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Abstract

In advanced cancer, the RHOA GTPase is often active together with reduced expression of

genes encoding Rho-specific GTPase-accelerating proteins (Rho-GAP), which negatively regulate
RHOA and related GTPases. Here we used the TCGA dataset to examine 12 tumor types
(including colon, breast, prostate, pancreas, lung adenocarcinoma and squamous cell carcinoma)
for the frequency of codon mutations of 10 Rho-GAP and experimentally tested biochemical and
biological consequences for cancer-associated mutants that arose in the DLC1 tumor suppressor
gene. DLC1 was the Rho-GAP gene mutated most frequently, with 5-8% of tumors in five of the
tumor types evaluated having DLC1 missense mutations. Furthermore, 20-26% of the tumors in
four of these five tumor types harbored missense mutations in at least one of the 10 Rho-GAP.
Experimental analysis of the DLC1 mutants indicated seven of nine mutants whose lesions were
located in the Rho-GAP domain were deficient for Rho-GAP activity and for suppressing cell
migration and anchorage-independent growth. Analysis of a DLC1 linker region mutant and a
START domain mutant showed each was deficient for suppressing migration and growth in agar,
but their Rho-GAP activity was similar to that of wild type DLC1. Compared with the wild type,
the linker region mutant bound 14-3-3 proteins less efficiently, while the START domain mutant
displayed reduced binding to Caveolin-1. Thus, mutation of Rho-GAP genes occurs frequently in
some cancer types and the majority of cancer-associated DLC1 mutants evaluated were deficient
biologically, with various mechanisms contributing to their reduced activity.
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Introduction

The RHOA GTPase, like most members of the superfamily of small GTPases, cycles
between an active GTP-bound form and an inactive GDP-bound form, a process that
normally is tightly controlled but is frequently dysregulated during cancer progression
(1,2). While the Ras GTPases are often constitutively activated by point mutation in

human cancers, RHOA mutations were rarely detected until the advent of new sequencing
technologies (3). RHOA mutations are common in certain types of lymphoma (3) and in
gastric cancer, especially its diffuse form, where RHOA mutations were found in 25% of
these cancers in one study (4). In most other cancer types, increased Rho-GTP levels may
be associated with upregulation of Rho-specific guanine nucleotide exchange factors (Rho
GEFs), which catalyze exchange of inactive GDP-bound Rho for active GTP-bound Rho, or
downregulation of Rho-specific GTPase-accelerating proteins (Rho GAPs), which catalyze
hydrolysis of Rho-GTP to Rho-GDP (5,6).

We have been studying the three genes of the DL C (Deleted in Liver Cancer) family

-- DLCI(ARHGAP7, STARD12 and p122-RhoGAP), DLC2 (STARDI13)and DLC3
(STARDS) -- which encode Rho-GAP proteins that negatively regulate RHOA, RHOB, and
RHOC, localize to focal adhesions in cultured cells, and are down-regulated in a variety

of cancers (7,8). Comparative expression of the three genes, which was enabled by The
Cancer Genome Atlas (TCGA), indicated that DL CI mRNA is expressed at higher levels
than DL C2and DLC3in most normal tissues, and that DL CZ expression in several cancer
types is reduced to a greater degree than DLC2and DLC3(9).

Thus far, the main mechanisms evaluated for the downregulation of DLCI-3expression in
tumors have been gene deletion and promoter DNA methylation, although other genetic and
epigenetic changes may also contribute to their decreased expression (10). Point mutation
of the DLC genes in cancer has been examined to a limited degree. Analysis of DLCZ in
gastric cancer cases from Korea and from TCGA by Park et al. determined it was mutated in
almost 10% of the tumors (11). However, given the unusually high rate of RHOA mutation
in gastric cancer, the mutation frequency of DLCZ in this cancer might also be higher than
in other cancer types. Experimental analysis by Park et al. of four DL CZ mutants associated
with gastric cancer indicated that their growth inhibitory activity was attenuated, relative to
wild type DLC1I, in three of the mutants, which the authors attributed to a reduced half-life
of the mutant DLC1 proteins. In an earlier report, several mutations were identified in the
“focal adhesion targeting” (FAT) region (amino acids 201-500) of DLC1 in prostate and
colon cancer (12). Two of the mutants (T301K and S308l), although they were located
outside the Rho-GAP domain of DLC1, had lower Rho-GAP activity and reduced tumor
suppressor activity, as determined by a monolayer colony formation assay. Subsequently,
Ravi et al reported that DLC1 GAP activity was regulated by EGF-induced phosphorylation
and dephosphorylation of T301 and S308, which must be an indirect result of EGFR
activation, as the EGF receptor phosphorylates tyrosines (13).

Given this background, it was of interest to determine the mutation frequency of the three
DL C genes in a range of tumor types, and to experimentally examine the biochemical
and biological properties of several cancer-associated missense mutants. In addition, we
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have extended the bioinformatic analysis of cancer-associated mutations to several other
established or probable Rho-GAPs. The bioinformatic results indicate that more than 20%
of several cancer types harbor at least one missense mutation in a Rho-GAP gene, and that
DL C1is the Rho-GAP gene with highest frequency of missense mutations in most of the
evaluated cancer types. Our experimental analysis of DL CI mutants with lesions in different
parts of the gene indicate that the majority of the mutants tested have an attenuated tumor
suppressor activity that can be detected in vitro, and that several biochemical mechanisms
can account for the attenuated phenotype of the mutants.

Materials and methods

Bioinformatics and data analysis

The data for the current study are from two sources: TCGA harmonized mutation data from
NCI Genomic Data Commons (GDC) Data Portal and the COSMIC database (Catalogue Of
Somatic Mutations In Cancer dataset [Cosmic v74, 2015])(14).

Twelve tumor mutation (open-acess) tab-delimited text maf files from the GDC data portal
were selected and downloaded (TCGA.*.mutect.*somatic.maf) for data analysis (https://
portal.gdc.cancer.gov/repository). A data file from these maf files was generated to import
into mysql table (mysqgl community server 8.0.17). The mutation status of various cancer
types was retrieved using the mysql query command. The data file is available upon request.
Variant Allele Frequency (VAF) of the individual mutations of TCGA datasets was obtained
from cBioPortal website (https://www.cbioportal.org/).

Pearson’s correlation coefficient was used to calculate the correlation between the total
number of mutations and the number of DL C1 mutations of 12 tumor types. The total
number of mutations per tumor vs. DLCZ and other Rho-GAP gene mutations in TCGA
was determined and analyzed using the GDC data portal derived mysql table. The queried
mutation and VVAF data were plotted using the ggplot2 package (Violin plot, Supplementary
Figure S1), the trackViewer Bioconductor package (Lolliplot, Supplementary Figure S2),
and statistical computing and graphics software R (version 3.5.2). Graphic presentation for
the patients with DL CI mutations and wild type was performed using GraphPad Software
Prism software (version 7.0e). For statistical analysis, the Mann-Whitney U test was used
and o < 0.05 was considered statistically significant.

Generation of cancer-associated missense mutations in DLC1 cDNA and other constructs

Two templates were used to construct the missense mutants: pEGFP-DLC1, which encodes
the full-length DL C1 variant 2 cDNA fused into the pEGFP-C1vector (15), and pEGFP-
GAP, which encodes the Rho-GAP domain of DLCZ codons 609-878 (16). The primers
used to construct the various mutants are listed in Supplementary Table S1. Eighteen
cycles of PCR were performed using a site-directed mutagenesis kit (Agilent Technologies)
according to the instructions supplied by the manufacturer. All resulting mutations in the
DL C1 plasmids were confirmed by DNA sequencing.

GFP-DLC1 929-957 Del, and GST-tagged human Caveolin-1 (GST-Caveolin-1) plasmids
were described previously (17). GST-tagged human 14-3-3 beta, eta, and theta were cloned
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by PCR amplification with primers listed in Supplementary Table S1, and subcloned into the
pEBG vector through Bam HI-Notl sites.

RT- PCR for detecting endogenous DLC1 expression

Cell culture,

RNA was isolated from the cell lines using TRIzol reagent (Invitrogen), according to the
manufacturer’s protocol. RNA was reverse transcribed into cDNA using random primers
and other reagents from the Invitrogen ThermoScript RT-PCR system kit. The human

DL C1 transcript was detected with forward (5’-CACAGGACAACCGTTGCCTCAG) and
reverse (5’-CTCTTCAGGGTGTTGAGATGGA) primers that amplify a 465 bp product
(nt 2267-2731 of NM_006094). PCR was performed using Tag DNA polymerase (New
England Biolabs), with an initial denaturation of 94° for 3 minutes, followed by 35

cycles of 40 sec at 94°, 40 sec at 55°, 1 min at 72°, and a final extension of 4 min

at 72°. As a control, amplifications were performed with human GAPDH forward (5°-
GACATCAAGAAGGTGGTGAAGC) and reverse (5’-GATGGTACATGACAAGGTGCGG)
primers, which yield a 417 bp product (nt 845-1261 of NM_002046). PCR products were
analyzed by agarose gel electrophoresis and ethidium bromide staining.

transfections, and generation of stable cell lines

HEK 293T and human colon cancer SW620 cells were grown in DMEM supplemented

with 10% FBS. Human colon cancer HCT 116 and HT-29 cells were grown in Mc Coy’s
media supplemented with 10% FBS. Human NSCLC lines (H1299 and H1703), human
breast cancer cell line MCF-7, and human colon cancer COLO 205 were grown in RPMI
supplemented with 10% FBS. Human colon cancer RKO cells were grown in EMEM

media supplemented with 10% FBS. All cells were maintained in a humidified atmosphere
containing 5% CO,. All cell lines were obtained from ATCC and confirmed as mycoplasma-
negative prior to their use in assays at an early passage (between 10-20).

The Lipofectamine 3000 (Invitrogen) system was used for all transfections, following the
manufacturer’s protocol. For the generation of stable clones, transfected SW620 cells were
cultured for several weeks after G418 (0.8mg/ml) selection. The selected stable clones were
validated for GFP or GFP-DLCL1 expression by Western blot. The stable clones expressing
equivalent transfected wild type or mutant GFP-DLC1 were used for Rhotekin or Pak-1
pull-down assays, as well as for anchorage-independent growth assays.

Transwell migration and anchorage-independent growth assays

The transwell cell migration assay was performed using 6.5 mm diameter Falcon cell
culture inserts (8 UM pore size, ThermoFisher) precoated with 0.01% gelatin, in 24 well
cell culture plates as described (18). The collected lysates from stained migrated cells
were quantified in a spectrophotometer using ODsggnm. For soft agar assay, 1x10° of
G418-resistant stable SW620 clones were mixed with complete media containing 0.4% of
ultrapure agar (Invitrogen) and placed over 0.6% basal agar in 6¢cm dishes in triplicate.
Cells were fed with fresh media weekly and grown for 3 weeks, and colonies were stained,
photographed microscopically and quantified by a colony counter.
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Rhotekin-RBD and Pak1-RBD pull-down assay and immunoblotting

Cells were lysed with Mg™ lysis buffer (EMD Millipore) and the total proteins were
estimated by BCA assay (Thermo Scientific; (19)). Equal amounts of protein from

cell extracts were used for pull-downs with Rhotekin-RBD for RhoA-GTP or Pak1-

RBD for CDC42-GTP followed, respectively, by immunoblotting with anti-Rho or anti-
Cdc42 antibody according to the manufacturer’s instructions (EMD Millipore). The
transfected GFP-DLC1 protein or downstream Rho-signaling proteins were analyzed by
immunoblotting with anti-GFP (Abcam), p-Cofilin Ser3 or Cofilin (EMD Millipore)
antibodies followed by secondary anti-1gG conjugated with HRP (1:10,000, GSS). The
signals bound to the membranes were detected by ECL or ECL plus kit (Thermo Scientific).

In vivo GST pull down assays

For GST pull-down assays, HEK 293T cells were co-transfected with plasmids expressing
GST or GST fusion proteins together with GFP or GFP-DLC1 constructs. Forty-eight hours
after transfection, cells were lysed with 1X RIPA buffer (EMD Millipore) (0.05M Tris-HCI
pH 7.4, 0.15mM NacCl, 0.25% deoxycholic acid, 1% NP-40, 1mM EDTA) containing
protease and phosphatase inhibitors. Supernatants were collected after centrifugation at
14000 rpm for 10 min at 4° C, and protein was quantified with a BCA kit (Thermo
Scientific) following manufacturer’s instructions. One and one-half milligrams of protein
from each cell extract were used for pull-down assays by adding 30 ul of glutathione
Shepharose-4B slurry (GE Healthcare) and rotating 4 hours at 4° C. Pellets were extensively
washed for 3—4 times with 1X RIPA buffer and incubated with 40 pl loading buffer. After
separating protein samples by SDS-PAGE, immunoblotting was used to detect protein
signals with mouse anti-GST (Santa Cruz Biotechnology) or mouse anti-GFP (Covance)
antibodies. Horseradish peroxidase-conjugated anti-mouse 1gG (GE Healthcare) was used as
the secondary antibody. Immunocomplexes were visualized with an ECL kit (Amersham).

Immunofluorescence staining and confocal microscopy

Transfected cells were fixed with 4% paraformaldehyde for 20 min, permeabilized with
0.25% Triton X-100 in PBS for 5 min, and blocked with 3% BSA for 2 hr. The cells were
incubated with a 1:500 dilution (in PBS) of theGFP mouse (abcam)and Vinculin primary
rabbit (Sigma-Aldrich) antibodies at 4°C overnight. After thorough wash with PBS, the cells
were incubated with 1:250 Alexa-conjugated appropriate secondary antibodies for 1 hour.
To visualize nuclei, cells were incubated with DAPI (1:2,500) for 1 hour. After staining,
cells were thoroughly washed with PBS and mounted with gel mounting solution (Biomeda
Corporation). Confocal microscopy of fluorescent-labeled cells was performed using a
microscope (LSM 780; Carl Zeiss) with an excitation wavelength of 488 nm to detect
transfected GFP fusion proteins. Focal adhesions (Vinculin) were viewed with an excitation
wavelength of 568 nm (Alexa Fluor 568). Images were made at RT using photomultiplier
tubes with a Plan-Apochromat 63X/1.4 NA oil differential interference contrast objective
lens.
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Results

Cancer-associated DLC1 mutations occur frequently in several cancer types

We used the TCGA database to evaluate 12 types of solid tumors for mutations of DLCJ,
DLC2, DLC3, and RHOA (Table 1A and B). The 12 cancer types were uterine, melanoma,
colon, stomach, rectum, lung adenocarcinoma (lung AD), lung squamous cell (lung SC),
esophagus, pancreas, liver, breast, and prostate. Although colon and rectal cancer are often
grouped together, they are presented separately here because their mutation frequency was
somewhat divergent. In each table, the tumor types are arranged in descending order, from
top to bottom, according to the mean number of mutations of any kind per case that affected
codons in the tumor type (see the legend to Table 1A for the types of mutations that have
been included). The average total number of mutations per tumor type varied more than
20-fold, from 955 for uterine cancer to 40 for prostate cancer. The percentage of tumors with
codon mutations of any type (see legend to Table 1A for definition of what these mutations
include) for DL CI-3and RHOA are shown in Table 1A, while the subset of missense
mutations for these genes are in Table 1B. For DLCI-3, missense mutations accounted for at
least 75% of the mutations for most tumor types (compare data in Table 1A and B for each
tumor type). For RHOA, 80% of the mutations were missense. The data in Table 1A and

B confirm that stomach cancer has the highest percentage of mutant KHOA and that 7.09%
of the stomach cancers have DL CI mutations of any kind; 84% of them were missense
mutations. The missense RKHOA mutation rate was 4.58% for stomach cancer (all 20 of the
mutations were missense), while it was lower than 2% for the other tumor types.

In contrast to RHOA, several tumor types had DL CI1 mutation rates that were similar

to or even higher than those in stomach cancer. These included uterine (9.06% for all
mutation types and 7.74% for missense mutations), colon (8.52% for all types and 7.02%
for missense), lung SC (7.52% for all types and 6.91% for missense), and melanoma (6.85%
for all types and 5.57% for missense). In general, the DL CI rate of all codon mutations
correlated with the average total number of all codon mutations for the tumor type (Figure
1A; r=0.79). However, lung SC was an outlier, as its DL CI mutation rate was third highest,
while its total average mutation rate was seventh highest, perhaps suggesting that DL CZ may
be even more critical in lung SC than in the other tumor types.

To infer whether these mutations were heterozygous or homozygous, the DL CI mutant
allele frequency within each tumor was determined for the 10 tumor types with the largest
number of DL CI missense mutations (colon and rectal tumor mutations were analyzed
together). Pancreas and prostate tumors, which had the fewest mutant DLCI alleles (Table
1), were not analyzed. The data indicated that most mutations in the various tumor types
were heterozygous, although some appeared to be homozygous (Supplementary Figure
S1A). We compared this finding with mutations of A/FZ, a more widely studied tumor
suppressor gene that encodes a GAP that negatively regulates the Ras proteins, as VF1
mutations are usually considered biologically relevant (20). Using the same database to
perform the analogous analysis for A/FZ mutations, the results indicated that the mutant
allele frequency for AFZ was similar to that of DLCI (Supplementary Figure S1B).
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The mutation rates for DLCZ2and DLC3were lower than for DLCI for almost all tumor
types. The one exception was the missense rate for DLCZ2in melanoma, which was similar
to that of DLCI (5.78% for DLC2vs. 5.57% for DL CI1). Most tumors with a mutation

of any DLC gene had only one DLC gene mutation per tumor, although more than one
DL C gene was mutated in a few tumors. For five tumor types — uterine, melanoma, colon,
stomach, and lung SC - at least 10% of the tumors had a missense mutation in one or more
DL C gene (column “DLC total” in Table 1B). Another three types - rectum, lung AD, and
esophagus - had somewhat lower total DLC missense mutation rates (6-8%), while the rates
for pancreas, liver, breast, and prostate were much lower (2% or fewer).

When the mean total number of mutations were compared with the median number for a
given tumor type, the ratio was 3:1 or lower for most tumor types. Uterine cancer was the
most exceptional, with a ratio higher than 10:1, implying that some of the tumors had very
high overall mutation rates. Colon cancer, with a ratio of 3.8:1, was the other tumor type
with a ratio higher than 3:1. A subset of both of these tumor types are known to have high
levels of micro-satellite instability (MSI-high), which is frequently associated with DNA
repair defects and a comparatively large number of mutations (21-23). It therefore seemed
possible that DL C mutations would be more likely to occur in those tumors that had a larger
total number of mutations. Consistent with this hypothesis, the average total number of
mutations in those uterine and colon cancers with DL CZ mutations was significantly higher
than in those with wild type DLCI (Figure 1B and C).

Somatic mutation of Rho-GAP genes occurs frequently in cancer

To extend the bioinformatic analysis to other Rho-GAPs, we used the TCGA database for
the same 12 tumor types for which the three DL C genes had been evaluated, to compare
the mutation rates for seven other Rho-GAPs that, based on their reported ability to bind
RhoA-GTP and their association with cancer, presumptively regulate RhoA-GTP (Table
2A and B). The Rho-GAPs are ARHGARP35 (also known as p190A Rho-GAP (21,24)),
ARHGAPS (also known as p190B Rho-GAP (24)), ARHGAPE (25), ARHGAPI18(26,27),
ARHGAPZ21 (28), ARHGAPZ26 (also known as GRAF1 (29,30)) and ARHGAPZ28(31). As
with Table 1A and B, the tumor types have been arranged in descending order, from top to
bottom, according to the mean number of codon mutations of any type, with Table 2A listing
the percentage of codon mutations of any type for the respective Rho-GAP, and Table 2B
listing the percentage of missense mutations for these genes.

Compared with the number of tumors with DL C1 mutations, the percentage of uterine
tumors with codon mutations of any kind or with missense mutations was even higher for
three of the seven Rho-GAPs: ARHGAP35(18.87% any type, 9.81% missense), ARHGAP5
(9.81% any type, 7.74% missense), and ARHGAP21 (12.64% any type, 10.38% missense)
vs. DLCI(9.06% any type, 7.74% missense). However, the mutation rate in the other 11
tumor types for these three Rho-GAPs was lower than for DL CZ in most instances, although
it was similar in a few. The mutation rates of the four other Rho-GAPs were uniformly

lower than for DLCZ in all 12 tumor types. As had been true for the DLC genes, at

least two-thirds of the mutations in the other Rho-GAPS were missense in most instances.
However, the percentage of missense mutations was substantially lower in a few situations,
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such as ARHGAPS5 in stomach cancer, where 32% of the mutations were missense, and
ARHGAP35in uterine cancer, where 52% were missense. We also compared the frequency
of missense, nonsense, and frame-shift mutations in the 10 Rho-GAPs, which showed

that the frequency of missense mutations was higher than that of nonsense or frame-shift
mutations (Supplementary Table S2). Thus, the tumors have selected for missense mutations
more frequently than for nonsense or frame-shift mutations.

The most striking observation was seen when the total percentage of tumors with Rho-GAP
mutations, including those from the DL C genes, was determined (the column labeled Total
in Table 2A and B). For uterine cancer and melanoma, at least 28% of the tumors had

one or more Rho-GAP mutation of any kind, and more than 25% of these two tumor

types had at least one missense mutation of a Rho-GAP gene. For colon, stomach, lung
AD, and lung SC, 21-25% of the tumors had mutations of any type, and 17-20% of the
tumors had missense mutations. Rectal and esophageal cancer were somewhat lower, but
their percentage of tumors with missense mutations was still relatively high, at 13.14% and
16.30%, respectively. By contrast, the percentage of tumors with missense mutations was
lower than 6% for the four tumor types with the lowest average number of total mutations:
pancreas, liver, breast, and prostate. Esophageal cancer had the highest Rho-GAP mutation
rate relative to its total average number of mutations per tumor.

We examined whether a subset of the tumors with Rho-GAP mutations also had a mutation
of RHOA or RHOC (RHOB is usually down-regulated in tumors (1)), or whether mutation
of a Rho-GAP with mutant Rho did not co-occur. The analysis indicated that Rho-GAP gene
mutation and RHOA or RHOC mutation co-occurred relatively frequently, 6-12% of the
time (median 8%; Supplementary Table S3). To place this finding in a more familiar context,
we also evaluated whether there was co-occurrence between mutant A/FZ and mutant KRAS.
Their co-occurrence was found to be even higher, 17%, than for the Rho-GAPs and RHOA
or RHOC (Supplementary Figure S2A and B). Although the vast majority of AFZ mutations
in the database only occurred once, some of the A/FZ mutations arose more than once. These
recurrent AV/FZ mutations co-occurred with mutant KRAS and also occurred in the absence of
KRAS mutation (Supplementary Figure S2C).

Bioinformatic analysis of DLC1 missense mutants

For the experimental part of our analysis, we focused on DLCI, which had the highest
mutation rate among the Rho-GAPs for most tumor types. The DLCI missense mutations in
the COSMIC database (the TCGA harmonized dataset and Catalogue Of Somatic Mutations
In Cancer dataset [Cosmic v74, 2015]) were distributed along its coding sequences
(Supplementary Figure S3). Although there are several normal variant DLCI mRNAs

(32), we focused on mutations that affected variant 2, which is the most highly expressed
variant in normal tissue and is by far the variant that has been studied in greatest detail.
Variant 2 encodes a 1091 amino acid protein whose SAM (Sterile Alpha Motif) domain

lies at its N-terminus and its START (StAR-related lipid-transfer) domain at its C-terminus
(Supplementary Figure S3). The Linker Region (LR), which is located downstream from
the SAM domain, is the site of several post-translational modifications that can regulate

the activity of the protein (16,33,34); this region is required for the protein to localize to
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focal adhesions, which has led to a subset of these sequences sometimes being designated
the focal adhesion targeting (FAT) region (12). It should also be noted that some mutations
in the COSMIC database were localized to sequences that are specific to variant 1, whose
encoded protein contains a unique 450 amino acid N-terminal segment that is linked to
amino acids 14-1091 of variant 2 protein.

Most Rho-GAP domain point mutants are deficient for Rho-GAP activity and are impaired

biologically

Our working hypothesis was that most DL CI missense mutations would lead to a DLC1
mutant protein with decreased function compared with wild type DLC1. However, the
degree to which these putative decreases could be successfully tested in cells and whether
their mechanisms could be elucidated was uncertain. We constructed and analyzed 11

DL C1 missense mutants, most of which were identified in colorectal cancer in the
COSMIC database (v74, 2015) and confirmed by direct reading of the bam file sequences
(Supplementary Table S4). Nine of the mutations lie in the Rho-GAP domain, as very few
cancer-associated mutants in this domain have been analyzed until now. In addition, we
constructed a cancer-associated mutant whose lesion is in the LR, and another whose lesion
is in the START domain.

For the DLC1 Rho-GAP domain mutants, we examined 7 identified in colon cancer, one
that arose in lung AD, and one in gastric cancer (Supplementary Table S4). To study the
mutants, we constructed isogenic GFP-tagged versions of full-length DL CZ and used wild
type DL C1 as the positive control and either of two “GAP-dead” mutants (DLC1-R677E
and DLC1-R718A) as negative controls. Cellular RhoA-GTP levels were determined by
transfection of plasmids encoding the full-length versions of 8 of the mutants (all except
D671E) into the HCT 116 cell line (Figure 2A), which is a human colon cancer line that
does not express detectable DLCZI mRNA (Supplementary Figure S4). The RhoA-GTP
levels for 7 of the mutants (R684Q, D711N, T726M, S730L, R761Q, V790M, and A837G)
were high, similar to those of the “GAP-dead” mutant (R718A); those of the mutants with
the most conservative change (D758E or D671E) were similar to wild type DLC1.

To verify that the Rho-GAP domain was sufficient to reproduce the RhoA-GTP phenotypes
that had been determined with the full-length gene, we made GFP-tagged constructs of the
isolated Rho-GAP domain (amino acids 609-878) for most of the mutants examined for
full-length DLC1 (Figure 2B). The mutants were transfected into the H1299 cell line, which
is a human non-small cell lung cancer line that expresses detectable DLC1 protein (19).
The results with the Rho-GAP domain recapitulated those with the full-length gene; those
Rho-GAP domain mutants whose high RhoA-GTP was similar to that of the “GAP-dead”
mutant (R677E) had also displayed high RhoA-GTP in the full-length constructs, while

the low RhoA-GTP of the D758E mutant was similar to the wild type positive control.
Furthermore, the RhoA-GTP of the D671E mutant was similar to the wild type.

We also verified that the RhoA-GTP level of the mutants in the Rho-GAP domain constructs
correlated with a biomarker for a biochemical signal that lies downstream of Rho-GTP,
namely cofilin activity, which depends on Rho-GTP and Cdc42-GTP (35). Mutants in

the Rho-GAP construct were transfected into a colon cancer cell line (SW620) that lacks
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endogenous DLC1 (Supplementary Figure S4), and phosphorylation of Cofilin Serine-3

was used to assess Cofilin activity (Figure 2C). The results indicated that the two D to

E mutants reduced cofilin phosphorylation similarly to wild type DLC1, while the other
mutants tested behaved similarly to the two “GAP-dead” mutants (R677E and R718A).

All full-length mutants were also analyzed by microscopy for their ability to reduce focal
adhesions, a phenomenon that is characteristic of cells with low RhoA-GTP and is seen

in cells expressing wild type DLC1, but not those with “GAP-dead” DLC1 (16). This
parameter was also found to follow the RhoA-GTP levels seen with the mutants; the two D
to E mutants behaved as wild type, while the seven mutants associated with high RhoA-GTP
were similar to the “GAP-dead” control mutant (Supplementary Figure S5).

We also tested the full-length mutants for the biological parameter cell migration, which

is reduced by wild type DLCL. To study the effect of the full-length mutants on cell
migration, transient transfectants of all 9 mutants were made in H1299 cells (Figure 3A
and Supplementary Figure S6A). As with their RhoA-GTP levels, the mutants that had
displayed high RhoA-GTP were less efficient than wild type in reducing cell migration,
while the phenotype of the two D to E mutants, which had wild type Rho-GAP activity,
were similar to the wild type. The DLC1 mutants were stably transfected into SW620 cells
and then analyzed for their ability to negatively regulate CDC42-GTP, as the Rho-GAP
domain of DLC1 possesses the latter biochemical activity, although it is less efficient than
that against Rho-GTP (36,37). The mutants that were deficient for reducing RhoA-GTP
were also deficient for reducing CDC42-GTP, while the D671E mutant behaved as the
wild type (Supplementary Figure S6B). The ability of the stable SW620 transfectants to
suppress anchorage-independent growth was also impaired for the same mutants with high
RhoA-GTP and high CDC42-GTP (Figure 3B and Supplementary Figure S6B).

An LR mutant and a START domain mutant are deficient for 14-3-3 binding and Caveolin-1
binding, respectively, and are impaired biologically

We examined two other cancer-associated mutants: an S327R mutation in the linker region
that arose in a stomach cancer and an E966K mutation in the START domain that arose in
a colon cancer. The point mutation in the LR affects a Serine (S327) that was previously
found to be involved in the phosphorylation-dependent binding of DLC1 to 14-3-3 adapter/
chaperone proteins, which interact with phophoserine- and phosphothreonine-containing
motifs (38). With the exception of 14-3-3 sigma, whose expression is restricted to epithelial
cells, the human 14-3-3 family members are expressed ubiquitously (39). To determine if
the binding of S327R mutant to 14-3-3 differed from that of wild type DLC1, we tested

the binding of the DLC1 mutant protein to the proteins encoded by any of three different
14-3-3 genes, namely 14-3-3 beta, 14-3-3 eta, and 14-3-3 theta, by co-transfecting a plasmid
encoding the GFP-tagged S327R protein with a plasmid encoding a GST-tagged version of
one of the 14-3-3 genes into HEK 293T cells. The GST pull-downs indicated the S327R
mutant was deficient for binding all three 14-3-3 proteins (Figure 4A), although it retained
some binding to 14-3-3 eta, albeit with reduced efficiency compared to DLC1 wild-type.

The above 14-3-3 binding results differed from those reported by Scholz et al. for a less
divergent S327 mutant that they had constructed and studied, S327A. They also identified
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a second 14-3-3 binding motif in the LR that involves the phosphorylation of S431. From
their experimental analysis of the S327A and S431A single mutants and the S327A/S431A
double mutant, they concluded that the S-to-A single mutants bound 14-3-3 similarly to wild
type and retained wild type DLC1 activity, while the S-to-A double mutant was deficient.
To compare the 14-3-3 binding of the mutants they studied with S327R, we constructed

the same single and double mutants as Scholz et al. and, in addition, the S327R/S431A
double mutant, and tested the binding ability of these mutants to 14-3-3 theta, the family
member that had resulted in the greatest decrease in binding to the DLC1 S327R mutant
compared to wild-type (Figure 4A). Consistent with the results of Scholz et al., we found
the S327A and S431A single mutants bound 14-3-3 theta similarly to wild type, while the
S327A/S431A double mutant bound less efficiently (Figure 4B). In the same experiment,
the cancer-associated S327R mutant was deficient for 14-3-3 theta binding, and the S327R/
S431A double mutant was even more deficient than the S327A/S431A mutant (Figure 4B).

The cancer-associated E966K point mutation in the START domain lies just downstream
from a segment in the START domain that, through analysis of an experimentally
constructed DLC1 deletion mutant that lacked amino acids 929-957, we previously
identified as being required for efficient binding of DLC1 to caveolin-1 (17,39). To evaluate
the binding of the E966K mutant to caveolin-1, we constructed a plasmid encoding a
GFP-tagged version of the mutant, which was co-transfected with a plasmid encoding a
GST-tagged version of caveolin-1 into HEK 293T cells (Figure 4C). The GST pull-down
assay indicated that the E966K mutant had reduced caveolin-1 binding, compared with wild
type DLC1, and that the 929-957 deletion mutant was even more deficient for caveolin-1
binding.

We analyzed the S327R and E966K mutants for their ability to reduce Rho-GTP in cells,
reduce cell migration, and reduce growth in agar (Figure 5). When transfected into HCT 116
or H1299 cells, both mutants reduced RhoA-GTP similarly to that of the wild type (Figure
5A-C). However, both were as deficient as the “GAP-dead” mutant (R718A) in reducing
cell migration in H1299 (Figure 5D). Their ability to reduce growth in agar in SW620 cells
was also impaired, although not to the same degree as the “GAP-dead” mutant (Figure 5E).

Discussion

This study has made the unexpected observation that missense and other codon-associated
mutations of Rho-GAPs occur frequently in many, but not all, cancer types, and has
determined that a variety of mechanisms that lead to decreased function, compared with
wild type DLCL1, can be found in cancer-associated DLC1 mutants.

When only missense mutations that involve DLCI-3were considered for the 12 cancer
types evaluated, more than 10% of the tumors in five of these cancer types - uterine,
melanoma, colon, stomach, and lung squamous cell - were found to have missense mutations
that affected at least one DLC gene, this type of mutation was present in 5-10% of three

of the other cancer types — rectum, lung adenocarcinoma, and esophagus - while it was
found in fewer than 3% of the other four cancer types. Expanding the mutant analysis to
seven additional established or likely Rho-GAPs indicated that cancer-associated missense
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mutations of Rho-GAPs are very common. When the ten Rho-GAPs were considered
together, missense mutations occurred in 20-26% of four of the twelve cancer types and
in 13-19% of four additional tumor types, while they were found in fewer than 7% of the
remaining tumor types. These results differ considerably from what was seen for RHOA
mutations, which were relatively high in stomach cancer, but not in other cancer types. In
fact, the frequency of Rho-GAP mutation was lower in stomach cancer than in four of the
other tumor types.

The frequency of Rho-GAP mutations tended to parallel the average total number of
mutations in each tumor type, but there was considerable variation. The highest number of
missense mutations in Rho-GAPs occurred in the two cancer types with the highest number
of total mutations, uterine cancer and melanoma. However, while the average total number
of mutations in these two cancers differed almost two-fold, being 955 for uterine cancer vs.
495 for melanoma, their frequency of Rho-GAP missense mutations was almost identical,
25.85% vs. 26.34%, respectively. Lung adenocarcinoma, lung squamous cell cancer, and
esophageal cancer had an even higher frequency of missense Rho-GAP mutations, relative
to their average number total mutations, which was 254, 250, and 133, respectively, while
their percentage of tumors with Rho-GAP missense mutations was 17.11%, 20.33%, and
16.30%, respectively. These results suggest that cancer-associated Rho-GAP mutations may
be especially important in the above tumor types.

Missense mutations occurred more frequently with DL C1 than with any other Rho-GAP
gene for most of the 12 cancer types. Uterine cancer was a notable exception, as the
mutation frequency of ARHGAP35 (9.81%) and ARHGAP21 (10.38%) was higher than for
DLC1 (7.74%), which was identical to that of ARHGAP5 (7.74%). Although mutation of
the other Rho-GAPs was less frequent, together they made a substantial contribution to the
high overall percentage of Rho-GAP mutations in the various tumor types.

We did not unambiguously determine whether the Rho-GAP mutations identified only

by bioinformatics were biologically significant, although it is clear that they have been
selected for in the tumors where they have arisen. Most of the DL CI mutant alleles were
heterozygous in the tumors, but some were homozygous, and the mutant DL CZ and other
Rho-GAP alleles co-occurred in 8% of the tumors. Analogous observations were made for
comparisons between mutant A/FZ alleles — which are usually considered to be biologically
relevant (20) - and mutant KRAS in the same tumor database. While mice that have one wild
type DLC1 allele and one null allele develop normally (40), experimental tumorigenicity
studies support the biological relevance of a heterozygous loss-of-function mutant DLCZ
allele, as mice carrying one wild type DLCI allele and one gene-trapped DL CI allele that
is null for variant 2, when mated to mice carrying a conditional mutant KRas allele, have

an increased incidence of thymic tumors and metastases, and a shortened lifespan (41).
More research is needed to firmly establish the biological relevance of heterozygous mutant
Rho-GAP alleles in human tumors.

To evaluate the biological relevance of a subset of the DL C1 missense mutants, we
experimentally evaluated a series of cancer-associated DL CI mutants, most of which had
arisen in colon cancers. Our assessment of DL CZ mutants with lesions in the Rho-GAP
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domain indicated that our cell-based analyses were able to identify a non-wild type
phenotype for seven of the nine mutants found in colon cancer, and for two additional
mutants identified in other tumor types. The phenotype of the deficient mutants was similar
to that of two widely used “GAP-dead” DL CI mutants that are deficient for hydrolysis

of Rho-GTP to Rho-GDP and for inhibition of cell migration and growth in agar. These
mutants displayed a loss-of-function phenotype that was associated with increased Rho-
dependent activities and was similar whether the cells with the mutants contained or lacked
endogenous DLC1. These results strongly imply that the increased Rho activity observed
with these mutants is relevant to their selection in the tumors. This interpretation is also
consistent with the observation that some tumors had frame-shift mutations in the various
Rho-GAP genes, in addition to the tumors that harbored missense mutations. The two
mutants in the Rho-GAP domain that displayed phenotypes similar to wild type were those
with the most conservative changes, D671E and D758E. It remains possible that these
mutants may have an in vivo phenotype that differs from wild type, although the cell-based
assays did not clearly identify one.

We also evaluated a missense mutant with a lesion in the LR and another whose lesion

was in the START domain. As with most of the mutants with lesions in the Rho-GAP
domain, these two mutants were less active biologically than wild type DLC1. However, this
phenotype was achieved by a mechanism that is independent of the Rho-GAP activity of
DLC1, in contrast to the Rho-GAP domain mutants.

The cancer-associated S327R mutant eliminates a phosphoserine site involved in the
interaction of DLC1 with 14-3-3 proteins. An experimental mutant with a lesion at this
residue, S327A, was previously found to have wild type DLC1 activity (38), but the cancer-
associated mutant, which has a more drastic S-to-R amino acid change, was deficient for
binding 14-3-3, for inhibition of cell migration, and for suppression of growth in agar,
although it had wild type Rho-GAP activity. In apparent contrast to our results, Sholz et
al reported that a DLC1 double mutant (S327/431A) deficient for 14-3-3 protein binding
was more active than the wild type for inhibiting cell growth (38). One possibility for
this discrepancy is that introduction of the positively charged arginine residue in the
S327R mutant could alter the conformation of the protein and interfere with other intra-
and intermolecular interactions. Alternatively, differences in cells and/or the experimental
system may also account for this divergence.

The START domain mutation, E966K, lies just downstream from a segment in which an
experimental deletion mutant that was missing residues 929-957 was previously found to be
deficient for several functions associated with wild type DLC1, including caveolin binding,
inhibition of cell migration, and inhibition of growth in agar, although its Rho-GAP activity
was similar to that of the wild type (17). We found the phenotype of E966K mutant was
similar to that of the deletion mutant.

The S327R and E966K mutants represent two alternative GAP-independent mechanisms of
DLC1 function, by affecting DLC1 scaffolding functions (its binding to 14-3-3 proteins or
Caveolin-1, respectively) without affecting DLC1 Rho-GAP activity. Previous work from
several laboratories have described several scaffolding functions of DLCL1 that contribute
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to its tumor suppressor activities in a Rho-GAP independent manner (reviewed in (42)),
including interactions between DLC1 and tensins, talin, and FAK (15,19,43,44), in addition
to those between DLC1 and 14-3-3 and Caveolin-1.

In a previous study, Park et al. reported a decrease in the half-life of three cancer-associated
DLC1 proteins encoded by mutants associated with gastric cancer as a mechanism for the
decreased DLCL1 function that they observed (11). They used the DLCL1 variant 1 to study
their DLC1 mutants, and the protein levels encoded by this variant are much lower than
those encoded by variant 2, which is the variant used here to analyze the mutants. In the
DLC1 mutants studied here, which are different from those reported by Park et al., we did
not observe a major difference in their encoded protein levels compared with the wild type.

Most previous studies of DLC1 in cancer have emphasized changes at the nucleic acid level,
such as gene deletion, methylation, and mRNA expression. In addition, Kim et al. found
that the Cullin-4A ubiquitin ligase system was active in at least one cancer cell line, leading
to ubiquitin-mediated proteasome-dependent degradation of DLC1 protein (45). Here, the
Rho-GAP domain mutants highlight the importance of Rho-GAP activity to the biological
function of DLC1, while the LR and START domain mutants emphasize the importance of
scaffold functions of DLCL to its biological activity. Analysis of these mutants indicates
that DLC1 encodes a multifunctional protein whose biological activity can be reduced by a
variety of mechanisms that are relevant to and are selected for in cancer.
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Findings indicate that point mutation of Rho-GAP genes is unexpectedly frequent
in several cancer types, with DLC1 mutants exhibiting reduced function by various

mechanisms.

Significance:
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Figure 1. Correlations between the frequency of DLC1 mutation and total number of mutations
in 12 tumor types in TCGA.

(A) Correlation for the 12 tumor types between total number of codon mutations and
number of DLCZ mutations. r = 0.79. (B) Uterine cancer: Total number of mutations vs.

DL C1 mutations. The total number of all codon mutations are plotted for individual patients.
Left panel: the dark vertical bars represent each of the 48 patients with one or more DLCI
mutation, while the light vertical bars represent each of the 52 patients with the highest
number of total codon mutations who have wild type DLCI. Right panel: The Statistical
analysis used the Mann-Whitney U test, which compared the total mutation numbers of the
patients with and without DLC1 mutations. The vertical axis represents the average value
plus standard error. (C) Colon cancer: Total number of mutations vs. DL CI mutations. The
data are presented and analyzed similarly to B, except that the dark vertical bars represent
each of the 34 patients with DL CI mutations, while the light vertical bars represent each of
the 66 patients with the highest number of total codon mutations who have wild type DLC1.
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Figure 2. Most DLC1 mutants with missense mutation in the Rho-GAP domain are less active
than WT DLC1.

(A) HCT 116 cells were transiently transfected with GFP or full-length GFP-DLCL1 followed
by Rhotekin pull-down assay to detect their RhoA-GTP levels. The GFP expression level is
shown for the transfectants. (B) H1299 cells were transiently transfected with GFP or GFP-
GAP followed by Rhotekin pull down assay. The expression level of GFP-tagged proteins

is shown for the transfectants. (C) The phospho-cofilin levels in SW620 cells transiently
expressing GFP or GFP-GAP were analyzed by immunoblot. The expression level of GFP,
total RHOA, and Cofilin are also shown in each panel.
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Figure 3. Compared with WT DLCL, biological activity is reduced for most DLC1 mutants with
mutations in the Rho-GAP domain.

(A) H1299 cells transiently expressing GFP or GFP-DLC1 (top) were analyzed for cell
migration in transwell dishes. Representative micrographs of migrated cells are shown
(bottom). The total number of migrated cells, in triplicate, for each mutant is shown as
mean + SD (middle). (B) SW620 stable clones expressing GFP or GFP-DLC1 mutants were
analyzed by Rhotekin PD assay (top). Cells were

seeded in soft agar for 3 weeks. Representative views of colonies under microscope and the
stained colonies in the dish are shown (bottom). Number of colonies (= 0.4 mm) in triplicate
dishes have been plotted as mean + SD (middle).
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Figure 4. Interaction between DLC1 mutants and GST 14-3-3 proteins or GST Caveolin-1.
(A, B) DLC1 S327R mutant and double mutant S327R/S431A are deficient for binding to

GST 14-3-3 proteins. As indicated in the panels, HEK 293T cells were cotransfected with
GST or GST 14-3-3 proteins (theta, beta, or eta) and GFP, GFP-DLC1-WT, or GFP-DLC1
mutants. After 48 hours, cells were lysed and pulled-down by Glutathione sepharose-4B
(Gluta) and immunoblotted (I1B) using GFP or GST antibodies. (C) DLC1 E966K mutant
binds poorly to GST Caveolin-1 (GST CAV1). HEK 293T cells were cotransfected with
GST or GST Caveolin-1 and GFP, GFP-DLC1-WT or GFP-DLC1-E966K mutant and
subjected to Glutathione pull-down as described for (A, B). A deletion mutant of DLC1

lacking amino acids 929-957 was used in the pull-down as a negative control for Caveolin-1

binding (see text). WCE: whole cell extracts.
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Figure 5. DLC1 S327R and E966K mutants have WT Rho-GAP activity, but inhibit cell

migration and colony formation in soft agar less efficiently than DLC1-WT.

(A, B, C) Rho-GAP activity. Active Rho (GTP) in HCT 116 (A, B) or H1299 (C) cells
expressing DLC1-WT or the indicated mutants were analyzed by Rhotekin pull-down (PD)
assay followed by anti-RHOA immunoblotting (IB). GFP-DLCL1 expression and total RHOA
expression were also confirmed by immunoblotting. (D) Migration in transwell. H1299 cells
were transfected with the indicated constructs. 24 hours after transfection, 1 x 10° cells were
seeded in a transwell dish and allow to migrate for 18 hours. The migrated cells were stained
with crystal violet, photographed (upper panel), and quantified at OD590nm (lower panel).
The total number of migrated cells, in triplicate, for each mutant is shown as mean + SD. (E)
Soft agar growth. Stable clones for control GFP, GFP-DLC1-WT or the indicated mutants
were generated in SW620 cells. 1 x 10° cells were seeded in soft agar and allow to form
colonies for approximately 28 days, and those colonies >0.2mm were photographed (middle
panel) and counted (lower panel). Number of colonies (= 0.2mm) in triplicate dishes have
been plotted as mean + SD. DLCL1 expression was confirmed by immunoblotting (upper

panel).
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Table 1.
DLC1-3 and RHOA mutations in 12 tumor types in TCGA.

The mutants for the 12 tumor types have been identified from the TCGA mutation database in the GDC Data
Portal, from which the number of mutants (MU) and the percentage (PCT) of total patients with that tumor
type who have the relevant mutations have been calculated. No = the number of tumors of that type. MED MU
= median number of mutations for that tumor type. AVE MU = mean number of mutations for that tumor type.
(A)AII codon mutations for each gene. The mutations include missense mutations, nonsense mutations, frame-
shift deletions, frame-shift insertions, in-frame deletions, nonstop mutations, in-frame insertions, translation
start-site changes, splice-region mutations, and splice-site mutations. (B)Missense mutations for each gene.

A
DLC1 DLC2 DLC3 DLC Total RhoA
TUMOR No | MED MU | AVE MU
MU | PCT | MU | PCT | MU | PCT | MU PCT | MU | PCT
UTERINE 530 89 955 48 9.06 36 6.79 44 8.30 83 15.66 | 12 2.26
MELANOMA | 467 277 495 32 6.85 29 6.21 13 2.78 65 13.92 6 1.28
COLON 399 112 425 34 8.52 12 3.01 16 4.01 52 13.03 7 1.75
STOMACH 437 109 330 31 7.09 13 2.97 12 2.75 50 11.44 20 4.58
RECTUM 137 95 312 6 438 | 0.00 | 0.00 4 2.92 10 7.30 1 0.73
LUNG AD 567 169 254 31 5.47 15 2.65 15 2.65 56 9.88 5 0.88
LUNG SC 492 205 250 37 7.52 13 2.64 14 2.85 62 12.60 3 0.61
ESOPHAGUS | 184 101 133 6 3.26 5 2.72 1 0.54 12 6.52 3 1.63
PANCREAS 178 34 112 1 0.56 0 0.00 1 0.56 1 0.56 1 0.56
LIVER 364 76 94 4 1.10 2 0.55 2 0.55 8 2.20 0 0.00
BREAST 986 39 78 15 1.52 4 0.41 7 0.71 26 2.64 6 0.61
PROSTATE 495 24 40 2 0.40 2 0.40 2 0.40 5 1.01 2 0.40
B
DLC1 DLC2 DLC3 DLC Total RhoA
TUMOR AVG MU (all codons)
MU | PCT | MU | PCT | MU | PCT | MU | PCT | MU | PCT
UTERINE 955 41 7.74 33 6.23 34 6.42 70 13.21 10 1.89
MELANOMA 495 26 5.57 27 5.78 12 2.57 56 11.99 5 1.07
COLON 425 28 7.02 11 2.76 12 3.01 43 10.78 5 1.25
STOMACH 330 26 5.95 11 2.52 11 2.52 44 10.07 20 4.58
RECTUM 312 6 4.38 0 0.00 3 2.19 9 6.57 1 0.73
LUNG AD 254 24 4.23 15 2.65 11 1.94 46 8.11 4 0.71
LUNG SC 250 34 6.91 13 2.64 11 2.24 56 11.38 3 0.61
ESOPHAGUS 133 5 2.72 5 2.72 1 0.54 11 5.98 3 1.63
PANCREAS 112 1 0.56 0 0.00 1 0.56 1 0.56 1 0.56
LIVER 94 4 1.10 2 0.55 1 0.27 7 1.92 0 0.00
BREAST 78 12 1.22 2 0.20 7 0.71 21 2.13 5 0.51
PROSTATE 40 1 0.20 1 0.20 2 0.40 4 0.81 2 0.40
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Table 2.
Mutants of seven Rho-GAP genes in the 12 tumor types in TCGA.

The mutants were identified from the TCGA mutation database in the GDC Data Portal. (A)All codon
mutations for each gene. (B)Missense mutations for each gene. * Total = total mutations in DLC1-3 and the
other 7 Rho-GAPs.

A
rovor | AV AF(ES(;*AP)SS A(RP"l'gGO’g;’S ARHGAP6 | ARHGAP18 | ARHGAP2L | ARHGAP26 | ARHGAP28 Total
mu | pcT | Mu | PcT [ Mu [ PeT [ Mu | PeT | Mu [ PeT | Mu | PeT [ MU | PeT | MU | PeT
UTERINE 955 | 100 | 1887 | 52 | 981 | 38 | 717 | 25 [ 472 | 67 | 1264 | 20 [ 547 | 32 | 604 | 185 [ 3401
MELANOMA | 495 | 10 | 407 | 10 [ 407 | 21 [ 45 | 12 | 236 [ 28 | 600 | 20 | 450 | 15 | 321 | 133 [ 28.48
COLON a5 | 23 | 576 | 23 [ 576 [ 12 [ 300 | o | 226 | 27 [ 677 | 7 | 175 [ 20 | 500 | 00 [ 2481
STOMACH | 330 | 19 | 435 [ 28 |64 | 12 [ 275 [ 5 [ 114 | 10 | 220 [ 6 [ 237 | 13 | 207 | 101 [ 2312
RECTUM 32 | 4 | 202 | 5 [365| 2 [2a6| 3 | 220 8 [ 584 | 4 [202| 2 | 146 [ 21 [ 1533
LUNG AD 254 | 18 | 317 | 14 | 247 | 18 [ 317 | 5 [o0ss | 21 | 370 | 3 [053 | 3 | 053 | 118 [ 2081
LUNG SC 250 | 29 | 580 | 12 [ 244 | 12 | 224 | 5 | 102 | 15 | 305 | 3 [o61 [ 6 | 122 [ 123 | 2500
EsopHAGUS | 133 | 4 | 217 | 5 [272| 1 [osa | o [oo0 | 7 | 380 | 1 [osa| 7 | 38 | 32 [ 1730
PANCREAS | 112 | 1 [ os6 [ 3 | 260 | 2 112 | 2 [os6 | 3 | 169 | o [o000| 2 [os6 | 7 | 203
LIVER 94 | 6 [ 165 4 [110] 2 [oss| 1 o2z | 2 {027 ]| 2 |os5 | o [o000| 24 | 650
BREAST 78 | 15 | 152 | 10 100 | 4 [o04r | 5 [os1 | 13| 132 8 [ost| 7 [o7a ]| 72 | 720
PROSTATE 40 | 2 [o40 | 4 [ost| 1 Jo2o]| 1 |o20| 4 {08t | 12 o020 | 1 [o020] 14 | 283
B
rovor | Ave A'?F'ﬁlg‘(ﬁs% A(Fé,'fg(f‘)'g')% ARHGAP6 | ARHGAP18 | ARHGAP21 | ARHGAP26 | ARHGAP28 Total
mu | pcT | Mu | pcT [ Mu [ PeT [ MU | PeT | MU [ PeT | MU | PeT [ MU | PeT | MU | PeT
UTERINE 955 | 52 | 981 | a1 | 774 | 33 [ 623 | 19 [ 358 | 55 | 1038 | 24 | 453 | 28 | 528 | 137 | 2585
MELANOMA | 495 | 16 | 343 | 10 [ 407 | 21 [ 450 | 10 | 214 [ 24 | 524 | 20 | 450 | 14 | 300 | 123 [ 26.34
COLON 425 | 19 [ 476 [ 10 | 250 10 [ 250 6 [ 150 | 20 [ 500 | 4 [ 100 | 15 | 376 [ 79 | 108
sToMACH | 330 | 14 | 32 [ o [ 206 | o [ 206 | 2 [o046 | 8 | 183 | 4 [o002 | 12 | 252 | 70 | 1808
RECTUM 32 | 4 |20 3 |219| 2 146 | 3 [ 200 7 [ 500 | 4 [202] 2 | 146 | 18 | 1324
LUNG AD 254 | 13 | 220 | 13 | 220 | 16 [ 282 | 2 [o035 | 17 [ 300 | 3 [o0s3 | 1 | o018 | o7 [ 1712
LUNG SC 250 | 18 | 366 | 7 [ 142 | 8 [ 163 | 4 [o8 | 13 | 264 | 3 061 | 6 | 122 | 100 [ 2033
EsopHAGUs | 133 | 3 | 163 | 5 [272| 1 [osa | o [oo0 | 6 | 326 | 1 [o0s4a| 6 | 326 ] 30 [ 1620
PANCREAS | 112 | 1 | os6 | 1 [os6 | 2 [112 | 12 [os6 | 3 | 160 | o [o000 | 1 |os6 | 5 [ 281
LIVER 94 | 5 [ 137 ] 3 |os2| 2 |oss| 1 o2z | 2 [ o027 ] o o000 [ o [o00] 10|52
BREAST 78 | 5 [os1 | 8 [ost| 4 |oar | 5 |ost | 13| 232] 7 [ora | 7 [o7n ]| 57 | 578
PROSTATE 0 | 1 [o20] 4 [ost| 1 Jo2o| 1 |o20| 3 [ o061 | 12 o020 o [o000] 12| 242
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