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Abstract

The serine/threonine Protein Phosphatase 2A (PP2A) functions as a tumor suppressor by
negatively regulating multiple oncogenic signaling pathways. The canonical PP2A holoenzyme is
comprised of a scaffolding subunit (PP2A Aa/), which serves as the platform for binding of both
the catalytic C subunit and one regulatory B subunit. Somatic heterozygous missense mutations in
PPP2RIA, the gene encoding the PP2A Ao scaffolding subunit, have been identified across
multiple cancer types, but the effects of the most commonly mutated residue, Arg-183, on PP2A
function have yet to be fully elucidated. In this study, we used a series of cellular and in vivo
models and discovered that the most frequent Ao R183W mutation formed alternative
holoenzymes by binding of different PP2A regulatory subunits compared to wild type Aa,
suggesting a rededication of PP2A functions. Unlike wild type Aa, which suppressed
tumorigenesis, the R183W mutant failed to suppress tumor growth in vivo through activation of
the MAPK pathway in RAS-mutant transformed cells. Furthermore, cells expressing R183W were
less sensitive to MEK inhibitors. Taken together, our results demonstrate that the R183W mutation
in PP2A Aa scaffold abrogates the tumor suppressive actions of PP2A, thereby potentiating

oncogenic signaling and reducing drug sensitivity of RAS-mutant cells.
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Introduction

The serine/threonine Protein Phosphatase 2A (PP2A) functions as a tumor suppressor by
negatively regulating multiple oncogenic signaling pathways, particularly RAS driven signaling'~.
Importantly, PP2A inactivation is necessary to fully transform RAS expressing human epithelial
cells, and PP2A and RAS have been shown to regulate overlapping signaling pathways,
highlighting the cooperation between these two proteins in maintaining balanced cellular
signaling®>. In further support of this, the activation of PP2A has been shown to inhibit RAS-
driven tumor growth in multiple cell types®’. PP2A dysregulation in human cancer occurs through
multiple mechanisms, including increased expression of endogenous PP2A inhibitor proteins and
somatic mutation®. The canonical PP2A holoenzyme is comprised of a scaffolding subunit (PP2A
Ada/P), which serves as the platform for binding of both the catalytic subunit (PP2A Co/p) and
one regulatory B subunit, from a distinct set of family members of B’s (e.g. B55, B56, B72), which
direct PP2A substrate specificity®!?. The PP2A A subunit exists as two isoforms, o and B, and
while they share 86% sequence homology they have been suggested to act as functionally distinct
proteins*!!. The scaffolding subunit Ao is a flexible protein comprised of 15 tandem HEAT
(Huntington, Elongation factor 3, A-subunit, TOR) repeats!2. Of these repeats, HEAT 2-8 contact
with the regulatory subunits and HEAT 11-15 with the PP2A C subunit.

Heterozygous mutations to the PP2A Ao subunit are the most common mutations among
all PP2A subunits, occur in multiple cancer subtypes, and have been shown to alter holoenzyme
formation and regulatory B subunit binding!*'¢. The Aa. E64D and R418W mutations were shown
to result in functional haploinsufficiency through activation of the PI3K/AKT pathway!’. In two
independent mouse models, E64D knock-in mice had increased incidence of benzopyrene-induced

lung cancer or decreased survival when crossed to KRASS!P mice!®!°. Additionally,
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characterization of recurrent Ao mutations in endometrial cancer has shown that the S256F
mutation functions in a dominant negative manner through association with the PP2A inhibitor
TIPRL and the W257G mutation increased cell migration!6-2°,

Previous reports have focused on understanding the function of recurrent Ao mutations in
models of endometrial cancer, and while mutational rates to Ao are highest in this context,
mutations occur across all cancer types. To explore the mechanism by which recurrent Ao
mutations contribute to cancer progression, we focused our studies on the most common mutation,
R183W, which occurs in multiple cellular contexts. Previous studies have only studied this
mutation in endometrial cancer and have analyzed the binding of a few specific regulatory
subunits'®2°, Importantly, the effects of the R183W mutation on the global Aa interactome,
oncogenic signaling, and in vivo tumor growth have not previously been reported.

Here we show that expression of this mutation in a mammary model of transformation and
a colon cancer cell line resulted in loss of PP2A tumor suppressive activity, indicating enhanced
oncogenic signaling. Biophysical studies demonstrated that R183W caused significant structural
changes in the A protein resulting in altered PP2A activity through reduced catalytic activity, the
loss of interaction with tumor suppressive PP2A B regulatory subunits, and the gain of association
with Striatin subunits. Global phosphoproteomic profiling of R183W expressing cells revealed
activation of the MAPK pathway, subsequently confirmed by western blotting. Accompanying
these changes, R183W expressing cells were less sensitive to MEK inhibitors. Combined, our data
suggests a mechanism by which the most common PP2A mutation in human cancer potentiates

RAS signaling and decreases sensitivity to MEK inhibitors.
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Methods

Cell Lines and Treatment. Human cancer cell lines, SW620, H358, and H293T, were purchased
from ATCC, UT89 was generated from a primary recurrent uterine serous tumor in the laboratory
of Dr. Analisa DiFeo. SW620 and H358 were cultured in RPMI, H293T and UT89 were cultured
in DMEM. All media was supplemented with 10% FBS (ThermoFisher, SH3007003) and 1%
penicillin/streptomycin (GE Healthcare, SV30010). HMECs were obtained from Dr. Mark
Jackson. Specimen 48R and derivatives were grown as described previously?'?2. HMEC
derivatives were generated as previously described?!:?3. All cells were grown in a humidified
atmosphere containing 5% COs. All cells lines underwent monthly testing for mycoplasma
contamination (Lonza, LT07-710). AZD-6244 (Selleck Chemical, S1008) was dissolved in DMSO

to a concentration of 80 mM and stored at -20°C (for in vitro studies).

Clonogenic Assays. 500 HMEC M/R cells were plated in 6-well plates and grown for 10 days. For
treatment studies, cells were treated with vehicle (DMSO) or AZD-6244 for 10 days. Colonies
were fixed in a solution of 10% acetic acid and 10% methanol, stained with crystal violet (1%

crystal violet in methanol), and counted using ImageJ.

Constructs and Mutagenesis. Gateway V5-tagged lentiviral expression vector pLX304-PP2A-Aa
was obtained by DNASU Plasmid Repository (HsCD00444402) deposited by The ORFeome
Collaboration?*. pLX304-PP2A-Aa was sequence verified to be wild type. pLX304-EGFP was
created by Gateway cloning EGFP into pLX304 vector. pPLX304-PP2A-Aa-R183W was generated
by site directed mutagenesis (Agilent, 210513). After cloning and mutagenesis all constructs were

sequence verified by Sanger sequencing.
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Virus Production and Infection. Lentiviruses were packaged in 293T cells using X-tremeGENE
transfection reagent (Sigma, 63666244001) and the second-generation packaging constructs
pMD2.G (Addgene, 12259) and psPAX2 (Addgene, 12260). Supernatant media containing virus
was collected at 24-48 hours and supplemented with 4 pg/mL polybrene (Santa Cruz, sc-134220).
Cells were transduced for 24 hours and cultured for 48 hours before being selected with 4 pg/mL

(HMEC cell lines) or 16 pg/mL of Blasticidin (SW620, H358 and UT89) (Invivogen, ant-bl-5b).

Immunoblot Analysis. Whole cell extracts were prepared by incubating cell pellets in RIPA lysis
buffer (ThermoFisher, P189901). Tumor extracts were prepared by mechanical homogenization
of tissue in TPER tissue protein extraction reagent (ThermoFisher, 78510). All lysis buffers were
supplemented with protease and phosphatase inhibitors (Roche, 05892791 & 09406837). Protein
concentrations of cell extracts was determined by Pierce BCA Protein Assay (ThermoFisher,
23250) and equal quantities of protein were separated by SDS/PAGE 12% polyacrylamide gels
(Bio-Rad, 456-8045) and transferred to nitrocellulose membranes (Bio-Rad, 1704158). Primary
antibodies used in this study can be found in Table S2. Primary antibodies were detected with goat
anti-mouse obtained from Abcam (ab131368) or donkey anti-rabbit conjugated to horseradish
peroxidase obtained from GE Healthcare (NA934), using the Bio-Rad ChemiDoc XRS
chemiluminescence imager. Densitometry quantification was performed within the Bio-Rad Image

Lab software.

V5 Affinity Purification-Mass Spectrometry (AP-MS) and Co-Immunoprecipitation Analysis.
SW620, HMEC, H358, and OV89 stable cell lines were plated to 70% confluency in 150 mm
plates. After 24 hours, cells were harvested and co-immunoprecipitation was performed per Dyna-
beads Co-Immunoprecipitation protocol (ThermoFisher, 14321D). V5 antibody (Abcam,

ab27671) was coupled at a concentration of 7 pg/mg of Dyna-beads. Following incubation of the
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antibody-coupled Dyna-beads with cell lysate, half of the beads were reserved for mass
spectrometry analysis and the remaining half was eluted for Inmunoblot analysis. Digestion for
AP-MS samples were performed using an on-bead digestion protocol. Briefly, magnetic beads
were washed 3 times with 100mM Tris-EDTA (pH 8) and supernatant removed. Thirty microliters
of 100mM Tris-EDTA (pH 8) was added to beads. Bead-bound proteins were reduced with 10mM
dithiothreitol for 1-hour at 37°C, followed by alkylation with 25mM iodoacetaminde for 30min in
the dark. After reduction/alkylation of proteins a dual digestion was performed with 0.3
micrograms of lysyl endopeptidase on a dry bath shaker for 1 hour at 37°C followed by the addition
of 0.3 micrograms of trypsin with incubation overnight at 37°C. After digestion, samples were
filtered with 0.22uM spin filters to remove any particulates prior to MS analysis (Costar Spin-X,
Sigma-Aldrich). Peptides were sequenced using data dependent MS acquisition (DDA) as
previously described 2°. Fresh conjugated beads were prepared for each biological replicate, three

biological replicates were performed for each experiment.

AP-MS Interaction Scoring and Data Visualization. SAINTexpress AP-MS software, accessible
through the CRAPome, was used to filter and score interactions using three replicates of EGFP-
V5 (per cell line) as a negative control?®?’, Default SAINT express options were utilized.
SAINTexpress files were uploaded to ProHits-viz for data visualization and dot plot generation?s.
The default ProHits-viz options were primary filter = 0.01 and secondary filter = 0.05
(corresponding to FDR), with a minimum abundance value = 0 and a maximum abundance value

= 50. No normalization or log transformation was utilized for data visualization.

Phosphatase Activity Assay. HMEC M/R stable cell lines were plated to 70% confluency in 150
mm plates. After 24 hours, cells were lysed in phosphatase buffer consisting of 25 mM HEPES, 1

mM MgCl, 0.1 mM MnCl, 1% Triton-X, and protease inhibitor. 5 mg of protein lysate was



10

11

12

13

14

15

16

17

18

19

20

21

22

23

incubated with 1.5 mg of V5-antibody conjugated beads (described above) and incubated on a
roller for 30 min at 4°C. Beads were washed 3X with phosphatase assay buffer consisting of 25
mM HEPES, 1 mM MgCl, and 0.1 mM MnCl. Following washes, an aliquot of the beads was
reserved for Western blotting. For the phosphatase assay, the remaining beads were resuspended
in phosphatase assay buffer supplemented with 1 mM DTT (100 uL/1 mg) and incubated with
increasing concentrations of DiFMUP (ThermoFisher, D6567) on a shaker for 15 min at 37°C.
Fluorescence was measured at 365/455 nm. Measurements taken from V5-EGFP expressing cells
were used to subtract background. Rate of phosphatase activity was calculated by fluorescent units
divided by the incubation time (fluorescent units/min). Final activity was normalized to the total

PP2A C subunit levels in the IP material determined by Western blot.

Xenograft Tumor Formation and AZD-6244 Treatment Studies. 5x10° SW620 cells were injected
subcutaneously in 50% matrigel into the right flanks of 6-8-week-old female Balb/c nu/nu mice.
Tumors were allowed to grow to 100 mm?, then randomized into control or AZD-6244 (25 mg/kg
BID) treatment groups and tumor volume was assessed by caliper measurement every other day.
Tumor tissue was harvested two hours after the final dose of the treatment study. Tumor tissue
was both formalin-fixed, for IHC, and snap frozen in liquid nitrogen for immunoblotting and
phosphoproteomics analysis. For in vivo treatment studies, AZD-6244 was dissolved in 10%

DMA, 10% solutol, and water.

Phosphoproteomics. Sections from three tumors representative of the average tumor growth of
each group from the SW620 xenograft were utilized for phosphoproteomic analysis. Tissue was
rinsed with 1xPBS to remove any residual blood contaminated prior to sample preparation. Tissue
was subsequently solubilized with 2% Sodium dodecyl sulfate (SDS) containing protease and

phosphatase inhibitors. Detergent removal was performed using the FASP cleaning procedure and
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eight hundred micrograms of each sample was digested enzymatically with a two-step
LysC/trypsin digestion®”. Phosphopeptides were enriched with titanium dioxide and analyzed by
LC-MS/MS using a UPLC system (NanoAcquity, Waters) that was interfaced to Orbitrap

ProVelos Elite mass spectrometer (Thermo Fisher) and quantified as previously described*°.

KSEA and Pathway Analysis. KSEA analysis was based on the approach originally described by
Casado et al. and executed with the “KSEAapp” R package version 0.99.0, available through the
CRAN repository, with the NetworKIN = FALSE feature applied®!*?. Pathway analysis was
performed at the protein level using the Reactome database of pathways®®. Each protein was
represented by the phosphopeptide with the most significant one-way ANOVA p-value across all
the groups. One-sided Fisher’s exact test was used to calculate the pathway enrichment of proteins
that have a log2(fold change) of (A) 1.5 or greater for enrichment of hyper-phosphorylated*
proteins or (B) -1.5 or lower for enrichment of dephosphorylated* proteins. Fold change was
calculated relative to EGFP. All calculations and related plots were performed/generated in R
version 3.3.2. *Due to the absence of a total protein arm in the phosphoproteomics experiment, we
cannot confirm if each protein’s abundance is altered amongst the different conditions; thus, the
“hyper-phosphorylated” and “dephosphorylated” terms are used with the assumption that there is

no underlying change in the total protein level between the two compared conditions.

Molecular Dynamics Simulations. Structural coordinates of PP2A were downloaded from the
PDB. (ID 2IAE). The R183W mutant was constructed in silico using the ICM mutagenesis
software®*. The systems were prepared for simulations using the High-throughput Molecular
Dynamics (HTMD) package®®. The systems were defined using Amber99SB14 force field,
employing explicit TIP3P water molecules as solvent*®3”. The systems were minimized with 1000

steps of steepest descent integrator and equilibrated in the NPT ensemble for 5 ns, using a
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Berendsen barostat at 1 atm?®. The temperature was kept at 300 K° by a Langevin thermostat. A
1050 ns production run was carried out for all the systems in the NVT ensemble with a time step
of 4 fs. All the simulations were carried out with the ACEMD program®. Well-Tempered
Metadynamics (WTMetaD) of the A subunit wild-type and mutant structure was performed at 300
K using the software ACEMD and the PLUMED plugin using an integration step of 4 fs*°. To
study the influence of R183 and R183W mutant on the conformation of the A subunit, we chose
the dihedral angles of the WT/mutated residue to be the collective variable (CV). The choice of
the CVs (CV1 = phi and CV2 = psi) was based on the observation that the slowest motions in a
protein are a function of their backbone flexibility*!. Therefore, the differences in the structural
effects resulting from the changes between wild-type and the mutant should be pronounced in the
dihedral angles. A total of 450 ns in the NVT ensemble were needed to reach full convergence of
the free energy. The free energy surface of the WTMetaD simulation as a function of the two CVs
is readily obtained by integrating the deposited energy bias along the trajectory. The error on the
minima and barriers of the free energy surface was estimated from the largest variation observed
in the mono-dimensional projections along the collective variables during the last 100 ns of the
simulation. It amounts to 0.5 kcal/mol.

The structures corresponding to the minima were selected from the WTMetaD trajectories,
based on the values of collective variables CV1 and CV2 using analysis tool of the GROMACS

package®. The structural figures were generated using VMD, ICM-Pro and PyMol softwares®*4344,

10
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Results
R183 is the most commonly mutated residue of PP2A A«

In human tumors, 374 heterozygous missense mutations have been identified in the PP2A
Aa subunit (as of June 2018 from cBioPortal.org). The overall somatic mutation frequency to Ao
across all cancers is approximately 1%, and interestingly, the distribution of mutations in the PP2A
scaffold subunit is nonrandom, resulting in a mutational hotspot within HEAT 5 of the protein
(Figure 1A)!3144-47 The most commonly mutated residue to the Ao scaffolding protein is Arg-
183, and mutation to this residue results in either a tryptophan (R183W) or a glutamine (R183Q)
at this position, with tryptophan (R183W) occurring most frequently (Figure 1A). Mutation to a
glycine (R183G), has been reported in smaller sequencing cohorts, but has not been identified in
larger whole genome sequencing efforts!**8, Arg-183 mutations are recurrent in multiple cancer
types, with the majority of these found in colorectal (CRC), uterine, and breast cancers (Figure

1B).

Aa RI83W alters the PP2A interactome and protein conformation

PP2A inactivation has been shown to fully transform human epithelial cells expressing
RAS°. Additionally, analysis of sequencing data available on cBioPortal revealed that the R183W
mutation coexists with KRAS mutations at a significant frequency in patient tumors
(Supplemental Figure 1). To evaluate the relevance of the PP2A Ao R183W mutation in RAS
driven models, we used the KRAS mutant colorectal cancer cell line SW620 as well as a RAS
dependent human mammary epithelial cell (HMEC) model of transformation, shpl6-shp53-
Myc/RAS cells (M/R), described previously?!. We stably expressed V5-tagged WT or R183W Aa.
into the transformed shpl6-shp53-Myc/RAS cells (M/R) and SW620 cells using a lentiviral

approach. Given that studies have shown that PP2A Ao mutations result in altered holoenzyme

11
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16.19.20 "we first used co-immunoprecipitation of V5-tagged

complex formation and Aa interactome
WT or R183W Aa protein in our cell models, SW620 and M/R cells, followed by mass
spectrometry analysis (AP-MS) to determine the effect of the RI83W Ao mutation on global
protein interactions, and confirmed select changes by immunoblotting (Figure 2, A-E and
Supplemental Figure 2, A and B). Consistent with published literature, the R183W mutation lost
the majority of B56 (B’), B55 (B) and B” family member binding, while also resulting in an
increased binding to Striatin family members (B’”) (Figure 2 A-E, Supplemental Figure 2C).
Beyond impacting the binding of PP2A subunits, mass spectrometry analysis identified differential
binding of additional proteins, including STRIPAK components and members of the Integrator
Complex (Figure 2A). Additionally, the R183W mutation did not have a significant impact on C
subunit binding when the co-immunoprecipitation was quantified by mass spectrometry (Figure
2A) or by immunoblot following co-immunoprecipitation (Figure 2C and D). These changes to
the Aa interactome were consistent in two additional cell lines, H358 (non-small cell lung cancer)
and UT89 (primary uterine serous cancer) (Supplemental Figure 3, A-C). We performed a
binding assay in a cell free system with recombinant A/C dimer and B56a. Incubation of
recombinant wild type or mutant R183W A/C with B56a tagged beads confirmed the R183W
mutant A/C dimer fails to bind B56a. in vitro (Supplemental Figure 2C). To determine the effects
of the RI83W mutation on PP2A activity, we performed phosphatase activity assays using
DiFMUP on co-immunoprecipitated lysates from WT and mutant R183W Aa expressing M/R cell
lines (Figure 2F and Supplemental Figure 4, A-D). We calculated Michaelis-Menten kinetics
for the WT and mutant R183W Aa protein, revealing that while K, was relatively unchanged with

the R183W mutation, Vmax was substantially decreased. This indicated that while the R183W Aa

mutation did not affect the affinity of DiIFMUP for PP2A, the maximal rate of catalysis was

12
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reduced (Figure 2F and Supplemental Figure 4E). The striking differences in the interactome
and the activity of the WT and R183W Aa proteins led us to investigate the possible structural
explanations for these differences. We performed molecular dynamics simulations of WT and
R183W Aa to identify stable protein conformations. The free energy landscape plots were
generated as a function of ¢ and y dihedral angles of the residues R183 and the mutant R183W
(Figure 2, G and H, Supplemental Figures 5-7). These landscapes provide evidence that the
R183W mutant is capable of exploring an altered free energy landscape to adopt multiple
metastable conformations of the Aa subunit, which may alter interactions with other proteins.
Using these landscapes, we extracted conformations from the most stable conformation of the WT
and R183W mutant protein, designated with an “A/B” (Figure 2, G and H). These conformations
indicate that R183 makes multiple interactions with N211 in the wild type Aa protein, which is
facilitated by an ion pair interaction between R182 and D215. These interactions are all lost when
mutated to a tryptophan. Together, these data show that the R183W mutation to the Aa scaffold

protein disrupts protein conformation and in turn alters the interactome of this protein.

Introduction of the Aa RIS3IW mutation loses growth suppressive phenotype in M/R cells and
SW620 tumors

Interference of PP2A functions, through altered expression of select subunits or through
the expression of SV40 ST antigen, results in cellular transformation>#°, To assess the functional
role of the recurrent R183W Ao mutation on cell growth, we stably expressed V5-tagged WT or
R183W Aa into the transformed shpl6-shp53-Myc/RAS cells (M/R) or SW620 cells using a
lentiviral approach (Figure 3A and 3B). Clonogenic assays in the M/R cells showed that
expression of WT Aa significantly decreased the ability of these cells to form 2D colonies, while

R183W Ao did not maintain these growth suppressive effects (Figure 3C). To test the oncogenic

13
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potential of R183W Aa mutant expressing SW620 cells, we injected these stable isogenic cell
lines into a subcutaneous xenograft model of tumorigenesis. While WT Ao overexpression
resulted in reduced tumor growth in vivo, the expression of R183W Ao mutant did not mimic this
growth suppressive effect (Figure 3D). In both models, expression of R183W in cells or tumors
caused no growth changes and behaved similarly to the EGFP controls (Figure 3C and D). Taken
together, our cellular and in vivo models suggest that additional expression of WT Aa increases
PP2A’s tumor suppressive function and results in a growth suppressive phenotype which is lost
when the R183W mutation is introduced, indicating that the R183W mutation may be loss of

function in this context.

Expression of R183W potentiates MAPK signaling in KRAS mutant cells

To determine the impact of the R183W Ao mutant on oncogenic signaling, we performed
global serine/threonine phosphoproteomics on three tumors which were representative of the
average tumor growth for each independent group from the SW620 xenograft study (Figure 3D).
Overall, we identified and quantified 3860 peptides mapping to 3206 phosphoproteins. To analyze
the phosphoproteomic data set, we utilized Kinase Substrate Enrichment Analysis (KSEA)?!-32.
KSEA uses known kinase-substrate relationships and calculates the potential kinase activity based
on the phosphorylation levels of its known substrates. In our data set, this analysis showed an
alteration in signaling output of multiple kinases (Figure 4A and Supplemental Figure 8). The
most significantly altered kinase identified was MAP2K1, or MEK, the kinase responsible for
phosphorylating ERK1/2 at T202/Y204. Additionally, MAP2K1 was one of only two kinases
shown to be altered when the phosphorylation levels in R183W Aa tumors were compared to both

WT Aa and EGFP (Figure 4A). This finding was subsequently confirmed by western blot, where

expression of R183W Aa resulted in a significant increase in p-ERK levels when compared to

14
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either WT Ao or control vector expressing tumors (Figure 4B-D). In support of this finding,
pathway analysis of significantly hyper phosphorylated peptides from the phosphoproteomics
results showed enrichment for MAPK/ERK related pathways in the R183W expressing tumors
compared to control vector (Supplemental Figure 9). To determine the effects of the R183W
mutant on oncogenic RAS signaling in the HMEC model of transformation, we performed
phospho-specific immunoblotting on p-ERK (T202/Y204) in the isogenic M/R cells. We found
significantly increased phosphorylation of p-ERK (T202/Y204) in cells expressing the R183W
mutant Ao compared to WT cells (Figure 4E and F). Interestingly, mutation to the R183 residue
most often occurs in colorectal cancer, in which 20-30% of patients have KRAS mutations, and in
the identified CRC harboring R183 mutations, 57% had KRAS mutations (Supplemental Table
1), indicating that R183 mutations may co-occur with KRAS mutations in CRC. Taken together,
this data confirms the hyper-phosphorylation of ERK upon expression of the R183W in vitro and
in vivo and suggests that inactivation of PP2A by the mutant R183W Ao cooperates with the

oncogene RAS to potentiate MAPK signaling.

Expression of Aa RI83W decreases sensitivity to MEK inhibitors
Our results in M/R and SW620 cells indicated that expression of R183W increased MAPK

signaling. Additionally, it has been shown recently that inactivation of PP2A through siRNA-
mediated silencing of the A subunit results in MEK inhibitor resistance’. To determine if the
increase in MAPK signaling impacted response to therapy, we treated M/R cells with a MEK
inhibitor, AZD-6244, in a colony formation assay. M/R cells expressing Ao R183W were less
sensitive to MEK inhibition than the parental M/R cells or cells expressing WT Ao (Figure SA-
C). Interestingly, the expression of WT Aa. increased the sensitivity to MEK inhibition, suggesting

that increased PP2A phosphatase activity may enhance the efficacy of kinase inhibitors (Figure 5

15
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A-C). To determine if these effects were consistent with an in vivo model, we treated SW620
tumors with AZD-6244 (Figure SD). Although all tumors responded to AZD-6244, after 22 days
of treatment, tumors expressing R183W had a significantly larger tumor volume than vector
control tumors, while tumors expressing WT were not significantly different than vector control
tumors (Figure SD and Supplemental Figure 10). In the SW620 xenograft model, over
expression of WT Ao did not sensitize tumors to AZD-6244, as was seen in the M/R-WT cell lines
by 2D colony formation.

Intrinsic resistance to MEK inhibitors has been in part attributed to MEK-ERK reactivation
and the activation of parallel oncogenic pathways. AZD-6244 treatment decreased phosphorylated
ERK induced by Ao R183W, both in the SW620 xenograft and in M/R cells (Supplemental
Figure 10 and 11). Treatment with AZD-6244 resulted in increases in phosphorylation of MEK
in both WT and R183W Aa expressing cells and tumors, indicating that MEK-ERK reactivation
was not a resistance mechanism in this model (Supplemental Figure 10 and 11). Compensatory
activation of PI3K/AKT/mTOR signaling has been implicated in MEK inhibitor resistance and the
dual inhibition of AKT or mTOR and MEK has been shown to enhance apoptosis and tumor

031 Given the baseline alterations in AKT signaling detected in the

growth suppression
phosphoproteomics KSEA analysis (Figure 4B), we measured phosphorylation levels of the AKT
pathway in AZD-6244 treated M/R cells expressing WT or R183W Aa.. Interestingly, the baseline
levels of phosphorylated AKT (S473) were significantly lower in the M/R cells expressing R183W
Ao (Supplemental Figure 11). Upon inhibition of MEK by AZD-6244, the phosphorylation
levels of AKT returned to the baseline levels seen in the control or M/R cells expressing WT Aa..

Taken together, our data suggest that expression of R183W Aa decreased the sensitivity of cells

and tumors to the MEK inhibitor AZD-6244 and the identified MEK inhibitor resistance
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mechanism was not mediated through the upregulation of MEK-ERK pathway or robust
upregulation of the parallel AKT signaling pathway, suggesting that other PP2A-dependent

pathways could be involved in MEK inhibitor resistance.

Discussion

The goal of this study was to elucidate the functional role and potential clinical relevance
of the PP2A Ao R183W mutant in tumorigenesis and response to therapy. Here, we demonstrate
that this recurrent PP2A mutation may enhance tumorigenesis through the loss of key tumor
suppressive regulatory subunits resulting in potentiation of RAS signaling and decreased
sensitivity to MEK inhibitors.

Our co-immunoprecipitation assays in several different cellular contexts revealed
interaction changes to Aa. which were conserved across all cell types studied. Despite significantly
reduced PP2A catalytic activity, significant changes in PP2A C binding to the R183W mutant were
not seen in any cellular context. The R183W mutation also dramatically reduced binding to the
majority of the BS5, B56 and PR72/PR130 subunit family members. Through molecular modeling
we showed a marked conformational change in the R183W mutant Aa protein, suggesting that the
altered PP2A catalysis and loss of regulatory subunit binding could be, in part, through altered
protein conformation. This may be explained by work showing the dynamic and elastic nature of
the A subunit can influence catalysis by altering the distance of the B/C interface as well as the
orientation of the catalytic residues within the C subunit>>>3. Further, it has been proposed that
partial unfolding of the A subunit may enhance subunit binding, utilizing a “fly-casting
mechanism™?, Future analysis of the R183W mutant protein and how it may impact the dynamic
nature of protein folding may help explain the disruption in regulatory subunit and other protein

binding partners. Additionally, some of the interaction changes caused by the R183W mutation
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were context-dependent. For example, a gain in binding of the components of the integrator
complex was only detected in the CRC cell line SW620. These context-dependent changes could
be associated with the expression of certain proteins within a particular histological subtype and
further exploration would be useful in understanding the histological distribution of the R183W
mutation at varying frequencies across different cancer types.

The study of the effects of PP2A Aa subunit mutations on signaling has been limited to
analysis of known direct PP2A targets, and the analysis of phosphorylation changes at a global
level has remained unexplored. Here, we utilized global phosphoproteomics and subsequent
bioinformatics analysis to provide a more comprehensive picture of the pathways and proteins
altered upon mutation of PPP2RI1A. Given the broad biological role of PP2A holoenzymes in
cellular signaling cascades, it is unsurprising that a mutation to the common scaffolding subunit
would have such broad effects in the phosphoproteome. Additionally, these results suggest the
potential role of oncogenic drivers and histological context to affect signaling as the increased
ERK phosphorylation and decreased AKT phosphorylation identified in the colorectal SW620 and
mammary M/R cells expressing R183W are different than those seen with Ao mutations in
endometrial cancers'®.

Targeting of the ERK-RAS pathway through inhibition of MEK1/2 has been shown to be
a promising therapeutic approach in certain cancer subtypes; however, resistance and feedback
mechanisms have limited the overall clinical benefit. These resistance mechanisms include parallel
pathway activation in response to MEK inhibition, reactivation of the MEK-ERK pathway, and
adaptive kinome reprogramming>*. Our findings show that the R183W Ao mutation works in part
by potentiating oncogenic RAS signaling, which results in the upregulation of ERK pathway

signaling and a decreased sensitivity to MEK inhibitors. However, the identified MEK inhibitor
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resistance mechanism was not mediated through the upregulation of MEK-ERK pathway or robust
upregulation of the parallel AKT signaling pathway, suggesting that other PP2A-dependent
pathways could be involved in MEK inhibitor resistance. Tumors expressing mutant R183W Aa
displayed a global altered phosphoproteome, indicating that the R183W mutant may result in
signal re-wiring via multiple mechanisms, including loss or gain of regulatory subunit binding and
altered PP2A activity, read out as decreased MEK inhibitor sensitivity. The specifics of this re-
wiring and their impact on targeted cancer therapeutics are an area of further investigation.

In summary, we show cellular, in vivo, and structural evidence that the recurrent PP2A Aa.
mutation, R183W, may enhance tumorigenesis through the loss of key tumor suppressive
regulatory subunits and altered PP2A catalytic activity, thereby potentiating oncogenic RAS
signaling. In addition, we show that although this recurrent mutation potentiates RAS signaling,
these cells were less responsive to MEK inhibition, supporting that mutation to Aa., in particular

R183W, could be predictive of MEK inhibitor response.
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Figure Legends

Figure 1. R183W is the most commonly mutated residue of PP2A Aa across human cancer. (A)
Representation of all identified heterozygous missense mutations to the Aca subunit distributed across the
length of the protein. The y-axis shows the number of mutations and the type of mutations are represented
by colored dots. Green dots indicate missense mutations, black dots indicate nonsense mutations, and purple
dots indicate splice site mutations and truncations (adapted from cBioportal.org). Binding regions relevant
to Aa are indicated by the colored boxes. Yellow indicates regulatory subunit binding regions, yellow with
grey lines indicate the region within the regulatory subunit binding region where SV40 small T antigen
binds, and blue indicates the catalyic subunit binding region. (B) The distribution of all heterozygous

missense mutations to the R183 residue by histological subtype.

Figure 2. Ao R183W alters the PP2A interactome and decreases PP2A activity. (A) AP-MS analysis
of V5 tagged wild type or R183W Aa protein from SW620 cells. Statistical analysis performed by SAINT
and visualization performed using ProHits-viz (n=3). (B and C) Co-immunoprecipitation of V5-tagged
wild type or R183W Aa protein to determine binding of select PP2A family members from SW620 cells
(B) and M/R cells (C). (D and E) Quantification of relative binding of PP2A subunit family members from
co-immunoprecipitation of V5-tagged wild type or R183W Aa protein in SW620 (D) or M/R (E) cells.
Binding normalized to V5 levels and plotted relative to wild type Aa, n=3 (Multiple T-tests, with Holm-
Sidak method of correction for multiple comparisons: p-values: *<0.05, **<0.01, ***<0.001,
**%%<0.0001). (F) PP2A activity assay of WT (purple) and mutant R183W (red) Aa holoenzymes. Briefly,
V5-tagged WT and R183W Aa protein was co-immunoprecipitated and the resulting IPs, including co-
immunopreciptated proteins, were incubated for 15 minutes with increasing concentrations of DIFMUP and
analyzed for activity by fluorescence, data presented as the mean + SD (n=3). (G) Free energy surface
(FES) plot of the WT Aa subunit, as calculated from Well Tempered-metadynamics simulations. The two

minima have been labelled as A and B. The representative structure of the clustered conformations in the
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minima has been illustrated. In the minimum, the side chain of R183 makes interactions with the side chain
of N211. This interaction is facilitated by an ion pair interaction between R182 and D215. (H) Free energy
surface (FES) plot of the R183W mutant Ao subunit, as calculated from Well Tempered-metadynamics
simulations. The deepest minimum has been labelled as A. The representative structure of the clustered
conformations in the minima has been illustrated. In the minimum, the side chain of R183W mutant makes
interactions with the backbone carbonyl oxygen atom of S219. The loss of interactions as a result of the

mutation pushes the A subunit into a conformation that is not observed in the WT R183 PP2A Aa subunit.

Figure 3. The R183W mutation loses growth suppressive activity compared to wild type PP2A. (A)
Western blot validation of A and C subunit expression levels from M/R stable cell lines and quantification,
data presented as mean + SD (n=3). B) Western blot validation of A and C subunit expression levels from
SW620 stable cell lines and quantification, data presented as mean £ SD (n=3). (C) Clonogenic assay of
M/R cells, briefly, 500 cells were seeded in 6 well plates and allowed to grow for 10 days, then fixed,
stained with crystal violet, and quantified via ImagelJ. Three technical replicates per biological replicate,
data represented as the mean + SD (n=4). (One-way ANOVA; Tukey’s correction for multiple comparisons,
p-values: *<0.05, **<0.01). (D) Xenograft assay of SW620 cells expressing EGFP (control vector) (n=10),
wild type Aa (n=10) or Aa-R183W (n=9), injected subcutaneously into the flanks of female nude mice.
Tumors were measured every other day. Data are presented as mean + SEM (Students T-tests, R183W

relative to WT, p-values: * <0.05, ** <0.01).

Figure 4. Aa-R183W expression alters the phosphoproteome and increases MAPK signaling. (A)
Three tumors from each group of the SW620 xenograft were analyzed for global serine/threonine
phosphoproteomics. Kinase-Substrate Enrichment Analysis (KSEA) was performed on the
phosphoproteomic dataset to estimate relative changes in kinase activity. The normalized kinase scores are

color coded in the heat map; blue = negative score. meaning a decrease in kinase activity in the experimental
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group (numerator of the fold change) relative to the reference group (denominator). Inversely, red = positive
score, which is an increase in kinase activity in the experimental group (numerator) relative to the reference
(denominator). White = zero, no change between the groups (Asterisks mark the scores with p-value < 0.05,
as calculated by a z-test. Only kinases with at least 3 identified substrates are illustrated). (B) Table showing
identified phosphorylated substrates and phosphosites of MAP2K1 from the KSEA analysis. (C) Western
blot validation and quantification of phosphorylated and total ERK and MEK levels in SW620 tumors. (D)
Quantification of phospho-ERK relative to total ERK in cohort of SW620 tumors expressing EGFP, Aa.
WT, and Aa R183W. Ratio of phospho/total levels is plotted relative to one EGFP tumor, data are presented
as mean £ SD, (One-way ANOVA; Tukey’s correction for multiple comparisons, p-values: * < 0.05, ** <
0.01). (E) Representative Western blot of p-ERK and total ERK in HMEC cells. (F) Quantification of
phospho-ERK relative to total ERK from M/R-WT and M/R-R183W cells, data presented as mean + SD

(Right) (n=3) (One-way ANOVA; Tukey’s correction for multiple comparisons, p-values: ** < 0.01, ***

<0.001).

Figure 5. Expression of R183W decreases sensitivity to MEK Inhibition. (A) Clonogenic assay of M/R
cells expressing WT or R183W Aa protein. Cells were seeded at 500 cells/well, 24hr after seeding cells
were treated with vehicle control or increasing concentrations of AZD-6244 and allowed to grow for 10
days. Cells were fixed and stained with crystal violet and quantified using ImagelJ. The graph represents the
mean colony number  SD relative to the vehicle control. Three technical replicates per biological replicate
(n=3). (2-Way ANOVA, with Tukey’s correction for multiple comparisons, p-values: * < 0.05, **** <
0.0001). (B) Representation of the clonogenic assay as a log dose-response curve, data represented as mean
+ SD (n=3). (C) Corresponding graph of the calculated ECsy values for each of the cell lines, data
represented as mean + SD (n=3). (D) 5x10° SW620 cells expressing WT or R183W Aa protein or EGFP
control vector were injected subcutaneously in nude mice (n=10 per group) and allowed to grow to 100

mm?, randomized and treated with 25 mg/kg AZD-6244 BID for 22 days. Graph represents the mean tumor
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volume + SEM, (2-Way ANOVA, with Tukey’s correction for multiple comparisons, p-values: ** < 0.01,

*#% <0.001, EGFP vs. RI83W).
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Supplementary Materials

A

PPP2ZR1A

KRAS

Genetic Alteration

B

Gene A
PPP2R1A

Supplemental Figure 1: R183 Ao mutations co-occur with KRAS mutations. All TCGA datasets,
MSK-Impact Study, and TARGET studies accessible through cBioPortal.org were analyzed for R183 Aa
mutations and KRAS mutations. (A) Oncoprint showing the overall percentage of R183 Ao mutations and
KRAS mutations across all cancer. (B) Table of mutual exclusivity analysis of R183 mutations and KRAS

mutations calculated through cBioPortal.org, showing a significant co-occurrence of R183 mutations and

KRAS.
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Supplemental Figure 2. Quantification of HMEC and SW620 Co-Immunoprecipitation Experiments.
(A and B) Representative Western blots of input samples from co-immunoprecipitation experiments in
SW620 (A) and M/R cells (B) related to Figure 2. (C) In vitro pull-down assay with GST-tagged B56a.
conjugated to beads. Recombinant WT or mutant R183W AC dimer was incubated with the beads and
allowed to complex with B56a. The resulting complexes were washed off and the eluate was run on a SDS-
PAGE gel and stained with coommassie, data presented as the mean + SD (n=3) (Unpaired two tailed T-
test, ****<0.0001).
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Supplemental Figure 3. AP-MS of R183W across multiple cell lines. (A-C) Affinity purification Mass-
Spec (AP-MS) analysis of V5-tagged wild type or R183W A« protein from SW620 cells (A), H358 cells
(B) and UT89 cells (C). Briefly, V5-tagged WT or R183W Aa protein and V5-tagged EGFP (control) was
expressed in SW620, H358 and OV89 cells. Co-immunoprecipitation analysis was performed by using V5

conjugated beads. After co-immunoprecipitation of complexes, samples were sent for mass spec analysis.



Statistical analysis to determine true interactors was performed by Significane Analysis of [INTeractome
(SAINT) through the online Contaminant Repository of Affinity Purification (CRAPome) interface at
crapome.org. The V5-EGFP interactome as a negative control group. Visualization of protein networks was
performed using ProHits-viz using the Dot Plot generator at prohits-viz.lunenfeld.ca, (n=3 for each cell

line). Functional classification of select protein groups is highlighted on the left of each dot plot.
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Supplemental Figure 4. Phosphatase activity of co-immunoprecipitated WT and R183W Aa
holoenzymes. (A) Establishment the linear range of phosphatase activity by co-immunoprecipitated PP2A.
Briefly, V5-tagged Ao was co-immunoprecipitated and increasing volumes of the resulting lysate was
incubated with 100 uM of DiFMUP for 15 minutes and analyzed for activity by fluorescence. The rate of
cleavages per minute at each IP volume was graphed (n=2). (B) The linear range of co-immunoprecipitated
lysates (n=2). Arrow indicates 3 pL of co-immunoprecipitated Aa lysate, which is within the linear range
of the assay and the volume of co-immunoprecipitated lysate used for subsequent assays. (C)
Representative Western blot of total A and C subunit levels of the M/R-EGFP, M/R-WT and M/R-R183W
ColP lysate used for phosphatase activity (Figure 2D). (D) Representative Western blot of total A and C
subunit levels from the whole M/R-EGFP, M/R-WT and M/R-RI183W cell lysate prior to co-



immunoprecipitation and phosphatase activity (Figure 2D). (E) Double reciprocal plot of the phosphatase
activity of co-immunoprecipitated Ao WT and R183W protein (n=3). Calculated x-intercepts
(1/[DiIFMUP]) and y-intercepts (1/Vmax). Mutation to R183W had not change on the x-intercept, indicating
no change in K, while the y-intercept was increased, indicating decreased Vmax.
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Supplemental Figure 5. WT Aa subunit (A-F): (A) Clusters identified based on an RMSD cutoff 3.5A in
the minima A. In total, 4 clusters were identified. (B) Free energy surface (FES) plot calculated from Well
Tempered-metadynamics simulations. The energy minima from which the representative structures were
extracted for clustering are highlighted in black cross. (C) The representative structure of the clustered
conformations in the minima has been illustrated. In this conformation, the side chain of R183 makes
interactions with the side chain of N211. This interaction is facilitated by an ion pair interaction between
R182 and D215. (D) Clusters identified based on an RMSD cutoff 3.5A in minima B. In total, 3 clusters
were identified. (E) Free energy surface (FES) plot calculated from Well Tempered-metadynamics
simulations. The energy minima from which the representative structures were extracted for clustering are
highlighted in black cross. (F) Interactions between N211 and R183 and R182 and D215 in the
representative structure. Here, the side chain of R183 makes interactions with the side chain of N211. This
interaction is facilitated by an ion pair interaction between R182 and D215. R183W Aa subunit (G-I): (G)
Clusters identified based on an RMSD cutoff 3.5A in minima A. In total, 5 clusters were identified. (H)
Free energy surface (FES) plot calculated from Well Tempered-metadynamics simulations. The energy

minima from which the representative structure was extracted for clustering are highlighted in black cross.



(I) The R183W representative structure of the clustered conformations in the minima has been illustrated.

Here, the side chain of W183 makes interactions with the side chain of S219.
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Supplemental Figure 6: Free energy surface conformations of WT and R183W A/C Dimers. (A)
Free energy surface (FES) plot of the WT Aa + C subunit, as calculated from Well Tempered-
metadynamics simulations. The two minima have been labelled as A and B. The representative structure
of the clustered conformations in the minima has been illustrated. In the minimum A, the side chain of
R183 makes interactions with the side chain of N211. This interaction is facilitated by an ion pair
interaction between R182 and D215. In minimum B, the ion pair D215-R182 is broken, while R183-N211
interaction is maintained. (B) Free energy surface (FES) plot of the R183W mutant Aa + C subunit, as
calculated from Well Tempered-metadynamics simulations. The deepest minima have been labelled as A
and B. The representative structure of the clustered conformations in the minima has been illustrated. In
minima A, there are no interactions between the side chain of R183W mutant and the backbone carbonyl
oxygen atom of S219. In minima B, the indole nitrogen makes interactions with the backbone carbonyl

oxygen of S219.
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Supplemental Figure 7: WT Aa + C Subunit (A-F): (A) Clusters identified based on an RMSD cutoff
3.5A in the minima A. In total, 4 clusters were identified. (B) Free energy surface (FES) plot calculated
from Well Tempered-metadynamics simulations. The energy minima from which the representative
structures were extracted for clustering are highlighted in black cross. (C) Interactions between N211 and
R183 and R182 and D215 in the representative structure. The representative structure of the clustered
conformations in the minima has been illustrated. In the conformation, the side chain of R183 makes
interactions with the side chain of N211. This interaction is facilitated by an ion pair interaction between
R182 and D215. (D) Clusters identified based on an RMSD cutoff 3.5A in minima B. In total, 5 clusters
were identified. (E) Free energy surface (FES) plot calculated from Well Tempered-metadynamics
simulations. The energy minima from which the representative structures were extracted for clustering are
highlighted in black cross. (F) Interactions between N211 and R183 in the representative structure. The

representative structure of the clustered conformations in the minima has been illustrated. In the



conformation, the side chain of R183 makes interactions with the side chain of N211. The interaction

between R182 and D215 is lost.

R183W Aa + C subunit (G-L): (G) Clusters identified based on an RMSD cutoff 3.5A in minima A. In
total, 5 clusters were identified. (H) Free energy surface (FES) plot calculated from Well Tempered-
metadynamics simulations. The energy minima from which the representative structure was extracted for
clustering are highlighted in black cross. (I) The R183W representative structure of the clustered
conformations in minima A has been illustrated. In the minimum, there is no interaction between the side
chain of W183 and the backbone of S219. (J) Clusters identified based on an RMSD cutoff 3.5A in minima
B. In total, 2 clusters were identified. (K) Free energy surface (FES) plot calculated from Well Tempered-
metadynamics simulations. The energy minima from which the representative structure was extracted for
clustering are highlighted in black cross. (L) The R183W representative structure of the clustered
conformations in minima B has been illustrated. In the minimum, the side chain of W183 makes interactions

with the backbone of S219.
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Supplemental Figure 8. Phosphoproteomic kinase level activity analysis (KSEA). (A-C) Kinase-
Substrate Enrichment Analysis (KSEA) was performed on the phosphoproteomic dataset to estimate
relative changes in kinase activity. The relative changes were determined for the comparisons WT/EGFP
(A), R183W/EGFP (B), and R183W/WT (C). The normalized kinase scores are color coded in the heat
map; blue = negative score. meaning a decrease in kinase activity in the experimental group (numerator of
the fold change) relative to the reference group (denominator). Inversely, red = positive score, which is an
increase in kinase activity in the experimental group (numerator) relative to the reference (denominator).
White = zero, no change between the groups. Asterisks mark the scores with p-value < 0.05, as calculated

by a z-test.
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Supplemental Figure 9. Pathway Analysis of SW620 Xenograft shows upregulation of ERK and
MAPK targets in R183W expressing tumors. (A) PCA and correlations were used to assess the quality
of separation amongst different groups and consistency within a group. PCA plot showed that the samples
do not neatly separate according to condition. (B) Volcano plots were generated at the phosphoprotein level.

Each dot represents a unique phosphoprotein, whose x and y-axis values were determined from the most



significant peptide. P-values were calculated from a one-way ANOVA across all 3 conditions and are
consistent amongst all plots. Fold change (FC) was derived from the ratio of the mean peptide intensity of
the peptide in the first group listed in each plot’s title, divided by that of the second group. Blue and red
dots indicate proteins with P < 0.05 + either log2FC < -1 (for blue) or log2FC > +1 (for red). (C) Pathway
enrichment against the Reactome database was calculated for the proteins meeting log2FC > 1.5 (black dots
on mini volcano plot). All shared statistically significant pathways (p < 0.01) are listed in this plot; only top
5 pathways unique to each group are included for brevity. P-values were calculated from Fisher’s exact test
(one-sided). Fold change was calculated relative to EGFP. Pathways with no visible bars were not enriched
in the indicated condition. (D) Pathway enrichment against the Reactome database was calculated for the
proteins meeting log2FC < -1.5 (black dots on mini volcano plot). There were no shared pathways that are
statistically significant (p < 0.01) between the 2 conditions; only top 5 pathways unique to each group are
included for brevity. P-values were calculated from Fisher’s exact test (one-sided). Fold change was

calculated relative to EGFP. Pathways with no visible bars were not enriched in the indicated condition.
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Supplemental Figure 10. SW620 AZD-6244 Treated Xenograft. (A) Xenograft assay of SW620 cells
expressing EGFP (control vector), wild type Ao or Aa-R183W, injected subcutaneously into the flanks of
nude mice. Tumors were measured every other day, minimum of 9 animals per group. Once tumors reached
100 mm® animals were randomized into vehicle control or AZD-6244 (25mg/kg BID) treatment groups.
Graph represents the mean tumor volume + SEM. (B) Representative Western blot of phosphorylated levels
of control and AZD-6244 treated WT and R183W expressing SW620 tumors. Briefly, 2 hours prior to
sacrifice animals were given the last treatment dose before tumor tissue was collected. The tumor lysate
was analyzed for phosphorylated and total levels of MEK and ERK, as well as total A subunit, and Vinculin

levels.
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Supplemental Figure 11. Phosphorylation levels of MAPK and AKT pathway proteins at baseline
and upon MEK inhibition. (A) Representative western blot of M/R, M/R-WT, and M/R-R183W cells
treated with DMSO or 1 pM AZD-6244 for 24 hours, (n=3). (B) Quantification of baseline phosphorylation
levels of ERK, MEK, and AKT in M/R, M/R-WT, and M/R-R183W cells. Phosphorylation levels were
quantified by a ratio over total protein and graphed relative to the phospho/total ratio in M/R cells, data
presented as the mean = SD (n=3). (2-way ANOVA of M/R WT and M/R-R183W compared to M/R control
cells, Dunnett’s multiple comparison test, *<0.05, **<0.01. ***<0.001, ****<(0.0001). (C) Quantification
of phosphorylation changes in M/R, M/R-WT, and M/R-R183W cells in response to AZD-6244 treatment.
Phosphorylation levels were quantified by a ratio over total protein and graphed relative to the baseline
phosphor/total ratio in M/R cells, data presented as the mean + SD (n=3). (2-way ANOVA of M/R WT and

M/R-R183W compared to M/R control cells, Dunnett’s multiple comparison test).



Table S1: KRAS and MSI Status of R183 mutant CRC patients

KRAS

# of Mutations in

Sample Study Codon Status MSI Status Sample
. Q61K
dfci 2016 4538 R183Q (NRas) MSS 305
dfci 2016 3105 R183Q WT MSS (Stage III) 81
dfci 2016 180077  Colorectal ~ R183Q WT Stage III"™ 112
DCFI
dfci 2016 3422 (2016) R183W WT MSI-H (Stage II) 664
dfci 2016 2430 R183W G12D MSS (Stage III) 175
3 G12C & ®k
dfci 2016 160282 R183W G2V Stage II 127
TCGA-AA-3514-01 R183W WT MSS (Stage I) 60
TCGA-AA-3846-01 CE’FlggCAtal RIS3W WT MSS (Stage IIA) 69
TCGA-AA-AOIR- RIS3W G13D MSI-H (Stage 1296
01 111)
P-0001769-T01- R183W G12D N/A™ 13"
IM3
P-0002788-T01- R183W G12D N/A™ 147
IM3
P-0006207-T01- MSK- - ;
IMS IMPACT'  RIS3W Q61K N/A 59
P-0008180-TO1- T T N/A™ o
IM5
P-001 }1%4359'T02' R183W GI12R N/A™ 84"

*Targeted sequencing of a 468 gene oncopanel

**MSI Status Not Reported



Table S2: Antibodies used in this study

Antibody Source Catalogue Number
PP2A A Subunit Cell Signaling 2041S
PP2A C Subunit Abcam ab106262

Striatin Sigma PA146460
Striatin 3 Sigma MA146461
B56a Abcam ab89621
B55a Santa Cruz sc-18606
PR130/PR72 Thermo-Fisher PAS5-30127
ERK Cell Signaling 9102L
p-ERK (T202/Y204) Cell Signaling 4370L
AKT Cell Signaling 9279S
p-AKT (S473) Cell Signaling 4060L
MEK Cell Signaling 91268
p-MEK (S217/221) Cell Signaling 9154S
Vinculin Cell Signaling 139018
V5 (Western Blot) Cell Signaling 132028
V5 (ColP) Abcam ab27671




