1
(Figs. 1y and 1z). These results demonstrated that TSGs
maintained histological and genetic characteristics of the par-
ent tumors.

MLN0128 is a potent inhibitor of RCC growth

Four weeks after implantation, TSG-bearing mice were
randomized to control and treated arms based on TSG vol-
ume measured by MRI and 3D volumetric modeling (Figs.
2a and 2b), so that TSG volume distribution in each arm was
similar. SGR was also taken into account for TSG cohorts 1
and 3 with multiple pretreatment MRI measurements.
MLN0128 significantly reduced tumor growth in all three
cohorts (Fig. 2c). Specifically, for TSG cohort 1, mice treated
with MLN0128 for 2 months had a negative mean post-
treatment SGR of 22.98%/day vs. 1.46%/day for placebo,
indicating significant shrinkage of the tumors by MLN0128
(p 5 0.0005). For TSG cohort 2, mean SGR in MLN0128-
treated mice was 0.008%/day during the 2-month treatment
period compared to 3.7%/day in placebo arm (p < 0.001),
demonstrating a nearly complete inhibition of tumor growth
by MLN0128. For TSG cohort 3, MLN0128 decreased mean
SGR by 50% during a 10-day treatment period (5.8 vs. 13.8%
in placebo, p 5 0.03). These results demonstrated that
MLN0128 is a potent inhibitor of RCC growth.

MLN0128 is superior to temsirolimus in RCC growth

inhibition

We compared the efficacy of MLN0128 to temsirolimus in
growth inhibition of TSG cohorts 2 and 3. Specifically, we
assessed tumor volume and calculated SGR at 1 and 2
months after treatment in TSG cohort 2. After the first
month of treatment, both MLN0128 and temsirolimus signif-
icantly decreased SGR compared to placebo (Fig. 2c). The
difference between MLN0128 and temsirolimus was not sig-
nificant. Between 1 and 2 months of treatment, temsirolimus
did not significantly reduce SGR compared to placebo, sug-
gesting the development of resistance to temsirolimus. How-
ever, MLN0128 continued to significantly reduce SGR
compared to both placebo (p 5 0.002) and temsirolimus (p
5 0.005) (Fig. 2c). Overall, for the entire period of treatment
(SGR between the MRI pretreatment and at 2 months), both
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temsirolimus (p 5 0.009) and MLN0128 (p < 0.0001)
showed significant inhibition of tumor growth, with
MLN0128 more potent than temsirolimus (p 5 0.044). For
TSG cohort 3, after 10 days of treatment, MLN0128 signifi-
cantly reduced SGR (p 5 0.02), whereas the reduction by
temsirolimus was not significant (p > 0.05) (Fig. 2c). Overall,
these results suggest that MLN0128 is superior to temsiroli-
mus in inhibiting RCC tumor growth.

MLN0128, but not temsirolimus, suppresses growth of

liver metastasis of RCC

Consistent with the clinical follow-up of case 3 who devel-
oped lung and pancreatic metastases within 6 months after
surgery, we observed gross liver and lung metastases express-
ing Ku70, a human-specific nuclear antigen (Fig. 3a), in mice
carrying TSGs from this patient. Lung (not shown) and liver
metastases were positive for CAIX (Fig. 3b) and negative for
CD10 (Fig. 3c), consistent with the observation that most of
the parent tumor and primary TSGs are positive for CAIX
(Figs. 1e and 1f) and negative for CD10 (Figs. 1k and 1l).
These results suggest that the metastases maintained the
immunophenotype of the parent tumor and primary TSG.

We quantified the ratio of mRCC cells to total cells using
qRT-PCR. mRCC cells were detected with human-specific
GAPDH primers and normalized to total GAPDH detected
using primers recognizing both human and mouse GAPDH.
MLN0128 significantly reduced the ratio of mRCC cells in
the liver in TSG cohort 3 compared to placebo (Fig. 3d; p 5

0.02). Consistent with the fact that case 2 developed liver
metastases within a year after surgery, mRCC cells were also
detected in the livers of cohort 2 mice by qRT-PCR, and the
reduction of the ratio of mRCC to total cells by MLN0128
was near significant in this cohort (p 5 0.058). In contrast,
temsirolimus did not significantly reduce the ratio of mRCC
to total cells in the liver although it was lower compared to
placebo in both cases (Fig. 3d). For TSG cohort 2, mice
treated with MLN0128 showed significantly lower levels of
mRCC cells in the liver compared to those treated with tem-
sirolimus (p 5 0.02). As a negative control, we confirmed
that human GAPDH was not detected in mice without TSGs.
In addition, no human GAPDH was present in livers of mice
bearing TSG cohort 1, indicating the absence of metastatic
disease. These results suggest that MLN0128, but not temsir-
olimus, suppresses growth of liver metastases of RCC.

Figure 1. TSGs preserved histological features and biomarker expression of corresponding parental tumors. All three cases and their TSGs

displayed intermediate to strong expression of CAIX (a–f) and patchy staining of CD10 (g–l). All three cases and their TSGs were negative

for CD117 (m–r). Case 1 and its TSGs showed weak staining for CK7 (s and t). Cases 2 and 3 and their TSGs were negative for CK7 (u–x).

Case 1 and its TSGs harbored the same mutation in VHL gene exon 3 (y and z). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Molecular mechanisms of MLN0128 action in RCC

To determine the mechanisms of MLN0128 action, we com-
pared the protein expression of mTOR pathway components
including p-4EBP1, p-S6K1 and p-AKT by quantitative
immunoblot (95% confidence intervals listed in Table 2). The
expression of proteins that are known to play a role in cancer
progression and are regulated by the two mTOR complexes,
TORC1 and TORC2, was also examined. These include
TORC1 targets, HIF1a22 and MTA1,10 and TORC2-
modulated c-Myc.23 For TSG cohort 1, quantitation of
protein expression by immunoblot using Image J revealed a
significant downregulation of p-4EBP1, HIF1a, MTA1 and
c-Myc by MLN0128 compared to placebo (Fig. 4a). However,
there was no significant downregulation of (S473)p-AKT. For
TSG cohort 3, we observed a superior ability of MLN0128
compared to placebo and temsirolimus to downregulate
p-4EBP1, p-S6K1 and HIF1a (Fig. 4b). There was no signifi-

cant effect of MLN0128 on (S473)p-AKT expression com-
pared to placebo. In contrast, temsirolimus did not
significantly affect p-4EBP1, p-S6K1 or HIF1a (Fig. 4b). In
addition, temsirolimus significantly upregulated (S473)p-AKT
compared to placebo. Immunohistochemistry revealed
nuclear and cytoplasmic staining of p-4EBP1 in both patient
1 and 3 primary tumors (Fig. 4c). Furthermore, MLN0128-
treated TSGs in both cohorts displayed decreased expression
of p-4EBP1 compared to placebo (Fig. 4c). These results
demonstrated that, unlike temsirolimus, MLN0128 consis-
tently downregulated components of the TORC1 subpathway
and its regulated genes, and differentially regulated TORC2
target genes compared to temsirolimus (Fig. 4d).

Discussion
In our study, we compared the effects of temsirolimus and
MLN0128, a potent second-generation mTOR inhibitor, on

Figure 2. MLN0128 was superior to temsirolimus in tumor growth inhibition. (a) TSG volume was measured by MRI and 3D volumetric mod-

eling. (b) Diagram of study timeline. (c) SGR of TSGs in mice treated with either MLN0128, temsirolimus or placebo in three cohorts. * indi-

cates statistical significance (p < 0.05). The numbers on the columns are the numbers of mice in each arm. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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RCC growth and metastasis using a realistic patient-derived
TSG model.11 The TSG model of RCC faithfully recapitulates
tumor pathology, gene expression, genetic mutation and drug
response.11 The high engraftment rate and metastatic poten-
tial of this authentic model, in conjunction with the ability to
generate large first-generation animal cohorts and to quanti-
tate tumor volume at the orthotopic site by MRI, proffer sig-
nificant advantages compared to other preclinical platforms.
In particular, the establishment of large animal cohorts from
individual specimens will facilitate comparative effectiveness
studies of the many novel agents under development for
RCC such as MLN0128. One of the limitations of the TSG
model is that it depends on the availability of patient speci-
mens. In addition, tissue needs to be implanted immediately
after acquisition from surgical specimens. It may be feasible
to implant cryopreserved tissue slices but our preliminary
results suggest that the take rate is lower than when using
fresh tissue slices.

The finding that MLN0128 shows potent therapeutic
activity in a realistic preclinical model of human RCC is
noteworthy. Since 2005, seven targeted agents have been

approved by regulatory authorities for various uses in
advanced RCC or mRCC patients.24 However, the response
rates (<50%) and increased length of progression-free sur-
vival (�6 months) for these agents are far from satisfactory.24

In particular, the objective response rate in mRCC for temsir-
olimus is low, and patients rapidly develop resistance.25 In
our study, MLN0128 was not only a potent inhibitor of pri-
mary RCC growth at the orthotopic site but also effectively
repressed liver metastases of RCC. MLN0128 was active
against all three clear cell RCC cases tested in this study,
albeit the number was small. In contrast, temsirolimus either
lost its anticancer activity over time as in TSG cohort 2 or
was not effective overall as in TSG cohort 3. In addition,
MLN0128 significantly reduced the burden of liver metastases
in both TSG cohorts 2 and 3, whereas no effect was observed
for temsirolimus. Currently, MLN0128 is being evaluated in a
Phase I trial to determine the safety, tolerability, dose-
limiting toxicities and pharmacokinetics in subjects with
advanced cancer. Our results warrant further clinical develop-
ment of MLN0128 and perhaps other dual inhibitors of
mTOR for RCC treatment.

The high efficacy of MLN0128 that we observed is likely
due to the fact that it inhibits both mTORC1 and mTORC2
by competing for the ATP-binding site on mTOR26 in oppo-
sition to the allosteric mTOR inhibitors, namely the rapalogs
(rapamycin, temsirolimus and everolimus) that only inhibit
TORC1.27 Alternatively but not exclusively, MLN0128 inhib-
its TORC1 to a greater degree than the rapalogs in that it
inhibits both subpathways of TORC1 (p-4EBP1 and p-S6K1),
whereas rapalogs mostly inhibit p-S6K1. Hsieh et al. reported
that MLN0128 efficiently repressed both TORC1 subpath-
ways (p-4EBP1 and p-S6K1) in PCa.10 In addition, MLN0128
decreased levels of p-AKT by inhibiting TORC2, but the
effect was modest,10 probably because of the regulation of
AKT phosphorylation through other pathways.28 In our RCC
TSG model, the two TORC1 subpathways were significantly
downregulated by MLN0128 compared to both placebo and
temsirolimus, suggesting that better control of TORC1 contrib-
uted to efficient inhibition of TSG growth and the superiority
to temsirolimus. The lack of downregulation of TORC1 sub-
pathways by temsirolimus is consistent with the lack of tumor
growth inhibition by temsirolimus in TSG cohort 3. Upregula-
tion of p-AKT by temsirolimus, probably by a feedback loop
between S6K1 and PI3K through the insulin receptor substrate
1 (IRS-1),6,29–31 may also explain the superiority of MLN0128
in TSG cohort 3. Unlike in PCa,10 we did not observe down-
regulation of p-AKT by MLN0128 in TSG cohorts 1 or 3, sug-
gesting different mechanisms of action in different tumor
types. Even in the same tumor type, i.e., clear cell RCC, we
observed differential regulation of gene expression by
MLN0128. For example, MLN0128 significantly downregulated
c-Myc in TSG cohort 1 but not 3. This is not surprising con-
sidering the molecular heterogeneity of human RCC.32–34

Our results were largely consistent with two recent studies
evaluating antitumor efficacy of MLN0128 in xenograft

Figure 3. MLN0128 was superior to temsirolimus in inhibiting

metastases. mRCC cells were observed surrounding blood vessels

(arrows in a–c) in livers of mice carrying TSG cohort 3. They

expressed Ku70 (a), a human-specific nuclear antigen, CAIX (b)

and were negative for CD10 (c). MLN0128 but not temsirolimus

reduced the mean ratio of mRCC cells vs. total cells, measured as

the ratio of human-specific GAPDH to total GAPDH by qRT-PCR (d).

The effects were statistically significant as shown by p-values of

Student’s t-test (e). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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models of breast cancer and leukemia.18,20 In both studies,
MLN0128 outperformed rapalogs in suppressing tumor
growth at a much lower concentration.18,20 Moreover, these

studies attributed this improved potency of MLN0128 to its
ability to effectively block both mTORC1-and mTORC2-
mediated signaling and prevent feedback to AKT. Specifically,

Table 2. 95% confidence intervals for quantitative immunoblot analysis of mTOR pathway components

TSG cohot 1 TSG cohort 3

Protein Arm 95% Confidence interval Protein Arm 95% Confidence interval

p-4.FRP1 Placebo (1.46, 1.97) Placebo (0.87, 1.08)

MLN0128 (2.13, 2.58) P-4EBP1 Temsirolimus (0.81, 0.95)

HIF1-alpha Placebo (1.48, 1.81) MLN0128 (1.69, 2.22)

MLN0128 (1.83, 2.21) Placebo (1.19, 1.54)

MTA1 Placebo (1.72, 1.95) HIF1-alpha Temsirolimus (1.34, 1.54)

MLN0128 (2.02, 2.44) MLN0128 (1.55, 1.88)

c-MYC Placebo (0.96, 1.21) Placebo (0.71, 1.03)

MLN0128 (1.30, 1.51) P-S6K1 Temsirolimus (0.68, 0.93)

MLN0128 (1.08, 1.23)

Placebo (1.17, 1.71)

p-AKT Temsirolimus (0.84, 1.12)

MLN0128 (1.05, 1.36)

Figure 4. MLN0128 downregulated key components of the two mTOR subpathways, TORC1 and TORC2. Quantitative immunoblot demonstrated

downregulation of p-4EBP1, HIF1a, MTA1 and c-Myc in TSG cohort 1 by MLN0128 (a). In TSG cohort 3 (b), MLN0128 was superior to placebo

and temsirolimus in downregulating p-4EBP1, p-S6K1 and HIF1a. In addition, temsirolimus significantly upregulated (S473)p-AKT compared to

placebo. * indicates statistical significance (p < 0.05). (c) Expression of p-4EBP1 in parent tumors and derivative TSGs for cohorts 2 and 3,

treated with placebo or MLN0128, as determined by immunohistochemistry. (d) Diagram of MLN0128 actions in RCC. The numbers on the col-

umns are the numbers of mice in each arm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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MLN0128 decreased the levels of p-4EBP1, pS6K1 and
p-AKT, whereas rapalogs increased AKT activity and failed
to reduce p-4EBP1.18,20 One difference is that Gokmen-Polar
et al. showed that both MLN0128 and rapamycin blocked
VEGF-induced lung metastasis in VEGF-driven breast cancer
xenograft models, whereas our study demonstrated that
MLN0128, but not temsirolimus, inhibited liver metastasis in
RCC TSG-bearing mice. This disparate finding could be due
to the differences in model systems, rapalogs used and/or
cancer types examined. Indeed, Hsieh et al. revealed the abil-
ity of MLN0128, but not rapamycin, in suppressing lymph
node metastasis in a PTEN knockout PCa model.10 Given the

complex regulatory role of mTOR signaling in the develop-
ment of metastasis, further studies are necessary to determine
underlying mechanisms of these different findings.

In summary, our results demonstrate that MLN0128 is a
promising anticancer agent for human RCC and that TSGs
can serve as a representative preclinical model for discovery
of effective therapies for RCC.
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