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1. INTRODUCTION

       The research proposed in this collaborative project addresses two closely related overarching 
challenges: (1) eliminate the mortality associated with metastatic breast cancer; (2) identify what 
drives breast cancer growth and metastasis; identify why some breast cancers become life threatening 
metastases. This award is focused on triple-negative breast cancer (TNBC) which is a clinically more 
aggressive subtype of breast cancer. Distant metastases in TNBC patients are more common than their 
hormone receptor-positive counterparts. Unlike other type of breast cancer, TNBC is not amenable to 
anti-estrogen therapy or to agents targeting HER2. Therefore, new targeted approaches are urgently 
needed to improve treatment and prevention for this devastating disease. Emerging data indicate that 
epigenetic regulation of TNBC proliferation and metastasis may provide novel targets for molecularly 
directed therapies against this disease. To address the overarching challenges, we proposed three 
interrelated specific aims based on our early findings that abnormal crosstalk between histone 
modifiers represents a fundamental mechanism contributing to aberrant epigenetic silencing of tumor 
suppressor genes that would facilitate TNBC tumorigenesis and metastasis. Our long-term goal is to 
develop novel therapeutic strategies to improve the efficacy of epi-drugs and reduce the side effects 
by targeting more specific regions of chromatin and the subset of genes that are associated with most 
prominent alterations in the breast cancer genome. 

         We initiated the project through examining the basic mechanisms underlying the potential 
crosstalk between epigenetic modifiers and its impact on the TNBC progression. We have revealed 
that enhanced interaction between a key class II histone deacetylase, HDAC5, and a fad-dependent 
histone demethylase, LSD1, stabilizes LSD1 protein that in turn promotes growth and metastasis of 
TNBC cells. We advanced the investigation on how to target abnormal crosstalk between HDAC5 and 
LSD1 as a novel treatment approach for TNBC. We identified that sulforaphane (SFN), a natural 
HDAC inhibitor, suppresses HDAC5 expression that in turn destabilizes LSD1 protein. By 
characterizing the proteins/complexes that are associated with key regulatory element at HDAC5 
promoter, our studies explored the molecular mechanisms underlying SFN-induced suppression of 
HDAC5 transcription and evaluated therapeutic effects of combination strategies in animal model. 
The outcomes from these works have opened a new avenue for the potential utility of crosstalk 
between histone demethylation and deacetylation as a new therapeutic target for TNBC. 

        In probing for downstream targets of HDAC5-LSD1 axis, we interestingly found that that 
inhibition of LSD1 reactivates expression of key cytotoxic T cell attracting chemokines which in turn 
augments anti-tumor CD8+ cells trafficking and infiltration in breast cancer cells. These findings led 
us to hypothesize that inhibition of LSD1 augments antitumor immune responses and improves 
therapeutic efficacy of immune checkpoint blocking antibodies in TNBC. We tested this hypothesis 
in mouse TNBC xenograft animal model and showed that anti-PD-1 antibody alone failed to elicit 
obvious therapeutic effect, however, combining LSD1 inhibitors with PD-1 antibody significantly 
suppressed tumor growth and pulmonary metastasis, which was associated with reduced Ki-67 level 
and augmented CD8+ T cell infiltration. These findings suggest a new strategy of inhibiting crosstalk 
between epigenetic modulators and immune compartments as a novel therapeutic strategy for breast 
cancer patients with poor immune response. Since the development of novel LSD1 inhibitors is 
progressing rapidly and several clinical trials of LSD1 inhibitors are ongoing in cancer patients, we 
believe that our new combination strategy would carry high innovation and translational potential. 

KEYWORDS 

Triple negative breast cancer, HDAC5, LSD1, sulforaphane, HCI-2509, combination therapy, T-cell 
chemokine, immunotherapy  
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2. ACCOMPLISHMENTS
a. What were the major goals of the project?
      The major goals for this research award are to understand the molecular mechanisms underlying 
crosstalk between critical epigenetic modifiers in promoting TNBC progression and seek for novel 
therapeutic approaches to target aberrant crosstalk between epigenetic modifiers for poorly 
differentiated and aggressive TNBC. To address these goals, the initiating and patterner PIs have 
worked closely together to outline and test the following specific aims: 

i. Delineate the molecular basis by which inhibition of LSD1 promotes HDACi-induced apoptosis
through reactivation of aberrantly silenced tumor suppressor genes.

ii. Elucidate the role of LSD1 in HDACi therapy and chemoprevention of TNBC in animal models.

iii. Evaluate therapeutic effects of combination strategies in patient-derived xenografts (PDXs).

We expect that the results obtained from this project would shed light on which epigenetic changes
contribute directly to the aggressive biology of TNBC tumorigenesis and provide a solid foundation 
for advancing the most promising epigenetic drugs into future clinical application.  

What was accomplished under these goals? 

Proposed Aims Accomplishment 

Specific Aim 1: Delineate the 
molecular basis by which inhibition 
of LSD1 promotes HDACi-induced 
apoptosis through reactivation of 
aberrantly silenced tumor 
suppressor genes. 

1. Novel insights into the roles of crosstalk of HDAC5 and
LSD1 in TNBC progression. Our previous work showed that
inhibition of HDAC5 led to a significant increase of H3K4me2,
a well-recognized substrate of LSD1, suggesting a potential
involvement of HDAC5 in regulating LSD1 activity
(Carcinogenesis 2013; 34: 1196–1207). Building on these
studies, TCGA data-mining and IHC studies were carried out
and indicated a positive correlation between expression of
HDAC5 and LSD1 proteins in breast tumor cell lines and patient
tissue specimens. Importantly, increased expression of HDAC5
and LSD1 is correlated with higher stage of breast cancer. We
observed for the first time that LSD1 protein stability is
promoted through interaction with HDAC5 at its nuclear
localization sequence (NLS) domain.  Our studies also revealed
that HDAC5 regulates LSD1 via enhancement of the protein
stability of deubiquitinase USP28. Overexpression of HDAC5
in non-transformed breast epithelial MCF10A cells significantly
promoted mutagen-induced malignant transformation. These
data indicate that enhanced crosstalk between HDAC5 and
LSD1 may represent a critical mechanism contributing to breast
tumorigenesis (Summary in Fig. 1; Oncogene, 36:133-145,
2017).
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2. Sulforaphane as a potent inhibitor of HDAC5-LSD1 axis in
TNBC. Based on the above findings, we tested a panel of HDAC
inhibitors for their ability to inhibit HDAC5-LSD1 signaling
pathway. Our experiments showed that a natural HDACi,
sulforaphane (SFN), suppressed HDAC5 mRNA expression
without altering LSD1 mRNA level. Regulatory activity at -356
to -100 bp promoter element was found to play a critical role in
governing HDAC5 transcription and a group of factors that bind
to this element were identified through DAPA and proteomic
assays. Among these factors, Upstream Transcription Factor 1
(USF1) was shown to exert a critical effect in regulating HDAC5
transcription. We also observed that SFN downregulated
HDAC5 transcription by blocking USF1 activity. We further
determined that SFN significantly inhibited expression of LSD1
protein but had no effect on overexpressed exogenous HDAC5
protein through transfection of pcDNA3.1-HDAC5 plasmids.
Moreover, SFN-mediated downregulation of LSD1 protein and
USP28 was apparently reversed by HDAC5 overexpresion.
These results demonstrate that SFN downregulates LSD1
protein stability through modulation of the LSD1-associated
ubiquitination system, which is largely dependent on HDAC5
activity (Int. J. Cancer, 143: 1388-1401, 2018)

3. Comprehensive profiling of genes expression regulated by
HDAC5/LSD1 complex: extensive crosstalk at genome level.
Genome-wide gene expression analysis in MDA-MB-231 cells
with stable knockdown of HDAC5 or LSD1 by shRNA showed
that more than 30% of genes in each group were overlapping and
regulated by HDAC5-KD and LSD1-KD. These results reflect a
comprehensive genome wide cooperative effect of HDAC5 and
LSD1 on target gene expression. A functional pathway analysis
showed that there are multiple important cellular networks
whose activities are significantly altered by depletion of HDAC5
or LSD1. These networks are broadly associated with cell death
& survival, cell cycle, cellular development, cellular
growth/proliferation, carbohydrate metabolism, cell
morphology, cell-cell signaling & interaction, cellular assembly
& organization, lipid metabolism, molecular transport, small
molecule biochemistry and so on. Among the differentially
expressed genes (DEGs) potentially regulated by HDAC5/LSD1
complex, we identified a subset of genes whose activities are
associated with critical cellular processes in cancer: cell
adhesion, metastasis, tumor suppression and cell growth,
receptors, therapeutic response and so on. Among these genes, a
group of important tumor suppressor genes (TSGs) was shown
to be induced by either HDAC5 or LSD1 inhibition.
Furthermore, SFN treatment significantly induced expression of
most of the TSG genes tested, showing a similar effect on
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activation of TSGs by SFN or HDAC5/LSD1 inhibition (Int. J. 
Cancer, 143: 1388-1401, 2018).

Specific Aim 2: Elucidate the role 
of LSD1 in HDACi therapy and 
chemoprevention of TNBC in 
animal models. 

1. Role of HDAC5–LSD1 axis in regulation of breast cancer cell
sensitivity to sulforaphane. Overexpression of HDAC5 or
LSD1 protein in breast cancer cells significantly increased
resistance to SFN-mediated growth inhibition. A rescue
experiment showed that HDAC5 overexpression attenuated
cellular sensitivity to SFN in breast cancer cells but was
obviously reversed by LSD1 depletion. We determined the
growth inhibitory effect of combined treatment with LSD1
inhibitor HCI-2509 with SFN in multiple breast cancer cell lines
and normal breast epithelial MCF10A cells using the
combination index (CI) of growth inhibition via the Chou-
Talalay model. While an antagonistic effect of SFN and HCI-
2509 was obviously seen in MCF10A cells, combination therapy
exhibited significant synergy in hindering growth of breast
cancer cell lines (Int. J. Cancer, 143: 1388-1401, 2018).

2. A novel combinatorial strategy targeting histone
abnormality to improve therapeutic efficacy of TNBC. To
evaluate whether the above promising in vitro results may
translate into in vivo therapeutic efficacy, we investigated the
antineoplastic effect of combination therapy in athymic nude
mice bearing MDA-MB-231 xenografts. While treatment with
either SFN or HCI-2509 alone significantly inhibited the
proliferation of MDA-MB-231 xenografts, the combined
treatment displayed superior inhibitory effect against tumor
growth. Quantitative immunoblotting analysis showed that
combination treatment significantly reduced the level of full-
length PARP-1 in tumors. The in vivo effect of drug treatment
on protein expression of HDAC5 and LSD1 in xenograft tumors
was also evaluated. Immunoblots showed that expression of both
HDAC5 and LSD1 was attenuated in tumors treated with SFN
alone or in combination with HCI-2509. Collectively, these
results indicate that SFN monotherapy effectively inhibits
growth of MDA-MB-231 xenografts in vivo and exhibits
significantly enhanced growth inhibition when used in
combination with an LSD1 inhibitor (Summary in Fig. 2; Int. J.
Cancer, 143: 1388-1401, 2018). Given that the inherent
resistance to HDAC inhibitor develops as a result of combined
multifactorial epigenetic abnormalities, our findings provide a
rational basis for potential clinical trials combining agents
targeting these dysregulated epigenetic targets in breast cancer.

1. Exploiting therapeutic approach targeting HDAC5-
LSD1 axis in TNBC PDXs. One of the most frequently cited 
causes for the high failure rate of translating bench findings of 
new agents into clinical setting is the lack of preclinical models 
that recapitulate the heterogeneity of tumors in patients. The 
goal of proposed PDX study in this proposal is to establish 
clinical relevance in preparation for design of clinical trials and 
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Specific Aim 3: Evaluate 
therapeutic effects of combination 
strategies in patient-derived 
xenografts. 

assess the effects of combination treatment on proliferation 
markers, histone modifications and expression of aberrantly 
silenced genes a clinically relevant model. PDX lines of TNBC 
patient tumors were provided by our collaborator Dr. Michael 
Lewis at Baylor College of Medicine.  These PDX lines were 
selected based on RNA-seq results showing relative high 
expression levels of LSD1 and/or HDAC5. These tumor lines 
were re-transplanted into the SCID/Beige mice in our laboratory, 
and six TNBC PDX lines were observed to successfully grow in 
mice. Nano-particle formulated siRNA molecules have shown 
tremendous preclinical therapeutic potential for treating diseases 
like cancer in which an oncogene is overexpressed. We have 
successfully formulated nanoliposomal HDAC5 or LSD1 
siRNA following the methods outlined in our proposal through 
collaboration with our colleague at School of Pharmacy at 
University of Pittsburgh. In the ongoing experiments, we will 
test the efficacy of Nano-siRNA compounds on proliferation, 
apoptosis, chromatin alteration and expression of the candidate 
genes in PDX tumors. 
2. Inhibition of LSD1 as an effective approach to enhance
breast tumor immunogenicity and sensitizes refractory 
TNBC to anti–PD-1 therapy. Emerging data in clinical trials 
with immune checkpoint inhibitors suggested that 
immunotherapy strategies hold great promise as new therapeutic 
options for TNBC. However, the majority of TNBC patients are 
still refractory to immunotherapy. Therefore, novel 
combinatorial approaches are urgently needed to augment 
response rates of immunotherapy for this devastating disease. 
Epigenetic silencing has been shown to play a critical role in 
downregulating the expression of certain immune regulatory 
molecules that results in the inefficient recognition and 
elimination of cancer cells by the host immune system. We 
tested a collection of epigenetic compounds (HDACi, DNMTi, 
HDMi, etc) and found that multiple LSD1 inhibitors 
significantly induced expression of CD8+ T-cell chemokines 
and PD-L1 in TNBC cells. Analysis of TCGA data indicates 
Negative correlation between expression of LSD1 and immune 
regulatory genes such as CCL5, CXCL9, CXCL10 and the PD-
L1 in TNBC specimens. Concurrent treatment with small 
interfering RNA or inhibitor of chemokine receptors blocked 
LSD1 inhibitor-enhanced CD8+ T cell migration, indicating a 
critical role of key T cell chemokines in LSD1-mediated CD8+ 
lymphocyte trafficking to the tumor microenvironment. In vivo 
studies demonstrated that combining LSD1 inhibitors with PD-
1 antibody significantly suppressed TNBC tumor growth and 
metastasis, which was associated with reduced Ki-67 level and 
augmented CD8+ T cell infiltration in xenograft tumors. These 
results suggest that therapeutic targeting of LSD1 may enhance 
the antitumor efficacy of immune checkpoint blockade in 
TNBC. Our novel strategy of combining LSD1 inhibitor and 
anti-PD-1 immune checkpoint blockade is innovative and carries 
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high translational potential. (Summary in Fig. 3; Oncogene, Aug 
15, 2018. PMID: 30111819). 

b. What opportunities for training and professional development has the project provided?

       This award has provided excellent opportunities of scientific training and professional 
development for research personnel.  Two postdoc fellows and one research specialist are directly 
supported by this award. This fund also provided generous support to visiting scholars, undergraduate 
students and Hillman Cancer Center summer academy students for their research activities at Womens 
Cancer Research Center. The trainees have obtained chances to present their work to their colleagues 
at campus or national cancer conferences such as AACR annual meeting. Travel costs for postdoc 
fellows to attend the local or national cancer conferences were in part supported by this award. 

c. How were the results disseminated to communities of interest?
The research progress and data have been presented in seminal talks, conference poster and 

publications in cancer research journals. Both PIs promise that the research outcomes and data results 
generated from this project were shared with other researchers in accordance with the University of 
Pittsburgh and NIH Grant Policies on sharing of unique research resources. All cell lines, model 
organisms, plasmids, pharmacological compounds and in vivo samples generated under this project 
would be disseminated in accordance with policies of University of Pittsburgh and NIH policies. 
Depending on such policies, materials may be transferred to others under the terms of a material 
transfer agreement (MTA). Research data that documents, supports and validates research findings 
will be made available after the main findings have been accepted for publication. 

d. What do you plan to do during the next reporting period to accomplish the goals?
All the studies for this award have been completed. No extension is requested. 
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3. IMPACT
(a) What was the impact on the development of the principal discipline(s) of the project?

      This project seeks to address an unmet need to develop novel methods to define which 
epigenetic changes contribute to TNBC progression and decipher through multiple in vitro and in 
vivo models how to apply the novel epigenetic reagents in favorable combination strategy against 
TNBC. The research findings obtatined from this project have significant impact on the 
development of the principal discipline as follows: 

1) The information derived from these studies has shown for the first time that HDAC5-LSD1
axis has potential to serve as novel therapeutic biomarkers to predict response to epigenetic therapy 
in TNBC 

2) Targeting HDAC5 with a natural HDACi, sulforaphane, in combination with a newly
developed potent LSD1 inhibitor, HCL-2509, has showed superior antineoplastic activity both in 
vitro and in vivo, which could lead to validation and translation of our new strategy into future 
trials 

3) Our novel strategy of combining LSD1 inhibitor and anti-PD-1 immune checkpoint
blockade is innovative and carries high translational potential. Outcomes from this study identify 
novel therapeutic solutions to reverse effector T cell exclusion in certain breast cancer patients, 
thus has potential to expand the portion of breast cancer patients showing clinical benefit to 
immunotherapeutic interventions. 

(b) What was the impact on other disciplines? Nothing to Report

(c) What was the impact on technology transfer? Nothing to Report

4. CHANGES/PROBLEMS

(a) Changes in approach and reasons for change

No major changes in approach have been made since the initiation of the award.

(b) Actual or anticipated problems or delays and actions or plans to resolve them

Nothing to Report

(c) Changes that had a significant impact on expenditures

Nothing to Report

(d) Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Nothing to Report

5. PRODUCTS

(a) Publications, conference papers, and presentations supported by this award

Research Articles:
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1. Cao C, Vasilatos SN, Bhargava R, Fine J, Oesterreich S, Davidson NE, Huang Y. Functional
interaction of histone deacetylase 5 (HDAC5) and lysine-specific demethylase 1 (LSD1) 
promotes breast cancer progression. Oncogene, 36(1):133-145, 2017. PMID:27212032 

2. Huang Y and Davidson NE. Targeting Tumorigenicity of Breast Cancer Stem-like Cells Using
Combination Epigenetic Therapy: Something Old and Something New. J. Thorac. Dis., 
8(11):2971-2974, 2016. PMID: 28066560 

3. Chen L, Vasilatos SN, Qin Y, Katz T, Cao C, Wu H, Tasdemir N, Levine KM, Oesterreich S,
Davidson NE, Huang Y. Functional characterization of lysine-specific demethylase 2 
(LSD2/KDM1B) in breast cancer progression. Oncotarget, 8(47):81737-81753, 2017. PMID: 
29137219 

4. Woodcock CS*, Huang Y*, Woodcock SR, Salvatore SR, Singh B, Golin-Bisello F, Davidson
NE, Neumann CA, Freeman BA, Wendell SG. Nitro-fatty acid inhibition of triple negative 
breast cancer cell viability, migration, invasion and tumor growth. J. Biol. Chem., 293 (4), 
1120-1137, 2018. (*contributed equally). PMID:29158255 34. 

5. Cao C, Wu H, Vasilatos SN, Chandran U, Qin Y, Wan Y, Oesterreich S, Davidson NE, Huang
Y. HDAC5-LSD1 axis regulates antineoplastic effect of natural HDAC inhibitor sulforaphane
in human breast cancer cells. Int. J. Cancer, 143: 1388-1401, 2018. PMID:29633255 

6. Qin Y, Vasilatos SN, Chen L, Wu H, Cao Z, Fu Y, Huang M, Vlad AM, Lu B, Oesterreich S,
Davidson NE, Huang Y. Inhibition of histone lysine-specific demethylase 1 elicits breast tumor 
immunity and enhances antitumor efficacy of immune checkpoint blockade. Oncogene, Aug 
15, 2018, PMID: 30111819 

Conference abstracts/presentation: 

1. Cao C, Vasilatos S, Oesterreich S, Davidson NE, Huang Y. Functional crosstalk between histone
deacetylase 5 (HDAC5) and lysine-specific demethylase 1 (LSD1) as a novel therapeutic target 
in triple-negative breast cancer cells. In: Proceedings of the 106th Annual Meeting of the 
American Association for Cancer Research; 2015 Apr 18-22; Philadelphia, PA. Philadelphia 
(PA): AACR; Cancer Res 2015;75(15 Suppl):Abstract nr 3838. doi:10.1158/1538-
7445.AM2015-3838. 

2. Chen L, Vasilatos SN, Qin Y, Cao C, Wu H, Tasdemir N, Katz TA, Oesterreich S, Davidson NE,
Huang Y. New insights into the roles of histone lysine-specific demethylase 2 (LSD2) in breast 
cancer. In: Proceedings of the American Association for Cancer Research Annual Meeting 2017; 
2017 Apr 1-5; Washington, DC. Philadelphia (PA): AACR; Cancer Res 2017;77(13 
Suppl):Abstract nr 1385. doi:10.1158/1538-7445.AM2017-1385. 

(b) Website(s) or other Internet site(s) Nothing to Report

(c) Technologies or techniques Nothing to Report

(d) Inventions, patent applications, and/or licenses Nothing to Report

(e) Other Products Nothing to Report

6. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

a) Individuals have worked on the project
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ORIGINAL ARTICLE

Functional interaction of histone deacetylase 5 (HDAC5) and
lysine-specific demethylase 1 (LSD1) promotes breast cancer
progression
C Cao1,2,3, SN Vasilatos1,3, R Bhargava1,3,4, JL Fine1,4, S Oesterreich1,2,3, NE Davidson1,2,3 and Y Huang1,2,3

We have previously demonstrated that crosstalk between lysine-specific demethylase 1 (LSD1) and histone deacetylases (HDACs) facilitates
breast cancer proliferation. However, the underlying mechanisms are largely unknown. Here, we report that expression of HDAC5 and LSD1
proteins were positively correlated in human breast cancer cell lines and tissue specimens of primary breast tumors. Protein expression of
HDAC5 and LSD1 was significantly increased in primary breast cancer specimens in comparison with matched-normal adjacent tissues.
Using HDAC5 deletion mutants and co-immunoprecipitation studies, we showed that HDAC5 physically interacted with the LSD1 complex
through its domain containing nuclear localization sequence and phosphorylation sites. Although the in vitro acetylation assays revealed
that HDAC5 decreased LSD1 protein acetylation, small interfering RNA (siRNA)-mediated HDAC5 knockdown did not alter the acetylation
level of LSD1 in MDA-MB-231 cells. Overexpression of HDAC5 stabilized LSD1 protein and decreased the nuclear level of H3K4me1/me2 in
MDA-MB-231 cells, whereas loss of HDAC5 by siRNA diminished LSD1 protein stability and demethylation activity. We further demonstrated
that HDAC5 promoted the protein stability of USP28, a bona fide deubiquitinase of LSD1. Overexpression of USP28 largely reversed HDAC5-
KD-induced LSD1 protein degradation, suggesting a role of HDAC5 as a positive regulator of LSD1 through upregulation of USP28 protein.
Depletion of HDAC5 by shRNA hindered cellular proliferation, induced G1 cell cycle arrest, and attenuated migration and colony formation
of breast cancer cells. A rescue study showed that increased growth of MDA-MB-231 cells by HDAC5 overexpression was reversed by
concurrent LSD1 depletion, indicating that tumor-promoting activity of HDAC5 is an LSD1 dependent function. Moreover, overexpression of
HDAC5 accelerated cellular proliferation and promoted acridine mutagen ICR191-induced transformation of MCF10A cells. Taken together,
these results suggest that HDAC5 is critical in regulating LSD1 protein stability through post-translational modification, and the
HDAC5–LSD1 axis has an important role in promoting breast cancer development and progression.
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INTRODUCTION
Lysine-specific demethylase 1 (LSD1) is the first identified
FAD-dependent histone demethylase that has been typically
found in association with a transcriptional repressor complex that
includes CoREST, HDAC1/2, BHC80 and others.1–4 A role for elevated
expression of LSD1 has been implicated in tumorigenesis in various
cancers including breast cancer.3,5–9 Studies from our and other
laboratories consistently showed that inhibition of LSD1 hindered
proliferation of breast cancer cells.6,8,10 Lim et al.6 reported that
LSD1 is highly expressed in estrogen receptor-negative breast
cancers. A recent study found that LSD1 is significantly over-
expressed in high-grade ductal carcinoma in situ or invasive ductal
carcinoma versus low/intermediate ductal carcinoma in situ.11 These
studies point to a tumor-promoting role for LSD1 in breast cancer.
We were among the first to report the use of small-molecule
compounds and preclinical treatment strategies that have promise
to work through this target in cancer.8,9,12 The development of
novel LSD1 inhibitors is progressing rapidly. For example, a new
generation of (bis)urea/(bis)thiourea LSD1 inhibitors displayed
improved potency against LSD1 in cancer cells.13 A newly reported

GSK-LSD1 inhibitor exhibited interesting cell type-specific inhibition
against small-cell lung cancer cells in preclinical models.14

However, how LSD1 is upregulated in breast cancer and the
precise role of LSD1 in breast cancer development are still unclear.
Our most recent work showed that small interfering RNA (siRNA)-
mediated inhibition of HDAC5 led to a significant increase of
H3K4me2, a known substrate of LSD1, suggesting a potential role
of HDAC5 in regulating LSD1 activity.10 However, little is known
about the precise role of HDAC5 and mechanisms underlying its
regulation on LSD1 activity in breast cancer. HDAC5 is an
important member of class IIa histone deacetylase (HDAC)
isozymes with important functions in transcriptional regulation,
cell proliferation, cell cycle progression and cellular developmental
activities.15,16 HDAC5 has been shown to have important roles in
many diseases including cancer.17,18 In this study, we addressed
the following clinically relevant issues that have been under-
studied: (1) Is elevation of LSD1 expression associated with HDAC5
overexpression during breast cancer development? (2) How is
LSD1 regulated by HDAC5 in breast cancer? (3) What is the role of
the HDAC5–LSD1 axis in breast cancer initiation, proliferation and
metastasis? To answer these questions, we delineated the
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mechanisms underlying the functional link between LSD1 and
HDAC5 in chromatin remodeling and demonstrated that these
two important chromatin modifiers closely cooperate to mediate
proliferation, cell cycle and metastasis of breast cancer cells.

RESULTS
HDAC5 and LSD1 proteins are coordinately expressed in human
breast cancer
To study the potential association of HDAC5 and LSD1 in breast
cancer, we first examined mRNA levels of HDAC5 and LSD1 in human
immortalized normal mammary epithelial MCF10A cells, fully
malignant MCF10A-CA1a cells transformed from MCF10A cells with
transfection of HRAS,19 and several human breast cancer cell lines.
Quantitative PCR (qPCR) studies showed that there was no clear
association of mRNA expression between HDAC5 and LSD1 in breast
cancer cell lines (Figure 1a). The Oncomine-TCGA database showed
moderate change of the mRNA level of LSD1 and HDAC5 in IBC
(Supplementary Figures 1a and b). mRNA levels of both HDAC5 and
LSD1 are altered in ~6% of breast cancer patients (www.cbioportal.
org) without an apparent association with specific subtypes
(Supplementary Figures 1c and d). However, protein expression of
both HDAC5 and LSD1 was significantly elevated in malignant breast
cell lines compared with MCF10A (Figure 1b), and protein levels of
HDAC5 and LSD1 were positively correlated (Figure 1c). The
correlation of HDAC5 and LSD1 protein expression was further
validated in 50 primary breast cancers using immunohistochemical
staining with validated antibodies (Supplementary Figures 2a and b).
The χ2 analysis showed a statistically significant correlation between
HDAC5 and LSD1 protein expression in these tumors (Figure 1d).
Furthermore, the immunohistochemistry (IHC) analysis showed that
breast cancer tissues (n=18) expressed significantly higher level of
HDAC5 and LSD1 than matched-normal adjacent tissues (n=18)
(Figure 1e). The mean H-score for HDAC5 staining in stage 3 breast
tumors (n=25) was statistically significantly higher than stage 2
counterparts (n=25). The mean H-score of LSD1 staining for stage 3
tumors was also higher than that of stage 2 tumors with a P-value of
0.07 (Figure 1f). These results were further validated with
independent manual H-score evaluations by two breast cancer
pathologists with moderate interobserver concordance
(Supplementary Figures 3a and b). Taken together, these findings
suggest that HDAC5 and LSD1 proteins are coordinately over-
expressed in breast cancer cell lines and tissue specimens.

Physical interaction of LSD1 and HDAC5 in breast cancer cells
To address whether LSD1 and HDAC5 physically interact, a
co-immunoprecipitation study was carried out in MDA-MB-231
and MCF10A-CA1a cells transiently transfected with pcDNA3.1
or pcDNA3.1-FLAG-HDAC5 plasmids. After immunoprecipitation
(IP) with LSD1 antibody, we found that both endogenous and
exogenous HDAC5 proteins were co-immunoprecipitated with
LSD1 protein (Figure 2a). The interaction between native LSD1
and HDAC5 was further validated in additional breast cancer cell
lines (Figure 2b). A similar result was obtained in the reciprocal
immunoprecipitation using anti-FLAG antibody to confirm that

LSD1 was co-immunoprecipitated with FLAG-HDAC5 (Figure 2c). To
precisely map the HDAC5 domain(s) responsible for interaction
with LSD1, we expressed a series of HDAC5 deletion mutants
engineered in pcDNA3.1-FLAG plasmids in MDA-MB-231 cells
(Figure 2d). Immunoprecipitation assays of cells transfected with
full-length HDAC5 complimentary DNA (cDNA) confirmed the
HDAC5–LSD1 interaction and deletion of an N-terminal myocyte
enhancer factor-2 (MEF2) binding domain (HDAC5-Δ1) alone had no
impact on HDAC5-LSD1 interaction. However, removal of both the
MEF2 domain and nuclear localization sequence (NLS) (HDAC5-Δ2)
completely abolished HDAC5–LSD1 interaction. Further deletion of
an N-terminal HDAC and nuclear export sequence (HDAC5-Δ3) and
MEF2 domain (HDAC5-Δ4) did not adversely alter LSD1 binding
with HDAC5 fragments (Figure 2e). Immunofluorescence studies
showed nuclear localization of full-length HDAC5, HDAC5-Δ1,
HDAC5-Δ3 and HDAC5-Δ4. Depletion of the NLS-containing domain
(HDAC5-Δ2) completely blocked HDAC5 nuclear translocation
(Figure 2f). In vitro pull-down assays by using His-tag recombinant
LSD1 protein incubating with HDAC5 full-length or deletion mutants
validated that HDAC5 domain containing NLS element is essential
for interaction with LSD1 (Supplementary Figure 4).

HDAC5 promotes LSD1 protein stability and activity
Next, we examined whether the mRNA or protein levels of HDAC5
and LSD1 were affected by their interaction with each other.
Overexpression of HDAC5 in MDA-MB-231 cells failed to alter LSD1
mRNA expression, but led to a significant increase of LSD1 protein
expression (Figures 3a and b). HDAC5 knockdown by siRNA
attenuated LSD1 protein expression without affecting its mRNA
level (Figures 3c and d). The effect of LSD1 on HDAC5 expression
was subsequently assessed using our previously established MDA-
MB-231-LSD1-KD cells.10 Depletion of LSD1 exerted no effect on
HDAC5 mRNA or protein levels (Figures 3e and f). Simultaneous
overexpression of pcDNA3.1-HDAC5 with HDAC5 siRNA significantly
reversed the decrease of LSD1 (Supplementary Figure 5a). These
results suggest that HDAC5 functions as an upstream regulator that
governs LSD1 protein stability via post-translational regulation.
Quantitative immunoblots showed that levels of H3K4me1/2 and
AcH3K9, the substrates for LSD1 and HDAC5, respectively, were
downregulated by HDAC5 overexpression, whereas loss of HDAC5
exerted the opposite effect (Figure 3g; Supplementary Figure 5b),
suggesting a critical role of HDAC5 in governing chromatin
modifying activity of LSD1. The cycloheximide chase assay showed
that overexpression of HDAC5 significantly extended LSD1 protein
half-life, whereas depletion of HDAC5 by siRNA decreased LSD1
protein half-life in MDA-MB-231 cells (Figures 3h and i;
Supplementary Figure 5c). To determine whether other recognized
LSD1 cofactors or HDACs exert similar effects on LSD1 protein
stability, MDA-MB-231 cells were treated with siRNA against several
LSD1 complex cofactors (CoREST, HDAC1 and HDAC2) or other class
II HDAC isozymes (HDAC 4, 6, 7, 9, 10), respectively. Transfection
with siRNA probes effectively knocked down mRNA expression of
target genes without affecting LSD1 protein level (Figure 3j;
Supplementary Figure 6a). To confirm the qPCR results, quantitative
immunoblotting (IB) was performed and showed depletion of

Figure 1. Correlated overexpression of HDAC5 and LSD1 protein in breast cancer. (a) The levels of mRNA expression of HDAC5 and LSD1 in
breast cancer cell lines versus MCF10A cells (set as fold 1) using real-time qPCR with β-actin as an internal control. (b) Immunoblots with anti-
HDAC5 and LSD1 antibodies in indicated cell lines. β-actin protein was blotted as a loading control. (c) Histograms represent the mean protein
levels of HDAC5 or LSD1 in three determinations relative to β-actin± s.d. as determined by quantitative immunoblots. (d) 50 primary human
invasive breast tumor samples were immunostained with antibodies against HDAC5 or LSD1. The χ2 study was performed by using median
H-scores as the cutoff for high- versus low-protein expression. (e) Representative HDAC5 and LSD1 staining (200 × ) in invasive breast
carcinoma and adjacent normal tissue specimens from one representative patient. H-scores represent average staining intensity in breast
tumors (n= 18) versus adjacent normal breast tissue (n= 18). (f) Representative HDAC5 and LSD1 staining (200 × ) in stage 2 and 3 invasive
breast carcinoma specimens. H-scores represent average staining intensity in stage 3 breast tumors (n= 25) versus stage 2 breast tumors
(n= 25). *Po0.05, **Po0.01, ***Po0.001, Student’s t-test.
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CoREST led to insignificant change of LSD1 protein stability
(Supplementary Figure 6b and 6c). Together, these results
strengthen the conclusion that HDAC5 functions as a positive
regulator of LSD1 protein in breast cancer cells.

HDAC5 regulates LSD1 protein stability through modulation of the
LSD1-associated ubiquitination system
Protein ubiquitination assays indicated that HDAC5 overexpres-
sion significantly attenuated LSD1 polyubiquitination (Figure 4a),
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whereas depletion of HDAC5 by siRNA facilitated LSD1 poly-
ubiquitination (Supplementary Figure 7a). Recently, Jade-2 and
USP28 were identified as specific E3 ubiquitin ligase and
deubiquitinase for LSD1, respectively.20,21 Our study showing that
increase of LSD1 protein expression by Jade-2 siRNA and decrease
of LSD1 protein expression by USP28 siRNA in MDA-MB-231 cells
confirmed the roles of Jade-2/USP28 as LSD1 ubiquitin ligase/
deubiquitinase in breast cancer cells (Figure 4b; Supplementary
Figure 7b). qPCR studies demonstrated that mRNA level of either
Jade-2 or USP28 was not altered by HDAC5 knockdown or
overexpression (Figure 4c). The regulation of HDAC5 on protein
expression of Jade-2 or USP28 was subsequently assessed. Due to
the lack of highly specific antibody against Jade-2, plasmids
expressing Jade-2-FLAG fusion protein were transfected into cells
as an alternative approach. MDA-MB-231 and MCF10A-CA1a cells

expressing Jade-2-FLAG protein were simultaneously treated with
HDAC5 siRNA to evaluate the effect of HDAC5 on Jade-2 protein
expression. Immunoblot showed that depletion of HDAC5 did not
change the protein level of Jade-2 (Figure 4d). However,
overexpression of HDAC5 led to significant increase of USP28
protein expression in both cell lines (Figure 4e). In vitro pull-down
assay using His-tag recombinant LSD1 protein incubated with
USP28-FLAG protein indicated a direct interaction of LSD1 and
USP28 (Supplementary Figure 4), and HDAC5 overexpression
significantly attenuated USP28 polyubiquitination (Supplementary
Figure 7c). To understand whether HDAC5 may stabilize LSD1
protein through upregulation of USP28 protein stability, a rescue
study was carried out in MDA-MB-231 and MCF10A-CA1a cells
using concurrent transfection of HDAC5 siRNA and USP28
expression plasmids, and showed that overexpression of USP28

Figure 2. HDAC5 and LSD1 physically interact in breast cancer cells. (a) MDA-MB-231 or MCF10A-CA1a cells were transfected with control
vector pcDNA3.1 or pcDNA3.1-HDAC5 plasmids. IP was performed with anti-LSD1 antibody followed by immunoblotting (IB) with anti-LSD1,
anti-FLAG or anti-HDAC5 antibodies, respectively. (b) Whole-cell lysates were immunoprecipitated with anti-LSD1 antibody followed by IB
with anti-HDAC5 and LSD1 antibodies in indicated breast cancer cell lines. IgG was used as negative control. (c) MDA-MB-231 cells were
transfected with control vector pcDNA3.1 or pcDNA3.1-HDAC5-FLAG plasmids, and IP was performed with anti-FLAG followed by IB with anti-
LSD1 and anti-FLAG antibodies, respectively. (d) Schematic representation of full-length and deletion mutants of HDAC5-FLAG constructs.
(e) FLAG-tagged full-length or deletion mutants of HDAC5 were expressed in MDA-MB-231 cells. Extracts were immunoprecipitated with anti-
FLAG antibody, and bound LSD1 was examined by IB using anti-LSD1 antibody. IB with anti-FLAG was used to detect the levels of FLAG-
tagged HDAC5 full-length or deletion mutants in IP and input (10%) samples. (f) MDA-MB-231 cells were transfected with plasmids expressing
FLAG-tagged full-length or deletion mutants of HDAC5 proteins. Immunofluorescence study was performed using anti-FLAG antibody. 4,6-
Diamidino-2-phenylindole was used as a control for nuclear staining. All the experiments were performed three times with similar results.
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completely blocked the destabilization of LSD1 by HDAC5
depletion (Figure 4f; Supplementary Figure 7d). In an additional
rescue experiment, overexpression of HDAC5 failed to promote
LSD1 protein expression when cells were simultaneously treated
with USP28 by siRNA (Supplementary Figure 7e). All these data

support the notion that HDAC5 stabilizes LSD1 protein by
enhancing protein expression of its deubiquitinase.
To examine whether interaction of HDAC5 with the LSD1/USP28

complex deacetylates LSD1 or USP28, in vitro protein acetylation
assays was first carried out by incubating GST-tagged recombinant

Figure 3. HDAC5 stabilizes LSD1 protein in breast cancer cells. (a) MDA-MB-231 cells were transfected with control vector pcDNA3.1 or
pcDNA3.1-HDAC5 for 48 h. mRNA expression of HDAC5 and LSD1 was measured by quantitative real-time PCR with β-actin as an internal
control. (b) MDA-MB-231 cells were transfected with control vector pcDNA3.1 or pcDNA3.1-HDAC5 plasmids for 48 h. Effect of HDAC5
overexpression on LSD1 protein expression in MDA-MB-231 cells was evaluated by immunoblots with anti-LSD1 and anti-HDAC5 antibodies.
(c) MDA-MB-231 cells were transfected with scramble siRNA or HDAC5 siRNA for 48 h. Effect of HDAC5 knockdown on LSD1 mRNA expression
was examined by quantitative real-time PCR with β-actin as internal control. (d) Effect of HDAC5 siRNA on LSD1 protein expression in MDA-
MB-231 cells. (e) Effect of depletion of LSD1 on mRNA expression of HDAC5 in MDA-MB-231-Scramble or MDA-MB-231-LSD1-KD cells. (f) Effect
of LSD1-KD on protein expression of HDAC5 in MDA-MB-231-scramble or MDA-MB-231-LSD1-KD cells. (g) MDA-MB-231 cells were transfected
with control vector pcDNA3.1, pcDNA3.1-HDAC5, scramble siRNA or HDAC5 siRNA for 48 h and analyzed by immunoblots for nuclear
expression of indicated histone marks. Proliferating cell nuclear antigen was used as loading control. (h) Effect of HDAC5 overexpression or
siRNA on LSD1 protein half-life in cycloheximide chase study. (i) Measurement of LSD1 half-life using the Calcusyn program. (j) Effect of siRNA
knockdown of LSD1 cofactors or class II HDACs on LSD1 protein level. All the experiments were performed three times. Bars represent the
mean of three independent experiments± s.d. *Po0.05, **Po0.01, ***Po0.001, Student’s t-test.
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Figure 4. HDAC5 regulates LSD1 by altering USP28 stability. (a) MDA-MB-231 cells transfected with pcDNA3.1-FLAG, pcDNA3.1-FLAG-HDAC5
or pcDNA3-HA-ubiquitin plasmids were treated with or without proteasome inhibitor 10 μM MG132 for 10 h followed by IP using LSD1
antibody and immunoblots with anti-HA, LSD1 or HDAC5 antibodies. (b) Effect of siRNA of Jade-2, USP28 and HDAC5 on LSD1 protein
expression in MDA-MB-231 cells. Results represent the mean of three independent experiments± s.d. ***Po0.001, Student’s t-test. (c) MDA-
MB-231 cells were transfected with scramble siRNA, HDAC5 siRNA, control vector pcDNA3.1 or pcDNA3.1-HDAC5 plasmids for 48 h. mRNA
expression of Jade-2 and USP28 was measured by qPCR. β-actin was used as an internal control. (d) MDA-MB-231 or MCF10A-CA1a cells were
simultaneously transfected with pcDNA3.1-FLAG-Jade-2 and HDAC5 siRNA for 48 h and subjected to immunoblots with anti-HDAC5 or Jade-2
antibodies. β-actin was used as loading control to normalize target protein levels. (e) After MDA-MB-231 or MCF10A-CA1a cells were
transfected with control vector pcDNA3.1 or pcDNA3.1-HDAC5 plasmids for 48 h, IB was performed for expression of HDAC5 and USP28.
(f) MDA-MB-231 or MCF10A-CA1a cells were transfected with scramble or HDAC5 siRNA alone, or in combination with pDZ-USP28 for 48 h.
Whole-cell lysates were analyzed for protein levels of HDAC5, USP28 and LSD1. β-actin was used as loading control to normalize target protein
levels. The experiments were performed three times with similar results.
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Figure 5. Effect of HDAC5 on protein acetylation of LSD1/USP28 and transcription of LSD1 target genes. (a) The immunoprecipitates of FLAG
using FLAG-M2 agarose from MDA-MB-231 cells overexpressing FLAG-tagged USP28 or FLAG-tagged LSD1 were used as substrates for protein
deacetylation assay. IgG was used as negative control. Active or heat inactivated recombinant human GST-tagged HDAC5 protein were mixed
with immunoprecipitates and incubated at 37 °C for 6 h as described in ‘Materials and Methods’. The reactions were then subjected to
immunoblots with anti-acetyl lysine antibody. FLAG-tagged USP28 or LSD1 proteins were probed with anti-FLAG antibody. HDAC5-GST
protein was probed with anti-HDAC5 antibody. (b) Histograms represent the means of levels of acetyl-LSD1, acetyl-USP28 and acetyl-histone
determined by quantitative IB using infrared IB detection and analysis. (c) MDA-MB-231 cell transfected with scramble or HDAC5 siRNAs for
48 h. LSD1 or IgG antibodies were added to cell lysate. IP was performed with anti-LSD1 antibody followed by IB with anti-acetyl lysine and
anti-LSD1 antibodies, respectively. Effect of HDAC5 siRNA on AcetylH3K9 protein expression in MDA-MB-231 cells was examined by IB with
anti-acetyl-H3K9 antibody. (d) Histograms represent the means of relative levels of acetyl-LSD1 determined by quantitative IB using infrared IB
detection and analysis. (e) mRNA expression of indicated genes in MDA-MB-231 cells transfected with scramble siRNA or HDAC5 siRNA. Data
are means± s.d. of three independent experiments. (f) Quantitative chromatin immunoprecipitation (ChIP) analysis was used to determine the
occupancy by acetyl-H3K9, H3K4me2, LSD1 and HDAC5 at promoters of p21 or CLDN7 in MDA-MB-231 cells transfected with scramble or
HDAC5 siRNA. *Po0.05, **Po0.01, ***Po0.001, Student’s t-test.
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HDAC5 protein with cellular pull-down of LSD1-FLAG or USP28-
FLAG by IP, and immunoprecipitates of IgG was incubated with
recombinant HDAC5 protein as negative control of assays
(Figure 5a). Bulk histone was used as control substrate
(Supplementary Figure 8). Quantitative immunoblots using anti-
body against pan-acetylated lysine showed that HDAC5 reduced

acetylation level of LSD1 without altering the acetylation status of
USP28 (Figures 5a and b). Next, the in vivo effect of HDAC5
depletion on LSD1 acetylation was investigated in MDA-MB-231
cells transfected with scramble or HDAC5 siRNAs. After immuno-
precipitation with LSD1 antibody or IgG (negative control), IB was
performed and the results showed that expression levels of both
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total LSD1 protein and acetylated LSD1 protein were decreased by
HDAC5 depletion (Figure 5c). Quantitative immunoblots indicated
that the relative acetylation level of LSD1 was not statistically
altered by HDAC5 siRNA in MDA-MB-231 cells (Figure 5d). Acetyl-
H3K9 was used as control of substrate and its expression was
increased by HDAC5 siRNA (Figure 5c). These results suggest that
inhibition of HDAC5 alone is not sufficient enough to increase
LSD1 acetylation in breast cancer cells.

Inhibition of HDAC5 reactivates expression of LSD1 target genes
In cancer cells, amplified LSD1 expression is frequently associated
with abnormal suppression of key tumor suppressor genes.3,22 We
next examined whether expression of LSD1 target tumor
suppressor genes could be reactivated following HDAC5 inhibi-
tion. Loss of expression of cyclin-dependent kinase inhibitor p21
and epithelial marker claudin-7 (CLDN7) has been reported to be
associated with an aggressive phenotype of breast cancer.23,24 The
transcription activity of p21 and CLDN7 has been found to be
suppressed by enhanced activity of LSD1 in breast cancer.6,25

Transfection of HDAC5 siRNA resulted in significantly increased
mRNA expression of p21 and CLDN7 in MDA-MB-231 cells
(Figure 5e). Quantitative chromatin immunoprecipitation assays
revealed that depletion of HDAC5 decreased occupancy of both
HDAC5 and LSD1, and increased enrichment of H3K4me2 and
acetyl-H3K9 at the promoters of both genes (Figure 5f). These data
suggest that transcriptional de-repression of these genes lies
largely in the cooperation between HDAC5 and LSD1 at key active
histone marks.

Inhibition of HDAC5–LSD1 axis hinders breast cancer proliferation
and invasion
To explore the functional role of the HDAC5–LSD1 axis in
regulating breast cancer development, stable knockdown of
HDAC5 mRNA (HDAC5-KD) was generated in MDA-MB-231 and
MCF10A-CA1a cells by infection with short hairpin RNA (shRNA)
lentiviral particles. Similar to the effect of transient inhibition of
HDAC5 by siRNA, stable knockdown of HDAC5 expression
significantly reduced LSD1 protein expression in two independent
HDAC5-KD clones (Figure 6a). Loss of HDAC5 in both clones
hindered cell proliferation and colony formation in soft agar
(Figures 6b and c). The flow cytometry analysis showed that
inhibition of HDAC5 resulted in a greater fraction of cells
accumulated at G1 phase and reduction of the S-phase cell
fraction (Figure 6d; Supplementary Figure 9). Moreover, loss of
HDAC5 attenuated motility and invasion of MDA-MB-231 cells in a
Boyden chamber assay (Figure 6e). A rescue experiment indicated
that HDAC5 overexpression promoted growth of MDA-MB-231-
Scramble cells, but failed to alter the growth of MDA-MB-231-
LSD1-KD cells (Figure 6f). An additional rescue study revealed that
LSD1 overexpression rescued growth inhibition by HDAC5
depletion in MDA-MB-231-HDAC5-KD cells (Figure 6g). Taken
together, these results demonstrate that tumor-promoting activity
of HDAC5 is dependent on LSD1 activity in breast cancer cells.

Overexpression of HDAC5 promotes mutagen-induced
tumorigenic development in MCF10A cells
To address whether enhanced interaction between HDAC5 and
LSD1 is a critical epigenetic alteration driving tumorigenic
transformation of breast cancer, we generated two MCF10A cell
lines overexpressing HDAC5 (MCF10A-HDAC5). Stable overexpres-
sion of HDAC5 in MCF10A cells increased LSD1 protein level and
promoted cell proliferation of both clones (Figures 7a and b),
indicating a growth-promoting role for HDAC5 in MCF10A cells.
Inhibition of LSD1 by shRNA significantly hindered MCF10A
growth and reversed the growth promotion mediated by
HDAC5 overexpression, suggesting that HDAC5 promotes MCF10A
growth in an LSD1 dependent manner (Figure 7c; Supplementary
Figure 10). To evaluate if MCF10A-HDAC5 cells have altered
susceptibility to tumorigenesis, MCF10A-Vector and MCF10A-
HDAC5 cells were cultured for 7 months in medium containing
500 ng/ml ICR191. ICR191 generates genomic instability and
genetic variability, and has been successfully used to induce
epithelial cell transformation in several models including
MCF10A.26,27 MCF10A-HDAC5 cells were subsequently tested for
the capacity of anchorage-independent growth in soft agar for
4 weeks. The soft agar colony formation study demonstrated that
ICR191 treatment improved the ability of MCF10A cells to form
growing colonies, and overexpression of HDAC5 significantly
promoted ICR191-induced colony formation in MCF10A cells
(Figure 7d). To determine the role of LSD1 in HDAC5 enhanced
tumorigenic transformation induced by ICR191, scramble control
and LSD1 shRNA lentivirus particles were infected into MCF10A-
Vector or MCD10A-HDAC5 cells, which had been treated with
ICR191 for 7 months, and the soft agar growth assays showed that
loss of LSD1 in MCF10A-HDAC5 cells significantly abolished
cellular ability in colony formation (Figure 7e). A model illustrating
the role of HDAC5–LSD1 axis in breast cancer development is
proposed based on the above findings (Figure 7f).

DISCUSSION
High levels of HDAC5 have been found to be associated with poor
survival in multiple cancer types.28,29 LSD1 overexpression has
been reported to be a poor prognostic factor in basal-like breast
cancer, a subtype with aggressive clinical characteristics.6,30 In this
study, the IHC analysis showed that breast cancers expressed
higher levels of HDAC5 compared to the matched-normal
adjacent breast tissue. Importantly, our study found a positive
correlation between HDAC5 and LSD1 proteins in breast tumor
cell lines and patient tissue specimens. Increased expression of
HDAC5 and LSD1 is correlated with higher stage of breast cancer
in our exploratory study. These findings suggest that the
coordinated overexpression of HDAC5 and LSD1 may serve as
potential novel prognostic markers as well as possible therapeutic
targets for breast cancer. More robust studies will be necessary to
understand the precise role of elevated protein expression levels
of HDAC5 and LSD1 in the risk stratification of breast cancer
patients.

Figure 6. HDAC5–LSD1 axis is implicated in breast cancer progression. (a) Depletion of HDAC5 by shRNA lentivirus infection downregulated
LSD1 protein expression in MDA-MB-231 and MCF10A-CA1a cells. (b) Scramble shRNA and HDAC5-KD cells were analyzed for growth and
viability by crystal violet assays. (c) Soft agar colony formation for HDAC5-KD and scramble control of MDA-MB-231 and MCF10A-CA1a cells.
(d) Scramble shRNA and HDAC5-KD cells were harvested and stained for DNA with propidium iodide for the flow cytometric analysis. The
fractions corresponding to G1, S and G2/M phases of the cell cycle are indicated. (e) The Boyden Chamber transwell migration assays for cell
invasion for MDA-MB-231-Scramble or MDA-MB-231-HDAC5-KD-1 cells. (f) MDA-MB-231-Scramble or MDA-MB-231-LSD1-KD cells were
transfected with control vector pcDNA3.1 or pcDNA3.1-HDAC5 for 5 days and crystal violet assays for growth were carried out. (g) MDA-
MB-231-Scramble or MDA-MB-231-HDAC5-KD cells were transfected with empty or pReceiver-LSD1 expression plasmids for 5 days and crystal
violet assays for growth were carried out. Bars represent the means of three independent experiments± s.d. *Po0.05, **Po0.01, ***Po0.001,
Student’s t-test.
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LSD1 protein stability is controlled by several post-translational
modifications such as ubiquitination and methylation.20,21,31

However, the precise mechanism of how LSD1 protein stability
is regulated is still not understood. A previous study reported that
stable depletion of CoREST facilitated LSD1 degradation in HeLa

cells.32 However, siRNA-mediated knockdown of CoREST alone in
breast cancer cells failed to destabilize LSD1 protein, suggesting
additional layers of control of LSD1 protein stability are required in
breast cancer. In this study, we observed for the first time that
LSD1 protein stability is promoted by HDAC5. We further found

Figure 7. Effect of HDAC5 on growth and mutagen-induced tumorigenic transformation in MCF10A cells. (a) pcDNA3.1 or pcDNA3.1-HDAC5
transfected MCF10A cells (clone 1 and 2) were analyzed for protein levels of HDAC5 and LSD1 by immunoblots with anti-HDAC5 and anti-
LSD1 antibodies. (b) The crystal violet assay for growth of MCF10A stably transfected with control vector or pcDNA3.1-HDAC5 plasmids.
(c) MCF10A-Vector-1 or MCF10A-HDAC5-1 cells were infected with scramble or LSD1 shRNA lentivirus particles for 5 days followed by crystal
violet assays for growth. (d) MCF10A cells transfected with pcDNA3.1 or pcDNA3.1-HDAC5 plasmids were treated with dimethyl sulfoxide or
500 ng/ml ICR191 for 7 months followed by soft agar colony formation assays. (e) After treatment with 500 ng/ml ICR191 for 7 months,
MCF10A-HDAC5 cells were infected with scramble control or LSD1 shRNA lentivirus particles and soft agar colony formation assay was carried
out. (f) Proposed model of the role of HDAC5–LSD1 axis in breast cancer development. Bars represent the means of three independent
experiments± s.d. **Po0.01, ***Po0.001, Student’s t-test.
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that the HDAC5 domain containing NLS is essential for LSD1–
HDAC5 interaction. The NLS element provides docking sites for 14-
3-3 chaperone binding and has been shown to be critical for
HDAC5 import into the nucleus and the regulation of its repressor
activity.17,33 Although an in vitro assay demonstrated that HDAC5
reduced LSD1 acetylation, HDAC5 siRNA treatment in breast
cancer cells failed to alter acetylation of LSD1 protein. Our in vivo
results suggest that LSD1 acetylation is likely regulated by a large
complex that may involve additional protein deacetylases or
cofactors. Further studies are needed to identify the regulatory
complex and clarify the precise role of HDAC5 in regulation of
LSD1 acetylation in breast cancer cells.
Our studies revealed that HDAC5 regulates LSD1 via enhance-

ment of the protein stability of deubiquitinase USP28. High
expression of USP28 has been found to promote the progression
of breast and colon cancers.20,34 Importantly, USP28 has been
reported to deubiquitinate important tumor growth regulators
such as c-Myc and TP53BP1 that are involved in MYC proto-
oncogene stability and DNA damage response checkpoint
regulation, respectively.35,36 Our pilot microarray study revealed
that inhibition of the HDAC5–LSD1 axis down-regulates c-Myc
expression (data not shown). Sen et al.37 recently reported that
HDAC5 is a key component in the temporal regulation of p53-
mediated transactivation. All of these findings imply an interaction
of HDAC5/LSD1 axis and USP28-associated ubiquitin–proteasome
system in regulating downstream targets involved in tumor
development. USP28 has been well-characterized for its role in
promoting tumorigenesis, and thus is a potential candidate target
in cancer therapy. Given the current inability to use drugs to
directly target USP28-driven cancer proliferation, our study
suggests a novel alternative approach of targeting USP28 stability
by development of HDAC5-specific inhibitors in cancer.
Our findings provide supportive evidence showing that HDAC5

control of cell proliferation is largely dependent on LSD1
stabilization. Furthermore, in this study, we showed that non-
transformed MCF10A cells overexpressing HDAC5 significantly
promoted ICR191-induced transformation of MCF10A cells. The
overexpressed HDAC5 is consistently associated with upregulated
LSD1 protein expression over the entire course of transformation
induction. These data indicate that enhanced crosstalk between
HDAC5 and LSD1 may represent a critical mechanism contributing
to breast tumorigenesis. HDAC inhibitors hold great promise for
cancer therapy. Despite the promising clinical results produced by
the HDAC inhibitors in treatment of hematological cancers such as
T-cell lymphoma, no apparent clinical evidence indicates that
HDAC inhibitors work effectively as a monotherapy against solid
tumors including breast tumors.38–41 From a clinical perspective,
our novel findings have significance for design and development
of novel combination strategies targeting HDAC5–LSD1 axis as an
alternative approach for improvement of therapeutic efficacy of
HDAC inhibitors in breast cancer.
As summarized in Figure 7f, we show for the first time that LSD1

protein stability is promoted by HDAC5 through the LSD1
associated ubiquitin–proteasome system, confirming that the
regulation of LSD1 by HDAC5 is a post-translational event. Our
novel findings also provide supportive evidence that an orche-
strated interaction between HDAC5 and LSD1 is a critical
epigenetic mechanism to suppress transcriptional activities of
important tumor suppressor genes that may contribute to breast
cancer development.

MATERIALS AND METHODS
Reagents and cell culture conditions
MDA-MB-231, MDA-MB-468, MCF-7, T47D, HCC-202 and SK-BR-3 cell lines
were obtained from the ATCC/NCI Breast Cancer SPORE program. MCF10A-
parental and MCF10A-CA1a cells were gifts from Dr Saraswati Sukumar

(Johns Hopkins University). Cells were cultured in growth medium as
described previously.10,42

Tissue microarrays and immunohistochemistry
Tissue microarrays (US Biomax, Rockville, MD, USA) were stained using
LSD1 or HDAC5 antibodies. Standard staining procedure for paraffin
sections was used for IHC according to manufacturer’s recommendations
(Vector Labs Inc., Burlingame, CA, USA). Monoclonal antibodies were used
for detection of LSD1 (1:800; Cell Signaling, Danvers, MA, USA) and HDAC5
(1:100; Santa Cruz, CA, USA). The staining was visualized using
diaminobenzidine, and quantitated using IHC Profiler, an ImageJ
plugin (National Institutes of Health, Bethesda, MD, USA).43 H-scores were
calculated as previously described.44 The manual scoring of H-scores was
also carried out by two breast cancer pathologists.

Plasmid construction and stable transfection
Plasmids pcDNA3.1(+)-FLAG, pcDNA3.1(+)-FLAG-HDAC5 and pDZ-FLAG-
USP28 were purchased from Addgene (Cambridge, MA, USA).
pReceiver-FLAG-LSD1 was obtained from Gene Copoeia (Rockville, MD,
USA). A FLAG-tagged ORF cDNA clone for Jade-2 was purchased from
GenScript (Piscataway, NJ, USA). pcDNA3-HA-ubiquitin was obtained from
Dr Yong Wan (University of Pittsburgh). HDAC5 deletion mutants were
engineered into pcDNA3.1(+)-FLAG-HDAC5 by PCR with primers shown in
Table S1. HDAC5-Δ2 was constructed by digesting full-length plasmids
with SacII from amino acid 61 to 489. Stable transfection was carried
out using Lipofectamine 3000 transfection reagent (Life Technologies,
Grand Island, NY, USA), and colonies were selected with 800 μg/ml G418.

siRNA and shRNA treatment and stable cell line generation
Pre-designed siRNA and non-targeting scramble siRNA (Santa Cruz) were
transfected into cells following the manufacturer’s protocol. Cells were
collected 48 h post-transfection for further analysis. Scramble control,
LSD1-specific or HDAC5-specific shRNA lentiviral particles (Santa Cruz)
were infected into cells according to manufacturer’s protocol. Cells were
treated with 10 μg/ml puromycin 72 h after infection. Single colonies were
analyzed for expression of LSD1 or HDAC5 via immunoblots.

RNA extraction and qPCR
Total RNA extraction and cDNA synthesis used the methods described
previously.10 Quantitative real-time PCR was performed on the StepOne
real-time PCR system (Life Technologies). All of the TaqMan gene
expression assays were pre-designed and obtained from Life Technologies.

Western blotting
Western blotting was performed as previously described.12,45,46 Antibodies used
in this study were shown in Supplementary Table S2. Membranes were scanned
with Li-Cor BioScience Odyssey Infrared Imaging System (Lincoln, NE, USA).

Crystal violet and cell invasion assays
The crystal violet proliferation assays were performed as described in our
previous study.47 The invasive capability of breast carcinoma cells was
tested with Millipore QCM 24-well invasion assay kit (Merck KGaA,
Germany) according to manufacturer’s protocol.

Soft agar colony formation assay
A total of 1.2% Bacto-agar (BD Biosciences, Franklin Lakes, NJ, USA) was
autoclaved and mixed with growth medium to produce 0.6% agar. The
mixture was quickly plated and solidified for 45 min. Cells were suspended in
0.6 ml 2× growth medium and mixed gently with 0.6 ml 0.8% agar /medium.
Overall 1 ml of cells with 0.4% agar/mediummixture was added onto plate for
solidification. Colony formation was examined using stereo microscopy and
analyzed (CellSens Dimension, Olympus, Shinjuku, Tokyo, Japan).

Flow cytometry analysis
Cells were collected and fixed with 70% ethanol. The cell pellet was then
treated with 1% TritonX-100. Cells were subsequently resuspended in
50 μg/ml propidium iodide (Sigma, St Louis, MO, USA) containing RNaseI
(Roche, Indianapolis, IN, USA) followed by analysis on the LSR II XW4400
workstation (BD Biosciences).
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Immunofluorescence
After 48 h of transfection, cells were fixed with 4% paraformaldehyde and
incubated with primary antibodies (1:250) overnight at 4 ºC. After washing,
cells were incubated with fluorescence-labeled secondary antibody (1:100).
After washing, coverslips were placed on a glass slide using UltraCruz
mounting medium (Santa Cruz) before fluorescence microscope
examination.

Immunoprecipitation, ubiquitination and protein half-life assays
The cell lysate was obtained by using immunoprecipitation lysis buffer as
described previously.48 LSD1 or IgG antibodies were added to cell lysate.
Protein G-plus agarose beads (Santa Cruz) or Flag-M2 affinity gel were
collected and subjected to IB. HA-Ubiquitin, pcDNA3.1-Flag-HDAC5 or
empty vector plasmids were co-transfected into cells for 38 h. Cells were
then treated with 10 μM MG132 for 10 h and collected for immunopre-
cipitation assay with protein G-plus agarose beads. For half-life studies 48 h
after transfection with pcDNA3.1-HDAC5 or HDAC5 siRNA, cells were
treated with 100 μg/ml cycloheximide and then collected at indicated
times for IB.

Protein acetylation assay
The immunoprecipitates of FLAG-M2 agarose from MDA-MB-231 cells
overexpressing FLAG-tag USP28 or FLAG-tag LSD1 were used as substrates
for the protein deacetylation assay. Pull-down of IgG was used as negative
control. A total of 0.25 μg of recombinant human GST-tagged HDAC5
protein (Creative BioMart, NY, NY) was mixed with 30 μl immunoprecipi-
tates or 1.5 μg bulk histone at 37 °C for 6 h in a buffer containing 40 mM

Tris–HCl (pH 8.0), 2.5 mM MgCl2, 50 mM NaCl, 2 mM KCl, 0.5 mM DTT, 1 mM

EDTA and protease inhibitor. The reactions were then subjected to
immunoblots with anti-acetyl lysine antibody (EMD Millipore, Billerica, MA,
USA). FLAG-tagged USP28 or LSD1 and bulk histone were probed with
anti-FLAG antibody or H3 antibody as loading control. Inactive HDAC5-GST
protein was used as negative control by heating recombinant protein at
95 ºC for 5 min. In vivo protein acetylation assay was performed using cell
lysate of MDA-MB-231 cell transfected with scramble and HDAC5 siRNAs.
LSD1 or IgG antibodies were added to cell lysate. Protein G-plus agarose
beads (Santa Cruz) were collected and subjected to IB with anti-acetyl
lysine or LSD1 antibodies.

Chromatin immunoprecipitation
Chromatin immunoprecipitation assay was performed as described
previously.12 Primary antibodies against HDAC5, LSD1, H3K4me2 and
acetyl-H3K9 were used as indicated for immunoprecipitation of the
protein–DNA complexes. PCR primer sets used for amplification of
precipitated fragments were shown in Supplementary Table S1. Input
DNA was used for normalization.

Statistical analysis
Data were represented as the mean± s.d of three independent experi-
ments. The quantitative variables were analyzed by the two-tailed
Student's t-test. The χ2 study was used to assess the correlation between
HDAC5 and LSD1 protein expression by using median H-scores as the
cutoff for high- versus low-protein expression. P-valueo0.05 was
considered statistically significant for all tests. Statistical analyses were
performed using GraphPad Prism 6 (GraphPad Software Inc., La Jolla,
CA, USA).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGEMENTS
This work is supported by US Army Breast Cancer Research Program (W81XWH-14-1-
0237 to YH; W81XWH-14-1-0238 to NED), Breast Cancer Research Foundation (to NED
and SO) and UPCI Genomics Core Facility supported by NCI P30CA047904.

REFERENCES
1 Shi Y, Lan F, Matson C, Mulligan P, Whetstine JR, Cole PA et al. Histone deme-

thylation mediated by the nuclear amine oxidase homolog LSD1. Cell 2004; 119:
941–953.

2 Lee MG, Wynder C, Cooch N, Shiekhattar R. An essential role for CoREST in
nucleosomal histone 3 lysine 4 demethylation. Nature 2005; 437: 432–435.

3 Huang Y, Marton LJ, Woster PM, Casero RA. Polyamine analogues targeting epi-
genetic gene regulation. Essays Biochem. 2009; 46: 95–110.

4 Lee M, Wynder C, Cooch N, Shiekhattar R. An essential role for CoREST in
nucleosomal histone 3 lysine 4 demethylation. Nature 2005; 437: 432–435.

5 Garcia-Bassets I, Kwon YS, Telese F, Prefontaine GG, Hutt KR, Cheng CS et al.
Histone methylation-dependent mechanisms impose ligand dependency for
gene activation by nuclear receptors. Cell 2007; 128: 505–518.

6 Lim S, Janzer A, Becker A, Zimmer A, Schule R, Buettner R et al. Lysine-specific
demethylase 1 (LSD1) is highly expressed in ER-negative breast cancers and a
biomarker predicting aggressive biology. Carcinogenesis 2010; 31: 512–520.

7 Metzger E, Wissmann M, Yin N, Muller J, Schneider R, Peters A et al. LSD1
demethylates repressive histone marks to promote androgen-receptor-
dependent transcription. Nature 2005; 437: 436–439.

8 Zhu Q, Huang Y, Marton LJ, Woster PM, Davidson NE, Casero RA Jr. Polyamine
analogs modulate gene expression by inhibiting lysine-specific demethylase 1
(LSD1) and altering chromatin structure in human breast cancer cells. Amino Acids
2012; 42: 887–898.

9 Huang Y, Greene E, Murray Stewart T, Goodwin AC, Baylin SB, Woster PM et al.
Inhibition of lysine-specific demethylase 1 by polyamine analogues results in
reexpression of aberrantly silenced genes. Proc Natl Acad Sci U S A 2007; 104:
8023–8028.

10 Vasilatos SN, Katz TA, Oesterreich S, Wan Y, Davidson NE, Huang Y. Crosstalk
between lysine-specific demethylase 1 (LSD1) and histone deacetylases mediates
antineoplastic efficacy of HDAC inhibitors in human breast cancer cells. Carci-
nogenesis 2013; 34: 1196–1207.

11 Serce N, Gnatzy A, Steiner S, Lorenzen H, Kirfel J, Buettner R. Elevated expression
of LSD1 (Lysine-specific demethylase 1) during tumour progression from pre-
invasive to invasive ductal carcinoma of the breast. BMC Clin Pathol 2012; 12: 13.

12 Huang Y, Stewart TM, Wu Y, Baylin SB, Marton LJ, Perkins B et al. Novel oligoamine
analogues inhibit lysine-specific demethylase 1 and induce reexpression of epi-
genetically silenced genes. Clin Cancer Res 2009; 15: 7217–7228.

13 Nowotarski SL, Pachaiyappan B, Holshouser SL, Kutz CJ, Li Y, Huang Y et al.
Structure-activity study for (bis)ureidopropyl- and (bis)thioureidopropyldiamine
LSD1 inhibitors with 3-5-3 and 3-6-3 carbon backbone architectures. Bioorg Med
Chem 2015; 23: 1601–1612.

14 Mohammad HP, Smitheman KN, Kamat CD, Soong D, Federowicz KE, Van Aller GS
et al. A DNA hypomethylation signature predicts antitumor activity of LSD1
inhibitors in SCLC. Cancer Cell 2015; 28: 57–69.

15 Yang XJ, Gregoire S. Class II histone deacetylases: from sequence to function,
regulation, and clinical implication. Mol Cell Biol 2005; 25: 2873–2884.

16 Martin M, Kettmann R, Dequiedt F. Class IIa histone deacetylases: regulating the
regulators. Oncogene 2007; 26: 5450–5467.

17 McKinsey TA, Zhang CL, Lu J, Olson EN. Signal-dependent nuclear export of a
histone deacetylase regulates muscle differentiation. Nature 2000; 408: 106–111.

18 Martin M, Kettmann R, Dequiedt F. Class IIa histone deacetylases: conducting
development and differentiation. Int J Dev Biol 2009; 53: 291–301.

19 Santner SJ, Dawson PJ, Tait L, Soule HD, Eliason J, Mohamed AN et al. Malignant
MCF10CA1 cell lines derived from premalignant human breast epithelial
MCF10 AT cells. Breast Cancer Res Treat 2001; 65: 101–110.

20 Wu Y, Wang Y, Yang XH, Kang T, Zhao Y, Wang C et al. The deubiquitinase USP28
stabilizes LSD1 and confers stem-cell-like traits to breast cancer cells. Cell Rep
2013; 5: 224–236.

21 Han X, Gui B, Xiong C, Zhao L, Liang J, Sun L et al. Destabilizing LSD1 by Jade-2
promotes neurogenesis: an antibraking system in neural development. Mol Cell
2014; 55: 482–494.

22 Huang Y, Nayak S, Jankowitz R, Davidson NE, Oesterreich S. Epigenetics in breast
cancer: what's new? Breast Cancer Res 2011; 13: 225.

23 Abukhdeir AM, Park BH. P21 and p27: roles in carcinogenesis and drug resistance.
Expert Rev Mol Med 2008; 10: e19.

24 Kominsky SL, Argani P, Korz D, Evron E, Raman V, Garrett E et al. Loss of the tight
junction protein claudin-7 correlates with histological grade in both ductal car-
cinoma in situ and invasive ductal carcinoma of the breast. Oncogene 2003; 22:
2021–2033.

25 Lin T, Ponn A, Hu X, Law BK, Lu J. Requirement of the histone demethylase LSD1
in Snai1-mediated transcriptional repression during epithelial-mesenchymal
transition. Oncogene 2010; 29: 4896–4904.

26 Chen WD, Eshleman JR, Aminoshariae MR, Ma AH, Veloso N, Markowitz SD et al.
Cytotoxicity and mutagenicity of frameshift-inducing agent ICR191 in mismatch
repair-deficient colon cancer cells. J Natl Cancer Inst 2000; 92: 480–485.

HDAC5–LSD1 axis in breast cancer
C Cao et al

144

Oncogene (2017) 133 – 145 © 2017 Macmillan Publishers Limited, part of Springer Nature.



27 Zientek-Targosz H, Kunnev D, Hawthorn L, Venkov M, Matsui S, Cheney RT et al.
Transformation of MCF-10A cells by random mutagenesis with frameshift muta-
gen ICR191: a model for identifying candidate breast-tumor suppressors.
Mol Cancer 2008; 7: 51.

28 Milde T, Oehme I, Korshunov A, Kopp-Schneider A, Remke M, Northcott P et al.
HDAC5 and HDAC9 in medulloblastoma: novel markers for risk stratification and
role in tumor cell growth. Clin Cancer Res 2010; 16: 3240–3252.

29 He P, Liang J, Shao T, Guo Y, Hou Y, Li Y. HDAC5 promotes colorectal cancer cell
proliferation by up-regulating DLL4 expression. Int J. Clin Exp Med 2015; 8:
6510–6516.

30 Nagasawa S, Sedukhina AS, Nakagawa Y, Maeda I, Kubota M, Ohnuma S et al.
LSD1 overexpression is associated with poor prognosis in basal-like breast cancer,
and sensitivity to PARP inhibition. PLoS One 2015; 10: e0118002.

31 Piao L, Suzuki T, Dohmae N, Nakamura Y, Hamamoto R. SUV39H2 methylates and
stabilizes LSD1 by inhibiting polyubiquitination in human cancer cells. Oncotarget
2015; 6: 16939–16950.

32 Shi YJ, Matson C, Lan F, Iwase S, Baba T, Shi Y. Regulation of LSD1 histone
demethylase activity by its associated factors. Mol Cell. 2005; 19: 857–864.

33 Greco TM, Yu F, Guise AJ, Cristea IM. Nuclear import of histone deacetylase 5 by
requisite nuclear localization signal phosphorylation. Mol Cell Proteom 2011; 10:
M110.004317.

34 Diefenbacher ME, Popov N, Blake SM, Schulein-Volk C, Nye E, Spencer-Dene B
et al. The deubiquitinase USP28 controls intestinal homeostasis and promotes
colorectal cancer. J Clin Invest 2014; 124: 3407–3418.

35 Popov N, Wanzel M, Madiredjo M, Zhang D, Beijersbergen R, Bernards R et al. The
ubiquitin-specific protease USP28 is required for MYC stability. Nat Cell Biol 2007;
9: 765–774.

36 Zhang D, Zaugg K, Mak TW, Elledge SJ. A role for the deubiquitinating enzyme
USP28 in control of the DNA-damage response. Cell 2006; 126: 529–542.

37 Sen N, Kumari R, Singh MI, Das S. HDAC5, a key component in temporal regulation
of p53-mediated transactivation in response to genotoxic stress. Mol Cell 2013;
52: 406–420.

38 Traynor AM, Dubey S, Eickhoff JC, Kolesar JM, Schell K, Huie MS et al. Vorinostat
(NSC# 701852) in patients with relapsed non-small cell lung cancer: a Wisconsin
Oncology Network phase II study. J Thorac Oncol 2009; 4: 522–526.

39 Luu TH, Morgan RJ, Leong L, Lim D, McNamara M, Portnow J et al. A phase II trial
of vorinostat (suberoylanilide hydroxamic acid) in metastatic breast cancer: a
California Cancer Consortium study. Clin Cancer Res 2008; 14: 7138–7142.

40 Modesitt SC, Sill M, Hoffman JS, Bender DP. A phase II study of vorinostat in the
treatment of persistent or recurrent epithelial ovarian or primary peritoneal
carcinoma: a Gynecologic Oncology Group study. Gynecol Oncol 2008; 109:
182–186.

41 Blumenschein Jr GR, Kies MS, Papadimitrakopoulou VA, Lu C, Kumar AJ, Ricker JL
et al. Phase II trial of the histone deacetylase inhibitor vorinostat (Zolinza,
suberoylanilide hydroxamic acid, SAHA) in patients with recurrent and/or
metastatic head and neck cancer. Invest New Drugs 2008; 26: 81–87.

42 Shaw PG, Chaerkady R, Wang T, Vasilatos S, Huang Y, Van Houten B et al.
Integrated proteomic and metabolic analysis of breast cancer progression. PLoS
ONE 2013; 8: e76220.

43 Varghese F, Bukhari AB, Malhotra R, De A. IHC Profiler: an open source plugin for
the quantitative evaluation and automated scoring of immunohistochemistry
images of human tissue samples. PLoS ONE 2014; 9: e96801.

44 Ishibashi H, Suzuki T, Suzuki S, Moriya T, Kaneko C, Takizawa T et al. Sex steroid
hormone receptors in human thymoma. J Clin Endocrinol Metab 2003; 88:
2309–2317.

45 Huang Y, Hager ER, Phillips DL, Dunn VR, Hacker A, Frydman B et al. A novel
polyamine analog inhibits growth and induces apoptosis in human breast
cancer cells. Clin Cancer Res 2003; 9: 2769–2777.

46 Huang Y, Keen J, Pledgie A, Marton L, Zhu T, Sukumar S et al. Polyamine analo-
gues down-regulate estrogen receptor alpha expression in human breast
cancer cells. J Biol Chem 2006; 281: 19055–19063.

47 Katz TA, Vasilatos SN, Harrington E, Oesterreich S, Davidson NE, Huang Y.
Inhibition of histone demethylase, LSD2 (KDM1B), attenuates DNA methylation
and increases sensitivity to DNMT inhibitor-induced apoptosis in breast
cancer cells. Breast Cancer Res Treat 2014; 146: 99–108.

48 Huang Y, Vasilatos SN, Boric L, Shaw PG, Davidson NE. Inhibitors of histone
demethylation and histone deacetylation cooperate in regulating gene expres-
sion and inhibiting growth in human breast cancer cells. Breast Cancer Res Treat
2012; 131: 777–789.

Supplementary Information accompanies this paper on the Oncogene website (http://www.nature.com/onc)

HDAC5–LSD1 axis in breast cancer
C Cao et al

145

© 2017 Macmillan Publishers Limited, part of Springer Nature. Oncogene (2017) 133 – 145



© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2016;8(11):2971-2974jtd.amegroups.com

Like most other types of cancers, human breast cancer 
occurs as a result of a multistep process that generally 
consists of initiation and progression resulting from 
uncontrolled cell proliferation and/or aberrant apoptosis 
as a consequence of cumulative genetic and/or epigenetic 
alterations in genome. Genetic alterations such as 
mutations or deletions or rearrangements of specific genes 
and/or chromosomal instability can inactivate normally 
expressed genes that would otherwise protect against 
breast cancer development. Another general mechanism 
by which expression of growth regulatory genes can be 
modified is so called “epigenetic alterations” which refer 
to high level modifications in chromatin structure above 
the genetic code (1,2). Importantly, epigenetic alterations, 
unlike mutation, deletion or loss of specific chromosomal 
regions, are generally reversible. Therefore, it should be 
theoretically possible to restore normal growth phenotypes 
by reversing aberrant epigenetic changes through treatment 
with epigenetic modifying drugs. Multiple primary and 
interconnected epigenetic mechanisms, such as DNA 
and histone modifications as well as non-coding RNA 
expression, have been elucidated (3). The impact of DNA 
methylation and histone modifications on cancer initiation 
and progression has been extensively investigated in 
preclinical models. In addition, many clinical trials using 
DNA methyltransferase (DNMT) inhibitors have shown 
clinical benefit in treatment of myelodysplastic syndromes 
(MDS) and acute myelogenous leukemia (AML) (4,5). The 
use of drugs that inhibit histone deacetylases (HDAC) also 
holds great promise for cancer therapy. Several inhibitors 
of DNMTs or HDACs have already been approved by 
the US FDA for the clinical treatment of cutaneous 

T-cell lymphoma (CTCL) and multiple myeloma (6-8). 
Unfortunately, the results of initial clinical trials of DNMT 
inhibitors (DNMTi) and HDAC inhibitors (HDACi) 
in solid tumors including breast cancer have not been as 
rewarding. Nonetheless it is critically important to continue 
to explore the potential effects of epigenetic drugs as a 
means to improve therapy for epithelial cancers in solid 
tumor.

In a recent issue of Cancer Research, Pathania and 
colleagues characterized the in vitro and in vivo antineoplastic 
effect of a combination of the DNMT inhibitor, 5-azacytidine 
(5-AzaC), and the HDAC inhibitor, butyrate, on breast 
cancer stem-like cells (BCSCs) at a genomic level (9). The 
authors provided interesting evidence to show that Lin-

CD49f+CD24+ cells isolated from tumor tissues of MMTV-
Neu-Tg mice possessed tumor-propagating and metastatic 
potential when these cells were injected into the mammary 
fat pad of NOD/SCID mice. They further demonstrated 
that both transformed basal myoepithelial stem cells and 
luminal progenitor cells developed mammary tumors, 
and these cells were susceptible to combination treatment 
with DNMT and HDAC inhibitors (9). RNA-sequencing 
study identified a subset of genes, whose expression is 
regulated by DNMT and HDAC inhibitors, are potentially 
involved in regulation of basal stem cell-driven breast 
cancer phenotypes. Further analysis through the Ingenuity 
System Database (IPA) and UCSC cancer genome browser 
program showed that expression of RAD51AP1 and SPC25 
was high in basal breast tumor tissues and cell lines and 
downregulated by 5-AzaC/butyrate.

DNA methylation and histone post translational 
modifications (PTMs) are two fundamental epigenetic 
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regulatory mechanisms that govern chromatin structure, 
gene transcription and other important biological processes. 
The functional interaction between DNMTs and HDACs 
has emerged as a key research issue and a possible novel 
target for cancer therapy. In breast cancer, dysregulated 
DNA CpG methylation frequently cooperates with 
abnormal histone modifications to result collectively in an 
aberrant chromatin landscape and gene expression profile 
(2,5,10). Our early work showed that the HDAC inhibitor, 
Scriptaid, inhibited human breast tumor growth in vitro and 
in vivo and acted, in conjunction with the DNMT inhibitor 
(DNMTi) AZA, to re-express functional Estrogen Receptor 
Alpha (ERα) in ER-negative breast cancer cells (11).  
We also demonstrated that disruption of Hsp90 function 
by HDACi facilitated DNMT1 degradation through the 
ubiquitin-proteasome pathway in breast cancer cells (12).  
Another novel DNMTi, Zebularine, potentiated the 
inhibitory effect of HDACi on cell proliferation and 
colony formation in breast cancer cells (13). Studies 
from our laboratory and others consistently showed that 
combined treatment of ER negative breast cancer cells 
with DNMTi and HDACi restored response to endocrine 
therapy (14,15). The potential translation of these findings 
into clinical investigation is demonstrated by a “window” 
clinical trial showing that oral HDACi vorinostat (SAHA) 
administered to patients with primary breast cancer for 3 
days preoperatively was associated with significant reduction 
in expression of proliferation-related genes such as Ki-67, 
STK15 and Cyclin B1 (16). Another phase II study assessed 
the activity of the DNMTi, 5-AzaC, and the HDACi, 
Entinostat, in patients with advanced breast cancer (17).

Nonetheless ,  whi le  DNMTi and HDACi have 
shown promising results in treatment of hematological 
malignancies, these drugs have proven to be less effective 
against solid tumors including breast cancer. The likely 
explanations for the unsatisfactory efficacy of epigenetic 
agents in solid tumors may include poor pharmacokinetic 
properties, inadequate incorporation of drugs into tumor 
cells, lack of specificity in targeting chromatin modifiers and 
gene expression, and/or toxicity. In addition, insufficient 
knowledge about the basic mechanisms of epigenetic 
alterations in a neoplastic disease like breast cancer may 
impede the progress of future clinical application of the 
epigenetic agents. To enhance the potential of epigenetic 
drugs as effective anti-breast tumor agents, it is necessary 
to better understand how DNMT and HDAC activities 
are regulated in breast cancer. It is also critical to develop 
novel combinatorial strategies to improve the efficacy of the 

epigenetic drugs.
Since Al-Hajj et al. first reported the existence of CSCs 

in breast cancer (18), increasing lines of evidence have 
indicated that BCSCs have important implications in breast 
cancer initiation, progression and therapeutics (19). A 
recent study used whole genome promoter microarray to 
compare the DNA methylation portraits of human BCSCs 
versus non-BCSCs, and showed a distinct DNA methylation 
landscape in BCSCs as a key epigenetic mediator of their 
differentiation (20). Epigenetic silencing of the tumor 
suppressor breast cancer 1 (BRCA1) gene due to CpG 
island hypermethylation in breast cancer which contained 
expanded luminal progenitor cells was reported in a recent 
study (21). Another investigation revealed the promise of 
using the HDACi, Abexinostat, as a differentiation therapy 
targeting BCSCs (22). In addition, recent evidence showed 
that Enhancer of Zeste Homolog 2 (EZH2), an important 
member of the polycomb repressor complex, downregulated 
the DNA damage repair protein Rad51 which resulted in 
expansion of the BCSCs population (23). These results 
suggest that epigenetic alterations in BCSCs play important 
roles in governing their biological properties. 

Compared to non-CSCs, CSCs generally exhibit 
elevated resistance to conventional chemotherapy and/or  
radiation therapy. Therapies using purely cytotoxic 
regimens commonly fail to hinder CSC propagation. There 
are vigorous research and clinical activities in identifying 
or developing novel agents and therapeutic approaches that 
specifically targets the small, phenotypically distinct CSC 
subpopulations in tumors. Ohm et al. proposed a model 
based on the findings that cancer stem/progenitor cells 
develop in a stepwise manner as a result of crosstalk between 
multiple epigenetic mechanisms including DNMT and 
histone modifications (24). Their findings suggested that 
targeting aberrant interaction of epigenetic modifiers may 
represent an effective therapeutic approach in blocking CSC 
initiation and progression. Pathania and colleagues provided 
the first evidence that the combined inhibition of DNMTs 
and HDACs effectively blocks mammary tumorigenesis 
and attenuates mammosphere-forming capacity of tumor-
propagating cells by regulating the expression of key genes 
that are involved in development of basal stem cell-driven 
breast cancer (9). Such findings imply that targeting single 
epigenetic aberration might be insufficient to suppress 
BCSC expansion. Instead, targeting multiple interactive 
epigenetic abnormalities may be required to improve the 
therapeutic efficacy. However, many questions still remain 
to be answered about the use of DNMT/HDAC inhibitory 
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strategies in blocking BCSC expansion. For example, the 
detailed mechanisms underlying the effect of inhibition 
of DNMT/HDACs on BCSC propagation and other 
phenotypes are not clear. Alterations in DNA methylation 
and histone marks in BCSCs due to combination therapy 
have not been fully elucidated. 

Since the impact of inhibition of DNMT and HDAC 
on global gene expression changes is likely to be very 
broad, it is critical to map out specific alterations of gene 
expression that are responsible for the antineoplastic 
activity of this strategy. Through a comprehensive RNA-seq  
analysis, Pathania and colleagues identified a subset of 
genes whose expression was differentially regulated by 
5-AzaC/butyrate. These genes are extensively involved in
regulation of cell division and cycle, mitosis, chromosome 
segregation, kinetochore formation, etc. Among the top 
tier candidate genes, RAD51AP1 and SPC25 were selected 
for further analysis and found to be highly expressed in 
basal breast cancer cells. Although these two genes were 
overexpressed in breast tumor tissues and their expression 
was downregulated by combination therapy, there was no 
evidence to indicate that expression of these genes is directly 
regulated by DNA methylation or histone acetylation. 
Further studies are needed to clarify the regulatory 
mechanisms of combination therapy on the transcriptional 
activity of the key genes involved in BCSC proliferation.

Since DNA methylation and histone acetylation are 
normal features of the genome, the use of inhibitors 
targeting DNMT/HDACs may induce changes in the 
epigenomic landscape that could result in toxicity. Although 
combination strategies generally use lower doses of 
epigenetic modulators than those employed when the agents 
are administered individually, it is possible that cumulative 
alterations in gene expression or genomic instability 
could considerably enhance toxicity. Also it remains to 
be determined whether the combination of DNMTi and 
HDACi exerts direct cytotoxic actions on BCSC in addition 
to the effects on the epigenome of tumor cells.

In summary, the recently published research article 
by Pathania et al. demonstrated for the first time that 
simultaneous blockade of the activity of two important 
epigenetic modifiers, DNMT and HDAC, significantly 
reduced BCSC propagation and increased overall survival 
in tumor-bearing animal models. These findings have 
significant implications for the hypothesis that dual 
inhibition of DNMT and HDAC may improve the 
therapeutic efficacy in refractory or drug resistant breast 
cancer. Although use of epigenetic therapy with HDAC 

and DNMT inhibitors for breast cancer patients has 
received a lot of attention, numerous technical and clinical 
obstacles still remain to be overcome. These issues include 
how to select breast tumor patients that may benefit from 
epigenetic treatments at the greatest extent, and how to 
quantitatively measure the therapeutic effect of epigenetic 
therapy. Pathania et al. have completed a valuable study to 
pave the way for a potential new strategy to eliminate CSCs 
in breast tumors using epigenetic approaches. The precise 
role of DNMT/HDAC in regulation of BCSC progression 
and therapeutic response, however, warrants further 
investigation.
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ABSTRACT
Flavin-dependent histone demethylases govern histone H3K4 methylation and 

act as important chromatin modulators that are extensively involved in regulation of 
DNA replication, gene transcription, DNA repair, and heterochromatin gene silencing. 
While the activities of lysine-specific demethylase 1 (LSD1/KDM1A) in facilitating 
breast cancer progression have been well characterized, the roles of its homolog 
LSD2 (KDM1B) in breast oncogenesis are relatively less understood. In this study, 
we showed that LSD2 protein level was significantly elevated in malignant breast 
cell lines compared with normal breast epithelial cell line. TCGA- Oncomine database 
showed that LSD2 expression is significantly higher in basal-like breast tumors 
compared to other breast cancer subtypes or normal breast tissue. Overexpression 
of LSD2 in MDA-MB-231 cells significantly altered the expression of key important 
epigenetic modifiers such as LSD1, HDAC1/2, and DNMT3B; promoted cellular 
proliferation; and augmented colony formation in soft agar; while attenuating motility 
and invasion. Conversely, siRNA-mediated depletion of endogenous LSD2 hindered 
growth of multiple breast cancer cell lines while shRNA-mediated LSD2 depletion 
augmented motility and invasion. Moreover, LSD2 overexpression in MDA-MB-231 cells 
facilitated mammosphere formation, enriched the subpopulation of CD49f+/EpCAM- 
and ALDHhigh, and induced the expression of pluripotent stem cell markers, NANOG and 
SOX2. In xenograft studies using immune-compromised mice, LSD2-overexpressing 
MDA-MB-231 cells displayed accelerated tumor growth but significantly fewer lung 
metastases than controls. Taken together, our findings provide novel insights into the 
critical and multifaceted roles of LSD2 in the regulation of breast cancer progression 
and cancer stem cell enrichment.

                                                     Priority Research Paper
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INTRODUCTION

Histone lysine methylation is an important 
covalent post-translational modification (PTM) of 
chromatin. Histone lysine methyltransferases (KMTs) 
and demethylases (KDMs) are groups of enzymes that 
have pivotal roles in dynamic regulation of numerous 
chromatin functions such as gene transcription, chromatin 
stability, DNA replication and repair [1, 2]. To date, 
two different classes of KDMs have been recognized: 
the flavin-dependent amine oxidase-containing and the 
Jumonji C (JmjC)-domain-containing enzymes. The 
flavin-dependent KDM family includes LSD1 (KDM1A) 
and LSD2 (KDM1B), which both contain a SWIRM 
domain and share significant sequence homology in their 
amine oxidase domains. However, LSD2 possesses an 
N-terminal zinc finger motif, which is required for binding
to methylated histone lysine, while lacking LSD1’s co-
factor binding tower domain. Both enzymes oxidize
Carbon-Nitrogen bonds with subsequent production of a
demethylated substrate, lysine 4 of histone 3, in a flavin-
dependent manner [3, 4]. Although LSD1 and LSD2
are highly similar in amino acid sequences, catalyzed
chemical reactions, and substrates, it is evident that the
two enzymes also have distinct functions, and therefore
may act differentially in regulating chromatin structure
and function. Moreover, while LSD1 is mainly associated
with the promoter region of genes, LSD2 tends to bind at
transcribed coding regions and does not assemble the same
transcription repressor complexes as LSD1 [5, 6]. These
findings suggest that LSD1 and LSD2 likely interact with
different protein partners in the nucleus and play quite
distinct roles in regulating key cellular processes.

In the past decade, the flavin-dependent demethylase 
family has emerged as a potential therapeutic target for 
breast cancer. According to the data from The Cancer 
Genome Atlas (TCGA) database, mRNA expression 
levels of both LSD1 and LSD2 are greatly increased in 
breast cancer patient specimens in comparison to normal 
breast tissues. A role for LSD1 has been consistently 
implicated in tumorigenesis in various cancers, including 
breast cancer [7-14]. Importantly, LSD1 expression is 
highly associated with a more aggressive breast cancer 
phenotype, and work from our laboratory and others has 
consistently shown LSD1 depletion hinders proliferation 
and metastasis of breast cancer cells [8, 11, 15, 16]. Many 
small molecule inhibitors targeting LSD1 have been 
developed in the past years, and antineoplastic efficacy of 
several promising compounds has been tested in clinical 
trials for treatment of cancers such as acute myeloid 
leukemia (AML) and lung cancer (http://clinicaltrials.
gov). 

LSD2 has been linked to numerous important 
biological processes including transcription regulation, 
chromatin remodeling, genomic imprinting, 
heterochromatin silencing, growth factor signaling and 

somatic cell reprogramming [6, 17-20]. While the roles 
of LSD2 in breast cancer biology have been emerging, 
the underlying mechanisms are still largely unknown. 
Recent studies from our laboratory demonstrated that 
inhibition of LSD2 attenuates colony formation and 
downregulates global DNA methylation in breast cancer 
cells [21]. Combined inhibition of DNA methyltransferase 
(DNMT) and LSD2 reactivates expression of abnormally 
silenced genes with important functions in breast cancer 
and enhances cellular apoptotic responses. These findings 
suggest that combinatorial therapy targeting LSD2 and 
DNMTs effectively improves the antitumor efficacy 
of DNMT inhibitors in breast cancer. In this report, 
we elucidate the in vitro and in vivo activities of LSD2 
in regulation of breast cancer proliferation, migration, 
invasion and cancer stem cell propagation. These studies 
provide novel insight into the multifaceted roles of LSD2 
in breast cancer progression. 

RESULTS

LSD2 expression is elevated in breast cancer cell 
lines and clinical specimens

We examined LSD2 protein level in several human 
breast cancer cell lines and the normal immortalized 
human mammary epithelial cell line, MCF10A. Western 
blots showed that LSD2 protein expression is elevated 
in breast cancer cell lines compared with MCF10A cells 
(Figure 1A and 1B). Next, in silico analysis of LSD2 
expression in clinical cancer patient samples indicated 
that compared with corresponding normal tissue 
counterparts, several cancer types including breast have 
significantly elevated LSD2 mRNA expression (Figure 
1C, Supplementary Table 1) (TCGA PANCAN RSEM 
TPM data downloaded from https://toil.xenahubs.net). 
Overexpression of LSD2 in several pathological types 
of breast cancer was also found in METABRIC dataset 
(Curtis Breast) (Supplementary Table 2) (https://www.
oncomine.org). Further analysis of LSD2 expression 
across all molecular subtypes of breast cancer showed 
that LSD2 mRNA level is significantly higher in basal-
like tumors as compared to other breast cancer subtypes 
or normal tissues (Figure 1D) (TCGA data downloaded 
from GSE62944). Taken together, these data suggest a 
consistent increase of LSD2 expression in breast cancer 
cell lines and clinical tumor samples warranting further 
investigation into the role of LSD2 in breast cancer 
progression.
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Figure 1: Expression level of LSD2 in breast cancer cell lines and clinical tumor specimens. A. Western blot examination 
of LSD2 protein expression in breast cancer and MCF10A cell lines. B. Quantification of western blot results of LSD2 expression. C. 
TCGA data analysis of mRNA level of LSD2 in different types of cancer. Cancer types with significantly elevated LSD2 mRNA level were 
highlighted with Red circle. P-values were calculated using Mann-Whitney U test and corrected for multiple comparisons using Benjamini-
Hochberg. D. mRNA levels of LSD2 in different subtypes of breast cancer. Tukey multiple comparisons of means, *** p < 0.001.
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Figure 2: Effect of LSD2 overexpression or depletion on proliferation of breast cancer cells. A. MDA-MB-231 cells 
were transfected with control empty vector (EV) or LSD2 overexpression vector (OE) for 48 h followed by selection with G418. mRNA 
expression of LSD2 was measured by quantitative real-time PCR with GAPDH as an internal control. B. Cellular nuclear proteins were 
extracted, and LSD2 protein expression in MDA-MB-231-EV or LSD2-OE cells was examined by Western blots using anti-LSD2 antibody 
with proliferating cell nuclear antigen (PCNA) as an internal control. C. MDA-MB-231 cells transfected with control empty vector (EV) or 
LSD2 overexpression vector (LSD2-OE) were fixed with 4% PFA followed by Hoechst 33258 staining. Bright field and fluorescent images 
were taken to observe cellular morphology and LSD2-GFP protein expression. PH, Phase Contrast. D. MDA-MB-231 cells transfected with 
control empty vector (EV) or LSD2 overexpression vector (LSD2-OE) were analyzed for growth using fluorometric dsDNA quantitation 
method. E. Human breast cancer MDA-MB-231, MDA-MB-468, MCF-7 and T47D cells were transfected with scramble or LSD2 siRNA 
for 96 h followed by qPCR examination of LSD2 mRNA expression level. β-actin was used as an internal control. F. Cells transfected with 
scramble or LSD2 siRNA were examined for LSD2 protein expression by western blots with PCNA as an internal control. G. Fluorometric 
dsDNA quantitation assays were performed to evaluate growth of breast cancer cells which were transfected with scramble or LSD2 siRNA 
for 96 h. All experiments were performed at least three times and bars represent the means of three independent experiments ± s.d. * p < 
0.05, ** p < 0.01, Student’s t-test. 
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LSD2 promotes breast cancer cell growth and 
colony formation

To explore the functional role of LSD2 in regulating 
breast cancer development, we stably overexpressed eGFP 
and Flag-dually tagged LSD2 in MDA-MB-231 (LSD2-
OE) and validated the overexpression at the mRNA and 
protein levels (Figure 2A and 2B). Tracking of the GFP tag 
through fluorescent microscopy showed that the LSD2-
eGFP-Flag localizes exclusively to the nucleus in MDA-
MB-231 cells (Figure 2C). While cells transfected with 
control empty vector (EV) display the spindle shaped 
morphology of parental MDA-MB-231 cells, LSD2 
overexpression induces a cobblestone-like morphology 
with apparent cell-cell adhesion (Figure 2C). 

Next, we investigated the potential impact of 
increased LSD2 expression on breast cancer cell 
proliferation. Cellular proliferation assays showed that 
stable overexpression of LSD2 in MDA-MB-231 cells 

significantly promoted cellular growth rate (Figure 2D). 
To further validate this phenotypic change, two basal-like/
triple-negative breast cancer (TNBC) cell lines, MDA-
MB-231 and MDA-MB-468, and two luminal/Estrogen 
Receptor positive (ER+) cell lines, T47D and MCF-7, were 
transfected with non-targeting scramble or LSD2-specific 
siRNA. LSD2-targeting siRNA effectively suppressed 
endogenous LSD2 mRNA and protein expression in all 
lines (Figure 2E and 2F). Although depletion of LSD2 
hindered the cell proliferation in all lines, this effect was 
more pronounced and statistically significant in TNBC cell 
lines as compared to ER+ cell lines (Figure 2G). 

Our previous study demonstrated that shRNA-
mediated inhibition of LSD2 leads to a significant 
reduction in 2D colony formation in MDA-MB-231 
cells, indicating a survival-promoting role for LSD2 in 
breast cancer cells [21]. In this study, we investigated the 
effect of LSD2 overexpression on 2D colony formation 
of MDA-MB-231 cells. In agreement with the effect of 
LSD2 knockdown, ectopic expression of LSD2 in MDA-

Figure 3: LSD2 enhances the colony formation capacity of MDA-MB-231 cells. A. 500 cells stably transfected with empty 
vector or LSD2 expression plasmids were plated in 10cm dish. After 14 days, colonies formed were stained with 0.5% crystal violet and 
counted. B. 10,000 cells per dish were seeded in 0.4% soft agar in 35mm dish. After 3 weeks, colonies were stained with 0.005% crystal 
violet and counted using CellSens software. Individual colonies formed by empty vector control or LSD2 overexpressing MDA-MB-231 
cells were plotted based to colony size (μm). C. Representative microscopy images (7x and 40x) of cellular colonies after 3 weeks of 
seeding the cells on soft agar coated wells. D. Average numbers of colony whose radius is over 300 mm. Error bar represents ± s.d. from 
three independent experiments. * p < 0.05, ** p < 0.01, Student’s t-test.
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MB-231 cells significantly increases the number of 2D 
colonies (Figure 3A). We then extended our investigation 
to an anchorage-independent soft-agar colony formation 
assay to further dissect the role of LSD2 in breast 
tumorigenicity. The soft agar results showed that, although 
there was no significant difference in average colony size 
(Figure 3B), LSD2-OE cells developed an increased 
number of larger colonies (> 300 μm) than empty vector 
cells (Figures 3B, 3C and 3D). Collectively, these results 
suggest that LSD2 enhances in vitro colony formation 
capacity of breast tumor cells. 

LSD2 attenuates motility and invasion of breast 
cancer cells

Enhanced motility and invasion are positively 
associated with the aggressive behavior and poor prognosis 
of breast cancer. We anticipated that accelerated growth 
rate by LSD2 overexpression would lead to corresponding 
augmentation of cellular motility and invasion and tested 
this hypothesis through transwell Boyden chamber assays. 
Unexpectedly, we found that LSD2 overexpression 
significantly reduced migration and invasion of MDA-
MB-231 cells (Figure 4A and 4B). To validate this result, 
we performed the same experiments using a pool of MDA-
MB-231 cells stably expressing shRNA against LSD2, 
which decreased LSD2 mRNA expression by about 75% 
as compared with scramble control cells (Supplementary 
Figure 1). Boyden chamber assays demonstrated that loss 
of LSD2 facilitated cell migration and invasion of MDA-
MB-231 cells (Figure 4C and 4D). To further verify these 
results, we performed in vitro wound-healing assay and 
found that MDA-MB-231 cells transfected with control 
empty vector closed the wound much more efficiently 
than LSD2-overexpressing cells (Figure 4E and 4F). 
On the contrary, inhibition of LSD2 in MDA-MB-231 
cells significantly augmented the wound-healing rate 
(Figure 4G and 4H). Collectively, these results point to 
an inhibitory role of LSD2 in mediating breast cancer cell 
migration and invasion.

LSD2 overexpression promotes breast cancer 
stem cell-like characteristics

Breast cancer stem-like cells (BCSCs) possess 
features of multipotent, oncogenic, and self-renewal 
capacity, which are responsible for breast tumor 
heterogeneity [22, 23]. Recent studies have shown that 
LSD1 plays a critical role in promoting the differentiation 
and self-renewal of cancer stem cells (CSCs) in human 
breast cancer and in other cancer types [24, 25]. To 
elucidate the potential implication of LSD2 in breast 
cancer stem cell phenotypes, mammosphere formation 
assay was carried out, which showed that LSD2 
overexpression significantly increases the size and 

number of both primary and tertiary spheres (Figure 5A 
and 5B), suggesting the enrichment of a subpopulation 
of CSCs with self-renewal capacity in LSD2-OE cells. 
Flow cytometry analysis of LSD2-OE cells indicated a 
significantly increased CD49f+/EpCAM- subpopulation, 
which is considered to be enriched for stem/basal 
progenitor cells (Figure 5C and 5D). We also examined 
the nuclear protein expression of four embryonic stem 
cell (ESC) markers, KLF4, NANOG, OCT4 and SOX2 
and observed that LSD2 overexpression increases 
expression of NANOG and SOX2 (Figure 5E and 5F). 
Finally, we investigated the level and activity of Aldehyde 
Dehydrogenase (ALDH) in LSD2-OE cells. Recent 
studies indicate that enhanced ALDH activity is a hallmark 
of cancer stem cells [26, 27]. In line with previous report 
that MDA-MB-231 cells express very low level of ALDH 
(0%-1% positive) [28], no obvious ALDHhigh cells were 
detected in MDA-MB-231 EV cells (around 0%) whereas 
LSD2 overexpression increased ALDHhigh cell population 
to about 1.5% (Supplementary Figure 2). In addition, 
mRNA expression of many ALDH family members was 
increased by LSD2-OE based on our recently microarray 
study (Supplementary Table 3). Collectively, all these data 
point to the critical function of LSD2 in promoting BCSC-
like properties.

Overexpression of LSD2 alters expression of key 
����������

Our recent studies have revealed that dysregulated 
regulatory networks formed by aberrant crosstalk between 
histone methylation and histone acetylation or DNA 
methylation profoundly impact breast cancer progression 
[13, 15, 21, 29]. To explore the involvement of LSD2 
in these regulatory processes, we assessed the impact 
of LSD2 overexpression or deficiency on mRNA and 
protein expression of key members of DNMT, HDAC and 
KDM families. Quantitative RT-PCR results showed that 
LSD2 overexpression significantly increased the mRNA 
levels of LSD1, HDAC1, 2, 3, 5, 6, 8, DNMT3B and 3L, 
KDM4B and KDM5B (Figure 6A). On the other hand, 
expression of only a few genes was affected by LSD2 
stable knockdown, including HDAC9 and DNMT3L 
(Figure 6B). In LSD2 siRNA-transfected MDA-MB-231 
cells, mRNA levels of LSD1, HDAC4, and DNMT3B 
were decreased while HDAC1 mRNA level was increased 
(Supplementary Figure 3). The protein expression of 
several genes was further tested to determine if there 
is correlated alteration between mRNA and protein 
expression. Quantitative western blots showed that 
LSD2 overexpression significantly increased the protein 
expression of LSD1, HDAC1, 2, 6, 8 and DNMT3B, and 
inhibited the expression of HDAC5 and DNMT3L (Figure 
6C), whereas DNMT3B was the only factor altered by 
LSD2-KD (Figure 6D).
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Figure 4: LSD2 regulates migration and invasion in MDA-MB-231 cells. A. Transwell migration assay was performed to detect 
the migratory capacity of MDA-MB-231 EV and LSD2-OE cells. Quantification of the migrated cells was done by solubilization of crystal 
violet and spectrophotometric reading at OD 540. B. Quantification of the invasive MDA-MB-231 EV and LSD2-OE cells. Transwell 
invasion assay was performed and the invasive cells were quantified by solubilization of crystal violet and spectrophotometric reading at 
OD 540. C. Quantification of the migratory MDA-MB-231 cells transfected with scramble and LSD2 shRNA plasmids. D. Quantification 
of the invasive MDA-MB-231 cells transfected with scramble and LSD2 shRNA plasmids. E. Confluent monolayers of EV and LSD2-OE 
MDA-MB-231 cells were wounded by scratch with a pipette tip. Cells were then incubated for 24 h. Images were taken at the end points to 
be compared to 0 h to measure wound healing. F. The average of wound closure rate during the first 24 h of wound healing was calculated. 
G. Confluent monolayers of scramble shRNA and LSD2-KD MDA-MB-231 cells were wounded by scratch. Cells were then incubated for 
12h. Images were taken at the end points to be compared to 0 h to measure wound healing. H. The average of wound closure rate during 
the first 12 h of wound healing was measured and quantified. All experiments were independently performed at least three times and values 
represent the mean ± s.d. * p < 0.05, ** p < 0.01, *** p < 0.001, Student’s t-test.
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Figure 5: Overexpression of LSD2 facilitates breast cancer stem cell characteristics. A. MDA-MB-231 EV or LSD2-OE cells 
were suspended in tumor sphere medium and seeded in 6-well plate with ultra-low attachment surface. After 7-day incubation, spheres were 
collected and digested into single cells. Same density of digested cells was seeded for secondary mammosphere and tertiary mammosphere 
formation. Quantification of primary and tertiary mammospheres was performed using CellSens software. B. Representative pictures of 
tertiary mammospheres formed by EV and LSD2-OE cells. C. Flow cytometry analysis of cell surface marker CD49f and EpCAM in 
EV and LSD2-OE cells. D. The percentage of CD49f+/EpCAM- cells was quantified from three independent experiments. E. Western 
blot examinations on nuclear protein levels of KLF4, NANOG, OCT4 and SOX2 in EV and LSD2-OE cells. Histone 3 (H3) was used as 
internal control. F. The experiments were performed three times with similar results. Values represent means ± s.d. * p < 0.05, *** p < 
0.001, Student’s t-test.
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Increased LSD1 expression in LSD2-OE cells 
raises an important question as to whether the tumor 
growth promoting activities of LSD1 and LSD2 are 
interdependent. To address this question, a rescue 
experiment was carried out to knock down LSD1 
expression by siRNA in EV and LSD2-OE cells. 
Treatment with siRNA effectively depleted the mRNA 
expression of LSD1 without altering LSD2 expression 

levels (Supplementary Figure 4). Rescue with LSD1 
siRNA hindered the growth of both MDA-MB-231 EV 
and LSD2-OE cells, but exhibited a similar extent of 
rescue efficiency (decreases of about 35% vs 39%) (Figure 
6E). This result clearly indicates that LSD2 promotes 
breast cancer cell proliferation in an LSD1-independent 
manner. 

Figure 6: Effect of LSD2 on expression of key epigenetic ������A. RNA was extracted from MDA-MB-231 EV and 
LSD2-OE cells and cDNA was synthesized and subjected to quantitative real-time PCR for the indicated genes using TaqMan probes. 
GAPDH expression was used as an internal standard. B. mRNA expression of chromatin modifying factors in MDA-MB-231 cells stably 
transfected with scramble (SCR) or LSD2 shRNA (LSD2-KD). GAPDH expression was used as an internal standard. C. Indicated chromatin 
modifying factors were analyzed for their protein levels by western blots in MDA-MB-231 EV, LSD2-OE, scramble shRNA and LSD2-
KD cells. GAPDH was used as a loading control. D. Histograms represent the average protein levels of indicated chromatin modifiers in 
three independent experiments relative to GAPDH protein ± s.d. as determined by quantitative immunoblots. E. MDA-MB-231 EV and 
LSD2-OE cells were transfected with scramble or LSD1 targeting siRNA for 96 h followed by growth assay using fluorometric dsDNA 
quantitation. Column with error bar represents mean ± s.d. from three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, 
Student’s t-test.
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Overexpression of LSD2 promotes growth 
and inhibits lung metastasis of MDA-MB-231 
xenograft tumors in nude mice

To confirm our in vitro results, we implanted MDA-
MB-231 EV and LSD2-OE cells into the mammary fat 
pads of athymic nude mice. LSD2 overexpression led to 
accelerated tumor growth, with approximately three-fold 
increase in average tumor size over empty vector cells 

(Figure 7A and 7B). Statistical analysis of in vivo tumor 
growth is summarized in Supplementary Table 4. Average 
weight of LSD2-OE tumors was statistically higher than 
control group at the end of the experiment (Figure 7C). 
Both groups of animals had normal body weight gains 
(Figure 7D). To evaluate in vivo effect of LSD2 on tumor 
metastasis, we quantified mRNA expression of human 
housekeeping gene HPRT1 in mouse lung tissue samples 
by real-time RT-PCR using a probe that does not cross-
react with its mouse counterpart. Our results showed that 

Figure 7: In vivo effect of LSD2 on proliferation and metastasis in mice bearing MDA-MB-231 xenograft. A. MDA-
MB-231 cells transfected with empty vectors (n = 17) or LSD2 expression vectors (n = 16) were transplanted into the mammary fat pad of 
nude mice. Tumor volumes were regularly assessed every two days. Shown are average tumor volumes ± s.e. B. Orthotopically implanted 
tumors were removed after terminating the experiments. Shown are pictures of implanted tumors. C. Weight of individual animal tumor 
was measured at the end of experiment. D. Weights of mice were measured on the indicated days. Points, mean mouse weight (g); bars, 
mean ± s.d. E. Tumor cells metastasized to mice lung were assessed by quantification of mRNA expression of human HPRT1 gene (EV, n 
= 10; LSD2-OE, n = 16). Mouse b-actin was used as internal control. Graph was plotted as fold change with normalization to EV. F. Total 
RNA was extracted from 7 randomly selected tumors from each group and mRNA levels of the four embryonic stem cell markers were 
evaluated by qPCR. *p < 0.05, **p <0.01, ***p < 0.001, Student’s t-test.
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mRNA level of hHPRT1 gene was significantly reduced 
in lung tissues of mice bearing LSD2-OE tumors (Figure 
7E). Normal mouse lung tissue was used as a negative 
control, and no expression of hHPRT1 was detected, 
thus validating the specificity of the hHPRT1 probe 
(Data not shown). To determine the in vivo impact of 
LSD2 overexpression on cancer stem cell markers, qPCR 
analysis was performed on RNA from tumors, which 
showed that the mRNA expression of NANOG, OCT4 and 
SOX2 were significantly induced in LSD2-OE xenograft 
tumor cells (Figure 7F). In agreement with in vitro results, 
the findings from this mouse study suggest that LSD2 
promotes breast tumor growth and BCSC characteristics, 
while simultaneously attenuating cell invasion and 
dissemination in vivo. 

DISCUSSION

Histone demethylases have emerged as a novel class 
of epigenetic regulators controlling cancer initiation and 
progression [30]. Dysregulated expression and functions 
of histone lysine demethylases are found in many types of 
cancers, and thus represent novel promising therapeutic 
targets for cancer. In the past decade, rapid progress 
has been made in understanding the molecular basis of 
histone demethylase-dependent functions in breast cancer 
biology [16, 20]. Among these enzymes, LSD1 is the first 
recognized histone lysine demethylase and perhaps one 
of the best-characterized histone-targeted enzymes in 
breast cancer. However, the involvement of LSD2, the 
only identified homolog of LSD1, in breast cancer is still 
very elusive. In silico data indicate a significant elevation 
of LSD2 expression in aggressive basal-like breast 
tumors as compared with other breast cancer subtypes 
and normal tissues, suggesting a potential link between 
LSD2 overexpression and aggressiveness of breast cancer. 
However, the molecular mechanism of LSD2 upregulation 
in breast cancer and the long-term clinical impact of 
elevated LSD2 expression in the risk stratification of 
breast cancer patients are still unclear. Therefore, more 
robust studies are needed to clarify these questions. 

While LSD1 is typically associated with oncogenic 
phenotypes in almost all types of cancer, little is 
known about the function of LSD2 in mediating tumor 
progression. A recent study by Yang et al reported that 
LSD2 acts as an E3 ubiquitin ligase and inhibits A549 
lung cancer cell growth through proteasomal degradation 
of O-GlcNAc transferase (OGT) [31], suggesting that 
LSD2 may inhibit the growth of certain types of cancer 
in a ubiquitination-dependent manner. The in vivo 
effect of LSD2 on A549 cell growth warrants further 
examination. In our study, we utilized both in vitro and 
in vivo models to investigate the potential implication 
of LSD2 in regulating breast cancer proliferation and 
metastasis. We found that overexpression of LSD2 in 
breast cancer cells consistently enhances MDA-MB-231 

cell growth in vitro as well as in tumor xenografts in 
mice, whereas depletion of LSD2 by siRNA hinders 
the growth of multiple breast cancer cell lines. We also 
showed that LSD2 overexpression increases the number 
of colonies in 2D monolayer culture and large colonies in 
anchorage-independent 3D culture, indicating that LSD2 
may potentiate the malignant transformative capacity of 
breast cancer cells. Interestingly, overexpression of LSD2 
results in an increase of mRNA and protein expression 
of LSD1. A rescue study demonstrated that simultaneous 
treatment with LSD1 siRNA in control and LSD2-OE cells 
exerts similar effect on LSD2-mediated tumor cell growth. 
This result suggests that LSD1 and LSD2 may have non-
redundant roles in promoting breast cancer proliferation.

The concept of breast cancer stem cells (BCSCs) 
was first introduced by Al-Hajj et al [32]. BCSCs are a 
rare subpopulation that originates from a small fraction 
of tumor initiating cells with the abilities of self-renewal, 
unlimited propagation and multipotent differentiation. 
Importantly, BCSCs are associated with poorer clinical 
outcome and are intrinsically resistant to therapy. Wu et al 
recently reported that the deubiquitinase USP28 promotes 
breast cancer stem cell (BCSC)-like characteristics in 
vitro and in vivo through stabilizing LSD1 protein [24]. 
We explored the potential regulation of LSD2 on BCSC 
features and showed that LSD2 overexpression facilitates 
the formation of several generations of mammospheres, 
enriches the CD49f+/EpCAM- stem/basal progenitor 
subpopulation and promotes the expression of several 
pluripotent stem cell markers in vitro and in MDA-
MB-231 xenograft tumors. Our findings indicate that, 
like LSD1, LSD2 has an important role in conferring 
CSC-like traits to breast cancer cells. In ESCs, the 
histone modification landscape profoundly influences the 
crosstalk of transcriptional regulators [33, 34]. Increasing 
lines of evidence suggest that the two key histone marks, 
H3K4 methylation and H3K27 methylation, serve as 
critical histone bivalent marks controlling developmental 
regulatory genes in embryos and ESCs [33, 35, 36]. 
LSD1 has been shown to act as a key histone modifier 
in the maintenance of pluripotency by occupying the 
promoter of a subset of developmental genes containing 
bivalent domains (H3K4 di/trimethylation and H3K27 
trimethylation marks) and regulating the balance between 
self-renewal and differentiation in human ESCs [37]. It is 
probable that LSD2, in collaboration with LSD1, provides 
an additional layer of epigenetic modification in governing 
breast cancer stem cell features through modulation of the 
level of H3K4 methylation at pluripotent regulatory genes. 
Future study using genome-wide mapping approaches 
would aid in probing the subset of LSD2 target genes and 
histone mark alterations that are associated with biological 
processes in BCSC development. 

Our studies point to potentially opposite roles of 
LSD2 in regulating breast cancer cell growth and invasion. 
Our in vivo study validated in vitro results showing that 
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lung metastasis is attenuated in mice bearing LSD2-
overexpressing tumors. This opposite effect may reflect 
a broad and complex involvement of LSD2 in regulating 
histone function and gene transcriptional activities that 
could ultimately up-regulate growth-associated gene 
expression, while suppressing motility and invasion genes. 
Indeed, several other studies have reported that a number 
of genes possess opposite effects on cancer proliferation 
and metastasis [38, 39]. Morphologically, MDA-MB-231 
LSD2-OE cells acquire tightly cohesive, cobblestone-like 
epithelial cell morphology as compared to the elongated 
fibroblast-like control cells. This finding suggests that 
increased LSD2 expression may induce a mesenchymal-
epithelial transition (MET) through acquisition of 
epithelial markers with concurrent loss of mesenchymal 
features, which in turn leads to loss of migratory and 
invasive ability of tumor cells. Indeed, a number of genes 
involved in tight junction or apical-basal polarity such as 
OCLN, DSP, SCRIB, etc., were upregulated by LSD2-OE 
while VIM and FN1 were downregulated according to 
results of our recent microarray analysis (Supplementary 
Table 5). Some early studies have revealed that activated 
EMT program in non-transformed epithelial cells could 
confer properties of stem cells which may facilitate the 
development of tumor initiating cells [40]. However, 
a number of groups have recently reported that EMT 
may not be necessarily associated with cancer stemness 
features. For example, Schmidt et al., have shown that 
activities of EMT and stemness are somehow antagonistic 
and attenuation of the EMT process is required for the 
full acquisition of stem cell properties [41]. The Weinberg 
lab demonstrated that the EMT program may not be 
sufficient to induce changes of stemness in differentiated 
luminal cells, and additional genetic programs are needed 
to interact with EMT environment to induce phenotypic 
alteration of cancer stemness [42]. Future studies using 
appropriate in vitro and in vivo models are required 
to completely understand the precise role of LSD2 in 
regulating cross-talk between EMT/MET and stemness 
and its relevance in breast cancer progression and 
metastasis.

Our study also revealed that the expression 
levels of many key chromatin modifiers are altered by 
LSD2 overexpression, indicating a significant role of 
LSD2 in the epigenetic regulatory network in breast 
cancer cells. For example, stable LSD2 overexpression 
significantly increases the expression of LSD1, HDAC1, 
and HDAC2, which are important components of the 
NuRD (nucleosome remodeling and histone deacetylase) 
complex that has important implications in cancer 
biology [43, 44]. LSD2 overexpression also promotes the 
expression of DNMT3B, which is a critical epigenetic 
player in inducing aberrant DNA methylation and gene 
silencing in cancer [45]. The molecular mechanisms 
linking LSD2 to transcriptional regulation remain elusive. 
A study by Fang et al used ChIP-chip tiling array to map 

LSD2 binding loci on a genome-wide scale and found 
that, in addition to H3K4 demethylase activity, LSD2 may 
act as a positive regulator of gene transcription through 
binding to highly transcribed coding regions enriched in 
active histone marks such as H3K36me3 [6]. They also 
reported that LSD2 forms a complex with euchromatic 
histone methyltransferases EHMT1/2 and NSD3 as well 
as active transcription elongation factors such as Pol II 
and cyclin T1 [6]. We also noted that stable and transient 
knockdown of LSD2 exerted distinct impact on expression 
of epigenetic modifiers. It is possible that long-term 
suppression of LSD2 may intrinsically alter the genomic 
expression of other proteins and leads cells to compensate 
by increasing or reducing the expression of other signaling 
proteins. Further investigation is required to define the 
exact mechanisms by which LSD2 alters transcription 
of key epigenetic modifiers through mediating histone 
disassembly/reassembly and transcription elongation at 
gene coding regions. 

In summary, our studies provide novel insight into 
the previously unrecognized roles of LSD2 in human 
breast cancer cells. We have shown for the first time 
that LSD2 augments proliferative and cancer stem cell 
traits, and attenuates motility and invasiveness of breast 
cancer cells. All of these findings suggest that LSD2 has 
complex and multifaceted roles in breast oncogenesis. In 
the future, better understanding of epigenetic downstream 
target genes and pathways controlled by LSD2 would 
aid in developing novel small molecule inhibitors and 
combination strategies which might confer selective 
effects against breast cancer.

MATERIALS AND METHODS

Cell lines and culture conditions

Human breast cancer cell lines MDA-MB-231, 
MDA-MB-468, MCF-7, T47D and normal immortalized 
breast epithelial cell line, MCF10A, were obtained from 
the ATCC/NCI Breast Cancer SPORE program. Cells 
were cultured in growth medium as described previously 
[15, 46]. Stable transfectant lines were maintained with 
800 µg/mL G418 (Geneticin). 

Plasmid construction and stable transfection

Full length human LSD2 cDNA from MCF-7 cells 
was originally cloned by PCR into pcDNA3.1/V5-His 
TOPO. PCR primers engineered with KpnI sites were used 
to amplify LSD2 and then cloned into eGFP-Flag vector 
(using KpnI site in MC1) purchased from Gene Copoeia 
(Rockville, MD). Empty eGFP-flag vector (EV) or LSD2-
eGFP-Flag (LSD2-OE) was transfected into MDA-
MB-231 cells using Lipofectamine 3000 (Thermo Fisher 
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Scientific, Waltham, MA) according to manufacturer’s 
instructions. After 48-hour transfection, cells were 
selected with 800 µg/mL G418 for several weeks. Then 
eGFP-positive cells were further sorted three times by 
flow cytometry to enrich LSD2-eGFP-Flag overexpressing 
cells.

Small interfering RNA treatment

Pre-designed LSD2 or LSD1 siRNA and non-
targeting scramble siRNA (Santa Cruz Biotechnology, 
Dallas, TX) were transfected into cells following 
manufacturer’s protocol. Briefly, cells were seeded 
in 96-well plates the day before transfection. siRNA 
was prepared in transfection medium (sc-36868) with 
transfection reagent (sc-29528). Cells were washed using 
transfection medium before 100 µL of siRNA complexes 
were added. After 5-hour incubation at 37°C, 100 µL 
normal growth medium containing 2x fetal bovine serum 
was added to each well. After 96-hour incubation, relative 
cell number was evaluated using FluoReporter Blue 
Fluorometric dsDNA Quantitation Kit (Thermo Fisher 
Scientific) according to manufacturer’s protocol.

shRNA treatment and stable cell line generation

Scramble and 4 different LSD2 shRNAs were 
purchased from SABiosciences (Germantown, MD) and 
reverse transfected with Attractene transfection reagent 
(using GFP expression plasmids first, followed by 
Gentamycin expression plasmids) into MDA-MB-231 
cells. At 48 h post-transfection, cells were first selected 
with 800 μg/ml G418 for several weeks, and then sorted by 
flow cytometry to enrich for GFP+ cells. All transfections 
were assayed by qPCR and western blot analysis for the 
best knockdown efficiency. 

RNA extraction and qPCR

Total RNA was extracted using RNeasy kit (Qiagen, 
Valencia, CA) following manufacturer’s instructions. 
Tissues were directly homogenized in RNA lysis buffer 
which in this kit is RLT buffer. cDNA was synthesized 
using M-MLV Reverse Transcriptase (Thermo Fisher 
Scientific). Quantitative real-time PCR was performed on 
the StepOne real-time PCR system using TaqMan Gene 
Expression Assays (ThermoFisher Scientific). 

Immunoblotting

Whole cell lysate and nuclear proteins were 
extracted as described previously [15, 21, 29]. Briefly, 60 
μg whole cellular protein or 30 μg nuclear protein was 
separated on Mini-PROTEAN® TGX™ 4-20% acrylamide 

gels and transferred onto NC membranes. Antibodies used 
in this study are shown in Supplementary Table 6. CD49f-
APC and EpCAM-PE-Cy7 antibodies (BD Biosciences, 
Franklin Lakes, NJ) were provided by Dr. Mei Zhang 
(University of Pittsburgh Cancer Institute). Membranes 
were scanned with Odyssey Infrared Imaging System (Li-
Cor Biosciences, Lincoln, NE).

Cell proliferation assay

Cells were seeded at 1000 to 5000 cells per well 
in 96-well plates. At each time point, medium was 
discarded by inverting the plates. Then the plates were 
frozen in -80°C freezer until ready to be measured. 100 
μl distilled water was added into each well after the plates 
were thawed to room temperature. Then the plates with 
water were incubated at 37°C for 1h. Plates were frozen 
and thawed again to lyse the cells in order to release 
DNA completely. The DNA content was measured using 
FluoReporter Blue Fluorometric dsDNA Quantitation Kit 
(Thermo Fisher Scientific) by adding 100 µL of aqueous 
Hoechst 33258 in TNE buffer into each well and then 
measured using VICTOR X4 plate reader (PerkinElmer, 
Waltham, MA). 

Monolayer culture colony formation assay

Empty vector and LSD2-OE MM231 cells were 
seeded at 500 cells per 10cm dish. After 14 days, cells 
were stained with 0.5% crystal violet, dried overnight 
and colonies were counted. Colonies that contained 
>50 cells were scored. All experiments were carried 
out independently at least three times. The results were 
expressed as means ± s.d.

Soft agar colony formation assay

1.2% Bacto-agar (BD Biosciences) was autoclaved 
and then warmed to 42°C. By mixing 1.2% agar with 
growth medium 1:1, 0.6% agar/medium was generated 
and then 1.5 ml of the mixture was quickly plated into 
35mm dishes as base layer. Solidification was completed 
at room temperature for 45 min. Then 4.5x104 cells were 
suspended in 3 ml growth medium supplemented with 3x 
serum and non-essential amino acids (NEAA, Thermo 
Fisher), then mixed with 1.5 ml 1.2% agar. The resulting 
mixture, 1 ml of cells/0.4% agar/medium (10,000 cells/
ml) was quickly and gently added onto each plate for 
solidification. Formed colonies were examined using 
SZX-16 microscope and analyzed by CellSens Dimension 
software (Olympus, Shinjuku, Tokyo, Japan). 
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Transwell cell migration and invasion assays

Cells were starved in serum-free DMEM for 24h 
before the experiment. Then cells were harvested, washed 
and counted. Appropriate amounts of pre-warmed medium 
(no serum or 10% FBS) was added to the wells, then the 
inserts were carefully put into these wells using sterile 
forceps (for migration assays, we used Corning 8.0um 
PET track-etched membrane, 24 or 12 well format; for 
invasion assays, we used Corning Biocoat Matrigel 
Invasion Chamber, 24 well format). Then 1x105 cells 
(for 24 well plates) or 5x105 cells (for 12 well plates) in 
serum-free DMEM were added to the inserts. After 48h 
incubation, cells migrated through the membrane were 
stained with 0.5% crystal violet and cells not migrated 
through were removed using cotton swab. The stain was 
dissolved in 0.1M Sodium Citrate and the absorbance was 
read at 540nm on a plate reader.

Scratch wound healing assay

1x106 cells per well were placed in a 6-well plate. 
The “wound” was made by scratching the confluent 
monolayer across the well using a 200 μl pipette tip. At 
each time point, closure of the gap was recorded by taking 
pictures. Then the width of the gap was measured and 
normalized with 0 h.

Mammosphere formation assay

The mammosphere assay was developed as an 
approach to propagate mammary epithelial stem cells 
[47]. This assay was performed according to an online 
protocol (http://www.bio-protocol.org/e325). Briefly, 
tumorsphere medium was made by adding 20ng/ml 
epidermal growth factor (EGF), 10ng/ml basic fibroblast 
growth factor (bFGF), 5ug/ml Insulin and 0.4% Bovine 
Serum Albumin in DMEM/F12 (50/50) medium, and 
B27 supplement (Thermo Fisher) was freshly added 
to tumorsphere medium. Cells were collected, washed 
and counted followed by resuspending in tumorsphere 
medium with B27 supplement at a final concentration 
of 10,000 cells/ml. Then 2 ml cells were added to each 
well of an ultra-low attachment 6-well plate (Corning). 
After 7-day incubation, pictures of each well were taken 
and colonies were quantified using CellSens Dimension 
software. Secondary or tertiary mammospheres were 
generated by digesting primary mammospheres or 
secondary mammospheres and were seeded at the same 
density as primary mammospheres. All experiments were 
performed three times and bars represent the means of 
three independent experiments ± s.d.

Flow cytometry analysis

1x106 cells were collected and stained with 
antibodies or isotypes for 30 min on ice. Stained cells were 
washed with FACS buffer (PBS with 2% FBS) followed 
by fixing in 4% Paraformaldehyde (PFA) for 20 min. Fixed 
cells were then suspended in FACS buffer and analyzed on 
the LSR II XW4400 workstation (BD Biosciences). 

Animal studies

4-5-week-old female BALB/c nu/nu athymic nude
mice (Envigo, Madison, WI) were implanted with 3×106 
MDA-MB-231 cells transfected with empty vector (n = 
17) or LSD2 expression vector (n = 16) into the mammary
fat pad. Tumor volumes were regularly assessed every two
days by measuring 0.5 × length (mm) × width (mm) ×
width (mm). Mice were also weighed every two days. At
the end of study, tumor or lung tissues of animals were
collected and fixed with 4% paraformaldehyde. Tissues
were processed into paraffin sections, and then subjected
to hematoxylin-eosin (H&E) staining at the histological
core facility at Magee Womens Research Institute.

Statistical analysis

Data were represented as the mean ±SD or ±SEM 
of three independent experiments. Two-tailed Student’s 
t-test was used to determine the quantitative variables.
Statistical analyses were performed using GraphPad Prism
6 (GraphPad Software Inc., La Jolla, CA). P-values < 0.05
were considered statistically significant for all tests.
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HDAC5–LSD1 axis regulates antineoplastic effect of natural
HDAC inhibitor sulforaphane in human breast cancer cells
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Our recent studies have shown that cross-talk between histone deacetylase 5 (HDAC5) and lysine-specific demethylase 1 (LSD1)

facilitates breast cancer progression. In this work, we demonstrated that regulatory activity at2356 to2100 bp promoter

element plays a critical role in governing HDAC5 transcription. By using DNA affinity precipitation and mass spectrometry, we

identified a group of factors that bind to this element. Among these factors, Upstream Transcription Factor 1 (USF1) was shown to

play a critical role in controlling HDAC5 transcription. Through screening a panel of epigenetic modifying drugs, we showed that a

natural bioactive HDAC inhibitor, sulforaphane, downregulated HDAC5 transcription by blocking USF1 activity. Sulforaphane

facilitated LSD1 ubiquitination and degradation in an HDAC5-dependent manner. A comparative microarray analysis demonstrated

a genome wide cooperative effect of HDAC5 and LSD1 on cancer-related gene expression. shRNA knockdown and sulforaphane

inhibition of HDAC5/LSD1 exhibited similar effects on expression of HDAC5/LSD1 target genes. We also showed that coordinated

cross-talk of HDAC5 and LSD1 is essential for the antitumor efficacy of sulforaphane. Combination treatment with sulforaphane

and a potent LSD1 inhibitor resulted in synergistic growth inhibition in breast cancer cells, but not in normal breast epithelial

cells. Furthermore, combined therapy with sulforaphane and LSD1 inhibitor exhibited superior inhibitory effect on MDA-MB-231

xenograft tumor growth. Taken together, our work demonstrates that HDAC5–LSD1 axis is an effective drug target for breast

cancer. Inhibition of HDAC5–LSD1 axis with sulforaphane blocks breast cancer growth and combined treatment with LSD1 inhibitor

improves the therapeutic efficacy of sulforaphane.

Epigenetic alterations include post-translational histone modi-

fications such as acetylation or methylation and abnormal

DNA methylation in important genes.1,2 Histone acetylation is

typically associated with transcriptionally active chromatin and

is a result of a dynamic balance between activities of histone

acetyltransferases (HATs) and histone deacetylases (HDACs).

Abnormally high expression of HDACs in breast cancer cells

may lead to the anomalous loss of expression of genes that are

important in curbing tumor growth.3,4 Our recent work has

provided novel insights into molecular mechanisms by which

histone deacetylase and demethylase interact in breast cancer

cells. We identified a unique feature of HDAC5 in facilitating

protein stabilization of FAD-dependent histone demethylase 1

(LSD1), leading to a dysregulated chromatin landscape which

functions as an antibraking system in breast cancer develop-

ment.5 Coordinated overexpression of HDAC5 and LSD1

proteins was observed in breast cancer cell lines and clinical

patient samples. By gain- and loss-of-function studies using a

breast tumor progression model, we have observed that

HDAC5 possesses a critical oncogenic function in driving

MCF10A transformation via blocking LSD1 protein degrada-

tion and reshaping epigenetic landscape.5 Our findings have

revealed an important mechanism about the epigenetic regula-

tion of LSD1 activity by HDAC5 that may lead to an alternative

treatment approach against breast cancer.

HDAC5 is a key member of class II HDAC family. The

class II HDAC isozymes, HDAC4, 5, 7 and 9, are unique due

Key words: breast cancer, HDAC5, LSD1, USF1, sulforaphane,

HCI-2509, combination therapy
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to their ability to shuttle between the nucleus and cytoplasm.6,7

HDAC5 has been found to play critical roles in development of

many pathogenic conditions including cancer.8,9 Ozdag et al.

reported that overexpression of HDAC1, 5 and 7 may serve as a

molecular biomarker of malignant versus normal tissues.10

Both HDAC5 and HDAC9 are overexpressed in tumors from

high-risk medulloblastoma patients, suggesting a close linkage

between their expression and poor survival of patients.11 These

findings also imply that HDAC5 overexpression may act as an

effective prognostic marker as well as a potential therapeutic

target for cancer. However, little is known about the specific

roles of HDAC5 in cancer initiation and progression. There-

fore, it is important to fully elucidate the changes of molecular

events leading to HDAC5 overexpression in cancer.

As the first identified histone demethylase, LSD1 has shown

great potential as an effective target in cancer therapy.12–17 The

activity of the LSD1 complex has been implicated in tumori-

genesis of various cancers.18–20 Thus, there has been increasing

interest in testing known compounds or designing new

chemical entities that can inhibit LSD1 activity and function as

novel therapeutic agents for cancer. Our previous studies have

reported that LSD1 activity can be successfully inhibited by spe-

cific inhibitors in colorectal and breast cancer cells.12,13,21,22

The rapid development of LSD1 inhibitors has led to the evalu-

ation of several novel LSD1 inhibitors in early phase clinical

trials.23–25

In this study, we have investigated the potential effect of tar-

geting cross-talk between HDAC5 and LSD1 as a novel strategy

for breast cancer treatment. The data presented here suggest

that a natural HDAC inhibitor sulforaphane (SFN) suppresses

HDAC5 expression, which in turn destabilizes LSD1 protein.

SFN in combination with a novel LSD1 inhibitor has shown

improved antineoplastic activity both in vitro and in vivo.

Experimental Procedures
Reagents and cell culture

Sulforaphane was purchased from LKT Laboratories (Minne-

apolis, MN), Vorinostat (SAHA) was obtained from Cayman

Chemical (Ann Arbor, MI). Trichostatin A (TSA) and MG-132

were obtained from Sigma-Aldrich (St. Louis, MO). MC-1568,

LBH-589, Belinostat (PXD-101), MS-275 and Romidepsin were

from Selleckchem (Houston, TX). HCI-2509 was purchased

from Xcess Biosciences Inc (San Diego, CA). MDA-MB-231,

MDA-MB-468, BT-474 and MCF-7 cell lines were obtained

from ATCC. MCF10A and MCF10A-CA1a lines were provided

by Dr Saraswati Sukumar (Johns Hopkins University). Cells

were cultured under the conditions as previously described.26

Plasmid construction

HDAC5 promoter elements were amplified by PCR with

primers indicated in Supporting Information Table 1. The PCR

products were engineered into the pGL2-Enhancer plasmid.

Plasmids pcDNA3.1(1)-FLAG and pcDNA3.1(1)-FLAG-

HDAC5 were purchased from Addgene (Cambridge, MA).

pReceiver-FLAG-LSD1 was from Gene Copoeia (Rockville, MD).

pcDNA3.1(1)-FLAG-Jade-2 was purchased from GenScript

(Piscataway, NJ).

RNAi transfection

Predesigned hUSF1 siRNA (ThermoFisher, Boston, MA),

THOC1 siRNA (Santa Cruz) or scramble control siRNA were

transfected into cells according to the manufacturer’s protocol.

Cells were harvested 48 hr post-transfection for further analysis.

Real-time qPCR

Quantitative real-time PCR was carried out using the

StepOne real-time PCR system as previously described.5 All

the probes for TaqMan
VR
Gene Expression Assays were prede-

signed and provided by Life Technologies.

Immunoblotting

Whole-cell lysate and nuclear proteins were extracted using

methods described previously.26–29 Antibodies sources:

H3K4me2, H3K4me1, and acetyl-H3K9 (Millipore, Billerica,

MA); USP28 (Abcam, Cambridge, MA); LSD1 and HA (Cell

Signaling Technology, Beverly, MA); Flag antibody (Sigma

Aldrich); PARP1 (Active Motif, Carlsbad, CA); HDAC5,

USF1, THOC1, PCNA and b-actin (Santa Cruz Biotechnol-

ogy). Membranes were scanned using Li-Cor BioScience

Odyssey Infrared Imager (Lincoln, NE).

Luciferase assays

2 3 105 cells per well were seeded into 24 well plates and 250

ng plasmid DNA were transiently co-transfected with 2.5 ng

pRL-TK, a Renilla Luciferase Control Reporter Vector, (Prom-

ega, Madison, WI) using Lipofectamine 3000 (ThermoFisher).

What’s new?

The post-translational modification of histones through acetylation serves an important role in the regulation of gene expres-

sion. Histone deacetylases (HDACs) are a critical component of this system. This study sheds light on regulatory mechanisms

of HDAC5 transcription and shows that sulforaphane, an HDAC inhibitor, suppresses HDAC5 expression through downregula-

tion of upstream transcription factor 1 (USF1). USF1 downregulation in turn destabilizes lysine-specific demethylase 1 (LSD1)

protein in breast cancer cells. The findings suggest that targeting the HDAC5–LSD1 axis through combined sulforaphane and

LSD1 inhibitor treatment could be an effective approach to enhancing antineoplastic efficacy of epigenetic agents against

breast cancer.
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Cells were harvested 48 hr post-transfection and luciferase

activity was measured on a GLOMAX
VR

20/20 luminometer

(Promega). Luciferase values (relative light units, RLUs) were

normalized to Renilla luciferase activity and expressed as the

fold change relative to pGL2-Enhancer transfected wells.

Cellular growth inhibition and drug combination

index (CI) analysis

Crystal violet assays were performed as previously described.5,30

The median effects (IC50) were determined using CalcuSyn soft-

ware from Biosoft (Cambridge, UK). Effects of synergy, additivity

or antagonism of combination treatment were determined using

the Chou–Talalay median effect/combination index (CI) model.

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed as described previously.21 Pri-

mary antibodies against USF1 protein were used for immu-

noprecipitation of protein–DNA complexes. Forward primer

50-CATGCTAGCCTCGGCCGAACCCTGTGC-30 and reverse

primer 50-CATAAGCTTACCCCTCCCCTGCCTCT-30 were

used for PCR amplification. Sheared genomic DNA was used

as a positive control (Input).

Ubiquitination assays

The assay was performed as previously described.5 Whole cell

lysate was obtained using RIPA lysis buffer. After preclearing

with Protein G-Plus Agarose beads (Santa Cruz Biotechnol-

ogy), LSD1 or IgG antibody (Abcam) was added to whole cell

lysate and rotated overnight at 48C. Then, 40 ll of Protein

G-Plus Agarose beads was added for another 2 hr. The agarose

beads were washed and then subjected to immunoblotting.

In vitro DNA affinity precipitation assays (DAPA) and mass

spectrometry analysis

Biotinylated primers (Integrated DNA Technologies, Coral-

ville, IA) were used to generate double-stranded biotinylated

HDAC5 promoter probes. For HDAC5 promoter 2356 to

2100 probe, forward primer 50-biotin-CATGCTAGCACGAT

TGCACCATCCACGTTTTG-30 and reverse primer 50-biotin-

CATAAGCTTACCCCTCCCCTGCCTCT-30 were used for

PCR amplification. The nonrelevant biotinylated probes—

sense: 50-biotin-AGAGTGGTCACTACCCCCTCTG-30, anti-

sense: 50-biotin-CAGAGGGGGTAGTGACCACTCT-30—were

also synthesized as a negative control. Streptavidin-agarose bead

suspension was added to a mixture of nuclear proteins with

double-strand biotinylated oligonucleotides. Mixture was placed

on a gently rocking platform for 2 hr and was centrifuged.

DNA–protein complexes were washed and 23 protein sample

buffer (Invitrogen) was added to the avidin-precipitated DNA–

protein complex, which was then boiled for 5 min to dissociate

the complexes. The proteins were fractionated on SDS acrylam-

ide gels and silver stained. The silver-stained bands were excised

from the gel and digested in gel with sequence-grade trypsin.

The mass spectrometry analysis was performed at Biomedical

Mass Spectrometry Center of University of Pittsburgh.

Microarray analysis of gene expression

Total RNA from three independent biological replicates was

extracted using QIAgen RNeasy kit (Valencia, CA). cRNA

was hybridized to HG U133A 2.0 arrays (Affymetrix, Inc.,

Santa Clara, CA). The data were processed as RMA files

(Affymetrix Robust Multi-Array Average). The raw intensity

data were background corrected, log2 transformed and quan-

tile normalized according to Affymetrix recommendations.

Differential gene expression was performed using BRB array

tools (NCI). Refer to the Supporting Information material

more detailed methods for microarray processing and

analysis.

Animal studies

Four- to five-week-old female BALB/c nu/nu athymic nude

mice (Harlan Labs, Indianapolis, IN) were implanted with

4 3 106 human breast cancer MDA-MB-231 cells into the

mammary fat pad. Five days after implantation, mice were

randomly assigned into groups of vehicle control (10%

DMSO), SFN (50 mg/kg), HCI-2509 (30 mg/kg) or combina-

tion treatment. Mice were treated by intraperitoneal injection

once a day for 27 days. Tissues were processed into paraffin

sections, and then subjected to hematoxylin–eosin staining at

the Histology and Micro-Imaging Core at Magee Womens

Research Institute. After staining, samples were examined

and photographed by microscope (Nikon, Eclipse 90i).

Statistical analysis

Data were shown as the mean6 s.d. of three independent

experiments. The quantitative variables were analyzed by

Student’s t test or one-way ANOVA. p values <0.05 was

considered statistically significant for all tests. GraphPad

Prism 6 program (GraphPad Software Inc., La Jolla, CA) was

used for statistical analyses.

Results
Characterization of transcriptional regulatory

activity at HDAC5 promoter

To better understand how changes of HDAC5 transcriptional

regulation lead to HDAC5 overexpression in breast tumors,

we engineered a series of deletion constructs of the HDAC5

50 flanking promoter elements into luciferase reporter pGL2-

Enhancer vector (Fig. 1a). The plasmids were transfected into

MDA-MB-231 cells followed by quantitative luciferase activ-

ity assays. While deletion of downstream element 124 to

1656 bp (P2) or additional truncation of upstream elements

from 21262 to 2356 bp (P2, P3, P4, P5) exerted no obvious

effect on luciferase reporter activity, extra truncation of 2356

to 2200 bp (P6) significantly attenuated and depletion of

2356 to 2100 bp (P7) nearly abolished luciferase reporter

activity (Fig. 1b). To characterize the role of the 2356 to

2100 bp element in regulation of HDAC5 transcription, we

engineered 2356 to 2100 bp element (P8) into the pGL2-

Enhancer vector and showed that transfection of P8 element
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Figure 1. Analysis of transcriptional activity at HDAC5 promoter. (a) Map of deletion constructs of HDAC5 promoter and coding region. TSS,

transcription start site. (b) MDA-MB-231 cells were co-transfected with pGL2-Enhancer or pGL2-Enhancer-HDAC5 promoter elements and

pRL-TK. Reporter gene activities were measured 48 hr post-transfection. The relative luciferase activity of fragments P2–P7 was compared

with that of full-length P1. Transfection of pGL2-Enhancer plasmids was used as negative control. (c) MDA-MB-231 cells were co-transfected

with pGL2-Enhancer or constructs of pGL2-Enhancer-HDAC5 promoter elements P1, P5 or P8 and pRL-TK. Reporter gene activities were mea-

sured 48 hr post-transfection. Transfection of pGL2-enhancer was used as negative control. (d) MDA-MB-231 cells were transiently trans-

fected with scramble or USF1 siRNA for 48 hr. Effect of USF1 knockdown on HDAC5 mRNA expression was measured by quantitative PCR

with b-actin as an internal control. (e) MDA-MB-231 cells were transfected with scramble or USF1 siRNA for 48 hr. Effect of USF1 knock-

down on HDAC5 protein expression was examined by immunoblots with b-actin as loading control. (f) Quantitative ChIP analysis was used

to determine the occupancy of USF1 protein at 2356 to 2100 bp element of HDAC5 promoter. (g) The Pearson correlation between mRNA

expression of USF1 (y-axis) and HDAC5 (x-axis) in clinical TNBC- or ER-negative breast cancer specimens. Bars represent the mean of three

independent experiments6 s.d. *p<0.05, **p<0.01, ***p<0.001, Student’s t test.
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could generate significant luciferase activity when compared

with the full-length P1 or P5 elements (Fig. 1c). The results

indicate that regulatory activity from 2356 to 2100 bp at

HDAC5 promoter is essential for transcription regulation of

HDAC5.

To identify coregulatory proteins that are associated with

the 2356 to 2100 bp element (P8), in vitro DNA affinity

precipitation assays (DAPA) and mass spectrometry analysis

were performed. Biotin end-labeled sense and antisense oligo-

nucleotides corresponding to P8 promoter element were cus-

tom synthesized. Nondenatured nuclear proteins from MDA-

MB-231 cells were extracted and incubated with P8 oligonu-

cleotides, and SDS-PAGE was performed, followed by silver

staining. This experiment showed multiple protein complexes

bound to P8 element, but absent from the negative scramble

probe (Supporting Information Fig. 1a). Mass spectrometry

analysis identified a group of potential binding proteins from

recovered samples (Supporting Information Fig. 1b). Through

functional analysis, several factors that play a role in chroma-

tin remodeling and transcriptional regulation were selected to

validate their physical association with the P8 element, such

as polycomb protein SUZ12 (SUZ12), THO complex subunit

1 (THOC1) and upstream stimulatory factor 1 (USF1). West-

ern blot results indicated that these factors exhibited stronger

binding ability to P8 probe (Supporting Information Fig. 1c).

To determine if activity of these factors is involved in

regulation of HDAC5 transcription, MDA-MB-231 cells were

transiently transfected with siRNA against these factors.

Among these factors, we found that depletion of USF1 exhib-

its most significant inhibitory effect on HDAC5 mRNA

expression (Fig. 1d). Depletion of SUZ12 or THOC1 in

MDA-MB-231 cells exerted only marginal effect on the

HDAC5 transcription activity (Supporting Information, Figs.

2a and 2b). Western blots indicated that USF1 siRNA signifi-

cantly decreased HDAC5 protein expression (Fig. 1e). To fur-

ther confirm the binding ability of these factors in living

cells, ChIP study was carried out and showed that USF1 is

capable of physically binding to the P8 promoter region

(Fig. 1f). Taken together, these studies identified USF1 as an

important regulatory factor of HDAC5 transcription.

USF1 is overexpressed and positively associated with

HDAC5 expression in TNBC/ER2 breast tumors

In silico analysis using TCGA data (downloaded from

GSE62944) indicates a significantly elevated mRNA level of

USF1 in breast tumor specimens (n5 1095) compared with

normal tissue samples (n5 113). Among these breast cancer

tumors, estrogen receptor (ER)-negative tumors (n5 237)

express significantly higher USF1 than ER-positive counter-

parts (n5 808) (Supporting Information, Figs. 3a and 3b).

Study of USF1 expression across all molecular subtypes of

breast cancer showed that USF1 mRNA level is higher in

basal-like tumors as compared to other breast cancer sub-

types, such as Her21, Luminal A, Luminal B or normal-like

(Supporting Information, Figs. 3c and 3d). Analysis of TCGA

database also showed that clinical TNBC specimens express

significantly higher level of USF1 mRNA when compared with

non-TNBC tissues (p5 0.0013) (Supporting Information, Fig.

3e). By assessing Pearson correlation coefficient, positively cor-

related mRNA expressions between USF1 and HDAC5 were

observed. Triple negative breast cancer (TNBC) or ER negative

tumors exhibit a stronger positive correlation than ER or Her2

positive subtypes (Fig. 1g and Supporting Information, Fig. 3f).

These data suggest that USF1 is positively correlated with

HDAC5 expression in more aggressive subtypes of breast

cancer which may warrant further investigation into its role in

aggressive phenotypes of breast cancer.

Sulforaphane suppresses transcriptional activity of HDAC5

in breast cancer cells

Next, we tested the effect of clinically relevant HDAC inhibi-

tors (HDACi) on HDAC5 expression. The selected HDACi

compounds include hydroxamic acid derivatives SAHA (Vor-

inostat), TSA (Trichostatin A), LBH-589 (Panobinostat) and

PXD-101 (Belinostat); a benzamide analog MS-275 (Entino-

stat); a selective class II HDAC inhibitor MC-1568; a natural

product from the bacterium Chromobacterium violaceum

Romidepsin and a natural bioactive HDACi sulforaphane

(SFN). In MDA-MB-231 cells, treatment with most of the

HDACis led to a significant increase of HDAC5 mRNA

expression in a dose-dependent style. However, exposure of

cells to SFN significantly inhibited mRNA expression of

HDAC5 (Fig. 2a). While protein expression of HDAC5 was

induced by TSA, SAHA, MS-275 LBH-589, PXD-101 and

Romidepsin, SFN suppressed HDAC5 protein expression in

MDA-MB-231 cells (Fig. 2b). A similar effect of SAHA and

SFN on HDAC5 protein expression was also found in addi-

tional breast cancer cell lines including TNBC MDA-MB-468

and MCF10A-CA1a, ER1 MCF-7 and HER21 BT474 cells

(Fig. 2c and Supporting Information, Fig. 4a). These results

suggest that SFN, which is different from most other classes

of HDACi, exhibited potent inhibitory effect against HDAC5

expression in breast cancer cells.

Sulforaphane suppresses transcriptional activity of 2356

to 2100 bp element at HDAC5 promoter

SFN failed to suppress exogenous HDAC5 mRNA expression

driven by CMV promoter in MDA-MB-231 cells transfected

with pcDNA3.1-HDAC5 plasmid (Fig. 2d), suggesting that

SFN inhibited HDAC5 mRNA expression through repression

of the transcriptional activity at its natural promoter. While

SFN significantly inhibited the luciferase reporter activity in

MDA-MB-231 cells or MDA-MB-468 cells, exposure of both

cell lines to SAHA promoted reporter gene activity of the full-

length construct (P1) (Fig. 2e and Supporting Information, Fig.

4b). An opposite effect of SFN and SAHA on luciferase activity

of P8 element was also detected in MDA-MB-231 cells (Fig. 2f).

Treatment with SFN inhibited mRNA and protein expression

of USF1 in a dose-dependent manner (Supporting Information,

Figs. 4c and 4d). ChIP study showed that binding of USF1 to P8
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Figure 2. Effect of HDAC inhibitors on expression of HDAC5 in human breast cancer cells. (a) After MDA-MB-231 cells were exposed to a variety of HDAC

inhibitors for 24 hr, mRNA expression of HDAC5 was quantitatively measured by real-time PCR. b-actin gene was used as an internal control. (b) MDA-

MB-231 cells were treated with TSA (5 lM), SAHA (5 lM), MS-275 (50 lM), LBH-589 (1 lM), PXD-101 (5 lM), SFN (25 lM) and Romidepsin (5 lM) for 24

hr. Whole cell lysates were extracted and analyzed for protein expression of HDAC5 throughWestern blotting. b-actin was used as a loading control. (c)

MDA-MB-468, MCF-7 or BT-474 cells were treated with 5 lMSAHA or 25 lMSFN for 24 hr. Whole cell lysates were analyzed for protein expression of

HDAC5 by Western blotting. b-actin was used as a loading control. (d) MDA-MB-231 cells transfected with pcDNA3.1 or pcDNA3.1-HDAC5 plasmids were

treated with 25 lMSFN for 24 hr. mRNA expression of HDAC5 was analyzed by quantitative RT-PCR with b-actin as an internal control. (e) pGL2-Enhancer

plasmids or pGL2-P1 construct (21262 to1656 bp) were transfected into MDA-MB-231 cells followed by treatment with indicated concentrations of SFN

or SAHA for 24 hr. Reporter gene activities were thenmeasured. (f) pGL2-Enhancer or pGL2-P8 construct (2356 to2100 bp) were transfected into

MDA-MB-231 cells followed by treatment with 25 lMSFN or 10 lMSAHA for 24 hr. Reporter gene activities were thenmeasured. (g) MDA-MB-231 cells

were treated with DMSO or 25 lMSFN for 24 hr. Quantitative ChIP analysis was used to determine the occupancy of USF1 at P8 element of HDAC5

promoter. (h) MDA-MB-231 cells were transiently transfected with USF1 expression plasmid followed by treatment with 25 lMSFN for 48 hr. mRNA

expression of HDAC5 wasmeasured by qPCR. (i) MDA-MB-231 cells were transiently transfected with USF1 siRNA followed by treatment with 25 lMSFN

for 48 hr. mRNA expression of HDAC5 wasmeasured by qPCR. b-actin was used as an internal control. All experiments were performed three times and

showed similar results. Bars represent the mean of three independent experiments6 s.d. *p<0.05, **p<0.01, ***p<0.001, Student’s t test.
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element was abolished by SFN (Fig. 2g). A rescue study indi-

cated that USF1 overexpression prevented downregulation of

HDAC5 mRNA expression by SFN in MDA-MB-231 cells (Fig.

2h). Moreover, knockdown of USF1 by siRNA significantly

enhanced SFN-induced suppression of HDAC5 transcription

(Fig. 2i). These results suggest that USF1 plays an important

role in regulating SFN-mediated HDAC5 transcription activity.

Sulforaphane destabilizes LSD1 protein in an

HDAC5-dependent manner

We further addressed whether SFN could disrupt activity of the

HDAC5–LSD1 axis. Immunoblotting studies showed that

unlike other HDAC inhibitors, SFN significantly inhibited

expression of LSD1 protein (Fig. 3a). Exposure of MDA-MB-

231 to SFN resulted in similar inhibition of HDAC5 and LSD1

protein in a dose-dependent manner (Supporting Information,

Fig. 5). qPCR studies demonstrated that LSD1 mRNA level was

not affected by SFN treatment in MDA-MB-231 cells (Fig. 3b).

SFN treatment increased nuclear levels of H3K4me1/2 and

AcH3K9 without altering methylation of H3K36 and H3K27 in

MDA-MB-231 or MCF10A-CA1a cells which is a transformed

malignant line of MCF10A (Fig. 3c). We recently demonstrated

that HDAC5 stabilizes LSD1 protein through downregulation

of LSD1 ubiquitination and degradation.5 To decipher whether

SFN destabilizes LSD1 protein by regulating its ubiquitination

modification, protein ubiquitination assays were conducted

and showed that exposure to SFN led to a profound increase of

LSD1 polyubiquitination in MDA-MB-231 cells (Fig. 3d). Next,

we assessed the potential effect of SFN on protein expression of

LSD1 E3 ubiquitin ligase and deubiquitinase, Jade-2 or USP28.

As the absence of specific antibody against Jade-2, plasmids

expressing Jade-2-FLAG fusion protein were used as an alter-

native approach. Whereas depletion of HDAC5 did not alter

Jade-2 protein expression, treatment with SFN significantly

decreased USP28 protein levels (Fig. 3e). We performed a

rescue expression of HDAC5 in MDA-MB-231 cells through

transfection of pcDNA3.1-HDAC5 vector and observed that

SFN had no effect on exogenous HDAC5 protein. SFN-

mediated downregulation of LSD1 protein and USP28 was

apparently reversed (Fig. 3f). These results demonstrate that

SFN downregulates LSD1 protein stability through affecting

LSD1-associated ubiquitination activity, which is largely depen-

dent on HDAC5 activity.

Effect of sulforaphane on genome-wide transcription

targets of the HDAC5/LSD1 complex

To define a comprehensive profile of genes whose expression is

regulated by HDAC5/LSD1 complex, we performed genome-

wide gene expression analysis in MDA-MB-231 cells with sta-

ble knockdown of HDAC5 or LSD1 by shRNA. We identified

3370 and 2963 genes whose expression was significantly

changed by inhibition of HDAC5 and LSD1, respectively (Fig.

4a). Data has been deposited into Gene Expression Omnibus as

GSE72687. Strikingly, >30% of genes in each group were over-

lapping and regulated by HDAC5-KD and LSD1-KD, reflecting

a comprehensive genome wide cooperative effect of HDAC5

and LSD1 on target gene expression. A functional pathway

analysis using the Ingenuity Pathway Analysis application

showed that there are multiple important cellular networks

whose activities are significantly altered by depletion of

HDAC5 or LSD1 (Fig. 4b). These networks are associated with

cell death & survival, cell cycle, cellular development, cellular

growth/proliferation, carbohydrate metabolism, cell morphol-

ogy, cell–cell signaling & interaction, cellular assembly & orga-

nization, lipid metabolism, molecular transport, small molecule

biochemistry and so on. Figure 4c lists the top canonical path-

ways that are regulated by HDAC5–LSD1 complex. Depletion

of HDAC5 or LSD1 activates several key tumor suppressive sig-

naling pathways such as ATM, PTEN, p53 and so on, and

downregulates multiple tumor promoting signaling pathways

including PI3K/AKT. JAK/Stat, PDGF and so on. Among the

differentially expressed genes (DEGs) potentially regulated by

HDAC5/LSD1 complex, we identified a subset of genes whose

activities are associated with critical cellular processes in cancer:

cell adhesion, metastasis, tumor suppression and cell growth,

receptors, therapeutic response and so on (Fig. 4d). Among

these genes, a group of important tumor suppressor genes

(TSGs) was shown to be induced by either HDAC5 or LSD1

inhibition. These TSGs include FAS, CTDSPL, ISG15, GLIPR1,

CYLD, EGLN1, TFPI2, PPP2R1B, EGLN3 and so on. Induction

of most of these TSGs was validated by qPCR (Fig. 4e). Further-

more, the effect of SFN on expression of these TSGs was exam-

ined in MDA-MB-231 cells. SFN treatment significantly

induced expression of most of the TSG genes tested (Fig. 4f),

showing a similar effect on activation of TSGs by SFN or

HDAC5/LSD1 inhibition.

The HDAC5–LSD1 axis is essential for breast cancer cell

sensitivity to sulforaphane

To determine whether HDAC5–LSD1 axis plays a role in regu-

lating breast cancer sensitivity to SFN, MDA-MB-231 and

MDA-MB-468 cells were transfected with pcDNA3.1-HDAC5

or pReceiver-LSD1 plasmids. In both cell lines, overexpression of

HDAC5 or LSD1 protein increased resistance to SFN-mediated

growth inhibition which was indicated by significantly increased

IC50 values (Figs. 5a and 5b). shRNA-mediated depletion of

LSD1 sensitized MDA-MB-231 cells to SFN which was evi-

denced by significantly reduced IC50 value (Fig. 5c). A rescue

experiment showed that HDAC5 overexpression attenuated cel-

lular sensitivity to SFN in MDA-MB-231-Scramble cells but was

obviously reversed by LSD1 depletion in MDA-MB-231-LSD1-

KD cells (Fig. 5d). Taken together, these results demonstrate that

LSD1 acts as an important downstream effector of HDAC5 sig-

naling in regulating cellular sensitivity to SFN in breast cancer.

HCI-2509 is a highly potent, specific, non-MAOA and

MAOB inhibitor of LSD1 which binds the FAD pocket of the

enzyme.31 Proliferation assay showed that MDA-MB-231 cells

were susceptible to HCI-2509 induced growth inhibition with a

low IC50 value of 0.5 lM (Fig. 5e). Combined treatment with

low dose of SFN (5 lM) and HCI-2509 (0.1 lM) generated
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great synergistic effect on growth inhibition in MDA-MB-231

cells (Fig. 5f and Supporting Information, Fig. 6a). We deter-

mined the growth inhibitory effect of combined treatment with

HCI-2509 with SFN in multiple breast cancer cell lines and

normal breast epithelial MCF10A cells using the combination

index (CI) of growth inhibition via the Chou–Talalay

model.32,33 While an antagonistic effect of SFN and HCI-2509

was obviously seen in MCF10A cells (CI> 1 indicates antago-

nism), combination therapy exhibited significant synergy in

hindering growth of breast cancer cell lines MCF10A-CA1a,

MDA-MB-231 or MDA-MB-468 (CI< 1 indicates synergy)

(Fig. 5g). In addition, combination therapy resulted in a robust

Figure 3. SFN downregulates LSD1 protein stability through HDAC5 modulated LSD1 ubiquitination system. (a) MDA-MB-231 cells were treated

with TSA (5 lM), SAHA (5 lM), MS-275 (50 lM), MC-1568 (25 lM), LBH-589 (1 lM), PXD-101 (5 lM) and SFN (25 lM) for 24 hr. Whole cell

lysates were extracted and Western blotting was performed to analyze the expression of LSD1 protein. b-actin was used as a loading control. (b)

MDA-MB-231 cells was treated with 25 lM SFN for 24 hr. mRNA expression of LSD1 was measured by qPCR. b-actin was used as an internal con-

trol. (c) MDA-MB-231 and MCF10A-CA1a cells were exposed to 25 mM SFN for 24 hr and analyzed for expression of indicated chromatin marks

by immunoblots. PCNA was used as a loading control. (d) MDA-MB-231 cells were treated with 25 lM SFN for 24 hr followed by treatment with

proteasome inhibitor 10 lMMG132 for 10 hr. IP was carried out using LSD1 antibody and immunoblots with anti-HA or LSD1 antibodies. (e)

MDA-MB-231 cells were treated with increasing concentrations of SFN for 24 hr. Whole cell lysates were analyzed for protein levels of USP28

and FLAG-Jade2. b-actin was used as loading control to normalize target protein levels. (f) MDA-MB-231 cells were transfected with empty or

HDAC5 expression vectors for 48 hr followed by treatment with 25 lM SFN for 24 hr. Immunoblotting was performed for expression of HDAC5,

LSD1 and USP28. All experiments were performed three times. Bars represent the mean of three independent experiments6 s.d. *p<0.05,

**p<0.01, ***p<0.001, Student’s t test.
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Figure 4. Genome-wide microarray analysis. (a) Venn diagram illustration of gene expression similarity between HDAC5-KD and LSD1-KD

microarray data. Numbers shown depict genes whose expression was significantly altered in the knockdown cell line compared to scramble

cell line and the union of both datasets shows the number of genes significantly altered in both knockdown cell lines. (b) Functional

analysis of genes whose expression is modulated by stable knockdown of both HDAC5 and LSD1 in MDA-MB-231 cells. The bar graphs

were identified by Ingenuity Pathway Analysis (IPA). The statistically significant biological functions changed by knockdown of both genes

are shown. Fisher’s exact test was used to calculate the significance (p<0.05). The threshold line shows the cutoff for significance. (c) Top

canonical pathways affected by stable knockdown of HDAC5 in MDA-MB-231 cells. Ingenuity Pathway Analysis “Core analysis” enriched top

canonical pathways are shown here. Straight orange vertical line running through the bars is threshold for p values for the particular

pathway’s enrichment. Bars represent overlap of genes from dataset with genes from that canonical pathway. (d) List of representative

target genes of HDAC5-LSD1 complex which have critical roles in cellular processes of breast cancer. (e) Relative expression levels of

HDAC5 target genes identified by HDAC5-KD microarray were validated in MDA-MB-231 cells depleted of HDAC5 or LSD1 using qPCR. (f)

MDA-MB-231 cells were treated with 25 lM SFN or vehicle DMSO for 24 hr. mRNA expression was measured by qPCR for a group of tumor

suppressor genes (TSGs) regulated by HDAC5-KD/LSD1-KD. b-actin was used as an internal control. Bars depict mRNA level as a fold

change compared to that in vehicle treated cells. All experiments were performed three times. Student’s t test was performed to assess

significance. *p<0.05, **p<0.01, ***p<0.001.
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Figure 5. LSD1 inhibitor sensitizes breast cancer cells to SFN-induced growth inhibition. (a) MDA-MB-231 and MDA-MB-468 cells

were transiently transfected with pcDNA3.1-HDAC5 flag plasmid followed by treatment with a series of concentrations of SFN for 48

hr. Cell proliferation was analyzed by crystal violet assays. The median effects (IC50) were determined by CalcuSyn software. (b)

MDA-MB-231 and MDA-MB-468 cells were transiently transfected with pReceiver-LSD1-flag plasmid followed by treatment with a

series of concentrations of SFN for 48 hr. Cell proliferation was analyzed by crystal violet assays. The median effects (IC50) were

determined by CalcuSyn software. (c) Scramble or LSD1-shRNA transfected MDA-MB-231 cells were treated with 25 lM SFN for 72

hr. Cell proliferation was analyzed by crystal violet assays. (d) MDA-MB-231-Scramble or MDA-MB-231-LSD1-KD cells were transfected

with control vector pcDNA3.1 or pcDNA3.1-HDAC5 followed by treatment with 25 lM SFN for 72 hr. Crystal violet assays for cell

proliferation were carried out. (e) MDA-MB-231 cells were treated with increasing concentrations of HCI-2509 for 72 hr followed by

crystal violet growth assays. (f) MDA-MB-231 cells were treated with 5 lM SFN, 0.1 lM HCI-2509 or both drugs for 72 hr. Cell

proliferation was analyzed by crystal violet assays. (g) Effect of combination therapy on growth of breast cancer cells. Synergy was

defined as any CI<1, additivity as CI51 and antagonism as any CI>1. Shown are means6 s.d. of three independent experiments.

Student’s t test was performed to assess significance. *p<0.05, **p<0.01, ***p<0.001.
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increase of nuclear H3K4me2 level (Supporting Information

Fig. 6b), indicating an apparent synergy between SFN and

HCI-2509 against LSD1 activity.

Sulforaphane in combination with LSD1 inhibitor

profoundly inhibits growth of breast tumor xenografts

in mice

To evaluate whether the above promising in vitro results may

translate into in vivo therapeutic efficacy, we investigated the

antineoplastic effect of combination therapy in athymic nude

mice bearing MDA-MB-231 xenografts. While treatment

with either SFN or HCI-2509 alone significantly inhibited the

proliferation of MDA-MB-231 xenografts, the combined

treatment displayed superior inhibitory effect against tumor

growth (Fig. 6a). Average tumor weights were significantly

lower in mice receiving combination treatment compared to

those treated with either SFN or HCI-2509 alone (Fig. 6b).

Statistical analysis between each group is shown in Support-

ing Information, Table 2. At the end of experiments, xeno-

graft tumors were extracted for further analysis of expression

of key markers (Fig. 6c). To determine whether combination

therapy promotes tumor cell apoptosis, PARP-1 cleavage was

analyzed. Quantitative analysis showed that only the combi-

nation treatment significantly reduced the level of full-length

PARP-1, which is cleaved in smaller fragments during

apoptosis (Fig. 6d). The in vivo effect of drug treatment on

protein expression of HDAC5 and LSD1 in xenograft tumors

was also evaluated. Immunoblots showed that expression of

both HDAC5 and LSD1 was attenuated in tumors treated

with SFN alone or in combination with HCI-2509 (Fig. 6e).

During the entire course of experiment, drug toxicity was

acceptable as demonstrated by modest weight loss observed

in animals with combination treatment, and no animal

lethality occurring in any treatment group (Supporting Infor-

mation, Fig. 7a). Statistical analysis of animal weight between

groups is shown in Supporting Information, Table 3. To fur-

ther evaluate in vivo toxicity, we performed hematoxylin–

eosin (H&E) staining of animal liver and kidneys, and found

no apparent changes in these tissues treated with SFN or

HCI-2509 alone, or in combination (Supporting Information

Fig. 7b). Collectively, these results indicate that SFN mono-

therapy effectively inhibits growth of MDA-MB-231 xeno-

grafts in vivo and exhibits significantly enhanced growth

inhibition when used in combination with an LSD1 inhibitor.

Based on these findings, we proposed a model to summarize

the role of HDAC5–LSD1 axis in mediating antineoplastic

effect of natural HDAC inhibitor sulforaphane in human

breast cancer (Fig. 6f).

Discussion
Class II HDACs have been intensively investigated for their

ability to regulate gene transcription and shape the epigenetic

landscape. This class of HDAC enzymes has been recognized

as important regulators of numerous cellular processes

in human diseases. The increasing knowledge on regulatory

signaling pathways of class II HDACs has provided novel

targets and approaches for potential clinical intervention in

cancer. HDAC5 is a key class II HDAC isozyme that has been

shown to possess critical roles in many diseases including can-

cers.8,9,34,35 Our recent tissue microarray study found that

breast tumors express overall higher levels of HDAC5 protein

compared to the matched adjacent normal tissues.5 Impor-

tantly, our analysis showed that elevated HDAC5 protein

expression is positively correlated with higher stages of clinical

breast cancer.5 These findings suggest that elevated expression

of HDAC5 may serve as a potential novel prognostic marker as

well as a possible therapeutic target for aggressive breast cancer.

However, little is known about the regulatory roles of HDAC5

or other class II HDACs in human breast cancer. In this study,

we explored the molecular mechanisms by which HDAC5

mRNA expression is upregulated during breast cancer progres-

sion. Through engineering a series of HDAC5 50 flanking pro-

moter deletion elements in luciferase reporter plasmids, we

showed that activity of an element at 2356 to 2100 bp of the

HDAC5 promoter is essential in mediating its transcriptional

activity. Further use of in vitro DAPA and mass spectrometry

analysis identified USF1 as an important regulatory factor that

binds to2356 to2100 bp element at HDAC5 promoter. USF1

is a member of the basic helix–loop–helix leucine zipper family

and functions as a cellular transcription factor to activate tran-

scription through pyrimidine-rich initiator elements and E-box

motifs.36,37 The dysfunction of USF1 has been reported to be

linked with multiple human diseases and disorders, such as

lipid metabolism, atherosclerosis and acute cardiovascular

events.38 The precise roles of USF1 activity in breast initiation

and progression are still unclear. In silico data analysis indicates

a significant elevation of USF1 expression in aggressive basal-

like or ER-negative breast tumors versus other breast cancer

subtypes or normal adjacent tissues, suggesting a positive

correlation between USF1 overexpression and aggressive

phenotypes of breast cancer. Continuous exploration of the

underlying mechanisms would aid in understanding how USF1

upregulates HDAC5 expression and the clinical impact of ele-

vated USF1 expression on the risk stratification of breast cancer

patients.

In our recent study, we have showed for the first time

that HDAC5 stabilizes LSD1 protein through regulation of

LSD1 associated ubiquitin-proteasome enzyme.5 To further

explore whether the HDAC5–LSD1 axis has potential to be a

novel therapeutic target for breast cancer, we surveyed a

panel of clinically relevant HDAC inhibitors for their ability

to alter the activity of the HDAC5–LSD1 axis. While most of

the clinically relevant HDAC inhibitors significantly upregu-

lated transcriptional level of HDAC5 which in turn led to

increased expression of LSD1 protein, we found that SFN

potently inhibited HDAC5 transcription in multiple breast

cancer cell lines. SFN is generated by the hydrolytic conver-

sion of glucoraphanin after ingestion of cruciferous vegeta-

bles, particularly broccoli and broccoli sprouts. As Myzak

et al. first reported that SFN inhibited in vitro HDAC activity
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Figure 6. LSD1 inhibitor sensitizes MDA-MB-231 xenografts to sulforaphane induced growth inhibition in nude mice. (a) MDA-MB-231 cells

were transplanted into the mammary gland fat pads of athymic nude mice. Seven days after implantation, Sulforaphane (50 mg/kg,

n512), HCI-2509 (30 mg/kg, n513), combination (SFN 50 mg/kg1HCI-2509 30 mg/kg, n514) or vehicle (DMSO, n512) were delivered

via i.p. injection once a day for 5 days/week 3 4 weeks. The vertical bars indicate mean tumor size (mm3)6 s.d. One-way ANOVA was

performed to determine statistical significance between groups, with p<0.05 considered significant. (b) Weight of animal tumors was

measured at the end of experiment. (c) Images of xenograft tumors from each treatment group were taken at the end of experiment. (d)

Protein was extracted from tumor samples of MDA-MB-231 xenografts treated with vehicle, HCI-2509, SFN or combination (n512 for each

group). Quantitative immunoblotting was used to determine the expression of full-length PARP-1 protein. b-actin was used as loading

control. (e) Protein was extracted from tumor samples of MDA-MB-231 xenografts treated with vehicle, HCI-2509, SFN or combination

(n512 for each group). Quantitative immunoblotting was used to determine the expression of LSD1 and HDAC5 proteins. b-actin was used

as loading control. (f) Proposed model of the role of HDAC5–LSD1 axis in mediating antineoplastic effect of SFN in human breast cancer. A

complex of multiple factors (USF1, SUZ12, THOC1, HSPA8, etc.) was identified to be associated with 2356 to 2100 bp element at HDAC5

promoter. Among these factors, USF1 was shown to play an important role in governing HDAC5 transcription. A natural bioactive HDACi,

sulforaphane (SFN), downregulates HDAC5 transcription by blocking USF1 activity. SFN facilitates LSD1 degradation through enhancing

protein stability of LSD1 deubiquitinase USP28 in an HDAC5-dependent manner. SFN increases H3K4me2 level at promoter of tumor

suppressor genes (TSGs) and promotes expression of TSGs. Combination treatment with SFN and a potent LSD1 inhibitor HCI-2509 results

in synergistic growth inhibition of breast cancer proliferation in cell culture and xenograft models. TSGs, tumor suppressor genes; Ub,

ubiquitination; HSPA8, heat shock cognate 71 kDa protein.
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by its two major metabolites, SFN-cysteine and SFN-N-

acetylcysteine, numerous studies have demonstrated that SFN

exhibits inhibitory effect against HDAC activity in many

types of cancers including breast cancer.39–43 We have

reported that SFN blocked growth, activated apoptosis, inhib-

ited HDAC activity, and decreased the expression of key pro-

teins involved in breast cancer proliferation.41 But the

mechanisms of the inhibitory effect of SFN on HDAC activ-

ity in breast cancer has not been fully elucidated. In this

study, we obtained new evidence to show that SFN downre-

gulated HDAC5 mRNA expression, largely through inhibiting

the transcriptional activities at the 2356 to 2100 bp element

of gene promoter, therefore, identifying this element and its

associated factors as important targets for SFN. Future clarifi-

cation of the function of key coregulatory proteins/complexes

associated with this element would aid in elucidating the pre-

cise mechanism of SFN-induced downregulation of HDAC5

transcription in breast cancer. Our recent study showed that

suppression of active histone marks H3K4 methylation and

H3K9 acetylation mediated by enhanced activity of HDAC5-

LSD1 signaling at promotes of tumor suppressor genes

(TSGs) are important chromatin signature contributing to

silencing of key TSGs in breast cancer cells.5 SFN signifi-

cantly increases levels of both H3K4me and Acetyl H3K9,

suggesting that SFN may act as an important epigenetic mod-

ulator to reactivate expression of TSGs through inhibiting

cross-talk between LSD1 and HDAC5 in breast cancer cells.

We found that the suppressive effect of SFN on transcrip-

tional activity was unique among the tested panel of HDAC

inhibitors (HDACi), including clinically approved SAHA and

Romidepsin. Several studies indicated that inherent resistance

of HDACi was commonly observed in clinical trials of breast

cancer patients.44–48 However, the mechanism of HDACi

resistance in breast cancer is still unclear. Based on the find-

ings from our work, we speculate that enhanced HDAC5

expression in response to treatment with conventional

HDACi could contribute to refractoriness to HDACi therapy.

Additional evidence supporting this hypothesis includes the

findings that overexpression of HDAC5 or LSD1 in breast

cancer cells significantly reduced sensitivity to growth inhibi-

tion mediated by several HDAC inhibitors. Future work is

needed to explore the potential strategy of combining

reagents targeting the HDAC5–LSD1 axis with clinically

approved HDAC inhibitors to improve their therapeutic effi-

cacy in breast cancer.

We recently demonstrated that HDAC5 promotes LSD1

protein stability through inhibition of the LSD1 associated

ubiquitin-proteasome system, suggesting that the modulation

of LSD1 protein stability by HDAC5 is a post-translational

activity.5 In this study, we showed that SFN suppresses

HDAC5 expression, subsequently leading to degradation of

LSD1 protein. SFN destabilizes LSD1 protein through inhibi-

tion of the LSD1 deubiquitinase, USP28, without affecting

LSD1 mRNA expression. These results were further validated

by a rescue strategy with overexpression of exogenous

HDAC5 cDNA lacking a native promoter, showing that SFN

treatment indeed leads to degradation of LSD1 protein in an

HDAC5-dependent manner. Treatment with SFN or LSD1

inhibitor alone significantly inhibited the growth of MDA-

MB-231 xenograft tumors in nude mice, but the greatest

inhibition of tumor growth was observed when these two

drugs were used in combination. These data clearly suggest

that inhibition of HDAC5-LSD1 pathway by SFN in combi-

nation with a potent LSD1 inhibitor may serve as an effective

approach to reduce nonspecific side effects of SFN in breast

cancer. Given that the inherent resistance to HDACi develops

as a result of combined multifactorial epigenetic abnormali-

ties, our findings provide a rational basis for clinical trials

combining agents targeting these dysregulated epigenetic tar-

gets in breast cancer.

As summarized in Figure 6f, we have demonstrated that

HDAC5–LSD1 axis is an effective drug target in breast can-

cer. Inhibition of HDAC5–LSD1 axis with sulforaphane sup-

presses breast cancer growth in vitro and in vivo. Notably,

combined treatment with a novel and potent LSD1 inhibitor

improves the anticancer efficacy of sulforaphane in breast

cancer cells.

Acknowledgements
This project used the University of Pittsburgh Hillman Cancer Center Can-

cer Bioinformatics, Cancer Proteomics and Cancer Genomics Services. The

authors also gratefully acknowledge the animal and histological core facili-

ties of Magee Womens Research Institute. They thank Lin Chen for techni-

cal support.

References

1. Baylin SB, Ohm JE. Epigenetic gene silencing in

cancer - a mechanism for early oncogenic path-

way addiction? Nat Rev Cancer 2006;6:107–16.

2. Jenuwein T, Allis CD. Translating the histone

code. Science 2001;293:1074–80.

3. Stearns V, Zhou Q, Davidson NE. Epigenetic reg-

ulation as a new target for breast cancer therapy.

Cancer Invest 2007;25:659–65.

4. Connolly R, Stearns V. Epigenetics as a therapeu-

tic target in breast cancer. J Mammary Gland

Biol Neoplasia 2012;17:191–204.

5. Cao C, Vasilatos SN, Bhargava R, et al. Func-

tional interaction of histone deacetylase 5

(HDAC5) and lysine-specific demethylase 1

(LSD1) promotes breast cancer progression.

Oncogene 2017;36:133–45.

6. Yang XJ, Gregoire S. Class II histone deacetylases:

from sequence to function, regulation, and clini-

cal implication. Mol Cell Biol 2005;25:2873–84.

7. Martin M, Kettmann R, Dequiedt F. Class IIa

histone deacetylases: regulating the regulators.

Oncogene 2007;26:5450–67.

8. McKinsey TA, Zhang CL, Lu J, et al. Signal-

dependent nuclear export of a histone deacetylase

regulates muscle differentiation. Nature 2000;408:

106–11.

9. Martin M, Kettmann R, Dequiedt F. Class IIa

histone deacetylases: conducting development and

differentiation. Int J Dev Biol 2009;53:291–301.

10. €Ozda�g H, Teschendorff AE, Ahmed A, et al. Differ-

ential expression of selected histone modifier genes in

human solid cancers. BMC Genomics 2006;7:90.

11. Milde T, Oehme I, Korshunov A, et al. HDAC5

and HDAC9 in medulloblastoma: novel markers

for risk stratification and role in tumor cell

growth. Clin Cancer Res 2010;16:3240–52.

12. Huang Y, Marton LJ, Woster PM, et al. Poly-

amine analogues targeting epigenetic gene regula-

tion. Essays Biochem 2009;46:95–110.

C
an

ce
r
G
en
et
ic
s
an

d
E
p
ig
en
et
ic
s

1400 Sulforaphane inhibits HDAC5–LSD1 axis functions

Int. J. Cancer: 143, 1388–1401 (2018) VC 2018 UICC



13. Huang Y, Greene E, Murray Stewart T, et al.

Inhibition of lysine-specific demethylase 1 by

polyamine analogues results in reexpression of

aberrantly silenced genes. Proc Natl Acad Sci

USA 2007;104:8023–8.

14. Shi Y, Lan F, Matson C, et al. Histone demethyl-

ation mediated by the nuclear amine oxidase

homolog LSD1. Cell 2004;119:941–53.

15. Huang Y, Nayak S, Jankowitz R, et al. Epigenetics

in breast cancer: what’s new? Breast Cancer Res

2011;13:225.

16. Huang Y, Marton LJ, Woster PM. The design

and development of polyamine-based analogues

with epigenetic targets. Royal Society of Chemistry

Drug Discovery Series No 17, Thomas Graham

House 2012; 238–56.

17. Katz TA, Huang Y, Davidson NE, et al. Epige-

netic reprogramming in breast cancer: from new

targets to new therapies. Ann Med 2014;46:397–

408.

18. Garcia-Bassets I, Kwon YS, Telese F, et al. His-

tone methylation-dependent mechanisms impose

ligand dependency for gene activation by nuclear

receptors. Cell 2007;128:505–18.

19. Lim S, Janzer A, Becker A, et al. Lysine-specific

demethylase 1 (LSD1) is highly expressed in ER-

negative breast cancers and a biomarker predict-

ing aggressive biology. Carcinogenesis 2010;31:

512–20.

20. Metzger E, Wissmann M, Yin N, et al. LSD1

demethylates repressive histone marks to promote

androgen-receptor-dependent transcription.

Nature 2005;437:436–9.

21. Huang Y, Stewart TM, Wu Y, et al. Novel oligo-

amine analogues inhibit lysine-specific demethy-

lase 1 and induce reexpression of epigenetically

silenced genes. Clin Cancer Res 2009;15:7217–28.

22. Zhu Q, Huang Y, Marton LJ, et al. Polyamine

analogues modulate gene expression by inhibiting

Lysine-Specific Demethylase 1 (LSD1) and alter-

ing chromatin structure in human breast cancer

cells. Amino Acids 2011;42:887–98.

23. Maiques-Diaz A, Somervaille TC. LSD1: biologic

roles and therapeutic targeting. Epigenomics 2016.

24. Mohammad HP, Smitheman KN, Kamat CD,

et al. A DNA hypomethylation signature predicts

antitumor activity of LSD1 inhibitors in SCLC.

Cancer Cell 2015;28:57–69.

25. Cui S, Lim KC, Shi L, et al. The LSD1 inhibitor

RN-1 induces fetal hemoglobin synthesis and

reduces disease pathology in sickle cell mice.

Blood 2015;126:386–96.

26. Vasilatos SN, Katz TA, Oesterreich S, et al.

Crosstalk between lysine-specific demethylase 1

(LSD1) and histone deacetylases mediates anti-

neoplastic efficacy of HDAC inhibitors in human

breast cancer cells. Carcinogenesis 2013;34:1196–

207.

27. Huang Y, Vasilatos SN, Boric L, et al. Inhibitors

of histone demethylation and histone deacetyla-

tion cooperate in regulating gene expression and

inhibiting growth in human breast cancer cells.

Breast Cancer Res Treat 2012;131:777–89.

28. Katz TA, Vasilatos SN, Harrington E, et al. Inhi-

bition of histone demethylase, LSD2 (KDM1B),

attenuates DNA methylation and increases sensi-

tivity to DNMT inhibitor-induced apoptosis in

breast cancer cells. Breast Cancer Res Treat 2014;

146:99–108.

29. Chen L, Vasilatos SN, Qin Y, et al. Functional

characterization of lysine-specific demethylase 2

(LSD2/KDM1B) in breast cancer progression.

Oncotarget 2017;8:81737–53.

30. Huang Y, Hager ER, Phillips DL, et al. A novel

polyamine analog inhibits growth and induces

apoptosis in human breast cancer cells. Clin Can-

cer Res 2003;9:2769–77.

31. Sankar S, Bell R, Stephens B, et al. Mechanism

and relevance of EWS/FLI-mediated transcrip-

tional repression in Ewing sarcoma. Oncogene

2013;32:5089–100.

32. Chou TC, Talaly P. A simple generalized equa-

tion for the analysis of multiple inhibitions of

Michaelis-Menten kinetic systems. J Biol Chem

1977;252:6438–42.

33. Chou TC. Drug combination studies and their

synergy quantification using the Chou-Talalay

method. Cancer Res. 2010;70:440–6.

34. He P, Liang J, Shao T, et al. HDAC5 promotes

colorectal cancer cell proliferation by up-

regulating DLL4 expression. Int J Clin Exp Med

2015;8:6510–6.

35. Hsieh TH, Hsu CY, Tsai CF, et al. HDAC inhibi-

tors target HDAC5, upregulate microRNA-125a-

5p, and induce apoptosis in breast cancer cells.

Mol Ther 2015;23:656–66.

36. Shieh BH, Sparkes RS, Gaynor RB, et al. Localiza-

tion of the gene-encoding upstream stimulatory

factor (USF) to human chromosome 1q22-q23.

Genomics 1993;16:266–8.

37. Gregor PD, Sawadogo M, Roeder RG. The adeno-

virus major late transcription factor USF is a

member of the helix-loop-helix group of

regulatory proteins and binds to DNA as a dimer.

Genes Dev 1990;4:1730–40.

38. Kristiansson K, Ilveskoski E, Lehtimaki T, et al.

Association analysis of allelic variants of USF1 in

coronary atherosclerosis. Arterioscler Thromb

Vasc Biol 2008;28:983–9.

39. Tortorella SM, Royce SG, Licciardi PV, et al. Die-

tary sulforaphane in cancer chemoprevention: the

role of epigenetic regulation and hdac inhibition.

Antioxid Redox Signal 2015;22:1382–424.

40. Ho E, Clarke JD, Dashwood RH. Dietary sulfo-

raphane, a histone deacetylase inhibitor for can-

cer prevention. J Nutr 2009;139:2393–6.

41. Pledgie-Tracy A, Sobolewski MD, Davidson NE.

Sulforaphane induces cell type-specific apoptosis

in human breast cancer cell lines. Mol Cancer

Ther 2007;6:1013–21.

42. Atwell LL, Zhang Z, Mori M, et al. Sulforaphane

bioavailability and chemopreventive activity in

women scheduled for breast biopsy. Cancer Prev

Res (Phila). 2015;8:1184–91.

43. Myzak MC, Karplus PA, Chung FL, et al. A novel

mechanism of chemoprotection by sulforaphane:

inhibition of histone deacetylase. Cancer Res

2004;64:5767–74.

44. Traynor AM, Dubey S, Eickhoff JC, et al. Vorino-

stat (NSC# 701852) in patients with relapsed

non-small cell lung cancer: a Wisconsin Oncology

Network phase II study. J Thorac Oncol 2009;4:

522–6.

45. Luu TH, Morgan RJ, Leong L, et al. A phase II

trial of vorinostat (suberoylanilide hydroxamic

acid) in metastatic breast cancer: a California

Cancer Consortium study. Clin Cancer Res 2008;

14:7138–42.

46. Modesitt SC, Sill M, Hoffman JS, et al. A phase

II study of vorinostat in the treatment of persis-

tent or recurrent epithelial ovarian or primary

peritoneal carcinoma: a Gynecologic Oncology

Group study. Gynecol Oncol 2008;109:182–6.

47. Blumenschein GR, Jr., Kies MS,

Papadimitrakopoulou VA, et al. Phase II trial of

the histone deacetylase inhibitor vorinostat

(Zolinza, suberoylanilide hydroxamic acid,

SAHA) in patients with recurrent and/or meta-

static head and neck cancer. Invest New Drugs

2008;26:81–7.

48. Mithraprabhu S, Khong T, Spencer A. Overcom-

ing inherent resistance to histone deacetylase

inhibitors in multiple myeloma cells by targeting

pathways integral to the actin cytoskeleton. Cell

Death Dis. 2017;5:e1134.

C
an

ce
r
G
en
et
ic
s
an

d
E
p
ig
en
et
ic
s

Cao et al. 1401

Int. J. Cancer: 143, 1388–1401 (2018) VC 2018 UICC



Oncogene
https://doi.org/10.1038/s41388-018-0451-5

ARTICLE

Inhibition of histone lysine-specific demethylase 1 elicits breast
tumor immunity and enhances antitumor efficacy of immune
checkpoint blockade

Ye Qin1,2
● Shauna N. Vasilatos1 ● Lin Chen1

● Hao Wu1
● Zhishen Cao3

● Yumei Fu4
● Min Huang2

● Anda M. Vlad3,5
●

Binfeng Lu5
● Steffi Oesterreich 1,2

● Nancy E. Davidson6
● Yi Huang1,2

Received: 25 January 2018 / Revised: 18 June 2018 / Accepted: 21 July 2018
© Springer Nature Limited 2018

Abstract
Immunotherapy strategies have been emerging as powerful weapons against cancer. Early clinical trials reveal that overall
response to immunotherapy is low in breast cancer patients, suggesting that effective strategies to overcome resistance to
immunotherapy are urgently needed. In this study, we investigated whether epigenetic reprograming by modulating histone
methylation could enhance effector T lymphocyte trafficking and improve therapeutic efficacy of immune checkpoint
blockade in breast cancer with focus on triple-negative breast cancer (TNBC) subtype. In silico analysis of The Cancer
Genome Atlas (TCGA) data shows that expression of histone lysine-specific demethylase 1 (LSD1) is inversely associated
with the levels of cytotoxic T cell-attracting chemokines (C–C motif chemokine ligand 5 (CCL5), C–X–C motif chemokine
ligand 9 and 10 (CXCL9, CXCL10)) and programmed death-ligand 1 (PD-L1) in clinical TNBC specimens. Tiling
chromatin immunoprecipitation study showed that re-expression of chemokines by LSD1 inhibition is associated with
increased H3K4me2 levels at proximal promoter regions. Rescue experiments using concurrent treatment with small
interfering RNA or inhibitor of chemokine receptors blocked LSD1 inhibitor-enhanced CD8+ T cell migration, indicating a
critical role of key T cell chemokines in LSD1-mediated CD8+ lymphocyte trafficking to the tumor microenvironment. In
mice bearing TNBC xenograft tumors, anti-PD-1 antibody alone failed to elicit obvious therapeutic effect. However,
combining LSD1 inhibitors with PD-1 antibody significantly suppressed tumor growth and pulmonary metastasis, which
was associated with reduced Ki-67 level and augmented CD8+ T cell infiltration in xenograft tumors. Overall, these results
suggest that LSD1 inhibition may be an effective adjuvant treatment with immunotherapy as a novel management strategy
for poorly immunogenic breast tumors.

Introduction

Unlike some other types of tumors, breast cancer was
thought to be non-immunogenic and the relevance of the
host immune response to breast tumors has long been
debated. A growing body of evidence has shown that some
breast tumors, particularly the more aggressive triple-
negative breast cancer (TNBC), do elicit host antitumor
immune responses, and the robustness of the response
correlates with prognosis [1–3]. Recent data from phase I
trials with immune checkpoint inhibitors (ICIs) in TNBC
patients reported an encouraging overall response (OR), up
to 20%, with durable clinical responses [4–7]. However, the
majority of TNBC patients are still refractory to immu-
notherapy. This raises the question of whether combining
immunotherapy with other approaches could augment
clinical response rate for this devastating disease.
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One of the best predictors of response to immu-
notherapy is the number and phenotype of tumor-
infiltrating CD8+ cytotoxic T lymphocytes that are
recruited at the tumor site by the locally secreted che-
mokines [8]. Chemokines are a family of small heparin-
binding proteins, which mediates immune cell trafficking
and lymphoid tissue development [9]. Among these
chemokines, elevated levels of the C–C motif chemokine
ligand 5 (CCL5) and T helper 1 (Th1)-type chemokines,
C–X–C motif chemokine ligand 9 and 10 (CXCL9 and
CXCL10), are frequently associated with increased
recruitment of CD8+ T lymphocytes to tumor sites [10–
12]. A large body of evidence exists to show that
increased expression of cytotoxic T cell-attracting che-
mokines correlates with decreased levels of cancer
metastasis and improved clinical outcome in cancer
patients [13, 14]. However, it is not well understood
about the molecular mechanisms controlling down-
regulation of cytotoxic T cell chemokine expression in
cancer and how reduced expression of these chemokines
subsequently deters effector T cell trafficking to the
tumor microenvironment.

Epigenetic alterations are associated with all stages of
breast tumor formation and progression [15, 16]. The best
characterized chromatin dysregulation is epigenetically
mediated transcriptional silencing which is typically asso-
ciated with increased DNA methylation and histone func-
tion abnormalities [17, 18]. Recent studies indicate that
epigenetic dysregulation plays a critical role in silencing
expression of certain effector T cell chemokines, which may
lead to inefficient recognition and elimination of cancer
cells by the host immune system [11, 12]. The results from
these studies also suggest that aberrant suppression of
effector T cell chemokines could be reversed by epigenetic
reprogramming, which may, in turn, improve T cell infil-
tration and expand the efficacy of immunotherapy. How-
ever, the nature of epigenetic silencing in governing cancer
immunopathology and immunotherapy remains very
elusive.

In this study, we explored the mechanisms of how epi-
genetic dysregulation of expression and activity of cytotoxic
T cell chemokines impedes trafficking of antitumor immune
cells and facilitates TNBC progression. We also investi-
gated whether epigenetic agents could augment antitumor
immune responses and improve therapeutic efficacy of
immune checkpoint blocking antibodies. Our findings
indicate that a key epigenetic modifier, lysine-specific
demethylase 1 (LSD1), plays an important role in mediat-
ing epigenetic reprogramming that alters the T cell land-
scape in TNBC. We have also put forth preclinical evidence
that combined use of LSD1 inhibitor effectively enhances
the therapeutic efficacy of anti-PD-1 immunotherapy.

Results

Negative correlation between expression of LSD1
and immune regulatory genes in TNBC specimens

The correlation of expression between key epigenetic
modifiers (histone deacetylases, histone lysine demethy-
lases, DNA methyltransferases, etc.) and immune signature
genes such as CD8+ T cell-attracting chemokines (CCL5,
CXCL9, CXCL10) and the immune checkpoint molecule
programmed death-ligand 1 (PD-L1) was first evaluated in a
cohort of 222 TNBC clinical specimens [19]. We observed
a negative correlation between multiple epigenetic reg-
ulators and immune-related genes (Supplementary Table 1).
Among these epigenetic modifiers, the flavin adenine
dinucleotide-dependent histone demethylase, LSD1,
appears to be negatively correlated with the chemokines and
PD-L1 with most overall significant p values (Supplemen-
tary Table 1; Fig. 1a). Further analysis showed that LSD1
gene expression was inversely associated with these
immune factors in estrogen receptor-negative (ER−), but
not in ER+ or HER2+ tumors (Fig. 1b–d). Overall, these in
silico data revealed a negative correlation between expres-
sion of LSD1 and cytotoxic T cell-attracting chemokines
and PD-L1 in aggressive TNBC or ER− breast tumors.
Analysis of the TCGA data indicates that LSD1 expression
is greatly increased in breast tumor specimens compared
with adjacent normal tissues (Fig. 1e; Supplementary Figure
1a). The analysis also indicated a significantly elevated
level of LSD1 messenger RNA (mRNA) expression in ER
negative or basal-like breast cancer in comparison to other
subtypes (Fig. 1e, f; Supplementary Figure 1b).

Inhibition of LSD1 induces expression of effector T
cell-attracting chemokines and PD-L1

The dysregulation of LSD1 activity has been implicated in
tumorigenesis for various cancers including breast cancer
[20–22]. To determine whether overexpression of LSD1
aberrantly suppresses expression of immune-protective
factors, we tested several LSD1 inhibitors for their impact
on expression of CD8+ T cell-attracting chemokines and
PD-L1. Among these LSD1 inhibitors, HCI-2509 and tra-
nylcypromine (TCP) significantly increased the expression
of PD-L1, CCL5, CXCL9, and CXCL10 in human TNBC
MDA-MB-231 cells (Fig. 2a). TCP is an irreversible LSD1
inhibitor that has been used as a chemical scaffold to design
new generations of LSD1 inhibitors [21] (Supplementary
Figure 2a). HCI-2509 is a non-competitive and highly
potent reversible LSD1 inhibitor that effectively inhibits
LSD1 activity at micromolar levels in MDA-MB-231 cells
(Supplementary Figure 2b). HCI-2509 induced mRNA

Y. Qin et al.



expression of PD-L1 and T cell chemokines in a dose-
dependent manner in MDA-MB-231 cells, and mouse
TNBC cell line models, 4T1 and EMT6 (Fig. 2b). In

agreement with the effects of the LSD1 inhibitors, depletion
of LSD1 by small interfering RNA (siRNA) in MDA-MB-
231 or MDA-MB-468 cells significantly increased the

Inhibition of histone lysine-specific demethylase 1 elicits breast tumor immunity and enhances. . .



expression of CCL5, CXCL9, and CXCL10 (Fig. 2c;
Supplementary Figure 3a), whereas overexpression of
LSD1 via transfection of pReceiver-LSD1 plasmids atte-
nuated expression of these genes in both cell lines (Fig. 2d;
Supplementary Figure 3b). It is noted that either depletion
or overexpression of LSD1 exerted negligible effects on
expression of other types of chemokines such as CCL2,
CCL3, or CCL4 whose activities are known to have pro-
tumor roles [23], suggesting that targeting LSD1 may have
a favorable impact on promoting antitumor immunity.
Similarly, transfection of a second LSD1 siRNA also sig-
nificantly induced mRNA expression of CCL5, CXCL9,
and CXCL10 in both MDA-MB-231 and MDA-MB-468
cells (Supplementary Figures 3c, d). Moreover, stable LSD1
knockdown in 4T1 cells was established through infection
with shRNA lentiviral particles. In two LSD1-KD clones
showing best knockdown efficacy (Supplementary Figure
4a), stable loss of LSD1 consistently induced mRNA
expression of CCL5, CXCL9, and CXCL10 (Supplemen-
tary Figure 4b).

Next, we investigated whether LSD1 inhibitor-induced
expression of chemokines was accompanied by changes in
H3K4me2 levels at specific gene promoters. Primers span-
ning the proximal promoter region for chemokines and PD-
L1, from approximately −1200 to +400 bp relative to the
transcriptional start site (TSS), were designed for quantita-
tive tiling chromatin immunoprecipitation (ChIP) assays
(Fig. 3a). Treatment with HCI-2509 led to increased
enrichment of H3K4me2 at proximal elements or core
regions of transcription start site (P4, P5, or P6) at pro-
moters of chemokines and PD-L1. HCI-2509 also enhanced
H3K4me2 occupancy at distant region upstream of the TSS
site of CCL5 and PD-L1 promoters (Fig. 3b). These studies
illustrate the effect of LSD1 inhibitor on the enrichment of
the active histone mark, H3K4me2, in important promoter
regions that are likely responsible for LSD1 inhibitor-
induced re-expression of immune regulatory genes.

Next, we used a mouse chemokine array to determine
whether upregulation of T cell chemokine expression by
LSD1 inhibition would increase chemokine protein synth-
esis and secretion. Supernatants from 4T1 cells were col-
lected and incubated with the detection antibody, and then
added onto the blocked membrane that contains various
chemokine capture antibodies (Supplementary Figure 4c).

Immunoblotting results indicated that LSD1 RNA inter-
ference (RNAi) or treatment with HCI-2509 stimulated the
protein secretion of CCL5 and CXCL10 in 4T1 culture
medium. CXCL9 protein level was elevated by HCI-2509
but was basically not affected by LSD1 RNAi (Fig. 3c, d;
Supplementary Figures 4d, e).

PD-L1 is a transmembrane glycoprotein that binds to its
receptor, PD-1, on T cells, which leads to suppression of
immune function [24]. PD-L1 expression has been specu-
lated as a critical predictive parameter of sensitivity to
therapeutic agents targeting the PD-L1/PD-1 immune
checkpoints [25]. To test whether LSD1 inhibitor-induced
PD-L1 expression results in increased cell surface expres-
sion, fluorescence-activated cell sorting (FACS) analysis
was used to measure the PD-L1 level on the cell surface of
several TNBC cell lines, with IgG as a negative control. We
found that the basal membranous PD-L1 expression is very
low in TNBC cells and treatment with HCI-2509 sig-
nificantly up-regulated surface expression of PD-L1 (Fig.
3e, f; Supplementary Table 2).

LSD1 inhibits CD8+ T lymphocyte trafficking in
TNBC microenvironment

To examine whether LSD1 inhibition-induced chemokine
products could enhance CD8+ T cell trafficking and
tumor infiltration, we carried out an ex vivo chemotaxis
assay. Briefly, naïve CD8+ T cells were purified from
mouse spleen and activated with Dynabeads containing
mouse T-activator CD3/CD28 and recombinant mouse
interleukin-2 (IL-2) (Fig. 4a). A pool of activated CD8+
T cells was subsequently collected (Supplementary Figure
5a) and then placed onto top chambers of plates and
allowed to migrate for 24 h towards cellular supernates of
4T1 cells that were treated with dimethyl sulfoxide
(DMSO) or HCI-2509. The flow cytometry (FCM) result
showed that HCI-2509 significantly increased the migra-
tion of CD8+ T cells (Fig. 4b).

To characterize the role of CD8+ T cell chemokines in
LSD1 inhibition-induced T cell recruitment, a rescue study
was carried out. 4T1 or EMT6 cellular supernatants were
added with TAK-779, a potent antagonist for CCR5 and
CXCR3, which are the receptors for CCL5 and CXCL9/10/
11, respectively [26]. Chemotaxis assays showed that con-
current treatment with TAK-779 hindered HCI-2509-
enhanced CD8+ T cell migration in both cell lines (Fig.
4c). We validated this result by concurrent transfection of
CCL5 or CXCL10 siRNA into EMT6 cells. Transfection
with siRNAs effectively knocked down more than 70% of
mRNA expression of CCL5 or CXCL10 (Supplementary
Figure 5b). Chemotaxis assay demonstrated that simulta-
neous depletion of either CCL5 or CXCL10 effectively
blocked HCI-2509-induced T cell migration (Fig. 4d).

Fig. 1 LSD1 expression and its correlation with immune-related fac-
tors in breast cancer TCGA database. a–d The Pearson's correlation
between immune regulatory factors and LSD1 across breast cancer
subtypes: TNBC (a), ER-negative (b), ER-positive (c) or HER2-
amplified (d) breast cancer. e LSD1 mRNA level in ER-positive vs.
ER-negative breast cancer specimens and all tumors vs. adjacent
normal tissues (downloaded from the TCGA database: https://www.
ncbi.nlm.nih.gov/pubmed/26209429). f LSD1 mRNA level in PAM50
intrinsic breast cancer subtypes in the TCGA data
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Collectively, these results point to an important role of T
cell chemokines in regulation of CD8+ T cell recruitment to
tumor microenvironment.

To evaluate the potential effect of LSD1 inhibitor on
normal activities of immune tissues, splenocytes were
extracted from BALB/c mice and treated with various
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concentrations of HCI-2509 for 24 h. Quantitative PCR
(qPCR) results indicated that HCI-2509 had no noticeable
impact on the mRNA expression of examined immune
factors (Supplementary Figure 5c). Next, we examined the
potential influence of LSD1 inhibition on expression of key
T cell exhaustion regulators, PD-1, tumor necrosis factor-α
(TNFα) and interferon-γ (IFNγ), and chemokine receptors
CCR5 and CXCR3 in activated CD8+ cells. Naïve CD8+
T cells were purified from mouse spleen and stimulated
with Dynabeads with mouse T-activator CD3/CD28 and
recombinant mouse IL-2. Activated CD8+ cells were then
treated with 2.5 μM HCI-2509 for 24 h. Results of quanti-
tative RT-PCR indicated that HCI-2509 significantly
decreased mRNA expression of PD-1 and increased level of
CCR5 in activated CD8+ cells (Fig. 4e). Treatment with
LSD1 inhibitor resulted in a small reduction of TNFα
expression and the impact on IFNγ failed to attain statistical
significance (Fig. 4e). FACS results showed that decreased
PD-1 mRNA expression by HCI-2509 led to reduced cell
surface expression of PD-1 (Supplementary Figure 5d).

LSD1 inhibition potentiates in vivo response of
TNBC tumor xenografts to anti-PD-1
immunotherapy

Next, we investigated the in vivo effect of LSD1 inhibitors
on efficacy of anti-PD-1 therapy in BALB/c mice bearing
orthotopic EMT6 tumors. Treatment with PD-1 antibody
alone failed to elicit obvious therapeutic effects on EMT6
tumor growth. However, combination therapy with HCI-
2509 and PD-1 monoclonal antibody (mAb) displayed
superior inhibitory effect against tumor progression and
resulted in 70% reduction in tumor burden as compared to
vehicle control group (Fig. 5a, b). At the termination of the

experiment, the tumor weight in each mouse was measured.
Average tumor weight in the combination group was sig-
nificantly lower than that of control group (Fig. 5c). Sta-
tistical analysis of average tumor volumes between each
group was shown in Supplementary Table 3. Immunohis-
tochemical analysis showed that HCI-2509 decreased Ki-67
expression, and combination therapy led to a more sig-
nificant reduction of Ki-67 expression in EMT6 tumors
(Fig. 5d, e).

Mouse 4T1 cell line is highly metastatic and a widely
used breast cancer metastasis model. The effect of combi-
nation therapy of LSD1 inhibitors and anti-PD-1 antibody
on 4T1 tumor growth and metastasis was evaluated in
BALB/c mice bearing 4T1 tumors in the mammary fat pads.
Mice were treated with HCI-2509 every 2 days or TCP
5 days a week. Mice were injected intraperitoneally (i.p.)
with anti-PD-1 antibodies once every 6 days. While PD-1
mAb by itself had no obvious impact on 4T1 tumor growth,
combining either HCI-2509 or TCP with PD-1 mAb
resulted in nearly 40% reduction in primary tumor volumes
as compared with the control or single-agent treatment
group (Supplementary Figures 6a, b). At the end of
experiments, histological assessment was performed to
visualize the microscopic tumor lesions in the lungs. 4T1
tumors spontaneously produced highly metastatic lesions in
lung tissues. Treatment with HCI-2509 or PD-1 alone had
no significant impact on 4T1 metastasis. However, combi-
nation therapy significantly reduced the areas of pulmonary
metastatic lesions as compared with the control or single-
agent treatment group (Fig. 5f, g). Similar results were
observed in combination therapy of TCP and PD-1 mAb
(Supplementary Figures 7a, b). These results indicate that
combining LSD1 inhibitors with PD-1 antibody is more
effective than either treatment alone in preventing 4T1
tumor metastasis. Overall toxicity of combination therapy
against animals in all these studies was insignificant as
demonstrated by no animal weight loss (Supplementary
Figure 8).

LSD1 inhibitor synergizes with PD-1 mAb to
enhance in vivo breast tumor immunogenicity

LSD1 inhibitor in combination with PD-1 mAb sig-
nificantly increased the mRNA expression of PD-L1, CCL-
5, CXCL9, CXCL10, and CCR5 (receptor of CCL-5) in
EMT6 tumors (Fig. 6a). The immunohistochemistry (IHC)
assay indicated that recruitment of CD8+ T lymphocyte to
EMT6 tumors was increased by HCI-2509 treatment, which
was further induced in tumors receiving combination ther-
apy (Fig. 6b, c). Many clinical studies suggest that lym-
phatic network facilitates systemic breast tumor metastasis
via providing a portal for tumor cell spreading [27, 28].
Subtypes of T lymphocytes were sorted and quantified by

Fig. 2 LSD1 inhibition induces expression of CD8+ T cell-attracting
chemokines and PD-L1. Real-time RT-PCR analysis was performed to
analyze relative mRNA expression level of indicated genes. β-Actin
was included as an internal control. aMDA-MB-231 cells were treated
with LSD1 inhibitors (2.5 µM HCL-2509, 100 µM GSK-LSD1, 2.5
mM tranylcypromine or 2.5 mM pargyline) for 24 h. Relative mRNA
expression of indicated immune regulatory factors is shown. b MDA-
MB-231, 4T1, and EMT6 cells were exposed to increasing con-
centrations of HCI-2509 for 24 h. Relative mRNA expression of PD-
L1, CCL5, CXCL9, and CXCL10 compared to vehicle control (set to
fold change= 1) is shown. c MDA-MB-231 cells were transiently
transfected with scramble or LSD1 siRNA for 48 h. Effect of LSD1
knockdown on mRNA expression of indicated chemokines was
examined by real-time RT-PCR. d MDA-MB-231 cells were tran-
siently transfected with control or pReceiver-FLAG-LSD1 plasmids
for 48 h and analyzed by real-time RT-PCR for expression of indicated
chemokines. Histograms represent the mean fold change in mRNA
expression compared to control group (set to fold change= 1) for three
independent determinations ± s.d. Bars marked with asterisks indicate
a statistical difference by Student’s t test. *p < 0.05, **p < 0.01, and
***p < 0.001. EV empty vector, OE overexpression
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flow cytometry to determine the effect of combination
therapy on status of T cell infiltration in peripheral lymph
nodes adjacent to mammary glands with tumor implanta-
tion. The combination therapy significantly increased the
population of CD3+CD8+ T cells in lymph nodes adjacent

to EMT6 tumors (Fig. 6d). The ratio of CD4+ to CD8+
T cells in lymph nodes was significantly reduced by com-
bination therapy (Fig. 6e). An attenuated CD4+/CD8+
ratio of tumor-infiltrating lymphocytes clearly indicates an
enhanced capacity of antitumor immunogenicity [29]. The
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similar results were observed in lymph nodes adjacent to
4T1 xenograft tumors (Supplementary Figure 9). Taken
together, our novel findings demonstrate that LSD1 inhi-
bition triggers cytotoxic CD8+ T cell infiltration that in turn
enhances the in vivo antitumor efficacy of immune check-
point blockade antibody. A model is proposed to summarize
the role of LSD1 regulation on chemokine silencing,
effector T cell trafficking, breast tumor immunity, and
response to immunotherapy (Fig. 7).

Discussion

Accumulating evidence indicates that abnormal epigenetic
modifications play important roles in silencing expression
of effector T cell chemokines in cancer [11, 12]. Analysis of
a cohort of TCGA invasive breast cancer datasets revealed
that LSD1 expression is negatively correlated with the
expression of certain CD8+ T cell-attracting chemokines
and PD-L1. LSD1 is the first identified histone demethylase
that has shown great potential as a target in cancer therapy
in preclinical models [17, 18, 30–33]. In line with in silico
results, we demonstrated that suppression of LSD1
expression by RNAi or small-molecule inhibitors induced
expression and activity of antitumor chemokines, but
exerted marginal effect on the expression of those chemo-
kines with pro-tumor activity. The molecular details
underlying LSD1 regulation on chemokine transcription are
not completely understood. LSD1 has been typically found
to be associated with multiple transcription repressors, such
as HDAC1, HDAC2, and CoREST, to assemble a tran-
scriptional repressor complex [32, 34, 35]. Recent studies
showed that knockdown of LSD1 cofactors HDAC1 and
HDAC2 failed to affect expression of chemokines and PD-
L1 [12, 36]. We recently reported that HDAC5, which is a

key member of class II histone deacetylase, physically
interacts and stabilizes LSD1 protein through up-regulating
the expression of LSD1 deubiquitinase in breast cancer cells
[37]. Similar to data from TCGA TNBC patients for LSD1
mRNA expression, HDAC5 mRNA expression is also
negatively associated with CD8+ T cell chemokines and
PD-L1 in TNBC patients (Supplementary Table 1). Addi-
tional studies would be necessary to address the potential
role of HDAC5 in LSD1-mediated repression of T cell
chemokine expression. Moreover, the regulation of
expression of chemokines by other H3K4me-targeting his-
tone demethylases has been recently reported. For example,
the H3K4me3 histone demethylase, Fbxl10, has been found
to be associated with promoter of chemokine, CCL7, and
mediate its transcription activity [38]. Li et al. [39] has
demonstrated that CCL14, an epithelial derived chemokine,
is an important regulator of the JARID1B/LSD1/NuRD
complex in regulation of angiogenesis and metastasis in
breast cancer. These findings indicate that multiple histone
modifications are involved in regulation of chemokine
expression. Continuous studies are needed to clarify the
mechanism of how coordinated interaction between LSD1
and other epigenetic modifiers governs chemokines
expression.

ICIs have been hailed as a major breakthrough for
treatment of malignant diseases, including a subset of breast
cancers [40, 41]. However, clinical benefit of ICIs remains
limited to a fraction of breast cancer patients. The intrinsic
mechanisms of resistance to ICI therapy are multifaceted,
dynamic, and interdependent, which may be due to the lack
of effective antigen presentation, impaired formation of T
cell memory, modified immune checkpoint pathways,
changed cellular signaling pathways, and tumor micro-
environment, etc. However, the precise mechanisms of
innate and acquired resistance to ICI therapy in breast
cancer patients are still unclear. Our studies have linked the
resistance to anti-PD-1 immunotherapy to LSD1-mediated
epigenetic silencing of effector T cell chemokines. This
notion is supported by the following experimental evidence
obtained from our studies: (1) siRNA depletion of specific T
cell chemokines, CCL5 or CXCL10, is sufficient to reverse
LSD1 inhibitor-induced CD8+ T cell trafficking; (2) PD-1
mAb alone exerts no obvious effect on CD8+ T lympho-
cyte infiltration and combination therapy leads to sig-
nificantly increased presence of CD8+ lymphocytes in
tumors. Based on these novel findings, we tested a con-
ceptually new strategy to target LSD1 and defective
immune system combinatorially to correct the aberrant T
cell landscape in low immunogenic TNBC, which is an
important research area that has been understudied. Our
in vivo results show that combination therapy significantly
enhanced the response to PD-1 immunotherapy in TNBC.
Importantly, in addition to enhancing chemokine expression

Fig. 3 Inhibition of LSD1 promotes protein production and secretion
of chemokines and PD-L1. a Tiling ChIP primers were designed
spanning from −1200 to +400 bp around the transcription start sites
(TSS) of indicated genes. b MDA-MB-231 cells were treated with 2.5
μM HCI-2509 for 24 h. Quantitative ChIP studies were conducted to
characterize the enrichment of H3K4me2 at promoters of indicated
genes. c, d Mouse chemokine antibody array was performed following
the manufacturer’s protocol to detect secreted chemokines from
4T1 cells that were c infected with scramble or LSD1 shRNA lenti-
virus, or d exposed to DMSO or 2.5 μM HCI-2509 for 24 h. Red boxes
designate the chemokines whose expression was altered by LSD1
RNAi or inhibitor. e Flow cytometry analysis was carried out to detect
the percentage of PD-L1-positive MDA-MB-231, 4T1, or EMT6 cells
after treatment with DMSO or 2.5 μM HCI-2509 for 24 h. IgG was
used as a negative control to normalize the expression levels of PD-L1
on the surface of the tumor cells. Shown are representative FACS
images. f Histogram shows the quantified percentage of PD-L1-
positive cells after treatment with vehicle or HCI-2509. All the
experiments were performed three times. Student’s t test was per-
formed to assess significance. *p < 0.05, **p < 0.01, and ***p < 0.001
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and infiltration of effector CD8+ T cells in tumors, our
combination approach also increased the ratio of CD8
+/CD4+ T cells in lymph tissues adjacent to mouse

mammary glands, which is considered as an important
marker of immunological defense against tumor spreading.

Although PD-L1 is generally regarded as an immuno-
suppressive molecule, several clinical trials have shown the
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positive association of PD-L1 expression with higher OR
rates to anti-PD-1/PD-L1 therapy [40, 42]. Thus, PD-L1 has
been considered as a predictive parameter of sensitivity to
therapeutic agents targeting the PD-L1/PD-1 pathway in
cancer patients [43, 44]. Elevated PD-L1 expression has
been reported to correlate with increased infiltrating lym-
phocytes, which in turn leads to stronger cytotoxic immune
response and improved survival in breast tumors [45, 46].
By using large-scale genomic data sets of solid tissue tumor
biopsies, Rooney et al. reported that amplification of PD-L1
was positively associated with high local immune cytolytic
activity [47]. Our recent bisulfite sequencing study depicted
that CpG islands at PD-L1 promoter are mostly unmethy-
lated in MDA-MB-231 cells and treatment with DNMT
inhibitor exerted insignificant effect on PD-L1 expression
(data not shown). We speculate that dysregulated histone
functions such as LSD1-mediated H3K4 demethylation at
key elements of PD-L1 promoter could be a critical epi-
genetic mechanism contributing to PD-L1 silencing.

It is still unclear about the mechanism of how LSD1
inhibition potentiates anti-PD-1 therapy in breast cancer.
One major function of CD8+ T cell destruction of targeted
cancer cells is via Fas/FasL interaction. Anti-PD-1/PD-L1
therapy renders tumor cells sensitive to CD8+ T cell and
FasL-mediated lysis [48, 49]. Moreover, multiple lines of
evidence showed that adaptive resistance to anti-PD-1
therapy is mediated by the phosphatidylinositol-3-kinase
(PI3K)/Akt pathway in cancer [50, 51]. Our recent micro-
array has shown that inhibition of LSD1 increases the
expression of Fas and down-regulates PI3K/Akt signaling
[52]. Future work is needed to determine whether inhibition
of LSD1 enhances therapeutic efficacy of immune check-
point blockade through regulation of activities of Fas and
PI3K/Akt signaling in TNBC.

In conclusion, we have demonstrated that inhibition of
LSD1 reactivates key immune checkpoint regulator and
cytotoxic T cell-attracting chemokines, which in turn

augments sensitivity of TNBC to immune checkpoint
blocking antibodies (Fig. 7). Our studies identify a new
strategy to target crosstalk between epigenetic modulators
and immune compartments as a novel therapeutic strategy
for breast cancer patients with poor immune response. The
development of novel LSD1 inhibitors is progressing
rapidly and several clinical trials of LSD1 inhibitors are
ongoing in cancer patients. We strongly believe that our
new combination strategy, using these potent LSD1 inhi-
bitors with immune modulators, would carry high innova-
tion and translational potential.

Materials and methods

Cells and reagents

MDA-MB-231, MDA-MB-468, and EMT6 cell lines were
from ATCC. 4T1 cell line was provided by Dr. Adrian Lee
(University of Pittsburgh). HCI-2509 was purchased from
Xcessbio Biosciences Inc. (San Diego, CA, USA). GSK-
LSD1 and TAK-779 were obtained from Sigma (St. Louis,
MO, USA).

LSD1 siRNA transfection and shRNA infection

Pre-designed LSD1 siRNA #1 (Santa Cruz Biotechnology,
Dallas, TX, USA) and siRNA #2 (Thermo Fisher Scientific,
Waltham, MA, USA) were transfected into cells following
the manufacturer’s protocol. Scramble control and LSD1-
specific shRNA lentiviral particles (Santa Cruz Bio-
technology) were infected into 4T1 cells, according to the
manufacturer’s protocol. Cells were harvested 72 h post
infection and seeded into dishes with 2 µg/ml puromycin.
Individual colonies were picked and analyzed for LSD1
expression.

Quantitative PCR

Total RNA was extracted using RNeasy kit (Qiagen,
Valencia, CA, USA) as described previously [53, 54].
Quantitative real-time PCR was performed on the StepOne
Real-Time PCR System (Life Technologies). TaqMan®

Gene Expression Assays were pre-designed and obtained
from Life Technologies.

Immunoblotting

Western blotting was performed as previously described
[55, 56]. Antibodies used in this study are shown in Sup-
plementary Table 4. Nitrocellulose membranes were scan-
ned using the Odyssey Infrared Imaging System (Li-Cor
Biosciences, Lincoln, NE, USA).

Fig. 4 LSD1 inhibition induces effector T cell migration and tumor
infiltration. a Schematic diagram of ex vivo chemotaxis assay of CD8
+ T cell activation and migration. b Treatment with HCI-2509 induces
CD8+ T cell migration. Bar graph shows mean total number of CD8+
T cells ± s.d. c 4T1 cells were treated with DMSO or 2.5 μMHCI-2509
for 1 h. Cellular supernatants were then added with vehicle or 5 nM
TAK-779. Chemotaxis assay was subsequently performed to deter-
mine the effect of TAK-779 on HCI-2509-induced CD8+ T cell
migration. d EMT6 cells were transiently transfected with CCL5 or
CXCL10 siRNA followed by treatment with DMSO or 2.5 μM HCI-
2509 for 24 h. Chemotaxis assay was performed to assess the impact of
chemokine siRNA on HCI-2509-induced CD8+ T cell migration and
tumor infiltration. e Activated CD8+ cells were treated with 2.5 μM
HCI-2509 for 24 h. mRNA expression of indicated genes was exam-
ined by real-time RT-PCR. Histograms represent mean fold change ±
s.d. for three independent experiments. Student’s t test was performed
to assess significance. *p < 0.05, **p < 0.01, and ***p < 0.001
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Proteome antibody arrays

Mouse chemokine array kit ARY020 (R&D Systems,
Minneapolis, MN, USA) was used to detect 25 mouse
chemokines. Briefly, cell culture supernatant was collected
and incubated with the detection antibody cocktail. The

sample/antibody mixture was then added onto the blocked
membrane, containing 25 different capture antibodies. After
washing, membrane was incubated with diluted
streptavidin-horse radish peroxidase and Chemi Reagent
Mix was added, and the membrane was then exposed to X-
ray film.
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Flow cytometry analysis

One million cells were collected and stained with a variety
of antibodies (Supplementary Table 4) or isotype control
antibody. Stained cells and fixed cells were suspended in
FACS buffer and analyzed on the LSR-II flow cytometer
(BD Biosciences, San Jose, CA). Data were processed with
FACSDIVATM software (BD Biosciences).

Chromatin immunoprecipitation

ChIP was performed using methods as reported previously
[37]. Cells treated with vehicle or LSD1 inhibitor were
exposed to 1% formaldehyde to cross-link proteins, and two
million cells were used for each ChIP assay and performed
as previously described [31, 56]. Quantitative ChIP con-
firmed changes in H3K4me2 at the promoters of examined
genes using qPCR with primer sets indicated in Supple-
mentary Table 5.

Activation of effector CD8+ T cells

Naïve CD8+ T cells were purified from mouse spleen using
EasySep mouse CD8+ T cell isolation kit (StemCell
Technologies, Cambridge, MA, USA). Isolated naïve CD8+

T cells were stimulated with Dynabeads, mouse T-activator
CD3/CD28 (Thermo Fisher Scientific) and recombinant
mouse IL-2 (R&D Systems) for 10 days. After activation,

effector CD8+ T cells were harvested using magnetic plate
and counted for further analysis.

Chemotaxis assay

After treatment, cell culture medium was replaced with
drug-free medium for 24 h. Cell-free supernatant was then
transferred to 24-well plates with membranes of 5 µm pore
size (Corning, Corning, NY, USA). Effector CD8+ T cells
(2 × 105) were loaded onto the top chambers and allowed to
migrate for 24 h towards cell supernatants. The migrated
cells were harvested and re-suspended in 4% paraf-
ormaldehyde solution to fix. The number of CD8+ T cells
was quantified by fixed 30 s runs on LSR-II flow cytometer.

Immunohistochemistry

Tumors were fixed in Bouin’s solution (Sigma) and pro-
cessed for paraffin embedding. Antigen retrieval was per-
formed using citrate buffer and stained with primary
antibodies overnight at 4 °C. Secondary antibody (1:200,
eBioscience) was used followed by 3,3′-diaminobenzidine
(Thermo Fisher Scientific) and then counterstained with
hematoxylin (Sigma). The percentage of CD8+ cells was
analyzed using the Image-pro Plus software (Media
Cybernetics, Rockville, MD, USA) and the staining of Ki-
67 was quantitated by ImageJ as previously described [37]
through blinded evaluation.

Animal studies

All animal studies were conducted in accordance with
protocol approved by IACUC of the University of Pitts-
burgh. In EMT6 xenografts, 0.5 × 106 cells were injected
into mammary fat pad of 6–8-week-old female BALB/c
mice (The Jackson Laboratory, Bar Harbor, ME, USA).
When tumor volume reached 50–100 mm3, mice were
randomized into experimental groups. HCI-2509 was
injected i.p. (50 mg/kg) every day and anti-PD-1 antibodies
(10 mg/kg, i.p.) were injected every 3 days. Vehicle and
isotype control antibodies were injected in the control mice.
Tumor volumes were assessed every 4 days. In 4T1 xeno-
graft model, HCI-2509 was injected (30 mg/kg, i.p.) every
2 days. TCP was injected (10 mg/kg, i.p.) 5 days a week.
Anti-PD-1 antibodies were injected (10 mg/kg, i.p.) every
6 days. At the end of the study, animal lung tissues were
processed into paraffin sections, and then subjected to
hematoxylin–eosin staining at the histology and microima-
ging core facility at MWRI. The blinded evaluation of
metastasis was conducted by a pathologist (Y.F.) and the
areas were calculated by SZX-16 microscope and CellSens
Dimension software (Olympus, Shinjuku, Tokyo, Japan).

Fig. 5 LSD1 inhibitor potentiates antitumor efficacy of PD-1 antibody
in mice bearing TNBC tumors. a Mouse EMT6 cells were engrafted
into the mammary fat pad of BALB/c mice. When established tumors
were palpable, mice were treated with vehicle (DMSO, n= 7), isotype
(IgG, n= 7), HCI-2509 (50 mg/kg, 7 days per week, n= 7), PD-1
mAb (10 m/kg, once every 3 days, n= 7), or combination (n= 7) via i.
p. injection. Tumors were measured with calipers, and values were
plotted. The vertical bars indicate mean tumor size (mm3) ± s.e. b
EMT6 tumors in each group were harvested and photographed at the
end of the experiment. Shown are photographs of the xenograft
tumors. c Tumor weights were measured for each treatment group at
autopsy. Values are mean ± s.d. d Representative immunohistochem-
istry staining of Ki-67 in EMT6 xenograft tumors treated with vehicle,
HCI-2509, or HCI-2509+ PD-1 mAb. e H-scores represent average
staining intensity of Ki-67 in EMT6 xenograft tumors, which were
treated with vehicle, HCI-2509, or HCI-2509+ PD-1 mAb (n= 9). f
4T1 cells were implanted into the mammary gland of BALB/c mice.
Vehicle (DMSO, n= 10), isotype (IgG, n= 12), HCI-2509 (30 mg/kg,
every 2 days, n= 11), PD-1 mAb (10 mg/kg, once every 6 days, n=
11), and combination (HCI-2509 30 mg/kg+ PD-1 mAb 10 mg/kg, n
= 10) were delivered via i.p. injection. Lung specimens were stained
with hematoxylin and eosin. Arrows indicate large metastatic lesions.
g Areas of 4T1 metastasis in each histological section were calculated
by microscope and the CellSens Dimension software. Vehicle, n= 10;
isotype, n= 12; HCI-2509, n= 11; PD-1 mAb, n= 11; combination,
n= 10. *p < 0.05, **p < 0.01, and ***p < 0.001, Student’s t test was
used to analyze the significance of the results
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Statistical analysis

Two-tailed Student’s t test was used to determine the
quantitative variables. Gene expression profiles in 222
TNBC patient specimens were analyzed using Affymetrix
Human Genome U133A Plus 2.0 microarray data files from
21 breast cancer data sets [19]. Data files were then pro-
cessed using the affy and bioconductor packages in the R

statistical programming language. The data files were
combined and then background corrected, log 2 trans-
formed, normalized, and summarized using Robust Multi-
chip Average algorithm to generate the expression data. For
those genes containing multiple corresponding probe sets in
a microarray, the expression measure of the probe set with
the maximum interquartile expression range value was
used.
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Fig. 6 LSD1 inhibitor promotes tumor immunogenicity in vivo. a
Real-time RT-PCR was performed to detect mRNA expression of
indicated immune factors in EMT6 xenograft tumors. b Histological
analysis of immune infiltration of CD8+ T cells after therapy. Shown
are representative immunohistochemistry staining of CD8+ T lym-
phocytes in EMT6 tumors treated with vehicle, isotype, PD-1 mAb,
HCI-2509, or combination. c The percentages of CD8+ T lympho-
cytes in EMT6 tumors were measured and analyzed by software
Image-pro Plus. d The lymph node tissue adjacent to the fourth
(inguinal) mammary glands were collected, and subtypes of T lym-
phocytes were quantified by flow cytometry assay. e The ratios of CD4
+ to CD8+ T cells in lymph nodes of each group were quantified by
FCM. Student’s t test was performed to assess significance. *p < 0.05,
**p < 0.01, and ***p < 0.001
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Fig. 7 A proposed model of the
role of LSD1 in regulation of
breast tumor immunogenicity,
response to immunotherapy, and
potential clinical outcome. Our
work demonstrated that
inhibition of histone lysine-
specific demethylase 1 (LSD1)
increases the expression of key
immune checkpoint regulators
and effector T cell-attracting
chemokines, which in turn
increases CD8+ T cell tumor
infiltration and improves the
efficacy of immunotherapy.
These findings provide
supportive evidence to suggest
that modulation of breast tumor
immunogenicity by drugs that
target epigenetic abnormalities
may represent a promising area
for translational research and
clinical intervention for breast
cancer therapy
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Triple-negative breast cancer (TNBC) comprises �20% of all
breast cancers and is the most aggressive mammary cancer sub-
type. Devoid of the estrogen and progesterone receptors, along
with the receptor tyrosine kinase ERB2 (HER2), that define most
mammary cancers, there are no targeted therapies for patients
with TNBC. This, combined with a high metastatic rate and a
lower 5-year survival rate than for other breast cancer pheno-
types, means there is significant unmet need for new therapeutic
strategies. Herein, the anti-neoplastic effects of the electrophilic
fatty acid nitroalkene derivative, 10-nitro-octadec-9-enoic acid
(nitro-oleic acid, NO2-OA), were investigated in multiple pre-
clinical models of TNBC. NO2-OA reduced TNBC cell growth
and viability in vitro, attenuated TNF�-induced TNBC cell
migration and invasion, and inhibited the tumor growth of
MDA-MB-231 TNBC cell xenografts in the mammary fat pads
of female nude mice. The up-regulation of these aggressive
tumor cell growth, migration, and invasion phenotypes is medi-
ated in part by the constitutive activation of pro-inflammatory
nuclear factor �B (NF-�B) signaling in TNBC. NO2-OA inhib-
ited TNF�-induced NF-�B transcriptional activity in human
TNBC cells and suppressed downstream NF-�B target gene
expression, including the metastasis-related proteins intercel-
lular adhesion molecule-1 and urokinase-type plasminogen
activator. The mechanisms accounting for NF-�B signaling
inhibition by NO2-OA in TNBC cells were multifaceted, as
NO2-OA (a) inhibited the inhibitor of NF-�B subunit kinase �
phosphorylation and downstream inhibitor of NF-�B degrada-
tion, (b) alkylated the NF-�B RelA protein to prevent DNA bind-
ing, and (c) promoted RelA polyubiquitination and proteasomal
degradation. Comparisons with non-tumorigenic human breast
epithelial MCF-10A and MCF7 cells revealed that NO2-OA
more selectively inhibited TNBC function. This was attributed

to more facile mechanisms for maintaining redox homeostasis
in normal breast epithelium, including a more favorable thiol/
disulfide balance, greater extents of multidrug resistance pro-
tein-1 (MRP1) expression, and greater MRP1-mediated efflux of
NO2-OA– glutathione conjugates. These observations reveal
that electrophilic fatty acid nitroalkenes react with more alkyla-
tion-sensitive targets in TNBC cells to inhibit growth and
viability.

Triple-negative breast cancer (TNBC)4 is characterized by an
absence of estrogen receptor (ER), progesterone receptor, and
human epidermal growth factor receptor-2 expression (2, 3).
TNBC accounts for up to 20% of breast cancer incidence and is
the subtype with the worst prognosis (4). The majority of TNBC
tumors are “basal-like”, with 5-year survival rates lower than for
all other breast cancer phenotypes (�77% versus �93%, respec-
tively) (3). TNBC patients are also at greater risk for relapse
during the first 5 years post-chemotherapy. The recurrent
tumors are more aggressive and invasive (5, 6), resulting in a life
expectancy of 3–22 months after reappearance (7, 8). Conse-
quently, there is an urgent unmet need for new therapeutic
strategies for TNBC, beyond the limited options of standard
chemotherapy, ionizing radiation, and surgery.

Activation of nuclear factor-�B (NF-�B) is strongly linked
with TNBC development and progression (9 –11), with NF-�B
signaling constitutively activated in ER-negative breast cancer
cell lines and primary tumors (10 –13). The inhibition of NF-�B
activation, induced by overexpression of the non-degradable
inhibitor of NF-�B (I�B�) superrepressor (Ser-32/36 muta-
tions of I�B�), significantly inhibits the growth of several
TNBC cell lines (13). The pro-inflammatory cytokine TNF�
also contributes significantly to this complex inflammatory
microenvironment that promotes tumor progression. TNF�
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activates tumor metastasis and invasion through NF-�B–
mediated up-regulation of extracellular matrix degradation
enzymes and adhesion molecule expression (14). Notably, a
meta-analysis revealed that TNBC patients with elevated TNF�
expression have an increased risk of tumor metastasis to distant
organs (15). Thus, NF-�B activation and the downstream sig-
naling actions of its pro-inflammatory mediators play a critical
role in TNBC malignancy. This motivates the development
of novel NF-�B inhibition strategies as a chemotherapeutic
approach for countering metastatic TNBC.

Electrophilic fatty acid nitroalkene derivatives (NO2-FA) are
endogenously formed by the acidic conditions of digestion and
the complex redox milieu that is up-regulated during inflam-
mation. These environments facilitate the reaction of the nitric
oxide (�NO) and nitrite (NO2

�)-derived nitrating species nitro-
gen dioxide (�NO2) (16) with biological targets, such as unsatu-
rated fatty acids. Basal plasma and urinary NO2-FA concentra-
tions in healthy humans range from 2 to 20 nM, with additional
pools of NO2-FA present as (a) Michael addition products with
the abundant biological nucleophiles present in tissues and flu-
ids and (b) esterified species in complex neutral and polar lipids
(17, 18). Tissue NO2-FA levels are affected by both dietary lipid
and nitrogen oxide concentrations and during metabolic stress
can rise to concentrations as high as 1 �M (19, 20).

The unique electrophilic character of fatty acid nitroalkene
substituents promotes kinetically rapid and reversible Michael
addition with nucleophilic Cys and, to a lesser extent, His resi-
dues of proteins (21, 22). This reversible protein adduction by
fatty acid nitroalkenes decreases the potential for toxicity stem-
ming from the accumulation of Schiff’s base and Michael addi-
tion products characteristic of other lipid electrophiles, such as
�,�-unsaturated oxo (or keto) and cyclopentanone derivatives
(21, 23, 24). Through transient post-translational modification
(PTM) reactions with hyperreactive protein thiols, NO2-FA
modulate signaling pathways involved in cell proliferation and
inflammatory responses. This occurs as a result of the alkyla-
tion of functionally significant Cys residues in transcriptional
regulatory proteins, including the Kelch-like ECH-associated
protein-1 (Keap1) regulator of nuclear factor (erythroid-de-
rived-2)-like 2 (Nrf2) signaling, the nuclear lipid receptor
peroxisome proliferator–activated receptor � (PPAR�), and
NF-�B (25–27). Of relevance to the present study, NO2-FA
inhibit NF-�B–mediated signaling in diverse cell and murine
models of metabolic and inflammatory stress to cardiovascular,
pulmonary, and renal systems (27–29).

NO2-FA specifically alkylate Cys-38 of the RelA subunit of
NF-�B, a functionally significant, lipid electrophile-reactive
thiol located in the DNA-binding domain of RelA. Redox-de-
pendent PTMs of RelA Cys-38 inhibit DNA binding and down-
stream pro-inflammatory mediator gene expression (27). Cur-
rent data indicate that other electrophilic species, such as the
isothiocyanate derivative sulforaphane, mediate therapeutic
actions in preclinical models of breast cancer (30, 31), thus
motivating the present studies. Moreover, the pleiotropic sig-
naling actions of NO2-FA include the activation of angiogenesis
via up-regulation of HIF-1� signaling during hypoxia (32).
Because these effects may potentially modulate cancer cell and
tumor properties, it was important to test the impact of an

electrophilic NO2-FA in both in vitro and in vivo models of an
aggressive cancer phenotype, TNBC.

This study reports the inhibition of TNBC (MDA-MB-231
and MDA-MB468) cell proliferation, invasion, and metastasis
by a synthetic homolog of an endogenous electrophilic NO2-FA
found in species ranging from plants to humans (10-nitro-oc-
tadec-9-enoic acid, termed nitro-oleic acid and NO2-OA).
NO2-OA displayed lower cytotoxic and anti-proliferative
effects on non-tumorigenic breast ductal epithelium (MCF-
10A and MCF7) versus triple-negative human breast ductal epi-
thelial cells, due to the more stable mechanisms for maintaining
redox homeostasis in MCF-10A and MCF7 cells. NO2-OA also
attenuated TNF�-induced TNBC cell migration and invasion
via inhibition of NF-�B signaling. Two newly discovered mech-
anisms also accounted for NO2-OA inhibition of TNBC NF-�B
transcriptional activity. First, NO2-OA alkylated the inhibitor
of NF-�B subunit kinase � (IKK�), leading to inhibition of its
kinase activity and downstream I�B� phosphorylation. Second,
NO2-OA alkylated NF-�B RelA protein, a reaction that not only
inhibited DNA binding, but also promoted proteasomal RelA
degradation. As a consequence, NO2-OA inhibited the expres-
sion of two NF-�B–regulated, TNF�-induced genes that are
central to tumor metastasis, intercellular adhesion molecule-1
(ICAM-1) and urokinase-type plasminogen activator (uPA).
Finally, in a nude mouse xenograft model, NO2-OA reduced
the growth of established MDA-MB-231 tumors. In aggregate,
these findings reveal that electrophilic NO2-FA can mediate
chemotherapeutic actions in treating TNBC and possibly other
inflammation-related cancers.

Results

NO2-OA inhibits TNBC cell growth and viability

The endogenously occurring lipid electrophile NO2-OA and
its non-electrophilic control fatty acids (NO2-SA and OA) were
evaluated for their impact on normal and cancerous breast duc-
tal epithelial cell growth and signaling responses (Fig. 1A). To
examine whether NO2-OA preferentially inhibited TNBC cell
growth, Hoechst 33258 was used for counting non-tumorigenic
breast epithelial cells (MCF-10A), an ER� breast cancer cell line
(MCF7), and two TNBC cell lines (MDA-MB-231 and MDA-
MB-468). Each cell line was treated with a range of NO2-OA
concentrations (0 –15 �M) for 48 h. NO2-OA significantly
inhibited the growth of both TNBC cell lines but not ER� or
MCF-10A cells (Fig. 1, B, C, and D). The IC50 for NO2-OA was
significantly greater for non-cancerous MCF-10A cells (7.7 �
1.93 �M) and MCF7 (11.61 � 3.59 �M), as opposed to TNBC
MDA-MB-231 (2.7 � 0.11 �M) and MDA-MB-468 (1.6 � 0.11
�M) cells (Fig. 1E). In addition to preferential TNBC cell growth
inhibition, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) detection of intact cell electron transfer
mechanisms revealed that NO2-OA also significantly reduced
the viability of both MDA-MB-231 and MDA-MB-468 cells,
but not MCF7 or MCF-10A cells (Fig. S1, A–C). No cytotoxicity
was detectable in any cell line for up to 24 h at the 5 �M

NO2-OA concentrations typically used for subsequent cell
signaling and functional studies that had durations ranging
from 1 to 8 h. Non-electrophilic NO2-SA, structurally
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related to NO2-OA (Fig. 1A), did not affect TNBC cell
growth (Fig. S2), affirming that NO2-OA–mediated TNBC
cell growth inhibition is attributable to the electrophilic
nitroalkene moiety.

NO2-OA reduces MDA-MB-231 xenograft tumor growth

Given that TNBC cell growth and viability are inhibited by
NO2-OA, the efficacy of NO2-OA on tumor growth was exam-
ined in a murine xenograft model of TNBC. MDA-MB-231
cells were injected into the fourth inguinal mammary fat pad of
6-week-old female athymic nude mice. Oral gavage with
NO2-OA (7.5 mg/kg/day), NO2-SA (7.5 mg/kg/day), or sesame
oil (vehicle control) was initiated and continued for 4 weeks
after the average tumor sizes reached between 50 and 100 mm3.
There was significantly reduced tumor growth in the mice
treated with NO2-OA versus vehicle controls and NO2-SA–

treated mice at 27 days post-treatment (Fig. 1F). During the
course of treatment, there was no weight loss in NO2-OA-
treated or control mice (Fig. S3). These results indicate that
NO2-OA mediates in vivo growth suppression of MDA-MB-
231 cells with no overt toxic effects.

NO2-OA induces cell cycle arrest and apoptotic cell death in
TNBC cells

To determine whether the decreased cell numbers were due
to NO2-OA–induced cell cycle alterations, FACS analysis was
performed. NO2-OA significantly increased the percentage of
cells at G2/M phase and decreased the percentage of cells in
G0/G1 upon 24-h treatment in MDA-MB-231 and MDA-MB-
468 cells (Fig. 2, A and B). Notably, all cell cycle phase popula-
tions (G0/G1, S, and G2/M) of MCF-10A cells were not affected
by NO2-OA (Fig. 2C). The cell cycle inhibition by NO2-OA was

Figure 1. NO2-OA inhibits TNBC cell growth in vitro and in vivo. A, chemical structures of NO2-OA and the non-electrophilic NO2-SA and OA. *, electrophilic
carbon (35). The effect of NO2-OA on the growth of MDA-MB-231 (B), MDA-MB-468 (C), and MCF7 (D) was compared with the effect on MCF-10A cells. Data are
shown as a percentage of untreated control cells (mean � S.D. (error bars)). *, p � 0.05 indicates significant difference between two cell types within each
treatment. Three independent experiments were performed (n � 5 each). E, IC50 values of NO2-OA in each breast cancer cell line. F, effect of NO2-OA (7.5 mg/kg
daily) on MDA-MB-231 xenograft tumor growth (mean � S.E. (error bars)). *, p � 0.05 versus vehicle group within treatment time. Significance was determined
by two-way analysis of variance followed by Tukey’s post hoc test.
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accompanied by an increase in p21 and a decrease in cyclin D1
protein expression in both MDA-MB-231 and MDA-MB-468
cells, but not MCF-10A cells (Fig. 2D). Consistent with the lack
of an effect on cell growth and viability (Fig. S2), NO2-SA did
not affect cell cycle populations or the expression of cell cycle–
regulatory proteins in MCF-10A, MDA-MB-231, and MDA-
MB-468 cells (Fig. 2D). The gene expression of cyclin D1 and
p21 was also determined by quantitative RT-PCR. NO2-OA
down-regulated cyclin D1 and up-regulated p21 gene expres-
sion after 24 h treatment of MDA-MB-231 and MDA-MB-468
cells, but not MCF-10A cells (Fig. S4). These results indicate
that NO2-OA selectively induced cell cycle arrest in TNBC
cells.

Increased sub-G1 cell populations were apparent in both
MDA-MB-231 and MDA-MB-468 cells 24 h after NO2-OA
treatment (Fig. S5). To determine whether the effect of
NO2-OA on sub-G1 cells in TNBC cells was apoptosis-
mediated, cleavage of poly(ADP-ribose) polymerase-1
(PARP-1) was examined by Western blotting. Treatment with
NO2-OA for 24 h promoted caspase-3–mediated cleavage of
PARP-1 (Fig. 2E) in MDA-MB-231 and MDA-MB-468 cells,
but not in MCF-10A cells, indicating that NO2-OA preferen-
tially induced TNBC apoptosis through caspase-3 activation.
Also, it is possible that the increase in p21 blocks cell cycle entry
into the S phase, resulting in the increase in sub-G1 cells. To
further investigate apoptotic signaling responses to NO2-OA in
TNBC cells, the activation of initiator caspases (caspase-8 for
the extrinsic pathway and caspase-9 for the intrinsic pathway)
was analyzed using antibodies that detect both the pro-caspase
and activated (cleaved) forms of these initiator caspases.

NO2-OA treatment increased cleavage of caspase-8 and
caspase-9 in both MDA-MB-231 and MDA-MB-468 cells, sug-
gesting that NO2-OA induced apoptosis through both intrinsic
(mitochondria-dependent) and extrinsic (death receptor-de-
pendent) apoptotic signaling mechanisms in TNBC cells (Fig.
2F). In aggregate, these results confirm that NO2-OA selec-
tively modulates cell cycle arrest and apoptosis in TNBC cells
versus MCF-10A cells.

Extracellular NO2-OA– glutathione adduct efflux is linked with
multidrug resistance protein-1 (MRP1) expression

In the intracellular compartment, GSH and its reactive Cys
moiety is more abundant than protein thiols; thus, GSH and
other low-molecular weight thiols are the primary targets for
oxidation and alkylation by free radicals, oxidants, and electro-
philes (33). In the case of NO2-OA, which readily diffuses and
gains access to the intracellular compartment and subcellular
organelle protein targets (26, 34), GSH conjugates (NO2-OA-
SG) are formed that can be actively transported from cells by
the GSH-conjugate efflux pump MRP1 (1). This phenomenon
was further investigated by measuring concentrations of extra-
cellular NO2-OA-SG in the media of MCF-10A, MDA-MB-
231, and MDA-MB-468 cells after a 1-h treatment with 5 �M

NO2-OA. There were significantly lower levels of NO2-OA-SG
being exported into the media of both MDA-MB-231 and
MDA-MB-468 cells, as opposed to that released by MCF-10A
cells (Fig. 3A). This 4 –5-fold difference in extracellular NO2-
OA-SG levels produced by MCF-10A and TNBC cells
prompted comparison of the relative extents of expression of
MRP1 protein and the GSH and GSSG content of TNBC and

Figure 2. NO2-OA promotes cell cycle arrest and apoptosis in TNBC cells. Percentages of the cell population in each phase of the cell cycle (G0/G1, S, and
G2/M) are shown for MDA-MB-231 (A), MDA-MB-468 (B), and MCF-10A cells (C) treated with NO2-OA (5 �M) for 24 h. Cells were harvested and analyzed by
fluorescence-activated cell sorting. Significance was determined by one-way analysis of variance followed by Tukey post hoc test. Data are mean � S.D. (error
bars) (n � 3). *, p � 0.05 versus control. D, immunoblot analysis of cyclin D1 and p21 in MCF-10A, MDA-MB-231, and MDA-MB-468 cells that were treated with
OA (7.5 �M), NO2-SA (7.5 �M), or NO2-OA (5 �M) for 24 h. E, immunoblot analysis of PARP-1 cleavage in MCF-10A, MDA-MB-231, and MDA-MB-468 cells treated
with OA (7.5 �M), NO2-SA (7.5 �M), or NO2-OA (5 �M) for 24 h. F, immunoblot analysis of caspase-8 and caspase-9 cleavage in MDA-MB-231 and MDA-MB-468
cells treated with or without NO2-OA (5 �M) for 24 h. �-actin was used as loading control. Data in D–F are representative of three independent experiments.
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non-cancerous cell lines. Western blot analysis detected MRP1
protein expression in MCF-10A cells, but MRP1 was undetect-
able in both TNBC cell lines (Fig. 3B). MRP4 mRNA was
detected at low levels in all three cell types, but protein expres-
sion was not evident by Western blotting (not shown).

MRP1 influences NO2-OA bioactivity in MCF-10A cells

Two strategies, use of the organic anion transport inhibitor
probenecid, often used as an MRP inhibitor, and siRNA knock-
down of MRP1, facilitated investigation of the role of MRP1 in

Figure 3. MRP1 influences NO2-OA trafficking and signaling in TNBC cells. A, the export of NO2-OA-SG by MCF-10A, MDA-MB-231, and MDA-MB-468 cells
was measured by LC-MS/MS analysis. The relative extent of NO2-OA-SG export is reported as a ratio of NO2-OA-SG to an externally added 15NO2-d4-OA-SG
standard. *, p � 0.05 versus MCF-10A, n � 4 (Mann–Whitney U test). B, representative immunoblot of endogenous MRP1 protein expression in MCF-10A,
MDA-MB-231, and MDA-MB-468 cells. Suppression of MRP1 activity (C) and MRP1 expression (D) increased intracellular NO2-OA-SG adduct concentrations in
MCF-10A cells. The relative amount represents the relative abundance of NO2-OA-SG to 15NO2-d4-OA-SG standard, normalized to protein concentrations from
each NO2-OA–treated sample divided by the abundance of control (Ctrl) or scrambled sample. *, p � 0.05 versus control (n � 6) or scrambled (n � 9) was
determined by Mann–Whitney U test. The siRNA knockdown efficiency of MRP1 was evaluated by real-time qPCR (n � 4). E, the effect of probenecid on NO2-OA
growth inhibition of MCF-10A cells. Cells were pretreated with or without probenecid (0.25 mM) for 1 h and then combined with 0 –25 �M NO2-OA for 48 h. A
FluoReporter dsDNA stain assay was performed to measure cell numbers. Data are shown as percentage of untreated control cells (n � 3); *, p � 0.05 (0
mM versus 0.25 mM probenecid between treatments, two-way analysis of variance followed by Tukey post test). F, the average IC50 values of NO2-OA in
MCF-10A cells treated with or without probenecid. *, p � 0.05, n � 3 (unpaired Student’s t test). G, immunoblot analysis of cyclin D1 and p21 in MCF-10A
cells treated with NO2-OA (5 �M) in the presence or absence of probenecid (1 mM used for this 24-h incubation). H, immunoblot analysis of caspase-3 and
PARP-1 cleavage in MCF-10A cells treated with NO2-OA (5 �M) in the presence or absence of probenecid (1 mM) for 24 h. The full-length (FL) and cleaved
(C) forms of PARP-1 and pro-caspase-3 protein level are shown. All data are mean � S.D. (error bars). All immunoblots are representative of three
independent experiments.
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cellular responses to NO2-OA. Both probenecid and MRP1
siRNA knockdown (about 70% knockdown efficiency) en-
hanced intracellular levels of NO2-OA-SG adducts in MCF-
10A cells (Fig. 3, C and D). Notably, probenecid also signifi-
cantly enhanced MCF-10A cell growth inhibition by NO2-OA
(Fig. 3E). The IC50 of NO2-OA (7.23 � 0.15 �M) was decreased
2-fold in MCF-10A cells pretreated with probenecid, compared
with only NO2-OA treatment (14.23 � 1.05 �M; Fig. 3F). More-
over, probenecid increased the extent of NO2-OA–induced cell
cycle arrest of MCF-10A cells, as reflected by increased p21
levels and a concomitant decrease in cyclin D1 expression (Fig.
3G). Probenecid also enhanced NO2-OA–induced apoptosis in
MCF-10A cells in the context of increased caspase-3 activation
and PARP-1 cleavage (Fig. 3H). These observations are consis-
tent with both the intracellular concentrations and the cell
growth/cell survival signaling actions of NO2-OA being influ-
enced by the extents of NO2-OA reaction with GSH and sub-
sequent MRP1 export of NO2-OA-SG.

GSH and GSSG responses to NO2-OA in MCF-10A cells versus
TNBC cells

LC-MS quantitation of GSH and GSSG from 0 to 12 h after
treatment with 5 �M NO2-OA revealed that basal GSH levels in
MCF-10A cells (19.3 � 1.9 nmol/106 cells) were �2-fold that of
MDA-MB-231 (8.3 � 0.8 nmol/106 cells) and �1.5-fold greater
than MDA-MB-468 cells (12.9 � 0.5 nmol/106 cells) (Fig. 4A).
GSSG levels (Fig. 4B) at time 0 were greater in MCF-10A cells,
resulting in an initial GSH/GSSG ratio of 82 � 16 compared
with 653 � 68 for MDA-MB-231 cells and 2003 � 163 in MDA-
MB-468 cells. MCF-10A cells maintained the GSH/GSSG ratio
over the first 6 h after NO2-OA treatment, whereas the GSH/
GSSG ratio rapidly decreased in MDA-MB-231 and MDA-MB-
468 cells due to decreased GSH concentrations. In aggregate,
the data in Figs. 3 and 4 indicate that there will be a more

extensive reaction expected between NO2-OA and cellular pro-
tein targets in TNBC cells because of the more favorable phar-
macokinetics (greater intracellular concentration and longer
t0.5) lent by the lower GSH concentrations and the suppression
of NO2-OA-SG export by the MRP1-deficient TNBC cell phe-
notype. In MCF-10A cells, NO2-OA will be more readily gluta-
thionylated and exported, thus limiting reactions with signaling
pathway proteins.

NO2-OA inhibits TNF�-induced TNBC cell migration and
invasion

Inflammatory stimuli, such as TNF�, induce responses in the
tumor microenvironment that promote TNBC tumor metasta-
sis and invasion (14). Because electrophilic NO2-FAs mediate
anti-inflammatory signaling actions (27, 28), the impact of
NO2-OA on TNF�-induced TNBC cell migration was evalu-
ated. Boyden chamber migration analyses indicated that TNF�
augmented migration of both MDA-MB-231 and MDA-MB-
468 cells (Fig. 5A, images 3 and 8), compared with basal condi-
tions (Fig. 5A, images 2 and 7). NO2-OA significantly inhibited
both MDA-MB-231 and MDA-MB-468 cell migration induced
by TNF� (Fig. 5, A (images 4 and 9), B, and C). NO2-OA mod-
estly inhibited the basal, non-stimulated migration of MDA-
MB-231 and MDA-MB-468 cells (Fig. 5, B and C). Next, cells
were placed in Transwell permeable supports coated with
Matrigel for invasion assays to assess the potential effect of
NO2-OA on the invasive phenotype of TNBC cells. TNF�-in-
duced invasion was significantly inhibited by NO2-OA treat-
ment of MDA-MB-468 cells, whereas the non-electrophilic
control fatty acid (NO2-SA) displayed no significant effect
on tumor cell invasion (Fig. 5D). The inhibitory actions of
NO2-OA on MDA-MB-468 invasion were compared with cell
responses to the NF-�B inhibitor JSH-23, which inhibits
nuclear translocation of the RelA subunit (36). Similar to JSH-
23, NO2-OA inhibited TNF�-induced invasion in MDA-MB-
468 cells (Fig. 5D).

NO2-OA inhibits TNF�-induced NF-�B transcriptional activity
in TNBC cells

The inhibition of MDA-MB-468 cell invasion by JSH-23 (Fig.
5D) suggests that NO2-OA may also inhibit TNF�-induced
breast cancer cell mobility due to a capacity to inhibit NF-�B
signaling. To test this concept, the effect of NO2-OA on TNF�-
activated NF-�B transcriptional activity in TNBC cells was
examined. MDA-MB-231 and MDA-MB-468 cells were tran-
siently transfected with an NF-�B luciferase reporter plasmid
and treated with 5 �M NO2-OA for 2 h, followed by activation
with 20 ng/ml TNF� for 4 h. In addition to NO2-OA, the non-
electrophilic lipid controls NO2-SA (5 �M) and OA (5 �M) were
also examined. NO2-OA significantly inhibited NF-�B– depen-
dent transcription of luciferase in both TNBC cell lines, com-
pared with TNF� alone, whereas NO2-SA and OA had no
effect. Moreover, the extent of inhibition of NF-�B– dependent
luciferase expression by NO2-OA was similar to that induced
by the NF-�B inhibitor JSH-23 (20 �M; Fig. 6, A and B). These
data indicate that the electrophilic reactivity of NO2-OA
accounts for the inhibition of TNF�-induced NF-�B transcrip-
tional activity in TNBC cells.

Figure 4. NO2-OA depletes GSH levels and enhances GSSG formation in
TNBC cells. The response of cellular GSH (A) and GSSG (B) to NO2-OA in MCF-
10A (black bars), MDA-MB-231 (gray bars), and MDA-MB-468 (white bars) cells
is shown. Cells were treated with NO2-OA (5 �M) for the indicated times (h).
GSH and GSSG were extracted from cells (3 	 106 cells/ml) and quantitated by
LC-MS/MS. *, p � 0.05 versus 0 h via unpaired two-tailed Student’s t test. Data
are presented as mean � S.D. (error bars) (n � 5).
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NO2-OA inhibits NF-�B–regulated gene expression linked with
TNBC tumor metastasis

Inhibition of NF-�B transcriptional activity by NO2-OA sug-
gested that the expression of metastasis-related downstream
target genes may be decreased. To investigate this, key NF-�B
target genes were evaluated via RT2 profiler PCR array analysis
of MDA-MB-468 cells treated with NO2-OA (5 �M) for 24 h.
The expression levels of NF-�B target genes that were regulated
by NO2-OA were compared with untreated MDA-MB-468
cells as a control. Data revealed that treatment with NO2-OA
decreased the mRNA expression of multiple NF-�B target
genes, including ICAM-1 and uPA, two critical mediators of
tumor progression and metastasis (Fig. 6C). TNF� induces the
expression of both ICAM-1 and uPA in MDA-MB-231 cells
(37, 38). To more directly examine whether NO2-OA sup-
pressed TNF�-induced expression of ICAM-1 and uPA in
TNBC cells, MDA-MD-231 or MDA-MD-468 cells were

treated with 5 �M NO2-OA and 20 ng/ml TNF�. Simultaneous
treatment with either NO2-OA or RelA siRNA led to suppres-
sion of TNF�-induced expression of ICAM-1 and uPA genes in
TNBC cells (Fig. 6, D, E, G, and H). The impact of NO2-OA and
RelA siRNA on RelA-dependent target gene expression was
further evaluated by real-time qPCR (Fig. 6, F and I). RelA
mRNA levels were suppressed by RelA siRNA treatment, but
not NO2-OA. Both NO2-OA and RelA siRNA inhibited
gene expression of TNF�-induced ICAM-1 and uPA gene ex-
pression via NF-�B– dependent mechanisms. To determine
whether NO2-OA suppressed TNF�-induced pro-metastatic
ICAM-1 and uPA gene expression during cell migration, tran-
script levels of ICAM-1 and uPA genes were evaluated in MDA-
MB-468 cells being studied in Boyden chamber migration
assays (Fig. 5C). Under these conditions, NO2-OA significantly
inhibited TNF�-induced expression of ICAM-1 and uPA in
migrating tumor cells (Fig. S6, A and B), again indicating that

Figure 5. NO2-OA inhibits TNF�-induced TNBC cell migration and invasion. A, experimental schemes and representative images of crystal violet-stained
migrating MDA-MB-231 or MDA-MB-468 cells. Cells (1 	 105) were placed in the upper chamber with serum-free medium under the indicated treatment
conditions. Migrating cells were photographed using a light microscope at 	100. B and C, quantitation of migrated cells from Fig. 4A was performed by
solubilization of crystal violet and spectrophotometric analysis at A573 nm. The percentage of migrating cells in each treatment group was compared with
numbers of migrating cells in the absence of TNF� stimulation (Serum Ctrl). *, p � 0.05 versus in the absence of TNF� stimulation; **, p � 0.05 versus TNF� alone.
D, to test the impact of NO2-OA on TNBC cell invasion, MDA-MB-468 cells were incubated in serum-free medium containing 20 ng/ml TNF� combined with
NO2-OA (5 �M), NO2-SA (5 �M), or JSH-23 (10 �M), and then invasion was determined by the extents of cell migration through the Matrigel matrix toward a 5%
FBS chemoattractant for 24 h. The percentage of invading cells in each treatment was relative to the number of migrating cells in the absence of TNF�
stimulation. *, p � 0.05 versus TNF� alone n.s., not significant. Significance was determined by one-way analysis of variance followed by Tukey post hoc test. All
data are mean � S.D. (error bars).
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NO2-OA inhibited expression of NF-�B–regulated genes
involved in metastasis.

NO2-OA suppresses TNF�-induced IKK�/I�B� signaling in
TNBC

To better define mechanisms accounting for NO2-OA inhi-
bition of TNF�-activated NF-�B signaling, MDA-MB-231 or
MDA-MB-468 cells were pretreated with NO2-OA (5 �M) or
the IKK inhibitor BAY11-7082 (10 �M) for 2 h before TNF�
stimulation (20 ng/ml, 5 min). TNF�-induced IKK� phosphor-
ylation was diminished by both NO2-OA and BAY11-7082 (Fig.
7A). Both NO2-OA and BAY11-7082 also inhibited the degra-
dation of I�B� following TNF� stimulation (20 ng/ml, 10 min;

Fig. 7B). Moreover, decreased I�B� phosphorylation occurred
in cells pretreated with NO2-OA or BAY11-7082 and the pro-
teasome inhibitor MG-132 (10 �M; Fig. 7C). This indicates that
NO2-OA suppresses TNF�-induced IKK� phosphorylation
and I�B� degradation, with these actions in turn inhibiting
downstream NF-�B signaling in TNBC cells.

NO2-OA alkylates IKK� and RelA proteins

Cys-179, located in the activation loop of IKK�, is a target
for oxidation and electrophile alkylation reactions (39, 40).
Because NO2-OA suppresses TNF�-induced phosphorylation
of IKK� and I�B� in TNBC cells (Fig. 7, A and C), the potential
for NO2-OA to alkylate IKK� was investigated. Biotinylated

Figure 6. NO2-OA inhibits TNF�-induced NF-�B transcriptional activity in TNBC cells. The effect of NO2-OA on TNF�-induced activation of NF-�B– de-
pendent reporter gene transcription was measured in NF-�B-luciferase reporter–transfected MDA-MB-231 (A) or MDA-MB-468 (B) cells. *, p � 0.05 versus TNF�
alone (n � 3). Significance was determined by Kruskal–Wallis test followed by Dunn’s post test with Bonferroni corrections for multiple comparisons. C,
determination of NF-�B target genes down-regulated by NO2-OA in MDA-MB-468 cells using a human NF-�B target PCR array. Histograms represent the
fraction of mRNA expression in NO2-OA–treated versus untreated cells. GAPDH was used as an internal control (black bar). Shown is the effect of NO2-OA on
expression of ICAM-1 (D), uPA (E), or RelA (F) genes in TNF�-induced MDA-MB-231 cells. Similarly, the effect of NO2-OA on expression of ICAM-1 (G), uPA (H), or
RelA (I) genes in TNF�-induced MDA-MB-468 cells is shown. The -fold increase relative to untreated controls is presented. *, p � 0.05 versus untreated control;
**, p � 0.05 versus TNF� alone. n.s., not significant. Significance was determined by one-way analysis of variance followed by Tukey post test. All data are
presented as mean � S.D. (error bars) (n � 5).
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lipids (Bt-NO2-OA, Bt-NO2-SA, and Bt-OA) were synthesized
(Fig. S7) to facilitate affinity capture–mediated measurement of
NO2-OA and control fatty acid adduction of IKK�. MDA-MB-
231 or MDA-MB-468 cells were treated with 5 �M Bt-NO2-OA,
Bt-NO2-SA, or Bt-OA for 2 h, and then all alkylated proteins
were pulled down from whole-cell lysates using streptavidin-
conjugated beads. Western blotting revealed that IKK� was
pulled down by Bt-NO2-OA, but not by non-electrophilic con-
trol fatty acids (Fig. 7D). Similarly, Bt-NO2-OA (but not control
fatty acids) promoted the pull-down NF-�B RelA (Fig. 8A).

NO2-OA inhibits LPS-induced NF-�B transcriptional activ-
ity, in part a consequence of the alkylation of RelA Cys-38 and
inhibition of RelA DNA binding (27). LC-MS/MS proteomic
analysis showed that RelA Cys-105 was also alkylated by

NO2-OA (Fig. S8), with the functional significance of the
NO2-OA alkylation of RelA Cys-105 undefined. In aggregate,
Bt-NO2-OA promotes the pulldown of IKK� and RelA, and
direct proteomic analysis revealed the NO2-OA alkylation of
RelA. These observations underscore that NO2-OA mediates
PTMs that inhibit multiple facets of pro-inflammatory NF-�B
signaling.

NO2-OA stimulates RelA protein proteasomal degradation

Proteolytic degradation of NF-�B contributes to the termi-
nation of its signaling. Thiol-alkylating and nitrosating agents
induce the degradation of NF-�B subunit p50 via the PTM of
Cys-62 in both HT29 and HCT116 tumor cell lines (41).
Because NO2-OA covalently adducts RelA in both MDA-MB-

Figure 7. NO2-OA inhibits TNF�-induced IKK� phosphorylation and I�B� degradation and covalently adducts IKK�. MDA-MB-231 and MDA-MB-468
cells were used in all studies. A, representative immunoblot of IKK� (Ser-180) phosphorylation, total IKK� levels, and relative phosphorylated IKK� levels. Then
all phosphorylated IKK� levels normalized to total IKK� were quantified. B, representative immunoblot of I�B� protein levels is shown, and the relative total
I�B� levels (normalized to total �-actin) are quantified in response to NO2-SA, NO2-OA, and the NF-�B inhibitor BAY11-7082. C, representative immunoblots of
I�B� (Ser-32) phosphorylation and total I�B� are shown in response to NO2-SA, NO2-OA, and the NF-�B inhibitor BAY11-7082. D, NO2-OA alkylates TNBC IKK�
protein. Biotinylated NO2-OA, NO2-SA, and OA and adducted proteins were affinity-purified by streptavidin-agarose beads from cell lysates. Pulled-down IKK�
protein was then detected by immunoblotting. IKK� and control �-actin immunoblots from the same input lysates used for affinity purification are shown
below the panel. *, p � 0.05 versus TNF� alone. n.s., not significant. Significance was determined by one-way analysis of variance followed by Tukey post test.

NO2-OA inhibits breast cancer cell function

1128 J. Biol. Chem. (2018) 293(4) 1120 –1137

 at U
niversity of Pittsburgh on O

ctober 8, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M117.814368/DC1
http://www.jbc.org/cgi/content/full/M117.814368/DC1
http://www.jbc.org/


231 and MDA-MB-468 cells (Fig. 8A), the impact of NO2-OA
PTMs on RelA protein stability was investigated. To validate
this putative mechanism, we first examined whether endoge-
nous RelA protein expression responded to NO2-OA. MDA-
MB-231, MDA-MB-468, and MCF-10A cells were treated with

5 �M NO2-OA or control lipids (NO2-SA and OA) for 24 h.
NO2-OA decreased the abundance of RelA in TNBC cells,
whereas NO2-SA and OA had no effect (Fig. 8B). In contrast,
RelA protein levels in MCF-10A cells were not altered by
NO2-OA (Fig. 8B). In all three cell lines, RelA mRNA levels were

Figure 8. NO2-OA alkylates and destabilizes NF-�B RelA protein in TNBC cells. A, MDA-MB-231 or MDA-MB-468 cells were treated with 5 �M Bt-NO2-OA,
Bt-NO2-SA, or Bt-OA for 2 h. After cell lysis, biotinylated NO2-FAs with adducts were affinity-purified (AP) using streptavidin-agarose beads. Pulled-down RelA
protein was then detected by immunoblotting (IB). RelA and control �-actin immunoblots from the same input lysates used for affinity purification are shown
below the panel. B, endogenous RelA protein levels were detected by immunoblotting probed with anti-RelA antibody using �-actin as a loading control. The
relative total RelA levels (normalized by total �-actin) compared with untreated controls were quantified. *, p � 0.05 versus untreated control. Significance was
determined by one-way analysis of variance followed by Tukey post test. C, MDA-MB-231 or MDA-MB-468 cells were treated with vehicle (methanol), NO2-OA
(5 �M), or NO2-SA (5 �M) for 6 h, and then cell lysates were harvested and immunoprecipitated (IP) by anti-RelA antibody followed by immunoblotting.
Pulldown level of immunoprecipitated RelA proteins is shown below the panel.
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not altered by NO2-OA (Fig. S9). These data indicate that
NO2-OA impacts RelA protein stability via alkylation of RelA in
TNBC cells. RelA is regulated by ubiquitin- and proteasome-
dependent degradation signals that govern NF-�B activation
(42–44). To determine whether RelA modification by NO2-OA
induced ubiquitination of endogenous RelA in TNBC cells,
MDA-MB-231 or MDA-MB-468 cells were treated with 5 �M

NO2-OA or NO2-SA for 5 h. RelA protein was immunoprecipi-
tated, and its polyubiquitination was detected by anti-ubiqui-
tin. NO2-OA, but not NO2-SA, promoted polyubiquitination of
RelA in both TNBC cell lines (Fig. 8C). This indicates that
NO2-OA interacts with RelA and destabilizes RelA protein by
promoting ubiquitination and proteasomal degradation in
TNBC cells.

Discussion

Compared with other breast cancer phenotypes, TNBC is an
aggressive subtype with a poor prognosis (3). Patients are 4
times more likely to show visceral metastases to the lung, liver,
and brain within 5 years after diagnosis (45). Because TNBC
does not respond to endocrine therapy or other more targeted
chemotherapeutic agents, DNA damage–inducing strategies,
such as ionizing radiation, cisplatin, and doxorubicin, remain
mainstay treatments. Adverse systemic responses to DNA-di-
rected chemotherapeutic agents, including cardiac and renal
toxicity, limit chemotherapy options because of cytotoxic
effects on non-cancerous cells (46 –48). Herein, NO2-OA in-
hibited cultured TNBC cell viability, motility, and tumor cell
proliferation–related signaling reactions to an extent where in
vivo tumor growth in MDA-MB-231 xenografted mice was
attenuated by oral administration of NO2-OA. This initial
observation motivates more detailed dose-timing, dose-re-
sponse, and structure-function studies of nitroalkene-based
drug candidates, with respect to effects on tumor growth and
metastasis of multiple breast cancer phenotypes, both in vitro
and in preclinical animal models.

At lower concentrations, there was selective cytotoxicity of
NO2-OA toward TNBC cells, compared with non-tumorigenic
MCF-10A breast ductal epithelial cells. One significant expla-
nation for this selectivity of action stemmed from the analysis of
both basal GSH levels and the formation and fate of NO2-
OA-SG adducts in control and TNBC cells. Because of the
abundance and reactivity of the GSH thiolate, GSH is a primary
intracellular reaction target of endogenously generated and
exogenously administered oxidants and electrophilic species
(49). The rate of MRP1-mediated efflux of GSH-adducted elec-
trophiles from cells is important, as it contributes to defining
the net intracellular concentration, half-life, alternative reac-
tions with target proteins, and thus the net cellular and tissue
responses to lipid electrophiles (1, 50, 51). MRP1 was highly
expressed in MCF-10A cells compared with TNBC cells, moti-
vating the LC-MS/MS determination of extracellular NO2-
OA-SG levels in the media of NO2-OA–treated MCF-10A ver-
sus MDA-MB-231 and MDA-MB-468 cells. Consistent with
the relative extents of MRP1 expression, MCF-10A cells
formed and exported 4 –5-fold greater amounts of NO2-
OA-SG adducts into the extracellular compartment compared
with TNBC cells (Fig. 3A). This more extensive export of NO2-

OA-SG by MCF-10A cells, relative to MDA-MB-231 and
MDA-MB-468 cells, was also notable because basal GSH con-
centrations and the GSH/GSSG ratio of MCF-10A cells were
more stable after treatment with NO2-OA. In contrast, the
GSH concentrations and GSH/GSSG ratio in MDA-MB-231
and MDA-MB-468 cells quickly decreased after treatment with
NO2-OA (Fig. 4). These results indicate that MRP1 export of
NO2-OA-SG and the more sufficient antioxidant capacity of
the MCF10A cell line, as opposed to TNBC cells (52), plays a
role in defining the vulnerability of TNBC cells to NO2-OA
signaling actions. Another electrophile, 2-cyano-3,12-di-
oxooleana-1,9-dien-28-oic acid (CDDO), displays antitumor
activity by inducing apoptosis in a variety of cancers. CDDO
rapidly decreases mitochondrial GSH and induces increased
generation of reactive species in pancreatic cancer cells (53, 54).
In contrast, NO2-OA did not significantly impact cellular rates
of H2O2 production after both short-term and extended (6-h)
treatment of TNBC cells, indicating that NO2-OA inhibition of
TNBC cell growth and viability are not due to induction of
oxidative stress (Fig. S10).

When the MRP1 transport activity of MCF-10A cells was
inhibited by the organic acid probenecid (55), a more TNBC-
like phenotype was conferred in the context of sensitivity to
NO2-OA. For example, the impact of NO2-OA on cell growth
arrest and killing (Fig. 3, C and D), cell cycle arrest (cyclin D1,
p21), and apoptosis-regulating mediators (PARP-1, caspase-3)
all supported the concept that NO2-OA signaling actions are
enhanced in MRP1-depleted cells because of more favorable
pharmacokinetics in the intracellular compartment. This
affirms that the cellular concentrations of GSH, the reaction of
GSH with NO2-OA, and the subsequent MRP1 export of NO2-
OA-SG all influence downstream responses to NO2-OA. It is
possible that other mechanisms, yet to be described, are also
responsible for this differentiation of breast epithelial cell
responses.

Anti-proliferative actions of NO2-OA on macrophages, vas-
cular smooth muscle cells, and fibroblasts are observed in mod-
els of chronic vascular and pulmonary disease (56 –61), but the
impact of fatty acid nitroalkenes on cancer cell proliferation
had not been considered. This motivated experimental consid-
eration, because there are a limited number of reports suggest-
ing that the up-regulation of Nrf2 signaling may result in intrin-
sic or acquired chemoresistance (62). In contrast, we observed
the in vitro and in vivo inhibition of TNBC growth by NO2-OA
(Fig. 1, B–E). This growth inhibition of TNBC cells was the
result of alterations in signaling responses that were specific
to TNBC cells and not non-transformed MCF-10A cells.
Increased p21 and decreased cyclin D1 expression (Fig. 2D)
were observed, along with an increase in the sub-G1 population
of TNBC cells (Fig. 2, A–C). Two distinct pathways of apoptotic
signaling were engaged by NO2-OA in TNBC cells, initiated by
both mitochondria-regulated (caspase-9 activation) and death
receptor–regulated (caspase-8 activation; Fig. 2F) mechanisms.
In aggregate, these data reveal that NO2-OA displays pleiotro-
pic anti-cancer properties via the inhibition of cell proliferation
and induction of apoptosis in TNBC. At this point, more
detailed mechanisms of NO2-OA–induced apoptotic cell death
remain to be defined; however, the electrophilic thiocyanate
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sulforaphane also decreases Bcl-2 expression, activates cyto-
chrome c release from the mitochondria, and increases FasL
expression in TNBC cells (30). These actions imply that elec-
trophilic fatty acid nitroalkene derivatives might mediate sim-
ilar actions in the regulation of apoptosis.

The inhibition of NF-�B signaling by NO2-OA also limits
TNBC cell migration and invasion. Pro-inflammatory cyto-
kines, such as TNF�, enhance the metastatic potential of
TNBC, with the up-regulation of TNF� expression and activity
in TNBC patients strongly linked with tumor metastasis phe-
notype (63). TNF� stimulates the expression of the epithelial–
mesenchymal transition and chemokine genes via the activa-
tion of AP-1 and NF-�B signaling in TNBC cells (14). Herein,
NO2-OA significantly inhibited TNF�-induced TNBC cell
migration and invasion (Fig. 5). Decreased expression of the
pro-metastasis genes uPA and ICAM-1, via a decrease in NF-�B
transcriptional activity, was also induced by NO2-OA (Fig. 6 (D
and E) and Fig. S6 (A and B)). Consistent with this, electrophilic
15-deoxy-
12,14-prostaglandin J2, dithiolethione, and dimethyl
fumarate also inhibit breast cancer cell migration (38, 64, 65).
NO2-OA also limited the migration of MDA-MB-231 cells in
the absence of TNF� induction (Fig. 5B). It is likely that
NO2-OA inhibits cell mobility upon reaction with molecular
targets in addition to NF-�B, because the electrophilic cyclo-
pentenone 15-deoxy-
12,14-prostaglandin J2 also interferes
with mammary cancer cell migration via inhibition of F-actin
reorganization and focal adhesion disassembly (64). Additional
studies are in progress to identify other metastasis-related pro-
tein targets and signaling pathways that could be impacted by
NO2-OA–mediated alkylation reactions.

The proteolytic degradation of NF-�B subunits contribute to
the termination of NF-�B activation. RelA protein is regulated
by ubiquitin- and proteasome-dependent degradation signals
that terminate NF-�B activation (42– 44, 66). Thiol-alkylating
and S-nitrosating agents also promote the degradation of the
NF-�B subunit p50 via post-translational modification of
Cys-62 in HT29 and HCT116 tumor cell lines (41). Thus, the
NO2-OA alkylation of NF-�B RelA induces functional
responses similar to other alkylating agents (41). Notably, the
alkylation of RelA by NO2-OA induced an increase in RelA
ubiquitination in TNBC cells, an effect not observed for non-
electrophilic NO2-SA (Fig. 7D). PPAR� acts as an E3 ubiquitin
ligase, inducing RelA protein ubiquitination and degradation
via physically interacting with RelA protein. The PPAR�
ligands troglitazone and pioglitazone increase PPAR� E3 ligase
activity by promoting its interaction with RelA protein, in turn,
decreasing RelA half-life (67). Because NO2-OA is a partial ago-
nist of PPAR� (26), one can speculate that NO2-OA also acti-
vates PPAR� E3 ligase activity, thus further destabilizing RelA
protein in TNBC.

The inhibition of NF-�B signaling represents a viable anti-
cancer strategy, especially because the aberrant activation of
NF-�B is closely linked with the development of diverse hu-
man cancers (68, 69). The immunomodulatory electrophile
dimethyl fumarate, approved by the Food and Drug Adminis-
tration as an oral drug for treating multiple sclerosis, also inhib-
its NF-�B activity in breast cancer cells and inhibits TNBC cell
proliferation (65). The present results, in which NO2-OA inhib-

ited multiple TNBC cell functions (proliferation, survival,
mobility, and invasion), imply that electrophilic lipid nitroalk-
ene species may display promising utility as pleiotropic chemo-
therapeutic agents.

In summary, we report that the lipid electrophile NO2-OA
impacts NF-�B signaling in TNBC at multiple levels, including
the suppression of IKK� phosphorylation, inhibition of I�B�
degradation, and enhanced ubiquitination and proteasomal
degradation of RelA. These actions in turn contribute to the
inhibition of TNBC cell migration and invasion in vitro. TNBC
cells are in part more sensitive to NO2-OA due to lower GSH
concentrations and suppression of NO2-OA export as the NO2-
OA-SG adduct, a consequence of lower MRP1 expression. This
GSH insufficiency-induced redox vulnerability of TNBC cells
(70) in turn promotes more extensive protein thiol alkylation
and oxidation reactions and instigates chemotherapeutic sig-
naling responses at lower electrophile concentrations. The con-
centrations of endogenous free NO2-FAs, which are not pro-
tein-adducted or esterified to complex lipids, in healthy human
plasma and urine are typically 1–5 nM (16, 18, 19). The oral
administration of NO2-OA increased murine tumor NO2-OA
levels to an extent sufficient to induce pharmacological
responses, as evidenced by inhibition of MDA-MB-231 xeno-
graft tumor growth. These results motivate more detailed
future investigation of dose-response relationships and the
impact of other lipid electrophiles on tumor growth and metas-
tasis. At present, NO2-OA has cleared preclinical toxicology
and pharmacokinetics testing in human Phase 1 safety trials of
both oral and IV formulations (IV IND 122583; oral IND
124524) and is entering Phase 2 trials for treating chronic renal
and pulmonary diseases. This present preclinical study pro-
vides the biochemical foundations for evaluating whether elec-
trophilic NO2-FAs represent a useful new therapeutic candi-
date for treating breast cancer patients and possibly providing
selectivity for treating TNBC, a cancer that currently lacks
effective treatment options.

Experimental procedures

Cell culture and reagents

Cell lines were purchased from ATCC. MDA-MB-231 and
MCF7 cells were cultured in Dulbecco’s modified Eagle’s
medium, and MDA-MD-468 cells were cultured in improved
minimum essential medium (Gibco), each supplemented with
5% fetal bovine serum (Hyclone, Logan, UT). MCF-10A cells
were cultured in growth medium consisting of Dulbecco’s
modified Eagle’s medium/F-12 (1:1) in 5% horse serum
(Hyclone), and supplemented with 0.5 �g/ml hydrocortisone,
0.1 �g/ml cholera toxin, 20 ng/ml EGF, and 10 �g/ml insulin
(Sigma-Aldrich). Cells were incubated at 37 °C in a 5% CO2
atmosphere. siRNAs directed against human RelA (L-003533-
00-0005), human MRP1/ABCC1 siRNA (L-007308-00-0005),
and non-targeting control siRNA (D-001810-10-05) were pur-
chased from Dharmacon RNAi Technologies. Lipofectamine
2000 or 3000 (Life Technologies) was used for cell transfection.
The MRP1 inhibitor Probenecid (4-[(dipropylamino)sulfonyl-
]benzoic acid) was purchased from Enzo Life Sciences and dis-
solved in 1 M sodium hydroxide. The NF-�B inhibitor JSH-23

NO2-OA inhibits breast cancer cell function

J. Biol. Chem. (2018) 293(4) 1120 –1137 1131

 at U
niversity of Pittsburgh on O

ctober 8, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M117.814368/DC1
http://www.jbc.org/


(4-methyl-N1-(3-phenyl-propyl)-benzene-1,2-diamine) and
proteasome inhibitor MG-132 (benzyloxycarbonyl-L-Leu-D-
Leu-L-Leu-al) were purchased from Sigma-Aldrich. The IKK�
inhibitor BAY11-7082 (3-[(4-methylphenyl)sulfonyl]-(2E)-
propenenitrile) was purchased from Calbiochem, and TNF�
was from BD Biosciences.

Cell treatment for IKK� phosphorylation, I�B� phosphoryla-
tion, and I�B� degradation

All studies used two TNBC cell lines, MDA-MB-231 and
MDA-MB-468. To determine the effect of NO2-OA on IKK�
phosphorylation induced by TNF� in TNBC cells, cells were
pretreated with NO2-OA (5 �M), NO2-SA (5 �M), or BAY11-
7082 (10 �M) in serum-free medium (DMEM containing 0.1%
fatty acid-free BSA) for 2 h before TNF� (20 ng/ml) stimulation
for 5 min. For I�B� degradation, cells were treated as described
above and stimulated for 10 min with 20 ng/ml TNF�. I�B�
phosphorylation was measured in cells pretreated with
MG-132 (10 �M) in combination with NO2-OA (5 �M),
NO2-SA (5 �M), or BAY11-7082 (10 �M) in serum-free medium
for 2 h before TNF� (20 ng/ml) stimulation for 10 min.

NO2-FA synthesis and use

OA was purchased from Nu-Chek Prep (Elysian, MN). Nitro-
stearic acid (NO2-SA; 10-nitro-octadecanoic acid) was ob-
tained by the reduction of 10-nitro-oleic acid. Specifically,
NO2-OA was dissolved in tetrahydrofuran/methanol and
cooled, and then sodium borohydride was added. The flask was
stirred, and aliquots were monitored by UV analysis until there
was full loss of the nitroalkene, and then the reactions were
quenched with acetic acid. NO2-SA was purified by first
adducting any remaining NO2-OA with added cysteine, and
then NO2-SA was chromatographically fractionated on silica
gel, using an ethyl acetate/hexane gradient. OA, NO2-OA, and
NO2-SA were dissolved in absolute methanol and diluted in
culture medium immediately before use in all experiments, at a
maximum methanol concentration of 0.1% (v/v). Biotinylated
NO2-FAs (Bt-NO2-OA, Bt-NO2-SA, and Bt-OA) were synthe-
sized from corresponding free fatty acids and biotin-(polyeth-
ylene glycol)-amine (see Ref. 27 and supporting Methods).

Cell growth assay

Cells were plated at a cell density of 5000 cells/well in 96-well
plates. After attachment overnight, the medium was replaced,
and cells were treated with 0 –15 �M NO2-OA, NO2-SA, or
0.1% methanol (vehicle) for 48 h. In an MRP inhibition study,
MCF-10A cells were pretreated with 0.25 mM probenecid for
1 h, followed by 0 –25 �M NO2-OA for 48 h. Cells were counted
using the FluoReporter dsDNA quantitation kit (Molecular
Probes) according to the manufacturer’s instructions. Fluores-
cence was measured using a SpectraMax M2 plate reader
(Molecular Devices). The half-maximal inhibitory concentra-
tion (IC50) of NO2-OA was determined by using CalcuSyn soft-
ware from Biosoft. Three individual experiments were done
(n � 5/each), and statistical comparison between two cell lines
across doses was determined by two-way analysis of variance
followed by Tukey post-test.

FACS

MCF-10A, MDA-MB-231, and MDA-MB-468 cells were
plated at a cell density of 2.5 	 105 cells in 6-well plates for 24 h
before treatment with 0.1% methanol (vehicle), 5 �M NO2-OA,
NO2-SA, or OA for 24 h. Adherent and nonadherent cells were
collected, centrifuged at 2000 rpm for 10 min, washed with
ice-cold phosphate-buffered saline, fixed with cold 70% ethanol
at 4 °C for 30 min, and stained with 50 �g/ml propidium iodide
(Sigma-Aldrich). FACS analysis was performed at the Univer-
sity of Pittsburgh Department of Immunology Unified Flow
Core Facility. Three individual experiments were done, and sta-
tistical comparisons among phases (G0/G1, S, and G2/M) were
determined by one-way analysis of variance followed by Tukey
post-test.

Cell migration analysis

MDA-MB-231 and MDA-MB-468 cells were subjected to
cell migration analysis in Boyden chambers. The bottom of a
12-well membrane filter (BD Biosciences) was coated with 10
�g/ml fibronectin for 12 h before each experiment. Cells were
pretreated with 5 �M NO2-OA or NO2-SA for 1 h and then in
the absence or presence of TNF� (20 ng/ml) for an additional
2 h in culture medium containing 1% FBS. Cells were
trypsinized and washed with migration medium (DMEM con-
taining 0.1% fatty acid-free BSA) to remove serum. Cells at a
density of 105/well were then placed in the upper chamber with
migration medium containing the same pretreatment condi-
tions. The cells were allowed to migrate toward the 5% FBS
chemoattractant for 5 h. Non-migrated cells from the top sur-
face were removed with cotton swabs. Migrated cells were fixed
with 4% paraformaldehyde (Electron Microscopy Sciences) and
then stained with 0.5% crystal violet (Sigma-Aldrich) for 15
min. Migrated cell density on the filters was observed by
microscopy. The crystal violet on migrated cells was destained
with 10% acetic acid, and the absorbance in individual filters
was determined at A573 nm. Images are representative of three
individual experiments, and statistical comparison among
treatments was determined by one-way analysis of variance fol-
lowed by Tukey post-test.

Cell invasion assay

MDA-MB-468 cells were pretreated with NO2-OA (5 �M),
NO2-SA (5 �M), or NF-�B inhibitor JSH-23 (10 �M) for 1 h and
then in the absence or presence of TNF� (20 ng/ml) for an
additional 2 h in culture medium containing 1% FBS. Cells
were then suspended in migration medium and placed in the
top well of invasion chambers (EMD Millipore). Chemoattrac-
tant (5% FBS) was placed in the lower chamber for 24 h at 37 °C
to attract invasive cells. Cells were then harvested, and invasion
rates were determined according to the manufacturer’s proto-
col. Three individual experiments were done, and statistical
comparison among treatments was determined by one-way
analysis of variance followed by Tukey post-test.

Luciferase analysis of NF-�B activity

Luciferase chemiluminescence– based analysis of NF-�B
transcriptional activity was performed as described previously
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(27) with minor modifications. MDA-MB-231 and MDA-MB-
468 cells (�70% confluence) in 12-well plates were transiently
transfected with a NF-�B–luciferase reporter plasmid (Strat-
agene, La Jolla, CA) with Lipofectamine 3000. After transfec-
tion (24 h), cells were pretreated with NO2-OA (5 �M), NO2-SA
(5 �M), OA (5 �M), or JSH-23 (20 �M) for 2 h, followed by 20
ng/ml TNF� for an additional 4 h. Each transfection was per-
formed in triplicate. Luciferase activity was measured using the
Dual-Luciferase assay kit (Promega). Relative light units (RLU)
were measured using a 96-well plate luminometer, according to
the manufacturer’s instructions (Victor II, PerkinElmer Life
Sciences). Protein concentration was determined using the
BCA assay (Thermo Fisher Scientific). Data represent the ratio
of treated samples to controls in the context of mean RLU/
protein content � S.D. Three individual experiments were
done, and statistical significance was determined by Kruskal–
Wallis test followed by Dunn’s post-test with Bonferroni cor-
rections for multiple comparisons.

NO2-FA protein alkylation reactions

To determine whether NO2-FAs bind to RelA (p65) or IKK�
in TNBC cells, MDA-MB-231 or MDA-MB-468 cells were
treated with 5 �M Bt-NO2-OA, Bt-NO2-SA, or Bt-OA in
DMEM containing 5% FBS. After 2 h, cells were harvested in
lysis buffer containing 1% Triton X, 10% glycerol, 150 mM NaCl,
10 mM HEPES, 1 mM EDTA, 1 mM EGTA and supplemented
with a mixture of protease and phosphatase inhibitors (Roche
Applied Science) (26). Total cell lysates (0.5–1 mg) were mixed
and incubated with streptavidin-agarose beads (Sigma-Al-
drich) at 4 °C overnight. Beads were washed three times using
lysis buffer. After SDS-PAGE, immunoblotting was performed
using anti-RelA mouse monoclonal antibody (Santa Cruz Bio-
technology) or anti-IKK� rabbit polyclonal antibody (Cell Sig-
naling). Proteomics analysis for the alkylation of RelA by
NO2-OA was also conducted using recombinant RelA protein
and LC-MS/MS analysis. See supporting Methods for more
detail.

Immunoprecipitation and NO2-OA–induced RelA protein
polyubiquitination

To determine the induction level of RelA protein polyubiq-
uitination by NO2-FA, MDA-MB-231 and MDA-MB-468 cells
were treated with 0.1% methanol (vehicle), NO2-OA (5 �M), or
NO2-SA (5 �M) for 6 h, and then cell lysates were harvested in
lysis buffer supplemented with a mixture of protease and phos-
phatase inhibitors. Lysates were clarified by centrifugation at
14,000 	 g for 10 min. Protein lysates (1 mg) were incubated
with anti-RelA antibody and Protein G/A-conjugated agarose
beads (EMD Millipore, Bedford, MA) at 4 °C overnight. Immu-
noprecipitation fractions were obtained by centrifugation at
14,000 	 g for 1 min at room temperature and washed with lysis
buffer three times. The immunoprecipitated RelA was resolved
by an 8% SDS-polyacrylamide gel and transferred to nitrocellu-
lose membrane (Bio-Rad) for immunoblotting probed with an
anti-ubiquitin antibody (Santa Cruz Biotechnology). The blot
was then stripped and probed with an anti-RelA antibody to
assess amounts of RelA protein pulldown.

Western blotting

Western blotting was performed as described previously
(26). 20 – 60 �g of total lysates per lane were loaded on 7, 10, or
12% SDS-PAGE and transferred onto nitrocellulose or polyvi-
nylidene difluoride membranes (Bio-Rad). The membranes
were probed with primary antibodies against caspase-3, MRP1,
PARP-1, ubiquitin, or RelA; cyclin D1, p21, caspase-9, MRP4,
IKK�, pIKK�, I�B�, or pI�B� (Cell Signaling); and caspase-8
(R&D Systems). Samples were normalized to �-actin (Sigma-
Aldrich) or GAPDH (Trevigen). Protein bands were visualized,
and digitized images were quantified using ImageLab software
(Bio-Rad). Immunoblots are representative of at least three
individual experiments. Quantitative results are an average of at
least three individual experiments, and statistical significance
was determined by one-way analysis of variance followed by
Tukey post-test.

RNA extraction, quantitative PCR, and RT2 profiler PCR array

To determine the effect of NO2-OA on expression of NF-�B
target genes in TNF�-induced MDA-MB-231 and MDA-MB-
468 cells, cells were pretreated with NO2-OA (5 �M) for 2 h and
then stimulated with TNF� (20 ng/ml) for 6 h. Total RNA sam-
ples of tissues or cells were extracted using TRIzol reagents
according to the manufacturer’s instructions (Invitrogen).
Total RNA (1 �g) was reverse transcribed using the iScript
cDNA kit (Bio-Rad) according to the manufacturer’s instruc-
tions. cDNA (25 ng) was used for each subsequent real-time
qPCR. All real-time qPCR was performed on the StepOne
PLUS PCR system (Thermo Fisher Scientific) using TaqMan
gene expression assays. -Fold change was calculated using the


Ct method with 18S ribosomal RNA or human �-actin RNA
serving as the internal control. Three individual experiments
were done, and statistical significance was determined by one-
way analysis of variance followed by Tukey post-test. For the
RT2 profiler PCR array, MDA-MB-468 cells were treated or
untreated with NO2-OA (5 �M) for 24 h. The expression of 84
human NF-�B target genes was analyzed with a 96-well plate
format as instructed in the manufacturer’s handbook (Qiagen).
PCR amplification was conducted by the StepOne PLUS PCR
system, and -fold change of gene expression was calculated
according to the manufacturer’s instructions.

Analysis of NO2-OA-SG and NO2-OA in cell medium

MCF-10A, MDA-MB-231, or MDA-MB-468 cells were cul-
tured in 6-well plates (1 	 106 cells/well) for 24 h. Before treat-
ments, cell medium was replaced with DMEM containing 5%
FBS. NO2-OA (5 �M) was added to the medium, and cells were
incubated at 37 °C for 60 min before the cell culture medium
was collected. For MRP1 inhibition studies, MCF-10A cells
were pretreated with 1 mM probenecid for 1 h and then co-
treated with 5 �M NO2-OA for an additional 1 h. For MRP1
siRNA knockdown studies, MCF-10A cells were transiently
transfected with non-target siRNA (scrambled) or MRP1
siRNA for 48 h before treatment with 5 �M NO2-OA for 1 h.
Cells were washed with PBS and then gently scraped off of the
plate in 1 ml of PBS. 100 �l of cell suspensions was lysed by
sonication and used for protein concentration measurements
via a BCA protein assay. The remaining 0.9 ml of cell suspen-
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sion was used to determine the amount of intracellular NO2-
OA-SG. NO2-OA-SG and free NO2-OA were extracted using a
modified Bligh-Dyer method with NO2-OA-SG partitioning
into the polar phase and NO2-OA into the organic. The cell
culture medium was spiked with 15NO2-d4-OA (5 nM) as an
internal standard for free NO2-OA before extraction. Samples
were centrifuged at 2800 rpm at room temperature for 5 min.
The bottom (organic) layer was transferred to a clean vial, dried,
and reconstituted in methanol before MS analysis. The upper
(aqueous) layer containing NO2-OA-SG was desalted and con-
centrated using 3 ml of C18 SPE columns (Thermo Fisher Sci-
entific). Columns were preconditioned with 1 column volume
of 100% methanol, followed by 2 column volumes of 5% meth-
anol before sample addition. Samples were vortexed and equil-
ibrated at 4 °C for 5 min before extraction. Samples were
washed with 2 column volumes of 5% methanol, and the col-
umn was dried under vacuum for 30 min before elution with 3
ml of 100% methanol. Solvent was then evaporated under N2,
and the samples were reconstituted in methanol for further
analysis.

GSH and GSSG extraction and analysis

MCF-10A, MDA-MB-231, and MDA-MB-468 cells were
seeded in 24-well plates at a density of 3 	 105 cells/well. Cells
were cultured overnight before treatment with 5 �M NO2-OA
for the indicated times. At each time point, cell medium was
aspirated and washed two times with sterile PBS. Cells were
then incubated with PBS containing 25 mM N-ethylmaleimide
(NEM) for 15 min at 37 °C. Derivatizing solution (50 �l of 15%
MeOH, 40 mM HEPES, 50 mM NaCl, 1 mM EDTA, 2 �M

[13C2
15N]GSH, 2 �M [13C4

15N2]GSSG, and 25 mM NEM) was
added to each well and incubated for 15 min at room tempera-
ture. Next, 50 �l of 10% (w/v) sulfosalicylic acid solution was
immediately added to each well to stabilize GSH and GSSG.
Supernatant was collected by centrifugation at 15,000 rpm for
10 min at 4 °C. Samples were diluted 1:5 in 5% sulfosalicylic
acid, and 20 �l was injected for HPLC-MS/MS analysis. Cell
numbers at time 0 were quantitated by a Hoechst 33258 DNA
stain assay and used to normalize GSH or GSSG levels
expressed as nmol/cells (	 106).

LC-MS/MS

NO2-OA, NO2-OA-SG, GSH, and GSSG were analyzed by
high-performance LC-MS/MS using a Shimadzu/CTC PAL
HPLC coupled to a Sciex 5000 triple quadrupole mass spec-
trometer (Sciex, San Jose, CA). NO2-OA, NO2-OA-SG gradient
solvent systems consisted of water � 0.1% acetic acid (solvent
A) and acetonitrile � 0.1% acetic acid (solvent B). NO2-OA and
its metabolites were resolved using a Luna C18 reversed phase
column (2 mm 	 100 mm, Phenomenex, Torrence, CA) at a
flow rate of 0.65 ml/min. Samples were applied to the column at
30% B and eluted with a linear increase in solvent B (30 –100%
in 9.7 min). The column was washed at 100% B for 3 min before
returning to initial conditions for equilibration (2 min). NO2-
OA-SG conjugates were resolved using a Luna C18 reversed
phase column (2 mm 	 150 mm; Phenomenex) at a 0.25
ml/min flow rate. Samples were applied to the column at 20% B,
held for 5 min, and eluted with a linear increase in solvent B

(20 –98% solvent B in 20 min), followed by a wash step at 98% B
for 4.5 min, and switched back to initial conditions for 4 min.
MS analyses for NO2-FAs used electrospray ionization in the
negative-ion mode with the collision gas set at 5 units, curtain
gas at 40 units, ion source gas number 1 at 55 units and number
2 at 60 units, ion spray voltage at �4500 V, and temperature at
600 °C. The declustering potential was �80 eV, entrance
potential �5, collision energy �35, and the collision exit poten-
tial �3. Multiple-reaction monitoring (MRM) was used for the
analysis of lipids showing loss of a nitro group (m/z 46) upon
collision-induced dissociation (MRM: 326.2/46 and 331/47 for
NO2-OA and 15NO2-d4-OA, respectively) in negative-ion
mode. The following parameters for the mass spectrometers
were used for NO2-OA-SG conjugates in positive-ion mode:
gas number 1, 50 units; gas number 2, 55 units; ion spray volt-
age, 5000 V; source temperature, 550 °C; declustering potential,
70 eV; entrance potential, 5; collision energy, 17; and collision
exit potential, 5. The following MRM transitions were used:
635.2/506.2 and 640.2/511.2 for NO2-OA-SG and 15NO2-d4-
OA-SG (Fig. S7), respectively.

The method for simultaneous determination of GSH and
GSSG involved sample (20 �l) separation on a Phenomenex
C18 (2.1 	 150 mm; 3.5-�m pore size) column. The solvent
system employed aqueous 0.1% formic acid (A) and 0.1% formic
acid in acetonitrile (B) with a net flow rate of 0.6 ml/min. A
linear gradient of 2% B to 75% B from 0.1 to 6.2 min, followed by
wash with 100% B for 2 min and re-equilibration with 2% B for
6 min, was employed for separation. Unlabeled and 13C4

15N2-
labeled GSSG eluted at 2 min, whereas unlabeled and 13C2

15N-
labeled GS-NEM eluted at �2.7 min. The Sciex 5000 mass spec-
trometer settings were as follows: CAD, 4 units; curtain gas, 40
units; GS1, 45 units; GS2, 50 units; ion spray voltage, 5500 V;
source temperature, 550 °C; EP, 5 V; and CXP, 10 V. Multiple-
reaction monitoring was performed in positive-ion mode.
Transitions for respective species were as follows: GSH (Q1
308.33 Q3 179.1; declustering potential (DP) 60 V, collision
energy (CE) 18.5 V). 13C2

15N GSH (Q1 311.33Q3 182.1; DP 60
V, CE 18.5 V). GS-NEM (Q1 433.03Q3 304.2; DP 65 V, CE 38
V); [13C2

15N]GS-NEM (Q1 436.03 Q3 307.2; DP 65 V, CE 38
V); GSSG (Q1 613.2 3 Q3 355.2; DP 60 V, CE 24 V);
[13C2

15N]GSSG (Q1 619.2 3 Q3 361.2; DP 60 V, CE 24 V).
Calibration curves were generated using known GSH and
GSSG standards and isotopic internal standards and showed
linearity over 5 orders of magnitude, and the limit of quantifi-
cation (71) for both GS-NEM and GSSG was 1 nM. Sample
[GSH] and [GSSG] were determined from analyte/internal stan-
dard area ratios, and intracellular GSH and GSSG were normal-
ized to cell number (106), with results expressed as nmol of GSH
or GSSG per 106 cells.

Statistical analysis

Data analyses were conducted using Prism version 6 software
(GraphPad Software). Results are presented as mean � S.D.
tumor volumes except in Fig. 1E, where results are presented as
mean � S.E. Statistical analysis was performed using Student’s
t test, one-way or two-way analysis of variance as appropriate.
Statistical significance was achieved with p � 0.05.
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