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The tumor suppressor protein phosphatase 2A (PP2A) is a
serine/threonine phosphatase whose activity is inhibited in
most human cancers. One of the best-characterized PP2A sub-
strates is MYC proto-oncogene basic helix–loop– helix tran-
scription factor (MYC), whose overexpression is commonly
associated with aggressive forms of this disease. PP2A directly
dephosphorylates MYC, resulting in its degradation. To explore
the therapeutic potential of direct PP2A activation in a diverse
set of MYC-driven cancers, here we used biochemical assays,
recombinant cell lines, gene expression analyses, and immuno-
histochemistry to evaluate a series of first-in-class small-mole-
cule activators of PP2A (SMAPs) in Burkitt lymphoma, KRAS-
driven non–small cell lung cancer, and triple-negative breast
cancer. In all tested models of MYC-driven cancer, the SMAP
treatment rapidly and persistently inhibited MYC expression
through proteasome-mediated degradation, inhibition of MYC
transcriptional activity, decreased cancer cell proliferation, and
tumor growth inhibition. Importantly, we generated a series
of cell lines expressing PP2A-dependent phosphodegron
variants of MYC and demonstrated that the antitumorigenic
activity of SMAPs depends on MYC degradation. Collec-
tively, the findings presented here indicate a pharmacologi-
cally tractable approach to drive MYC degradation by using

SMAPs for the management of a broad range of MYC-driven
cancers.

The oncogene MYC is frequently amplified or overexpressed
in many cancer types, independent of histological subtype, and
increased MYC expression is correlated with both more-ag-
gressive disease and resistance to standard-of-care treatments
(1–5). Moreover, studies have demonstrated that c-MYC
(MYC) drives transformation, tumor growth, and metastasis
(5–7). As a result, MYC is a well-validated and desirable drug
target. However, despite its well-validated role as a driver onco-
gene, MYC has gained a reputation for being “undruggable”
because of its lack of a defined and structured ligand-binding
site, nuclear localization, and its complex regulation at the tran-
scriptional and post-translational levels (8). In attempts to tar-
get MYC, researchers have developed alternative approaches to
antagonize MYC activity including the development of Omo-
myc, a dominant negative form of MYC (9 –14), and bromodo-
main inhibitors that have been well-characterized to inhibit the
transcription of MYC and MYC target genes through their inhi-
bition of superenhancer elements (15–20). Other direct and
indirect approaches have also been developed that have been
very thoroughly reviewed in the literature (8, 21, 22). Overall,
these efforts highlight the central dependence of cancers on
MYC signaling and demonstrate that targeting MYC function
could represent an attractive approach for the treatment of a
broad range of cancers. Here, we present a therapeutic strategy
that promotes the rapid degradation of MYC protein, resulting
in tumor inhibition and robust inhibition of MYC transcrip-
tional activity.

Protein phosphatase 2A (PP2A)3 is a well-characterized
tumor suppressor, whose inactivation is critical for cellular

This work was supported by NCI, National Institutes of Health Grant
R01CA181654 (to G. N. and M. G.). This work was also supported by the
Athymic Animal and Preclinical Therapeutics and Cytometry, Imaging
Microscopy Shared Resources of the Case Comprehensive Cancer Center
Grant P30CA043703, and Icahn School of Medicine at Mount Sinai Micros-
copy Core Grant P30CA196521. The Icahn School of Medicine at Mount
Sinai has filed patents covering composition of matter on the small mole-
cules disclosed herein for the treatment of human cancer and other dis-
eases (International Application Numbers: PCT/US15/19770, PCT/US15/
19764; and US Patent: US 9,540,358 B2). Mount Sinai is actively seeking
commercial partners for the further development of the technology. G. N.
has a financial interest in the commercialization of the technology. The
content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

This article contains Tables S1–S3 and Figs. S1–S9.
1 Supported by the Loan Repayment Program of the National Institutes of

Health/National Center for Advancing Translational Sciences.
2 To whom correspondence should be addressed: Division of Genetic Medi-

cine, Dept. of Internal Medicine, University of Michigan, Ann Arbor, MI
48105. Tel.: 734-615-2411; Fax: 734-647-9647; E-mail: gnarla@med.umich.
edu.

3 The abbreviations used are: PP2A, protein phosphatase 2A; SMAP, small-
molecule activators of PP2A; TUNEL, terminal deoxynucleotidyltrans-
ferase-mediated dUTP nick end labeling; GEMM, genetically engineered
mouse model; NSCLC, non–small cell lung cancer; IHC, immunohistochem-
istry; TNBC, triple-negative breast cancer; AR, androgen receptor; DMEM,
Dulbecco’s modified Eagle’s medium; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; DMA, N,N-dimethylacetamide; H&E,
hematoxylin and eosin; EGFP, enhanced green fluorescence protein; PI,
propidium Iodide.

croARTICLE

J. Biol. Chem. (2020) 295(3) 757–770 757
© 2020 Farrington et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://orcid.org/0000-0002-7436-9412
https://orcid.org/0000-0003-4098-4203
http://www.jbc.org/cgi/content/full/RA119.011443/DC1
mailto:gnarla@med.umich.edu
mailto:gnarla@med.umich.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.011443&domain=pdf&date_stamp=2019-12-10


transformation and whose activity is functionally inhibited by a
diverse range of mechanisms in a wide variety of cancers (23–
29). Its tumor suppressive activity is exerted through its ability
to dephosphorylate a number of substrates involved in the reg-
ulation of cell growth and survival, including the MYC protein
(30 –33). MYC activity is dynamically regulated through a series
of phosphorylation and dephosphorylation events that allow
for the rapid induction of MYC-dependent transcription.
PP2A-mediated dephosphorylation of MYC at serine 62 leads
to its degradation through the ubiquitin–proteasome pathway
and provides essential negative regulation of this potent onco-
protein. In cancer, however, MYC is often aberrantly phosphor-
ylated at Ser62, leading to its stabilization and increased activity
(7, 32, 33). As such, we hypothesized that if the tumor suppres-
sive activity of PP2A could be re-engaged/re-activated in cancer
cells, this may prove to be a viable approach to the therapeutic
targeting of MYC in cancer models.

Although PP2A activation as a strategy to target MYC has
been proposed and demonstrated previously, these studies
relied on indirect methods of activating PP2A (8, 34 –44). Here,
we utilized a direct approach of targeting PP2A using small
molecule activators of PP2A, or SMAPs. These molecules have
been well-characterized for their target specificity, toxicology,
and antitumorigenic properties in vivo (45–49). Specifically,
binding studies have demonstrated that these molecules bind to
the A subunit scaffold of PP2A, and biological assays have dem-
onstrated that the ability to bind to PP2A is necessary to achieve
their antitumorigenic effects. The target specificity of these
small molecules has been extensively studied and reported on
previously (46 –48). Moreover, no visible toxicities have
emerged in previous in vivo studies as measured by gross behav-
ioral observations, a lack of weight loss, and no perturbations to
serum chemistries or complete blood counts in chronically
treated mice (45–49). We hypothesized that given the negative
regulation of MYC by PP2A, SMAP-mediated activation of
PP2A may represent a unique therapeutic strategy for targeting
MYC signaling in cancer cells.

Recent publications have used SMAPs to demonstrate
PP2A-mediated changes to MYC in specific tumor types (46,
50). However, a comprehensive attempt to profile the ability of
PP2A reactivation to treat MYC-driven cancers has yet to be
studied. Here, we show that direct activation of PP2A by
SMAPs in vivo results in tumor growth inhibition across
numerous models of MYC-driven cancers and extends previ-
ous findings beyond just subcutaneous xenotransplanted mod-
els of cancer. Additionally, this current work demonstrates that
SMAPs inhibit MYC signaling regardless of the mechanism by
which MYC drives any given cancer. We selected models based
on both prevalence and mechanism by which MYC activity is
increased—specifically, Burkitt’s lymphoma (MYC genetic
amplification), KRAS mutant non–small cell lung cancer (post-
translational stabilization of MYC), and triple-negative breast
cancer (MYC overexpression). Furthermore, we utilized three
distinct SMAP molecules, SMAP1, SMAP2, and SMAP3 (Fig.
S1) (48) to further validate our hypothesis that PP2A activation
may drive tumor growth inhibition in MYC-driven cancers.
These molecules are structurally similar PP2A-specific activa-
tors whose difference lays primarily in their relative potency

and pharmaceutic properties (44, 46), and the use of multiple
independent small molecule PP2A activators rules out poten-
tial off-target effects of any individual molecule, providing fur-
ther evidence that the observed biology is PP2A-dependent. In
addition to the tumor growth inhibition noted in all models,
molecular analysis of treated tumors revealed a significant
decrease in total MYC protein expression and a corresponding
decrease in MYC signaling, confirming decreased MYC activity
in both cellular and in vivo models. Furthermore, we demon-
strate that the decrease in MYC protein levels results from
changes in MYC protein stability as a result of proteasome-
mediated protein degradation upon PP2A-mediated dephos-
phorylation. In support of this finding, tumors expressing
mutations in the phosphodegron of MYC were no longer
responsive to SMAP treatment. Collectively, our data show that
direct activation of PP2A is a promising therapeutic strategy for
the treatment of MYC-driven cancers.

Results

SMAPs inhibit tumor growth in c-MYC-driven Burkitt’s
lymphoma

Burkitt’s lymphoma is a disease that has been shown to
almost universally be driven by MYC as result of one of three
translocations that drives high MYC expression and activity
(51). As a result of this driver event, there is little genetic het-
erogeneity in this model, making it an ideal system to study the
therapeutic potential of PP2A reactivation for the treatment of
MYC-driven cancers. Therefore, to investigate whether direct
small molecule–mediated activation of PP2A inhibits tumor
growth in MYC-driven cancers, we treated a xenograft model of
Burkitt’s lymphoma with SMAPs and monitored tumor
growth. To establish efficacy in this model, we used the
Burkitt’s lymphoma cell line Daudi in a subcutaneous xenograft
model (Fig. 1A). Mice were treated with 15 mg/kg SMAP1 twice
a day per previously published, and unpublished data using a
range of SMAPs from 0.1 to 50 mg/kg dosed either twice a day
or once a day demonstrated that doses between 5 and 15 mg/kg
twice a day resulted in optimal tumor growth inhibition (46 –
50). Treatment with higher SMAP concentrations, although
well-tolerated in mice, did not result in significant difference in
response; thus, we have used 15 mg/kg in the majority of studies
presented here. In this model, SMAPs inhibited tumor growth
by �65% (Fig. 1, A and B). As has been shown previously (47,
48), SMAP1 treatment was well-tolerated with no visible toxic-
ities or changes in body weight noted over the entire treatment
course (Fig. S2A). At the end of the study, control and SMAP-
treated tumors were analyzed for phosphorylation of MYC at
serine 62 as well as total MYC expression and apoptosis by
immunoblot and TUNEL staining, respectively. Phosphoryl-
ated MYC and total MYC protein expression were determined
to be significantly decreased in SMAP-treated tumors com-
pared with control tumors (Fig. 1, C and D). Additionally,
TUNEL staining analysis revealed a significant increase in apo-
ptosis in the SMAP-treated tumors compared with control
tumors (Fig. 1, E and F). Taken together, these data established
the efficacy of SMAP treatment in the Burkitt’s lymphoma
Daudi model, suggesting that this is a viable approach for tar-
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geting MYC and driving an antitumorigenic response as a
result.

SMAPs decrease tumor burden and c-MYC expression in a
KRAS model of non–small cell lung cancer

Next, we extended our studies to a genetically engineered
mouse model (GEMM) of KRAS driven non–small cell lung
cancer (NSCLC), KRASLA2 (52). It has been established that
MYC and KRAS cooperate to drive tumorigenesis and that
KRAS mutant tumors can be dependent on MYC for their sur-
vival (53–55). MYC has been shown to be overexpressed
broadly in up to 70% of NSCLC, and MYC overexpression is
associated with a poor prognosis (56 –58). In KRAS mutant
NSCLC specifically, MYC protein is further stabilized by a
KRAS downstream kinase, extracellular signal-regulated
kinase, via phosphorylation at serine 62, the same site previ-
ously described to be dephosphorylated by PP2A (12, 32,
59 –61). Through this mechanism, MYC is a critical effector of
KRAS-mediated activity and could represent a potential drug
target for the treatment of KRAS-driven cancers (12, 59). We
therefore hypothesized that PP2A reactivation could represent
a novel strategy for the treatment of KRAS mutant lung cancer
through its negative regulation of MYC. We began by deter-

mining the expression of MYC in the tumors from the KRASLA2

(52) GEMM of lung cancer versus WT mice using immunohis-
tochemistry (IHC) (Fig. 2A). Importantly, there was a signifi-
cant increase in MYC expression in the KRAS mutant mice
compared with control mice, supporting the findings that
MYC protein is stabilized by KRAS-dependent signaling. We
next treated the KRASLA2 GEMM of lung cancer with
SMAP2 for 28 days. At the end of the study, the mice were
sacrificed, and the lungs were removed for downstream
molecular and histological analysis. Consistent with previ-
ous results, overall tumor volume was significantly
decreased in SMAP2-treated mice compared with control,
consistent with a marked reduction in lung cancer nodules as
measured by histological quantitation (Fig. 2, B–D). The
observed reduction in tumor growth was associated with an
increase in apoptotic signaling in the tumor nodules of
SMAP2-treated mice compared with control as measured by
TUNEL staining (Fig. 2B and Fig. S4A) and a decrease in
MYC expression (Fig. 2B). These data provide further sup-
port to our hypothesis that PP2A activators may have robust
antitumor activity through their ability to regulate MYC
expression and signaling.

Figure 1. SMAPs inhibit tumor growth and decrease c-MYC expression in a model of Burkitt’s lymphoma. A, tumor growth in a xenograft model of
Burkitt’s lymphoma with the Daudi cell line treated with DMA (control) or 15 mg/kg SMAP1 by oral gavage twice a day. B, change in individual tumor volume
at end of study. C, Western blotting for c-MYC expression from tumor lysates. D, quantification of p-MYC (Ser62) and MYC expression normalized to total protein.
Stain-free images used for normalization are included in Fig. S3A. E, representative images of TUNEL staining in tumors treated with DMA or SMAPs. F,
quantification of TUNEL. Respective quantifications are represented as means � S.E. (A) or means � S.D. (D and E). **, p � 0.01; ****, p � 0.0001. BID, twice per
day; DAPI, 4�,6�-diamino-2-phenylindole.
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Figure 2. SMAPs inhibit tumor growth and decrease c-MYC expression in KRAS driven NSCLC. A, immunohistochemistry for c-MYC expression in lung
tissue of WT and KRAS LA2 GEMM of NSCLC. B, H&E of lungs, TUNEL staining, and immunohistochemistry for c-MYC in lungs from KRASLA2 mice treated with
vehicle control (DMA) or SMAP2. C, percentage of tumor volume in lungs of KRASLA2 mice treated with DMA or SMAP2. D, number of tumor nodules in lungs.
E, tumor growth in a H441 xenograft model of NSCLC treated with DMA or SMAP1. F, change in individual tumor volume at end of study. G, representative
images of tumors from H441 xenograft stained for propidium iodide (PI) and TUNEL. H, quantification of TUNEL. I, representative images of c-MYC expression
in H441 tumors by IHC. J, quantification of c-MYC expression from tumor lysates assessed by Western blotting in Fig. S3A. Respective quantifications are
represented as means � S.D. *, p � 0.05; **, p � 0.01; ****, p � 0.0001. BID, twice per day; mpk, mg/kg.
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In addition to the KRASLA2 model of non–small cell lung
cancer, we also assessed response to SMAP treatment in a sub-
cutaneous xenograft model of KRAS-driven lung cancer using
the H441 cell line, which harbors a KRAS G12V mutation. We
have previously shown that SMAPs have activity in H441 in
vitro. (48) To determine whether SMAP treatment inhibited
H441 tumor growth in vivo, we performed a subcutaneous
xenograft and treated with SMAP1. We found that SMAP1 sig-
nificantly inhibited tumor growth by �76% (Fig. 2, E and F).
Additionally, tumors treated with SMAP1 showed a significant
increase in TUNEL positivity indicative of apoptosis when
compared with control tumors (Fig. 2, G and H). Finally, we
analyzed MYC expression by IHC, and as hypothesized, greater
MYC expression was seen in tumors from the control group,
supportive of the coupled relationship between KRAS and
MYC activation (Fig. 2I). Consistent with our results with the
KRASLA2 GEMM, tumors treated with SMAP1 had lower
Ser(P)62 and total MYC expression as determined by both IHC
and Western blotting (Fig. 2, I and J, and Fig. S4, B–D). Com-
bined, these findings suggest that the therapeutic efficacy of
small molecule–mediated reactivation of PP2A may be a result
of coordinate down-regulation of both MYC and KRAS
signaling.

SMAPs inhibit tumor growth in c-MYC expressing xenograft
models of TNBC

To extend the translational impact of our findings, we inves-
tigated the potential of SMAPs to inhibit tumor growth in xeno-
graft models of triple-negative breast cancer (TNBC). TNBC is
a breast cancer subtype that is notoriously aggressive and less
responsive to current standard-of-care treatments. MYC has
been well-described to be commonly overexpressed and func-
tionally active in claudin-low and basal-like TNBC (57). More-
over, high MYC expression in these subtypes is associated with
poor response to current standard-of-care treatments (62). It
has been shown that the high expression of MYC contributes to
a state of MYC oncogene addiction in these cancers and as such
has been well-described as a potential drug target for the treat-
ment of TNBC (34, 57, 63–65). In support of this, it has previ-
ously been shown that direct or indirect inhibition of MYC
inhibits disease progression in both in vitro and in vivo models
of the disease (16, 34, 64, 66).

First, we performed in vitro studies to test SMAP response in
a series of TNBC cell lines, MDA-MB-231, MDA-MB-453,
BT549, and HCC1937. All lines were sensitive to SMAP treat-
ment as demonstrated by dose-dependent decreases in cell via-
bility and reduced colony formation in a mammosphere assay
(Fig. S5, A–D). Moreover, in the mammosphere assay,
HCC1143 appears to be more sensitive to SMAPs than to the
standard of care for TNBC, paclitaxel, as well as the MEK inhib-
itor AZD6244, which has previously been proposed as a tar-
geted therapy approach for TNBC (67, 68).

To extend these findings to disease relevant in vivo models,
we tested SMAP efficacy in a series of TNBC xenograft models.
We selected three TNBC cell lines, previously characterized for
their high MYC expression and MYC dependence for efficacy
testing with our small molecule PP2A activator series. The
MDA-MB-231 cell line is a claudin-low TNBC cell line that

harbors a KRAS mutation that is proposed to contribute to
MYC stability much like the lung cancer models described
above (57). The SUM149PT line is a basal-like TNBC cell line
that demonstrates MYC dependence (63). Finally, we used the
MDA-MB-453, a TNBC cell line that expresses the androgen
receptor (AR) and high levels of the MYC protein. Importantly,
much like what has been shown in prostate cancer, there is a
strong relationship in breast cancer between MYC and AR
pathway activation and increased tumorigenesis and drug resis-
tance (69, 70). Treatment with SMAP1 induced tumor growth
inhibition of 46% in the MDA-MB-231 model (Fig. 3, A and B),
68% in the MDA-MB-453 model (Fig. 3, E and F), and 69.7% in
the SUM149PT model (Fig. 3, G and H). Again, no significant
weight loss or visible toxicities were identified in the treated
mice, consistent with previous in vivo studies performed (Fig.
S2, B and C). In the MDA-MB-231 model, the antitumor effects
of SMAP1 was comparable with that of paclitaxel (Fig. 3, A and
B), and SMAP-treated tumors demonstrated decreased phos-
phorylation of MYC at serine 62, as well as a decrease in total
MYC protein expression (Fig. 3, C and D). Importantly, in the
MDA-MB-453 model, the majority of tumors regressed upon
treatment with SMAPs (Fig. 3D). As a result of their small size
or lack of remaining tumor, MYC expression could not be
assessed in SMAP-treated tumors from the MDA-MB-453 or
SUM149PT models. Collectively, our findings demonstrate
that SMAP treatment inhibits tumor growth in multiple mod-
els of MYC-expressing TNBC.

SMAP treatment results in proteasome-mediated MYC
degradation

To determine the mechanism by which PP2A activation
alters MYC expression, we treated Daudi cells with SMAPs and
analyzed MYC stability and function. Upon SMAP treatment,
both phosphorylated MYC (s62) and total MYC protein expres-
sion rapidly decreased, with a greater than 50% loss seen within
2 h and minimal protein remaining by 4 h (Fig. 4, A–C). To
determine whether these changes were occurring post-tran-
scriptionally, we analyzed the mRNA levels of MYC after treat-
ment with SMAPs and found no significant change (Fig. S6A),
indicating that the decrease in MYC expression resulted from
post-transcriptional mechanisms of regulation. To determine
the generalizability of these findings, we assessed MYC protein
expression upon PP2A activation in two of the TNBC cell lines
used in vivo, MDA-MB-453 and MDA-MB-231. Consistent
with the results in the Daudi cell line, MYC protein expression
decreased within 3 h (Fig. S6, B and C). Additionally, we
assessed MYC t1⁄2 in the MDA-MB_231 cell line in the presence
and absence of SMAPs using cycloheximide and found that
SMAPs shortened MYC t1⁄2 by nearly 50% from 35 to 18 min
(Fig. 4, D–F).

Multiple publications have demonstrated that MYC stability
is regulated by ubiquitination through several E3 ligases,
including FBXW7. Recognition of MYC by FBXW7 is directed
by PP2A-mediated Ser62 dephosphorylation, triggering MYC
degradation by the proteasome (7, 32, 33, 71). To determine
whether the SMAP-mediated decrease in MYC protein expres-
sion was proteasome-mediated, we treated cells with SMAP1 in
the presence of the proteasome inhibitor MG132. Daudi cells
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were pretreated for 2 h with DMSO or MG132 and then treated
with 20 �M of SMAP or DMSO for 2 h. Consistent with previ-
ous findings, total MYC expression decreased in the SMAP-
treated cells (Fig. 4, G and H). However, in cells that were pre-
treated with MG132, these changes were significantly
abrogated, indicating that the decrease in MYC expression in
response to SMAP1 resulted from proteasome-mediated deg-
radation of the protein (Fig. 4, G and H).

In summary, we show that the decrease in MYC protein
expression upon PP2A activation occurs post-translationally
and that this decrease could be rescued through inhibition of
the proteasome consistent with the established mechanism of
MYC degradation upon PP2A activation. These data, com-
bined with the established mechanism of MYC degradation,
demonstrate that small molecule activation of PP2A results in
the degradation of MYC by the proteasome.

SMAPs inhibit the transcription of c-MYC target genes

Based upon the observed changes in MYC protein expression,
we next sought to confirm the loss of protein by determining
whether its activity was changed. A panel of well-described tran-
scriptional targets of MYC was selected from the literature (Table
S1) (72, 73), and changes in their expression were assessed after
SMAP treatment in the Daudi and MDA-MB-231 cell lines. In
both cell lines, 21 of 23 of the MYC gene targets that are reported
to be transcriptionally up-regulated by MYC were down-regulated
with SMAP treatment (Daudi: Fig. 4F and Table S2; MDA-MB-
231: Fig. S6D and Table S3). Conversely, two genes shown to be
transcriptionally inhibited by MYC were also assessed after SMAP
treatment, and of these two targets, one (CEBPA) was significantly
up-regulated in both cell lines. Overall, these changes in mRNA
expression of MYC target genes demonstrate a change in MYC
transcriptional output upon SMAP treatment.

Mutation of the c-MYC phosphodegron abrogates SMAP-
driven tumor growth inhibition

To determine whether SMAP-induced dephosphorylation
and degradation of the c-MYC protein is responsible for its
reported anticancer activity, we expressed a phosphomimetic
version of MYC (S62D); if SMAP-mediated dephosphorylation
of MYC at this defined site drives the observed anticancer activ-
ity, then these effects will be attenuated in the presence of the
phosphodegronmutantMYCS62D.Totestthisfunctionaldepen-
dence, we expressed EGFP as a control, wt-MYC, MYC S62D,
and a T58A MYC mutant (Fig. S7, A and B), which allows for
PP2A-dependent dephosphorylation at Ser62 but inhibits
downstream degradation of MYC to occur by preventing
c-MYC from being identified by its E3 ligase.

As previously demonstrated in the parental Daudi line,
SMAP treatment inhibited tumor growth in the Daudi–EGFP
cell line (47%), induced tumor cell apoptosis as quantitated by
TUNEL staining, and drove decreased MYC expression as

observed by Western blotting of tumor lysates (Fig. 5, A–E).
This same trend was seen in the line overexpressing WT MYC,
although the effect here was modestly abrogated (31% tumor
growth inhibition) (Fig. S8, A–E). The overexpression of MYC
generally promotes more aggressive tumor growth as observed
by the differences in growth between this model and parental
Daudi or Daudi–EGFP, and as a result this may have affected
the magnitude of SMAP response. Interestingly, in both the
Daudi MYC S62D xenograft and the Daudi MYC T58A xeno-
graft, there was no tumor growth inhibition by SMAPs (Fig. 5F
and Fig. S8F). Additionally, in both of these models, SMAP
treatment did not result in any significant induction of apopto-
sis as assessed by TUNEL staining, and MYC protein expres-
sion was unchanged in these MYC mutant xenografts (Fig. 5,
G–J, and Fig. S8, G–J).

When assessing MYC expression across tumor lysates from
these studies, there are two bands both migrating near the
molecular weight reported for MYC that were not previously
seen in vitro. To determine whether a single or both bands
should be used to quantitate MYC expression, a blot was run
with representative tumor lysates from each study. Overall, it
seems that both bands were overexpressed in the models with
MYC overexpression (Fig. S9A). Thus, to quantify MYC expres-
sion in each of the in vivo studies presented, both bands were
analyzed. Additionally, this blot demonstrates that overexpres-
sion of MYC, MYC S62D, and MYC T58A appears to have been
sustained through the course of the study. In summary, these
studies demonstrate that PP2A-mediated dephosphorylation
of MYC is necessary for SMAP-driven tumor growth inhibition
in these models and solidify the proposed mechanism of PP2A
in regulating MYC Ser62 phosphorylation and degradation.

Discussion

This work builds on a robust body of research demonstrating
that MYC is a potent oncogene and that targeting it could be an
ideal therapeutic strategy in a diverse range of cancers, many of
which progress rapidly on standard-of-care treatments and in gen-
eral are associated with quite poor prognosis. In the original
research presented here, we have demonstrated that the degrada-
tion of the MYC protein using a first-in-class series of direct small
molecule PP2A activators has significant single agent preclinical
activity. Moreover, this approach has the following advantages: 1)
these small molecules are orally bioavailable and well-tolerated
across a number of preclinical models; 2) PP2A reactivation tar-
gets MYC at the protein level, resulting in its rapid degradation,
essentially acting as a MYC degrader; and 3) the specificity of these
small molecules to PP2A has been extensively validated. In aggre-
gate, this first-in-class and pharmaceutically tractable approach
targets MYC degradation, leading to a significant reduction in
overall cell viability and a reduction in tumor volume in vivo.

One advantage to targeting MYC via PP2A reactivation is
that it may overcome the diversity of mechanisms by which

Figure 3. SMAPs inhibit tumor growth in models of triple-negative breast cancer. A, change in mean tumor volume over time in xenograft models of
triple-negative breast cancer cell lines MDA-MB-231. B, Western blotting for phospho-MYC (serine 62) and total MYC in control and treated tumors. C,
quantification of phospho-MYC and total MYC expression across tumors in B. E and G, expression levels all normalized to DMA tumor 3 MDA-MB-453 (E) and
SUM149PT (G) treated with DMA and SMAP1 by oral gavage twice a day and in MDA-MB-231 paclitaxel once per week intraperitoneally. B, D, and F, individual
changes in tumor volume at end of study quantified in MDA-MB-231 (B), MDA-MB-453 (D), and SUM149PT (F). Respective quantifications are represented as
means � S.D. *, p � 0.05; **, p � 0.01; ****, p � 0.0001. BID, twice per day; mpk, mg/kg.
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MYC is overexpressed, activated, or stabilized in the cell. This is
most likely because the negative regulation of MYC by PP2A is
one of the more downstream events in MYC’s “life cycle” and

thus is not restricted to controlling only one component or step
in the regulation of MYC stability. This is highlighted in the
current work, because multiple models of MYC dependence

Figure 4. SMAPs decrease c-MYC expression through a proteasome-mediated mechanism and induce changes to c-MYC target genes. A, Western
blotting for Ser(P)62 and total c-MYC in Daudi cell line after exposure to 20 �M SMAP1 over 1, 2, or 4 h. B and C, quantification of phospho-MYC (B) and total
c-MYC (C) protein in n � 3 experiments normalized to vinculin. D, Western blotting of MDA-MB-231 cells treated with cyclohexamide (CHX) over time and
calculation of MYC t1⁄2. E, Western blotting for c-MYC expression in cells co-treated with SMAP1 and cyclohexamide over time and calculation of MYC t1⁄2. F,
quantification of MYC in D and E over time used for calculation of c-MYC half-life in each condition and confidence interval. G, Western blotting for c-MYC
expression upon treatment with MG132, SMAP1, or combination. H, quantification of G for n � 3. I, changes to mRNA expression of c-MYC target genes in Daudi
cell line upon treatment with 20 �M SMAP1 for 6 h, representative of n � 4. c-MYC target genes are separated into two groups: up-regulated c-MYC target genes
and down-regulated c-MYC target genes. Mean fold change, standard deviation, and p value are provided for each target in Table S2. Respective quantifica-
tions are represented as means � S.D. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001. ns, not significant.
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Figure 5. SMAP inhibition of tumor growth and changes to c-MYC expression is abrogated by mutation to c-MYC phosphodegron. A, tumor growth in
a xenograft model of Daudi cell line expressing EGFP treated with DMA or SMAP1 twice a day. B, representative images of TUNEL staining in DMA- or
SMAP1-treated Daudi–EGFP tumors. C, quantification of TUNEL in Daudi–EGFP tumors. D, Western blotting of untreated and treated tumor lysates for c-MYC
in the Daudi–EGFP xenograft. E, quantification of c-MYC protein in DMA- and SMAP-treated Daudi–EGFP tumors in D, normalized to GAPDH. F, tumor growth
in a xenograft model of Daudi cell line overexpressing c-MYC with a S62D mutation treated with DMA or SMAP1 twice a day. G, representative images of TUNEL
staining in DMA- or SMAP1-treated tumors from the S62D xenograft. H, quantification of TUNEL in the S62D tumors. I, Western blotting of protein from tumor
lysates for c-MYC from the S62D xenograft. J, quantification of c-MYC protein in DMA- and SMAP-treated tumors from the S62D xenograft in I normalized to
GAPDH. Respective quantifications are represented as means � S.D. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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were tested including genetic amplification (Burkitt’s lym-
phoma), post-translational stabilization (KRAS mutant can-
cers), and overexpression (TNBC).

Increased MYC expression is well-described to alter and reg-
ulate a number of cellular processes that cancer cells become
addicted to including, but not limited to, cellular metabolism,
cellular proliferation, cell survival, and differentiation (8).
Future studies directed at understanding the processes that
cells most depend upon in the context of increased MYC
expression and PP2A dysregulation could help further define
cancer subtypes most susceptible to this treatment strategy, as
well as shed insight on potential resistance mechanisms to
MYC-targeting strategies.

Additionally, although MYC is one of the better-character-
ized substrates of PP2A, PP2A has diverse cellular substrates.
As demonstrated by our studies in KRAS mutant lung cancer
models, we may be able to leverage our knowledge of defined
PP2A substrates to identify disease contexts that are particu-
larly susceptible to PP2A activation through coordinate effects
of both MYC signaling and other oncogenic pathways including
phosphatidylinositol 3-kinase and mitogen-activated protein
kinase. Additionally, in triple-negative breast cancer, a MYC
gene signature associated with activation has been proposed as
a potential biomarker (74). Based on the research presented
here, this subset of this particularly lethal disease may be espe-
cially treatment-sensitive to PP2A reactivation strategies.

Lastly, although the models presented here represent a vari-
ety of well-characterized examples of MYC-driven cancers,
they represent only a subset of potential MYC targetable can-
cers. Specifically, this PP2A reactivation approach has the
potential to be translated to multiple models of MYC-driven
cancer such as pancreatic cancer, which is similar to NSCLC in
the common co-expression of KRAS and MYC, as well as pros-
tate cancer, in which MYC has been implicated in the deregu-
lation of the AR-driven transcriptional programs and is associ-
ated with poor response to AR directed therapies. Indeed, it was
recently published that SMAPs synergize with mammalian tar-
get of rapamycin inhibition in pancreatic cancer to reduce
tumor growth through decreased MYC expression (50). More-
over, SMAPs were previously shown by our group to impact
prostate cancer growth via destabilization of the androgen
receptor, resulting in marked changes in its downstream tran-
scriptional activity (47). Thus, this work could lay the founda-
tion for the use of PP2A reactivation strategies in combination
with AR-directed treatments to drive more durable treatment
responses or as a single agent in enzalutamide-resistant meta-
static prostate cancer. Overall, the work presented here
expands the spectrum of cancer models in which PP2A activa-
tion is efficacious and suggests that therapeutic PP2A activa-
tion by SMAPs may be a useful strategy for the treatment of
MYC-driven cancers.

Experimental procedures

Cell lines and reagents

Burkitt’s lymphoma cell line Daudi, lung cancer cell line
H441, and breast cancer cell lines MDA-MB-231, MDA-MB-
453, SUM149PT, BT-549, and HCC1143 were purchased from

the ATCC. H441 and Daudi cell lines were maintained in RPMI
1640 medium (Corning Mediatech, Inc., Manassas, VA). MDA-
MB-231, MDA-MB-453, SUM149PT, BT-549, and HCC1143
were maintained in DMEM (Corning Mediatech, Inc., Manas-
sas, VA). All media were supplemented with 10% fetal bovine
serum (VWR International, Avantor Performance Materials,
Center Valley, PA) and 50 units/ml of penicillin-streptomycin
solution (GE Healthcare). The cells were maintained at 37 °C
with 5% CO2. Mycoplasma testing was performed routinely
with a Lonza MycoAlert mycoplasma detection kit as per the
manufacturer’s protocol (catalog no. NC9922140; Thermo
Fisher Scientific). SMAP compounds were diluted with DMSO
to a stock concentration of 80 �M and stored at room temper-
ature. Dilutions to the treatment concentrations were made in
appropriate RPMI or DMEM accordingly. MG-132 (Calbi-
ochem, San Diego, CA) was dissolved and aliquoted in DMSO
at a concentration of 50 mM, stored at �80, and serially diluted
to 10 �M in medium. Cycloheximide solution (100 mg/ml) was
purchased from Millipore Sigma (C4859) and stored as per the
manufacturer’s instructions.

MTT assay

The cells were treated with the SMAPs (dissolved in DMSO)
and screened for cell viability through the MTT assay using the
MTT kit (Sigma–Aldrich).

Mammosphere assay

Breast cancer cells were plated on ultra-low attachment
plates (Fisher) at 25,000 cells/well in 2 ml of mammosphere
medium (B27, basic fibroblast growth factor (20 ng/ml), EGF
(20 ng/ml), gentamycin (100 �g/ml), and amino acids in
DMEM/F-12). The medium was replenished every 3 days.
Starting at day 4, the cultures were treated for 24 h with the
indicated doses of SMAP and then imaged and quantified.

Constructs and generation of recombinant cell lines

MSCV-N GFP was a gift from Karl Munger (Addgene plas-
mid no. 37855). MSCV h c-MYC IRES GFP was a gift from
John Cleveland (Addgene plasmid no. 18119; MIG-MYC_S62D
and MIG-MYC_T58A were generated from MSCV h c-MYC
IRES GFP using the QuikChange Lightning site-directed
mutagenesis kit (Agilent) according to the manufacturer’s pro-
tocol using the primers 5�-ACCCCGCCCCTGGACCCTAGC-
CGCCG-3� and 5�-CGGCGGCTAGGGTCCAGGGGCGGG-
GT-3� (MIG-MYC_S62D) or 5-AGCTGCTGCCCGCCCCG-
CCCCTG-3� and 5�-CAGGGGCGGGGCGGGCAGCAGCT-3�
(MIG-MYC_T58A). For retroviral transduction, Gryphon
packaging cells (Allele Biotechnology) were transfected using
X-tremeGENE HP (Roche) using a 2:1 ratio of transfection re-
agent to plasmid DNA. Transfection medium was replaced
after 12 h. After 30 h, medium containing viral particles was
collected and directly used to transduce H358 cells. The trans-
duced cells were sorted for GFP positivity using a BD FAC-
SAria, and MYC overexpression was confirmed by Western
blotting. Daudi cells were transduced with viral supernatant in
RetroNectin-coated 6-well plates (Takara Bio USA, Inc.)
according to the manufacturer’s protocol (RetroNectin-bound
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virus infection method). Transduced cells were sorted for GFP
as described for H358 cells.

Mouse models and treatment studies

KrasLA2 mice were purchased from the National Cancer
Institute Mouse Repository. For xenograft studies, 5 � 106

Daudi cells were injected subcutaneously into the right flank
of 6 – 8-week-old female Nod-Scid mice in a 1:1 suspension
of RPMI:Matrigel. 2.5 � 106 MDA-MB-231 or 1 � 106

SUM149PT cells were injected orthotopically into the right
mammary fat pad of female NSG mice in a 1:1 suspension of
DMEM and Matrigel. 5 � 106 MDA-MB-453 cells were
injected subcutaneously into male NSG mice in a 1:1 suspen-
sion of DMEM and Matrigel. 5 � 106 of H441 cells were
injected subcutaneously in the 6 – 8-week-old male nude mice
(Strain 490, National Cancer Institute) in a 1:1 suspension of
RPMI:Matrigel. The tumors were measured every other day by
caliper, and body weight was measured every 4 days. The mice
were treated with SMAPs or paclitaxel when average tumor
volume reached �100 mm3. Daudi, MDA-MB-231, and H441
xenografts were treated until mice had a body conditioning
score of 1, tumor volume exceeded 1200 mm3, or the study
reached 30 days, respectively. SUM149PT tumors were treated
for 20 days, and MDA-MB-453 tumors were treated for 33 days.
At termination of study, the mice received a final treatment 2 h
before sacrifice. Tumor tissue was collected and formalin-fixed
for IHC and snap-frozen in liquid nitrogen for immunoblotting
and mRNA analysis.

In vivo administration of SMAPs

SMAPs were delivered by oral gavage, twice a day at 5 or 15
mg/kg in a solution of 10% N,N-dimethylacetamide (DMA) and
10% Solutol� HS15 (Kolliphor� HS 15) in sterile water.

In vivo administration of paclitaxel

20 mg/kg paclitaxel was delivered via intraperitoneal injec-
tion once per week. Paclitaxel was dissolved in DMSO followed
by the addition of a prewarmed 1:1 solution of sterile water and
propylene glycol such that the final DMSO concentration was
20%.

Antibodies and immunoblot analyses

The cells were washed twice in PBS upon collection and then
lysed in radioimmune precipitation assay buffer (Thermo
Fisher Scientific) containing phosphatase and protease inhibi-
tors (Roche). Proteins lysates were separated by SDS-PAGE
12% polyacrylamide gels (Bio-Rad) and transferred to nitrocel-
lulose membranes (Bio-Rad). The membranes were probed
with anti–phospho-c-MYC s62 (Abcam), anti–phospho-c-
MYC t58 (Abcam), total c-MYC (Cell Signaling), gapdh (Santa
Cruz), and vinculin (Santa Cruz). Primary antibodies were
probed with either goat anti-mouse (Abcam, Cambridge, UK)
or donkey anti-rabbit (GE Healthcare) conjugated to horserad-
ish peroxidase and imaged and quantified using the Bio-Rad
ChemiDoc XRS chemiluminescence imager and software. All
values were normalized to vinculin, gapdh, or total protein
expression (using the Bio-Rad stain-free gels) and expressed as
fold change relative to control.

Quantitative real-time quantitative PCR

Total RNA was extracted using the High Pure RNA isolation
kit (Roche). cDNA synthesis was carried out using the iScript
cDNA synthesis kit (Bio-Rad) as per the manufacturer’s
instructions. Sequences can be found in Table S1. Real-time
PCR was performed with SYBR green PCR Master Mix
(Applied Biosystems) on the Applied Biosystems 7900HT Fast
Real-Time PCR System.

TUNEL staining

Tissue was fixed in 10% buffered formalin phosphate
(Thermo Fisher Scientific; catalog no. SF100-4), transferred to
70% ethanol, and blocked in paraffin. Serial tissue sections (5
�m thick) were cut from the paraffin-embedded blocks and
placed on charged glass slides. The ApopTag fluorescein in situ
apoptosis detection kit (Millipore) was used according to the
manufacturer’s protocol to perform the TUNEL assay. Before
the addition of terminal deoxynucleotidyl transferase enzyme,
sections were deparaffinized with xylene and rehydrated
through graded alcohol washes. VECTASHIELD mounting
medium with propidium iodide (Vector Labs) was used for
counterstaining in the KRASLA2 and H441 xenograft models.
All other studies were counterstained for 4�,6�-diamino-2-phe-
nylindole and mounted with ProLongTM Diamond Antifade
Mountant (Molecular Probes catalog no. P36961) Fluorescent
images were captured using the Zeiss Axioplan 2 IE micro-
scope. Quantification was completed using the cell counter
function of ImageJ. Imaging was performed at the Microscopy
Cores at the Icahn School of Medicine at Mount Sinai and Uni-
versity of Michigan School of Medicine.

Immunohistochemistry

Tissue was fixed in 10% buffered formalin phosphate
(Thermo Fisher Scientific; catalog no. SF100-4), transferred to
70% ethanol, and blocked in paraffin. Serial tissue sections (5
�m thick) were cut from the paraffin-embedded blocks and
placed on charged glass slides. Tumor sections were stained
with H&E and c-MYC (Abcam, ab32072). Briefly, sections were
deparaffinized with xylene and rehydrated through graded
alcohol washes followed by antigen retrieval in a pressure
cooker (Dako) in citrate buffer (10 �M, pH 6.0, Vector Labs).
The slides were then incubated in hydrogen peroxide/metha-
nol, followed by incubation in normal goat serum in PBS. Anti-
body was applied overnight at 4 °C. DAB substrate was applied
followed by counterstaining in hematoxylin. The images were
captured with Olympus MVX10 (H&E) or Zeiss Axioplan 2IE
(IHC) microscope. Imaging was performed at the Microscopy
Core at the Icahn School of Medicine at Mount Sinai.

Statistics

Analysis was performed using GraphPad Prism 7. Statistical
significance was assumed for a two-tailed p value of less than
0.05 using Student’s t test or two-way analysis of variance with
Tukey’s post hoc test (presented as means; error bars indicate
S.E. or S.D. as noted in the figures).
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Study approval

Animal studies were performed under protocols approved by
the Institutional Animal Care and Use Committee of the Center
for Comparative Medicine and Surgery at the Icahn School of
Medicine at Mount Sinai (protocol no. IACUC-2013-1426/
Novel Small Molecules to Treat Cancer), Case Western Reserve
University (protocol nos. 2013-0130 and 2013-0132), and Ore-
gon Health and Sciences University (protocol no. IP00001014).
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