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TEAD activity is restrained by MYC and stratifies human breast cancer subtypes
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ABSTRACT

c-Myc (MYQ) is an oncogenic transcription factor that is commonly overexpressed in a wide variety of human
tumors. In breast cancer, MYC has recently been linked to the triple-negative subtype, a subtype that lacks any
targeted therapy. Previously, we demonstrated that MYC behaves as a potent repressor of YAP and TAZ, 2
transcriptional coactivators that function as downstream transducers of the Hippo pathway. In this previous
study, MYC repressed YAP/TAZ not only in primary breast epithelial cells but also in mouse models of triple-
negative tumors. Here, we extend our previous bioinformatic and experimental analyses and demonstrate that
MYC deregulation in primary breast epithelial cells leads to a robust repression of TEAD transcription factor

ARTICLE HISTORY
Received 23 March 2016
Revised 15 June 2016
Accepted 26 June 2016

KEYWORDS

Breast Cancer; Hippo;
Mammary Epithelial Cells;
MYC; TAZ; TEAD; YAP

activity, the transcription factor family mainly responsible for YAP/TAZ recruitment. Surprisingly, we find that
MYC and TEAD activity is able to stratify different breast cancer subtypes in large panels of breast cancer patients.
Thus, a deep understanding of the MYC-YAP/TAZ circuitry might yield new insights into the establishment and

maintenance of specific breast cancer subtypes.

Introduction

The transcription factor c-Myc (MYC) belongs to the basic-helix-
loop-helix leucine zipper (PHLHZ) family and has been implicated
in multitudinous aspects of tumor development and tumor mainte-
nance."” MYC binds with the highest affinity to specific DNA
sequences, called E-boxes (CACGTQ), as a heterodimeric complex
with its partner protein MAX, leading to transactivation of its target
genes by recruitment of several cofactors, such as TRRAP and asso-
ciated histone acetyltransferases.

Given MYC’s large number of binding sites and its many
target genes, it has been very difficult to assign specific target
genes to MYC’s oncogenic role, even though it is clear that
high MYC activity is predictive in terms of prognosis.* Conse-
quently, high MYC activity typically leads to a poor survival
prognosis in a multitude of tumor entities.

Previously, we could identify a pathway that couples MYC-
driven changes in mitochondrial dynamics to repression of YAP/
TAZ target genes in primary breast epithelial cells and in mouse
models of breast cancer.” YAP and TAZ are transcriptional coacti-
vators that act as the critical downstream transducers of the Hippo
pathway. The canonical Hippo pathway cascade involves 2 types of
kinases: Mammalian Ste20-like kinases (MST1/2) can get activated
by a multitude of upstream signals and in turn activate the Large
tumor suppressor (LATS1/2) kinases.*” LATS kinases in turn
phosphorylate critical serine residues in YAP and TAZ leading to
their cytoplasmic sequestration and proteasomal degradation.®’

Besides the “canonical” MST-LATS-dependent pathway, YAP
can get inactivated by other means, e.g. through mechanotransduc-
tion or 5 AMP-activated kinases (AMPKs).!!!

In our studies, we could demonstrate that MYC induces
Phospholipase D6 (PLD6) as a critical target gene being crucial
for MYC’s repressive effect on YAP/TAZ target gene expres-
sion. MYC-mediated transactivation of PLD6 (a mitochondrial
phospholipase) leads to a change in mitochondrial dynamics
since PLD6 promotes fusion of these organelles.'” In turn,
altered dynamics of mitochondrial fusion/fission in conjunc-
tion with additional MYC-mediated changes in metabolism
strain cellular energy resources, ultimately leading to activation
of AMPK. AMPK then phosphorylates YAP at serine 94, a resi-
due that is absolutely critical for YAP’s interaction with Tea
domain (TEAD) transcription factors. Thus, MYC, with the
help of this pathway, is able to specifically disrupt the binding
of YAP to TEAD, the transcription factor family mainly
responsible for the recruitment of YAP. We initially discovered
this pathway in the CD44"8"/CD24'" population of immortal-
ized breast epithelial cells (HMLE), a population demonstrating
high activity of YAP/TAZ compared to the CD44'*"/CD24"¢"
HMLE population.>"* However, we could further demonstrate
that this pathway is also operational in mouse models of breast
cancer since the inhibition of MYC activity led to a re-establish-
ment of YAP/TAZ activity accompanied by a regain of
differentiation in the respective tumors. Since bioinformatics
analyses of large panels from breast cancer patients suggested
that MYC is also able to interfere with YAP/TAZ function
in human breast cancers, we set out to corroborate our
recent findings and to investigate if MYC is indeed able
to specifically interfere with TEAD-dependent functions of
YAP/TAZ.

CONTACT Bjorn von Eyss @ bjoern.voneyss@leibniz-fli.de @ Transcriptional Control of Tissue Homeostasis, Leibniz Institute on Aging — Fritz Lipmann Institute (FLI),

Beutenbergstr. 11, 07745 Jena, Germany.

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/kccy.

© 2016 Taylor & Francis


http://www.tandfonline.com/kccy
http://dx.doi.org/10.1080/15384101.2016.1207837

2552 (&) D.ELSTERETAL.

Results

Previously, we performed RNA-Sequencing in HMLE cells
infected with a doxycycline-inducible MYC allele (Fig. 1A).
First, the cells were sorted according to their CD44/CD24 sur-
face profile into either the sphere-forming CD44"8"/CD24'"
population or the CD44"°%/CD24™¢" population. Afterwards,
MYC was induced for 8 hours by doxycycline addition, and the
gene expression profiles were subsequently analyzed by RNA-
Sequencing. To gain insights into the pathways that might get
altered in response to MYC induction, we performed GSEA
analyses using our previously published RNA-Sequencing data
set. GSEA analyses test if there is an uneven distribution of a
given gene set in gene expression profiles. The so-called C2 or
C6 collection of gene sets are commonly used for this kind of
analyses, and they consist of gene sets that were significantly

up- or down-regulated in previous gene expression analyses
after a specific manipulation (e.g., overexpression of YAP).
Here, we concentrated for our analyses on the C3 gene set, a
gene set that is solely derived from bioinformatic analyses (e.g.,
presence of evolutionarily conserved transcription factor bind-
ing sites in the promoter of a given gene). Thus, unlike the
commonly used C2 or C6 gene sets, they are not experimentally
derived and are consequently independent of a specific experi-
mental setup or cellular context. Consistent with MYC’s high
affinity for E-boxes, the gene sets that were most strongly
induced upon MYC induction represented binding sites for the
MYC/MAX heterodimer (Fig. 1B). Importantly, MYC strongly
repressed those genes bearing a binding site for TEF1
(=TEADLI) in their promoter, supporting our previous findings
that MYC is able to disrupt the interaction between YAP/TAZ
and TEAD transcription factors.” To substantiate these
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Figure 1. MYC restrains TEAD-dependent YAP functions. A: Workflow for the RNA-Sequencing experiment performed in FACS-sorted HMLE cells expressing a doxycycline-
inducible HA-MYC allele (pInducer21-HA-MYC). B: Gene set enrichment analysis for the C3 gene set (motifs) in the CD44"9"/CD24"*" HMLE population 8 hours after MYC
induction. MYC and MYCMAX represent potential binding sites for the MYC/MAX heterodimer, whereas TEF1 represents predicted binding sites for TEAD1 (also called
TEF1). NES = normalized enrichment score; FDR = false discovery rate. C: CD44M9"/CD24'°" HMLE cells were infected with the indicated YAP 55A mutants (YAP 5SA or
the TEAD-binding compromised YAP 5SA S94A mutant) and analyzed by immunoblots. VINCULIN served as a loading control. D: qRT-PCR analyses of the direct YAP/TAZ
target genes ANKRD1 and CTGF, as well as additional genes (BDNF, ARHGAP29 and RAB30) from the WGGAATGY_VSTEF1_Q6 C3 gene set. E: qChlP analysis in MCF7 cells
for TEAD binding to the promoters of the given genes. IgG served as a negative control. Ctrl region = U2 promoter region.



bioinformatics analyses, we tested if those genes are indeed
induced in a TEAD-YAP/TAZ-dependent manner. To this
end, we infected CD44™¢"/CD24'°" HMLE cells either with a
constitutively active YAP 5SA mutant, lacking all 5 LATS phos-
phorylation sites, or a YAP 5SA mutant with an additional
S94A mutation (Fig. 1C). The S94A mutation in YAP leads to a
specific disruption of YAP’s interaction with TEAD transcrip-
tion factors and removes the particular serine residue that gets
phosphorylated in response to MYC induction.>* Conse-
quently, this mutant allowed us to exclude the involvement of
other transcription factors in the YAP-mediated regulation of
these genes.'*'> Here, YAP 5SA was able to potently induce
expression of known TEAD-YAP/TAZ target genes (ANKRD!
and CTGF) and additional putative TEAD-YAP/TAZ target
genes included in the 2 TEF1 C3 gene sets (Fig. 1B-D). In con-
trast to this, the YAP 55A S94A mutant was strongly compro-
mised in induction of these genes (Fig. 1C, D). Consistent with
the specific inability of YAP 5SA S94A to induce the expression
of these genes, we could confirm binding of TEADI to the pro-
moters of several induced genes (CTGF, EPS8L2, ARHGAP29
and RAB30) by chromatin-immunoprecipitation (ChIP) analy-
ses in MCEF7 cells, validating these genes as bona fide TEAD
target genes (Fig. 1E).

Thus, we concluded that MYC’s ability to interfere with
YAP’s function depends on its ability to specifically disrupt the
interaction between YAP and TEAD transcription factors.

Consistent with MYC’s inhibitory effect on YAP/TAZ activity,
we could demonstrate previously that high MYC activity shows a
strong correlation with low YAP activity in gene expression profiles
of human breast cancer patients. Given our findings that MYC spe-
cifically interferes with TEAD-dependent YAP functions, we rea-
soned that we should be able to detect an anti-correlation between
MYC activity and the expression of genes within the TEAD C3
gene set (WGGAATGY_V$TEF1_Q6) that gets potently repressed
after MYC induction in CD44"8"/CD24' HMLE cells (Fig. 1B).
To this end, we analyzed the expression of MYC target genes and
the expression of genes within this particular TEAD C3 gene set
and performed an association score analysis for these gene sets as
described previously.” In this kind of analysis, a given gene set is
used in a GSEA-like manner per patient. Here, a ranked list
(according to fold change) of all expressed genes is used to test for
an uneven distribution of a specific gene set in the respective
patient. We tested 2 of the biggest published breast cancer patient
panels, METABRIC (1302 patients) and TCGA (1215 patients),
for a potential relationship between MYC and TEAD activity. In
both data sets, we could observe a highly significant anti-correla-
tion between MYC activity and TEAD activity, respectively
(p = 2.65x10~* for METABRIC, p = 1.0x10~"* for TCGA)
(Fig. 2A, B). Furthermore, MYC activity correlated with high-grade
tumors (p = 2.11x10°°), whereas TEAD activity correlated with
low-grade tumors (p = 1.14x 10~ °) (Fig. 2A). Thus, we extended
the analysis and tested if MYC or TEAD activity, respectively,
might stratify breast cancer patients into specific breast cancer sub-
types (Fig. 2C). Consistent with previous analyses, this analysis
demonstrated an association of high MYC/low TEAD activity with
basal tumors.” Strikingly, this analysis revealed that MYC and
TEAD activity is also unevenly distributed among additional breast
cancer subtypes: high MYC/low TEAD activity was associated with
a high prevalence of Her2-amplified tumors and tumors of the
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Luminal B subtype, whereas low MYC/high TEAD activity was
associated with a high prevalence of the “Normal” subtype.

In summary, the data suggest that MYC is also able to restrain
TEAD activity in human tumors and that this relationship is
able to stratify breast cancer subtypes. Importantly, we could not
observe any significant differences in survival of the patients
when applying this stratification, based on TEAD activity,
within the Luminal A subtype (Fig. 2D). We analyzed this sub-
type since it is evenly distributed among TEAD low and TEAD
high patients (44% and 49%, respectively) yielding a sufficiently
high number of patients for statistical analyses. Thus, TEAD
activity is not an independent predictor of survival, implying
that the MYC-TEAD/YAP pathway might rather be involved in
the evolution of specific breast cancer subtypes.

Discussion

We previously demonstrated that MYC behaves as a potent
repressor of YAP/TAZ activity in primary breast epithelial cells
and mouse models of breast cancer.” Additionally, we observed
that the MYC-YAP/TAZ antagonism is preserved in gene
expression profiles of breast cancer patients and that high
MYC/low YAP/TAZ activity leads to a poor survival for the
patient. This suggests that it might indeed be beneficial for the
bulk tumor to maintain this antagonism; a hypothesis sup-
ported by the fact that antagonizing MYC activity in a MMTV-
Whntl breast cancer mouse model leads to more differentiated
tumors coinciding with re-establishment of YAP/TAZ activity.

Here, we provide a detailed analysis of MYC’s effect on
TEAD-dependent YAP activity in primary breast epithelial cells
and panels of breast cancer gene expression profiles.

MYC specifically interferes with TEAD-dependent YAP
functions, consistent with its stimulating effect on YAP S94
phosphorylation, a serine residue that is crucial for YAP’s inter-
action with TEAD transcription factors. As one would expect
from these findings, we could observe an anti-correlation
between MYC activity and TEAD activity in 2 large gene
expression data sets of breast cancer patients. Importantly,
we used gene sets for TEAD that are completely unbiased, since
they were solely generated based on the presence of evolution-
arily conserved TEAD binding sites in the promoters of the
respective genes.

Surprisingly, the activity of these gene sets was sufficient to
stratify human breast cancer patients into different breast can-
cer subtypes, e.g. Her2-amplified tumors showed a very strong
preference for high MYC/low TEAD activity. In the future, it
will be interesting to determine whether MYC’s effect on
TEAD activity contributes to the establishment of certain sub-
types, or if this correlation simply reflects a specific cell of ori-
gin, even though both scenarios are not necessarily mutually
exclusive and evidence for both exist. YAP and TAZ are
involved in lineage commitment of primary breast epithelial
cells.'® Deregulated MYC activity might consequently shift the
balance of differentiation in an early (pre-)tumorigenic cell of
origin which is later reflected in gene expression profiles of the
respective tumor.

Apart from that, it has also been shown that MYC is able to gen-
erate a heterogeneous set of tumor types in mouse models of MYC-
driven tumorigenesis.'’ This suggests that additional genetic/
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Figure 2. MYC and TEAD activity stratify human breast cancer patients. A: Association score analysis for MYC target genes and TEAD target genes (C3 WGGAAT-
GY_VSTEF1_Q6 gene set) in the METABRIC or TCGA breast cancer data sets, respectively. The association score for the expression of MYC and TEAD target genes was cal-
culated for every single patient and subsequently sorted according to the MYC association score. A negative association score describes the repression of the respective
gene set, whereas a positive association score describes an induction of the respective gene set in the respective patient compared to the median. A color code is given
to annotate the grade (METABRIC) or subtype (TCGA) per patient. LumA = Luminal A; LumB = Luminal B; Her2 = Her2-amplified. B: Spearman rank correlation and asso-
ciated significance test for the correlation between MYC and TEAD activity as determined in A. C: Patients from the TCGA data set were stratified according to their associ-
ation score (AS) for MYC and TEAD, respectively. The prevalence of breast cancer subtypes within the given groups is depicted as a piechart. MYC high: AS > —2; MYC
low: AS < —2; TEAD high: AS > 3; TEAD low: AS < 3. LumA = Luminal A; LumB = Luminal B; Her2 = Her2-amplified. n denotes the number of patients per piechart.
Please note that the breast cancer subtype information was not available for every patient in the TCGA data set. D: Kaplan-Meier plot for patients with a Luminal A sub-
type. The patients were stratified according to their TEAD activity (TEAD score > 0 ; TEAD score < 0, respectively) and analyzed for their disease-specific survival. The p-
value was determined by a chi-square test.

epigenetic modifiers (such as Her2-amplification) might be able to
act in concert with MYC to generate specific subtypes in the course
of MYC-driven tumorigenesis. If and how the TEAD/YAP net-
work is involved in this tumor evolution, will be an important issue
that needs to be addressed in the future.

However, the most important question in our view is: why do
we detect such a strong anti-correlation between MYC activity
and YAP/TAZ activity in human breast cancer tumors? There is
no doubt that YAP behaves as a potent oncogene in several tis-
sues such as liver and skin.'®° Nevertheless, in our analyses
YAP and TEAD activity are always correlated with low-grade

tumors. One explanation for this seeming discrepancy is the fact
that gene expression profiles from breast cancer patients mea-
sure the gene expression profiles of the bulk tumor. Thus, it may
sometimes be hard to bring the results from this kind of analyses
in line with genetic experiments, e.g., where YAP is needed for
the oncogenic capacity of polyama middle T antigen (PyMT)-
driven breast cancer development.*' It is conceivable that YAP/
TAZ might indeed have an oncogenic role, also in breast cancer.
Since YAP and TAZ have been correlated with cancer stem cell-
related traits, YAP and TAZ most likely exert their oncogenic
function in a small population of cells such as cancer stem



cells."” Due to their low frequency within the tumor, they would
not significantly contribute to the gene expression profiles of
bulk tumors. Still, the bulk tumor seems to select for low YAP/
TAZ activity, suggesting that this reflects a benefit for the tumor.
Since, up to now, no frequent upstream mutations have been
detected that would lock a tumor cell in either of the 2 states
(high MYC/low YAP/TAZ vs. low MYC/high YAP/TAZ), it
might be possible that a certain degree of plasticity in tumors
exists. This kind of plasticity was demonstrated previously for
the oncogenic transcription factor Twist1.”” Here, Twist1 activa-
tion very efficiently drove the establishment of primary squa-
mous cell carcinomas but needed to be switched off for efficient
colonization of metastases at distant sites.

Thus, it will be interesting to see whether such a dynamic
relationship between MYC and YAP/TAZ plays a role in the
development of breast cancer tumors.

Materials and methods
Tissue culture and lentiviral transduction

HMLE cells were kept in MEGM medium (Lonza) and infected
as described previously.” HMLE cells were infected with a
doxycycline-inducible lentiviral plasmid bearing a HA-MYC
allele (pInducer21-HA-MYC) that also contains a constitutive
co-expression cassette for GFP. After FACS sorting for GFP-
positive cells, HMLE pInducer-21-HA-MYC cells were induced
for 8 hours with 1 ug/ml doxycycline to induce HA-MYC
expression. The YAP 5SA S94A mutant was generated by site-
directed mutagenesis and cloned into the same backbone as the
YAP 5SA mutant (LeGO-iG2-Puro).

Gene set enrichment analyses

We used our previously published RNA-Sequencing data set
(GSE66250) to perform gene set enrichment analyses (GSEA)
using the Broad GSEA analysis tool (gsea2-2.2.2).

Antibodies

HMLE cells were lysed in RIPA buffer and equal amounts of
protein were used for SDS-PAGE and subsequent immunoblot-
ting. The following antibodies were used: YAP (Cell Signaling,
14074), CTGF (Santa Cruz, sc-14939), Vinculin (Sigma,
V9131), TEAD1 (BD Biosciences, 610923).

Chromatin-immunoprecipitation (ChiIP)

ChIP assays were performed from MCF7 cells as described
previously.”

qRT-PCR

Total RNA was extracted using peqGOLD TriFast Reagent
(Peqlab). First-strand cDNA synthesis was performed with M-
MLV Reverse Transcriptase (Invitrogen) and random hexamer
primers (Roche) according to standard procedures. Gene
expression was analyzed on a StepOne plus platform (Thermo
Scientific) in technical triplicates using ABsolute SYBR Green
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Mix (Thermo Scientific). The expression values were normal-
ized to b2M as housekeeping gene using the ddCt method. The
following primers were used for qRT-PCR:
ARHGAP29 Fw: CCTTATGGGAGATGTAGGCAATG
ARHGAP29 Rev: AGCTCGATAGAGTCAGTGTTCT
BDNF Fw: TAACGGCGGCAGACAAAAAGA
BDNF Rev: TGCACTTGGTCTCGTAGAAGTAT
EPS8L2 Fw: ACTCAGCGAGCCAGGTTTC
EPS8L2 Rev: CAGTTGAGGATTTGCGTCTCC
The primers for CTGF and ANKRDI have been described
previously.”

Analysis of breast cancer data sets

All analyses were performed in the R (v 3.2.3) environment.
Gene expression data and corresponding clinical data for
TCGA and METABRIC were downloaded from the respective
webpages (https://tcga-data.ncinih.gov/tcga/ or https://www.
ebi.ac.uk/, respectively). The enrichment of specific gene signa-
tures per patient was performed using a GSEA-like algorithm
as described previously using a Kolgomorov-Smirnov test for
normality.>**

The C3 motif gene set was downloaded from the Molecular
Signatures Database (MSigDB, http://software.broadinstitute.
org/gsea/msigdb) and used for subsequent analyses of breast
cancer patients and gene set enrichment analysis (GSEA).

Statistical analysis

To correlate the association scores of MYC or TEAD with each
other or with grade, respectively, a Spearman rank correlation
test was performed in R.
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