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Abstract

The PI3K-Akt-mTORC1 pathway is a highly dynamic network that is balanced and stabilized by a
number of feedback inhibition loops?: 2. Specifically, activation of MTORC1 has been shown to
lead to the inhibition of its upstream growth factor signaling. Activation of the growth factor
receptors is triggered by the binding of their cognate ligands in the extracellular space. However,
whether secreted proteins contribute to the mTORC1-dependent feedback loops remains unclear.
We found that cells with hyperactive mTORC1 secrete a protein that potently inhibits the function
of IGF-1. Using a large-scale, unbiased quantitative proteomic platform, we comprehensively
characterized the rapamycin-sensitive secretome in 7SC2-/- MEFs, and identified IGFBP5 as a
secreted, mTORC1 downstream effector protein. IGFBPS5 is a direct transcriptional target of HIF1,
which itself is a known mTORC1 target3. IGFBP5 is a potent inhibitor of both the signaling and
functional outputs of IGF-1. Once secreted, IGFBP5 cooperates with intracellular branches of the
feedback mechanisms to block the activation of IGF-1 signaling. Finally, IGFBP5 is a potential
tumor suppressor, and the proliferation of /GFBP5mutated cancer cells are selectively blocked by
IGF-1R inhibitors.

The evolutionarily conserved Ser/Thr kinase mMTOR (mechanistic target of rapamycin) is a
central regulator of cell growth and proliferation. mTOR is distributed into two complexes,
MTORC1 and mTORC?2. The upstream inputs regulating mTORCL1 have been extensively
characterized. Multiple signals (e.g. from growth factors and tumor-promoting phorbol
esters) converge upon the heterodimeric TSC1/2 (Tuberous Sclerosis Complex) protein
complex to regulate the activation of mMTORC1, in a Rheb-dependent manner?: 2. In addition,
mTORC1 activity is also under the tight control of cellular amino acids levels?,

The best-known mTORCL substrates are the elF4E-binding proteins (4EBPs) and the
ribosomal protein S6-kinases (S6K), both of which are known to regulate protein synthesis®.
Recently, we and others have used large-scale quantitative mass spectrometry experiments to
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comprehensively characterize the mTORC1-regulated phosphoproteome8-8, These studies
measured, on a global level, the changes in protein phosphorylation upon rapamycin
treatment, and in so doing, identified additional mMTORC1 substrates (e.g. the growth factor
receptor binding protein 10, Grb10)8: 8.

Downstream effector proteins of mTORCL1 are known to communicate with its upstream
regulators (e.g. receptor tyrosine kinases, RTKs), through various feedback loops®. These
feedback mechanisms play a critical role in maintaining the stability of the entire network.
They also have great significance in a variety of diseases. In particular, nTORCL1 is
hyperactivated in many human cancers, as a result of mutations of upstream oncogenes and
tumor suppressors (e.g. PI3K, PTEN, Akt. TSC1/2, etc)?, or mTOR itself19, In most of the
cases, rapamycin or mTOR kinase inhibitors, however, fail to kill tumor cells!!.

Recent studies have suggested multiple mechanisms of rapamycin resistance. For example,
tumors could develop mTOR mutations that prevent the binding of rapamycin to the protein
by means of steric hindrancel2. In addition, rapamycin resistance could also stem from the
relief of MTORC1-mediated feedback inhibition loops?. Specifically, m"TORC1 inhibition
could activate growth factor signaling, providing an alternative means of promoting cell
survival and proliferation, under these mTORC1-repressed conditions3. A number of
studies have demonstrated that the feedback mechanisms involve mTORC1/S6K targeting
growth factor receptors!4 15, proteins that bind to RTKs (e.g. IRS116: 17 and Grb108: 8) and
more downstream mTORC2 (through phosphorylation of mSin1)18: 19, These feedback
mechanisms, however, only partially account for the mTORC1-dependent inhibitory activity
towards growth factor signaling. We realize that the abovementioned molecules (i.e. Grb10,
IRS1 and mSin1) are intracellular proteins. However, activation of RTKSs is triggered by the
binding of their cognate ligands in the extracellular space. Whether secreted proteins
contribute to mTORC1-dependent feedback mechanisms is unknown.

To address this question, we serum-starved a pair of isogenic 7SC2+/+ and 75C2-/- MEFs
in DMEM for 24 hrs, and collected their conditioned media (CM). Loss of 7SC2disengages
mTORC1 from the upstream inputs, resulting in its constitutive activation, even in serum-
free media® 20. As a result, these cells are resistant to serum deprivation-induced apoptosis
(Supplementary Figure 1A). They also possess potent mTORC1-dependent feedback loops
(Supplementary Figure 1B).

We mixed the corresponding CM with various growth factors, including insulin, IGF-1,
PDGF, EGF and HGF. These CM samples were then incubated with separate plates of
regular wt MEFs (Figure 1A). We found that IGF-1 was only able to activate IGF1R and Akt
in recipient cells when it was mixed with CM from 7SC2+/+ cells, but not with that from
75C2-1- cells (Figure 1A and 1B). Activity of the other growth factors was not affected by
75C2-/- CM. Remarkably, this IGF-1-inhibitory activity was abrogated in CM from
75C2-1- cells that had been treated with rapamycin for 24 hrs (Figure 1A). Here because
this CM contained rapamycin, there was also a possibility that the observed restoration of
IGF-1 signaling was a direct effect of rapamycin on the recipient cells. We performed
control experiments where we collected CM from 75C2-/- cells, and then mixed it with
rapamycin. We found that this mock-treatment media retained the ability to inhibit IGF-1
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(Figure 1A). The simplest hypothesis that is consistent with these observations would be that
cells with hyperactive mTORCL secrete a factor(s) that is able to block the function of
IGF-1.

T7SC2-/- CM that had been heated to 95 °C completely lost its ability to inhibit IGF-1,
suggesting that this factor might be a protein (Supplementary Figure 1C). This experiment
also ruled out the possibility that the observed effect was because mMTORCL1 activation
inhibits the accumulation of an IGF-1-pontentiating protein (in which case, heating the CM
from 75C2-/- cells would not affect its ability to modulate IGF-1 signaling).

We sought to identify this mMTORC1-regulated, secreted protein factor(s) that has IGF-1-
inhibitory activity. Mass spectrometric analysis of secreted proteins, however, is technically
challenging, due to their often exceedingly low abundances?!. By coupling multi-
dimensional HPLC separation with a Velos Pro Orbitrap mass spectrometer, we established
a high sensitivity mass spectrometry platform for comprehensive secretomic analysis (Figure
1C).

Although uncontrolled activation of mMTORCL is the best studied and the predominant
consequent of 7SC2loss, there could be mTORCL1-independent functions from 75C2loss.
These functions might also regulate the expression of secreted proteins. We therefore
focused on identifying secreted proteins whose expression was altered as a result of
rapamycin treatment. We used the SILAC (stable isotope labeling by amino acids in cell
culture) approach® 22 as the quantification method (Figure 1C). Both light and heavy
T7SC2-/- MEFs were serum-deprived for 24 hours, during which light cells were
rapamycin-treated (Figure 1D). CM from the light and heavy cells were collected, combined
(ata 1:1 ratio at the protein level) and analyzed by the abovementioned quantitative
secretomic platform.

From this SILAC CM sample, we identified and quantified a total of 61,920 peptides from
3,099 proteins (peptide false discovery rate = 0.27 %) (Figure 1D, Supplementary Figure 1D
and Supplementary Table 4-7). mTORCL1 inhibition leads to a drastic change in the
secretome. Specifically, 355 and 145 proteins showed a decrease and increase in their
abundances, by at least 32-fold, respectively, after rapamycin treatment (Figure 1D). For
example, the abundance of fibroblast growth factor 21 (FGF21) dramatically decreased after
rapamycin treatment (Supplementary Figure 1E). FGF21 is a secreted hormone whose
expression is known to be regulated by mTORC123. The identification of this known
mTORC1 downstream target in the extracellular space validates the robustness of our
quantitative secretomic approach.

Because rapamycin treatment abrogated the expression of the IGF-1-inhibitory protein
(Figure 1A), we focused our follow up analysis on proteins whose abundances decreased as
a result of mMTORCL inhibition. Gene ontology (cellular compartment) analysis of these
proteins showed that they were enriched for extracellular matrix proteins (2=6.5x10710)
(Supplementary Figure 2A). Intriguingly, one of the enriched molecular function categories
was growth factor binding proteins (P= 1.7 x 1074) (Supplementary Figure 2B). In
particular, the level of IGFBP5 (IGF binding protein 5) decreased dramatically (by
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approximately 68-fold, similar change was found in the replicate SILAC experiment) after
rapamycin treatment (Figure 1E and Supplementary Figure 1F).

IGFBPs are secreted proteins that are known to bind to circulating IGF-124. Interestingly,
another member of the IGFBP family, IGFBP3, has recently been shown to be regulated by
mTORC225, We confirmed that 7SC2-/- contained high levels of IGFBP5 at both the
protein (in CM) and mRNA levels (Figure 1F and 1G). Conversely, this protein was virtually
absent in CM from 7S5C2+/+ MEFs. To rule out the possibility that these observation is due
to artifacts resulting from /n vitro culturing of these isogenic cells, we generated 75C2-
reconstituted cells by introducing 75C2back into 7SC2-/- MEFs. Indeed, these “wild-
type” cells also contained undetectable levels of secreted IGFBP5 (Supplementary Figure
1G).

Inhibition of MTORCL1 in 7SC2-/- MEFs by either rapamycin or mTOR kinase inhibitors
(Ku0063794 and NVP-BEZ2358) resulted in a dramatic decrease of IGFBP5 (Figure 1F, 1G
and 1H). In contrast, treatment of these cells with an S6K inhibitor, PF-470867126, had no
effect on IGFBPS5 levels (Figure 1H). These results indicate that mTORCL itself, rather than
S6K, regulates the expression of IGFBP5. mTORCL1 also regulates the expression of
IGFBPS5 in other cell lines (RT-4 and MCF7, Supplementary Figure 1H and Supplementary
Figure 11).

Because the mRNA level of IGFBPS5 positively correlated with mTORCL1 activity (Figure
1G), we reasoned that transcription regulation might contribute to mMTORC1-dependent
IGFBP5 expression. Several transcription factors are known to function downstream of
mTORC1, including sterol regulatory element-binding protein (SREBP), c-Myc and HIF1
(Hypoxia-inducible factor 1)27-29, HIF1 is of particular interest because it modulates the
expression of a number of secreted proteins (e.g. VEGF)30. Activation of mMTORC1
promotes the synthesis of HIF1a, specifically through enhancing the translation of its
mRNA that contains long and structured 5" UTRs3.

Consistent with previous studies?’, we found that rapamycin treatment dramatically lowered
the expression of HIF1a and, concomitantly, IGFBP5 in 7SC2-/- MEFs (Figure 2A). A
similar decrease in IGFBP5 was observed when HIF1a was knocked down using RNAI
(RNA interference) in 7SC2-/- MEFs (Figure 2B and 2C) and RT-4 cells (Figure 2D). We
found that HIF1 was also sufficient for IGFBP5 expression. Specifically, treatment of RT-4
cells with a hypoxia-mimetic agent, CoCl,3°, led to robust accumulation of HIF1a and
IGFBP5 (in CM) (Figure 2E). Importantly, co-treatment of CoCl, and rapamycin suppressed
HIFla and IGFBP5 expression to levels even lower than CoCl,-untreated samples (Figure
2F and 2G), suggesting a dominant effect from mTORCL1 inhibition. IGFBP5 expression is
no longer sensitive to rapamycin treatment in an ectopic expression system (the construct
does not contain the highly structured 5'-UTR of HIF1a), suggesting that the effect of
rapamycin on IGFBP5 expression is dependent on mTORC1-mediated translation of HIF1a
(Figure 2H).

To explore whether HIF1 directly regulates the transcription of /GFBP5, we screened a
series of pGL4 luciferase reporter constructs harboring inserts representing different regions
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of the /GFBP5 gene (Supplementary Figure 3). We found that the expression of one
construct (pGL4-P4-luc) that carries a 300 bp (from +2.9 Kb to +3.2 Kb) fragment
downstream of the /GFBP5 transcription start site (TSS) in HEK293T cells led to a dramatic
increase in luciferase activity, when these cells were co-transfected with a pcDNA3-HIFla
plasmid (Figure 21). These data suggest that there could be potential HIF-responsive
elements (HRES) in this region of the /GFBP5 gene. Chromatin immunoprecipitation-
quantitative PCR (ChIP-gPCR) experiments then confirmed the existence of such HREs
(Figure 2J).

Based on the consensus binding motifs of HIF1 (5’-CGTG-3")3L, we identified a total of 5
potential HREs in this region (HRE1-HRES5, Supplementary Figure 3). We found that the
deletion of either HRE1 or HRE3 drastically lowered the binding of HIF1 in the luciferase
assay. HIF1 completely lost its ability to recognize the IGFBP5 mutant that has been deleted
for both HRE1 and HRES3, indicating these two HREs are the most important sites for HIF1-
dependent transcription regulation of IGFBP5 (Figure 2K). Taken together, these data
demonstrate that HIF1a regulates the transcription of IGFBP5 through directly binding to its
HREs.

IGFBP5 is known to bind, with high affinity, to circulating IGFs24, However, it remains
controversial whether IGFBP5 impacts IGF-1 signaling in a positive or negative manner.
IGFBP5 could block IGF-1 signaling by binding to, and sequestering it from interacting
with IGF-1R32, On the other side, IGFBP5 might also potentiate the function of IGF-1,
presumably by better presenting IGF-1 to IGF-1R33. We found that the addition of IGFBP5
to the media resulted in strong inhibition of IGF-1 signaling in wt MEFs (Figure 3A). We
found that IGFBPS5 is also necessary for the IGF-1-inhibitory activity in 7SC2-/- CM.
7SC2-/- MEFs are characterized by a profound “IGF-1-resistant” state, as indicated by
their lack of response to IGF-1 (Figure 3B). Intriguingly, depletion of IGFBP5 in 75C2-/-
MEFs greatly sensitizes them to IGF-1 stimulation (Figure 3B).

We next examined whether IGFBPS5 also inhibits the functional outputs of IGF-1. We found
that the addition of IGFBP5 to culture media completely blocked IGF-1-induced
proliferation of MCF7 cells (Figure 3C and 3D). Because IGFBP5 is a secreted protein that
functions in the extracellular space, it may also provide a “non-cell autonomous” mechanism
for mTORCL1 to regulate the growth and proliferation of adjacent cells. We tested this
hypothesis using a co-culture system. Specifically, MCF7 cells were labeled with red
florescent protein (DsRed, RFP), and were grown with GFP-labeled 75C2+/+or TSC2-/-
MEFs. Interestingly, the proliferation of MCF7 cells was dramatically suppressed when they
were co-cultured with 75C2-/- MEFs (Supplementary Figure 4A), an effect that can be
ascribed to IGFBP5 (Figure 3E).

We investigated whether IGFBP5 can modulate the anti-apoptosis function of IGF-1. We
found that IGF-1 could block starvation-induced apoptosis of MCF7 cells, which was
reversed when IGFBP5 is present in the media (Figure 4F). Furthermore, IGFBP5 also
blocks the pro-survival effect of IGF-1 when cells were treated with cytotoxic agents,
including staurosporine, etoposide and doxorubicin (Figure 3G, Supplementary Figure 4B
and Supplementary Figure 4C).
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Activation of mMTORCL1 triggers a number of feedback loops that converge on, and
antagonize IGF-1 signaling®. We sought to determine the relative contribution of IGFBP5,
compared to the known players in these feedback loops. First, we asked the question of how
much of the IGF-1-inhibitory activity in 7SC2-/- CM could be attributed to IGFBP5. We
collected CM from 7SC2-/- MEFs with either control or IGFBP5 knock down, mixed them
with IGF-1, and treated wild-type MEFs. We found that the degree of IGF-1R activation in
the recipient cells using the shiIGFBP5 75C2-/- CM is approximately 85% of that using the
75C2+/+ CM, indicating that IGFBP5 accounts for a large fraction of the IGF-1-inhibitory
activity in 75C2-/- CM (Supplementary Figure 4D).

We next examined, on the whole cell level, IGF-1 signaling in 7SC2-/- MEFs that were
treated with either rapamycin or shIGFBP5. Both treatments greatly sensitized these cells to
IGF-1 stimulation (Supplementary Figure 4E). We, at the same time, did observe that a
lower pIGF-1R and pAkt level in shIGFBP5 7SC2-/- MEFs, compared to that in
rapamycin-treated shGFP 75C2-/- MEFs (Supplementary Figure 4E). We then generated
75C2-1- cells with single knock down of either Grb10 or IGFBP5, as well as cells with
Grb10 and IGFBPS5 double knock down (Figure 4A). Compared with rapamycin treatment,
knockdown of either Grb10 or IGFBP5 partially recovered IGF-1-dependent Akt activation.
However, 7SC2-/- MEFs co-depleted for both Grb10 and IGFBP5 almost completely
regained IGF-1 sensitivity (Figure 4A). Finally, double knockdown of Grb10 and IGFBP5
also dramatically accelerates the proliferation of 75C2-/- cells, in response to IGF-1
stimulation (Figure 4B).

We previously showed that Grb10 is a potential tumor suppressorS. Because IGFBP5 also
inhibits the function of IGF-1 (Figure 4A), it might be another tumor suppressor downstream
of mMTORCL. Indeed, at least 20 nonsynonymous somatic mutations have been identified for
IGFBPS5 in cancer (COSMIC database) (Supplementary Table 8), including four frameshift
(R83fs*65, K135fs*13, R176fs*8 and C192fs*58) and three nonsense mutations (E202*,
G223* and W242*) (Figure 4C). We generated mammalian expression constructs (with a C-
terminal HA tag) harboring the individual mutations that have been reported for IGFBP5.
We ectopically expressed them in HEK293T cells, collected the corresponding CM, and
mixed them with IGF-1. These CM samples were added to wt MEFs (Figure 4D and 4E).
Intriguingly, half of these cancer-associated IGFBP5 mutants completely lost their IGF-1-
inhibitory activity, including the abovementioned truncation mutations, as well as three
additional point mutations (G223R, R236H and V244M) (Figure 4D).

Hyperactivation of IGF-1 signaling plays a critical role in establishing a transformed
phenotype in a number of malignancies34. The development of IGF-1R inhibitors, however,
have been largely unsuccessful, in part due to the lack of a viable approach for patient
stratification3°. We reasoned that the loss of IGFBP5 might drive the survival and
proliferation of a cancer cell dependent on IGF-1 signaling. This, in turn, might confer their
sensitivity to IGF-1R inhibitors. From the COSMIC database, we identified that NCI-
H1435, a non-small-cell lung cancer (NSCLC) cell line, harbors heterozygous IGFBP5
mutation (E202*) (Figure 4F). Moreover, the CM from this cell line lacks a detectable signal
from IGFBP5 (Supplementary Figure 5A), indicating the presence of additional
misregulation of this protein. Indeed, the proliferation of NCI-H1435 cells was inhibited by
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various clinically relevant IGF-1R inhibitors, including BMS-536924 and BMS-75480734,
Conversely, the growth of IGFBP5-wt NSCLC cell lines, including HCC15, A549, NCI-
H1693 and HCC4017, was not affected by IGF-1R inhibitors (Figure 4G and Supplementary
Figure 5D). Finally, all of these NSCLC cell lines were resistant to a multi-RTK inhibitor,
Sunitinib, which, however, is inactive against IGF-1R36 (Figure 4G). The proliferation of an
IGFBP5mutated leukemia cell line, Molt-4 (K135fs*13), was also selectively inhibited by
IGF-1R inhibitors (Supplementary Figure 5B). Importantly, the re-expression of IGFBP5 in
Molt-4 cells leads to their decreased proliferation (Supplementary Figure 5C).

In summary, our results indicate that mTORC1 positively regulates the expression of
IGFBPS5 in a HIF1-dependent manner. Once secreted, IGFBP5 functions, in parallel to other
intracellular branches of the feedback mechanisms, to block the function of IGF-1 (Figure
5). IGFBPS5 is a potential tumor suppressor, and the proliferation of IGFBP5-mutated cells is
sensitive to IGF-1R inhibitors. Finally, our results raise an intriguing hypothesis that
IGFBP5 might serve as a “non-cell autonomous” feedback mechanism for tumors to restrain
IGF-1R signaling in adjacent normal cells. In so doing, tumor cells might gain a competitive
advantage in growth and proliferation. Whether this mechanism contributes to tumor
progression warrants further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cells with hyperactivated mTORC1 secrete a protein factor(s) that blocks IGF-1 signaling.
(A) Conditioned media was collected from 75C2+/+ MEFs (CM+/+) or 7TSC2-/- MEFs
(CM-/-), mixed with the indicated growth factor, and were then incubated with regular wt
MEFs (designated as “recipient cells™) for 10 min. CM that was not mixed with any growth
factors was indicated as “starve”. CM was also collected from 7SC2-/- MEFs that had been
treated with 20 nM rapamycin for 24 hrs (CM~-/- Rapa). As a control experiment, CM from
75C2-1- cells were collected first, and then mixed with rapamycin (CM—-/- Rapa Mock).
For site-specific phosphorylation, pAkt(S473) levels were analyzed. Growth factor
concentrations are Insulin, 100 nM; IGF-1, 40 ng/ml; PDGF, 50 ng/ml; EGF, 50 ng/ml and
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HGF, 50 ng/ml. (B) CM from 75C2-/- MEFs is able to block the activation of the IGF-1
signaling pathway. Experiments were performed as in (A). pIGF-1R(Y1135/1136),
pAkt(S473), and pERK(T202/Y204) levels were analyzed. (C) A gerneral schematic of the
quantitative secretomic platform. (D) Ratio distribution of the identified peptides (a total of
63,157 from 3,430 proteins). Ratio (control/rapamycin-treated) distribution of these peptides
is shown on a Log, scale. Light and heavy lysates were also subject to immunoblotting
analysis for pS6K(T389) levels. (E) Extracted ion chromatogram of the light (rapamycin-
treated, blue) and heavy (control, yellow) ions of an IGFBP5 peptide (HMEASLQEFK). (F)
CM from 75C2-/- MEFs, but not 7SC2+/+ MEFs, contains high levels of IGFBPS5. Cells
were starved for 24 hrs, after which CM was collected. When indicated, cells were also
treated with rapamycin (20 nM for 24 hrs). CM and WCL of these cells were analyzed by
using immunoblotting experiments for pS6K(T389) levels. (G) IGFBP5 expression is
regulated by mTORCL1 at the transcription level. Total RNA was extracted from 75C2+/+,
7SC2-/- MEFs, or 7T5C2-/- MEFs that had been treated with 20 nM rapamycin for 24 hrs,
and was analyzed. (H) Treatment of 7SC2-/- MEFs by rapamycin (20 nM), Ku0063794 (1
uM) and NVP-BEZ235 (500 nM), but not an S6K inhibitor (PF-4708671, 10 uM), led to
downregulation of IGFBP5 in CM. For site-specific phosphorylation, pS6K(T389) and
pS6(S235/236) levels were analyzed.
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Figure2.

Expression of IGFBPS5 is transcriptionally regulated by HIF1a. (A) Rapamycin treatment
(20 nM, 24hrs) of 75C2-/- MEFs led to a concurrent downregulation of HIFa. (in WCL)
and IGFBP5 (in CM). The asterisk indicates a non-specific band. For site-specific

1duosnue Joyiny

phosphorylation, pS6K(T389) levels were analyzed. (B) and (C) RNAi-mediated knockdown
of HIFa in 75C2-/- MEFs led to downregulation of IGFBP5 at both protein (B) and mRNA
(C) levels. Glutl is a known transcriptional target of HIFa, and was used as a positive
control. The asterisk indicates a non-specific band. (D) Knockdown of HIF1a in RT-4 cells
led to a similar downregulation of IGFBP5 levels in CM. (E) Treating RT-4 cells with a
hypoxic-mimetic, CoCl, (24 hrs with the indicated concentrations), led to stabilization of
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HIF1la in WCL, and accumulation of IGFBP5 in CM. Concurrent treatment of RT-4 cells
with CoCls (250 uM) and rapamycin (20 nM) abolished IGFBP5 expression at the protein
(F) and mRNA (G) levels. £<0.05 (two way ANOVA test). n=3 independent biological
replicate experiments. Error bars represent s. d. (H) IGFBP5 expression is insensitive to
mTORCL inhibition (rapamycin at 20 nM, 24 hrs) in a HIF1a-ectopic expression system.
HEK?293T cells were transfected with either a pcDNA-HIF1a or a control vector. IGFBP5
mRNA levels were determined by quantitative RT-PCR. *£< 0.05 (two-tailed Student #
test). n = 3 independent biological replicate experiments; Error bars represent s.d. (I)
Luciferase reporter assays indicate that the first intron (designed as P4, see Supplementary
Figure 3) of the /GFBP5 gene contains functional HRES. Luciferase activities were
normalized to Renella luciferase. Hypoxia was induced by growing the cells in a hypoxia
chamber (1% O,). A luciferase reporter construct containing 4X HRE (from Promega) was
used as the positive control. £<0.001 (two way ANOVA test). n=3 independent biological
replicate experiments. Error bars represent s.d. (J) ChIP gRT-PCR confirmation of the
binding between HIF1a and the potential HRES in the P4 region. £<0.001 (two way
ANOVA test). n=3 independent biological replicate experiments. Error bars represent s.d.
(K) Deletion of HRE1 and HRE3 (Supplementary Figure 3) in the P4 region of the /GFBP5
gene abolishes the binding of HIF1a in the luciferase assay. ***£ < 0.001 (two-tailed
Student #test). n = 3 independent biological replicate experiments; Error bars represent s.d.
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Figure 3.

IGFBP5 is a potent inhibitor of IGF-1 signaling. (A) Addition of recombinant IGFBP5
(R&D systems) to culture media blocks IGF-1-induced activation (20 ng/ml, 5 mins) of
IGF-1R (pIGF-1R(Y1135/1136)) and Akt (pAkt(S473)) in wt MEFs. (B) Knockdown of
IGFBP5 in 75C2-/- MEFs led to strong activation of IGF-1R and its downstream kinases
(Akt and ERK), in response to IGF stimulation. Cells were starved overnight, and were
stimulated with IGF (20 ng/ml, 5 mins). For site-specific phosphorylation,
pIGF-1R(Y1135/1136), pAKkt(S473), pS6K(T389) and pERK(T202/YY204) levels were
analyzed. (C) and (D) Addition of IGFBP5 to culture media blocked IGF-1-induced cell
proliferation. MCF7 cells were starved, and were then treated with IGF-1 mixed with CM
from HEK293T cells transfected with an empty vector, or an IGFBP5-expressing construct,
respectively. Cells were stained by crystal violet (C) (after 48 hrs), or counted (D). £<0.001
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(two-way ANOVA test). n=9 independent biological replicate experiments. Error bars
represent s.d. (E) IGFBP5 secreted from 7SC2-/- MEFs inhibits the growth of MCF7 cells
in a co-culture system. MCF7 cells were labeled with red florescent protein (DsRed), and
were growth with GFP-labeled 75C2-/- MEFs with either control-knock down, or IGFBP5-
knock down. Cells were grown in DMEM supplemented with IGF-1 (40 ng/ml), with
fluorescence signal intensities quantified for the green and red channels. £<0.05 (two-tailed
student t-test). n =3 independent biological replicate experiments. Error bars represent s.d.
Scale bars, 40 um. (F) The presence of IGF (40 ng/ml) in culture media protected cells from
starvation-induced apoptosis. This effect, however, is blocked by the addition of IGFBP5.
The asterisk indicates cleaved PARP1. CM from HEK293T cells transfected with an
IGFBP5-expressing construct was used as the source of IGFBP5. For site-specific
phosphorylation, pAkt(S473) levels were analyzed. (G) The presence of IGF-1 in culture
media protected cells from Doxorubicin-induced (1 pM, 6 hrs) apoptosis. This effect was
blocked by the addition of IGFBP5. MCF7 cells were starved overnight, and were treated
with doxorubicin in the presence of IGF (40 ng/ml) or IGF+IGFBP5. CM from HEK293T
cells transfected with an IGFBP5-expressing construct was used as the source of IGFBP5.
For site-specific phosphorylation, pIGF-1R(Y1135/1136) and pAkt(S473) levels were
analyzed.
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Figure 4.
IGFBP5 is a major mediator of mTORC1-dependent feedback inhibition of IGF-1 signaling.

(A) IGFBP5 and Grb10 together account for a major faction of the IGF-1-inhibitory activity
of mMTORCL1. We generated 75C2-/- MEFs with single IGFBP5 or Grb10 knockdown, as
well as IGFBP5+Grb10 double knockdown. Where indicated, cells were also treated with
rapamycin (20 nM for 24 hrs). Cells were stimulated with IGF-1 (at indicated
concentrations). For site-specific phosphorylation, pIGF-1R(Y1135/1136), pAkt(S473),
pS6K(T389) and pERK(T202/Y204) levels were analyzed. (B) Grb10 and IGFBP5 double
knock down cells show increased proliferative responses in IGF-1-supplemented media. P
<0.001 (two-way ANOVA test). n=9 independent biological replicate experiments. Error
bars represent s.d. (C) Cancer-associated frameshift and nonsense mutations that have been
reported for IGFBP5 (data from COSMIC). A complete list of the somatic mutations is
shown in Supplementary Table 8. (D) and (E) IGFBPS5 expression constructs harboring
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cancer-associated mutations were transfected into HEK293T cells. Cells were starved, and
the corresponding CM was collected, mixed with IGF-1 and was incubated with wild-type
MEFs (recipient cells). WCL was analyzed by immunaoblotting experiments using the
indicated antibodies. Cancer-associated mutations of IGFBP5 are shown that either disrupt
(D) or maintain (E) its IGF-1-inhibitory activity. For site-specific phosphorylation,
pIGF-1R(Y1135/1136) levels were analyzed. (F) NCI-H1435 cells harbor heterozygous
IGFBP5 mutation (E202*). Genomic fragment in the 3" exon of IGFBP5 from NCI-H1435
and HCC15 cell lines were amplified with PCR and were sequenced. The red arrows
indicate the mutation (G to T) in the NCI-H1435 cell line. HCC15 cells contain wt IGFBP5.
(G) NCI-H1435 cell line is sensitive to IGF-1R inhibitor, BMS-536924. NCI-H1435 and
HCC15 NSCLC cell lines were seeded overnight in 6 well plates at the same density. After
48 hours treatment with BMS-536924 or Sunitinib, 6 well plates were fixed with methanol
and then were stained with crystal violet.
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mTORC1 orchestrates feedback inhibition of IGF-1 signaling by promoting HIFla-
dependent expression of IGFBP5. IGFBP5 accumulates in the extracellular space, and
sequesters IGF-1 from binding to its cognate receptor (IGF-1R). mTORCL1 also inhibits
IGF-1 signaling by upregulating the expression of Grb10, and downregulating the expression
of IRS and IGF-1R. Both Grb10 and IGFBP5 are potential tumor suppressors. Conversely,
IGF-1R and PI3K is activated in mTORC1-suppressed conditions (e.g. rapamycin-treated),
due to the relief of mMTORC1-mediated feedback inhibition loops. Red and gray indiate
proteins that are in the activated and repressed states, respectively.
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