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In Brief
SILAC proteomics was applied
to isogenic cell lines to identify
cell surface proteins upregulated
by mTORC1 signaling, which
identified the proteases neprily-
sin and aminopeptidase N as the
most highly induced. Validation
and functional studies showed
that the proliferation of cancer
cells with hyperactive mTORC1
are sensitized to neprilysin and
aminopeptidase N inhibition.
These studies introduce a new
paradigm for the treatment of
cancer cells driven by mTORC1
that may overcome the well-es-
tablished limitations of kinase
inhibitors.
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Research

Wei et al., 2020, Molecular & Cellular Proteomics 19, 294–307
February 2020 © 2020 Wei et al. Published under exclusive license by The American Society for
Biochemistry and Molecular Biology, Inc.
https://doi.org/10.1074/mcp.RA119.001785

mailto:jim.wells@ucsf.edu
mailto:michael.evans@ucsf.edu
mailto:michael.evans@ucsf.edu


Profiling the Surfaceome Identifies Therapeutic
Targets for Cells with Hyperactive mTORC1
Signaling*□S

Junnian Wei‡¶¶, Kevin Leung§¶¶, Charles Truillet¶, Davide Ruggero�**,
James A. Wells§**‡‡, and Michael J. Evans‡§**§§

Aberrantly high mTORC1 signaling is a known driver of
many cancers and human disorders, yet pharmacological
inhibition of mTORC1 rarely confers durable clinical re-
sponses. To explore alternative therapeutic strategies,
herein we conducted a proteomics survey to identify cell
surface proteins upregulated by mTORC1. A comparison
of the surfaceome from Tsc1�/� versus Tsc1�/� mouse
embryonic fibroblasts revealed 59 proteins predicted to
be significantly overexpressed in Tsc1�/� cells. Further
validation of the data in multiple mouse and human cell
lines showed that mTORC1 signaling most dramatically
induced the expression of the proteases neprilysin (NEP/
CD10) and aminopeptidase N (APN/CD13). Functional
studies showed that constitutive mTORC1 signaling sen-
sitized cells to genetic ablation of NEP and APN, as well as
the biochemical inhibition of APN. In summary, these data
show that mTORC1 signaling plays a significant role in
the constitution of the surfaceome, which in turn may
present novel therapeutic strategies. Molecular & Cel-
lular Proteomics 19: 294–307, 2020. DOI: 10.1074/mcp.
RA119.001785.

Because of the importance of mTORC1 to the pathobiology
of many cancers and human diseases, there has been long-
standing interest in developing therapeutic strategies to in-
hibit its signaling (1). Over 20 years of research has shown that
direct pharmacological inhibition of mTORC1 biochemistry
with small molecules that disrupt the complex (e.g. rapa-
logues) or ATP-site directed inhibitors to mTOR generally
show encouraging preclinical activity that often does not
translate to durable clinical responses. The current state of
the art suggests suboptimal clinical responses can reflect
cellular adaptation to mTORC1 inhibition through complex
feedback mechanisms or dose limiting toxicity (2, 3).

These considerations motivated us to consider molecular
profiling studies to probe for other therapeutic strategies.
Much of how a cell defines itself and communicates outwardly
is dictated by protein expression patterns on the cellular
surface. In the case of mTORC1, some evidence already
suggests that downstream signaling can alter protein expres-
sion at the cell surface. One prominent example is mTORC1
augmentation of glycolysis, which is upregulated in part by
elevated GLUT transporter expression on the cell surface via
transcriptional activation and vesicle translocation (4). On this
basis, we conducted a global survey of the surfaceome to
identify proteins induced by mTORC1 signaling.

In designing the proteomics screen, we appreciated that
although many genetic lesions within the PI3K/Akt/mTOR sig-
naling axis are known to confer constitutive mTORC1 activity,
some events upstream of mTORC1 can activate branching
signaling cascades (e.g. PTEN inactivation leading to elevated
JNK signaling) (5). To steer the proteomic screen toward cell
surface events upregulated by mTORC1, we opted to study
cell line models isogenic with respect to expression of the
TSC1/TSC2 complex. Under normal conditions, TSC1 het-
erodimerizes with TSC2 to provide protection from ubiquitin
mediated degradation (6), whereas TSC2 employs a GTPase
activating protein domain to biochemically convert GTP-Rheb
to GDP-Rheb (7). As GTP-Rheb is required for the activation
of mTORC1, loss of the TSC1/TSC2 complex results in con-
stitutively high mTORC1 signaling. Moreover, somatic or
germline genetic mutations that inactivate TSC1 or TSC2 are
observed in several deadly cancers (e.g. bladder, kidney) and
debilitating human disorders (e.g. tuberous sclerosis com-
plex, focal cortical dysplasia) (8), underscoring the clinical
relevance of studying the biology of cell lines lacking a func-
tional TSC1/2 complex.
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By analyzing the surfaceome of Tsc1�/� versus Tsc1�/�

mouse embryonic fibroblasts (MEFs)1, we show that mTORC1
upregulates (and downregulates) the expression of many pro-
teins on the cellular surface. Among them, we show that
neprilysin (NEP/CD10) and aminopeptidase N (APN/CD13) are
highly upregulated by mTORC1 in mouse and human cell lines
of diverse lineage. Moreover, the growth of cells with consti-
tutively active mTORC1 is dependent on the expression of
NEP and APN, as well as the biochemical activity of APN.
These data represent a first step toward defining alternative
therapeutic strategies for the treatment of mTORC1 driven
diseases.

MATERIALS AND METHODS

General Methods—Tsc1�/� and Tsc1�/�MEFs were kindly pro-
vided by Professor David Kwiatkowski, and were maintained in high-
glucose and glutamine containing DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin. The human bladder cancer cell
lines T24, 5637, RT4, HCV29, and TCCSUP were purchased from
ATCC (Manassas, VA) and subcultured according to the manufactu-
rer’s recommendations. The human thyroid cancer cell line 8505 C
was purchased from Sigma-Aldrich (St. Louis, MO) and subcultured
according to the manufacturer’s recommendations. The bladder can-
cer cell line 97–1 was kindly provided by Professor Margaret Knowles,
and subcultured in Hams F12 supplemented with 1% FBS, 1� pen-
icillin-streptomycin, 1� insulin-transferrin-selenium, 2 mM glutamine,
1� non-essential amino acids (NEAA) and 1 �g/ml hydrocortisone.
The cell lysis of human embryonic stem cell isogenic pairs were kindly
provided by Prof. Helen Bateup from UC Berkeley. LBQ657 was
purchased from Cayman Chemical (Ann Arbor, MI). Bestatin was
purchased from Sigma-Aldrich (Morrisville, NC). CHR2797 was pur-
chased from MedKoo Biosciences. GDC0941 was purchased from
LC Laboratories (Woburn, MA). BKM120 was purchased from Adipo-
Gen (Irvine, CA). Doxorubicin, MK-2206 and BYL-719 were pur-
chased from Adooq Biosciences. All small molecule drugs were used
without further purification. Antibodies to total Akt, p-Akt (S473), total
S6, p-S6 (S235/236), total S6K, p-S6K (T389), APN (CD13) for mouse
cells were acquired from Cell Signaling Technologies (Danvers, MA)
and used at a 1:1000 dilution. APN (CD13) for human cells were
acquired from Proteintech (Rosemont, Il) and used at a 1:1000 dilu-
tion. Actin (clone AC-15) was purchased from Sigma Aldrich and used
at a 1:5000 dilution. The NEP (CD10) antibody was purchased from
Invitrogen (Waltham, MA) and used at a 1:1000 dilution. Primary
antibodies and their respective sources for flow cytometry are listed in
supplemental Table S1. Rheb and Akt plasmids were obtained from
Addgene (Watertown, MA) (#13831 and #9008, respectively). Primers
for rtPCR were synthesized by Integrated DNA Technologies (Red-
wood City, CA), and a full list of primer sequences appear in supple-
mental Table S2.

SILAC, Membrane Protein Enrichment, and LC-MS/MS—Tsc1�/�

and Tsc1�/� MEFs were cultured in DMEM SILAC media (Thermo
Fisher Scientific, Waltham, MA) containing L-[13C6,15N2]lysine and
L-[13C6,15N4] arginine (heavy label) (Thermo Fisher Scientific) or
L-[12C6,14N2]lysine and L-[12C6,14N4]arginine (light label) for 5 pas-
sages to ensure full incorporation of the isotope labeling on cells.
Cells were grown to 70% confluence and harvested after 6 h of serum
starvation. Cells were mixed at a 1:1 cell count ratio prior to cell

surface capture enrichment. Briefly, live cells were treated with a
sodium periodate buffer (2 mM NaPO4, PBS pH 6.5) at 4 °C for 20
mins to oxidize terminal sialic acids of glycoproteins. Aldehydes
generated by periodate oxidation were then reacted with biocytin
hydrazide in a labeling buffer (1 mM biocytin hydrazide (biotium), 10
mM analine (Sigma), PBS pH 6.5) at 4 °C for 90 mins. Cells were then
washed four times in PBS pH 6.5 to remove excess biocytin-hydra-
zide and flash frozen.

Frozen cell pellets were lysed using RIPA buffer (VWR) with prote-
ase inhibitor mixture (Sigma) at 4 °C for 30 mins. Cell lysate was then
sonicated, clarified, and incubated with 500 �l of neutravidin agarose
slurry (Thermo Fisher Scientific) at 4 °C for 30 mins. The neutravidin
beads were then extensively washed with RIPA buffer, high salt buffer
(1 M NaCl, PBS pH 7.5), and urea buffer (2 M urea, 50 mM ammonium
bicarbonate) to remove nonspecific proteins. Samples were then
reduced on-bead with 5 mM TCEP at 55 °C for 30 mins and alkylated
with 10 mM iodoacetamide at room temperature for 30 mins. To
release bound proteins, we first performed an on-bead digestion
using 20 �g trypsin (Promega; Madison, WI) at room temperature
overnight to remove any nonspecific protein binders. The neutravidin
beads were extensively washed again with RIPA buffer, high salt
buffer (1 M NaCl, PBS pH 7.5), and urea buffer (2 M urea, 50 mM

ammonium bicarbonate). To release trypsin digested N-glycosylated
peptides bound to the neutravidin beads, peptides were released
using 2500U PNGase F (New England Biolabs; Ipswich, MA) at 37 °C
for 3 h and eluted using a spin column. PNGase F released peptides
were then desalted using SOLA HRP SPE column (Thermo Fisher
Scientific) using standard protocol, dried, and dissolved in 0.1%
formic acid, 2% acetonitrile prior to LC-MS/MS analysis.

Mass Spectrometry Analysis—Approximately 1 �g of peptide mix-
ture was injected to a pre-packed 0.75 mm x 150 mm Acclaimed
Pepmap C18 reversed phase column (2 �m pore size, Thermo Fisher
Scientific) attached to a Q Exactive Plus (Thermo Fisher Scientific)
mass spectrometer. The peptides were separated using the linear
gradient of 3–35% solvent B (Solvent A: 0.1% formic acid, solvent B:
80% acetonitrile, 0.1% formic acid) over 120 mins at 300 �l/min. Data
were collected in data-dependent mode using a top 20 method with
dynamic exclusion of 35 s and a charge exclusion setting that only
sample peptides with a charge of 2, 3, or 4. Full (ms1) scans spec-
trums were collected as profile data with a resolution of 140,000 (at
200 m/z), AGC target of 3E6, maximum injection time of 120 ms, and
scan range of 400 - 1800 m/z. MS-MS scans were collected as
centroid data with a resolution of 17,500 (at 200 m/z), AGC target of
5E4, maximum injection time of 60 ms with normalized collision
energy at 27, and an isolation window of 1.5 m/z with an isolation
offset of 0.5 m/z.

Proteomics Data Processing—Peptide search for each individual
dataset was performed using ProteinProspector (v5.13.2) against
16916 mouse proteins (Swiss-prot database, obtained March 5,
2015) with a false discovery rate (FDR) of �1%. Quantitative data
analysis was performed using Skyline (University of Washington) soft-
ware using the ms1 filtering function. Specifically, spectral libraries
from forward and reverse SILAC experiments were analyzed together
such that ms1 peaks without an explicit peptide ID would be quan-
tified based on aligned peptide retention time. An isotope dot product
of at least 0.8 was used to filter for high quality peptide quantification,
and a custom report from skyline was then exported for further
processing and analysis using R: A language and environment for
statistical computing. To ensure stringent quantification of the surface
proteome, only peptides with N to D deamidation modification were
included for quantification. To estimate the efficiency of surface pro-
tein enrichment, over 90% of proteins identified were annotated with
“membrane” but not “mitochondrial” or “nuclear” subcellular local-
ization GO term from Uniprot. Forward and reverse SILAC datasets

1 The abbreviations used are: MEF, mouse embryonic fibro-
blasts; NEP, neprilysin; APN, aminopeptidase N; ECL, enhanced
chemiluminescence.
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were then combined and reported as median log2 enrichment values
for Tsc1�/� MEFs. For volcano plots, p values were generated using
Mann-Whitney U test. For Gene Set Enrichment Analysis (GSEA),
genes were ranked by median log2 enrichment values and analyzed
against a curated mouse version of the MSigDB (http://bioinf.wehi.
edu.au/software/MSigDB/) using the fast pre-ranked gene set enrich-
ment analysis (fgsea) package from Bioconductor.

Flow Cytometry—All cell lines were grown in T75 flasks. Cells were
washed with phosphate-buffered saline (PBS) and detached from cell
culture dishes by 0.04% EDTA in PBS solution, centrifuged and
washed with PBS again. Then the cells were fixed by 1% formalde-
hyde in PBS solution at 4 °C overnight. The cells were washed cen-
trifuged and washed with PBS, and then counted. Cells were re-
suspended in 3% BSA in PBS solution to a concentration of 0.7
million cells/100 �l. The primary antibodies were added based on the
vendor’s recommendations. Cells were washed three times with 3%
BSA in PBS solution and re-suspended in 200 �l 3% BSA in PBS
solution. One microliter secondary antibodies were added and incu-
bated at room temperature for 30 min if the primary antibodies were
unconjugated. Cells were washed three times with 3% BSA in PBS
solution and re-suspended in 400 �l PBS. Cells were analyzed on BD
FACS Calibur flow cytometer.

Immunoblot—Cell pellets were lysed in RIPA buffer with protease
and phosphatase inhibitor cocktails (Calbiochem, San Diego, CA) and
then resolved using 1D SDS-PAGE. Xenograft tissue was solubilized
using mechanical homogenization in T-PER buffer (Thermo Scien-
tific) with protease and phosphatase inhibitors. Protein concentra-
tion was determined with a Bradford absorbance assay, and equal
amounts of protein (10–30 �g of lysate) were separated by SDS-
PAGE, transferred to PVDF membranes, and immunoblotted with
specific primary and secondary antibodies. Immunoreactive bands
were visualized using enhanced chemiluminescence (ECL) and de-
tected by chemiluminescence with the ECL detection reagents from
Thermo Scientific.

Real Time PCR—Cellular RNA was harvested with a RNAeasy mini
kit (Qiagen) using a Qiashredder to disrupt cell pellets. The purity and
concentration of RNA was quantified using a NanoDrop spectrometer
(ThermoScientific), and 1.5 �g of RNA was converted to cDNA with a
high capacity cDNA reverse transcription kit (Applied Biosystems,
Foster City, CA). Relative changes in mRNA levels were assessed with
a Pikoreal rtPCR cycler (Thermo Fisher Scientific). �Ct was calculated
using the respective actin control, and ��Ct was calculated by nor-
malizing �Ct values to that of vehicle control. Data were expressed as
2���Ct. All measurements were performed with at least 4 replicates
and are representative of at least three independent experiments.

Cellular Proliferation Studies—Proliferation/viability of cells was de-
tected by using the CellTiter-Glo Luminescent Cell Viability One So-
lution Assay (Promega). For the drug treatment assay, cells (1 � 103

cells for MEFs and 2 � 103 cells for human cancer cell lines) were
plated on 96-well plates and incubated overnight for cell attachment.
Cells were then treated for designed days with different drug treat-
ments. All measurements were performed with at least 4 replicates
and are representative of at least three independent experiments.

Gene Suppression with shRNA Knockdown or CRISPR/Cas9 Me-
diated Genetic Knockout—Five pLKO.1 vectors containing discrete
shRNA sequences targeting TSC1 were purchased from the MISSION
shRNA collection (Sigma Aldrich). The packaging plasmid pSPAX2
and the envelop plasmid pMD2.G were purchased from Addgene. To
prepare lentiviral particles, HEK-293FT cells (1.5 � 106) were plated,
and after 18 h, the medium was replaced with antibiotic free DMEM
media containing 10% FBS. pLKO.1 (2 �g), pSPAX2 (1.8 �g), and
pMD2.G (0.6 �g) plasmids were mixed in 70 �l Opti-MEM. In a
separate Eppendorf, Lipofectamine 2000 (15 �l) was diluted in 70 �l
Opti-MEM. The solutions containing plasmid and Lipofectamine were

mixed and added directly to a plate of HEK293 FT cells. After 12 h, the
media was replaced with 5 ml of DMEM containing 1% pen/strep,
10% heat inactivated FBS, and 1.1% BSA. The virus containing
media was harvested at 24 h, replaced with fresh media, and har-
vested again at 48 h. The virus was stored at 4 °C or used immedi-
ately after filtration through a low-binding protein membrane (0.45
�m). For infection, 0.2 � 106 bladder cancer cell lines were seed into
the 10 cm2 plates overnight for attaching. Then the media was
changed to fresh media containing 8 �g/ml of polybrene. After 2 h,
1 ml of virus media was added. After 24 h, the media was replaced
with complete media which contained 1 �g/ml puromycin. After se-
lection by puromycin for 2 weeks, the knockdown effects were
checked by Western blotting and the cells were stored for future
studies. Of the five shRNA sequences assayed, we determined that
optimal knockdown was achieved with the following targeting se-
quence: 5� CCGGGCACTCTTTCATCGCCTTTATCTCGAGATAAAG-
GCGATGAAAGAGTGCTTTTTG-3�, clone ID: NM_000368.3–790s21c1,
MISSION TRC no: TRCN0000327868.

To achieve CRISPR mediated gene knockout of TSC1 and TSC2
genes in the NIH-3T3 and T24 cell lines, a similar workflow was
followed using the same packaging and envelope plasmids. Two
targeting sequences were used in the lentiCRISPRv2 plasmid for
TSC1 in T24 cell lines (Addgene): 5�-TCAGGCACCATGATGA-
CAGA-3� (T24 C1) and 5�-CGAGAGGAT GGATAAACGAG-3� (T24 C2)
(9). Two targeting sequences were used in the lentiCRISPRv2 plasmid
for TSC2 in T24 cell lines: 5�- CAGAGGGTAACGATGAACAG -3� (T24
C3) and 5�- GGGTAACGATGAACAGCGGG -3� (T24 C4). Targeting
sequences used in the lentiCRISPRv2 plasmid for TSC1 and TSC2
knockout in NIH-3T3 cell lines were: 5�- GCGCAAGGTGATCCGAG-
CAGCGG-3� (TSC1) and 5�- AACAATCGCATCCGAATGA TAGG-3�
(TSC2). The targeting sequences were designed with CHOPCHOP
software (10). After puromycin selection of infected cells for 2 weeks,
the corresponding cells were then allowed to expand in complete
media to confirm the TSC1/TSC2 knockout via immunoblot.

siRNA Transfection—ONTARGET Plus siRNA SMARTpools against
Mme and Anpep were purchased from Dharmacon (Lafayette, CO). A
non-targeting SMARTPool siRNA mixture was used as a negative
control. Cells were transfected by Lipofectamine® RNAiMAX Trans-
fection Reagent according to the manufacturer’s protocol (Thermo
Scientific). In brief, for a 24-well plate, 80,000 cells (in 400 �l medium)
were plated in each well and incubated overnight for cell attachment.
siRNA solutions were prepared Opti-MEM medium. After adding
siRNA, the final concentration of siRNA was 40 nM in each well. 72 h
after transfection, cells were counted by CellTiter-Glo. mRNA silenc-
ing was confirmed in separate wells using rtPCR.

Plasmids Transfection—NIH-3T3 Cells were transfected by Lipo-
fectamine 2000 Transfection Reagent according to the manufactu-
rer’s protocol (Thermo Scientific). In brief, for a 10 cm2 plate, 1 M cells
(in 8 ml medium) were plated in each well and incubated overnight for
cell attachment. 6 �g plasmids were prepared in 200 �l Opti-MEM
medium with 20 �l Lipofectamine 2000 for 15 min and then added
into the plate. Seventy-two hours after transfection, cells were col-
lected for immunoblot.

Apoptosis Assay—Apoptosis of cells was detected by using the
Caspase-Glo 9 assay (Promega). For detection of caspase activity
and apoptosis, cells (2 � 103/well) were plated on 96-well plates and
incubated overnight for cell attachment. Cells were then treated with
CHR2797 (final concentration: 2 �M) for 3 or 5 days. All measurements
were performed with at least 4 replicates and were independently
reproduced three times.

Biochemical Assays—Cellular APN activity was measured with a
fluorometric aminopeptidase N activity assay kit (BioVision, Milpitas,
CA). Viable, intact cells (5 � 105) were dispersed in 90 �l of assay
buffer, and the reaction was initiated by the addition of 10� APN
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Substrate solution (10 �l). Substrate hydrolysis by APN was meas-
ured at Ex/Em � 384/502 nm every 20 s for 20–45 min at 37 °C. A
similar workflow was applied to measure cellular NEP activity using a
fluorogenic neprilysin activity assay kit (BioVision) using 1 � 105 cells,
the corresponding NEP substrate, and Ex/Em � 330/430 nm. In both
cases, the data were plotted using PRISM, and a linear regression
was applied to calculate the slope, which represents a rate of sub-
strate hydrolysis proportional to cell surface enzyme expression. The
activity was assayed in triplicate, and independently reproduced.

In Vivo Anti-tumor Assessment—All animal studies were performed
in accordance with IACUC protocols and were approved by the
Laboratory Animal Research Center at UCSF. Intact male nu/nu nude
mice (Charles River, South San Francisco, CA) received 97–1 or 8505
C cells (1 � 106) in the flank in a 1:1 PBS:matrigel suspension
(Corning Matrigel Matrix High Concentration). When tumor volume
reached 70–100 mm3, mice were randomly grouped into arms receiv-
ing vehicle (saline) or CHR2797 (100 mg/kg). Intraperitoneal injection
was applied and the dose per day for the treatment group was 100
mg/kg in 200 �l formulation (10% DMSO, 10% Tween 80, 80% saline
solution). Tumor dimensions were measured with calipers, and the
volume was calculated using the following formula: (mm3) �
(L�W2) � �/6. If any mice lost more than 20% of its weight during the
experiments they were euthanized.

Statistical Analysis—Statistical evaluations were performed by St-
udent’s t test for paired data and by ANOVA for sets of data with
multiple comparison points. Data were statistically significant if p �
0.05 and labeled in figures accordingly.

RESULTS

SILAC Proteomics Identifies Proteins Differentially Expressed
On the Cellular Surface According to TSC1 Status—Isogenic
pairs of Tsc1�/� and Tsc1�/� MEFs were selected for the
proteomics screen as the complete genetic knockout of
TSC1 would allow for a rigorous binary comparison of pro-
teomic changes because of mTORC1 signaling. A SILAC
quantification scheme was coupled to an N-glycan enrich-

ment approach to isolate and analyze cell surface pro-
teomes (Fig. 1A) (11, 12). Using these techniques, only
glycosylated peptides are captured and analyzed, allowing
for high confidence identification and quantification of sur-
face proteins.

Forward and reverse SILAC experiments were performed
(light Tsc1�/� versus heavy Tsc1�/�, heavy Tsc1�/� versus
light Tsc1�/�) after 6 h of serum starvation and resulted in
quantification of 5197 unique peptide spectra corresponding
to 558 cell surface protein IDs. The enrichment ratio (either
heavy/light or light/heavy) for each extracellular protein iden-
tified was calculated using R and showed strong reproduc-
ibility (supplemental Fig. S1A–S1B). Overall, fifty nine proteins
were identified significantly upregulated, and forty four pro-
teins as significantly down regulated in Tsc1�/� versus
Tsc1�/� surfaceomes (Fig. 1B and supplemental Table S3). Of
these, twenty upregulated proteins were predicted to have a
median log2 enrichment ratio � 2 (Tsc1�/� versus Tsc1�/�)
with p � 0.05 (Fig. 1B). These included the transferrin receptor
and glucose transporter 1, two proteins already known to be
induced by mTORC1 (13–15).

To understand if the differentially regulated surface proteins
functioned cooperatively, gene set enrichment analysis (GSEA)
was applied to the proteomics data. A significant de-enrich-
ment of genes sets associated with focal biological adhesion
was identified using a combination of KEGG, REACTOME,
BIOCARTA, and HALLMARK gene set libraries (supplemental
Fig. S2). The proteins identified on the leading edge of the
de-enriched KEGG focal adhesion pathway included Itga9,
Itgb3, Pdgfra, Flt4, Egfr, Ctnnb1, Itga1, Erbb3, Itga6, Mst1r,
and Itga3. This finding is consistent with previous literature

FIG. 1. Proteomic profiling reveals
that mTORC1 signaling remodels the
cellular surface. A, A schematic repre-
sentation of the workflow used to enrich
and quantify cell surface proteins in the
isogenic pairs of MEFs to enrich and
define cell surface proteins up or down-
regulated because of TSC1 deletion. B,
A portion of a volcano plot showing the
hits detected in the cell surface pro-
teome of Tsc1�/� versus Tsc1�/� MEFs.
The hits labeled in green represent those
that had a log2 fold enrichment 	 2 and
were statistically significant (p � 0.05).
Those hits shaded in gray represent pro-
teins detect in the proteomics screen
that were not significantly altered.
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showing that the TSC1/TSC2 complex can regulate cellular
adhesion (16). GSEA did not identify any significantly enriched
gene sets among the proteins predicted to be upregulated in
Tsc1�/� MEFs.

We next used flow cytometry to validate by hand the top 20
hits predicted to be upregulated on the surface of Tsc1�/�

MEFs by LC-MS/MS. Nine of the hits were significantly up-

regulated using commercial polyclonal antibodies (Fig. 2A).
The most highly upregulated hits by flow were: neprilysin
(NEP/CD10, Mme), aminopeptidase N (APN/CD13, Anpep),
the transferrin receptor (TFRC, Tfrc), Golgi apparatus protein
1 (GSLG1, Glg1), and adhesion G protein coupled receptor L2
(AGRL2, Adgrl2, see Fig. 2B, supplemental Fig. S3, and sup-
plemental Table S2).

FIG. 2. Multiple proteins from the
proteomics assay validated by hand
as upregulated in mouse embryonic
fibroblasts. A, A table summarizing the
most highly induced hits that validated
as significantly induced by flow cytom-
etry in Tsc1�/� MEFs. All hits were vali-
dated in at least three independent flow
cytometry experiments. B, Representa-
tive histograms from the isogenic MEFs
of cell surface NEP, ANPEP and TFRC
show the degree of induction because of
elevated mTORC1 signaling. Control re-
fers to the signal from cells incubated
with secondary antibody alone. C, Im-
munoblot data showing that NEP and
APN expression is altered in whole cell
lysates of Tsc1�/� and Tsc1�/� MEFs, in
addition to the changes observed on the
cellular surface. D, Real time PCR data
shows that APN and NEP mRNA levels
are increased in Tsc1�/� MEFs com-
pared with wild type. These data, com-
bined with the expression changes ob-
served in whole cell lysates, suggest that
mTORC1 regulates either protease via a
transcriptional mechanism. * p � 0.01.
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The Metalloproteases Neprilysin and Aminopeptidase N are
Upregulated by mTORC1 Signaling in Phenotypically Diverse
Cell Lines—Because NEP and APN were the top upregulated
hits, we chose to focus additional studies on these proteases.
NEP is a zinc dependent metalloprotease that cleaves pep-
tides at the amino side of hydrophobic residues. In normal
physiology, cell surface NEP hydrolyzes peptide-based hor-
mones to inactivate their signaling function (17). APN is a zinc
dependent type II metalloprotease that belongs to the M1
family of the MA clan, which can remove the N-terminal amino
acids from unsubstituted oligopeptides (18). In normal phys-
iology, APN plays a role in the final digestion of peptides or the
processing of peptide-based hormones.

We first tested if NEP and APN were differentially regulated
in whole cell lysates of the isogenic MEFs, or if the differential
expression levels on the cell surface were caused by a post-
translational event. Immunoblot showed that NEP and APN
levels were substantially higher in Tsc1�/� versus Tsc1�/�

MEFs (Fig. 2C). This suggested to us that the mechanism of
upregulation may be transcriptional. Consistent with this
model, relative mRNA levels of Mme and Anpep were signif-
icantly higher in Tsc1�/� compared with Tsc1�/� MEFs by
rtPCR (Fig. 2D and supplemental Fig. S4A). These findings are
also supported by prior gene expression profiling data (sup-
plemental Fig. S4B) (19).

Using the immunoblot assay, we next probed if NEP and
APN were upregulated by TSC1 or TSC2 loss in mouse and
human cell lines of diverse lineages. Two pairs of NIH-3T3
cells isogenic with respect to TSC1 or TSC2 expression were
generated using CRISPR/Cas9 targeted deletion. Reduced
TSC1 or TSC2, and elevated mTORC1 signaling was con-
firmed by immunoblot for phospho-S6. Elevated NEP and
APN expression levels were observed in the TSC1 or TSC2
knockout cell lines compare with the parental subline (Fig.
3A). This finding motivated us to test if NEP and APN were
regulated by mTORC1 activity. We found that NEP and APN
expression levels were elevated in NIH-3T3 cells with tran-
sient overexpression of myr-Akt or Rheb (Fig. 3B). Con-
versely, treating the TSC1 or TSC2 knockout cell lines with

RAD001 reduced NEP and APN expression levels, strongly
suggesting mTORC1 regulates the expression of these pro-
teases downstream of TSC1 or TSC2 (Fig. 3C).

We next evaluated NEP and APN expression levels in neural
precursor cells differentiated from human embryonic stem
cells with hetero- or homozygous deletion of TSC1 or TSC2
(20). Immunoblot showed NEP and APN upregulation in the
homozygous TSC1 and TSC2 knockout cells compared with
the wild-type cell line (Fig. 3D). To evaluate the relationship
between mTORC1 and the proteases in human cancer cells,
we applied CRISPR/Cas9 technology to develop clones of the
human bladder cancer cell line T24 with TSC1 knockout (C1,
C2) or TSC2 knockout (C3, C4). As expected, the sublines
with depleted TSC1 or TSC2 had elevated total NEP and APN
expression compared with the parental cell line (Fig. 3E and
3F). Cell surface NEP or APN expression was also upregu-
lated in T24 or 5637 cells with stable knockdown of TSC1 via
shRNA compared with parental cells (supplemental Fig. S5A–
S5C). Last, we tested if elevated NEP and APN expression
also resulted in higher biochemical activity in models with
hyperactive mTORC1. In vitro biochemical assays showed

2-fold higher biochemical activity in the T24 sublines with
both TSC1 and TSC2 deletion compared with wild-type cells
(supplemental Fig. S6A and S6B). Treating the TSC1 or TSC2
null T24 sublines with RAD001 also reduced NEP and APN
activity per cell, as expected (supplemental Fig. S6C). Collec-
tively, these data suggest that NEP and APN overexpression
is mTORC1 dependent in multiple cell lines of diverse species
and lineages.

We next asked if NEP and APN mRNA levels are higher in
human tumor biopsies harboring mutations known to activate
mTORC1 signaling. To address this question, we chose to
analyze the TCGA PanCancer data sets. Because TSC1 and
TSC2 mutations are rare, the data sets were organized into
two groups, (1) samples bearing activating mutations in
PIK3CA or those harboring PTEN deletion, or inactivating
mutations in PTEN, and (2) all other samples. The relative
levels of NEP and APN were then analyzed among the sample
groups per data set (i.e. per cancer type). As is showing in Fig.

Fig. 3. NEP and APN expression are upregulated because of mTORC1 signaling in multiple mouse and human cell line models. A,
Immunoblot data showing that NEP and APN are upregulated in NIH-3T3 cells with knockout of TSC1 or TSC2 compared with wild-type cells.
Knockout sublines were generated using CRISPR/Cas9 deletion. B, Immunoblot data showing that NEP and APN are induced in whole cell
lysates of NIH-3T3 transiently transfected with myr-Akt or Rheb. The cell lines were harvested 72 h after transfection. C, Immunoblot data
showing that NEP and APN are downregulated in the whole cell lysates of Tsc1�/� or Tsc2�/� NIH-3T3 cells by treating with 10 nM RAD001
for 48 h. D, Immunoblot data showing that NEP and APN are upregulated in the whole cell lysates of Tsc1�/� or Tsc2�/� human neuronal
precursor cells compare with wild-type (WT) cells. The neuronal precursor cells were differentiated from human embryonic stem cells with the
corresponding genotype. E, Immunoblot data showing that NEP and APN are induced in two TSC1 knockout sublines (C1, C2) of the human
bladder cancer cell line T24 compared with wild type. The TSC1 knockout sublines represent single cell clonal expansions after CRISPR/Cas9
deletion. F, Immunoblot data showing that NEP and APN are induced in two TSC2 knockout sublines (C3, C4) of the human bladder cancer
cell line T24 compared with wild type. TSC2 was deleted to produce the C3 and C4 sublines with CRISPR/Cas9 technology. G, Transcripts
of APN and NEP are significantly upregulated in certain cancer types with mTORC1 hyperactivity. Transcript levels for APN and NEP were
obtained from TCGA PanCancer study (9892 samples, TCGA Research Network: https://www.cancer.gov/tcga) and cancer types showing
significantly upregulation (t test p value � 0.05) is shown as log2(RSEM) values. In total, 2075 of 9892 samples had at least one occurrence
of PI3KCA amplification, H1047, E545, or E552 mutation and PTEN deletion, truncation mutations, and R130 inactivating mutation. Mutational
status was obtained from cbioportal.
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3G, NEP and APN mRNA levels were found to be higher in
sample groups bearing PIK3CA or PTEN mutations for several
cancers. Many other cancers showed no statistically signifi-
cant changes or the reverse trend, which perhaps highlights
that the regulation of the proteases by mTORC1 is cell type
specific or can be driven by other signaling pathways (sup-
plemental Fig. S7).

Suppression of Neprilysin or Aminopeptidase N Reduces
the Proliferation of TSC1 Mutant Cancer Cells—We next
tested whether NEP and APN are required for proliferation in
cells with constitutive mTORC1 signaling. Four human cancer
cell lines with somatic inactivating TSC1 mutations were stud-
ied: the bladder cancer cell lines HCV29 (TSC1 Q55X), RT4
(TSC1 L557fs), 97–1 (TSC1 R692X), and the thyroid cancer
cell line 8505 C (TSC1 R692Q, see also supplemental Fig.
S8A). After NEP and APN expression were confirmed in all cell
lines via immunoblot (supplemental Fig. S8B), we evaluated
the effects of NEP or APN knockdown on proliferation using
commercial siRNA SMARTpools. Treatment with siRNAs
against NEP or APN potently reduced proliferation in all cell
lines at 3 and 5 days post transfection compared with treat-
ment with a non-targeting siRNA (Fig. 4A). Gene knockdown
was confirmed via rtPCR (Fig. 4B). To verify the specificity of
the antiproliferative effects for NEP or APN knockdown, NEP
and APN null cell lines (two cell lines per gene) were treated
with the respective siRNA pool. No antiproliferative effects
were observed at 3 and 5 days post transfection compared
with cells receiving no treatment (supplemental Fig. S8C).

We next evaluated if biochemical inhibition of either prote-
ase reduced cellular proliferation. We chose to first study
CHR2797, a second-generation APN inhibitor with enhanced
potency and selectivity compared with bestatin that has
shown clinical activity in patients with solid and hematologic
cancers (21, 22). Proliferation was not substantially reduced at
1 day post treatment, although a clear antiproliferative effect
was observable in all cell lines at 3 and 5 days (Fig. 4C).
Treating the cells with high doses of the broad-spectrum
peptidase inhibitor bestatin did not suppress cellular prolifer-
ation at three or 5 days, underscoring the importance of

selective and potent APN inhibition to the anti-proliferative
effects (Fig. 4D and supplemental Fig. S9). CHR2797 also
induced caspase 9 activity, showing that APN inhibition can
contribute to cell death (Fig. 4E). Interestingly, treatment of
the cell line panel with the NEP inhibitor LBQ657—the bioac-
tive form of the clinically approved prodrug Sacubitril—did
not impact proliferation of the cells at 3 or 5 days (supple-
mental Fig. S10). The antiproliferative effects of CHR2797 also
translated in vivo, as the growth of subcutaneous 97–1 and
8505 C tumors were suppressed by daily i.p. CHR2797 treat-
ment over 19–26 days (Fig. 4F). Collectively, these data show
that mTORC1 upregulates cell surface proteins that can be
targeted individually to suppress cell proliferation and viability.

Loss of TSC1 or TSC2 Can Sensitize Cells to the Effects of
NEP or APN Ablation, and APN Biochemical Inhibition—We
next tested if the antiproliferative effects of siRNA targeting
NEP or APN were specific to or enhanced in cells with ele-
vated mTORC1 activity. Although siRNA ablation of NEP or
APN resulted in little antiproliferative effects in T24 parental
cells (Fig. 5A), siRNA significantly reduced the proliferation of
TSC1 null C1 and C2 cells (Fig. 5B and 5C) and TSC2 null C3
and C4 cells (Fig. 5D and 5E). Expressing the antiproliferation
data at day 5 as a percent change compared with cells treated
with non-targeting siRNA show clearly that TSC1 and TSC2
null sublines are more sensitized to NEP or APN knockdown
compared with wild-type cells (Fig. 5F). In all cases, the effi-
ciency of the siRNA knockdown was confirmed by real time
PCR, and the knockdown was found to be equivalent be-
tween the sublines, or more efficient in wild-type cells (sup-
plemental Fig. S11).

We next tested if the T24 CRISPR knockout sublines were
sensitized to treatment with CHR2797. Dosing CHR2797 over
several logs of concentration for 3 days showed that the IC50

for growth inhibition in both TSC1 and TSC2 knockout cells
was significantly lower than the parental T24 (Fig. 6A, top).
Moreover, treating cells with CHR2797 at 10 �M for 5 days
resulted in stronger antiproliferative effects in the TSC1 and
TSC2 knockout cells compared with parental T24 (Fig. 6A,
bottom). We hypothesized that a mechanistic explanation for

Fig. 4. Functional studies reveal a dependence on NEP and APN for the proliferation and survival of endogenously TSC1 null cancer
models. A, Proliferation studies with TSC1 mutant human bladder cancer and thyroid cancer cell lines show that all cell lines are sensitive to
siRNA pools targeted to Mme and Anpep. Data were collected at day 1, 3 and 5 post transfection using the Cell TiterGlo assay, and the
luminescence values were plotted alongside those acquired for cells treated with a non-targeting (NT) siRNA pool. B, Real time PCR data show
that knockdown of Mme and Anpep is approximately equivalent over the cell line panel. C, Proliferation studies with TSC1 mutant human
bladder cancer and thyroid cancer cell lines show cells sensitive to a biochemical inhibitor of APN. Treatment with CHR2797 at 2 or 20 �M

resulted in potent antiproliferative effects in all cell lines. Cell viability was acquired with the Cell TiterGlo assay after drug exposure for 3 and
5 days. D, A comparison of percent changes in cell number after 5 days of incubation with CHR2797 (2 �M) and bestatin (20 �M) shows that
potent and specific APN inhibition is required for antiproliferative effects. E, Caspase Glo data showing that CHR2797 (2 �M) induces caspase
9 activity after 5 days of drug exposure in all of the TSC1 mutant human cancer cell lines. The data is expressed as a percent change in
luminescent signal in CHR2797 treated cells compared with vehicle treated cells. F, Treatment of nu/nu mice bearing subcutaneous 97–1 (left)
or 8505 C (middle) xenografts with 100 mg/kg CHR2797 suppressed tumor growth over 20–26 days in vivo compared with vehicle treated mice
(200 �l of saline per mice per day). Treatments were administered once daily via i.p. injection. Photographs of representative tumors surgically
excised from mice exposed to CHR2797 (100 mg/kg) or saline. The tumors were obtained at the end of the dosing regimen, and the 97-1
tumors are represented at 4x magnification. * p � 0.01.
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the enhanced sensitivity of TSC1 and TSC2 null cells to APN
inhibition could be downstream inhibition of mTORC1. We
were drawn to this hypothesis as CHR2797 treatment was
previously shown to suppress mTORC1 signaling in human
cancer cell lines, and recent clinical data have suggested that
cancers harboring TSC1 mutations are sensitized to mTORC1
inhibition.(23,24) However, treating 97–1 cells with high doses
of CHR2797 had no impact on the phosphorylation levels of
mTORC1 substrates in our hands (Fig. 6B). Moreover, co-

treating cells with CHR2797 and one of several PI3K pathway
inhibitors (BKM120, GDC0941, BYL719, or MKK2206) re-
sulted in greater antiproliferative effects than the respective
single agents in human TSC1 mutant cell lines. The finding
that CHR2797 does not override the antiproliferative effects of
the PI3K pathway inhibitors further suggested to us no impact
on mTORC1 activity (Fig. 6C and supplemental Fig. S12).
Lastly, dosing T24 isogenic pairs with BKM120 or GDC0941
showed that the TSC1 and TSC2 knockout sublines were

FIG. 5. Elevated mTORC1 signaling sensitizes cells to genetic ablation of NEP and APN. A–E, Proliferation studies show that
suppression of NEP and APN with siRNA results in stronger antiproliferative effects in T24 C1, C2, C3 and C4 than the parental T24.
Luminescence data were acquired at day 1, 3 and day 5 post transfection. F, The day 5 proliferation data represented as a percent change
from non-targeting siRNA pools show that the C1–C4 T24 sublines are significantly more responsive to siRNA pools against Mme and Anpep.
* p � 0.01.
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equally sensitive to treatment as the parental subline, which
also implied that the enhanced sensitivity of TSC1 null cell
lines could not be solely attributed to mTORC1 inhibition (Fig.
6D and 6E).

DISCUSSION

The purpose of this project was to define new strategies to
treat clinically problematic cells characterized by hyperactive
mTORC1 signaling. A global proteomics survey revealed that
mTORC1 significantly remodels the surfaceome to display
potential therapeutic targets like NEP and APN. Validation of
the proteomics data suggested that NEP and APN upregula-
tion by mTORC1 may be a common cellular feature, as their
induction by mTORC1 was observed in five diverse cell lines
of mouse or human origin. Exploratory studies in the TCGA
PanCancer data sets also showed that NEP and APN mRNA
are upregulated in some cancers with mutations in PIK3CA
and/or PTEN compared with tissues with neither mutation.
Functional studies showed that cells with elevated mTORC1
signaling are sensitized to genetic or pharmacological inhibi-
tion of APN, and genetic ablation of NEP. In summary, this
first survey of the cell surface proteomic changes associated
with mTORC1 signaling suggest at least two protein targets
that might be exploitable to improve the treatment of
mTORC1 driven disorders.

Except for the transferrin receptor, the data connecting
mTORC1 signaling to the proteins identified from the pro-
teomics screen is generally scant. That said, our review of the
literature did reveal several prior observations about APN that
we interpret as supportive of our findings. For instance, APN
mRNA levels were previously shown to be induced by loss of
TSC2 in non-immortalized MEFs (25). APN mRNA levels were
also suppressed in Tsc2�/� MEFs by RAD001 treatment in
the same report, although protein expression changes were
not studied. Moreover, APN mRNA levels were higher in TSC2
mutant renal angiomyolipoma biopsies compared with normal
kidneys (26).

Our data suggest that mTORC1 may regulate the expres-
sion of NEP and APN through transcriptional mechanisms, as
mRNA levels of either protease are altered by mTORC1. Al-
though unraveling which transcription factors are involved in
NEP or APN regulation may be complicated, several manu-
scripts have reported that APN expression is induced by RAS

in normal or transformed cell lines via Ets-2 transcriptional
activation (27, 28). We are currently exploring if RAS induction
of APN involves mTORC1, and if mTORC1 activates Ets-2 to
induce APN overexpression.

APN overexpression is well documented in many human
cancers, and thought to utilize its biochemistry to promote
invasion and metastasis (29). Our knockdown data also point
to an unappreciated role for APN in cellular proliferation,
which should further underscore its importance as a cancer
drug target. Although high doses of drug were required to
inhibit proliferation, the treatment data with CHR2797 are
nevertheless encouraging and argue for additional drug de-
velopment to identify more potent and specific APN inhibitors.
Parenthetically, we feel comfortable attributing the antiprolif-
erative effects of CHR2797 to APN within the context of this
study for at least two reasons. First, the other M1 aminopep-
tidases for which CHR2797 is a potent inhibitor (e.g. leucyl
aminopeptidase and puromycin-sensitive aminopeptidase)
were not differentially regulated or did not appear in the
proteomics data set (23). Second, treatment of T24 wild-type
cells, a model with virtually no APN expression, did not result
in substantial antiproliferative effects. Toward the goal of de-
veloping more potent and specific APN inhibitors, we recently
developed four highly potent and specific human Fabs
against the ectodomain of APN (30). We are currently char-
acterizing these molecules to determine if they suppress APN
biochemistry, as well as functionalizing them with cytotoxic
payloads for the treatment of mTORC1 hyperactive cells.

The data showing that mTORC1 induces NEP expression is
surprising, as its only prior connection to mTORC1 signaling is
as an inhibitor of Akt activation. NEP is understood to function
as a tumor suppressor by providing a scaffold to which PTEN
can bind on the inner layer of the plasma membrane (31). In
this regard, it could be possible that mTORC1 may upregulate
NEP to reduce PI3K and Akt signaling, perhaps as part of, or
alongside, the previously characterized negative feedback
loop (32).

That NEP expression, but not NEP biochemistry, is required
for cellular proliferation adds to an already complex narrative
about this protease’s role in cancer. NEP has historically been
thought of as a tumor suppressor, although emerging data
suggest that NEP can also promote tumor survival and pro-

Fig. 6. Elevated mTORC1 signaling sensitizes cells to biochemical inhibition of APN. A, (top) Dose response curves showing that TSC1
or TSC2 null T24 sublines are more responsive to treatment with CHR2797 compared with WT cells. The differences between WT and the TSC
null sublines are statistically significant. The cells were exposed to drug for 3 days, and cell number was determined with a Cell Titer Glo assay.
(bottom) A bar graph showing the relative cell number after a 5 day exposure of CHR2797 at 10 �M. The cell number data were normalized
to T24 wild-type cells exposed to vehicle. * p � 0.01 B, Immunoblot data showing that treatment with CHR2797 does not suppress the
phosphorylation of mTORC1 substrates. The effects of RAD001 (10 nM) and GDC0941 (50 nM) on mTORC1 signaling are shown as controls.
97–1 cells were exposed for 6 h with the drugs at the indicated concentration. C, A heat map showing the effects of single agent or combination
therapy with CHR2797 and mechanistically discrete inhibitors of nodes within the PI3K/Akt/mTOR signaling pathway. In all cases, co-treatment
of a kinase inhibitor augments the effects of CHR2797. D, Dose response curves showing that the T24 isogenic pairs are equally sensitive to
mTORC1 inhibition. E, A grid showing the IC50 values derived from the drug dosing studies. The values are reported as mean � standard
deviation, and were calculated from four replicates.
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gression. For instance, NEP knockdown with shRNA was
recently found to inhibit the proliferation of insulinoma cells,
though no mechanism was proposed (33). NEP can also
function either as a tumor driver or suppressor within the
same cancer type, as was recently demonstrated in colon
cancer models (34). Further studies are ongoing to under-
stand the biological consequences of NEP suppression in
cells with constitutive mTORC1 signaling.

Aside from the transferrin receptor, other hits from the
proteomics data set may yet emerge as attractive therapeutic
targets. For instance, GSGL1 and AGRL2 are essentially un-
studied as drug or diagnostic targets, and the limited normal
tissue expression of the G-coupled protein receptor AGRL2
provides a strong rationale for further analysis of this protein,
and further studies are ongoing.
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