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INTRODUCTION

Critical review of results of a large number of clinical trials indicates
that overall, the clinical effectiveness of kinase inhibitors in cancer
therapy has not lived up to high original expectations (1–3). This
calls into question whether there is some fundamental lack of understanding of mechanisms that define the efficacy of targeted
kinase inhibitor therapies. In particular, targeting RAS–mitogen-
activated protein kinase (MAPK) signaling has shown limited success outside melanoma (2). Although it is biochemically evident
that protein phosphorylation is equally potently regulated by phosphatases as by kinases, the role of phosphatases as determinants of
efficacy of phosphorylation targeting therapies is still very poorly
understood.
Serine/threonine phosphatase PP2A (protein phosphatase 2A)
is a critical human tumor suppressor (4, 5), inhibition of which is
a prerequisite for malignant transformation of many types of normal human cells (5–7) and promotes in vivo tumorigenesis (8–14).
PP2A is an important negative regulator of several oncogenic signaling pathways and particularly of RAS-driven oncogenic signal1
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ing (5, 7, 15, 16). In full accordance with a requirement of PP2A
inhibition for cellular transformation by activated RAS (6, 7), PP2A
inhibition promotes malignant growth of various cell types with
RAS activating mutations (15, 17). PP2A is a trimeric protein complex in which a core dimer formed by the scaffolding A subunit
(PPP2R1A and PPP2R1B) and the catalytic C subunit (PPP2CA
and PPP2CB) is associated with one of many B subunits that facilitate and direct the interaction of the trimer with substrate proteins
(5). Most recurrent cancer-related PP2A mutations are found in the
scaffold protein PPP2R1A (10, 12, 18). Notably, in two independent
in vivo lung cancer models, PPP2R1A mutation either increased tumor burden or decreased survival of KRAS-mutant mice (8, 10). In
addition, deletions and loss-of-function mutations of PP2A subunits have been reported in patients with lung and other cancers
(5, 13). In lung cancers, PP2A activity is also frequently dampened
by overexpression of PP2A inhibitor proteins (PIPs) such as CIP2A
(19) or SET (17). Moreover, high expression of CIP2A is synergistic
with RAS mutations and expression in correlating with poor survival
outcomes across all The Cancer Genome Atlas pan-cancer data (15).
PP2A and RAS also regulate an overlapping phosphoproteome, providing an additional level of cooperation (15). Another PIP, protein
phosphatase methylesterase-1 (PME-1), correlates with increased tumor
grade in human glioma and enhances malignant growth as well as
kinase inhibitor resistance (20).
Numerous highly efficient and specific MAPK kinase (MEK)
inhibitors (MEKis) have been developed. Their efficacy has been
studied in KRAS-mutant lung cancers in a large number of clinical
trials, but unfortunately, most patients develop resistance to these
agents relatively shortly after therapies have been initiated (2, 21).
In addition to mutational mechanisms, clinical inefficacy of MEKi
therapies has been attributed to nonmutational rewiring of signaling and particularly MEKi-elicited relief of negative feedback loops
at the level of RTKs (receptor tyrosine kinases) and RAF, resulting
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Kinase inhibitor resistance constitutes a major unresolved clinical challenge in cancer. Furthermore, the role of
serine/threonine phosphatase deregulation as a potential cause for resistance to kinase inhibitors has not been
thoroughly addressed. We characterize protein phosphatase 2A (PP2A) activity as a global determinant of
KRAS-mutant lung cancer cell resistance across a library of >200 kinase inhibitors. The results show that PP2A
activity modulation alters cancer cell sensitivities to a large number of kinase inhibitors. Specifically, PP2A inhibition ablated mitogen-activated protein kinase kinase (MEK) inhibitor response through the collateral activation of
AKT/mammalian target of rapamycin (mTOR) signaling. Combination of mTOR and MEK inhibitors induced cytotoxicity in PP2A-inhibited cells, but even this drug combination could not abrogate MYC up-regulation in PP2A-
inhibited cells. Treatment with an orally bioavailable small-molecule activator of PP2A DT-061, in combination
with the MEK inhibitor AZD6244, resulted in suppression of both p-AKT and MYC, as well as tumor regression in
two KRAS-driven lung cancer mouse models. DT-061 therapy also abrogated MYC-driven tumorigenesis. These
data demonstrate that PP2A deregulation drives MEK inhibitor resistance in KRAS-mutant cells. These results emphasize the need for better understanding of phosphatases as key modulators of cancer therapy responses.
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in reactivation of extracellular signal–regulated kinase (ERK) or activation of AKT/mammalian target of rapamycin (mTOR) signaling (2, 21). Inhibition of compensatory RAF activation upon MEKi
therapy has shown promising clinical activity, but resistance against
these combinations still develops (2). Thereby, direct kinase inhibition might need to be combined with alternative strategies that prevent rewiring of signaling in response to the RAF-MEK pathway inhibition. On the basis of the molecular behavior of serine/threonine
phosphatases as regulators of protein phosphorylation, they could
have an important role in signal rewiring and emergence of collateral kinase inhibitor resistance mechanisms. However, the role of
phosphatases in kinase inhibitor responses is very poorly understood,
and it is unclear whether deregulated phosphatases could actively
drive kinase inhibitor resistance.
RESULTS
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PP2A activity is a global determinant of the kinase inhibitor
sensitivity of KRAS-mutant lung cancer cells
To evaluate the global relevance of PP2A activity for kinase inhibitor responses in human KRAS-mutant lung cancer cells, we
used a previously described drug sensitivity and resistance testing
(DSRT) platform (22) in KRAS-mutant A549 cells transfected with
PPP2R1A, CIP2A, or PME-1 small interfering RNAs (siRNAs).
Whereas PPP2R1A depletion models cells with persistent PP2A inhibition (12), depletion of PP2A inhibitors CIP2A and PME-1 results in cells with tonally high PP2A activity (15, 20). In support
of these concepts, recent studies have demonstrated global serine/
threonine dephosphorylation in CIP2A- and PME-1–depleted cells
(23), and that functional effects of CIP2A and PME-1 depletion can
be rescued by concomitant PP2A inhibition (9, 20, 24). However,
because CIP2A and PME-1 do not share structural features and the
mechanisms by which they inhibit PP2A activity are vastly different
(25, 26), the presumption was that their impacts on kinase inhibitor
sensitivity might differ at least to some extent. The third PIP, SET,
which has the most prominent effects on PP2A activity based on
our recent phosphoproteome screen in HeLa cells (23), was excluded
from the analysis due to almost complete block of proliferation of
A549 cells upon SET siRNA transfection (fig. S1, A and B). Consistent with persistent PP2A inhibition in KRAS-mutant lung cancer
cells, SET, PME-1, and CIP2A were overexpressed in various KRAS-
mutant lung cancer cell lines as compared to the cyclin-dependent
kinase 4 (CDK4) and human telomerase reverse transcriptase (hTERT)
immortalized human bronchial epithelial cell line (HBEC; fig. S1C) (27).
Each PP2A gene was depleted by three individual siRNAs (fig.
S1D), and each kinase inhibitor listed in table S1 was tested over a
10,000-fold concentration range, allowing for the establishment of
accurate dose-response curves for each drug in each sample. Differential drug sensitivity scores (DSS), determined by the area under
the dose-response curves (28), were calculated between the treated
and the control samples. The individual drug responses in each of
the three conditions are listed in the table S1. All drug responses
were ranked by the correlation between DSS and PP2A activity
status so that the drugs that exhibited synergy with PP2A reactivation by CIP2A and PME-1 depletion appeared at the top of “correlation rank” (DSS, red), whereas the drugs at the bottom exhibited synergy with PP2A inhibition (DSS, blue). Furthermore, the
enrichment scores were calculated for selected drug groups in the
ranked list (Fig. 1A). We observed increased kinase inhibitor resist

ance upon PP2A inhibition, whereas PP2A reactivation resulted in
a general sensitization to kinase inhibitors (Fig. 1A and table S1).
Volcano plots in Fig. 1B show dependencies of selected drug responses on PP2A modulation. Notably, even though PPP2R1A inhibition predominantly induced drug resistance, and CIP2A and
PME-1 depletion predominantly induced drug sensitization, in
each case the opposite patterns were also observed. As an example,
PPP2R1A inhibition very potently sensitized cells to the PKC (protein kinase C) activator bryostatin, whereas both CIP2A and PME-1
inhibition induced resistance to BCL2 (B cell lymphoma 2) inhibitors (Fig. 1B). Thereby, our results suggest a global relevance of
PP2A biology for kinase inhibitor responses but also argue for specific interactions between different PP2A complexes and individual
drug families.
Clear PP2A dependencies were observed for MEK/ERK, epidermal growth factor receptor (EGFR), and Aurora kinase (AURK)
inhibitors (Fig. 1, C to E; drug sensitivity data for three individual
siRNAs per gene are shown in fig. S1E). The depletion of PPP2R1A
conferred resistance to MEKis, whereas CIP2A and PME-1 depletions as a group resulted in a statistically significant MEKi sensitization (P = 0.002 for combination and P = 0.02 for CIP2A alone;
Fig. 1C and table S1). PPP2R1A inhibition also induced marked
resistance to two ERK inhibitors in the library (Fig. 1C). On the
other hand, depletion of either CIP2A or PME-1 sensitized the cells
to EGFR inhibitors, whereas depletion of PPP2R1A had no effect on
average (Fig. 1D). Similar responses with CIP2A and PME-1 argue
for regulation of shared PP2A targets implicated in EGFR inhibitor
response, whereas lack of effect of PPP2R1A inhibition may indicate
that these targets are already fully phosphorylated due to CIP2A- or
PME-1–mediated PP2A inhibition. The AURK inhibitors exhibited
yet another distinctive profile of PP2A dependency, where resistance
caused by PPP2R1A inhibition and sensitization caused by PME-1
depletion support PP2A dependence (Fig. 1E). However, selective
sensitization by PME-1 but not by CIP2A depletion (Fig. 1E)
may be explained both by the nonoverlapping PP2A targets regulated by PME-1 and CIP2A (23) and by nuclear colocalization of
PME-1 (29, 30) and AURK targets (31), whereas CIP2A is mostly
cytoplasmic (30, 32).
The results for the 18 selected kinase inhibitors covering the
most PP2A-dependent kinase families (Fig. 1A and table S2)
were concordant between A549 and another KRAS-mutant lung
cancer cell line, NCI-H2122 (Fig. 1, F and G, and table S2). In
contrast, NCI-H460 cells exhibited divergent and, on average,
smaller-magnitude responses (Fig. 1, F and G, and table S2).
In addition to KRAS mutation, NCI-H460 also harbors a homozygous loss-of-function PPP2R1A mutation (E64D), making it
most likely resistant to PP2A modulation by PME-1 and CIP2A
depletion. This genetic evidence further corroborates the functional link between PP2A inhibition and overall kinase inhibitor
resistance.
The PPP2R1A E64D mutation found in NCI-H460 cells contributes to RAS-driven lung cancer progression (10). Although it is not
directly linked to the kinase inhibitor resistance phenotype described in this study, we observed that clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9)–mediated reversal of a single PPP2R1A-mutant
allele caused a significant growth arrest phenotype in this cell line
(P = 0.0053; fig. S1, F and G). The growth arrest can be explained at
least partly by a senescence phenotype observed in these cells (Fig. 1,
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Fraction of cells

Clone 2

ΔDSS

ΔDSS

ΔDSS

ΔDSS

H and I, and fig. S1H). Senescence induction by PP2A reactivation
is consistent with in vivo senescence induction in a CIP2A-deficient
HER2+ breast cancer mouse model (9) and with the role of the
PP2A target protein MYC (fig. S1B) (24, 32, 33) in senescence evasion in KRAS-mutant cells (34).

We conclude that PP2A globally affects kinase inhibitor sensitivity in KRAS-driven lung cancer cells. Moreover, growth arrest after
CRISPR-mediated reversal of one PPP2R1A-mutant allele in NCI-H460
cells indicates that KRAS-driven cancer cells may depend on constitutive PP2A inhibition.
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up-regulation of some of the phosphorylation induced by PPP2R1A
depletion, PPP2R1A depletion was unable to rescue the effect of trametinib on ERK targets (Fig. 3A and fig. S3A). This indicates that
the resistance to trametinib caused by PPP2R1A depletion cannot
be explained by regulation of ERK pathway activity but is mediated
by the activation of ERK-independent collateral pathways.
We examined the role of AKT/mTOR signaling as a candidate
collateral MEKi resistance mechanism in PPP2R1A-depleted cells.
This was based on previously published evidence of both AKT and
mTOR as PP2A target pathways (15, 18), including association of
PP2A inhibition with mTOR/S6 activation in human salivary gland
tumors (30). Reanalysis of the phosphoproteomics data demonstrated a clear shift toward increased expression of phosphorylated
AKT (p-AKT) targets in PPP2R1A-depleted A549 cells that were
treated with trametinib (striped area in Fig. 3B). Western blot analysis showed a robust increase in phosphorylation of both S6K and
S6 in PPP2R1A-depleted cells, whereas PP2A inhibition alone did not
result in evident increase in phosphorylation of AKT (Fig. 3C). However, consistent with the phosphoproteomics analysis, PPP2R1A
inhibition potentiated trametinib-induced expression of p-AKT
(Fig. 3C). Hyperphosphorylation of AKT substrate motifs and S6
was also confirmed in PPP2R1A-depleted HeLa cells (fig. S3B).
These results suggest that PPP2R1A inhibition potentiates collateral activation of AKT/mTOR signaling upon trametinib treatment rather than affecting the direct MEK-ERK pathway targets.
Consistent with our model, increased MEK inhibition caused
PPP2R1A-depleted cells to be increasingly AKT-dependent. This
was demonstrated by partial reversal of resistance in the presence of
perifosine (AKT inhibitor) in the cells with maximal MEK inhibition (Fig. 3D). Dependence on AKT/mTOR signaling was even
more evident in cells treated with a combination of trametinib and
the mTOR inhibitor temsirolimus. Although PP2A inhibition caused
resistance to the trametinib + temsirolimus combination (Fig. 3,
E and F), increased trametinib concentration resulted in an increased dependence of PPP2R1A-depleted cells on mTOR activity.
With the highest concentration of trametinib, cytotoxicity was also
reached in those cells (Fig. 3, E and F, red circle). These results were
further confirmed by using the dual AKT/mTOR inhibitor BEZ235
in combination with trametinib. BEZ235 increased the trametinib
response of PPP2R1A-depleted cells in a colony growth assay (fig.
S3, C and D). In a short-term cell viability assay, PPP2R1A inhibition conferred a resistance to BEZ325 in combination with sublethal
trametinib concentration (fig. S3E). Our data thus indicate that
PP2A inhibition drives MEKi resistance at least by potentiation of
collateral activation of AKT/mTOR activity.
We validated our findings using ERK, AKT, and mTOR pathway-
AKT/mTOR signaling is a collateral MEKi resistance
related phospho-antibodies. Trametinib blocked both basal and
mechanism in PPP2R1A-depleted cells
PPP2R1A depletion–induced phosphorylation of ERK, S6K, and
To characterize PPP2R1A-mediated MEKi resistance at the phospho- glycogen synthase kinase 3 beta (GSK3B) (Fig. 3G). However, even
target level, we used mass spectrometry (MS)–based phosphopro- though trametinib inhibited phosphorylation of S6 in the basal conteomics in PPP2R1A-depleted and trametinib-treated A549 cells. ditions, it could not prevent increase in the phosphorylation of
PPP2R1A depletion increased the phosphorylation of a subset of S6 in PPP2R1A-depleted cells, indicating a direct PP2A-mediated
ERK targets (>2-fold up-regulation, n = 23/105), and these dephosphorylation of S6 (Fig. 3G). The cytotoxic effects of the
PPP2R1A-regulated sites were not down-regulated in cells treated trametinib + temsirolimus combination in PPP2R1A-depleted cells
with trametinib alone (Fig. 3A and fig. S3A). Conversely, trametinib- were associated with inhibition of phosphorylation of S6K, S6, and
sensitive sites (>2-fold down-regulation, n = 19) were not up- AKT (Fig. 3G), providing a mechanistic basis for reversal of PP2A
regulated by PPP2R1A depletion (Fig. 3A and fig. S3A). Thus, inhibition-induced MEKi resistance. Temsirolimus could not, howPPP2R1A depletion and trametinib were found to largely regulate ever, reverse the increase in phosphorylation of GSK3B or expression
different ERK targets. Moreover, although trametinib prevented the of MYC in PPP2R1A-depleted cells, even when used in combination
Kauko et al., Sci. Transl. Med. 10, eaaq1093 (2018)
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PP2A inhibition confers MAPK pathway inhibitor resistance
in KRAS-mutant lung cancer cells
The results above indicate that PP2A inhibition drives MEKi resistance in KRAS-mutant cells. Trametinib (MEKi) resistance in
PPP2R1A-depleted cells was validated using cell viability and colony formation assays (Fig. 2, A to C). Although PPP2R1A depletion
reportedly reduced the colony formation ability of cells (12), it also
granted a selective advantage under trametinib treatment (Fig. 2, B
and C). The gene-dose dependency of resistance to trametinib was
evident in A549 cells, in which one or two of four PPP2R1A alleles
were knocked out using CRISPR/Cas9 (Fig. 2, D and E). Moreover,
NCI-H460 cells with PPP2R1A mutations were less sensitive to
trametinib (Fig. 2F), whereas CRISPR/Cas9 clones with WT/E64D
PPP2R1A genotype exhibited increased trametinib sensitivity (fig.
S2, A and B). Notably, PPP2R1A-dependent trametinib resistance
was already observed with subnanomolar trametinib concentrations, which have no significant cell killing activity in cell viability
assays (fig. S2, A, C, and D), indicating that PP2A inhibition targets
cellular signaling activity mechanisms rather than general cell survival mechanisms. Because inhibition of PPP2R5 (B56) PP2A complexes by CIP2A overexpression (26) or decreased expression of
the PPP2R2 (B55) family subunits (35) is a potential mechanism of
PP2A inhibition in human lung cancer cells, we further tested the
contributions of both of these PP2A subunit families to trametinib
sensitivity. For this purpose, H358 cells were stably transduced with
short hairpin RNAs (shRNAs) against all PPP2R5 and PPP2R2 subunits. The inhibition of PPP2R5B, PPP2R5E, and all PPP2R2 subunits resulted in a trametinib resistance in colony growth assays
(Fig. 2G and fig. S2, E to G). Together, these results establish a causal relationship between PP2A inhibition and trametinib resistance.
The release of negative ERK-RAF feedback regulation is an important MEKi resistance mechanism (2). This was evidenced by
transition of cytostatic trametinib response in control A549 cells
(Fig. 2, A and F) to cytotoxic response upon cotreatment with panRAF inhibitor LY3009120 (Fig. 2H). The cytotoxicity of LY3009120/
trametinib combination in the control cells was confirmed by a dose-
dependent induction of caspase-3/7 activity (fig. S2H). However,
PPP2R1A depletion desensitized A549 cells to LY3009120/trametinib
combination in both cell viability and colony formation assays
(Fig. 2, H and I). PP2A inhibition not only shifted the dose-response
pattern of cotreated cells (Fig. 2H) but also prevented the effect of
the LY3009120/trametinib combination in colony growth inhibition
(Fig. 2I). These results demonstrate that PP2A inhibition confers
resistance of KRAS-mutant lung cancer cell lines to MAPK inhibition, including the clinically relevant combination of MEKi and RAFi.
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clarity, only shB56 knockdown lines, shPPP2R5B (gray) and shPPP2R5E (green), which have decreased sensitivity to trametinib, are shown in addition to the control. The
cell colonies and data for other PPP2R5 shRNAs are shown in fig. S2 (E and F). (H) Cell viability assay of either scrambled or PPP2R1A siRNA–transfected A549 cells treated
with increasing doses of trametinib and RAF inhibitor LY3009120. Data are shown as means ± SEM for three replicate experiments. (I) Colony formation assay of scrambled
or PPP2R1A siRNA–transfected A549 cells treated with increasing concentrations of trametinib and RAF inhibitor LY3009120 either alone or in combination.

with trametinib (Fig. 3, G and H). This may be an important finding
in the light of recent data indicating that MYC inhibition is required
for clinical efficiency of MEK/ERK inhibition (34). In support of
this conclusion, stable overexpression of MYC in H358 cells conferred trametinib resistance in a colony growth assay (Fig. 3I). The
role of MYC as a critical PP2A target in KRAS-mutant cells was
further indicated by potent growth arrest and MYC inhibition in
SET-depleted A549 cells (fig. S1, A and B).
We conclude that cancerous PP2A inhibition drives MEKi resist
ance via collateral activation of AKT and mTOR/S6K signaling. The
Kauko et al., Sci. Transl. Med. 10, eaaq1093 (2018)
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data also indicate that PP2A inhibition–induced MYC expression is
refractory to MAPKi combination therapy, and therefore, it may
eventually contribute to tumor relapse.
Pharmacological PP2A reactivation potentiates the
therapeutic effect of MEK inhibition
To demonstrate the translational impact of PP2A inhibition as a MEKi
resistance mechanism, we tested potential combinatorial activity
of recently published orally bioavailable small-molecule activators
of PP2A (SMAPs) (11) and MEKi in KRAS-mutant lung cancer
5 of 12
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Fig. 3. AKT/mTOR signaling is a collateral MEKi resistance mechanism in PPP2R1A-depleted cells. (A) Log2
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and PP2A reactivation was also evident at the level of tumor cell
proliferation and apoptosis, measured by percentages of proliferating cell nuclear antigen (PCNA)– and terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate nick end labeling
(TUNEL)–positive cells in the tumor tissue, respectively (Fig. 4,
G and H, and figs. S4, I and J, and S5, A and B). We also confirmed
the effect of AZD6244 and DT-061 in inhibiting endogenous MYC
expression in drug-treated tumors in vivo (Fig. 4I and fig. S5, C and
D). Notably, as reported for SMAPs alone (11), the combination of
DT-061 and MEKi did not induce any apparent toxicities in the
treated mice (fig. S6).
Finally, we used the H358 cells stably transduced with MYC
to study whether the identified MYC-mediated MEKi resistance
(Fig. 3, H and I) could be overcome in vivo by pharmacological
PP2A reactivation. To link the results to the identified AKT-
mediated MEKi resistance mechanism, we compared the effects
of DT-061 to the combination of AZD6244 with AKT inhibitor
MK2206. When using the control H358-GFP cells, both therapy
modalities equally inhibited tumor growth over a 20-day follow-up
period (Fig. 4J). As expected, on the basis of the in vitro colony
growth results (Fig. 3I), the tumors from cells overexpressing MYC
grew faster than the control tumors, but again, the two therapies
were indistinguishable in their antitumor activity (Fig. 4K). However, overexpression of a MYC mutant S62D, which is resistant to
PP2A dephosphorylation–induced proteolytic degradation (33, 39),
induced a partial resistance to DT-061, whereas the combination of
AZD6244 and MK2206 efficiently inhibited tumor growth (Fig. 4L).
These results validate MYC as an important contributor to MEKi
resistance induced by PP2A inhibition. Together, these findings
demonstrate that PP2A inhibition is a druggable MEKi resistance
mechanism in vivo.
DISCUSSION

The targeting of hyperactive MEK elicits promising clinical
responses in many cancer types, but rapidly emerging resistance severely compromises its overall clinical benefit. This is largely due to
RAF-mediated reactivation of the ERK pathway or collateral activation of other resistance mechanisms (2, 21). Our complementary
findings from PPP2R1A and B-subunit siRNA studies and from a
KRAS-mutant lung cancer cell line harboring a loss-of-function
PPP2R1A mutation demonstrate that sustained PP2A inhibition
drives MAPK inhibitor resistance, including resistance to the combination of RAF and MEKis. Notably, the identified MEKi resist
ance mechanism was not mediated by the known direct effect of
PP2A on MEK-ERK regulation (5, 11, 15), but rather, it is driven by
rewiring of kinase signaling upon MEKi treatment to induce collateral AKT/mTOR and MYC activity. Our conclusions are in line
with recent in vivo data demonstrating activation of GSK3, AKT,
and mTOR/p70S6K signaling by PPP2R1A mutations in endometrial cancers (18) and with the clinical association between PP2A
inhibition and increased S6 phosphorylation (30) or MYC amplification and expression (24, 40) in human cancers. In cultured cells,
PP2A is well known to regulate phosphorylation of AKT (41), several mTOR targets including p70 S6K (42), as well as MYC (32, 39).
Notably, our PPP2R1A knockout results suggest that haploinsufficiency, rather than complete loss of function, impairs PP2A activity
enough to alter MEKi sensitivity. Thus, on the basis of our findings
together with the previously demonstrated transformation of human
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xenograft models. The SMAPs are reengineered derivatives of tricyclic neuroleptics. Both tricyclic phenothiazines and the SMAPs
directly bind to PPP2R1A (11, 36, 37), and either mutation of the
putative SMAP target-binding site on PPP2R1A or overexpression
of viral PIP SV40 small t antigen abrogates the anticancer activities
of SMAPs (11). Notably, all of the KRAS-mutant lung cancer cell
lines overexpressing PIPs (fig. S1C) showed a DT-061 sensitivity
profile similar to H460 cells (fig. S4A), where PP2A was inhibited
because of PPP2R1A E64D mutation, which should not interfere
with SMAP binding based on structural analysis (11). These results
suggest that cells with prominent PIP overexpression are as addicted
to PP2A inhibition as the PP2A mutated cells. Further, the results
show that the clinically relevant PP2A inactivation mechanism
caused by PIP overexpression in lung cancer cells can be overcome
by administration of SMAPs. In addition, CIP2A overexpression did
not confer further DT-061 resistance (fig. S4, B and C), suggesting
that these cells are already saturated for CIP2A-mediated PP2A
inhibition. Finally, in the context of mTOR/AKT signaling as the
mechanism of MEKi resistance resulting from PP2A inhibition,
SMAP DT-061 inhibits AKT and RPS6K signaling in H358 cells
(38). We confirmed that the DT-061 + MEKi combination potently
inhibited the identified MEKi resistance mechanism (probed by
p-AKT and MYC antibodies) in KRAS-mutant lung cancer cell
lines H358 and H441 (fig. S4D). Thus, SMAPs are suitable for
testing the translational impact of PP2A reactivation in combination with MEKi.
AZD6244 is a potent MEKi used in clinical lung cancer trials.
In colony growth experiments, we used DT-061 and AZD6244
in KRAS-mutant H441 and H358 cell lines. Both DT-061 and
AZD6244 showed dose-dependent inhibition of colony growth as
single agents in both of the cell lines (Fig. 4, A and B). In addition,
doses of DT-061 and AZD6244 that alone did not affect colony
growth resulted in a very apparent combinatorial activity (Fig. 4,
A and B). The cytotoxic activity of the combination was mostly due
to DT-061 because AZD6244 failed to induce significant caspase-3/7
activity at the 24-hour time point even at the highest concentration
of 10 M, whereas DT-061 treatment induced a dose-dependent
caspase-3/7 activation (fig. S4, E and F). When both drugs were
used at a concentration of 10 M, DT-061 enhanced the apoptosis
response in both of the cell lines (Fig. 4C).
We recently demonstrated that the capacity of DT-061 to inhibit H358 xenograft growth was dependent on drug binding to
PPP2R1A (11). Therefore, we first tested the combinatorial activity
of DT-061 and AZD6244 on xenograft growth by using these cells.
Assessed by inhibition of the tumor volume, both DT-061 and
AZD6244 showed single-agent activity, but their combination was
significantly more efficient than either of the compounds alone (P <
0.0001; fig. S4G). Similar results were obtained with H441 xenografts (P < 0.0063; fig. S4H). To consider this therapeutic strategy
for further clinical development, we also assessed the xenograft data
in terms of response evaluation criteria in solid tumors (RECIST).
With both cell lines, AZD6244 monotherapy resulted in a partial
response with about half of the tumors, whereas most of the mice
treated with DT-061 alone had progressive disease (Fig. 4, D to F).
However, all mice treated with the combination of DT-061 and
AZD6244 showed at least a partial response, and one H358 xenograft demonstrated a complete response (Fig. 4, D to F). We analyzed the tumor tissue for tumor cell proliferation, apoptosis, and
endogenous MYC expression. The additive effect of MEK inhibition
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Fig. 4. PP2A inhibition is a druggable MEKi resistance mechanism in vivo. (A and B) Clonogenic assay of (A) H441 and (B) H358 cells treated with increasing doses of
DT-061 (5 M and 10 M), AZD6244 (200 nM and 1 M), or the combination of DT-061 and AZD6244 for 3 weeks. (C) Relative caspase-3/7 activity in H358 and H441 cells
24 hours after DT-061, AZD6244, or DT-061 + AZD6244 treatment. Error bars represent SEM of two to three independent experiments. *P < 0.05 for both pairs of groups,
t test. (D) H441 cells (5 × 106) were subcutaneously injected into nude mice and allowed to grow to an average of 100 mm3. Mice were treated by oral gavage with vehicle
control (n = 7), DT-061 (5 mg/kg; n = 7), AZD6244 (25 mg/kg; n = 7), or the combination of DT-061 (5 mg/kg) and AZD6244 (25 mg/kg; n=7) for 4 weeks. Graph shows the
waterfall plot for H441 xenograft responses. Two-tailed t test. (E) H358 cells (1 × 107) were subcutaneously injected into nude mice and allowed to grow to an average of
100 mm3. Mice were treated by oral gavage with vehicle control (n = 9), DT-061 (5 mg/kg; n = 9), AZD6244 (25 mg/kg; n = 9), or the combination of DT-061 and AZD6244
(n = 9) for 4 weeks. Graph shows the waterfall plot for H358 xenograft responses. Two-tailed t test. PD, progressive disease; SD, stable disease; PR, partial response; CR,
complete response. (F) Analysis of xenograft data based on RECIST criteria. (G to I) H441 xenograft tumors were stained for PCNA (proliferation), TUNEL (apoptosis), and
MYC. Nuclear staining was quantified as means ± SD (one-way ANOVA). (J) Tumor volume growth curves for H358-GFP xenograft. Mice were treated by oral gavage with
vehicle control (n = 8), DT-061 (5 mg/kg; n = 8), or the combination of AZD6244 (24 mg/kg) and MK2206 (6 mg/kg; n = 8). Data are shown as means ± SEM. (K) Tumor
volume growth curves for H358-WT MYC xenograft. Mice were treated by oral gavage with vehicle control (n = 8), DT-061 (5 mg/kg; n = 8), or the combination of AZD6244
(24 mg/kg) and MK2206 (6 mg/kg; n = 8). Data are shown as means ± SEM. (L) Tumor volume growth curves for H358-S62D xenograft. Mice were treated by oral gavage
with vehicle control (n = 8), DT-061 (5 mg/kg; n = 8), or the combination of AZD6244 (24 mg/kg) and MK2206 (6 mg/kg; n = 8). Data are shown as means ± SEM.
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MATERIALS AND METHODS

Study design
This study aimed to determine whether PP2A activity affects kinase
inhibitor responses of KRAS-mutant lung cancer cells. Initial drug
sensitivity screen included 230 kinase inhibitors and was performed
Kauko et al., Sci. Transl. Med. 10, eaaq1093 (2018)

18 July 2018

in A549 cells depleted for PP2A structural subunit (PPP2R1A) or its
endogenous inhibitors (CIP2A and PME-1). In addition to RNAi,
PP2A activity was manipulated pharmacologically or by genome
editing. Signaling changes after PP2A activity manipulation and
treatment with MEKi trametinib were analyzed by quantitative
phosphoproteomics. Finally, we assessed the therapeutic potential
of pharmacological PP2A activation as a combination therapy with
MEKis in mouse xenograft models. For each xenograft, tumor cells
were injected subcutaneously into nude mice. Mice were monitored,
and tumor volumes were assessed every other day.
Efficacy end points
Mice were followed and tumor volumes were assessed every other day by standard caliper measurement until the tumors reached
1000 mm3, at which time mice were anesthetized, blood was drawn,
and tumors were removed. Tumor volume was estimated every other day by standard caliper measurement (V = L × W2/2).
Safety end points
Total body weight was monitored twice weekly, and mice were monitored for overall well-being and signs of distress.
Pharmacodynamic end points
Tumors were split for FFPE (formalin-fixed paraffin-embedded)
paraffin blocks, RNA isolation, protein isolation, and frozen for
analysis of putative biomarkers/targets. Immunohistochemistry
(IHC) was performed on the tissues for MYC, PCNA, and TUNEL.
Cell culture and drugs
A549, H460, H358, H441, and H2122 cell lines were obtained from
the American Type Culture Collection. HBEC (HBEC3-KT) immortalized by CDK4 and hTERT was described by Ramirez and colleagues (27). Dulbecco’s modified Eagle’s medium (Sigma-Aldrich)
was used for A549 and RPMI 1640 (Sigma-Aldrich) for H460,
H358, H441, and H2122. All media contained 10% fetal bovine
serum (Sigma-Aldrich), 2 mM l-glutamine (Sigma-Aldrich), penicillin (50 IU/ml; Biowest), and streptomycin (50 g/ml; Biowest).
HBEC cells were cultured in keratinocyte serum-free growth medium supplemented with EGF 1-53 and bovine pituitary extract
(Thermo Fisher Scientific). SMAP (DT-061) was manufactured as
described in (11). AZD6244 was purchased from Selleck Chemicals,
and all the other drugs were from MedChemExpress. The drugs were
diluted in dimethyl sulfoxide and stored at room temperature (DT061) or −20°C (all other drugs).
Phosphoproteomics
Sample preparation, LC-MS/MS analysis, and the pairwise normalization for label-free quantitative phosphoproteomics were performed according to a previously published protocol (15). Each
siRNA treatment was performed in triplicates. Samples were collected 72 hours after the transfection and 20 hours after the 100 nM
trametinib treatment. ERK and AKT target predictions were performed with NetworKIN (45).
Bioinformatics
The numbers of up-regulated phosphopeptides for each gene were
substracted from the number of down-regulated phosphopeptides,
and the derived difference values were used as PP2A activity index
(23). The DSS was calculated by subtracting the DSS of the
PPP2R1A from the summed DSSs of the inhibitor proteins. Drugs
were then ranked by DSS. Enrichment scores for selected drug
groups in the ranked lists were calculated similarly to GSEA (46).
9 of 12
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cells by partial PP2A inhibition (12) and spontaneous in vivo tumorigenesis driven by PPP2R4 haploinsufficiency (13), we postulate that
even modest deregulation of PP2A function may be sufficient for
activation of collateral resistance pathways and thereby increase tolerance against a number of cancer drugs. From the diagnostic point of
view, our findings suggest that PP2A inhibitory mechanisms could
be applied as predictive indicators of kinase inhibitor responses. For
example, recent evidence in chronic myeloid leukemia has shown that
patients with high expression of CIP2A responded only to second-
generation tyrosine kinase inhibitors (43).
There are limitations to this study. First, the full kinase inhibitor
screen with 230 kinase inhibitors was performed only with one cell
line. However, the PP2A dependence of sensitivity to 18 kinase inhibitors was confirmed in another KRAS-mutant cell line NCI-H2122,
whereas role of PP2A activity in MEKi sensitivity was validated in
total in four different KRAS-mutant lung cancer cell lines. Second,
although PP2A is known to directly dephosphorylate AKT and to
regulate mTOR targets, we could not demonstrate the direct AKT/
mTOR pathway targets that were responsible for the pathway activation and MEKi resistance. Third, even though SMAP in combination with MEKi potently inhibited AKT phosphorylation and MYC
expression, as well as xenograft growth in both H441 and H358 cells,
it remains unclear how mTOR contributed to the MEKi resistance
in these cells in vivo.
Beside different combinations of kinase inhibitors, there have
been only a few other types of pharmacological approaches to overcome MEKi resistance. Here, we introduce small-molecule PP2A
reactivation as an apparently safe approach to target MEKi resist
ance pathways. PPP2R1A siRNA experiments revealed an important role for PP2A inhibition in preventing efficient cell killing by
MAPK combination therapies in vitro. Conversely, PP2A reactivation by DT-061 increased the rate of tumor regression in vivo.
Therefore, together with in vitro apoptosis assays, these data indicate that pharmacological PP2A reactivation has a potential to transform MEKi response of KRAS-mutant cells from cytostatic to cytotoxic.
The qualitative difference between cytostatic and cytotoxic response is thought to be important with regard to potential development of therapy resistance and regrowth of the tumor (44). Moreover,
we envision that because of widespread effects of PP2A activity on
many of the signaling pathways, combinatorial use of SMAPs may
prevent signaling rewiring in kinase inhibitor–treated cancer cells
and thereby inhibit development of drug resistance. Future studies
should aim to understand whether treatment with SMAPs could
prevent establishment of resistance in treatment-naïve cells. Finally,
our screen conducted with 230 kinase inhibitors in PP2A-modulated
cells provides a resource for further identification of combination
therapy strategies, in particular with pharmacological PP2A modulators such as SMAPs (37). In addition, our results may help in identification of combination targeting strategies or PP2A-related biomarkers
associated with response to these additional drugs. At a more general
level, our results emphasize the need for better understanding of phosphatases as key modulators of cancer therapy responses.

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Mouse models and treatment studies
All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) at Icahn School of Medicine at
Mount Sinai (IACUC protocol number, IACUC-2013-1426). Animal
use and care were in strict compliance with institutional guidelines, and all experiments were conformed to the relevant regulatory standards established by Icahn School of Medicine at Mount
Sinai. For xenograft studies, H358 (1 × 107 cells) or H441 (5 × 106 cells)
cells were injected into the right flank of 6- to 8-week-old male
BALB/c nu/nu mice (Charles River). When tumor volumes reached
an average of 100 mm3, mice were randomized to treatment groups,
and tumor volume was assessed by caliper measurement every other day throughout the study. Mice were treated by gavage with vehicle control, AZD6244 (25 mg/kg), SMAP (5 mg/kg), or SMAP in
combination with AZD6244. The body weights of mice were recorded weekly, and the percentage of body weights during treatment was calculated as weight at each time point/initial weight × 100.
Animals were observed for signs of toxicity (mucous diarrhea, abdominal stiffness, or weight loss). Blood and tumor tissue were harvested 2 hours after the final dose of the treatment study. Tumors
were both formalin-fixed for IHC and snap-frozen in liquid nitrogen for immunoblotting.
Statistical analysis
Statistical analyses were performed using JMP Pro (version 12.0 for
Windows software, SAS Institute Inc.) and GraphPad PRISM (version 6, Graphpad software Inc.). All statistical tests were two-sided
and considered significant at P < 0.05. Continuous variables were
compared using t test, one-way ANOVA, and two-way ANOVA.
Kauko et al., Sci. Transl. Med. 10, eaaq1093 (2018)

18 July 2018

When necessary for the assumption of normal distribution, transformations were performed for continuous variables. When performing multiple comparisons, alpha level was adjusted by Šidák’s (47)
or Dunnett’s correction, or FDR was controlled by the Benjamini-
Hochberg procedure (48). Frequencies were calculated for categorical data and compared using chi-square test. IC50 was estimated for
partial (cytostatic) drug responses by fitting a five-parameter logistic
function to mean viability values of replicate experiments normalized to cytotoxicity control and untreated cells in each experiment.
SUPPLEMENTARY MATERIALS
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An oncogene's enemy is our friend
Inhibitors of oncogenic kinases such as MEK are becoming increasingly common as an approach to
treating cancer, but these drugs' effectiveness is often short-lived, as tumors develop resistance. Phosphatases, a
class of proteins whose activity counteracts that of kinases, are not routinely targeted by cancer therapies but may
offer an alternative approach to treatment in some cases. In particular, Kauko et al. determined that the loss of a
phosphatase called PP2A can play a major role in resistance to MEK inhibition in lung cancer. The authors also
selected a compound that activates PP2A and demonstrated that it can effectively combine with a MEK inhibitor
and overcome drug resistance in multiple mouse models of human lung cancer.

