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Abstract

Despite advances in breast cancer treatment, residual disease driven by dormant tumor cells
continues to be a significant clinical problem. Leukemia inhibitory factor receptor (LIFR)
promotes a dormancy phenotype in breast cancer cells and LIFR loss is correlated with poor
patient survival. Herein we demonstrate that histone deacetylase inhibitors (HDACI), which

are in phase I11 clinical trials for breast cancer, epigenetically induced L/FR and activated a
pro-dormancy program in breast cancer cells. HDACI slowed breast cancer cell proliferation and
reduced primary tumor growth. Primary breast tumors from HDACI-treated patients had increased
L/FR levels and reduced proliferation rates compared to pre-treatment levels. Recent Phase 11
clinical trial data studying entinostat and azacitidine in metastatic breast cancer revealed that
induction of several pro-dormancy genes post-treatment was associated with prolonged patient
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survival. Together, these findings suggest HDACI as a potential therapeutic avenue to promote
dormancy, prevent recurrence and improve patient outcomes in breast cancer.

Introduction

Results

Breast cancer remains the most diagnosed cancer and second leading cause of cancer

deaths in women. Recurrence arises from residual tumor cells within the primary tumor
microenvironment or distant metastatic site that have remained in a prolonged dormant state.
Dormant tumor cells may lie latent as single quiescent cells or small cell clusters in which
dormancy is maintained through balanced proliferation and apoptosis [1-4]. In response to
tumor-intrinsic or microenvironmental cues, residual tumor cells become reactivated and
develop into clinically detectable lesions [1, 5]. Further investigation into the molecular
mechanisms underlying tumor cell dormancy would significantly advance the current field
and provide potential therapeutic avenues to target residual disease.

Histone modifications play a key role in gene expression and are predominantly controlled
by the balance of histone acetyltransferases (HATSs) and histone deacetylases (HDACS).
Aberrant HDAC expression and activity are frequently observed in cancer and result in
enhanced proliferation, angiogenesis, and metastasis [6]. HDAC inhibitors (HDACI) have
emerged as promising cancer therapeutics by inducing differentiation, cell cycle arrest, and
apoptosis [7]. Several HDACI are FDA approved for hematological malignancies [8] and
several including entinostat and vorinostat are currently being tested in ~70 clinical trials
for early, advanced, and metastatic breast cancer [9] [clinicaltrials.gov]. However, little is
known about the molecular mechanisms by which HDACI influence tumor cell growth and
progression.

Leukemia inhibitory factor (LIF) receptor (LIFR) was previously identified as a breast
tumor suppressor and metastasis suppressor [10, 11]. Recent evidence indicates that LIFR
activation and downstream STAT3 signaling maintains breast tumor cells in a dormant
state [12]. Loss of this signaling axis results in enhanced tumor cell proliferation and

bone destruction in preclinical metastasis models [12]. Currently, the upstream regulators
of LIFR expression and activity in breast cancer remain largely unclear. Previous work by
our laboratory [12] and Zeng et al. [13] suggests that HDACIi stimulate LIFR expression in
breast cancer cells in vitro.

Our studies herein aimed to determine the extent and mechanism by which HDACI activate
LIFR signaling and whether these inhibitors slow the outgrowth of breast cancer cells /n
vivo, presenting a viable therapeutic strategy to re-program breast cancer cells for long-term
dormancy and prevent breast cancer relapse.

HDAC inhibitors stimulate LIFR expression in breast cancer cells regardless of estrogen
receptor status

We sought to test a panel of diverse HDACI with varying structural properties and
HDAC isoform selectivity for their ability to stimulate LIFR expression. Based on their
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pharmacological properties and clinical relevance, this panel consisted of entinostat,
panobinostat, romidepsin, and vorinostat. HDACI treatment of human breast cancer cell
lines MCF7 (ER+), SUM159 (TNBC), and MDA-MB-231b (bone metastatic clone [14,
15]; TNBC) significantly increased L/FR mRNA expression between 6 and 24 hours in a
dose-dependent manner (Fig. 1A-D and Fig. S1A). Similar results were observed in mouse
mammary carcinoma cells D2.0R (ER+), D2A1 (TNBC), and 4T1BM2 (bone metastatic
clone; (TNBC) (Fig. S2A-C). LIFR protein was greater than mRNA levels in both human
and mouse cell lines (Fig. 1E-J, Fig. S1B, and Fig. S2D-F). Analysis of the NCI-60
dataset showed a similar increase in L/FR mRNA across several human breast cancer cell
lines following vorinostat treatment (Fig. S1C, D). Notably, each HDACI stimulated L/FR
expression in all the cell lines we investigated, regardless of estrogen receptor status.

To determine whether HDACI-stimulated LIFR was functional and enhanced downstream
signaling, we explored STAT3 activation following stimulation with recombinant LIF

in combination with HDACi. MCF7 cells co-stimulated with LIF and HDACi showed
increased phosphorylation of STAT3 Y705, which is essential for STAT3 transcriptional
activity [16, 17], compared to LIF treatment alone (Fig. 2A, B). We [12] and others

[13] have reported that MDA-MB-231 cells do not express functional LIFR, since LIF
treatment does not induce STAT3 signaling. Interestingly, HDACI treatment re-sensitized
MDA-MB-231b cells to LIF stimulation resulting in dramatic STAT3 phosphorylation (Fig.
2C, D). A similar response has been reported for MDA-MB-231 cells treated with vorinostat
[13] suggesting that multiple HDACI can restore functional LIFR and re-sensitize cells to
the ligand. Enhanced STAT3 signaling was not due to any significant HDACi-mediated
changes in STAT3 promoter acetylation, total mMRNA or protein levels, or basal phospho-
STAT3 levels in the absence of ligand (Fig. 2A-D, Fig. S3A, B and Fig. S4L), suggesting
that STAT3 signaling originated from upstream HDACI-induced signals.

Following HDACI withdrawal, LIFR protein rapidly returned to basal levels, suggesting
dynamic and reversible regulation (Fig. 2E, F). We investigated whether HDACIi directly
promote L/FR transcriptional activation by altering LIFR promoter acetylation. MCF7

cells treated with HDACI showed significant enrichment of acetylated histone H3 lysine

9 (H3K9ac), a marker of active promoters, along the L/FRv1 promoter (Fig. 2H, 1). High
basal H3K9ac of the L/FRv1 promoter was observed in MDA-MB-231b cells, which was
not enhanced with HDACI treatment (Fig. 2J, K). These findings are consistent with the
high LIFR protein expression in these cells; however, it is unclear why H3K9ac is modestly
reduced with HDACI. Peak promoter acetylation may not occur at the time points we tested
or non-histone mechanisms such as LIFR protein acetylation/phosphorylation [18] may play
an important role in stimulating LIFR expression in MDA-MB-231b cells. Notably, basal
L/FRv2 mRNA expression was very low or undetectable in both cell lines and was not
significantly induced with HDACI (Fig. S3C-E), explaining the lack of promoter acetylation
observed for L/FRV2 (Fig. 2H-K, L/FR promoter regions 4 and 5).

HDAC inhibitors promote a pro-dormancy program

To determine whether HDACi promote a pro-dormancy program, we investigated expression
of thirteen dormancy-associated genes following HDACI treatment (Fig. S4A) [19-25]. In
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contrast to consistent LIFR induction by all HDAC: in all cell lines tested, we observed
cell line-specific and drug-specific stimulation of the other dormancy-associated genes (Fig.
3A-D). For example, panobinostat stimulated AMOT and MSK1 expression in MCF7 cells,
but 7HBS1 and P4HAZ in MDA-MB-231b cells (Fig. 3A-D). Notably, HDACI treatment
stimulated these dormancy-associated genes in the absence of LIF stimulation and did not
significantly reduce the expression of any genes (Fig. 3A, B, red indicates no change).
Interestingly, AMOT expression was increased by multiple HDACI in both cell lines.
Further, entinostat-stimulated 7GFBZ2 expression was intriguing given its role in stem cell
reprogramming [26] and promoting dormancy in the bone [20, 27]. Surprisingly, promoter
H3K9ac was not greatly enriched following HDACI treatment (Fig. S4B-D), suggesting an
indirect mechanism. These results led us to explore whether LIFR is required for induction
of other dormancy-associated factors. LIFR knockdown cells (MCF7 shLIFR#6), which
showed ~65% decrease in LIFR mRNA and protein expression, exhibited downregulation
(>40% reduction) of 9 out of the 13 pro-dormancy genes (Fig. 3E, Fig. S4E, F). Similar
results were observed using the shLIFR#3 line by RNA sequencing despite having only

a ~40% decrease in LIFR expression (Fig. S4G). Further, LIFR knockdown partially
blunted the induction of AMOT and MSK1 and completely blocked the induction of
TGFBZfollowing HDACI treatment (Fig. 3F, G). Thus, we next sought to explore whether
LIFR alone mediates induction of these dormancy-promoting genes and found that LIFR
overexpression alone only modestly increased expression of two genes, COKN1B (p27)
and SELENBPI (Fig. S4J) and did not significantly increase those genes induced by
HDACI treatment (e.g., AMOT, TGFBZ, MSKI). Notably, LIFR overexpression did not
alter MCF7 cell proliferation (Fig. S4H, I). LIF stimulation alone did not significantly alter
the expression of any dormancy-associated genes (Fig. S4K, L). Further, those dormancy
genes induced by HDACI remained elevated regardless of LIF stimulation (Fig. S4K, L).
Knockdown of STAT3 did not significantly alter any of the dormancy genes or blunt
HDACI-mediated induction (Fig. S4M, N). Our results suggest that, in part, LIFR may
mediate induction of some dormancy genes (AMOT and TGFBZ2) but that LIFR alone is
not sufficient for induction. Importantly, given that HDACi induce LIFR in the shLIFR cell
line, it is difficult to distinguish the contribution of LIFR versus HDACI to the stimulation
of other pro-dormancy genes. Despite our efforts, the mechanism(s) by which LIFR may
regulate expression of these genes remains unclear. A currently unknown factor(s) may
work in conjunction with LIFR or HDACI potentially acetylate this factor(s) or LIFR at the
protein level, resulting in enhanced dormancy gene expression that does not occur in the
absence of HDACI treatment. Regardless of the specific mechanisms elicited by HDACI,
which are known to be extensive, and whether these are LIFR-dependent, our findings
indicate that HDACI effectively promote a pro-dormancy gene program.

Treatment with HDAC inhibitors slows tumor cell proliferation

We next sought to determine whether HDACI could promote functional outcomes of
dormancy. We monitored tumor cell proliferation in the presence of low-dose HDACI over
48-hour increments for eight days. MCF7 cell proliferation was minimally affected during
the first 48 hours but was substantially slowed by >3-fold with HDACI treatment between
day 2 and day 8 (Fig. 4A). During the final 48 hours, the fold-change in proliferation of
HDACI-treated cells fell below one suggesting a subset of cells underwent cell death (Fig.
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4A). These results are further supported by a small but significant increase in the sub-G0/G1
population, characteristic of apoptotic cells, with HDACI on day 6 and day 8 (Fig. S5A).
Entinostat significantly increased the GO/G1 population at day 2, but no dramatic cell cycle
changes were observed with HDACI treatment (Fig. S5A, B). Long-term HDACI treatment
significantly slowed MDA-MB-231b cell proliferation, albeit to a lesser extent than the
MCF7 cell line but did not appear to induce cell death (Fig. 4B).

We sought to determine whether this slowed proliferation was a result of the entire
population entering a dormant-like state or equal rates of proliferation and cell death. We
used the proliferation dye, CellTrace Violet (CTV), which becomes diluted with subsequent
generations and thus would be retained longer in dormant cells compared to proliferating
cells. CTV retention was increased in both cell lines treated with HDACIi (Fig. 4C, D).
MCFT7 cells displayed consistent CTV retention indicating that HDACI slowed proliferation
of the entire cell population. Interestingly, MDA-MB-231b cells showed two retention
peaks on day 8, suggesting that HDACi may differentially affect the proliferation of two
subpopulations (Fig. 4D).

Next, we treated MCF7 cells with HDACI for eight days followed by HDACi removal

or continuation. As previously observed, CTV retention was enhanced in MCF7 cells
treated with HDACI for eight days (Fig. 4E). MCF7 cell proliferation was significantly
reduced in both HDACI removed and continued treatment groups and cells remained
dormant since the cell number on days 9-11 did not exceed the initial seeding density.
(Fig. 4F). HDACI continuation and removal resulted in a ~2.5-fold and ~1.6-fold increase
in CTV retention, respectively (Fig. 4G). CTV retention was significantly increased

with continued panobinostat treatment and modestly increased (p=0.1136) with continued
entinostat treatment (Fig. 4G). These results suggest that HDACI treatment induces a semi-
permanent dormancy phenotype.

Given the ability of HDACI to reprogram cells and the unfavorable association of

cancer stem cells (CSC) with poor prognosis and therapy resistance, we also investigated

whether HDACi alter the CSC phenotype, here characterized as CD44Hih/CD24Low [28].
While there was a significant increase in the CD44LoW/CD24Hi9h population with HDACi
treatment, there was no change in the percentage of CSC-like cells (Fig. SS5C-F).

We next sought to determine whether HDACI treatment reduces primary tumor growth /in
vivo. MCFT7 cells were orthotopically inoculated and HDACI treatment was initiated 24
hours later and given 5 days/week until sacrifice. Strikingly, entinostat and panobinostat
significantly reduced MCF7 primary tumor growth as indicated by decreased tumor volume
and final tumor weight (Fig. 4H-J). Primary tumors from HDACI treated mice showed
significantly increased LIFR expression and fewer Ki67+ tumor cells and mitoses (Fig.
4K-N). Together, these findings further support the ability of HDACI to induce LIFR and a
pro-dormancy phenotype and slow tumor cell proliferation.
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HDACI-induced dormancy phenotype is inversely associated with proliferation and
recurrence in patients with breast cancer

To determine the clinical relevance of these findings, we examined the association of L/FR,
AMOT, and TGFBZ2expression, which were dramatically stimulated with HDACI, with
clinical prognosis and recurrence in two independent patient cohorts of breast cancer. In
the first cohort (METABRIC, Nature 2012 & Nat Commun 2016), tumor proliferation

was assessed in ER+ tumors as part of the molecular subtyping classifications. Using this
data subset, mMRNA expression of these pro-dormancy genes was significantly reduced in
highly proliferative tumors compared to those with low proliferation (Fig. 5A). Analysis
of all primary tumors, regardless of subtype, revealed a significant increase in disease-free
survival in patients with high L/FR expression (Fig. 5B, C). Further, patients with tumor
recurrence had significantly lower L/FR expression in their primary tumor suggesting an
association with metastatic progression (Fig. 5D). These data are consistent with previously
reported reductions in overall survival in patients with down-regulated LIFR signaling [10,
12]. There was no significant association of AMOT or TGFBZ2 expression with these
clinical parameters (data not shown). Additionally, decreased L/FR expression correlated
with increased Nottingham prognostic index (NPI) scores, which incorporates tumor size,
lymph node involvement, and tumor grade to predict patient prognosis following surgery
(Fig. 5E). The second patient cohort (Bos et al. [29]) also revealed a significant reduction
in L/FR mRNA expression and modest decreases in AMOT and 7TGFBZ2in highly Ki67+
proliferative tumors (Fig. 5F—H). Indeed, low expression of L/FR, AMOT, and TGFBZ2
was associated with decreased recurrence-free survival (Fig. 51-K). Analysis of the TCGA
patient cohort revealed a similar correlation of low L/FR with poor overall survival and
reduced L/FRand TGFBZ2expression in primary tumors with high proliferation rates (Fig.
S6A-F).

We sought to investigate whether HDACI could be used to stimulate pro-dormancy genes
in patients with breast cancer. While few published studies exist, one publicly available
dataset investigated gene expression changes in primary breast tumors before and after 8
days of HDACI treatment (valproic acid; Cohen et al. [30]). We previously demonstrated
that the HDACI valproic acid stimulates LIFR expression [12], however it is a relatively
weak HDACI [31, 32]. In this cohort, L/FR mRNA expression was modestly lower

in highly proliferative primary tumors before HDACI treatment (Fig. 5L). Tumors with
reduced proliferation rates had higher L/FR expression changes after treatment (Fig. 5M).
Further, patients with increased peripheral blood acetylation levels, an indicator of effective
treatment, had higher L/FR expression and a modest increase in AMOT, but not 7TGFBZ,
levels post-treatment (Fig. 5N).

We next interrogated pro-dormancy gene expression in a microarray dataset (Table S1) from
a Phase |1 clinical trial of entinostat and azacitidine, a DNA methyltransferase inhibitor

and hypomethylating agent, in patients with metastatic breast cancer [33]. Paired metastatic
tumor biopsies were available pre- and 8 weeks post- epigenetic therapy for ER+ hormone-
resistant (n=14) and TNBC (n= 5) patients. Notably, most post-treatment samples were
collected 13-21 days following the last therapy dose. Despite the small cohort and relatively
few significantly altered genes [33], we observed modest induction of several pro-dormancy
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genes in a patient-specific manner that was consistent with our /n vitro data (Fig. 6A). We
observed a significant change in CDKNIB and L/FR expression and a modest increase

in AMOT following treatment (Fig. 6B—D). The three most induced dormancy genes post-
treatment (>1.3 fold-change) were CDKN1B (58% patients), AMOT (42% patients), and
TPM1 (47% patients), which were induced in both ER+ and TNBC patients (Fig. 6E).
Additionally, /GFBP5, LIFR, P4HAI, and SELENBPI were induced in a smaller number
of patients, but in a subtype-specific manner (Fig. 6E). Interestingly, ER+ patients showed
a slightly higher number of pro-dormancy genes stimulated (average=4.3 genes) compared
to TNBC patients (average=3 genes) following treatment (Fig. 6F). Pro-dormancy gene
induction showed no significant association with progressive or stable disease (Fig. 6G,

H). Those patients who had more prolonged survival (>10.5 months) showed a modest
increase in the number of pro-dormancy genes induced compared to patients with <10.5
months survival (Fig. 61). This trend was predominately observed in ER+ patients, however
clear trends for TNBC are difficult to define given the small patient cohort (Fig. 6J).
Notably, patients with 5+ dormancy genes induced showed significantly prolonged survival
(15.7 vs 9.8 months) (Fig. 6K). Interestingly, COKN1B induction alone was significantly
associated with improved patient survival (Fig. 6L). Excluding CDKN1B induction from our
original analysis revealed that having 4+ induced dormancy genes was still associated with
improved survival (Fig. 6M). Combined, these patient data from multiple studies suggest
that high expression of these pro-dormancy genes, which can be therapeutically increased
with HDACI, correlates with reduced tumor proliferation, relapse, and improved patient
survival. Thus, HDACI therapy may represent an effective strategy to induce a pro-dormancy
gene program in DTCs to delay breast cancer recurrence and improve patient survival.

Discussion

Significant progress has been made in the mechanistic understanding of tumor dormancy

in various tissues, but clinical options remain limited. It remains controversial whether
therapies should aim to mobilize cells out of their niche, thereby forcing them into a
proliferative state and sensitizing them to chemotherapy, or to maintain tumor cells in a
chronic dormant state. An ideal anti-tumor therapy would eliminate all dormant, residual
tumor cells from a patient, but the clinical likelihood of this is low given early dissemination
of tumor cells [1-4] and persistence due to therapeutic resistance [34]. Signaling molecules
including MERTK and high ERK/p38 activity ratio have been suggested to promote
dormancy escape [20, 35, 36] and thus could be exploited to promote chemosensitization.
However, recent work showed that while targeting integrin signaling in the bone metastatic
niche re-sensitizes disseminated tumor cells (DTCs) to chemotherapy and reduces DTC
burden, some DTCs persist and ~20-30% of mice relapsed [37]. Conversely, studies

have implicated inhibition of Src [38, 39] or ERK [20, 36, 39, 40] signaling and DNA
demethylating agents [41] as a means to maintain tumor dormancy and reprogram breast
cancer into a chronic treatable disease. HDACI offer another potential therapeutic approach
to maintain persistent tumor cells in a chronic state of dormancy. This approach is not
without hazards, and our data indicate that withdrawal of HDACI rapidly reverses the effects
on LIFR; however, HDACI treatment reprograms tumor cells into a semi-permanent dormant
state as proliferation does not dramatically increase following short-term HDACI removal.
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HDACI effects on residual tumor cells and the molecular mechanisms involved warrant
investigation given that these therapies are currently being tested in clinical trials.

High LIFR expression and signaling are associated with low metastatic potential in breast
cancer cells and are negatively correlated with tumor cell proliferation and patient survival
[12]. Our results indicate that HDACI stimulate LIFR expression and restore LIF signaling
in aggressive cancer cells (MDA-MB-231b). Previous findings identified STAT3 in a
dormancy gene signature [19] and demonstrated that STAT3 loss increased tumor-induced
osteolytic bone destruction [12]. While these studies suggest that STAT3 acts as a mediator
of dormancy, recent work demonstrated that LIFR-induced STAT3 activation results in
anti-apoptotic signaling including enhanced BCL-2 and MCL-1 expression, leading to
therapeutic resistance [13]. Combined, these data suggest that the ability to re-sensitize
tumor cells to LIF, which inhibits tumor growth [42, 43], likely represents another pro-
dormancy response initiated by HDACI treatment but requires further investigation.

Additionally, our data show direct epigenetic induction of L/FRby HDACI and stimulation
of TGFB2and MSK1, which may be partially LIFR-mediated, in breast cancer. The
mechanism by which LIFR may contribute to this enhanced expression remains unclear

as STAT3 does not appear to be involved. Expression of pro-dormancy genes was not

altered with ERK or PI3K inhibitors [12], other LIFR-activated signaling pathways, or LIFR
overexpression alone. Despite our efforts, the exact mechanism by which LIFR may mediate
induction of 7TGFBZ2and, to a lesser extent, AMOT remains unclear. Other factors that

work in conjunction with LIFR or non-histone-mediated mechanisms may be involved in the
induction of these genes. HDACs also regulate the acetylation status and often subsequent
protein activity of many non-histone proteins involved in transcription, replication, and
DNA repair [44]. LIFR acetylation and phosphorylation enhances or suppresses downstream
STAT3 activation, respectively [18]. We sought to investigate the role of LIFR protein
acetylation/phosphorylation following HDACI treatment; however, we were unable to find
antibodies suitable for detecting these changes. Thus, currently we are unable to determine if
these post-translational modifications are important for induction of AMOT and 7TGFBZ2 or
the restored LIF response of MDA-MB-231b cells with HDACI treatment. Previous studies
have also shown enhanced STAT3 protein acetylation and consequent transcriptional activity
following treatment with vorinostat [13]. However, as previously mentioned, our data
indicate that AMOT and 7TGFBZ induction is not dependent on STAT3 since knockdown

did not alter basal or HDACi-mediated expression. Given our results and the known
abundant transcriptional and post-translational alterations induced by HDACI, it is likely that
numerous mechanisms, both LIFR-dependent and independent, are involved in promoting
this pro-dormancy phenotype. While the precise mechanisms for HDACi-induced dormancy
remains unclear, our findings demonstrate that HDACI effectively induce a dormancy
phenotype /n vitroand in vivo. High expression of pro-dormancy genes is associated

with lower tumor proliferation and prolonged relapse-free survival in patients with breast
cancer further demonstrating the potential impact of our findings that HDACI induce a
pro-dormancy gene program.

In summary, these data provide mechanistic insight into the epigenetic regulation of LIFR
by HDACI and the induction of a dormancy program in breast cancer cells. In patients
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with breast cancer, dormancy-associated factors are stimulated following HDACI treatment
and inversely correlated with tumor proliferation and relapse-free survival. Combined, these
findings offer HDACI as a potential therapeutic avenue to promote dormancy in breast
cancer, prevent recurrence, and potentially improve patient survival.

Materials and Methods

Cells.

Human MCF7 cells were bought from ATCC. Murine D2.0R [45], D2.Al [45], and bone-
metastatic 4T1BM2 [46] cells were gifted as previously described [12]. A bone-metastatic
clone of human MDA-MB-231 cells (MDA-MD-231b) [14, 15] was generated by the
Mundy laboratory and were recently re-selected and shared by Dr. Julie (Sterling) Rhoades.
All cell lines were cultured as previously described [12], regularly tested for mycoplasma
contamination, and recently re-authenticated by ATCC.

shRNA and siRNA.

MCF7 NSC, LIFR shRNA#3 and STAT3 shRNA were previously generated [12].
Additional LIFR knockdown lines (Dharmacon, shLIFR#6: V3LHS_347496 and shLIFR#8:
V3LHS _347498) were generated as previously described [12]. For LIFR overexpression
studies, MCF7 cells were stably transfected with a LIFR- or GFP-NeoR pGL3-Basic
plasmid. The LIFR plasmid was designed by our lab using full LIFR (1339bp) sequence
with EGFP fused to the C-terminal end, synthesized by Genscript, and validated by
sequencing.

HDAC inhibitor treatment.

Cells were seeded in a 6-well plate (2x10° cells/well) or 10cm plate (1.5x10° cells/plate)

for RNA and protein analysis, respectively. The following day, cells were treated with
vehicle (DMSOQ), entinostat (0.5uM, 5uM; SelleckChem, S1053), panobinostat (5nM, 50nM;
SelleckChem, S1030), romidepsin (5nM, 50nM; SelleckChem, S3020), or vorinostat (1uM,
5uM; SelleckChem, S1047) for 1-24 hours in full serum medium. Cells were harvested

for RNA in TRIzol (Thermo Fisher) or protein in RIPA buffer (Sigma) as discussed below.
For short-term HDACIi washout experiments, cells were treated with HDACI for 24 hours,
washed, and incubated for another 24-48 hours in medium without drug.

RNA extraction and real-time qPCR.

Cells were harvested for real-time gPCR analysis as previously described [12]. See the
Supplementary Materials for detailed experimental procedures.

Western blotting.

Protein expression was assessed as previously described [12]. See the Supplementary
Materials for detailed experimental procedures.

Oncogene. Author manuscript; available in PMC 2022 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clements et al. Page 10

Flow cytometry.

Cells were treated with vehicle (DMSO), entinostat (0.54M) or panobinostat (5nM) for 8
days. Cells were fixed in 10% formalin for 20 minutes at room temperature, washed with
PBS, and stored in PBS at 4°C before staining. Cells were stained in 1% BSA+PBS with
CD24 (BD Biosciences, 563371, 1:300) and CD44 (BD Biosciences, 550989, 1:150) for
30 minutes on ice, washed, and resuspended in 1% BSA+PBS for analysis. Cells were
analyzed in the VMC Flow Cytometry Shared Resource using the BD Fortessa cytometer
and analyzed using FlowJo software.

Proliferation assays.

Trypan blue exclusion and CellTrace Violet proliferation assays were performed as
previously described [47]. See the Supplementary Materials for detailed experimental
procedures.

Cytokine treatment.

Cells were treated with vehicle (DMSO), entinostat (5uM) or panobinostat (50nM) for a
total of 6 hours (MCF7) or 24 hours (MDA-MB-231b). Recombinant LIF (R&D Systems,
50 ng/ml~1) or vehicle (0.1% BSA+PBS) was added to the medium for the final 15
minutes of HDACI treatment and protein harvested as discussed above. All treatments were
performed in full serum medium.

RNA-sequencing, microarray, and bioinformatics.

The NCI-60 Human Tumor Cell Lines Screen dataset was analyzed using

the NCI Transcriptional Pharmacodynamics Workbench (https://tpwhb.nci.nih.gov/
GeneExpressionNCI160/index.html). MCF7 NSC and shLIFR RNA (n=3 independent
replicates/group) was sequenced by the Stanford Functional Genomics Facility and analyzed
by the VANGARD core at Vanderbilt University Medical Center as previously described
[48]. The EdgeR package was used to compute log2 fold change values. These data have
been deposited in the GEO database under accession number GSE121677. The patient
datasets presented in Figure 5 were chosen given their relatively large patient numbers and
availability of mRNA expression, tumor proliferation status, and survival outcome data.
The Phase 11 clinical trial microarray data was partially published previously [33]. The full
microarray dataset can be found in Table S1. For survival analysis, the median expression
of LIFR, AMOT, and TGFBZwere calculated, and patients classified based on expression
being below (“low™) or above (“high”) the median.

Chromatin Immunoprecipitation and gPCR.

Cells were plated onto 500cm? plates (~20—-25 million cells/plate) and cultured overnight
before treatment with vehicle (DMSO), entinostat (51M) or panobinostat (50nM) for 6 hours
(MCF7) or 24 hours (MDA-MB-231b). Chromatin was prepared as previously described
(144). See the Supplementary Materials for detailed experimental procedures. The primers
used for LIFR, AMOT, TGFBZ2, and STAT3promoters are listed in Table S2. Primers for
L/FRprom4 and L/FRpromb5 were previously published [13].
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All experiments were performed in accordance with the Animal Welfare Act and the
Guide for the Care and Use of Laboratory Animals and were approved by the Vanderbilt
University Institutional Animal Care and Use Committee. Orthotopic tumor experiments
were performed as previously described [47]. See the Supplementary Materials for detailed
experimental procedures. Treatment with vehicle (7.5% DMSO+10% HPBCD+water),
entinostat (10mg/kg), or panobinostat (5mg/kg) was initiated 24-hours post-tumor cell
inoculation and given 5 days/week until sacrifice. Mice were randomized for treatment and
investigator blinded for histological analysis.

Histology and Immunostaining.

Primary mammary fat pad tumors were dissected and fixed in 10% formalin for 48hr.
Tumors were embedded in paraffin, 5-uM thick sections were cut, and immunostaining
performed as previously described [47]. See the Supplementary Materials for detailed
experimental procedures.

Statistical methods.

For all studies, n7per group is as indicated in the figure legend and the scatter dot plots
indicate the mean of each group and error bars indicate the standard error of the mean.

All graphs and statistical analyses were generated using Prism software (Graphpad). All in
vitroand in vivo assays were analyzed for statistical significance using an unpaired t-test,
Mann-Whitney U-test or ANOVA with Sidak’s multiple comparisons test. For all analyses
P<0.05 was statistically significant, and *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

This work demonstrates that HDAC inhibitors stimulate a tumor dormancy gene program
in breast cancer and provides new insights into the use of HDAC inhibitors to promote
dormancy and improve patient outcomes.
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Figure 1. HDAC inhibitorsinduce LIFR mRNA and protein expression in breast cancer cells.
(A-D) L/IFRmRNA levels in MCF7 and MDA-MB-231b cells treated with (A) 0.5uM

or 5uM entinostat, (B) 5nM or 50nM panobinostat, (C) 5nM or 50nM romidepsin, (D)

1uM or 5uM vorinostat or DMSO (vehicle control) for 1, 3, 6, 12, or 24 hours. (E-H)
Representative western blots for LIFR, acetylated histone H3 (AcH3), vinculin (loading
control), and tubulin (loading control) protein levels in MCF7 and MDA-MB-231b cells
treated with (E) 0.5uM or 5uM entinostat, (F) 5nM or 50nM panobinostat, (G) 5nM or
50nM romidepsin, (H) 1uM or 5uM vorinostat or DMSO (vehicle control) for 6 or 24 hours.
(1, J) Quantitation of LIFR protein levels from western blots described in E-H for (I) MCF7
and (J) MDA-MB-231b cells. A-J: n=three independent biological replicates. Bar graphs
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= mean +/- SEM. A-D, |, J: One-way ANOVA with Sidak’s multiple comparisons tests.
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Figure 2. Epigenetic regulation of LIFR by HDAC inhibitors and activation of downstream
STAT 3 signaling.

(A, B) Representative western blots for LIFR, pSTAT3 (Y705), total STAT3, and B-actin
(loading control) in (A) MCF7 and (B) MDA-MB-231b cells after treatment with 5uM
entinostat, 50nM panobinostat, 50nM romidepsin, 5uM vorinostat, or DMSO (vehicle
control) for 24 hours followed by 15 minute treatment with PBS (vehicle control) or
recombinant LIF (50ng/ml). (C, D) Quantitation of LIFR, pSTAT 3/total STAT3, and STAT3
protein levels in (C) MCF7 and (D) MDA-MB-231b cells from western blots shown in (A,
B). (E, F) Representative western blots for LIFR and vinculin (loading control) in (E) MCF7
and (F) MDA-MB-231b cells treated with 5uM entinostat (“E”), 50nM panobinostat (“P”),
or DMSO (vehicle control) for 24 hours followed by drug washout and collection 24 or 48
hours later. (G) UCSC genome browser tracks for L/FR variant 1 and 2 and primer pairs
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used to evaluate promoter acetylation by ChIP-gPCR. Solid lined box indicates primer pairs
designed to L/FRvI and dashed lined box indicates primer pairs designed to L/FRv2. (H, I)
ChIP-gPCR showing acetylated histone H3 lysine 9 (H3K9ac) enrichment (% ChlP/input)
along the L/FR promoter region in MCF7 cells treated with (H) 5uM entinostat, (1) 50nM
panobinostat, or DMSO (vehicle control). (J, K) ChIP-qPCR showing acetylated histone

H3 lysine 9 (H3K9ac) enrichment (% ChlP/input) along the L/FR promoter region in MDA-
MB-231b cells treated with (J) 5uM entinostat, (K) 50nM panobinostat, or DMSO (vehicle
control). A-F: n=two independent biological replicates. G-K: n=three independent biological
replicates. Bar graphs = mean +/- standard error of the mean. H-K: One-way ANOVA with
Sidak’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Figure 3. HDACI stimulate a pro-dor mancy gene program.
(A, B) mRNA levels of full dormancy-associated gene panel in (A) MCF7 and (B) MDA-

MB-231b cells treated with 0.5uM or 5uM entinostat, 5nM or 50nM panobinostat, 5nM

or 50nM romidepsin, 1uM or 5uM vorinostat, or DMSO (vehicle control) for 6 or 24

hours. (C, D) mRNA levels of significantly altered dormancy genes in (C) MCF7 and (D)
MDA-MB-231b cells treated with 0.5uM or 5uM entinostat, 5nM or 50nM panobinostat,
5nM or 50nM romidepsin, 1uM or 5uM vorinostat, or DMSO (vehicle control) for 6 or 24
hours. (G) mRNA levels of dormancy associated genes in MCF7 NSC (control) and MCF7
LIFR knockdown (shLIFR) cells. (H, I) mRNA levels of dormancy associated genes in
MCF7 NSC or MCF7 shLIFR cells treated with (H) 0.5uM or 5uM entinostat or (I) 5nM or
50nM panobinostat. B-1: n=three independent biological replicates. Bar graphs = mean +/-
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standard error of the mean. B-F, H, I: One-way ANOVA with Sidak’s multiple comparisons
test. G: Mann-Whitney t-test. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Figure 4. HDACi-stimulated pro-dormancy phenotype resultsin slowed tumor cell proliferation
and reduced primary tumor growth

(A, B) Trypan blue exclusion assay to assess fold proliferation in (A) MCF7 and (B) MDA-
MB-231b cells treated with 0.5uM entinostat, 5nM panobinostat, or vehicle for a total of
eight days. On day 2, 4, 6, and 8, cells were trypsinized and counted followed by reseeding
of an equal number of cells per treatment group. Data are presented as fold-proliferation
during each 48-hour increment. (C, D) CellTrace Violet proliferation dye was loaded into

(C) MCF7 and (D) MDA-MB-231b cells followed by treatment with 0.5uM entinostat,

5nM panobinostat, or vehicle for a total of eight days. Mean fluorescence intensity (MFI)
was tracked over eight days by flow cytometry to assess proliferation. (E) CellTrace Violet
proliferation dye was loaded into MCF7 cells followed by treatment with 0.5uM entinostat,
5nM panobinostat, or vehicle for a total of eight days. Mean fluorescence intensity (MFI)
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was determined on day eight by flow cytometry to assess proliferation. (F) Trypan blue
exclusion assay to assess fold proliferation in MCF7 cells treated with .5uM entinostat, 5nM
panobinostat, or vehicle for a total of eight days followed by drug removal (dashed lines) or
continuation (solid lines) for an addition 3 days. (G) CellTrace Violet proliferation dye was
loaded into MCF7 cells following treatment with 0.5uM entinostat, 5nM panobinostat, or
vehicle for a total of eight days. On day 8, cells were separated into groups whereby HDACI
treatment was removed or continued for an additional 3 days. Mean fluorescence intensity
(MFI) was tracked over these 3 days by flow cytometry to assess proliferation. (H) Tumor
volume by caliper measurements over 60 days following orthotopic injection of MCF7

cells into mice and treatment with entinostat (10mg/kg; n=8 mice), panobinostat (5mg/kg;
n=10 mice) or vehicle (n=10 mice). * = significance between vehicle and entinostat. #

= significance between vehicle and panobinostat. (1) Final tumor weight at sacrifice of

mice described in (H). (J) Representative images of primary tumors collected from mice
described in (H). (K) Representative LIFR (green) and DAPI (blue) staining and quantitation
of primary tumors from mice described in (H). All panels = 40X and scale bars = 100um.
(L) Representative Ki67 (green) and DAPI (blue) staining of primary tumors from mice
described in (H). All panels = 40X and scale bars = 20um. Arrows indicate Ki67+ tumor
cells and asterisks indicate mitotic figures. (M) Quantitation of % Ki67+ tumor cells/total
tumor cells from images described in (L). (N) Quantitation of mitoses (# mitotic figures/total
cells in 40X field) by DAPI staining from images described in (L). Bar graphs = mean

+/- standard error of the mean. A-D: n=three independent biological replicates. Graphs
represent mean +/— standard error of the mean. A-D, K: Unpaired t-test. E, G, H, I, M, N:
One-way ANOVA with Sidak’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001
and ****p<0.0001.
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Figure 5. HDACIi-induced dormancy phenotypeisinversely associated with proliferation and
recurrencein breast cancer patients.
(A) mRNA levels of LIFR, AMOT, and TGFB2 in ER+ breast tumors displaying low or

high proliferation (low n=623, high n=603). The data are displayed as z-score values from
Illumina Human v3 microarray data (METABRIC, Nature 2012 & Nat Commun 2016). (B)
Survival analysis representing the proportion of disease-free patients stratified according to
LIFR mRNA levels in samples from breast cancer patients (low n=979, high = 999; HR =
1.273; 95% CI: 1.091-1.486; METABRIC, Nature 2012 & Nat Commun 2016 dataset). (C)
Analysis of time to recurrence in patients (HR = 1.262, 95% CI: 1.075-1.483) described in
(B). (D) LIFR mRNA levels in breast cancer patients stratified by recurrence (no n=1278,
yes n=622). The data are displayed as z-score values from Illumina Human v3 microarray
data (METABRIC, Nature 2012 & Nat Commun 2016). (E) LIFR mRNA levels in breast
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tumors displaying low or high proliferation (low n= 86, high = 106; all breast cancer
subtypes; Bos et al. dataset (GSE12276). (F, G) mRNA levels of (B) AMOT and (C)
TGFBZtumors displaying low or high proliferation. (H) L/FR mRNA levels in breast cancer
patients stratified by Nottingham prognostic index (NPI) scores. The data are displayed as
z-score values from Illumina Human v3 microarray data (METABRIC, Nature 2012 & Nat
Commun 2016). (I-K) Survival analysis representing the proportion of relapse-free patients
stratified according to (1) L/FR, (J) AMOT, or (K) TGFB2mRNA levels in samples from
breast cancer patients (L/FR (low n= 120, high = 57), (HR=1.486, 95% CI: 1.102-2.004));
AMOT (low = 97, high = 86), (HR=1.409, 95% ClI: 1.052-1.885)); 7TGFBZ (low = 104,
high = 78), (HR=1.583, 95% CI: 1.182-2.119); all breast cancer subtypes; Bos et al. dataset
(GSE12276). (L) LIFR mRNA levels pre-treatment (day 0) in tumors displaying low and
high proliferation (low n=8, high n=19). (M) LIFR mRNA expression change (day 8 — day
0) in tumors that displayed increased or decreased Ki67 levels post-treatment (day 8 — day
0) (low n=15, high = 10). (N) L/FR, AMOT, or TGFB2 mRNA expression change (day

8 — day 0) in patients that displayed increased or decreased acetylated histone H3 (AcH3)
post-treatment (day 8 — day 0) (low n= 10, high n=12). A, D, E, N: Mann-Whitney t-test, H:
One-way ANOVA with Sidak’s multiple comparisons test. *p<0.01, **p<0.01, ***p<0.001
and ****p<0.0001.
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Figure 6. Induction of pro-dormancy genes following entinostat and azacitidinetreatment is
associated with longer breast cancer patient survival.

(A) Heatmap showing mRNA levels of pro-dormancy genes in metastatic tumor biopsies
(n=15 ER+ and n=4 TNBC) following 8 weeks of treatment with entinostat and azacitidine.
Several genes had multiple microarray probes all of which are displayed individually.
Asterisk indicates those probes that were significantly altered post-treatment. (B-D) mRNA
levels of (B) CDKN1B, (C) LIFR, and (D) AMOT pre- and post-treatment separated by
whether expression was down-regulated (red) or up-regulated (green) post-treatment. (E)
Percent patients with induction (>1.3-fold change) of each pro-dormancy gene. (F) Number
of dormancy genes induced (>1.3-fold change) per patient. (G, H) Association of the
number of dormancy genes induced with progressive disease (PD) and stable disease (SD)
in (G) all patients and (H) patients separated by ER+ and TNBC subtype. (I, J) Association
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of the number of dormancy genes upregulated with patient survival in (1) all patients and

(J) patients separated by ER+ and TNBC subtype. Patients were separated into 2 cohorts
based on the median survival of 10.5 months. (K) Survival curve showing overall survival

of patients with <5 (black line) or =5 (blue line) dormancy genes induced. (L) Survival
curve showing overall survival of patients with CDOKN1B unchanged or down-regulated
(black line) or CDKN1B induced (blue line). (M) Survival curve showing overall survival of
patients with <4 (black line) or =4 (blue line) dormancy genes induced excluding COKN1B.
A-D: Wilcoxon matched-pairs signed rank test. I, J: Mann-Whitney U-test. K-M: Log-rank
Mantel-Cox test.
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