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Clustered, Regularly Interspaced Short
Palindromic Repeats (CRISPR)/Cas9-coupled
Affinity Purification/Mass Spectrometry
Analysis Revealed a Novel Role of
Neurofibromin in mTOR Signaling*□S

Xu Li‡§¶, Min Gao‡§, Jong Min Choi�, Beom-Jun Kim�, Mao-Tian Zhou‡, Zhen Chen‡,
Antrix N. Jain�, Sung Yun Jung�, Jingsong Yuan**, Wenqi Wang‡‡§§¶¶, Yi Wang�¶¶,
and Junjie Chen‡¶¶

Neurofibromin (NF1) is a well known tumor suppressor
that is commonly mutated in cancer patients. It physically
interacts with RAS and negatively regulates RAS GTPase
activity. Despite the importance of NF1 in cancer, a high
quality endogenous NF1 interactome has yet to be estab-
lished. In this study, we combined clustered, regularly
interspaced short palindromic repeats (CRISPR)/Cas9-
mediated gene knock-out technology with affinity purifi-
cation using antibodies against endogenous proteins, fol-
lowed by mass spectrometry analysis, to sensitively and
accurately detect NF1 protein-protein interactions in un-
altered in vivo settings. Using this system, we analyzed
endogenous NF1-associated protein complexes and iden-
tified 49 high-confidence candidate interaction proteins,
including RAS and other functionally relevant proteins.
Through functional validation, we found that NF1 nega-
tively regulates mechanistic target of rapamycin signaling
(mTOR) in a LAMTOR1-dependent manner. In addition,
the cell growth and survival of NF1-deficient cells have
become dependent on hyperactivation of the mTOR path-
way, and the tumorigenic properties of these cells have
become dependent on LAMTOR1. Taken together, our
findings may provide novel insights into therapeutic ap-
proaches targeting NF1-deficient tumors. Molecular &

Cellular Proteomics 16: 10.1074/mcp.M116.064543, 594–
607, 2017.

Neurofibromatosis type 1 is an autosomal dominant condi-
tion that is characterized by the development of multiple
neurofibromas, Lisch nodules, scoliosis, learning disabilities,
vision disorders, mental disabilities, multiple café au lait
spots, and epilepsy. The average life expectancy of patients
with neurofibromatosis type 1 is significantly reduced, and
malignancy is the most common cause of death (1). These
malignancies are caused by mutations of the NF1 gene, which
is located at chromosome 17q11.2 and encodes neurofibro-
min (NF1),1 a GTPase-activating enzyme for RAS proteins (2).
NF1 is a well known tumor suppressor that is frequently
mutated in many types of human cancer, such as malignant
peripheral nerve sheath tumor (3), glioblastoma (4), melanoma
(5), ovarian carcinoma (6), lung cancer (7), and breast cancer
(8). NF1 protein physically interacts with RAS and accelerates
RAS GTPase hydrolysis (9), whereas NF1-deficient cells show
increased levels of RAS-GTP, which results in hyperactivation
of RAS signaling (10). However, despite the importance and
high alteration/mutation rate of NF1 in cancer, NF1-based
therapeutic approaches are lagging behind. This is mainly
due to the limited understanding of NF1 regulation and its
additional functions other than regulating KRAS. Several clin-
ical trials targeting the Ras pathway in patients carrying NF1
mutations showed at best minor responses (11). Combined
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therapies targeting more than one node in the cell proliferation
pathway have been proposed, because inhibiting a single
node may lead to activation of compensatory negative feed-
back pathways. However, to effectively target NF1-related
cancers, a better understanding of NF1 functions and regu-
lations is needed.

Because protein-protein interactions imply functional con-
nections between proteins, learning what NF1 interacts with
and how these interactions contribute to NF1 functions may
greatly increase our understanding of this protein. However,
NF1-interacting proteins remain largely unknown, because
NF1 is a very large protein, with 2818 amino acids and an
estimated molecular mass of 327 kDa. It is technically chal-
lenging to express NF1 full-length protein exogenously in
mammalian cells. Moreover, although the NF1-RAS axis has
long been known as one of the most important regulators of
RAS signaling in many types of cancer, all previous NF1
interaction studies have failed to detect the NF1-RAS inter-
action (12), probably because of the transient nature of this
enzyme-substrate interaction. A high quality NF1 endogenous
interactome will reveal additional details about NF1’s func-
tions and regulations and should greatly increase our under-
standing of its biology and involvement in diseases.

As an unbiased approach, affinity purification followed by
mass spectrometry (AP-MS) offers tremendous advantages
over other methods in identifying protein-protein interactions
(PPIs) under near-physiological conditions and identifying
protein complexes instead of binary interactions (13). By per-
forming AP of a protein of interest (the “bait”), followed by
LC-MS/MS, the partner proteins (the “prey”) that form com-
plexes with the bait can be identified (14). AP-MS has been
employed to study individual proteins in different signaling
events, such as the TGF-� and Wnt signaling pathways (15–
21). We have used this approach to study the DNA damage-
signaling pathways. Many insights into the regulation of DNA
damage-responsive pathways have been initiated on the ba-
sis of the AP-MS results of individual DNA damage-respon-
sive proteins (22–26). In mammalian cells, overexpression of
tagged proteins is most commonly used. However, several
limitations compromise AP-MS quality, including high false-
positive rates and overexpression artifacts that disrupt protein
balance and complex assembly (27). Moreover, overexpres-
sion of bait protein often saturates the system and impedes
capture of the dynamic changes in PPIs in response to certain
biological stimuli (28).

Ideally, AP-MS using antibodies that recognize endoge-
nous proteins are the better choice than the overexpression
system, because they cause minimal disturbance to the sys-
tem and may avoid overexpression artifacts. However, the
major drawback of using antibodies against endogenous pro-
teins in AP-MS is that they often pull down a significant
number of nonspecific cross-reactive binding proteins, which
are impossible to eliminate through a bioinformatics analysis
and are detrimental to the quality of MS results (13).

To effectively eliminate contaminants while preserving
weak interactions and avoiding extensive control experi-
ments, a series of methods based on isotope-labeled quan-
titative MS has been proposed (29–33). All of them use stable
isotope labeling with amino acids in cell culture (SILAC) for the
quantitative measurement of the relative amount of proteins.
For instance, Selbach and Mann (32) developed a method
named “QUICK” (quantitative immunoprecipitation combined
with kknockdown) that couples RNA interference and SILAC.
The authors used extracts prepared from cells with 90%
down-regulation of �-catenin expression and found that the
antibodies against the endogenous protein (i.e. �-catenin)
pulled down less �-catenin and four of its associated proteins
than did wild-type cells. The differences in binding proteins
were quantitatively captured by SILAC. We believe that the
incomplete removal of the bait proteins by small interfering
RNA or short hairpin RNA has limited the application of this
method. Because AP can greatly enrich the bait protein, even
a small amount of leftover bait protein could be enriched to a
level comparable with that in wild-type cells. Thus, this
method still brings down a significant number of bona fide
interacting proteins in control AP-MS and therefore may gen-
erate considerable false-negatives. A cleaner background is
a must if we would like to more sensitively and accurately
detect interactions.

First demonstrated as a genome engineering/editing tool in
human cell cultures in 2012 (34), clustered regularly inter-
spaced short palindromic repeat (CRISPR)/Cas9 technology
has become a rapid and precise method of editing DNA in
human cells and in animals (35, 36). The Cas9 nuclease tar-
gets the protospacer adjacent motif sequence introduced by
the predesigned guide RNA (gRNA) and cuts 3–4 nucleotides
upstream of the protospacer adjacent motif sequence, which
sometimes leads to frameshift mutations and subsequent
silencing of target genes. Here, we combined CRISPR/Cas9
gene knock-out technology with modified AP-MS protocols,
and we used antibodies against endogenous proteins to sen-
sitively and accurately detect NF1 protein-protein interactions
under endogenous settings.

EXPERIMENTAL PROCEDURES

Cell Culture, Constructs, Transfection, and Virus Packaging—HeLa
and HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium, supplemented with 10% fetal bovine serum and 1% peni-
cillin and streptomycin. MCF10A cells were cultured in Dulbecco’s
modified Eagle’s medium/F-12, supplemented with 5% horse se-
rum, 10 �g/ml insulin, 20 �g/ml epidermal growth factor, 0.5 �g/ml
hydrocortisone, 0.1 �g/ml cholera toxin, and 1% penicillin and
streptomycin.

The plasmids encoding the indicated SFB-tagged genes were ob-
tained from the Human ORFeome V5.1 library or purchased from
Open Biosystems and recombined into a gateway-compatible desti-
nation vector to determine the expression of C-terminal SFB-tagged
fusion proteins. The human codon-optimized Cas9 construct and the
target gRNA expression construct were obtained from Addgene and
deposited by Dr. George M. Church (36). The NF1 gRNA sequences
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were introduced into the expression construct by site-directed mu-
tagenesis polymerase chain reaction. The gRNA sequences against
NF1 are 5�-AAGCTATTTGACTTGGTGGA-3� and 5�-GTTAGCAG-
TTATAAATAGCC-3�.

Constructs encoding Cas9 and gRNA were co-transfected with
pCDNA3-EGFP into HEK293T cells using polyethyleneimines, as de-
scribed previously (37). Cells were sorted on the basis of their GFP
signal, and single clones were chosen. The knock-out clones were
confirmed by Western blotting and sequencing.

All lentiviral supernatants were generated by transient transfection
of HEK293T cells with the helper plasmids pSPAX2 and pMD2G
(kindly provided by Dr. Zhou Songyang) and harvested 48 h later.
Supernatants were passed through a 0.45-�m filter and used to infect
HEK293T and HeLa cells, with the addition of 8 �g/ml Polybrene.

Western Blotting, Pulldown, and Immunoprecipitation Assays—
Whole cell lysates were prepared by lysing cells with NETN buffer (20
mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, and 0.5% Nonidet
P-40) on ice for 30 min and then boiling them in 2� Laemmli buffer.
Lysates were subjected to SDS-PAGE, followed by immunoblotting
with antibodies against various proteins, including NF1 (Abcam,
ab17963) and KRAS (Abcam, ab55391); �-tubulin (Sigma-Aldrich,
T8328) and FLAG M2 (Sigma-Aldrich, F3165); LAMTOR1 (Cell Signal-
ing 8975), mTOR, Raptor, Rictor, and G�L (Cell Signaling, 9964),
TSC1 (Cell Signaling 6935), TSC2 (Cell Signaling 3612), AMPK�1/2
and AMPK�1/2 (Cell Signaling 9957), and phospho-p70 S6 kinase
(Thr-389) (Cell Signaling 9205).

For the pulldown, immunoprecipitation, and co-immunoprecipita-
tion (co-IP) assays, 1 � 107 cells were lysed with NETN buffer on ice
for 30 min. The lysates were then incubated with 20 �l of conjugated
S-beads (for SFB-tagged pulldown) for 2 h at 4 °C or incubated with
antibodies against endogenous proteins for 1 h at 4 °C, followed by
the addition of 20 �l of protein A/G-agarose, and incubated for 2 h at
4 °C. Beads were washed three times with NETN buffer and boiled in
2� Laemmli buffer.

AP of Endogenous NF1 Protein Complexes, MS Analysis, and Data
Analysis—A streamlined workflow of CRISPR/Cas9-coupled AP-MS
can be found in the supplemental material.

We lysed 1 � 108 HeLa, HEK293T, or MCF10A cells with NETN
buffer (20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, and 0.5%
Nonidet P-40, containing 1 �g/ml each of pepstatin A and aprotinin)
for 30 min. Crude lysates were centrifuged at 16,000 � g for 15 min.
The supernatants were transferred to a new tube and incubated with
NF1 (Ab1, Abcam, ab17963; Ab2, Bethyl, A300-140A) or KRAS (Ab-
cam, ab55391) antibodies for 1 h at 4 °C, followed by centrifugation at
100,000 � g for 15 min. The supernatant was again transferred to a
new tube and incubated with 30 �l of protein A beads for 1 h at 4 °C.
The supernatant was discarded, and the beads were washed three
times with 1 ml of ice-cold NETN buffer, boiled in 40 �l of 2� Laemmli
buffer, and subjected to SDS-PAGE. The protein band containing the
entire sample was excised and cut into four pieces from top to
bottom. The gel pieces were then subjected to in-gel trypsin digestion
and vacuum dried. Samples were reconstituted in 6 �l of high per-
formance liquid chromatography (HPLC) solvent A (2.5% acetonitrile
and 0.1% formic acid), and the top two bands and bottom two bands
were combined into two samples. A nano-scale reverse-phase HPLC
capillary column was created by packing 5-�m C18 spherical silica
beads into a fused silica capillary (100-�m inner diameter � �20-cm
length) with a flame-drawn tip. After the columns had been equili-
brated, each sample was loaded onto the column. A gradient was
formed, and peptides were eluted with increasing concentrations of
solvent B (97.5% acetonitrile and 0.1% formic acid). As the peptides
eluted, they were subjected to electrospray ionization and then en-
tered into an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) with a 75-min acetonitrile gradient. The

peptides were detected, isolated, and fragmented to produce a tan-
dem mass spectrum of specific fragment ions. The raw data were
collected in a data-dependent mode in which the precursors were
scanned by the Orbitrap (target resolution 100 K), fragmented by
collision-induced dissociation, and analyzed by LTQ-Velos. The sur-
vey scan was limited to 375–1300 m/z. Peptide sequences (and
hence protein identity) were determined by matching the acquired
fragmentation pattern with human reference protein databases using
the Mascot 2.4 program (Matrix Science) in Proteome Discoverer 1.4
software (Thermo Fisher Scientific). Enzyme specificity was set to
semi-tryptic, with two missed cleavages. Modifications included ox-
idation (methionine, variable) and 13C-K (SILAC, variable). Mass tol-
erance was set to 20 ppm for precursor ions and 0.5 Da for fragment
ions. A search was performed using the in-house human reference
database (total 73,637 entries) based on the database downloaded
from NCBI (2015-0610). Spectral matches were filtered to contain
less than 1% FDR at the peptide level on the basis of the target-decoy
method. The protein inference was evaluated following the general
rules reviewed in Ref. 38, with manual annotation based on experi-
ence when necessary. When peptides matched multiple proteins,
they were assigned to only the most logical protein (parsimony prin-
ciple). However, all possible proteins were considered when the re-
sults from WT and KO cells were compared. To generate HCIPs, all
the data were applied to a 1% protein FDR filter, and peptide spectral
matches were used. This same principle was used for isoforms, when
present in the database. For label-free quantitation of MS1 peak
areas, we used the outputs from quantitative Proteome Discoverer
1.4. To get the reproducible protein IDs, we used Perl-based, in-
house label-free quantification software, which matches the peaks
from the two replicates/injections. The reported protein IDs were
identified in Mascot/PD with at least two peptide spectrum matchs
(PSMs) in at least one replicate/injection; and the corresponding
peaks can be matched in the other sample with the same m/z and
similar retention time. For SILAC data quantitation, the searched
peptide information was imported into Skyline software, followed
by importing the raw data. Peptide MS1 peak area quantitation was
performed as described previously (39, 40). Manual adjustments of
peak selections were performed when necessary.

We downloaded protein sequences and annotations from the Uni-
Prot Consortium (41). The heat maps were generated using Multi
Experiment Viewer version 4.9.0 software. The pathway annotations
and disease correlations were generated using the HCIPs identified in
our studies, weighted by the spectra counts. We then estimated the
significance of these correlations using the Knowledge Base provided
by Ingenuity pathway software (Ingenuity Systems), which contains
findings and annotations from multiple sources, including the Gene
Ontology database. We used the �log(p value) of individual functions
to create disease annotation networks. The HCIP disease network
was visualized using Cytoscape software (42).

Experimental Design and Statistical Rationale—All MS experiments
were repeated twice (biological repeats). Each experiment contained
two MS injections, and the raw files were combined and searched
together. There were 16 label-free NF1 AP-MS, 4 NF1 SILAC-AP-MS,
and 2 reciprocal KRAS AP-MS experiments. The knock-out cells were
used as negative controls of MS. All other experiments were repeated
three times. No samples were excluded from the analysis. Differences
between groups were analyzed using Student’s t test and Pearson �2

analysis. A p value � 0.05 was considered statistically significant
unless otherwise specified. When calculating the p values for gene
ontology annotations, a Fisher’s exact test was used.

Soft Agar Colony Formation Assay—HeLa cells (1 � 103) were
added to 1.5 ml of growth medium with 0.2% agar and layered onto
2 ml of a 0.5% agar bed in 6-well plates. The medium was replenished
every 3 days for 14 days. The resulting colonies were fixed and
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stained with Crystal Violet. The numbers of colonies were counted
with a GelDoc using Quantity One software (Bio-Rad).

RESULTS

Investigate NF1 Endogenous Protein Complexes in HeLa
Cells—To establish a high quality endogenous NF1 interac-
tome, we used a CRISPR/Cas9 gene editing system to gen-
erate knock-out cells as negative controls, followed by
AP-MS using a modified protocol. In brief, knock-out cells
were generated using the CRISPR/Cas9 system, as described
previously (35). Endogenous protein complexes were affinity
purified from extracts prepared from wild-type and knock-out
cells using the same antibodies against endogenous protein
and analyzed via MS, following the workflow for the identifi-
cation of protein complexes that we previously established
(43, 44). Prey proteins identified from MS results were classi-
fied into three groups as follows: orange, bona fide interacting
proteins; green, proteins that bind to the antibodies but not to
the bait (cross-reactive binding proteins); and purple, generic
preys (for example, heat-shock proteins and other nonspecific
binding proteins (actin, tubulin, and ribosomal proteins)) that
are frequently detected via AP-MS (Fig. 1A). The bona fide
interacting proteins should only exist in the immunoprecipi-
tates of extracts prepared from wild-type cells, whereas the
other two groups of proteins exist comparably in the immu-
noprecipitates of both wild-type and knock-out cell extracts.
By comparing the results from wild-type cells and knock-out
control cells, we could easily distinguish bona fide interacting
proteins from strong background noise (Fig. 1A). We termed
this new method “affinity purification/mass spectrometry in
CRISPR/Cas9 utilizing systems for mapping endogenous pro-
tein complexes (ACUMEN).” The detailed step-by-step proto-
col can be found in the supplemental material.

NF1 is ubiquitously expressed in almost all human tissues
and performs tumor suppressor functions, mutations of which
were found in many types of cancers (11, 12). One of the early
studies of NF1-KRAS interaction was performed in HeLa cells
(10). They identified and confirmed NF1-KRAS interaction
by immunoprecipitation-Western analysis using antibodies
against NF1 protein in HeLa cells. Our whole proteome pro-
filing data of HeLa cells confirmed it expressed adequate
amounts of NF1 and KRAS proteins, which are detectable by
MS. Thus, we started by establishing the endogenous NF1
interactome using HeLa cells.

Using CRISPR/Cas9 technology, we generated NF1-knock-
out HeLa cells. We first designed gRNAs that target different
exons of the NF1 gene, engineered them into a gRNA expres-
sion vector through site-directed mutagenesis (36), and co-
transfected them with a vector coding human codon-opti-
mized Cas9 and enhanced green fluorescent protein into
HeLa cells. After sorting for green fluorescent protein, we
seeded cells into 96-well plates and screened colonies via
Western blotting (Fig. 1B). Knock-out clones (numbers 8 and
12) were further validated by sequencing to confirm frameshift

mutations. We observed that both alleles were frameshift-
mutated in clone no. 8, and we used this clone as the NF1-
knock-out HeLa cells for all following experiments (Fig. 1B).
We then performed AP using two different antibodies (Ab1,
Abcam, ab17963; Ab2, Bethyl, A300-140A) against the same
region of endogenous NF1 (residue 2760–2818), side by side
in wild-type (HeLa-WT) and NF1-knock-out (HeLa-NF1-KO)
HeLa cells (Fig. 1C), using a modified AP protocol that was
designed to capture the binding proteins at the maximum
capacity without attempting to limit the background contam-
ination (supplemental material). We hoped this process could
preserve the weak and transient interactions at the maximum
capacity of MS instruments and thus take full advantage of
the instruments.

The immunoprecipitated complexes were subjected to MS
using a label-free shotgun method on a Linear Trap Quadru-
pole-Orbitrap Velos mass spectrometer (Thermo Fisher Sci-
entific), searched with Mascot (45), and quantitated with
PSMs and peak areas (supplemental Table 1). This new
method generated about 2000 interacting proteins from every
AP-MS experiment, which is reproducible in both replicates

FIG. 1. Integrated view of the use of ACUMEN to investigate
endogenous protein complexes. A, label-free CRISPR/Cas9-cou-
pled AP-MS. Step 1, generate knock-out cells using the CRISPR/
Cas9 system. Step 2, AP-MS of wild-type and knock-out cells. Step
3, data analysis. Prey proteins identified from MS results can be
classified into three groups: orange, bona fide interacting proteins;
green, cross-reactive binding proteins; and purple, generic preys and
other nonspecific binding proteins. B and C, schematic shows the
major steps involved in CRISPR/Cas9-coupled AP-MS and data anal-
ysis of NF1 and a snapshot of each part of the data.
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and at least recovered 2 PSM in one replicate (Fig. 1C), which
was at least twice that of a previous one-step or tandem
AP-MS strategies (37, 43, 46–49). Both antibodies recovered
a reasonable amount of NF1 from HeLa-WT cells (Ab1, 161
PSM; Ab2, 287 PSM) but almost no NF1 from HeLa-NF1-KO
cells (Ab1, 1 PSM; Ab2, 0 PSM), indicating that the NF1
protein complex is completely missing in the protein com-
plexes pulled down in HeLa-NF1-KO cells (Fig. 1C and sup-
plemental Table 1).

Only 120 and 107 proteins, respectively, were enriched in
WT cells by NF1 antibodies Ab1 and Ab2, using a cutoff of
four normalized protein fold changes and p � 0.1, with peak
alignment across all experiments (Fig. 1C). The lists of pro-
teins that had been identified using two different antibodies
showed a high degree of overlap; 86% of proteins were also
enriched by other antibodies, although many did not reach our
stringent cutoff threshold. This finding indicates that the
cross-reactions by particular antibodies can be successfully
eliminated using this approach (Fig. 1C and supplemental
Table 2). Forty nine proteins that showed up in both lists were
considered to be the most confident NF1 HCIPs, including
KRAS, the GTPase-regulating guanine nucleotide exchange
factors RAPGEF2 and RAPGEF6; Trio, the Rho GTPase-acti-

vating protein ARHGAP17; and other GTPase-interacting pro-
teins, such as GNA13, MPRIP, ERC1, and PAK2 (supplemen-
tal Table 2). All of which are likely bona fide NF1-binding
partners because of their ability to regulate GTPases. None
of these proteins have been identified in any previous NF1
AP-MS studies (12).

Both antibodies recovered similar amounts of total proteins
and PSMs (Fig. 2A), indicating that the majority of NF1-inter-
acting proteins identified by AP-MS were nonspecific. The
NF1-associated proteins detected by two different antibodies
showed a high degree of similarity. The overall correlation R
values in HeLa-WT and HeLa-NF1-KO cells were estimated to
be 0.95 and 0.94, respectively, suggesting excellent data
reproducibility in this study (Fig. 2B). As predicted, most
HCIPs were localized in the cytoplasm (49%) and plasma
membrane (23%) (Fig. 2C). Proteins were also categorized
into groups on the basis of their presence in WT and KO cells
as follows: bona fide HCIPs (orange), specific interacting pro-
teins detected by one antibody (yellow), cross-reactive bind-
ing proteins (green), and generic preys and other nonspecific
binding proteins (purple) (Fig. 2D). A large number of the novel
NF1 HCIPs that were specifically recognized using ACUMEN
methods are involved in RAS/ERK signaling, RhoA signaling,

FIG. 2. Summary of NF1 AP-MS results in HeLa cells. A, total protein and peptide identifications in each experiment are summarized. B,
correlation between AP-MS results using two NF1 antibodies. x and y axes indicate the PSMs of proteins identified in the indicated
experiments. C, major subcellular localizations of HCIPs are summarized. D, heat map of the relative abundance of the indicated proteins
representing the four groups that were categorized on the basis of their specificities: HCIPs (orange); specific interacting proteins detected by
one antibody (yellow); cross-reactive binding proteins (green); and generic preys and other nonspecific binding proteins (purple) in different
experiments. Proteins were also categorized into functional groups.
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and calcium-related regulations, which are all NF1 known
functions (Fig. 2D). Our findings suggest that novel molecular
mechanisms underlie these regulations. Because proteins en-
coded by mutated genes in inherited genetic disorders are
likely to interact with proteins known to cause similar disor-
ders, suggesting the existence of disease PPI subnetworks
(50), we further analyzed the correlations between diseases
and NF1 HCIPs (supplemental Table 3) and built an NF1
HCIP-cancer network (supplemental Fig. S1). Indeed, many
HCIPs are involved in glioblastoma, astrocytoma, and blood
cancers, which are known to have NF1 mutations (51). Our
findings also suggest links between NF1 and liver and repro-
ductive system cancers, which may lead to the discovery of
novel functions of NF1 in these types of cancers (supplemen-
tal Fig. S1).

Investigate NF1 Endogenous Protein Complexes in HEK293T
Cells and Compare the NF1 Interactomes in the Two Cell
Lines—To establish NF1 endogenous protein complexes and

to evaluate ACUMEN performance in different cell lines, we
performed CRISPR/AP-MS in HEK293T cells, which express
similar levels of NF1 but lower levels of KRAS, following the
same workflow (Fig. 3A). GFP-positive clone no. 3 was further
validated by sequencing to confirm frameshift mutations in
both alleles of NF1 gene. Therefore, we used this clone as the
NF1-knock-out HEK293T cells for all subsequent experiments
(Fig. 3A). Following the same ACUMEN workflow, we identi-
fied similar amounts of NF1-interacting proteins using both
antibodies (supplemental Table 4). The overall correlation R
values in HEK293T-WT and HEK293T-NF1-KO cells were es-
timated to be 0.93 and 0.94, respectively, again indicating
high data reproducibility between experiments (Fig. 3B). The
overall correlation R values in two wild-type cells and two
knock-out cells were estimated to be 0.83 and 0.86, respec-
tively (Fig. 3C). 58% of the total protein IDs were recovered in
both cell lines (Fig. 3D). Although NF1-RAS interaction was
not detected in HEK293T cells, probably because of the lower

FIG. 3. Summary of NF1 AP-MS results in HEK293T cells and data comparisons between the two cell lines and literatures. A,
schematic shows the major steps involved in establishing HEK293T-NF1-KO cells using the CRISPR/Cas9 system and a snapshot of each part
of the data. B, correlation between AP-MS results using two NF1 antibodies in HEK293T and HEK293T-NF1-KO cells. x and y axes indicate
the PSMs of proteins identified in the indicated experiments. C, correlation between AP-MS results from HEK293T and HeLa cells and results
from HEK293T-NF1-KO and HeLa-NF1-KO cells. x and y axes indicate the PSMs of proteins identified in the indicated experiments. D, Venn
diagrams summarizing the results obtained from 293T and HeLa cells. E, prey specificity map of NF1-interacting proteins identified in HEK293T
cells. The size of the dots indicates the ratio of protein abundance between WT and NF1-KO cells. Proteins that also exist in HeLa HCIPs are
labeled as orange. F, left panel, KRAS expression in different cell lines was evaluated by bait peptide recoveries from KRAS purification. The
y axis indicates the average spectra counts of KRAS protein. Right panel, NF1 and KRAS protein levels were also evaluated by Western blotting
in MCF10A, HeLa, and HEK293T cells, using �-tubulin as the internal control. G, overlap between NF1 HCIPs in HeLa cells and the results from
HEK293T cells. The HeLa HCIPs with 2-fold enrichment of HEK293T cells compared with HEK293T-NF1-KO cells and p � 0.1 were considered
as possible confident. H, literature overlap data in supplemental Table S6 are summarized.
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expression of KRAS in these cells, many other interactions
remained (Fig. 3E). For example, the KRAS expression level
was much lower in HEK293T cells than that in HeLa and
MCF10A cells (Fig. 3F). We further confirmed the NF1-RAS
interaction by performing reciprocal AP-MS following the
same AP protocol, using KRAS as bait in MCF10A cells that
expressed higher levels of endogenous RAS (supplemental
Table 5). Most HCIPs identified in HeLa cells remained statis-
tically significant when identified in HEK293T cells (Fig. 3E).
Among the HeLa HCIPs identified in HEK293T cells (73% in
total), 70% (51% in total) were significantly changed between
wild-type and control cells (Fig. 3G). Combining the results
from two cell lines, we recovered most of the previously
reported PPIs using NF1 as the bait (Fig. 3H, supplemental
Table 6). More importantly, we found that more than half
(58%) of the NF1 “confident” interacting proteins identified in
previous studies were likely to be false positives, which ex-
isted, with similar abundance, in IP complexes isolated from
both WT and NF1-KO cells (Fig. 3H, supplemental Table 6).
Collectively, these results suggest that the ACUMEN method
generates fewer false positives than do previous methods
while preserving more bona fide interacting proteins.

Using SILAC-ACUMEN to Investigate NF1 Endogenous
Protein Complexes in HeLa Cells—To further validate the NF1
interactome we obtained in HeLa cells using label-free
quantitative AP-MS, we performed SILAC-ACUMEN using
[13C]lysine-labeled HeLa and unlabeled HeLa-NF1-KO (WT(H) �

NF1-KO(L)) cells and [13C]lysine-labeled HeLa-NF1-KO and
unlabeled HeLa (WT(L) � NF1-KO(H)) cells (Fig. 4A). HeLa and
HeLa-NF1-KO cells were differentially labeled by being grown
in medium containing unlabeled (light) or [13C]lysine-labeled
(heavy) amino acids for 10 generations. Affinity purifications
were performed using the same antibodies against endoge-
nous proteins (Abcam). The immunoprecipitates were mixed
at a 1:1 ratio and analyzed via MS, followed by a data analysis
(Fig. 4A and supplemental Table 7). Labeling efficiency was
evaluated by comparing the heavy and light peak areas of 20
randomly chosen lysine-containing peptides in [13C]lysine-
labeled HeLa and HeLa-NF1-KO cells. The labeling efficien-
cies were over 97% in both cell lines (Fig. 4B). Knock-out
efficiency was evaluated by comparing the peak areas of 10
randomly picked NF1 lysine-containing peptides in unlabeled
HeLa and HeLa-NF1-KO cells (light) and [13C]lysine-labeled
HeLa and HeLa-NF1-KO cells (heavy). The knock-out efficien-
cies were over 98% in both unlabeled and labeled HeLa-
NF1-KO cells (Fig. 4C).

MS results from [13C]lysine-labeled HeLa cells and
unlabeled HeLa-NF1-KO cells (WT(H) � NF1-KO(L)) and
[13C]lysine-labeled HeLa-NF1-KO and unlabeled HeLa cells
(WT(L) � NF1-KO(H)) were analyzed using Proteome Discov-
erer software to choose the lysine-containing peptides from
the proteins of interest. The chosen peptides were imported
to Skyline software, and raw data were remapped to select
the peaks. Peptides of NF1, KRAS, CTTNBP2NL, and HSPA5

were quantitated and visualized (Fig. 4D). Although peptides
from NF1, KRAS, and CTTNBP2NL were highly enriched
(�40-fold) in labeled forms (heavy) in (WT(H) � NF1-KO(L))
experiments and in unlabeled forms (light) in (WT(L) � NF1-
KO(H)) experiments, the HSPA5 peptides showed similar in-
tensities in both forms in both experiments (� 2-fold) (Fig. 4D).
These results indicate that specific binding proteins can be
easily distinguished from background contaminants.

Taken together, these data confirmed that our ACUMEN
method also works efficiently in labeled quantitative AP-MS.
The ACUMEN method could be combined with SILAC or
other labeling methods, such as isobaric tags for relative and
absolute quantification (52) and tandem mass tags (53, 54) for
more accurate quantitation.

NF1 Forms a Stable Complex with LAMTOR1 and Nega-
tively Regulates the mTOR Signaling Pathway—To experi-
mentally verify the HCIP list identified using our ACUMEN
method, we performed reciprocal pulldown assays by trans-
fecting 12 SFB-tagged HCIPs, including CDK9, TGFBI, LAM-
TOR1, GNA13, CTTNBP2NL, DAB2, HCFC1, PAK2, STRN3,
TMOD4, GPA33, and FMNL1, into HEK293T cells and pulled
down with S-beads. We used empty vector and FOXR2 as
negative controls. All 12 HCIPs were able to pulldown endog-
enous NF1 (Fig. 5A), which further validated that our purifica-
tion results reflect endogenous PPIs under physiological
conditions.

A signaling pathway annotation of NF1 HCIPs indicated that
NF1 HCIPs were enriched in the mTOR signaling pathway.
mTOR has been reported to be constitutively activated in
Nf1-deficient primary cells (55); however, the molecular mech-
anism that underlies it remains elusive. We determined
whether NF1 regulates mTOR activation through its direct
binding to key components in the mTOR signaling pathway.
Indeed, we found that LAMTOR1, an important component of
the mTOR signaling pathway, was an NF1 HCIP; its binding
with NF1 was confirmed by co-IP assay (Fig. 5A and supple-
mental Table 2). Its peptide numbers and peak areas were
both highly enriched in the protein complexes pulled down in
HeLa-WT and HEK293T-WT cells, but they were almost not
present in HeLa-NF1-KO and HEK293T-NF1-KO cells, indi-
cating that it specifically binds to NF1 (Fig. 5B). Therefore, we
reciprocally confirmed that LAMTOR1 forms a stable complex
with NF1 using exogenous and endogenous LAMTOR1 (Fig.
5, C and D). We further performed co-IP assays using NF1
antibodies and blotted with antibodies targeting other major
components in the mTOR signaling pathway, including
mTOR, TSC1/2, Raptor, Rictor, G�L, AMPK�, and AMPK�

(Fig. 5, E and F). NF1 did not form a protein complex with any
of these other key components in the mTOR pathway (Fig. 5,
E and F).

LAMTOR1 localizes on the surface of late endosomes and
lysosomes and provides an essential anchor for a scaffold
complex for the mTORC1 and MAPK pathways, which con-
tain LAMTOR1, LAMTOR2, LAMTOR3, LAMTOR4, and LAM-
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TOR5 (56–58). This “Ragulator” complex recruits Ragulator
GTPases and V-ATPase to lysosomes, which further activate
mTORC1 on the lysosomal surface in response to amino
acids (58–60). Because NF1 specifically interacts with LAM-
TOR1 but not with any other mTOR signaling pathway key
components, we determined whether NF1 regulates mTOR
signaling through LAMTOR1. Using a well characterized
mTOR substrate, S6 kinase (S6K) Thr-389 phosphorylation,
we evaluated mTOR signaling activation in response to amino
acids in HeLa and HeLa-NF1-KO cells. Indeed, we found that
S6K phosphorylation was enhanced in HeLa-NF1-KO cells,

indicating that NF1 inhibits mTOR signaling (Fig. 6A). Knock-
ing down LAMTOR1 reduced the level of phospho-S6K in
both HeLa and HEK293T cells, indicating that mTOR signaling
hyperactivation in NF1-KO cells depends on LAMTOR1
(Fig. 6B).

To determine whether the cell growth and survival of NF1-
deficient cells have become dependent on hyperactivation of
the mTOR pathway, we treated these eight cell lines with
different doses of rapamycin (Fig. 6C). We found that, com-
pared with their parental cell lines, the proliferation of both
HeLa-NF1-KO and HEK293T-NF1-KO cells was suppressed

FIG. 4. CRISPR/Cas9-coupled SILAC AP-MS studies of endogenous NF1 complexes in HeLa cells. A, SILAC-labeled CRISPR/Cas9-
coupled AP-MS. WT and KO cells were differentially labeled by being grown in medium containing unlabeled (light) or [13C]lysine-labeled
(heavy) amino acids. AP was performed using the same antibodies against endogenous proteins. The immunoprecipitates were mixed at a 1:1
ratio and analyzed via MS, followed by data analysis. B, labeling efficiency was evaluated by comparing the heavy and light peak areas of 20
randomly chosen lysine-containing peptides in [13C]lysine-labeled HeLa and HeLa-NF1-KO cells. C, knock-out efficiency was evaluated by
comparing the peak areas of 10 randomly chosen NF1 lysine-containing peptides in unlabeled HeLa and HeLa-NF1-KO cells (light) and
[13C]lysine-labeled HeLa and HeLa-NF1-KO cells (heavy). D, HeLa-WT and NF1-KO cells were differentially labeled. Extracts were prepared,
affinity purified with NF1 antibodies, mixed at a 1:1 ratio, and analyzed by MS. Peptides of NF1, KRAS, CTTNBP2NL, and HSPA5 were
quantitated and visualized using Skyline software.
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after rapamycin treatment (HEK293T cells, 10 nM, p � 0.01;
100 nM and 1 �M, p � 0.001; HeLa cells: 100 nM and 1 �M, p �

0.01) (Fig. 6C). Knock down of LAMTOR1 rescued this effect
in both cell lines (HEK293T cells: 10 and 100 nM and 1 �M, p �

0.001; HeLa cells: 100 nM, p � 0.01; 1 �M, p � 0.05), indicat-
ing that NF1-KO-induced mTOR signaling hyperactivation is
LAMTOR1-dependent (Fig. 6C). A soft agar colony formation
assay also confirmed that LAMTOR1 is very important for the
tumorigenic properties of NF1-deficient cells. HeLa-NF1-KO

cells form significantly more colonies than do HeLa cells (p �

0.01), whereas knockdown of LAMTOR1 almost abolished this
effect (p � 0.01) (Fig. 6D). Collectively, these results indicate
that NF1 forms a protein complex with LAMTOR1 and inhibits
mTOR signaling in a LAMTOR1-dependent manner (Fig. 6E).

DISCUSSION

Considerable efforts have been devoted to MS data analy-
sis for the identification of bona fide associated proteins (61,

FIG. 5. NF1 forms an endogenous protein complex with LAMTOR1 in the mTOR signaling pathway. A, validation of NF1 HCIPs.
HEK293T cells were transfected with 12 SFB-tagged constructs encoding the indicated NF1 HCIP proteins, using empty vector and
SFB-FOXR2 as negative controls. Pulldown experiments were performed using S-protein beads and blotted with antibodies recognizing the
FLAG epitope tag or endogenous NF1. Five percent of the corresponding cell lysate used in the IP was included as the input control. All the
HCIPs were able to pull down endogenous NF1. B, LAMTOR1 in NF1 AP-MS in HeLa, HeLa-NF1-KO, HEK293T, and HEK293T-NF1-KO cells
was evaluated in peak areas and peptide numbers. C, HEK293T cells were transfected with SFB-tagged LAMTOR1, with empty vector as the
negative control. Pulldown experiments were performed using S-protein beads and blotted with antibodies recognizing the FLAG-epitope tag
or endogenous NF1. Five percent of the corresponding cell lysate used in the IP was included as the input control. D, reciprocal co-IP of
endogenous LAMTOR1 with NF1 was performed with IgG or anti-LAMTOR1 antibody, using whole cell lysate prepared from HeLa cells. Five
percent of the corresponding cell lysate used in the IP was included as the input control. E and F, co-IP of other mTOR signaling pathway
components with NF1 was performed with IgG or anti-mTOR, anti-TSC1, anti-TSC2, anti-Raptor, anti-Rictor, anti-G�L, anti-AMPK�1/2, or
anti-AMPK�1/2 antibodies, using whole cell lysate prepared from HeLa cells. Five percent of the corresponding cell lysate used in the IP was
included as the input control.
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62). It is challenging to choose the right interactions from the
many false positives for in-depth functional analysis. Many
algorithms have been proposed to identify bona fide interac-
tions while eliminating false-positive results (43, 48, 63–67).
Choosing and efficiently using these algorithms requires ex-
tensive experience in AP-MS and a large amount of work to
accumulate the reference datasets in any given cells (68). The
ACUMEN method that we developed here requires a simple
comparison between WT and KO cells and an evaluation of
the ratio and p value, with no mathematical model; we hope
this technique will relieve researchers from having to perform
complicated data analyses.

Some proteins, such as 14-3-3 family members (69) and
many deubiquitinases (70), are known to regulate diverse
cellular functions. However, due to their high abundance and

frequent appearance in AP-MS results, they are recognized as
contaminants when using most frequency analysis-based
data analysis tools. The ACUMEN method could partially
solve this problem. For example, NF1 is known to be regu-
lated by 14-3-3 proteins (71). In our study, 14-3-3 proteins
were identified in IP complexes from both WT and KO cells.
However, they were significantly (p � 0.01) enriched in IP
complexes from HEK293T cells (YWHAB, 3.6-fold; YWHAH,
2-fold) compared with those from HEK293T-NF1-KO cells.
Although such enrichments were barely statistically significant
in HeLa label-free results (YWHAB, 1.6-fold, p � 0.05;
YWHAH, 1.7-fold, p � 0.2), the use of SILAC-ACUMEN in
HeLa cells confirmed these data. These results indicate that a
case-by-case analysis of AP-MS results will make it easier to
choose the correct proteins of interest for in-depth functional

FIG. 6. NF1 regulates mTOR signaling in a LAMTOR1-dependent manner. A, HeLa and HeLa-NF1-KO cells were cultured in amino
acid-free medium for 24 h and replaced with fresh amino acid-free medium or regular medium with 10% FBS. Cell lysates were collected and
blotted with antibodies, as indicated. B, HeLa, HeLa-NF1-KO, HeLa-shLAMTOR1, HeLa-NF1-KO-shLAMTOR1, HEK293T, HEK293T-NF1-KO,
HEK293T-shLAMTOR1, and HEK293T-NF1-KO-shLAMTOR1 cells were cultured in amino acid-free medium for 24 h and replaced with regular
medium with 10% FBS. Cell lysates were collected, and a Western blotting analysis was performed using the antibodies, as indicated. C, eight
cell lines were serum-starved and treated with rapamycin at the indicated concentration for 24 h, followed by a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay to assess cell viability. D, soft agar colony formation assay of HeLa, HeLa-NF1-KO, HeLa-shLAMTOR1,
and HeLa-NF1-KO-shLAMTOR1 cells. E, working model showing that NF1 binds to LAMTOR1 and inhibits mTOR1 signaling.
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studies. Note that it is important to have a very clear biological
question in mind when conducting these studies.

There are several approaches available for introducing the
Cas9 system into target cells (72–74). For the ACUMEN sys-
tem, the ideal method is to use transient transfection to intro-
duce plasmids containing Cas9 and sgRNAs, as we did in this
study, because continued expression of the CRISPR compo-
nents is no longer necessary once gene editing has been
completed (75). However, using a lentiviral or retroviral system
for CRISPR/Cas9 delivery is beneficial in other cell lines that
are difficult to transfect. Developing a stable Cas9 effector cell
line using lentiviral or retroviral vectors before introducing
sgRNAs can be an easier way when studying several proteins
in the same cell system, because it simplifies the procedure
for a larger scale study. It is challenging to generate CRISPR/
Cas9 knock-out cells in primary cells. An alternative approach
is to use purified Cas9-sgRNA ribonucleoproteins for delivery.
Electroporation methods have been established to introduce
Cas9-sgRNA complexes into primary cells and embryonic
stem cells, and these can induce targeted gene mutations and
large chromosome deletions while minimizing off-target ef-
fects (76–79). With the development of CRISPR/Cas9 gene
editing technology, we hope that the ACUMEN system will be
adopted for studies in all cell lines or even animal models in
the future.

The ACUMEN method is limited by the availability of spe-
cific antibodies that recognize a particular target protein. Al-
though cross-reaction is no longer the major issue for ACU-
MEN when choosing antibodies, the potency of antibodies to
enrich for the bait protein is still a major consideration. Of
note, although the ACUMEN method provides a good assess-
ment of the nonspecific associations with the individual anti-
body used, it may not draw a complete picture of the isolated
protein complex of interest because certain antibodies may
bind to a particular protein surface and therefore prevent it
from forming complexes with other proteins. Thus, using more
than one antibody that recognizes different epitopes or sur-
faces of the bait protein will help to achieve full coverage of
its interacting proteins. The newly developed CRISPR/Cas9
knock-in system also provides an alternative solution (80).
Using the Cas9-induced DNA double strand breaks that can
be repaired by homologous recombination, epitope tags can
be knocked into the locus of the bait protein, which would
allow researchers to use the existing anti-epitope antibodies
(e.g. GFP, FLAG, and HA) to perform these endogenous
AP-MS studies (81). Although this approach would still pull
down nonspecific abundant proteins and tag-specific contam-
inants, similar to other AP-MS methods using epitope tags, it
provides a more convenient method of performing genome-
wide endogenous protein complex screening, which does not
rely on the availability of antibodies against endogenous pro-
teins.

Unlike other AP-MS methods that have been used exten-
sively in large scale studies of mammalian cells and have

resulted in many publicly available datasets, such as FLAG
tag-based AP-MS, ACUMEN is a new method, with no com-
parable results generated using similar approaches in previ-
ous AP-MS-based PPI networks. This makes it difficult to
evaluate the data quality of individual ACUMEN results by
comparing them with knowledge-based AP-MS database re-
sults. Including pre-existing PPI information into endogenous
protein networks established by ACUMEN would be helpful
but could also be risky, because many previous studies used
IgG pulldown or empty vector-transfected cells as controls.
After many years of AP-MS data analysis, researchers have
realized that these are “imperfect controls” that generate
many false-positive results, because the total number of iden-
tifications in these control experiments is much lower than is
that in real experiments (82, 83).

In this study, we found that more than half of the previously
reported NF1-specific interacting proteins that were identified
using the original filtration methods may be false positives
(Fig. 3H and supplemental Table 6). Further analysis of these
results revealed that these false-positive identifications were
mostly generated from studies using imperfect controls, as
described above, whereas most previous TAP-MS results
were reproducible because they used stringent two-step AP
protocols. However, these differences could also be due to
the different cell systems or lysis buffers used in different
studies. Eighteen percent of the previously reported NF1-
interacting proteins were not detectable in at least one of the
two cell lines we used, and 28% of the previously reported
proteins passed our specificity filtration criteria in only one cell
line (supplemental Table 6). These results indicate that cell line
differences, especially protein abundance differences, may
affect the levels of nonspecific associations as well as the
formation of cell-specific protein interactions. Similarly, differ-
ent sample preparing protocols, such as using different lysis
buffers, could also greatly impact the levels of nonspecific
associations (84). Thus, we need to be very cautious about
what information is incorporated into the new endogenous
PPI networks generated using the ACUMEN method.

Collectively, the CRISPR/Cas9-coupled AP-MS ACUMEN
method provides a rapid and technically convenient approach
to uncovering endogenous protein complexes of any given
protein in any given cell type. Compared with previous ap-
proaches, this method can identify weak but bona fide inter-
actions, such as NF1-KRAS association, from significant
background noise. Using quantitative MS is helpful but is no
longer required. Obtaining high quality antibodies with little
cross-reaction is no longer required, because the cross-reac-
tion can be easily eliminated using the ACUMEN method. The
post-MS data analysis has been significantly simplified and
no longer requires data accumulation in the cell of interest. With
the establishment of genome-wide CRISPR gRNA libraries (85),
this approach could be adopted to larger scale PPI studies,
such as proteomics studies of protein families or signaling path-
ways involved in important biological processes (37, 49).
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Using the ACUMEN system, we found a novel NF1-inter-
acting protein, LAMTOR1, and linked its interaction with
mTOR signaling activation (Figs. 5 and 6). LAMTOR1 has been
known as the anchor protein of the Ragulator complex on the
lysosome surface, which recruits Ragulator GTPases and
other GTPases to lysosomes, presumably in response to
amino acids (56–60). Because NF1 is a GTPase-activating
protein that accelerates RAS GTPase hydrolysis and inhibits
its activation (2, 9), it may also regulate Rag GTPases or other
GTPases recruited by LAMTOR1 through a similar mecha-
nism. Identifying the exact substrates of NF1 in mTOR sig-
naling may require extensive work and well designed bio-
chemistry analyses; however, it may eventually establish
mechanistic associations between the two important cancer-
related signaling pathways and suggest novel treatments for
NF1 or mTOR-related tumors.

GTPases are a large family of hydrolase enzymes that can
regulate signal cascades through their abilities of binding and
hydrolyzing GTP. They can be inactivated by GTPase-activat-
ing proteins such as NF1, switching the GTPases from GTP-
bound form to GDP-bound form. They can also be reactivated
by guanine nucleotide exchange factors, which dissociate the
GDP from the GTPase. In our studies, in addition to LAM-
TOR1, we have also identified many other novel NF1-interact-
ing proteins, including the GTPase-regulating guanine nucle-
otide exchange factors RAPGEF2, RAPGEF6, and Trio; the
Rho GTPase-activating protein ARHGAP17; and other GT-
Pase-interacting proteins, such as GNA13, MPRIP, ERC1,
and PAK2 (supplemental Table 2). These proteins are likely to
form GTPase-regulating complexes, which may coordinately
modulate GTPase activities both positively and negatively.
Further investigation of these interactions and in-depth func-
tional studies may provide more novel insights into the regu-
lations of GTPases in different signaling cascades.
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