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Introduction

Amplified-HER2 breast cancer is an aggressive disease that until
recently had the worst overall survival prognosis among breast can-
cer subtypes (1, 2). The clinical implementation of HER2-targeted
therapies, including antibody-based approaches (e.g., trastuzumab,
pertuzumab) and small-molecule inhibitors (lapatinib, neratinib)
have greatly improved overall survival in this subtype (3, 4). How-
ever, despite these positive results, many patients still experience
innate or acquired resistance to HER2-targeted agents (3-6), with
nearly a quarter of women relapsing within the first 3 years despite
the use of HER2-targeted therapy (7, 8). These results highlight the
need for increased molecular understanding of how tumors differ
in the patient population, and how HER2 amplification may cooper-
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The c-MYC (MYC) oncoprotein is often overexpressed in human breast cancer; however, its role in driving disease phenotypes
is poorly understood. Here, we investigate the role of MYC in HER2* disease, examining the relationship between HER2
expression and MYC phosphorylation in HER2* patient tumors and characterizing the functional effects of deregulating MYC
expression in the murine NeuNT model of amplified-HER2 breast cancer. Deregulated MYC alone was not tumorigenic, but
coexpression with NeuNT resulted in increased MYC Ser62 phosphorylation and accelerated tumorigenesis. The resulting
tumors were metastatic and associated with decreased survival compared with NeuNT alone. MYC;NeuNT tumors had
increased intertumoral heterogeneity including a subtype of tumors not observed in NeuNT tumors, which showed distinct
metaplastic histology and worse survival. The distinct subtypes of MYC;NeuNT tumors match existing subtypes of amplified-
HER2, estrogen receptor-negative human tumors by molecular expression, identifying the preclinical utility of this murine
model to interrogate subtype-specific differences in amplified-HER2 breast cancer. We show that these subtypes have
differential sensitivity to clinical HER2/EGFR-targeted therapeutics, but small-molecule activators of PP2A, the phosphatase
that regulates MYC Ser62 phosphorylation, circumvents these subtype-specific differences and ubiquitously suppresses
tumor growth, demonstrating the therapeutic utility of this approach in targeting deregulated MYC breast cancers.

ate with different deregulated oncogenic pathways to drive distinct
tumor biology and drug resistance.

A likely cooperative factor in the tumorigenesis of ampli-
fied-HER2 breast cancer is the deregulation of the oncoprotein
c¢-MYC (MYC). MYC levels are tightly regulated in normal cells
both transcriptionally and posttranscriptionally (9-12). Most
human cancers evolve to lose this regulation, which can contribute
to almost all aspects of oncogenesis (13-18). In breast cancer, MYC
expression is deregulated through gene amplification or increased
transcription, translation, or enhanced protein stability in a high
percentage of tumors (19-22). Our lab has previously published
examples of increased phosphorylation of MYC at Ser62 (p-S62-
MYC), which increases MYC protein stability and transactivation
of target genes, in human breast tumors and breast cancer cell lines
including estrogen receptor-positive (ER*), triple-negative, and
amplified-HER?2 breast cancer (23, 24). Deregulation of MYC sta-
bility may be particularly relevant in amplified-HER?2 breast can-
cer, in which MYC amplification occurs at a higher rate than other
breast tumor subtypes, and coamplification of MYC and HER2 is
associated with worse outcome than either amplification alone (25-
28). In addition, high nuclear staining for MYC protein was associ-
ated with HER2 positivity and lymph node-positive disease (29).
These observations support the notion that there is cooperation
between HER2 signaling and deregulated MYC. Indeed, several
studies have shown that HER2 signaling supports MYC expression
at both the transcriptional and translational level (30-32) and as we
and others have shown at the level of posttranslational stabilization
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Figure 1. HER2 regulates MYC protein stability and phosphorylation at Ser62. (A) Western and quantitative RT-PCR (gRT-PCR) analysis in MCF10A-Ctrl
and MCF10A-Neu8142 cells showing endogenous MYC protein (representative Western blots [nn = 3], left) and mRNA levels (right graph, mean + SEM, n =
3). (B) Western blot and MYC half-life calculation in MCF10A-Ctrl (top) and MCF10A-Neu8142 cells (bottom) infected with Ad-MYC. Representative West-
erns and mean half-life + SD indicated, from 2 independent experiments. CHX, cycloheximide. (C) Western blot of MCF10A-TR-MYC-Ctrl and MCF10A-TR-
MYC-Neu8142 cells treated with doxycycline for 24 hours. Representative (n = 3) expression of ectopic MYC protein levels and p-S62-MYC levels are shown
and gquantified. (D) Immunofluorescence images of 2 human HER2* breast tumors and patient-matched normal region adjacent to tumor 1. Scale bars: 50
um. See Supplemental Figure 1D for quantification of these and additional tumors and normal tissues.

mediated by Ser62 phosphorylation (23, 24, 33). However, these
effects have not been characterized in vivo, and the contribution of
HER2 signaling and posttranslational activation of MYC to tumor
phenotypes, particularly in relation to response to HER2-targeted
therapy, has not been studied. Additionally, pharmacologically tar-
geting MYC phosphorylation in relevant in vivo models of ampli-
fied-HER disease has not been explored.

Here we investigated the relationship between amplified HER2
and the posttranslational regulation of MYC using human breast
cancer cell lines, human HER2* patient samples, and the NeuNT
murine model of amplified-HER breast cancer (34). Through the
generation of a genetically engineered mouse model combining
a Rosa-LSL-Myc;Blg-Cre strain with the NeuNT mouse model,
we characterize the phenotypic and behavioral consequences of
tumors that have deregulated MYC and HER2. This combination
of deregulated MYC and amplified activated HER2 accelerated
tumorigenesis, metastasis, and lethality. Interestingly, tumors with
deregulated MYC and HER2 generated a larger array of distinct
subgroups of tumor phenotypes compared with NeuNT alone, and
these subgroups show high molecular similarity to tumor subtypes
observed in the HER2'ER human patient population, indicating
that this model may provide a unique tool for assessing the spec-
trum of patient HER2* tumor behavior and drug response. Indeed,
our investigation reveals that the distinct tumor subgroups respond
differently to the EGFR/HER2-targeted therapy lapatinib. Despite
these subtype-specific differences in HER2-targeted therapy
response, we also demonstrate that by directly targeting MYC sta-
bilization through use of a small-molecule activator of PP2A that
stimulates the dephosphorylation of Ser62, we can overcome this
heterogeneity and effectively inhibit all tumor subgroups, iden-
tifying a therapeutic approach that may circumvent the innate
resistance associated with HER-targeted agents. Together, these
findings expand our understanding of how deregulated MYC con-

tributes to the evolution of aggressive tumor subtypes, increasing
intertumoral heterogeneity and varied tumor responses to targeted
therapeutics, and we introduce a therapeutic strategy that can cir-
cumvent such issues in intertumoral heterogeneity.

Results

HER? signaling increases MYC phosphorylation at Ser62 and pro-
tein stability. Signaling pathways downstream of activated HER2,
including RAS/ERK and PI3K/AKT, have been shown to stabilize
MYC protein in several cell systems (35, 36). To directly exam-
ine whether HER?2 activation regulates MYC posttranslationally
in breast cancer, we generated stable cell lines using the non-
transformed mammary epithelial cell line MCF10A engineered
to express Neu8142 (MCF10A-Neu8142), which has a deletion
mutation in its extracellular domain to allow it to constitutively
form an activated HER2 dimer (37); conversely, control MCF10A
(MCF10A-Ctrl) cells were generated with an empty vector.
Neu expression was confirmed through reverse transcription
PCR (RT-PCR) (Supplemental Figure 1A; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI126390DS1). Western blot analysis revealed an increase in
the endogenous MYC protein level in MCF10A-Neu8142 com-
pared with MCF10A-Ctrl (Figure 1A, Western), while MYC mRNA
was not significantly altered (Figure 1A, graph). Previously, the
MYC 5' UTR and 3' UTR have been shown to harbor sequences
that can affect MYC mRNA translation and stability (38-40). To
test whether Neu8142 could increase MYC protein independent-
ly of this mechanism, we utilized expression of adenoviral MYC
(Ad-MYC) that lacks most of the 5" and 3’ UTR sequences and
observed increased ectopic MYC protein but not mRNA levels in
Ad-MYC-infected MCF10A-Neu8142 cells (Supplemental Figure
1B). Furthermore, we examined the half-life of MYC protein in
these cells. MYC protein half-life was increased from 22 minutes
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Figure 2. MYC phosphorylation is elevated in HER2* patient tumors and correlated with HER2 expression. (A) Immunofluorescence images of 2 human
HER?2* breast tumors from a TMA of 75 HER2* patients with local disease showing CK19 (green) and p-S62-MYC (red) expression, with DAPI staining nuclei
(blue); insets show higher magnification. Scale bars: 100 um. (B) TMA tumor images were segmented for single cells and cells were classified as part of the
tumor (CK19*) or nontumor stromal (CK19") compartment. The frequency of p-S62-MYC positivity is compared between the compartments, with tumors
arranged by the Z-score of frequency difference (n = 71 assessable cores). SDs calculated from comparing frequencies between patient-matched cores
(patients with one sample are grouped to right, arranged by p-562-MYC frequency in tumor cells). (C) A patient-paired vertical scatterplot showing p-562-
MYC* cell frequency between the nontumor stroma and tumor compartments of patients (n = 71). (B) Immunofluorescence images showing expression of
CK19 (green), HER2 (red), and DAPI staining (blue) in patient tumors from A. Scale bars: 100 um. (E) The frequency of p-S62-MYC* tumor cells is compared
between the HER2", HER2™, and HER2" fractions of each tumor containing at least 2% HER2"/med tumor cells (n = 67). Tumors are arranged by the cumu-
lative Z-score of p-562-MYC frequency between HER2", HER2™¢, and HER2" fractions. SDs shown between patient-matched cores (patients with one
sample are grouped to right, arranged by the frequency of p-S62-MYC* cells in the HER2" fraction). (F) A patient-paired vertical scatterplot showing p-562-
MYC* cell frequency between the HER2", HER2™¢, and HER2" tumor cell fractions (n = 67). (G) The frequency of Ki-67* cells is compared between HER2",
HER2™4, and HER2" fractions as in F. (H) The frequency of Ki-67* cells is shown between the p-562-MYC-positive and -negative tumor fractions

(n =71). ****P < 0.001 by Wilcoxon's matched-pairs signed-rank test, indicating significant differences in frequency between compartments (C and F-H).

in MCF10A-Ctrl cells to 71 minutes in MCF10A-Neu8142 cells
(Figure 1B). MYC stability is highly regulated in cells and MYC
protein is usually quickly degraded, with a half-life of only 20-30
minutes (11, 41). MYC is significantly stabilized in tumor-derived
cell lines, including Burkitt’s lymphoma-derived lines that have
impaired posttranslational regulation of MYC and show a 2- to
6-fold increase in MYC half-life (14, 23, 41-44). Based on these
studies, we believe the observed 3-fold increase in MYC stabiliza-
tion in NeuNT-expressing cells is likely to have substantial biolog-
ical impact through MYC’s oncogenic functions. Consistent with

jci.org

its deregulated stability, MCF10A-Neu8142 cells lack the normally
tight peak of MYC expression in response to mitogen stimulation,
with a higher baseline MYC expression in starved conditions and a
slower downregulation following peak expression (Supplemental
Figure 1C). Together, these results demonstrate that HER2 activa-
tion posttranslationally stabilizes MYC.

Since Ser62 phosphorylation has been previously associat-
ed with increased MYC stability (23, 24), we examined this phos-
phorylation site in response to Neu8142 expression. We observed
increased p-S62-MYC in MCF10A-TR-MYC-Neu8142 cells com-
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Figure 3. Deregulated MYC accelerates HER2 tumorigenesis in vivo. (A) Schematic showing the mouse strains crossed to generate the MYC;NeuNT (Rosa-
LSL-Myv;LSL-NeuNT;Blg-Cre) mice. (B) Mammary gland tumor incidence from MYC (Rosa-LSL-Myc;Blg-Cre), NeuNT (LSL-NeuNT;Blg-Cre), and MYC;NeuNT
(Rosa-LSL-Myc;LSL-NeuNT;Blg-Cre) mice. (€) Immunofluorescence images of p-562-MYC in normal mammary gland from the MYC and MYC;NeuNT mice;
and mammary tumors from MYC;NeuNT mice. Scale bars: 50 um. (D) Mean fluorescence intensity (MFI) of p-Ser62-MYC was measured in p-Ser62-MYC-
positive cells and compared between each mouse strain shown in € (1 = 5 normal mammary gland/tumors per mouse strain). Asterisks denote significant
differences in MFI: *P < 0.05, ****P < 0.0001, 1-way ANOVA corrected for multiple comparisons. (E) gRT-PCR of Myc mRNA levels in MYC (n = 4) and
MYC;NeuNT (n = 6) normal mammary glands, as well as MYC;NeuNT mammary tumors (n = 6). Asterisks denote significant differences in expression: *P

< 0.05 and **P < 0.01, Kruskal-Wallis test corrected for multiple comparisons. NS, not significant. (F) Images of representative (n = 45) chromogenic IHC
for HER2 and ERa in MYC;NeuNT mammary tumors and adjacent normal mammary gland. Scale bars: 50 um. (G) Representative H&E staining of macro
and micro lung metastasis in MYC;NeuNT mice (n = 40). Scale bars: 200 pm. (H) GSEA results examining gene sets related to human ERBB2 breast tumors
(left) and ERBB signaling (right), comparing MYC;NeuNT tumors with normal mammary gland. See Supplemental data set 2 for full GSEA results. NES,

normalized enrichment score.

pared with MCF10A-TR-MYC control cells, which lacked Neu (Fig-
ure 1C). To determine if a similar increase in Ser62 phosphoryla-
tion is present in primary HER2* breast cancer patient samples, we
obtained 4 HER2' breast tumors chosen at random from the Oregon
Health and Science University (OHSU) patient biobank by a clinical
pathologist and examined expression of p-S62-MYC in the tumors
and adjacent normal regions present in 2 of the tumors. Three of
these tumor samples showed increased phosphorylation of MYC at
Ser62 relative to matched available adjacent ducts (Figure 1D and
Supplemental Figure 1D), and combined with our previous HER2*
patient tumor data (23, 24), we found that the majority of the HER2*
breast tumors we examined (6 of 10) showed high p-S62-MYC rel-
ative to matched normal tissue. To more robustly investigate the
expression of p-S62-MYC in HER2* patient tumors, and its relation-
ship with tumor versus stromal cells, HER2 expression, and prolifer-
ation, we obtained a tissue microarray (TMA) containing 76 patient

tumors with 75 HER2* cases and 1 HER2™ tumor and 2 cores per
case (Supplemental Figure 2A). We performed cyclic immunofluo-
rescence and single-cell image segmentation and image cytometry
to assess cellular expression of p-S62-MYC, the epithelial tumor
marker cytokeratin 19 (CK19), HER2, and the proliferation marker,
Ki-67, in the tumors (Supplemental Figure 2, B and C). We found
that almost all tumor cells expressed CK19, and we used CK19* cells
to examine p-S62-MYC levels in tumor and nontumor fractions
(Figure 2A). p-S62-MYC-positive cells were determined based on
bimodal cellular expression gates (Supplemental Figure 2C). We
found that the frequency of p-S62-MYC-positive cells was high-
er in the tumor cell fraction in all cases that showed some p-S62-
MYC-positive staining (71 of 75) (Figure 2, B and C). We observed
that most of the HER2* cases had tumor cells with variable levels
of HER?2 expression, and we sought to understand the relationship
between the level of HER2 expression and p-S62-MYC positivity.
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Table 1. Characterization of Myc;NeuNT and NeuNT tumors

Tumors HER2 IHC ERa IHC Metastasis

MycNeuNT — 80% (n=45) IH(3+  100% negative (n=45)  Group 1/2 52% (n = 29)
20% (n = 45) IHC2+ Group 3 55% (n =11)

NeuNT 43% (n=14) IH(3+ 100% negative (1 = 14) 7% (n=14)

(
57% (n = 14) IHC2+

had passed through 2 cycles of pregnancy/
lactation in order to activate Blg-Cre expres-
sion around 10-12weeks of age. We compared
tumor-free survival of the MYC;NeuNT mice
relative to MYC and NeuNT mice, all in a
BL6/129S1/FVB mixed genetic background.
Mice bearing only the deregulated MYC did

Neu Amplification
72.5% (n = 40)

67% (n=9)

We created gates for HER2%, HER2™¢, and HER2" tumor cell pop-
ulations (Supplemental Figure 2D) and compared the frequency of
p-S62-MYC-positive cells among these populations in tumors that
contained at least 2% HER2" and/or HER2™ cells (67 of 71 cases,
Figure 2D). We found that p-S62-MYC positivity correlated with
HER? expression levels, being significantly higher in HER2" versus
HER2™¢ populations, and significantly higher between HER2m<
and HER2" populations (Figure 2, E and F). Similarly, Ki-67 expres-
sion, marking proliferating cells, was positively correlated with
HER?2 and p-S62-MYC expression, with Ki-67-positive cells being
significantly higher in cells positive for p-S62-MYC and for HER2
and HER2™ (Figure 2, G and H).

Taken together, these results indicate that HER2 pathway
activity can posttranslationally increase Ser62 phosphorylation
and MYC protein stability in HER2* breast cancer cells, and that
this direct relationship is prominent in patient tumors, where
p-S62-MYC levels are upregulated in tumor cells and positively
correlated to the level of HER2 expression and to cell proliferation.

Coexpression of deregulated MYC and activated New in the mam-
mary epithelium accelerates tumorigenesis. Since HER2 signaling can
posttranslationally stabilize MYC, we investigated the in vivo coop-
erativity of MYC and HER2 under physiological levels of expression
of each oncogene. We generated Rosa-LSL-Myc;LSL-NeuNT;Blg-
Cre (MYC;NeuNT) mice by crossing Rosa-LSL-Myc mice that
express Cre-inducible MYC from the ROSA26 locus, which results
in constitutive expression but at physiological levels relevant to
human disease (33), with LSL-NeuNT (NeuNT) mice (34), which
carry 1 Cre-inducible allele of activated Neu, and with B-lacto-
globulin-Cre (Blg-Cre) transgenic mice for mammary-specific Cre
expression in late pregnancy and during lactation (45) (Figure 3A).
Compared with hormone receptor-positive breast cancer, HER2*
breast cancer has been shown to be enriched in parous women at
younger ages (46), as well as in women with a recent pregnancy
(47), particularly for HER2*ER' cases, suggesting that the postpar-
tum skewing of Blg-Cre has some relevance to human HER2* dis-
ease. NeuNT is a mutant form of rat HER2, which harbors a point
mutation in the transmembrane region leading to autodimerization
of the receptor, and functions similarly to Neu8142. We confirmed
mammary-specific expression of Cre in these MYC;NeuNT mice
by PCR with recombination primers (Supplemental Figure 3A) and
also by crossing Rosa-LSL-Myc;Blg-Cre (MYC) mice with the Rosa-
LSL-LacZ reporter mice. B-Gal staining demonstrated that the Cre
expression was restricted to luminal epithelial and myoepithelial
cells in the mammary gland during pregnancy and maintained
after pregnancy in the parous gland (Supplemental Figure 3B).

To investigate a role for deregulated MYC and activated Neu
in mammary tumor development, we monitored female mice that
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not develop mammary tumors by 64 weeks
after Blg-Cre activation, consistent with our
previous work using Rosa-LSL-Myc;WAP-Cre
mice (33) where we found low-level expression of wild-type MYC
from the ROSA locus to be insufficient to drive tumorigenesis
(Figure 3B). NeuNT mice developed tumors between 28 and 44
weeks after Blg-Cre activation, with 50% penetrance. Coexpres-
sion of deregulated, physiological levels of MYC with activated
Neu accelerated tumorigenesis, and these MYC;NeuNT mice
were found to rapidly develop mammary tumors between 4 and 12
weeks after Blg-Cre activation, at 65% penetrance. These tumori-
genic effects of deregulated MYC and Neu were also observed in
FVB background mice, where MYC;NeuNT tumor penetrance was
even higher, at 94% (Supplemental Figure 3C).

To investigate whether NeuNT posttranslationally regulates
MYC in vivo, we analyzed p-S62-MYC levels in the mammary
glands of non-tumor-bearing MYC and MYC;NeuNT mice, as
well as in tumors from the latter group. We found that p-S62-MYC
levels are increased in the mammary gland of MYC;NeuNT mice
compared with MYC mice before tumorigenesis occurs (Figure 3,
C and D), whereas MYC mRNA levels were unchanged (Figure 3E).
In MYC;NeuNT tumors, both MYC mRNA and p-S62-MYC protein
were increased, consistent with increased proliferation and epithe-
lial content, and aligning with our observations of high p-S62-MYC
levels in HER2" patient tumors (Figure 3, C-E). These results indi-
cate that deregulated HER2 signaling in vivo can posttranslational-
ly stabilize MYC, generating a more stable transcriptionally active
form of MYC (48, 49), associated with accelerated tumorigenesis.

Prior studies on NeuNT mice indicated that the NeuNT gene
is frequently amplified in developing mammary tumors (37). We
assessed NeuNT amplification in the MYC;NeuNT and NeuNT
mammary tumors to determine whether deregulated MYC
expression affects NeuNT gene amplification. In tumors with
coexpression of deregulated MYC and activated NeuNT, we found
that NeuNT gene amplification occurred in approximately 70% of
tumors, at a similar frequency to that in NeuNT tumors, although
the copy number ranged from 4 to 12 copies in MYC;NeuNT
tumors compared with the tumors driven by NeuNT without ecto-
pic MYC, in which NeuNT gene copy number ranged from 20 to
120 copies (Supplemental Figure 3D and Table 1). MYC;NeuNT
mammary tumors showed high membrane staining for HER2/
Neu by immunohistochemistry (IHC) (Figure 3F and Table 1).
Similar to the NeuNT model, all MYC;NeuNT tumors were neg-
ative for ERa, whereas non-neoplastic mammary epithelial cells
adjacent to the tumors showed ERa expression (Figure 3F and
Supplemental Figure 4C). Functionally, beyond showing reduced
tumor-free survival (see Figure 3B), MYC;NeuNT tumors were
more metastatic at the endpoint, with a 55% rate of metastasis
to the lung and/or liver compared with a 7% metastatic rate for
NeuNT endpoint tumors (Figure 3G and Table 1). Together, these
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Figure 4. Deregulated MYC expands intertumoral heterogeneity. (A) Unsupervised hierarchical clustering of 14 MYC;NeuNT mammary tumors (“MycNeu”)
and 4 NeuNT mammary tumors (“Neu”), as indicated, by gene RNA-Seq expression. Three main clusters emerged, marked as group 1(G1), group 2 (G2),
and group 3 (G3) tumors. Histology of the tumors is denoted by color. (B) Representative H&E images of mammary gland tumors from MYC;NeuNT and
NeuNT mice used for RNA-Seq in A showing the range of observed histologies. Scale bars: 200 um. (C) Observed frequencies of different tumor histologies

in MYC;NeuNT (n = 99) and NeuNT (n = 16) mice.

data indicate that the MYC;NeuNT mice are an in vivo model of
aggressive ERHER2* breast cancer.

Multiple molecular and histologic subtypes are present in MYC-
NeuNT tumors. We next performed gene expression profiling on
14 MYC;NeuNT tumors, 4 NeuNT tumors, and 4 control (no Cre)
normal mammary glands by RNA sequencing (RNA-Seq) to char-
acterize the molecular characteristics of this murine model of
amplified-HER?2 breast cancer. Using gene set enrichment analy-
sis (GSEA) (50) we queried breast cancer-related gene sets and all
gene sets in the oncogenic signatures gene set collection (C6) and
curated gene set collection (C2) of the molecular signature data-
base (MsigDB) (51) (Supplemental data set 2) and found that the
most-enriched gene set in the C2 database was one encompassing
genes upregulated in ERBB2-driven murine tumors, and similarly,
a gene set upregulated by activated ERBB2 in human breast can-
cer cells was one of the top-enriched gene sets in the C6 database
(Figure 3H and Supplemental data set 2).

It is well understood that breast cancer is a heterogeneous
disease, with intertumoral heterogeneity being observed even
within breast cancer subtypes (e.g., HER2*) (52-54). We there-
fore performed unsupervised hierarchical clustering on nor-
malized gene expression data with the 14 MYC;NeuNT tumors
and 4 NeuNT tumors to examine the heterogeneity within our
MYC;NeuNT model. This analysis revealed 3 distinct tumor clus-
ters, which we refer to as group 1 (G1), group 2 (G2), and group 3
(G3) tumors (Figure 4A). Histopathologic analysis by 2 different
pathologists, blinded to genotype, revealed distinct associations
between molecular groups (Figure 4A) and tumor histology (Fig-

ure 4B); the majority of G1 tumors showed an invasive ductal car-
cinoma of not otherwise specified (IDC-NOS) histology, the most
common form of invasive breast cancer that accounts for 55% of
breast cancer incidence upon diagnosis, while the rest of the G1
tumors showed an invasive cribriform histology. G2 tumors were
marked by an invasive micropapillary carcinoma histology, which
is a very aggressive form of breast cancer and usually mixed in
with IDC-NOS, with a very high rate of lymph node metastasis.
G3 tumors showed pleiomorphic and metaplastic histology, which
is a malignancy characterized by the histologic presence of 2 or
more cellular types, commonly a mixture of epithelial and mesen-
chymal components, which was evident in our model with areas
of spindle-like, squamous, and IDC-NOS histology (Figure 4B).
Patients with metaplastic breast cancer have worse outcomes and
5-year survival rates. Interestingly, this third molecular group of
metaplastic carcinomas was only observed in the MYC;NeuNT
model. An extended histological analysis by the pathologists of
99 MYC;NeuNT tumors supported our initial observed histolog-
ic distribution, showing that G3 tumors identified by morpholo-
gy occurred at a rate of 30% in MYC;NeuNT mice, but were not
observed in the NeuNT model (n = 16) (Figure 4C and Tables 2
and 3). NeuNT tumors were either of IDC-NOS or micropapillary
histology, consistent with their molecular clustering into G1 and
G2 by gene expression data (see Figure 4A).

Tumors unique to MYC;NeuNT have an increased epithelial-
mesenchymaltransition phenotype and aggressive behavior. An exam-
ination of the top 1000 upregulated genes in the MYC;NeuNT
tumors versus normal mammary gland revealed that G3 tumors
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Figure 5. Group 3 MYC;NeuNT tumors show distinct gene expression. (A) Venn diagram showing the overlap of the top 1000 upregulated genes in each
tumor group versus normal mammary gland. (B) GSEA results comparing gene sets related to breast tumor behavior and signaling between G3 and G1/G2
MYC;NeuNT tumors. See Supplemental data set 2 for full GSEA results. ES, enrichment score; NES, normalized ES.

share only 5.4% of their top upregulated genes with either G1 or
G2 tumors, whereas G1 and G2 tumors share a majority of their
upregulated genes (62.5% shared, Figure 5A), further supporting
G3 tumors as a unique MYC-driven subgroup. We used GSEA to
identify molecular pathway differences between G3 tumors and
G1 and G2 tumors. Consistent with their histology, G3 tumors
showed enrichment of gene sets related to human metaplastic
breast carcinoma, as well as genes related to increased breast
cancer invasion, epithelial-mesenchymal transition (EMT), and
EGF signaling, whereas HER2 (ErbB2) signaling was found to be
reduced compared with G1 and G2 tumors (Figure 5B and Supple-
mental Figure 4A). Consistent with enrichment of EMT-related
genes, gene sets related to ZEB1, Snail, and TGF-p signaling were
also enriched (Supplemental Figure 4B). IHC also revealed that
G3 tumors had increased basal marker staining including cyto-
keratin 14 (KRT14), as well as showing higher levels of phosphor-
ylated EGF receptor (p-EGFR) staining (Figure 6A and Table 2).
While still positive for HER2, G3 tumors generally showed less
robust HER2 staining than G1/G2 tumors, consistent with GSEA
results showing enrichment of HER2 signaling genes in G1/G2
tumors compared with G3 tumors (Figure 5B, Figure 6A, and
Table 2). NeuNT tumor IHC was consistent with their G1 or G2
molecular and histologic features, including low p-EGFR (Sup-
plemental Figure 4C and Table 3).

To better understand the difference in tumor cell states among
these molecular groups, and the contribution of deregulated MYC
to unique tumor cell identity, we examined the expression of 45
genes related to different differentiation states that have been
shown to be enriched in luminal, basal, or mesenchymal differenti-
ated breast cancer cell lines (55-59), using a publicly available gene
expression data set (60). A heatmap comparing expression of these
45 genes across all transcriptionally profiled MYC;NeuNT tumors
revealed that G1 tumors are marked by high levels of luminal gene
expression, with low basal and mesenchymal gene expression
(Figure 6B). G2 tumors showed mixed expression of all 3 lineages,
whereas G3 tumors were marked by low luminal gene expression
and high levels of mesenchymal gene expression, including both
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strong ZEB1 expression and high expression of some basal genes,
including KRT14 (Figure 6B). We examined the expression of some
of these EMT markers by immunofluorescence and found that con-
sistent with the gene expression data, G3 tumors expressed higher
protein levels of ZEB1 and TWIST1, and stronger IHC staining for
the epithelial cell-specific EMT marker EMP3 (Figure 6, C and D).
Furthermore, G3 tumors were functionally distinct from the oth-
er groups with regard to tumor-associated mortality and showed
a significantly reduced survival to study endpoint compared with
mice bearing the G1 or G2 tumors (Figure 6E). Together, these data
suggest that the deregulated MYC expressed in this model can pro-
mote the development of a distinct subtype of NeuNT tumors that
possess unique pleiomorphic and metaplastic histology, increased
basal and mesenchymal differentiation, high EGFR signaling, and
reduced overall survival (Figure 6E).

We next sought to determine whether the mesenchymal sub-
type (G3) arose via progression from a more epithelial subtype
or if it initiated as a distinct tumor phenotype. To test this, we
examined the phenotypes of 25 small (2-3 mm diameter) tumors,
examining tumor histology and KRT14, cytokeratin 5 (KRT5), and
p-EGFR expression. This analysis revealed that even at an early
stage, a subset of MYC;NeuNT tumors had a distinct metaplas-
tic histology, with squamous and mesenchymal areas and high
expression of the basal KRT14, KRT5, and p-EGFR markers (Fig-
ure 7A and Table 4). Further, the distribution of early-lesion his-
tologies matched that of later-progressed tumors (Figure 7B and
Table 4). These data suggest that the addition of low constitutive
MYC expression to the NeuNT model promotes the initiation of a
third histologic subtype, where subtype features are present with-
in preinvasive lesions, similar to the human disease (61, 62). This
model may therefore provide a unique resource to examine early
events that generate distinct HER2"ERa breast cancer subtypes.

MYC;NeuNT molecular groups are observed in human HER2'ER
tumors. We next examined whether the intertumoral heterogene-
ity observed in our mouse model is representative of subgroups of
human HER2* breast cancer observed in the patient population.
We focused on HER2*ER patient tumors because of the lack of ER
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Figure 6. Group 3 MYC;NeuNT tumors are phenotypically and functionally distinct. (A) Representative IHC images of cytokeratin 14 (KRT14), p-EGFR, and
HER2 in the 3 different MYC;NeuNT tumor groups. Scale bars: 100 um. See Table 2 for full data set summary. (B) A heatmap comparing expression of 45
lineage-correlated genes in tumors from the 3 groups, including 15 luminal genes, 15 basal/myoepithelial genes, and 15 mesenchymal genes. MYC;NeuNT
tumors are marked with an “M"”; NeuNT tumors with an “N.” (C) Representative immunofluorescence and IHC images showing ZEB1, TWIST1, and EMP3 in
G1(n =3) and G3 (n = 8) tumors. Scale bars: 100 um. (D) The average mean fluorescence intensity (MFI) for ZEB1 and TWIST1 expression in MYC;NeuNT G1
(n =3) and G3 (n = 8) tumors. Asterisks denote significant differences in MFI: *P < 0.05, **P < 0.01, 2-tailed Student’s t test. (E) Kaplan-Meier plot com-
paring overall survival between the 3 groups of MYC;NeuNT tumors, and an estimator of significance comparing G3 with G1/G2 tumors, P < 0.0001.

expression in our mouse model (see Figure 3F). We obtained gene
expression data for 133 HER2'ER primary patient tumors from
the METABRIC breast cancer study (52) and normalized this gene
expression to our mouse model expression data using ComBat
(63). Unsupervised clustering of these normalized data resulted
in the mouse tumors distributing with the human samples in 2 of
the 3 main human tumor clusters that emerged (Figure 8A). Inter-
estingly, this clustering separated G3 MYC;NeuNT tumors from
G1/G2 tumors, with the G3 tumors clustering with a distinct set of
human tumors that contained the majority of the claudin-low-sub-
type tumors. This subtype is marked by pronounced mesenchymal
gene expression including vimentin and EMT-promoting genes.
Demonstrating that these markers and the claudin-low subtype
are enriched in both the G3 murine tumors and the cluster 3
human tumors supports the unique phenotypic identity of these
tumor subsets. Further, claudin-low tumors are enriched for meta-
plastic histology, a younger age of onset, higher tumor grade, large

tumor size, more extensive lymphocytic infiltrate, and impor-
tantly, worse overall survival (64), further correlating with our G3
MYC;NeuNT tumors.

Additional analysis of the third human HER2'ER molecu-
lar cluster with GSEA, using a set of 57 breast phenotype-related
gene sets and gene sets in the MsigDB C2 (51) (Supplemental data
set 2) revealed similar enrichments to those observed in the G3
MYC;NeuNT mouse tumors (see Figure 5B and Supplemental Fig-
ure 4A), including pathway enrichment relating to invasive breast
carcinoma, metaplastic breast carcinoma, EMT, and basal (myoep-
ithelial) gene expression (Figure 8B and Supplemental Figure 5A).
Similar to G3 mouse tumors, human tumors in cluster 3 showed
enrichment of gene sets related to the claudin-low subtype. These
characteristics align with the aggressive G3 MYC;NeuNT tumor
behavior, supporting the accurate modeling of cluster 3 human
HER2*ER tumors, which are enriched for claudin-low subtype des-
ignations. We compared overall survival between patients from the
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Table 2. Differential protein expression in MYC;NeuNT tumor subtypes

Histopathology IDC-NOS/Cribriform Micropapillary carcinoma

H&E (n=99) 57.8% (n = 57) 12.2% (n=12)

KRT14 IHC (n = 56) 0%-2% positive cells 20%-40% positive cells
(n=27) (n=7)

HER2 IHC (n = 45) IH(3+ (n=27) IH(3+ (n = 4)

p-EGFR IHC (n = 40) 0%-7% positive cells 0%-10% positive cells
(n=15) (n=4)

Pleiomorphic/Metaplastic

95%-100% positive cells

IHC2+ (n = 9), IHC3+ (n = 5)
30%-50% positive cells

the pharmacological reactivation of protein
phosphatase 2A (PP2A). PP2A inactivation
is found in many cancers, including breast
cancer, where its role of dephosphorylating
and downregulating the activity of kinases
and oncogenes involved in cell survival and
proliferation is lost, supporting the malignant
state. In particular, dephosphorylation of AKT,
ERK, and MYC is carried out by PP2A, which

30% (n =30)

(n=22)

(n=21)

3 major clusters of HER2*ER tumors, but observed no significant
differences in outcome (Supplemental Figure 5B), which may be
confounded by different patient treatment histories.

MYC;NeuNT intertumor heterogeneity allows evaluation of sub-
group-specific therapeutic responses. We were interested to see if
subgroup-specific responses to targeted therapy existed in the
MYC;NeuNT model. We evaluated MYC;NeuNT tumor response
to the HER2/EGFR-targeted kinase inhibitor lapatinib. We fol-
lowed a modified protocol from Spector et al. in which they
demonstrated that continuous b.i.d. dosing of 100 mg/kg lapa-
tinib could achieve an 18 uM peak plasma concentration (65).
In a phase I study of lapatinib, 13 uM plasma concentration was
achieved in patients by 500 mg b.i.d. dosing (study EGF10027,
https://clinicaltrials.gov/ct2 /show/NCT00359190). We reduced
the dosing schedule from b.i.d. to daily administration in order to
reduce toxicity and to reduce peak plasma concentrations toward
those observed in patients. Tumor-bearing mice were enrolled
when tumors reached 100 mm? and treated daily with 100 mg/kg
lapatinib or vehicle for 30 days, at which point histological anal-
ysis was used to designate each tumor’s histologic subgroup. We
found that G3 tumors, marked by metaplastic and/or pleiomor-
phic histology and higher EGFR signaling, had significantly better
responses to lapatinib compared with G1 and G2 tumors, whereas
no significant differences in growth rate were observed between
these groups under vehicle treatment (Figure 9A). Response to
lapatinib was associated with reduced MYC phosphorylation at
Ser62, which was observed in all tumors but most pronounced
in G3 tumors (Figure 9, B and C). Consistent with the enhanced
efficacy of lapatinib in G3 tumors, a significant reduction in Ki-67
staining was observed in G3 tumor cells compared with vehicle
control-treated mice, and compared with G1/G2 tumors, which
showed no significant differences in Ki-67 positivity versus vehicle
control (Figure 9, B and C).

Pharmacological activation of PP2A overcomes subgroup-specific
therapeutic responses. The differential responses to lapatinib observed
among MYC;NeuNT tumor groups speak to the unique pathway
activity and regulatory network structure between these distinct
molecular groups of HER2*ER” mammary tumors and highlight the
challenge that intertumoral heterogeneity presents to the success-
ful use of targeted therapeutics. We reasoned that such subgroup-
specific sensitivities may be circumvented by the simultaneous
downregulation of multiple oncogenic signaling pathways. While
combinations of kinase inhibitors can theoretically achieve this end-
point, such strategies often elicit high toxicity, limiting their use. Our
group has pursued an alternative approach to this problem though
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promotes the degradation of MYC via the
proteasome (66, 67). We hypothesized that
using a new small-molecule activator of PP2A
(SMAP) (68, 69), DT1154, may decrease S62-MYC phosphorylation
while simultaneously downregulating other oncogenic pathways,
providing therapeutic benefit in the MYC;NeuNT model. We treated
tumor-bearing MYC;NeuNT mice with the SMAP, DT1154 (100 mg/
kg b.i.d. by oral gavage for 30 days), and found that all MYC;NeuNT
tumor subtypes robustly responded to DT1154 (Figure 9D) at dos-
es far below the published maximum tolerated dose in mice (>800
mg/kg) (68, 70). In all tumors, DT1154 significantly downregulated
p-S62-MYC levels and significantly reduced Ki-67 positivity, with no
significant differences in these biomarkers between G1/G2 and G3
tumors (Figure 9, E and F). Further, DT1154 substantially attenuat-
ed the expression of p-AKT and p-ERK by IHC in DT1154-treated
tumors compared with vehicle-treated controls (Figure 9, G and H).
Together, these data suggest that PP2A activation and the simultane-
ous inhibition of MYC and other oncogenic signaling pathways may
represent an effective strategy to inhibit HER2* tumor growth inde-
pendently of HER2* tumor phenotype.

Discussion

Breast cancer is a heterogeneous disease with profound differenc-
es between patient tumors. Even within tumor subtypes defined
by receptor expression, such as amplified-HER breast cancer,
we still observe intertumoral heterogeneity in tumor phenotype.
These differences can underlie patient variability in therapeutic
response, making the modeling of these differences critical to
the advancement of our therapeutic management of breast can-
cer. Resistance to HER2-targeted therapy is still prevalent in the
patient population (71), and while some mechanisms leading to
intrinsic resistance of amplified-HER breast cancers to HER2-
targeted agents have been uncovered (72-74), much remains
to be understood about the path to both intrinsic and acquired
therapeutic resistance. A limitation of this field has been a lack

Table 3. Histopathology of NeuNT tumors

Histopathology IDC-NOS/Cribriform Micropapillary Carcinoma

H&E (n =16) 43.75% (n=7) 56.25% (n=9)

KRT14 IHC (n = 14) 0%-2% positive cells 60%-100% positive cells
(n=6) (n=8)

HER?2 IHC (n = 16) IHC3+ (n=7) IHC2+ (n=9)

ERo. IHC (7 =16)
p-EGFR IHC (n = 16)

Negative (n = 9)
5%-7% positive cells
(n=9)

Negative (n = 7)
0%-5% positive cells
(n=7)
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of in vivo models that recapitulate the full molecular and biolog-
ical characteristics of amplified-HER breast cancer. Most murine
models have relied on overexpression of Neu, the murine homo-
log of HER?2, or the expression of a constitutively active mutant
of Neu, NeuNT. These models have provided critical discoveries
in this field; however, many of these models do not represent the
molecular complexity of the human disease. For example, genom-
ic amplification of MYC often occurs concomitantly with HER2
amplification in tumors and at a higher rate

than in non-amplified-HER tumors (5, 25,
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Figure 7. Small tumors recapitulate phenotypes observed in late tumors.
(A) Representative H&E images and IHC for KRT14, KRT5, ERa, and
p-EGFR in small tumors (diameter < 4 mm) from MYC;NeuNT mice, n = 25.
Three recurrent histologies were observed and 3 distinct patterns of KRT14,
KRTS5, ERa, and p-EGFR expression. Scale bars: 1 mm (H&E) and 100 um
(IHC). (B) Pie chart showing the frequency of different histologies in 25
small tumors from MYC;NeuNT mice. See Table 4 for data set summary.

showed unique histology, signaling and differentiation pathway
enrichment, and unique tumor behavior, including differential
responses to targeted therapeutics.

Signaling through HER?2 is propagated by the MAPK and PI3K
pathways, which maintain an active Ser62-phosphorylated form
of MYC. ERK directly phosphorylates this site, and PI3K-driven
inhibition of GSK3 further stabilizes p-S62-MYC through sup-
pression of threonine 58 phosphorylation and subsequent Ser62
dephosphorylation (75). Consistent with these observations, we
demonstrate in cell culture that upregulation of Neu is sufficient to
increase MYC Ser62 phosphorylation, total MYC levels, and MYC
half-life in breast epithelial cells, similar to Jin et al., who demon-
strated that HER2 upregulation in cell lines enhances the phos-
phorylation of this MYC residue (43). This signaling relationship
is also evident in patient tumors, where we show that enhanced
p-S62-MYC staining is observed in HER2* tumors compared with
adjacent normal gland controls. Furthermore, in a large HER2*
tumor TMA, we demonstrate on a single-cell level that higher
expression of HER2 in tumor cells significantly correlates with
higher frequencies of p-S62-MYC positivity. Functionally, we also
observed higher Ki-67 positivity in these higher-HER2-expressing
and p-S62-MYC-positive tumor cells, suggesting this HER2/MYC
signaling axis supports a more proliferative phenotype.

We investigated the cooperation between these oncogenes
in vivo by crossing the NeuNT model with our mice harboring
inducible physiologic-level, deregulated MYC expression (Rosa-
LSL-Myc). These MYC;NeuNT mice showed higher levels of MYC
Ser62 phosphorylation in the pretumor mammary glands com-
pared with nontumorigenic Rosa-LSL-Myc;Blg-Cre mice in the nor-
mal mammary gland, and substantially enhanced the aggressive-
ness of resulting mammary tumors relative to the NeuNT;Blg-Cre
model. MYC;NeuNT mice rapidly developed detectable tumors,
some within a week of Cre activation. These observations align
with a recent study examining the cooperation of MYC and Neu
overexpression in tumor allografts (27), which similarly showed

29). Our generation of the Rosa-LSL-Myc;
LSL-NeuNT;Blg-Cre mouse described in this
work reveals insights into how deregulation

Table 4. Small Myc;NeuNT tumor histology shows early distinct subtypes

of MYC, with constitutive transcription such
as likely occurs with inflammatory signaling
from the microenvironment or amplifica-
tion, and HER2 can cooperate in vivo to gen-
erate HER2* tumors with unique tumor phe-
notype and behavior. Compared with their
NeuNT counterparts, tumors with dereg-
ulated MYC in conjunction with NeuNT

e

Histopathology
H&E (n = 25)
KRT14 IHC (n = 25)

KRT5 IHC (n = 25)
ERa. (n = 25)
p-EGFR (n=13)

Ductal Carcinoma Papillary Carcinoma Adenosquamous
60% (n = 15) 8% (n=2) 32% (n=8)
0%-2% positive cells 95%-100% positive cells 95%-100% positive cells
(n=15) (n=2) (n=8)

Negative (n = 15)
Negative (n = 15)
0%-7% positive cells
(n=5)

40% positive cells (n = 2)
Negative (1 = 2)
5%-25% positive cells
(n=2)

90% positive cells (n = 8)
Negative (n = 8)
10%-40% positive cells
(n=6)
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Figure 8. Myc;NeuNT molecular groups are observed
in human HER2'ER- tumors. (A) Unsupervised clus-
tering of 133 HER2*ER™ primary patient tumors from
the METABRIC study (green, red) and 18 MYC;NeuNT
and NeuNT tumors (blue) using ComBat-normal-
ized gene expression data and subsequent WARD
clustering. Three major clusters are labeled as cluster
1, cluster 2, and cluster 3, with red text marking
patients with a claudin-low subtype designation. (B)
GSEA results examining gene sets related to breast
tumor behavior and subtype, comparing cluster 3 and
cluster 1/2 tumors. See Supplemental data set 2 for
complete GSEA results. ES, enrichment score; NES,

normalized ES.
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Figure 9. Subtype-specific responses to therapy are overcome by MYC-targeted agents. (A) Graph showing the change in tumor volume in MYC;NeuNT
tumors over 30 days of treatment (Tx) with lapatinib or vehicle, using endpoint histological analysis to determine tumor molecular group (G1, G2, and

G3; see Figure 2A). Asterisks denote significant differences in tumor volume (n shown on graph): *P < 0.05, 2-tailed Student’s t test. NS, not significant.
(B) Representative immunofluorescence (IF) images of p-562-MYC expression in MYC;NeuNT tumors after lapatinib or vehicle treatment (top) and IHC
staining for Ki-67 in MYC;NeuNT tumors (bottom); n and quantification indicated in C. Scale bars: 50 um. (C) Plots showing MFI for p-S62-MYC (top) and
percentage Ki-67* cells (bottom) in lapatinib-treated versus vehicle-treated MYC;NeuNT tumors, separating G3 tumors (green) from G1/G2 tumors (black)
based on endpoint histology. Asterisks denote significant differences in cell MFI/Ki-67* (n shown on plot): **P < 0.01, *P < 0.05, 1-way ANOVA corrected
for multiple comparisons. (D) Graph showing MYC;NeuNT tumor volume over time following treatment with DT1154 (DT, 100 mg/kg b.i.d.) or vehicle for 30
days. Asterisks denote significant differences in tumor volume comparing DT1154-treated tumors to vehicle: ***P < 0.001, 2-tailed Student's t test. (E)
Representative immunofluorescence images of p-562-MYC and Ki-67 in MYC;NeuNT tumors after DT1154 or vehicle treatment. Scale bars: 50 um. (F) Plots
showing MFI for p-562-MYC (top) and percentage Ki-67* cells (bottom) comparing DT1154- versus vehicle-treated MYC;NeuNT tumors, comparing groups
as in C. Asterisks denote significant change in MFI/Ki-67* (n shown on plot): **P < 0.01, ***P < 0.001, ****P < 0.0001, 1-way ANOVA corrected for multiple
comparisons. (G) Representative IHC for p-ERK and p-AKT in MYC;NeuNT tumors after DT1154 or vehicle treatment, n = 6-7. Scale bars: 100 pm. (H) Plot
showing the percentage of p-ERK- and p-AKT-positive cells in tumors following DT1154 and vehicle treatment. Tumor groups are marked by color as in C.
Asterisks denote significant differences in positive cell frequency (7 shown on plot): ***P < 0.001, 2-tailed Student’s t test.

accelerated tumorigenesis and enhanced penetrance in mice
bearing transgenic cells overexpressing both MYC and Neu com-
pared with mice bearing cells with either oncogene alone.

Beyond the effects on tumor initiation and aggressiveness, we
observed that deregulated MYC could affect tumor phenotype.
MYC;NeuNT tumors had increased intertumoral heterogeneity,

] -

generating a unique recurring tumor identity that was not observed
in NeuNT mice. This distinct subgroup was marked by metaplas-
tic histology, mesenchymal differentiation, and increased levels of
basal cytokeratin expression and EGFR signaling. Gene expression
analysis revealed increased expression of genes related to EMT,
breast cancer invasiveness, and relatedness to adult mammary
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stem cells. These findings are similar to increases in cancer stem
cell-related genes and mesenchymal genes observed by Nair et
al. (27) in tumors generated from mammary epithelial cells trans-
formed with MYC- and Neu-encoding retroviruses. Unlike their
transplant model, our spontaneous genetically engineered mouse
model allows for intertumoral heterogeneity and offered the
unique ability to observe tumor phenotypes at early stages. Anal-
ysis of early-stage tumors by histology and basal cytokeratin stain-
ing demonstrated that even from early time points, intertumoral
heterogeneity was observed and a unique subset of MYC;NeuNT
tumors developed with metaplastic histology and high basal mark-
er expression. These results indicate that a distinct evolutionary
path of tumor development can be initiated at early time points due
to the combination of deregulated MYC with HER2. We observed
worse overall survival in MYC;NeuNT mice compared with
NeuNT alone, particularly with the aggressive G3 tumors. Impor-
tantly, these G3 tumors showed strong relatedness to a subset of
HER2'ER" patient tumors, which were similarly defined by gene
set enrichment relating to invasive breast cancer, EMT, the clau-
din-low molecular subtype, and metaplastic morphology.

We have used this model to begin to understand the therapeu-
tic implications of intertumoral heterogeneity in amplified-HER
breast cancer, enabling us to better identify therapeutics that can
manage all HER2* subtypes. In support of this, we show that the
different MYC;NeuNT tumor subgroups have differential sensi-
tivity to the EGFR/HER2-targeting agent lapatinib, whereas an
orthogonal therapeutic approach by targeting multiple oncogen-
ic pathways using a SMAP allows for ubiquitous inhibition of all
subgroups. Reduced PP2A activity is a frequent observation in the
majority of cancers (24, 48, 76), and activated PP2A has the poten-
tial to reverse the oncogenic kinase-driven signals that promote
cancer development and maintenance (77, 78). We demonstrate
here that MYC;NeuNT tumors are sensitive to the SMAP DT1154
(68, 69), which not only decreased MYC Ser62 phosphorylation,
but also downregulated the expression of p-ERK and p-AKT,
resulting in the attenuation of tumor growth in all cases. DT1154
has been shown to be well tolerated in animals (maximum toler-
ated dose > 800 mg/kg/d) with no observable toxicities in numer-
ous studies with effective antitumor doses (68, 70). The presented
efficacy of this drug in our aggressive MYC/HER2 tumor model,
and its previously demonstrated safety, make this first-in-class
small-molecular activator of the tumor suppressor PP2A phospha-
tase an exciting therapeutic for clinical development for the treat-
ment of breast cancer.

Together our findings reveal the critical effector role that MYC
plays in HER2* breast cancer. This genetically engineered mouse
model of HER2'ER' breast cancer allows for improved modeling
of the intertumoral heterogeneity in the patient population, mod-
eling how different tumor subtypes respond to therapy and how
tumor phenotype evolves from early stages. Further, the advan-
tages of this model allowed us to identify a strategy for pharma-
cological activation of PP2A that may be a powerful tool to combat
aggressive tumors with deregulated MYC and HER?2.

Methods
Cell lines and patient samples. MCF10A-Ctrl, MCF10A-Neu8142,
MCF10A-TR-MYC (23), and MCF10A-TR-MYC-Neu8142 stable
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cell lines were generated and cultured as described in the supple-
mental material. Deidentified patient-matched normal and breast
cancer samples were obtained from the OHSU Cancer Pathology
Shared Resource (IRB approval 6478) with the help of Megan Troxell
(Department of Pathology).

Antibodies. Antibodies used in this study included those against
HER2 (Cell Signaling Technology, 2242, 1:50); cytokeratin 14 (Covance,
PRB-155P, 1:1000); cytokeratin 5 (Abcam, ab52635, 1:100); ERK1/2
(Cell Signaling Technology, 4695, 1:250); p-ERK1/2 (Cell Signaling
Technology, 4370, 1:400); ERa (Millipore, 04-227, 1:50); Ki-67 (NCL-
Ki67P, 1:1000); p-EGFR (Cell Signaling Technology, 3777, 1:200);
p-AKT (Cell Signaling Technology, 4060, 1:50); MYC N262 (Santa Cruz
Biotechnology, sc-764, 1:1000); MYC Y69 (Abcam, ab32072, 1:1000);
V5 (Invitrogen, R-960-25); monoclonal p-S62-MYC (for Western anal-
ysis; BioAcademia, E71-161,1:1000), ZEB1 (Santa Cruz Biotechnology,
sc-515797, 1:50); Twistl (Santa Cruz Biotechnology, sc-15393, 1:50);
and EMP3 (antibodies-online.com, ABIN758600, 1:100). Generation
of the polyclonal p-S62-MYC used in immunofluorescence has been
described previously (66) and was used at 1:50 dilution. Antibodies for
cyclic immunofluorescence were cytokeratin 19 (Biolegend, 628502,
clone A53-B/A2), HER2 (Santa Cruz Biotechnology, sc-33684, clone
Neu 3B5), and Ki-67 (Cell Signaling Technology, 9027, clone D2H10).

Western blots and MYC half-life. Western blots were performed as
previously described (12, 23, 66). Immunoblots were visualized via
Odyssey Infrared Imager (LI-COR) that can simultaneously detect
Fluor 680 and IRDye 800 secondary antibodies (LI-COR). Quanti-
fication of Western blots was done using LI-COR Odyssey Infrared
software version 1.2, which is linear over 4 orders of magnitude. West-
ern blots shown are representative of 2-3 independent experiments.
For MYC half-life studies, MCF10A-Ctrl and MCF10A-Neu8142 cells
were infected with Ad-Myc for 18 hours and then treated with 10 mg/
mL cycloheximide in unison, and cell lysates were collected at 15, 30,
45, and 70 minutes. Ad-MYC protein level at each time point was then
analyzed by Western blot. Best-fit lines for MYC abundance over time
were calculated in Microsoft Excel using an exponential equation,
allowing for MYC half-life determination.

Quantitative PCR. For qRT-PCR, total RNA was isolated using
TRIzol reagent (Invitrogen) and DNase I treated and purified using an
RNeasy Mini Kit (Qiagen). cDNAs were made using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) with random
primers. For qPCR of genomic DNA, total DNA from mouse tumors
was isolated and purified using a DNeasy Mini Kit (Qiagen). Primers
for qPCR are described in the supplemental material.

H&E staining, immunofluorescence, and IHC. H&E staining, immu-
nofluorescence, and IHC were performed as described previously (33).
For image quantitation, areas of high tumor cellularity were imaged
and the fluorescence density of 250 random tumor cells spanning the
image area was measured using Open-Lab 5.5 software, with mean
fluorescence intensity (MFI) displayed, or the percentage of positive
cells for a given marker were counted and frequency of positivity dis-
played. For the analysis of p-S62-MYC in individual patient samples,
positive signal was considered as levels greater than 2 times the mean
nuclear intensity observed in secondary antibody-only controls. We
analyzed p-S62-MYC levels in 4 HER2" patient FFPE samples, 2 of
which had adjacent normal glands that were independently selected
by a pathologist from the OHSU biobank, with researchers blinded to
the selection process.
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TMA cyclic immunofluorescence and analysis. The HER2* breast
cancer patient TMA (BR1506) was obtained from Biomax US and
deparaffinized and rehydrated by standard procedures (33). Heat-me-
diated antigen retrieval was performed through incubation with pH 6
citrate buffer and then pH 9 Tris/EDTA buffer in a preprogrammed
pressure cooker (Biocare Medical). The tissue was then blocked with
10% normal goat serum (Vector Laboratories) and 1% BSA in PBS
for 30 minutes at room temperature and incubated with anti-p-S62-
MYC for 2 hours at room temperature. The slide was then washed and
incubated with goat anti-rabbit Alexa Fluor 594 for 1 hour, protected
from light. After washing, the slide was mounted in Slowfade Gold
DAPI (Thermo Fisher Scientific) and scanned on a Zeiss Axioscan
Z1, imaging each TMA core at x20 original magnification. The cov-
erslip was removed in PBS, and fluorescent signal was then quenched
in 3% hydrogen peroxide solution (79). The tissue was washed and
incubated with a directly labeled antibody mix against CK19 (Bioleg-
end), HER2 (Santa Cruz Biotechnology), and Ki-67 (Cell Signaling
Technology). Resulting images were then registered using Zeiss ZEN
Blue software, exporting TIFFs of individual channels for each scene
of TMA core. Each TIFF image was then uploaded into CellProfiler for
single-cell analysis as previously described (59). Briefly, DAPI signal
was smoothed and used for primary object detection using the adap-
tive thresholding Otsu method. Nuclei were then expanded using a
fixed pixel distance to generate a total cell area mask for single-cell
measurement of marker expression. Fcs files of single-cell expres-
sion of each marker and cell shape and area were exported for each
TMA core. Image cytometry was performed in Cytobank software,
first identifying intact cells of a minimal area and DAPI intensity,
and then gating for positivity of each marker and low, medium, and
high expression of HER2 as shown in Supplemental Figure 2. Patient
cases missing from the TMA were dropped from the analysis, along
with tumors with profound tissue folding or autofluorescence issues.
For the comparison of p-S62-MYC expression in tumors we restricted
our analysis to tumors that passed the above criteria and had at least
200 CK19* tumor cells and p-S62-MYC positivity in either the tumor
or stromal fractions (71 of 75 HER2* cases). For the analysis of p-S62-
MYC between HER2") HER2™, and HER2" populations, we restrict-
ed our analysis to tumors to those that met the above criteria and also
had at least 2% HER2" plus HER2™ tumor cells (67 of 75 HER2* cas-
es). All case information including patient clinical data is presented in
Supplemental data set 1.

RNA-Seq and gene expression analyses. RNA-Seq libraries were
constructed using an NEBNext Ultra Directional RNA Library Prep
Kit for Illumina (New England BioLabs) and then sequenced on an
Illumina HiSeq at the OHSU Massively Parallel Sequencing shared
resource. Gene expression reads per kilobase of transcript, per mil-
lion mapped reads (RPKM), were calculated for all genes. For hierar-
chical clustering, we performed Voom (80) normalization on tumor
samples using all genes, then reduced them to unique gene symbols
and used Ward’s clustering to identify tumor subgroups. The genes
identified as enriched in luminal, basal, or mesenchymal cell lines
were identified by analyzing publically available gene expression
data from a study examining 84 breast cancer cell lines, including
21 amplified-HER?2 lines (60). This data set has cell lines cover-
ing all molecular subtypes and cellular differentiation, providing a
powerful tool to identify genes preferentially expressed in specific
differentiation states. Select luminal, basal, and mesenchymal gene
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sets were also presented, encompassing the most subtype-specific
genes expressed in luminal, basal, and mesenchymally differentiated
human cell lines, respectively (55-58). Patient gene expression data
were acquired from the METABRIC (81) study, using the accompany-
ing clinical data to identify HER2 and ER status, patient subtype, and
survival information. Human gene expression data were normalized
with the MYC;NeuNT mouse model gene expression data using Com-
Bat normalization (63). Ward’s clustering was used to identify tumor
subgroups. All raw RNA-Seq files can be found in the National Center
for Biotechnology Information’s Gene Expression Omnibus reposito-
ry under the accession GSE132528 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgiracc=GSE132528).

GSEA. GSEA for the murine models was performed using GSEA
V2.2.0 (82) (Broad Institute) with a preranked gene list of tumor
RPKM RNA-Seq data, comparing average gene expression between
MYC;NeuNT tumors and adjacent normal, or between molecular sub-
groups of tumors. Patient gene expression data were acquired from
TCGA (83) and tumors from HER2* or amplified-HER tumors with
ER negativity were compared using standard GSEA on default setting.
Analyzed gene sets were from the MsigDB oncogenic signatures gene
set collection (C6), curated gene set collection (C2), or hallmark (H)
collection, found at www.broadinstitute.org/gsea/msigdb/collections.
jsp. As well, previously compiled databases of breast phenotype-relat-
ed gene sets and lineage-determinant transcription factor gene sets
were used (59). These gene sets and all GSEA results are detailed in
Supplemental data set 2.

Animal studies. Rosa-LSL-Myc mice (33) were crossed with LSL-
NeuNT (34) and Blg-Cre mice (gift from Owen Sansom, Beatson Insti-
tute for Cancer Research, Glasgow, United Kingdom) to obtain mice
that express both MYC and NeuNT in response to Cre-mediated
recombination in the mammary gland. The NeuNT and MYC;NeuNT
mice analyzed in this study are all in the BL6/129S1/FVB mixed
genetic background with the exception of the survival curve shown
in Supplemental Figure 3C, which is pure FVB, and the tumors were
all from independent animals. Tumor-bearing mice were treated with
lapatinib at 100 mg/kg daily or DT1154 at 100 mg/kg b.i.d. by oral
gavage for 4 weeks; tumor growth was recorded on every other day by
measuring the diameter in 2 dimensions. Tumor volume was calculat-
ed using the following formula: large diameter x (small diameter)?/2.
If a tumor impaired the mobility of an animal, became ulcerated, or
appeared infected, or a mouse displayed hunched posture, the mouse
was euthanized. Tumors were harvested and frozen for RNA and DNA
analysis or embedded in paraffin for immunofluorescence or IHC.

Statistics. Western blots were quantified using the LI-COR Odys-
sey Infrared software. Quantification of fluorescence density was
carried out using Open-Lab 5.5 software. Statistical analysis was per-
formed using GraphPad Prism software. Measurements are present-
ed with sample n and mean * SD or mean + SEM as indicated in figure
legends. An unpaired 2-tailed Student’s ¢ test was used through-
out to compare 2 groups. For the comparison of p-MYC expression
between tumor and nontumor fractions of patient tumors (Figure 1),
Wilcoxon’s matched-pairs signed-rank test was used. A base P value
less than 0.05 was considered statistically significant in all tests. To
correct for multiple comparisons when 3 groups were present, 1-way
ANOVA was used to determine significance, or the Kruskal-Wallis test
was used if SDs significantly differed between groups by the Brown-
Forsythe test or Bartlett’s test.
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Study approval. All protocols for mouse experiments described in
this study were approved by the OHSU Animal Care and Use Committee
protocol IPO0001014, Portland, Oregon. Patient-matched normal and
breast cancer samples were obtained from the OHSU Cancer Pathology
Shared Resource with informed consent (IRB approval 6478).
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