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HDAC inhibitors modulate Hippo pathway =
signaling in hormone positive breast cancer
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Abstract

Breast cancer has constantly been the leading causes of death in women, and hormone receptor (HR) positive, HER2
negative is the majority subtype. Histone deacetylase (HDAC) inhibitors (HDACi) have shown clinical benefit in HR
(4) breast cancer patients. The Hippo pathway is an important cellular pathway involving proliferation, cell contact,
and cancer. Hippo pathway proteins YAP/TAZ are often viewed as pro-tumorigenic; however, recent studies support
a role of YAP as a tumor suppressor in HR (+) breast cancer. Few studies have investigated the link between HDACi
and the Hippo pathway. In our study, we demonstrate that HDACi induces transcriptional downregulation of YAP
expression, while conversely activating a TEAD-mediated transcriptional program with upregulation of canonical
Hippo pathway genes. We subsequently identified four Hippo canonical genes (CCDC80, GADD45A, F3, and TGFB2)
that were upregulated by HDACi and associated with significantly improved survival in a HR (+) breast cancer cohort.
We further validated experimentally that HR (+) breast cancer cells treated with HDACi resulted in upregulation

of CCDC80 and GADD45A. A pan-cancer analysis of TCGA database demonstrated lower CCDC80 and GADD45A
expression in tumor tissue compared to non-tumor samples in BRCA (breast cancer), LAML (acute myeloid leuke-
mia), and UCS (uterine carcinosarcoma). Further analysis of HR (+) breast cancer patients in the METABRIC dataset
revealed high CCDC80 and/or GADD45A expression associated with significantly better survival outcomes compared
to patients with low expression. Our study provides evidence for a novel mechanism of HDACi clinical activity, as well
as a potential role for CCDC80 and GADD45A in HR (+) breast cancer.
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Introduction

Breast cancer has constantly been the leading causes of
death in women [1, 2], of which the hormone positive
(HR(+)) subtype consists of the majority (~70%) [3].
Treatment concept for HR(+) metastatic breast cancer
(mBC) currently consists of endocrine therapy (tamox-
ifen, fulvestrant, and aromatase inhibitors) in addition to
targeted therapies (CDK4/6 inhibitors [4—6], PI3K/AKT/
mTOR inhibitors [7-9], and histone deacetylase (HDAC)
inhibitors (HDACi) [10]), ongoing investigational modal-
ities that including SERCAs (selective estrogen recep-
tor covalent antagonist) [11], CDK?7 inhibitors [12],
CERANSs (complete estrogen receptor antagonists) [13],
and others. With the expanding portfolio of molecular-
based agents, treatment for HR (+) mBC has improved
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significantly in the past decade, although still a far cry
from curing this metastatic disease.

Histone deacetylases (HDACs) play a fundamental
role in epigenetic modulation of gene expression. Class
1 HDAGC: inhibit gene transcription by regulating chro-
matin accessibility and form the core regulatory subunits
for gene suppression, including the CoREST, NuRD, Sin3
complexes (containing HDAC1 and HDAC2), and NCoR
complex containing HDAC3 [14]. HDACi including vori-
nostat (SAHA), belinostat (PDX101), romidepsin, and
panobinostat (LBH589) have been approved by the FDA
for hematological cancers [15-17]. In a phase III clinical
trial for HR(+) HER2(—) metastatic breast cancer, the
addition of the class I HDACI tucidonistat (chidamide)
to aromatase inhibitors demonstrated improved survival
[18]. The above clinical results suggest that HDACi may
have promising activities in HR (+) breast cancer that
warrant further research to realize the maximal thera-
peutic benefit.

The Hippo pathway is a fundamentally important path-
way that governs multiple essential biological functions
in cell biology. This includes cell proliferation, organ size,
contact inhibition, as well as increasingly reported roles
in cancer [19]. Disruption of the Hippo pathway drives
carcinogenesis in animal models [20] and in human can-
cer (comprehensively reviewed in [21]). The canonical
Hippo pathway signaling pathway is composed of a phos-
phorylation cascade including kinases MST1/2, MAP
kinases, and LATS1/2 [22], which regulates Yes-associ-
ated protein (YAP) and its transcriptional coactivator
with PDZ-binding motif (TAZ; also known as WWTR1).
YAP and TAZ, well-established major effector proteins of
the Hippo pathway [23], can mobilize intranuclearly and
bind the transcription factor TEAD, resulting in down-
stream activation of CTGE, CYR61, ANKRD, and others
[24]. YAP/TAZ are generally recognized as oncoproteins
and linked to increased oncogenic potential and aggres-
siveness [25-32], although studies have reported tumor
suppressor roles as well [33].

The role of Hippo pathway in epigenetic control of
estrogen signaling in HR (+) breast cancer is a topic of
intense research. A seminal paper reported LATS1/2
facilitated ESR1 ubiquitination, and LATS1/2 inhibi-
tion resulted in YAP/TAZ/ERa (ESR1) activation in
HR(+) breast cancer with increased oncogenicity [34].
A conflicting study was recently published showing that
LATS1/2 are required to maintain ESR1 expression,
and genetic deletion of LATS1/2 stabilizes YAP expres-
sion, which, in turn, facilitates VGLL3-TEAD signaling
to decreases ESR1 in breast cancer [35]. Since ESR1 was
associated with increased tumorigenicity and unfavorable
prognosis in HR(+) breast cancer [36, 37], YAP, there-
fore, seems to play a role as a tumor suppressor in this
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context [35]. Other recent studies also show LATS1/2
as a tumor promoting role in breast cancer [33, 38]. At
this point, it remains inconclusive whether the canoni-
cal Hippo pathway signaling of LATS-YAP/TAZ is tumor
promoting or suppressing in breast cancer. As studies
accumulate rapidly in the Hippo research field, growing
evidence suggest a context-dependent different role of
the Hippo pathway in cancer [39], requiring additional
studies for a concrete conclusion.

The aforementioned study that linked YAP signaling
to ESR1 suppression [35] demonstrated that YAP-TEAD
activation resulting from LATS1/2 knockout increased
VGLL3 expression, which, in turn, recruited NCOR2
repression complex to silence ESR1 expression. The
authors also discovered HDACIi including entinostat,
TSA, and others, increased VGLL3 expression resulting
in ESR1 silencing, thus providing a rationale for HDAC
inhibitor activity in breast cancer [35], although a direct
relationship between HDACi and YAP expression was
not described. In another paper from the same research
group, the authors described that in small cell lung can-
cer (SCLC), the benzamide HDACIi entinostat (class I
HDAC:) increased YAP expression, while the pan-HDAC
inhibitor TSA did not [40], and TSA could even counter-
suppress the activity of entinostat-induced YAP expres-
sion. They further proposed a model where in SCLC
cells, YAP expression was suppressed by RCOR1/2/3
repression complex, while the SIN3A complex sustained
YAP expression that was inhibited by TSA. This intricate
regulation surrounding YAP expression suggested that
HDACIi mechanism of action may be extremely nuanced
and context dependent. Adding to the level of complex-
ity, another paper described that HDACi downregulated
YAP expression in multiple cancer types [41], in which
pan-HDACi were used (LBH589, Dacinostat, TSA, and
JNJ-26481585) that showed HDACi decrease of YAP
protein expression. The above studies show inconsistent
results regarding the relationship between Hippo path-
way and HDAC inhibition. Intriguingly, benzamides (of
which entinostat belongs to) have demonstrated lower
inhibition ability toward Sin3 complexes compared to
CoREST and NuRD [14], suggesting that different types
of HDACi pharmacore possess distinct preferences of
repression complexes which could potentially act as dif-
ferent modes of epigenetic control of Hippo pathway
activity.

The above background illustrates the current state of
the research regarding Hippo pathway, HDACi and HR
(+) breast cancer, with much unanswered questions. We
wish to experimentally clarify the role of HDACi and its
impact on the Hippo pathway signaling. We also sought
to probe how activation of the Hippo pathway and its
downstream proteins impact clinical outcome in HR (+)
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breast cancer. Interestingly, we discovered that molecu-
larly, HDACi downregulate YAP expression transcrip-
tionally, but conversely heighten TEAD signaling and
upregulation of multiple downstream targets. Clinically,
the upregulation of several well-known Hippo down-
stream targets is associated with improved survival in HR
(+) breast cancer patients. Our findings provide further
insight into the role of Hippo signaling in HR (+) breast
cancer as a therapeutically relevant disease pathway and
its role in HDACi-mediated clinical efficacy.

Materials and methods

Cell culture and drug treatment

All of the cell lines used in this study were purchased
from ATCC Cell Lines (https://www.atcc.org/, with treat-
ment condition as follows: T47D (RPMI-1640, Gibco),
MCE-7 (Dulbecco’s Modified Eagle Medium (DMEM,
Gibco)), MDA-MB-231 (RPMI-1640, Gibco), CAMA-1
(DMEM/F12, Gibco), BT-474 (RPMI-1640, Gibco), and
A549 (DMEM/F12, Gibco). All culture medium con-
tained 10% fetal bovine serum (FBS, Gibco) and 1% peni-
cillin-streptomycin (P/S, Gibco). Cells were incubated
in 37 °C, 5% CO, under standard molecular biology
conditions. Romidepsin (Selleck Chemicals, Houston,
TX, USA), verteporfin (SML0534, Sigma-Aldrich, Mas-
sachusetts, USA), and suberoylanilide hydroxamic acid
(SAHA, Cayman Chemicals, Ann Arbor, Michigan) were
obtained as solution in dimethyl sulfoxide (DMSO),
diluted to 1 mm with DMSO and stored at—20 °C until
further use.

siRNA transfection

siRNA products used in this study were purchased from
Thermo Fisher Scientific (Massachusetts, USA). The
Lipofectamine” RNAIMAX was used for siRNA trans-
fection. Cells were seeded with 40-50% confluence in
a 6 cm culture dish and mixed with medium without
antibiotics. First, each well containing 500 pl of reduced
serum Opti-MEM adding 150 pmol siRNA and 6.25 pl
RNAIMAX reagent. After 10 min of incubation at room
temperature, medium with cells were add into each well
and incubated for a duration of 24-72 h at 37 °C using
standard cell culture conditions. Cells were then col-
lected for further gene expression analysis.

cDNA preparation and RT-qPCR

T47D or MCF-7 (5-7x10° per well) was seeded onto
6 cm dishes. After cell adhesion, cells were treated with
the respective drugs (as described in the text and fig-
ure legends), washed in PBS and RNA extracted using
the TRIzol procedure, resuspended in 35 pL water, and
checked for quantity with a Nano-Drop (Thermo Fisher
Scientific, RNA with A260/A280 ratios over 1.9 were
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used.) than stored at—80 degree. The preparation of
c¢DNA was performed using a HiScript I TM First Strand
c¢DNA Synthesis Kit (Bionovas, Toronto, Canada) fol-
lowing the standardized procedure. For gene expression
analysis, RT-qPCR analysis was performed, per stand-
ard molecular biology protocols. Sequences of primers
are as follows: YAP: Forward: TAGCCCTGCGTAGCC
AGTTA, Reverse: TCATGCTTAGTCCACTGTCTGT,
CYR61 Forward: AATGGAGCCTCGCATCCTATA,
Reverse: TTCTTTCACAAGGCGGCA.

CTGF: Forward: CCCTCGCGGCTTACCGACTGG,

Reverse: CACAGGTCTTGGAACAGGCGC,

GAPDH: Forward: GAGTCAACGGATTTGGTCGT,
Reverse: GAGGTCAATGAAGGGGTCAT. Data were
analyzed using the AACt method, and statistical signifi-
cance was determined using a Student’s ¢-test.

Western blotting

Cell lysates were subjected to SDS—polyacrylamide gel
electrophoresis and subsequently transferred to mem-
branes (Cytiva, Marlborough, MA, USA). Membranes
were blocked with a mixture of 5% skimmed milk in PBS
for 1 h. Subsequently, they were incubated overnight at
4 °C with primary antibodies specific to YAP (GeneTex,
Alton Pkwy Irvine, CA, USA, GTX129151), phospho-
rylated YAP (Cell Signaling Technology, Danvers, MA,
USA, #4911), TAZ (Cell Signaling Technology, Danvers,
MA, USA, #4883), GAPDH (Santa Cruz Biotechnology,
Dallas, Texas, USA, sc-47724), ESR1 alpha (Cell Signal-
ing Technology, Danvers, MA, USA, #8644), LATS1
(Cell Signaling Technology, Danvers, MA, USA, #3477),
and LATS2 (Cell Signaling Technology, Danvers, MA,
USA, #5888), with dilutions from 1:500 to 1:3000 in each
blocking buffer. After primary antibody incubation with
washes by PBST (PBS with 0.1% Tween-20), the mem-
branes were incubated with a secondary antibody conju-
gated with horseradish peroxidase for 1 h. Protein bands
were visualized by using the ECL kit (Millipore, Bedford,
MA, USA), and imaging done by GE Amersham Imager
600.

Luciferase assay

Cells were seeded at a density of 4x10° cells/well in
a 6-well plate and cultured overnight to allow for cell
attachment. The luciferase reporter plasmid was then
transfected into the target cells using the Lipofectamine”"
3000 system using standard transfection methods, fol-
lowed by drug treatment. After 48 h of drug treatment,
the drug-containing medium was then removed, and
cells washed with 1 x PBS, with an appropriate amount of
1 xlysis buffer was added to lyse the cells. An aliquot of
20 pL cell lysate was transferred to a 96-well white plate,
and 100 pL luciferase substrate was added, with further
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analysis performed on the TECAN SPARK Multimode
Microplate Reader. The luciferase expression values were
obtained by repeating the reading every 10 s for a total
of 10 min. Additionally, 2 pL of cell lysate was used for
protein quantification using the BCA Protein Assay Kit,
serving as the normalization for each well.

The plasmid used for the luciferase assay is the
8xGTIIC-luciferase, a gift from Stefano Piccolo (Addgene
plasmid #  34,615;  http://n2t.net/addgene:34615;
RRID:Addgene_34615) [42]. Briefly, this plasmid utilizes
a synthetic TEAD luciferase reporter that is activated
when TEAD binds to the TEAD-binding site, indicating
functional TEAD-based transcription [42].

Immunofluorescence

Cells were cultured on Millicell® EZ SLIDES (Millipore,
Bedford, MA, USA), fixed in 4% paraformaldehyde for
10 min at room temperature, and extracted with 0.2%
Triton X-100 solution for 10 min. After blocking with
phosphate-buffered saline with Tween-20 (PBST) con-
taining 1% bovine serum albumin for 30 min, the cells
were incubated with YAP antibody overnight at 4°C. Cells
were washed for three times with PBST and then incu-
bated with fluorescein isothiocyanate conjugated second-
ary antibody for 1 h. After that, cells were counterstained
with Fluoroshield™ with DAPI (Sigma-Aldrich, Burling-
ton, MA) to visualize the nucleus. The coverslips were
mounted onto glass slides with an anti-fade solution and
subjected to the examination under an Olympus FV10i
confocal microscope.

RNA-sequencing

T47D or MCF-7 (5-7x10° per well) was seeded onto
6 cm dish and treated with romidepsin or vehicle for
5 days, washed in PBS, and RNA was extracted (Total
RNA Isolation Kit, NovelGene). RNA was checked for
quantity with a Nano-Drop (Thermo Fisher Scientific,
RNA with A260/A280 ratios over 1.9 were used.) than
stored at— 80 °C. Libraries were prepared using a TruSeq
Stranded mRNA sample preparation kit (Illumina, San
Diego, CA) from 500 ng of purified total RNA accord-
ing to the manufacturer’s protocol in a reduced reaction
volume. The finished ¢cDNA libraries were assessed for
quality using a Bioanalyzer and quantified with a Quant-
iT dsDNA Assay kit (Thermo Fisher Scientific, Waltham,
MA). The uniquely indexed libraries were multiplexed
based on this quantitation, and the pooled sample was
quantified by qPCR using the Kapa Biosystems (Wilm-
ington, MA) library quantification kit by the Molecular
Biology Core Genomics Facility at the Dana-Farber Can-
cer Institute and sequenced on a single Illumina Next-
Seq500 run with single-end 75 bp reads. Reads were
processed to counts using the bcbio-Nextgen toolkit
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version 1.0.3a  (https://github.com/chapmanb/bcbio-
nextgen) as follows: (1) Reads were trimmed and clipped
for quality control in cutadapt v1.12; (2) read quality was
checked for each sample using FastQC 0.11.5; (3) high-
quality reads were then aligned into BAM files through
STAR 2.5.3a using the human assembly GRCh37; and (4)
BAM files were imported into DEXSeq-COUNT 1.14.2,
and raw counts TPM and RPKM were calculated. R pack-
age edgeR (McCarthy et al., 2012; Robinson et al., 2010)
3.18.1 (R version 3.2.1) was used for differential analysis
and generate log fold change, p-value, and FDR.

The RNA-seq results were deposited into the Gene
Expression Omnibus (GEO) database under the acces-
sion number GSE263971.

Survival analysis, pathway analysis, and data processing
DAVID analysis was performed on the DAVID web-
site (https://david.ncifcrf.gov/tools.jsp). Survival analy-
sis was performed on cBioPortal website (https://www.
cbioportal.org/) [43] using the METABRIC dataset [44].
To select HR (+) HER2(-) only patient samples, from
the METABRIC dataset, "Breast Invasive Ductal Car-
cinoma” was firstly chosen, followed by selection of
"mRNA expression z-scores relative to all samples,” “ER
status positive,” and “HER2 status negative” After filter-
ing, clinical and mRNA data were downloaded from the
remaining samples, with removal of samples with una-
vailable overall survival data, yielding a total of 1030 sam-
ples. The C-G high expression cohort was selected with
patients’ samples with either CCDC80 or GADD45A
consisting of a positive z-score (>0), with the remain-
ing samples defined as the C-G low expression cohort.
Sample IDs from each the C-G high and C-G low cohort
were retrieved and input into cBioPortal as 2 non-over-
lapping groups for further analysis. The complete list of
each cohort is uploaded as supplementary files. A simi-
lar approach was used to filter HER2 cohort (selection of
HER?2 status positive) and TNBC cohort (selection of ER
status negative, HER2 status negative).

The transcriptome datasets used in this study
include: GSE69845, GSE72688, GSE133120, GSE70120,
GSE74478, and GSE263971, each downloaded from GEO
and processed by R. The cell type for each dataset is as
follows:

GSE69845: microarray data of MCEF-7 cells treated
with Vorinostat/SAHA 100 nM for 6 h. Three biological
repeats for each vehicle and treatment were available and
used for analysis.

GSE263971: (data from our current study) RNA-seq
data of MCF-7 and T47D cells treated with romidepsin
50 nM for 24 h, two biological repeats for each vehicle
and treatment were available and used for analysis.
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GSE72688: microarray data of MDA-MB-231 cells
treated with vorinostat 5 uM for 24 h. Three biological
repeats pairs used.

GSE133120: microarray data of MDA-MB-231 cells
treated with romidepsin 46 nM for 6 h. Three biological
repeats pairs used.

GSE70120: microarray data of UM-UC-3 or VM-CUB-1
cells, treated with 3 nM romidepsin, 0.5 uM givinostat, and
2.5uM SAHA, each for 24 h, three biological repeats.

GSE74478: microarray data of VM-CUBLI treated with
siRNA against HDAC1 and HDAC2, normalized to VM-
CUBI1 with nontargeting siRNA, three biological repeats.

For the microarray datasets, the dataset was analyzed by
the web-based tool GEO2R [45] to produce the differential
expression list.

Heat maps, gene ontology (GO) analysis, dot plot, and
ridge plot were generated by the R packages “ClusterPro-
filer; “enrichplot,” “pHeatmap,” and “GSEAplot”

GEPIA analysis

The cross-TCGA dataset analysis was performed using the
GEPIA2 webserver database [46]. A total of 31 TCGA data-
sets were included in GEPIA2 and were used for our analy-
sis. The full list of datasets include: ACC (Adrenocortical
carcinoma), BLCA (Bladder urothelial carcinoma), BRCA
(Breast invasive carcinoma), CESC (Cervical squamous
cell carcinoma and endocervical adenocarcinoma), CHOL
(Cholangiocarcinoma), COAD (Colon adenocarcinoma),
DLBC (Lymphoid neoplasm diffuse large B-cell lym-
phoma), ESCA (Esophageal carcinoma), GBM (Glioblas-
toma multiforme), HNSC (Head and neck squamous cell
carcinoma), KICH (Kidney chromophobe), KIRC (Kidney
renal clear cell carcinoma), KIRP (Kidney renal papillary
cell carcinoma), LAML (Acute myeloid leukemia), LGG
(Brain lower grade glioma), LIHC (Liver hepatocellular
carcinoma), LUAD (Lung adenocarcinoma), LUSC (Lung
squamous cell carcinoma), OV (Ovarian serous cystadeno-
carcinoma), PAAD (Pancreatic adenocarcinoma), PCPG
(Pheochromocytoma and paraganglioma), PRAD (Pros-
tate adenocarcinoma), READ (Rectum adenocarcinoma),
SARC (Sarcoma), SKCM (Skin cutaneous melanoma),
STAD (Stomach adenocarcinoma), TGCT (Testicular germ
cell tumors), THCA (Thyroid carcinoma), THYM (Thy-
moma), UCEC (Uterine corpus endometrial carcinoma),
and UCS (Uterine carcinosarcoma).

Results

Transcriptional profiling of HDACi reveals suppression

of cell cycle pathways and upregulation of canonical Hippo
pathway targets

To specifically investigate the global transcriptomic
changes by HDACi in HR (+) breast cancer cells, we
performed RNA-sequencing in T47D and MCEF-7, both
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HR (+) HER2(-) breast cancer cell lines, with the class
I HDAC inhibitor romidepsin [47]. To mitigate the con-
founding effect on individual cell line characteristics
that would impact the results, we overlapped genes that
were both differentially expressed in MCF-7 and T47D.
In both cell lines, nearly ~ 6000 genes were differentially
expressed (twofold difference, p <0.05, adjusted p <0.05),
with an overlap of 3512 genes (Fig. 1A). We filtered out
genes that changed in opposing directions between the
two lines (i.e., only genes that were concurrently up- or
down-regulated in both cell lines were selected), result-
ing in 3366 genes chosen for further analysis. Gene
ontology (GO) analysis revealed pathways relating to
cell cycle (including chromosome segregation, mitosis,
DNA replication, nuclear division, and others) as leading
pathways, indicating that romidepsin strongly perturbs
the cell cycle in HR (+) breast cancer (Fig. 1B). Consist-
ently, KEGG pathways associated with romidepsin treat-
ment revealed that the cell cycle was significantly and
substantially suppressed as shown by dot plot and ridge
plot (Fig. 1C, D), and GSEA analysis showed cell cycle
pathway strongly suppressed with NES of -3.59 (Fig. 1E).
DAVID analysis also showed cell cycle as the top over-
represented pathways (Fig. 1F), where interestingly, the
Hippo pathway was also among the leading enriched
pathways. The association of HDACIi and cell cycle path-
ways have been well studied [48]; however, the discovery
of the Hippo pathway in the leading pathways was inter-
esting and relatively unknown.

We sought to investigate the expression profile of a
previously reported Hippo pathway gene signature set
[49] in our RNA-seq data. We observed that in both cell
lines, treatment of romidepsin resulted in upregulation
in majority of the signature Hippo pathway downstream
genes in both cell lines, including the canonical CYR61/
CCN1, CTGF/CCN2, NUAK2, GADD45A, and others
(Fig. 1G, H). Notably, the Hippo pathway component
LATS2 was upregulated in MCEF-7 cells (Fig. 1H), but
downregulated in T47D cells (Fig. 1G), suggesting that
cell line intrinsic differences resulted in inconsistent tran-
scription responses to HDACI.

In conclusion, RNA-seq of HR (+) breast cancer cell
lines treated with romidepsin revealed a strong sup-
pression of the cell cycle-related pathways and enriched
Hippo pathway expression and signaling, as well as con-
firming that conventional TEAD expression targets such
as CYR61 and CTGF are upregulated.

HDAC inhibitors activate TEAD transcription

while transcriptionally suppress YAP expression

We then performed experiments to validate our find-
ings from the RNA-seq data. HR (+) breast cancer cell
lines treated with romidepsin revealed upregulation in
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Fig. 1 RNA-seq of HR(+) breast cancer cells treated with romidepsin reveals pathway enrichment including cell cycle and Hippo pathways. A
Venn diagram of differentially expressed genes (DEG) from RNA-seq data performed on MCF-7 or T47D cells, treated with either romidepsin 50 nM
or DMSO for 24 h. B-D Gene ontology (GO) analysis (B), dot plot (C), and ridge plot (D) of DEGs from the RNA-seq data. E GSEA analysis for cell
cycle pathway from the RNA-seq data. F Leading enriched pathways from DAVID analysis of the RNA-seq data. G, H Heat map of mRNA expression
from the RNA-seq dataset of Hippo pathway signature genes [49] in T47D (G) and MCF-7 (H)

CYR61, CTGF (Fig. 2A), consistent with our prior find-
ings. We then asked whether HDAC inhibitors activated
TEAD-based transcription. We used the 8xGTIIC-
TEAD luciferase reporter, a well-established reporter
assay for investigating TEAD-mediated transcription
[42], in breast cancer cell lines treated with HDACi. We
observed that TEAD luciferase reporter activity upregu-
lated significantly after HDACIi treatment (Fig. 2B), in
both MCE-7 and T47D cell lines, as well as A549, a lung
cancer cell line, suggesting that this phenomenon is not
limited to breast cancer. To validate this finding across
multiple cell lines, we queried the GEO database for
transcriptional profiling datasets where various cancer
cell lines were treated with HDACI, including: MCF-7
(HR(+) breast cancer) treated with SAHA (Vorinostat)
(GSE69845), romidepsin (GSE263971, our current study),
T47D (HR(+) breast cancer) treated with romidep-
sin, (GSE263971, our current study) MDA-MB-231
(TNBC) treated with SAHA (GSE72688), romidep-
sin (GSE133120), VM-CUBI1 (bladder cancer), and
UM-UC-3 cells (bladder cancer) treated with the HDACi
romidepsin, givinostat, SAHA, and siRNAs against
HDAC1/2 (GSE70120, GSE74478). mRNA expressions
for CTGF and CYR61 were largely upregulated compared

to controls, with some differences between cell lines
(Fig. 2C). Notably, the upregulation occurred more sub-
stantially in HDACi-treated cell lines, especially with
romidepsin and givinostat (a class I/Il HDAC inhibitor
[50]); however, siRNA against HDAC1/2 showed modest
increase in CTGF and CYR61 expression. Our findings
indicate that HDAC inhibition activates TEAD-based
transcription in the Hippo pathway and upregulates
Hippo pathway canonical targets, including CYR61 and
CTGFE.

Our above data demonstrate that HDACi activates
TEAD-based transcription in the Hippo pathway. Inter-
estingly, the previous research has shown that class I
HDACIi downregulate YAP protein expression in cancer
cells [41], but whether this is mediated at the transcrip-
tional level is unclear from the study. When we treated
multiple cell lines with romidepsin, including the HR (+)
HER2(-) breast cancer cell lines MCF-7, T47D, CAMA-
1, as well as the HER2(+) cell line BT-474, triple nega-
tive breast cancer cell line (TNBC) MDA-MB-231, and
the lung cancer cell line A549, we observed a signifi-
cant downregulation of YAP expression (Fig. 2D). This
suppression in YAP expression was time dependent
(Fig. 2E). The canonical Hippo pathway is based on
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phosphorylation of YAP, which directs it to cytoplasmic
destruction instead of intranuclear translocation. Inter-
estingly, romidepsin or SAHA treatment decreased phos-
phorylated YAP in MCEF-7 and A549 cell lines (Fig. 2F,
supplementary Fig. 1A). To test whether this suppression
occurred at the transcriptional level, we treated MCF-7
and T47D with romidepsin for 24 h and observed signifi-
cant downregulation of YAP1 mRNA, while there were
no substantial decrease (and even mild increase), in TAZ,
LATSI, or LATS2 mRNA levels (Fig. 2G).

Since both YAP mRNA and phosphorylated YAP are
downregulated, our data suggest that HDACi decrease
YAP by a transcriptomic silencing mechanism instead
of protein degradation mediated by the canonical Hippo
pathway. We analyzed again the aforementioned tran-
scriptomic datasets and observed a consistent down-
regulation of YAP mRNA after treatment with HDAC

inhibition (Fig. 2H), while TAZ expression was not
decreased, and even mildly increased. Compared to the
substantial decrease of YAP expression, the expression
of LATS1/2 showed very minor changes (Fig. supp 1B).
Taken together with the above data, we conclude that
HDAC inhibition results in transcription suppression of
YAP expression but conversely activates TEAD-medi-
ated transcription of Hippo pathway targets. One possi-
ble explanation was despite global YAP downregulation,
intranuclear YAP was increased, leading to upregula-
tion of YAP-TEAD transcription. However, we did not
observe increased intranuclear YAP expression by immu-
nofluorescence (Fig. supp 1C).

A recent study described that HDACi entinostat,
SAHA, and CORIN resulted in ESR1 downregulation in
MCE-7 cells ([35], supplementary Fig. 2A). We confirmed
this observation by treating T47D cells with romidepsin,
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SAHA, and entinostat. Our data revealed that these
HDAC: suppressed ESR1 expression in a dose-dependent
fashion (supplementary Fig. 2A). There was a consistent
downregulation of YAP/TAZ protein expression with all
three HDACI, as well as ESR1 (supplementary Fig. 2B).
In summary, our data indicate that HDACi result in YAP
expression downregulation at the transcriptional level
and also induce ESR1 protein downregulation.

Identification of Hippo pathway downstream genes
associated with improved survival outcomes in HR (+)
breast cancer

Our previous results identified that romidepsin treat-
ment resulted in upregulation of several Hippo path-
way signature genes. Specifically, a total of nine genes
(TGFB2, CYR61/CCNI1, CTGF/CCN2, TGFB2, CCDC80,
GADD45A, IGFBP3, NUAK?2, and F3) were significantly
upregulated in both T47D and MCEF-7 treated with
romidepsin. We asked whether the expression was corre-
lated with survival in HR (+) breast cancer in large sam-
ple size transcriptomic datasets. From the METABRIC
cohort [44], we selected cases that were HR(+) HER2(—)
and contained available mRNA expression data, with a
total of 1030 cases selected. When categorized into high
versus low gene expression for each gene in this cohort,
we discovered that expression of four genes (CCDC80,
GADD45A, F3, and TGFB2) was significantly correlated
with overall survival. Strikingly, all four genes demon-
strated a significant association of higher gene expression
level with better overall survival (p-value <0.05) (Fig. 3A,
supp Fig. 3A). In the cases of GADD45 (p <0.0001, over-
all survival in high versus low expression: 199 versus
142 months) and CCDC80 (p =0.0022, overall survival in
high versus low expression: 178.2 versus 148.8 months),
the differences in survival were more substantial.

We hypothesized that gene expression levels of
GADD45 and/or CCDC80 would be significant prog-
nostic factors for HR (+) breast cancer, and we sought
to further explore clinical characteristics of patients
with higher expression of either of these genes. From
the above 1030 cases, we categorized the patients into
high expression (of either GADD45 and/or CCDC80)
and low expression groups. High and low expression
groups each contained 587 and 443 patients, respec-
tively. Clinical characteristics of the two groups were
examined through the cBioPortal database. As expected,
high expression patients (High C-G) had significantly
longer survival compared to low expression patients
(Low C-G) (185 months versus 132.1 months, hazard
ratio 0.71, p=0.00002) (Fig. 3B). Relevant clinical char-
acteristics revealed no significant difference between
PR status, tumor stage, positive lymph nodes, type of
breast surgery, neoplasm histologic grade, and tumor size
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(supplementary file 1); interestingly, when applying the
3-gene classifier [51], the low C-G group had significantly
more patients with high proliferation ER + HER2- profile,
indicating a more proliferative nature of cancer (Fig. 3C).
Recurrence free survival was also significantly longer in
the C-G high group (p=0.01) (Fig. 3D).

Since our current analysis was restricted to HR (+)
breast cancer, we investigated whether expression levels
of either CCDC80/GADD45A or CTGF, CYR61 were
associated with outcome difference in other subtypes of
breast cancer. By further analysis of METABRIC, there
was no significant association between gene expression
of CCDC80, GADD45A, CTGE CYR61, and survival in
HER2(+) or TNBC patients (supplementary Fig. 3B, C).

To validate our findings mechanistically, we examined
the expression of CCDC80 and GADDA45A in the tran-
scriptomic datasets from Fig. 2C. We discovered a con-
sistent upregulation in both GADD45A and CCDC80
gene expression after various HDACi treatments
(Fig. 3E). To further validate this finding experimentally,
we examined the levels of CCDC80 and GADD45A sub-
sequent to romidepsin treatment. Consistent with the
above findings, we observed that romidepsin-induced
upregulation of GADD45A (Fig. 3F), and more sub-
stantially, CCDC80 (Fig. 3G), in both MCF-7 and T47D
cells. Verteporfin is a small molecule discovered through
a drug screening program and proven to inhibit YAP-
TEAD protein interaction, thus suppressing YAP-medi-
ated TEAD activity [52]. Verteporfin is now widely used
as tool for investigation regarding biological mechanisms
of the Hippo-TEAD signaling pathway [53, 54]. Since
our current data indicate that HDACi upregulate TEAD-
based transcription, shown by the luciferase reporter
assay and RNA-seq data, we hypothesized that treatment
with verteporfin could shed light on whether CCDC80
and GADD45A was mechanistically regulated by TEAD
transcription. We treated T47D and MCEF-7 with verte-
porfin and observed, consistent with prior knowledge,
downregulation of CYR61 expression, indicating that
Hippo-TEAD transcription was suppressed (Fig. 3H).
Interestingly, CCDC80 showed strong downregulation in
both cell lines, and GADD45A also was downregulated
in MCEF-7, although not in T47D, suggesting cell line
differences.

We then sought to investigate whether siRNA against
HDAC1/2 could replicate the findings of HDACi as
described above. We treated MCF-7 cells with two pairs
of siRNAs (each pair containing a siRNA against HDAC1
and a siRNA against HDAC2). Interestingly, we observed a
decrease in YAP expression after treatment with both siH-
DAC1/2 pairs; however, we did not observe the substantial
upregulation of CCDC80 and GADD45A expression (sup-
plementary Fig. 4A). We then asked whether knockdown
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of YAP alone would also affect CCDC80 and GADD45A
expression. Although significant knockdown was achieved
by 2 siRNAs targeting YAP, there was only modest down-
regulation of CCDC80 expression, and mild upregulation
of GADD45A (supplementary Fig. 4B).

To summarize, romidepsin substantially increases
GADD45A and CCDCB80 expression (Fig. 3F), and verte-
porfin, a Hippo pathway inhibitor, produces opposite
results (Fig. 3H). siRNA against HDAC1/2 did not repro-
duce the same findings as romidepsin, compatible with the
previous microarray studies (Fig. 3E). This finding indicates
a discrepancy between chemical inhibition and genetic
silencing for HDAC1/2, which could be explained by other
factors (such as compensatory mechanisms in response to
siHDAC1/2).

Pan-cancer transcriptomic analysis reveals upregulation

of CCDC80 and GADDA45A in tumor tissue in breast cancer
patient samples

To further investigate the pan-cancer distribution of
CCDC80 and GADD45A, we queried the GEPIA2 web
browser [46] for a cross-cancer type analysis of TCGA
datasets. Thirty-one cancer types were analyzed (see
methods for full list of cancer types). In tumor tissues,
10 datasets (BLCA, BRCA, CESC, COAD, LAML, OV,
PRAD, READ, UCEC, and UCS) exhibited significantly
reduced expression levels of CCDC80 (Fig. 4A, supp 4C),
while four datasets (BRCA, LAML, SKCM, and UCS)
demonstrated significantly decreased expression levels
of GADD45A compared to their expression in normal
tissues (Fig. 4B, supp 4D). Overall, three datasets had
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is associated with improved outcomes in HR(+) HER2(-) breast cancer

consistent trend for CCDC80 and GADD45A (down-
regulated expression in tumor samples): BRCA (Breast
invasive carcinoma), LAML (Acute myeloid leukemia),
and UCS (Uterine carcinosarcoma). Conversely, six
datasets (CHOL, DLBC, GBM, LGG, LIHC, and PAAD)
and two datasets (GBM and PAAD) had significantly
higher expression in tumor samples for CCDC80 and
GADDA45A, respectively (supplementary Fig. 4C, D).

We further analyzed whether HDAC1/2 expression in
METABRIC was associated with differences in activa-
tion of Hippo pathway targets. We divided the patients
by high/low expression of HDAC1 or HDAC2 mRNA
levels from the METABRIC dataset. In patients with
low HDACI1 expression, there was marked upregulation
in the Hippo pathway genes, including CYR61/CCNI,
CTGF/CCN2, CCDC80, GADD45A, NT5E, IGFBP3,
and several others (Fig. 4C), compared to patient sam-
ples with high HDACI expression. The trend was less
clear between HDAC2 high and low expression patient
samples (Fig. 4D). Our data indicate a possible associa-
tion between HDAC1 expression levels and activation of
Hippo pathway genes.

Taken together the above, our findings show consist-
ent results that HDAC inhibitors results in upregulation

of the Hippo pathway targets GADD45A and CCDC80
(in both our RNA-seq data and the GSE70120 and
GSE74478 datasets), and high CCDC80 or GADD45A
expression is associated with more favorable survival
outcomes in HR(+) HER2(-) breast cancer (from the
METABRIC dataset [44]) with less aggressive cancer
biology (lower proliferation). We further validated that
GADD45A and especially CCDC80 are upregulated by
HDACI, and downregulated by the Hippo-TEAD inhibi-
tor verteporfin, indicating the role of Hippo-TEAD sign-
aling in this axis. We summarized our findings from this
study in a mechanistic illustration (Fig. 4E).

Discussion

Even with the advent of CDK4/6 inhibitors, metastatic
hormone positive breast cancer still remains incurable,
with patients ultimately succumbing to the disease. There
is still a huge unmet need for therapeutic agents such
as HDAC: that are efficacious in treatment for HR (+)
breast cancer. The treatment of HR (+) breast cancer is
unique that besides cytotoxic chemotherapy and targeted
therapy (such as PI3K/AKT/mTOR inhibitors), therapeu-
tics that disrupt estrogen signaling or ESR1 expression
provide clinical benefit in HR (+) breast cancer patients.
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The previous studies have demonstrated HDACiI-
mediated ESR1 downregulation [55, 56], likely through
upregulation of transcriptional repressors for ESR1
[57]. This hypothesis is supported by the recent study
that delineates HDACi upregulation of VGLL3 which
recruits silencing complexes that suppress ESR1 expres-
sion [35]. In general, HDACi may exert cytotoxicity in
HR(+) breast cancer by multiple mechanisms includ-
ing ESR1 downregulation [55, 56], induction of intrinsic
CDK inhibitors such as p21 [58], induction of p53 result-
ing in cancer cell apoptosis [59], and others. Although
clinical trials using HDACi have had both successes and
failures in phase III trials (including the ACE trial [18]
and the E2112 trial [60]), HDACi still remains a viable
option for treatment in HR(+) breast cancer, and further
understanding of the underlying mechanism will further
unlock the potential for therapeutics avenues.
Accumulating recent evidence now supports the
notion that Hippo pathway signaling, especially YAP/
TAZ-TEAD signaling, may not be uniformly oncogenic,
rather it is more likely that the Hippo pathway may be
context dependent in terms of oncogenicity. In our study,
we discovered that despite HDACi suppression of YAP
expression, as evidenced by our cell line data, RNA-seq
data, and publicly available GEO datasets, TEAD sign-
aling is activated, and the majority of Hippo signature
genes [49] are upregulated, including the conventional
Hippo-TEAD targets CYR61 and CTGF [61]. CYR61 and
CTGF were proposed as mediators for paclitaxel resist-
ance [61] and are generally considered as oncogenic [62,
63]. However, from our RNA-seq data, we observed that
other Hippo pathway signature genes are modulated as
well, suggesting that HDACi induce an intricate tran-
scriptional perturbation effect on Hippo pathway tran-
scriptome. Interestingly, we discover that GADD45A and
CCDCB80 as highly prognostic of improved survival in
HR (+4) HER2(-) breast cancer patients. GADD45A and
CCDCB80 are well-established targets of Hippo-TEAD
signaling [49, 64, 65]. GADD45A is associated with lumi-
nal type breast cancer, highly positive in HR+ cancers
and low in normal or HER2/TNBC [66], plays a role in
cell cycle regulation [67], and was previously reported
as directly induced by HDACi [68]. Most studies have
shown that GADD45A is pro-apoptosis and plays a
role in tumor killing [69, 70]. Few studies have reported
the role of CCDC80 in cancer. A recent study reported
tumor-suppressive role of CCDC80 in colon cancer cell
lines [65]. Interestingly, this study reported an onco-
genic role of LATS1/2 [65], in which the authors specu-
late is context dependent. Taken together the findings
from our study and others [71, 72], we speculate that
the context-dependent role of the Hippo pathway in
cancer, i.e., whether oncogenic or tumor-suppressive, is
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dependent upon the amplitude of expression induced for
Hippo targets that possess anti-tumor properties, such
as CCDC80 and GADD45A. As CCDC80 is relatively
under-investigated in cancer, further studies will be ben-
eficial to further characterize its role as a prognostic and/
or therapeutic potential. Our findings provide, at least
partially, a possible explanation for HDAC:i efficacy in HR
(+) breast cancer and propose a previously undiscovered
HDAC-TEAD-CCDC80/GADDA45A axis that could serve
as potential biomarkers or therapeutic development in
HR (+) breast cancer. More interestingly, the pan-cancer
analysis across 31 cancer types revealed that only three
cancer types (breast cancer, acute myeloid leukemia, and
uterine carcinosarcoma) share the trend of having lower
tumor expression of CCDC80 and GADD45A, suggest-
ing future investigation on whether these two genes have
a prognostic role or whether the Hippo signaling through
these two genes serve as a tumor-suppressive role in
these three cancer types.

In our study, we showed that HDACi downregulated
YAP (Fig. 3C-@G), but upregulated expression of Hippo
canonical genes (Figs. 2A, C and 3E-G). Although
detailed molecular mechanisms remain unknown, data
in our study may shed some light on these two seem-
ingly counterintuitive conclusions. In the canonical
Hippo pathway, YAP/TAZ both are capable of bind-
ing and activating the transcription factor TEAD, sug-
gesting a functional redundancy. Some studies have
shown that YAP/TAZ reciprocally increase with the
counterpart is genetically silenced [73]. In our data, we
observed a modest increase (around 1.5-fold compared
to control) of TAZ mRNA expression when treated
with HDACI, while YAP was significantly suppressed
(Fig. 3D, E). However, when we looked at the protein
level, TAZ expression was consistently suppressed after
HDACI treatment (Fig. 3C, Supplementary 1A), argu-
ing against compensatory activation of TEAD by TAZ.
One possible scenario is HDACi induce strong upregu-
lation of TEAD-binding partners, including VGLL pro-
teins, AP-1 transcription factor family (FOS, JUN, and
others). Indeed, in our RNA-seq data, we observed con-
sistent increase in both cell lines upregulation of FOS,
JUN, and JUND (data not illustrated. Complete RNA-
seq data deposited to GEO). We speculate that HDAC],
by downregulation of YAP/TAZ, and upregulating
potential TEAD coactivators, create an environment
that favors nuclear accumulation of TEAD coactiva-
tors and thus turning on TEAD transcription. A simi-
lar model has been shown recently, where upregulation
of VGLL3, a TEAD co-factor, results in silencing of the
ESR1 gene [35]. In this scenario, VGLL3 replaces TEAD
to mediate transcription, but facilitates transcriptional
suppression instead of activation. Interestingly, in our
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RNA-seq data, VGLL3 was upregulated as well, provid-
ing an explanation for ESR1 downregulation in our data
(supplementary Fig. 2A, B).

In our data, HDACi including romidepsin, SAHA,
and entinostat all downregulated YAP expression. Since
romidepsin is a specific HDAC1/2 inhibitor, we were
curious whether simultaneous knockdown of HDAC1/2
could recapitulate the transcriptional changes. How-
ever, from our experiments (supplementary Fig. 4A, B)
as well as from the GEO transcriptomic datasets, siH-
DAC1/2 showed the least amount of YAP downregula-
tion (Fig. 2H), least amount of CTGF/CYR61 (2C) and
CCDC80/GADD45A upregulation (3E), in comparison
with HDACi. Mechanistically, there remains a fun-
damental gap between siRNA against HDAC1/2 and
HDACI in terms of biological consequences. HDAC1
has a long half-life, and prior studies have shown that
downstream consequences by HDAC1/2 gene deletion
(stable double knockout) are most marked after 96 h of
gene inactivation [74]. Theoretically, siHDAC1/2 at less
than 96 h would produce insufficient levels of knock-
down of HDAC1/2, which among themselves have high
levels of homology and functional redundancy [75, 76],
thus blunting the possible downstream effect. HDAC],
on contrary, start to inhibit the HDAC enzymatic activ-
ity as soon as HDAC-small-molecule engagement is
achieved [77]. Other potential factors, including off tar-
get effects that may be present in both small molecules
and siRNA, may also contribute to the inconsistency
of the biological readout. As our study utilizes multi-
ple cell lines and HDACi and largely achieving consist-
ent observations, we believe that the inconsistency by
the siHDAC1/2, both in the GEO datasets and in our
experiments, may be partially explained by the above,
and does not contradict the main findings of our study.

In summary, our study provides novel insights into
the role of the Hippo pathway and HDACi in HR (+)
breast cancer. We discover that while HDACi downreg-
ulates YAP, TEAD signaling is heightened that upregu-
lates several downstream genes of the Hippo pathway
linked to improved survival. Our findings provide pos-
sible mechanisms for HDACi role in HR(+) breast can-
cer, and hint toward potential novel targeting agents,
such as LATS inhibitors [35], Hippo pathway modu-
lating agents, or further exploitation of CCDC80 and
GADD45A, to improve outcomes and survival for this
group of patients.
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