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Abstract

The enzyme mTOR (mammalian target of rapamycin) is a major target for therapeutic intervention
to treat many human diseases, including cancer, but very little is known about the processes that
control levels of mTOR protein. Here we show that mTOR is targeted for ubiquitination and
consequent degradation by directly binding to the tumor suppressor protein FBXW?7. Human breast
cancer cell lines and primary tumors showed a reciprocal relationship between loss of FBXW?7 and
deletion or mutation of PTEN (phosphatase and tensin homologue), which also activates mTOR.
Tumor cell lines harboring deletions or mutations in FBXW?7 are particularly sensitive to Rapamycin
treatment, suggesting that loss of FBXW?7 may be a biomarker for human cancers susceptible to
treatment with inhibitors of the mTOR pathway.

The FBXW7 gene (also known as hCDC4, FBW?7 and hAGO) is a p53-dependent tumor
suppressor gene that undergoes deletion and/or mutation in a variety of human tumors (1-3).
Loss or mutation of FBXW?7 has been associated with increased genetic instability or growth
deregulation, due to its effects on ubiquitination and turnover of several oncoproteins (1-7),
but the exact mechanism of tumor suppression remains unclear. We carried out a genome-wide
search for Fbxw?7 ubiquitination targets using the consensus CDC phosphodegron (CPD)
sequence I/L-I/L/P-T-P-XXXX (where lysine and arginine are unfavorable in the X locations)
(1) in a mouse protein database (http://www.ensembl.org/Mus_musculus). This search
revealed a strong match within the HEAT domain of mTor (Fig. S1), which regulates cell
growth, metabolism and proliferation. The mTor CPD region is evolutionarily conserved in
different species ranging from humans to zebra fish (Fig. S2), suggesting its potential functional
importance.

We tested the possibility that Fbxw7 may directly regulate levels of mTor by analyzing two
independent preparations of mouse embryonic fibroblasts (MEFs) from Fbxw7—/— mice (Fig.
1A). Depletion of Fbxw7 increased the levels of both total mTor and phosphorylated mTor (p-
mTor), as well as the downstream mTor target S6-kinase (PS6K). In contrast, there was no
appreciable effect on upstream components of the mTor signaling pathway such as Akt and
phosphorated Akt (p-Akt) (Fig. 1A).

Depletion of Fbxw7 in vivo also led to an increase in both mTor and p-mTor protein levels.
Thymus and spleen from Fbxw7+/~ mice (Fig. 1B) showed increased mTor and p-mTor in
comparison with control wild type tissue (Fig. 1B). In contrast, levels of total Akt and p-Akt
(at Ser437) did not change appreciably (Fig. 1B). However in Pten*/~ mice (Fig. 1B), both
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thymus and spleen showed an increase in p-mTor without any obvious change in total mTor

protein level. In agreement with these observations, p-Akt levels were elevated in thymus and
spleen from Pten*/~ mice and presumably were responsible for activation of mTor signaling

(Fig. 1B).

A similar trend was seen in human cells from which the FBXW?7 gene had been deleted by
homologous recombination (4). Both HCT116 and DLD1 cells that lacked FBXW?7 had slightly
higher levels of mTOR and p-mTOR, as well as increased levels of p-S6K (Fig. S3). Again,
no effect was seen on the upstream targets AKT and p-AKT (Fig. S3). Human 293T cells
transfected with a dominant-negative form of FBXW7 (HA-FBXW7-AF) (8) also showed an
increase in the level of both total mMTOR and p-mTOR (Fig. 1C), whereas cells expressing the
transfected normal HA-FBXW?7 protein reproducibly had lower levels of both total mMTOR and
p-mTOR (Fig. 1C). In contrast, levels of AKT and p-AKT were not affected by overexpression
of FBXW?7 (Fig. 1C).

We next investigated possible interactions between mTOR and FBXW?7 proteins. A vector
encoding HA-tagged FBXW?7 was transfected into 293T cells, followed by
immunoprecipitation using antibodies directed against the HA tag or mTOR, and immuno blot
analysis. Both showed an interaction between the mTOR and FBXW?7 proteins (Fig. 2A).
Immunoprecipitation also revealed an interaction between mTOR and FBXW7-AF (Fig. 2A),
indicating that the WD40 domain of FBXW?7 is the interaction site. Additional controls for the
specificity of the interaction between FBXW7 and mTOR are shown in Figs. S4 and S5.

We cloned a fragment of mTOR (from 1 to 898 AAs) that contained the putative CPD, and
generated two mutants, one carrying a deletion of T631 [mTOR(delT631)], and the other a
point mutation converting T631 to G [MTOR(T631G)]. The wild type and mutant mTOR
fragments were co-expressed with HA-FBXW?7 in 293T cells, followed by
immunoprecipitation with antibodies against one protein and immuno blot analysis of the
second. Although the wild type fragment of mTOR immunoprecipitated efficiently with
FBXW?7, binding to the mTOR (delT631) and mTOR(T631G) mutants was dramatically
reduced (Fig. 2B). Residual binding could be due to the presence of an additional, but weaker,
consensus binding site in mTOR (located at position AA 314-319). Thus FBXW?7 bindsmTOR
predominantly through the major conserved CPD site.

To determine whether the regulation of mMTOR by FBXW?7 is through the proteasome-
dependent degradation pathway, MCF7 and SUM149PT cells (9, and Table S1) were treated
with the proteasome inhibitor MG-132. Proteasome inhibition caused a dramatic increase in
the mTOR levels in MCF7 cells, which retain FBXW?7, but not in SUM147PT cells, which
have a homozygous mutation (Fig. 2C), suggesting that degradation of mMTOR is FBXW7-
dependent. To examine whether the ubiquitination status of mTOR was FBXW?7-dependent,
293T and SUM149PT were transfected with a vector containing CMV promoter-driven HA-
ubiquitin. Immunoprecipitation of mTOR followed by immuno blot analysis of the HA-
ubiquitin showed that mTOR ubiquitination was found only in cells retaining a functional
FBXW?7 gene (Fig. S6). The same experiment in HCT116 WT and HCT116_FBXW7—/—cells
(Fig. 2D) again showed efficient ubiquitination of MTOR only in HCT116_WT cells. Finally,
we co-transfected SUM149PT cells with constructs encoding both FBXW?7 and HA-ubiquitin,
and found that ubiquitination of mTOR was restored by exogenous FBXW?7 expression (Fig.
2E). Thus ubiquitination of mTOR is largely, if not exclusively, mediated by binding to
FBXW?7.

Since FBXW?7 and PTEN both affect signaling through mTOR, we examined the genetic status

of both genes in a panel of 53 breast cancer cell lines (10). Quantitative TagMan assays of the
number of copies of FBXW7 and PTEN genes in each of the cell lines were in good concordance
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with data found by BAC CGH Microarray (see Table S1). Most of the breast cancer cell lines
that exhibited loss of a single copy of FBXW7 (23 out of 53, shown in green in the FBXW?7
column, Fig. 3A) did not show corresponding loss of PTEN. In contrast, of the 14 lines that
showed loss of a single copy of PTEN (green bars in the PTEN column, Fig. 3A), only one had
also lost a copy of FBXW?7, suggesting that FBXW7 and PTEN show some functional
redundancy in tumor development. Similar results were obtained by examination of the copy
number status of genomic regions containing FBXW7 and PTEN genes in three independent
human primary breast cancer sets for which BAC CGH microarray data were available (11—
13). From a total of 450 tumor and cell line DNA samples shown in Fig.3A-D, only 4 had lost
a copies of the regions containing both genes, a result that is unlikely to be a consequence of
random genetic alterations (p= 4.9 x 1077).

We also considered the possibility that other somatic changes such as point mutations or gene
silencing events could impact the results. The FBXW7 gene continued to be expressed in all
25 breast cancer cell lines examined (Fig. S8), indicating that no gene silencing had occurred,
although very low levels were found in 5 cell lines (lanes 10, 13, 14, 16, 20; fig. S8). All of
these lines had lost one copy of the FBXW?7 gene except one (SUM149PT, lane 16), in which
a point mutation was detected (Table S1). The PTEN gene was found to be silent in two cell
lines (Fig. S8, lane 11 and 12), and both had lost one copy of the PTEN gene. Three mutations
in PTEN were found (Fig. S8, and Table S1). Thus gene silencing (for example by promoter
methylation) or point mutations in FBXW?7 and PTEN are relatively rare mechanisms of
inactivation of these genes, in comparison to single copy deletions. These data are further
compatible with the identification of both genes as haplo-insufficient tumor suppressors (3,
14,15).

Because deletion or mutation of FBXW?7 in human breast cancer cells leads to increased levels
of mTOR, we tested the possibility that cells harboring these deletions may show increased
sensitivity to the mTOR inhibitor rapamycin. We treated two breast cancer cell lines,
SUM149PT cells (homozygous FBXW7 mutations) and MDA-MB453 cells (wild type
FBXW?7) with rapamycin and counted numbers of viable cells. SUM149PT cells proved to be
very sensitive to this treatment (ICsg < 200 nM), whereas MDA-MB453 cells were relatively
resistant (ICsg > 2 uM) (Fig. 4A). In nude mouse xenografts, groups of 5 mice were injected
with both cell lines, one on each flank, and were treated by intraperitoneal injection with
rapamycin over an 11-day time period. The SUM149PT cells showed a relative decrease in
size followed by stable tumor growth, whereas the MDA-MB453 cells were relatively
unaffected by treatment (Fig. 4B).

An additional set of 10 breast cancer cell lines were treated with rapamycin at concentrations
of 200nM and 400nM. Cells with deletion or mutation of FBXW?7 (HBL100, 600MPE,
SUM149PT, HCC3153 and HCC1143) or PTEN (HCC1937 and HCC3153) showed
significant sensitivity to killing by rapamycin, although the magnitude of the effect varied
(16) (Fig. 4C). To establish a direct link between loss of FBXW?7 and rapamycin sensitivity,
we downregulated expression levels of FBXW?7 using ShRNA (17) in the rapamycin-resistant
MDA-MB453 cells, resulting in an increase in sensitivity to this drug (1C5¢< 0.8uM; Fig. 4D).

Our findings implicate FBXW?7 in an evolutionarily conserved pathway that controls regulation
of mTOR protein levels. Because FBXW?7 is a haploinsufficient tumor suppressor that
undergoes heterozygous loss in a substantial proportion of human tumours, the data suggest
new approaches to reduce mTOR levels in cancers by the use of drugs that may re-activate the
remaining copy of FBXW?7 in a similar way that nutlins have been shown to activate wild type
copies of p53 in human tumors (18). Loss of FBXW?7 may also be a useful biomarker for
sensitivity of human tumors to inhibitors of the mTOR pathway.
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Depletion of FBXW?7 increases mTOR and p-mTOR levels. (A) The levels of mTor and p-
mTor, as well as the downstream mTor target S6-kinase (P-S6), are upregulated in Foxw7—/—
MEFs, whereas the levels of Akt and p-Akt (lower panels) were not appreciably affected. Two
independent preparations were used. (B) Elevation of mTor in thymus (left panel) and spleen
(right panel) from Fboxw7+/— mice. Lanes 1-3 contain extracts from wild-type, Pten+/—, and
Fbxw7+/— mice respectively. (C) Overexpression of either full length FBXW7 (HA-FBXWT7)
or of a dominant-negative form (HA-FBXW?7-AF) in 293T cells respectively decreases (lane
2) or increases (lane 3) the mTOR and p-mTOR levels..
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Figure 2.

mTOR interacts with FBXW?7. (A) Immunoprecipitation of HA tagged FBXW?7 identifies
mTOR as an interacting protein. HA-tagged FBXW?7 or FBXW?7-A were expressed in human
293T cells, followed by immunoprecipitation of the proteins with anti-HA antibodies and
immunoblotting with antibodies against mTOR (top panel). The reciprocal experiment shows
that the region of FBXW?7 that interacts is the WD40 domain (middle panel). Lower panel
shows the input levels of mMTOR and FBXW?7 proteins in the lysates. (B) FBXW?7 binds the
wild-type fragment of mTOR, but binding to the mTOR(delT631) and mTOR(T631G) mutants
was dramatically reduced. (C) MCF7 breast cancer cells show increased mTOR levels upon
treatment with MG-132, but this is not seen in SUM149PT cells which have no functional
FBXW?7 gene. (D) HCT116_WT and HCT116_FBXW?7—/— cells were transfected with HA-
ubiquitin. Immunoprecipitation of mTOR followed by Western blot analysis of the HA-
ubiquitin showed that ubiquitination of mTOR was only seen in the HCT116_WT cells, and
not in HCT116_FBXW?7—/— cells. The vector lane shows HCT116_FBXW7—/— cells
transfected with empty vector construct. (E) Ubiquitination of mTOR is restored by exogenous
FBXW?7 expression. HCT116_FBXW7—/— cells were transfected with an FBXW7-expressing
construct and HA-tagged ubiquitin. Immunoprecipitation of mTOR showed increased
ubiquitination compared to controls (fig. S7).
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Figure 3.

Genetic interaction between FBXW7 and PTEN in human breast cancers. The green bar
indicates loss, the red bar indicates gain, and the black bar indicates no changes. (A) The data
from 53 human breast cancer cell lines, ordered in the vertical axis from 1-53 (10). The copy
number of FBXW7 and PTEN was determined by quantitative PCR TagMan. Deletion of
FBXW?7 rarely occurred in tumors that also show deletion of PTEN (p=0.014). (B), (C) and
(D) are three independent sets of human primary breast cancers, analyzed by the same BAC
CGH microarray platform. (B) 185 human primary breast cancers (11). (C) 145 human primary
breast cancers (12). (D) 67 human primary breast cancers (13). The copy number was
determined based on the published CGH data (FBXW7 was based on BAC RP11-73G16,
PTEN on BAC RP11-380G5). Loss is defined as log,(ratio) <—0.25 and gain as logy(ratio)
>0.25.
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Loss of FBXW?7 increases sensitivity to an mTOR inhibitor (rapamycin). (A) The breast cancer
SUM149PT cells which have a homozygous mutation in FBXW7 were killed at a rapamycin
concentration of 100nM, whereas MDA-MB453 cells with wild type FBXW?7 were resistant.
(B) Treatment of nude mouse xenografts with rapamycin. The SUM149PT cells showed a
relative decrease in size followed by stable tumor growth, whereas the MDA-MB453 cells
were unaffected by treatment. (C) Sensitivity to mTOR rapamycin in a range of breast cancer
cell lines. Tumor cells with deletion or mutation of FBXW?7 are in Group 1, those with deletion
or mutation of PTEN are Group 2, and cells with wild type copies of both genes are in Group
3. (D) Downregulation of FBXW?7 using specific ShRNA in rapamycin resistant MDA-MB453

cells increases the sensitivity to this treatment.
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