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Abstract

Recent studies have shown that differentiated cancer cells can de-differentiate into cancer stem 

cells (CSCs) although to date no studies have reported whether this transition is influenced by 

systemic anti-cancer agents. Valproic acid (VA) is a histone deacetylase (HDAC) inhibitor that 

promotes self renewal and expansion of hematopietic stem cells and facilitates the generation of 

induced pluripotent stem cells from somatic cells and is currently being investigated in breast 

cancer clinical trials. We hypothesized that HDAC inhibitors reprogram differentiated cancer cells 
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towards the more resistant stem cell-like state. Two highly aggressive breast cancer cell lines, 

SUM159 and MDA-231, were FACS-sorted based on ALDH activity and subsequently ALDH-

negative and ALDH-positive cells were treated with one of two known HDAC inhibitors, VA or 

SAHA (suberoylanilide hydroxamic acid). In addition, primary tumor cells from patients with 

metastatic breast cancer were evaluated for ALDH activity following treatment with HDAC 

inhibitors. We demonstrate that single cell sorted ALDH- negative cells spontaneously generated 

ALDH-positive cells in vitro. Treatment of ALDH-negative cells with HDAC inhibitors promoted 

the expansion of ALDH-positive cells and increased mammosphere forming efficiency. Most 

importantly, it significantly increased the tumor-initiating capacity of ALDH- negative cells in 

limiting dilution outgrowth assays. Moreover, while HDAC inhibitors upregulated β-catenin 

expression and significantly increased WNT reporter activity, a TCF4 dominant negative construct 

abolished HDAC-inhibitor induced expansion of CSCs. These results demonstrate that HDAC 

inhibitors promote the expansion of breast CSCs through dedifferentiation and have important 

clinical implications for the use of HDAC inhibitors in the treatment of cancer.
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INTRODUCTION

It has been shown that many human cancers, including breast cancer, are maintained by a 

small population of cells called cancer stem cells (CSCs, also called tumor initiating cells). 

These cells possess an enhanced tumor-initiating capacity in mouse xenograft models, can 

self-renew and are capable of differentiating into the multiple lineages of the bulk tumor. 

Human breast CSCs can be enriched by specific cell surface markers such as 

CD44+CD24−/low, by aldehyde dehydrogenase (ALDH) enzyme activity as ALDH-positive 

cells, and by mammosphere formation in growth factor supplemented suspension culture, 

although the results of these three assays are not always equivalent 1–3. Increasing pre-

clinical and translational evidence suggests that CSCs mediate tumor metastasis 4–7 and are 

resistant to conventional anti-cancer therapeutics that contribute to relapse 8–11. The 

evolving cancer stem cell theory has led to the proposal that targeting CSCs in combination 

with conventional or other targeted therapies may be required to eradicate cancer and efforts 

are underway to identify compounds that target this subpopulation 9, 12–15.

Several recent studies have demonstrated that CSCs and non-CSCs exhibit plasticity with a 

transition from one state to the other 16–19. These findings represent a divergence from the 

unidirectional hierarchical model of CSCs and raise the possibility that approaches to solely 

target CSCs will not be sufficient because the remaining non-CSCs may be reprogrammed 

to CSCs to reinitiate tumorigenesis. However, the potential of clinically available systemic 

anti-cancer agents to mediate this transition has not yet been studied.

Histone deacetylase (HDAC) inhibitors such as valproic acid (VA) and trichostatin-A 

stimulate the self-renewal and expansion of normal hematopoietic stem cells20–22. Similarly, 

the clonogenic capacity of CD34+ AML progenitor cells was enhanced with VA treatment in 

Debeb et al. Page 2

Stem Cells. Author manuscript; available in PMC 2015 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AML patients 23. Moreover, HDAC inhibitors, in particular VA, enables efficient 

reprogramming of adult somatic cells into pluripotent stem cells 24. In support of these 

findings, we recently demonstrated that VA has a differential effect on in vitro stem-like 

breast cancer cell cultures compared to in vitro differentiated breast cancer cells: 

radioprotecting the stem-like cells and radiosensitizing the differentiated cells 25. These 

observations led us to hypothesize that HDAC inhibitors increase the CSC population 

through dedifferentiation of non-stem cancer cells shifting the equilibrium towards the stem 

cell-like phenotype. Using the highly aggressive breast cancer cell lines SUM159 and 

MDA-231 as well as primary breast cancer cells derived from patients, we found that 

treatment with HDAC inhibitors increase ALDH activity, mammosphere forming efficiency 

and the tumor-initiating capacity of non-stem like cells and this effect was mediated through 

the β-catenin signaling pathway.

MATERIALS AND METHODS

Cell culture

The SUM159 cell line was obtained from Dr Stephen Ethier and is commercially available 

(Asterand, Detroit, MI). SUM159 cells were cultured in Ham’s F-12 media supplemented 

with 10% fetal bovine serum (FBS), 1 μg/ml hydrocortisone, 5 μg/ml insulin and 1% 

antibiotic-antimycotic. MDA-231 cells were obtained from ATCC and were cultured in α-

media supplemented with 10% FBS, 1 μg/ml hydrocortisone, 1 μg/ml insulin, 12.5ng/ml 

EGF, sodium pyruvate, non-essential amino acids, 2mM Glutamine and 1% antibiotic-

antimycotic.

VA (sodium salt; Sigma) was dissolved in PBS to a stock concentration of 1M and stored at 

4°C. A final concentration of 1mM of VA, a dose we used in our previous study 25, was 

used to treat SUM159 cells. SAHA (Cayman) was dissolved in DMSO to a stock of 0.5M 

and stored at −80°C and a final concentration of 1μM was used for SUM159 cells based on a 

dose response study (data not shown). For MDA-231 cells, a dose of 0.5mM VA and 0.5μM 

SAHA was used to treat cells. Salinomycin (Sigma) was dissolved in DMSO at a stock 

concentration of 10mM and stored at −80°C and a final concentration of 10nM was used in 

this study.

Patient tumor cells

Cells from patient’s pleural fluid were obtained on an IRB approved protocol from patients 

undergoing thoracentesis for relief of pulmonary symptoms. Briefly, the pleural fluid was 

centrifuged at 400g for 30 min and pellets were suspended in PBS/HBSS and filtered 

through 40 μM cell strainer. Suspended cells were added to the top of 12.5ml Ficoll solution 

and the mix was spun at 2000 rpm for 30 minutes. Centrifuged cells were then washed three 

times with PBS and seeded into tissue culture plates using SUM159 media. After cells 

became confluent, they were passaged, treated with vehicle or HDAC-inhibitors for a week 

and samples collected for analysis. Three patient samples were included in this study: 

patient sample 1 (inflammatory breast cancer; ER+ PR− Her2/neu−), patient sample 2 

(inflammatory breast cancer; ER+ (low) PR− Her2/neu−), and patient sample 3 (non 

inflammatory breast cancer; ER+ PR+ Her2/neu−).
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DNA plasmids

The 7TGP, an eGFP expressing WNT activity reporter construct and the EdTP, a construct 

that expresses the dominant negative human TCF4 have been previously described by 

Nusse’s group 26 and were purchased from Addgene. The vector control was generated after 

removing the dominant negative TCF4 gene from the EdTP plasmid through digestion with 

BamHI and self ligating with the T4 ligase. All constructs were verified by sequencing the 

region of interest. Following transduction, cells were selected with 2mg/ml puromycin.

Aldefluor assay and sorting of ALDH negative/positive population

The Aldefluor assay was carried out following the manufacturer’s guidelines (StemCell 

Technologies, Vancouver, Canada). Briefly, about 5 × 105 cells were suspended in 

Aldefluor assay buffer containing ALDH substrate and incubated for 30 min at 37°C. As a 

negative control for each sample cells were incubated with 50 mmol/L of the specific ALDH 

inhibitor diethylaminobenzaldehyde (DEAB). Aldefluor fluorescence was excited at 488 nm 

and fluorescence emission was detected using a Beckman Coulter machine and the data files 

were analyzed using FlowJo software (Treestar, Ashland, OR). For sorting, gates were 

established using ALDH-stained cells treated with DEAB as negative controls and taking 

the high negative and positive cells (Fig. 1A).

For single cell clonal analysis, ALDH− and ALDH+ SUM159 cells were single-cell 

deposited using FACSAria II (BD Biosciences) onto 24-well tissue culture plates in the 

presence or absence of 1mM VA. About three weeks later, five clones from each group were 

selected (P1) and expanded to analyze the ALDH content. These clones were then passaged 

for a week in the presence or absence of VA (P2) and the ALDH content analyzed. Similar 

single cell deposition onto 24-well plates were also performed for the GFP− and GFP+ 

WNT/Beta-catenin reporter cells in the presence or absence of 1mM VA (P1), clones were 

then expanded to evaluate the GFP content. These clones were passaged after a week (P2) 

and then for a third time (P3) in the presence or absence of VA.

RNA isolation and RT-PCR

Total RNA was isolated using Trizol reagent (Invitrogen) according to manufacturer’s 

protocol. After treatment with DNase I (Ambion), two micrograms of the RNA samples 

were reverse-transcribed with random hexamers using Super Script III First-Strand 

Synthesis System (Invitrogen). Control reactions excluded reverse transcriptase. 

Quantitative PCR was performed on 7300 Real-Time PCR equipment (Applied Biosystems) 

with aliquots of the cDNA samples and SYBR Green/ROX qPCR Master Mix 

(SABiosciences) at annealing temperature of 60°C with the following primers: ALDH1, 

forward 5′-ccgggaaaagcaatctgaag-3′ and reverse 5′-aacactggccctggtggtag-3′; GAPDH, 

forward 5′-cccactcctccacctttgac-3′ and reverse 5′-tggtggtccaggggtcttac-3′. For EMT-related 

mRNA gene expression analysis, EMT PCR Array (PAHS-090) was used as per the 

manufacture’s protocol (SABiosciences).
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Mammosphere formation efficiency

To generate primary mammospheres, treated and untreated cells were grown in serum-free, 

growth factor enriched (mammosphere media) in low attachment plates as described 

previously 3,25. For secondary mammosphere assay, cells from primary mammospheres 

were dispersed with 0.05% trypsin, seeded in 6-well ultra-low attachment plates (10,000 

cells/ml) in mammosphere media and counted after a week. Mammosphere media did not 

contain HDAC inhibitors throughout the duration of the mammosphere formation assays.

Immunoblotting

Cells were lysed in 1x RIPA lysis buffer containing 1 μM PMSF and 40 μg protein 

electrophoresed on 4–20% gradient SDS-polyacrylamide gels (Invitrogen). Membranes were 

incubated with primary antibodies: anti-ALDH1, anti-N-cadherin, anti-E-cadherin, anti-

Fibronectin and anti-Vimentin (BD Biosciences), anti-β catenin, anti-TCF4 (Cell Signal) and 

anti-Tenascin C (Santa Cruz). Either β-actin or Gapdh antibody was used as a loading 

control.

Apoptosis, Cell cycle and proliferation assays

Apoptosis was assessed by staining with Annexin-V-FITC Apoptosis Detection Kit (BD 

Biosciences) according to the manufacturer’s instructions. For cell cycle, cells were fixed 

dropwise with 70% ice-cold ethanol overnight at 4°C. Then cells were suspended in 100 μl 

phosphate-citrate buffer (0.19 M Na2HPO4, 4 mM citric acid) and incubated for 30 min at 

room temperature and resuspended in PBS containing 10 μg/ml of propidium iodide (PI) and 

10 μg/ml of RNase A. The PI-stained cell samples were analyzed using FACSCalibur 

(Becton-Dickinson San Jose, CA) and data analysis for the percentage of cells in each phase 

of the cell cycle (G1, S and G2/M) was performed with CELLQuest (Becton-Dickinson). 

For proliferation assay, cells were seeded at a density of 1.0×104 in 6cm plates and treated 

with HDAC inhibitors or vehicle. After a week, cells were trypsinized and viable cells 

counted with a Cellometer automated cell counter (Nexcelom Bioscience, Lawrence, MA).

In vivo tumor initiation study

3–5 week old female SCID/Beige mice (Harlan, USA) were housed and used in accordance 

with institutional guidelines of the University of Texas MD Anderson Cancer Center under 

the Institutional Animal Care and Use Committee approved protocol (ACUF 07-08-07213). 

Mice were anesthetized through intraperitoneal injection of a cocktail containing ketamine 

(100 mg/kg), xylazine (2.5 mg/kg), and acepromazine (2.5 mg/kg) in sterile saline solution 

and fur at the surgical site was removed. The inguinal #4 glands were cleared of mammary 

epithelium and ALDH− SUM159 cells (5×105 or 2×105 in 15 μl of PBS) pretreated for 7 

days with 1mM VA or vehicle were injected into the cleared fat pads. Transplants were 

allowed to grow out for 120 days. Tumor growth was monitored with caliper measurements. 

A portion of tumor or complete inguinal #4 glands were formalin fixed, paraffin-embedded, 

sectioned, stained with Hematoxylin and Eosin Ki67 antibody. All staining was performed 

with standard protocols and analyzed by a pathologist (SK) specializing in breast cancer.
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Statistical methods

All data are represented in graphs as means ± SEM. A p-value of <0.05 in a paired two-

sided test was considered statistically significant. Statistical analysis for limiting dilution 

experiment was performed using Chi-square test utilizing the Extreme limiting dilution 

analysis (ELDA) web tool 27.

RESULTS

Expansion of breast cancer stem-like cells by HDAC inhibitors

ALDH+ cells isolated from human breast tumors and cell lines have been demonstrated to 

have high tumor initiating population and have been used as surrogates to study CSC 2, 28. 

In the work described below we used the triple negative, basal subtype SUM159 breast 

cancer cell line which has been reported to have high stem cell features 7, 28. We sorted cells 

into aldefluor-negative (ALDH−) and aldefluor-positive (ALDH+) cells (Fig.1A). Post-

sorting analysis was routinely performed to check the purity of the sorted negative cells with 

results indicating >99% purity (data not shown). After sorting we treated both ALDH− and 

ALDH+ cells with 1mM VA or 1μM SAHA or vehicle control for 7 days and evaluated the 

proportion of CSC-like cells by FACS and mammosphere formation assays. Interestingly, 

we found that ALDH− cells can generate ALDH+ cells even without any treatment (Fig.1B, 

1C, Fig. S1B, S1C) supporting the recent work from Weinberg’s lab that showed CSC-like 

cells can arise spontaneously from more differentiated cell types 18. Since the proportion of 

ALDH+ cells generated in the first passage (P0) was significantly lower than the unsorted 

population (7.2±0.7% vs. 29.5±5.8%; P<0.001; Fig. S1A), we thought there should be an 

increase in the ALDH+ cells with serial passaging until it reaches the percentage in the 

unsorted population where it attains equilibrium. We found that there was an increase in the 

ALDH+ population with second passage (P1, 11.68±4.2%) and the third passage (P2, 

18.7±1.1%) during which the percentage of ALDH+ cells reached the equilibrium level of 

the unsorted population (Fig. 1B,1C). Upon treatment with HDAC inhibitors, a significant 

increase in the ALDH+ cells was observed in both ALDH− and ALDH+ populations. On 

average in ALDH− P0 cells, the proportion of ALDH+ cells was 4.5 fold higher in VA-

treated cells (VA vs. vehicle: 32.0±9.4 % vs.7.2±0.7%, P<0.001) and a 1.8-fold higher in 

SAHA-treated cells (SAHA vs. vehicle: 42±2.0% vs. 24±1.2%, P<0.0001) compared to 

vehicle-treated controls (Fig. 1B,1C). Similarly there was an increase in ALDH+ proportion 

in ALDH+ cells treated with HDAC inhibitors compared to vehicle-treated controls 

(65.9±4.5% vs. 27.1±2.3% for VA vs. vehicle, P<0.0001; 63.2±3.7% vs. 29.7±1.5% for 

SAHA vs. vehicle, P<0.0001; Fig. 1D,1E). These effects were maintained through second 

and third passages which showed a progressive increase in ALDH+ subpopulation (Fig 1 A–

D; Fig. S1B, S1C). Such increase in ALDH+ cells was also observed in unsorted SUM159 

cells treated with HDAC-inhibitors vs. vehicle treated controls (Fig. S1D) as well as in 

ALDH− MDA-231 cells treated with 0.5mM VA or 0.5μM SAHA (data not shown).

We confirmed the spontaneous generation of ALDH+ cells from ALDH− cells as well as the 

HDAC inhibitor-mediated expansion of ALDH+ cells through single cell clonal analysis 

(Fig 1F, Fig S1E). Single cell clones arising from ALDH− cells have an ALDH content 

ranging from 3% to 18.6% (Mean= 10.3±2.8%, N=5). This ALDH content was significantly 
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increased in VA treated clones (P1: 21.3± 3.7%; P<0.05; P2: 43.8± 11.8% P<0.01). In single 

cell clones arising from ALDH+ cells, the P1 ALDH percentage varied from 68.9% to 

81.9% (Mean= 75.4 ±2.3%, N=5) which was not significantly different from the P1 of VA-

treated ALDH+ single cell clones (P>0.05). On the next passage (P2), however, a significant 

difference was observed in vehicle vs. VA-treated ALDH+ clones (54.4±4.7% vs. 76.7%

±4.1%; P<0.05; Fig. 1F, S1F).

Further supporting the flow cytometry data, there was upregulation of both mRNA and 

protein expression of ALDH1 in ALDH− P0 cells treated with HDAC inhibitors (Fig. 1G, 

1H). Remarkably, a similar increase in the percentage of ALDH+ cells was seen in VA or 

SAHA-treated cells using fresh tumor cells from patients with metastatic breast cancer 

(Mean, vehicle vs. VA: 20.0±2.5% vs. 34.0±1.5%, N=3, P=0.008; Mean, vehicle vs. SAHA: 

20.0±2.5% vs. 26.3±2.5%, N=3, P=0.1; Fig. 1I). In sum, these data strongly suggest that 

CSCs can be generated directly from non-CSCs in culture and this can be enhanced through 

pretreatment with HDAC inhibitors. Alternative explanations including selective growth 

advantage of undetected ALDH+ cells in the ALDH− population and/or selective killing of 

differentiated cancer cells by HDAC inhibitors enriching for the CSC population will be 

discussed further below.

HDAC inhibitors and mammosphere formation

Mammosphere formation has been used as a measure of breast CSC self-renewal capacity 

and correlates closely with tumorigenicity 3, 29, 30. To evaluate the effect of exposure to 

HDAC inhibitors on mammosphere formation, ALDH− and ALDH+ cells were pre-treated 

with 1mM VA or 1μM SAHA or vehicle control in monolayer culture for 7 days and then 

were seeded in mammosphere media in low attachment plates. In accord with the observed 

increase in the ALDH+ population, P0 ALDH− cells pre-treated with VA showed a 7-fold 

increase in primary sphere formation and SAHA a 4-fold increase compared to vehicle-

treated controls (Mean, Vehicle vs. VA: 8.7±1.8 vs. 57.5±2.3, P<0.0001; Mean, Vehicle vs. 

SAHA: 8.7±1.8 vs. 36.3±3.0, P<0.0001). These effects were observed in multiple passages 

(P<0.001, Fig. 2A). Likewise, a 12-fold and 6-fold increase in mammosphere formation was 

observed in ALDH+ P0 cells pretreated with VA and SAHA respectively (Mean, Vehicle vs. 

VA: 29.8±6.5 vs. 357.5±31.8, P<0.0001; Mean, Vehicle vs. VA: 29.8±6.5 vs. 181.3±11.2, 

P<0.0001; Fig. 2B). Similarly, secondary sphere formation was much higher (P<0.001) in 

VA/SAHA-treated ALDH− cells than vehicle-treated cells (Fig. 2C). Moreover, the spheres 

formed faster and the sizes of spheres were larger in treated vs. vehicle-treated controls (Fig. 

S2A). MDA-231 ALDH− cells treated with HDAC-inhibitors also showed a significant 

increase in primary sphere formation (P<0.001, Fig. S2B).

HDAC inhibitors and expression of EMT associated genes

In view of the findings that EMT increases the stem cell population in normal and malignant 

mammary epithelial cells 31, 32, we investigated EMT gene expression patterns by western 

blot in sorted cells pretreated with HDAC inhibitor or vehicle controls in multiple passages. 

Fig. 3 shows upregulation of a panel of mesenchymal markers including N-cadherin, 

vimentin, fibronectin and tenascin-C in ALDH− (Fig. 3A, 3B) and ALDH+ (Fig. 3C) cells 

while E-cadherin was not detected. We also examined gene expression profile using the 
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EMT PCR array and found upregulation of vimentin, fibronectin, Twist, Slug, MMP3 and 

MMP9 while there was downregulation of other EMT genes such as Snail, Zeb1 and Foxc2 

in HDAC inhibitor treated cells compared to vehicle-treated controls (Fig. 3D).

HDAC inhibitors and the tumor-initiating capacity of non-stem cells

We next evaluated the ability of ALDH− cells pretreated with VA or vehicle in vitro for 7 

days to form tumors by injecting them into the cleared mammary fat pads of 3–5 week old 

female SCID/Beige mice at a cell concentration of 2×105 or 5×105. Tumor initiation was 

defined by the formation of a palpable tumor. VA-pretreated cells were able to form tumors 

in mice much more efficiently when compared with the vehicle treated cells (P = 0.004, Fig. 

4A). In mice injected with 5×105 cells, the tumor incidence was 6 out of 8 in VA- treated vs. 

2 out of 8 in vehicle-treated xenografts while none of the mice injected with 2×105 vehicle-

treated cells (0 out of 8 mice) formed tumors, even after 120 days as opposed to 3 out of 7 in 

VA-treated cells (P=0.004, Fig. 4A). Furthermore, VA-treated cells had shorter xenograft 

tumor latency of 30 days compared to control xenografts (Fig. 4B; Fig. S3). These results 

indicate that VA-induced expansion of ALDH+ CSCs in vitro leads to a functional increase 

in breast CSCs in vivo. Histological examination of stained sections showed that tumors 

arising from VA-treated cells were invasive poorly differentiated tumor cells comprised 

predominantly of spindle cells. These tumor cells demonstrated prominent nucleolus and 

moderate amount of cytoplasm (Fig. 4C). Although the tumors arising from vehicle-treated 

cells were also invasive poorly differentiated tumors, they comprised predominantly 

epitheliod cells exhibiting marker nuclear pleomorphism including few large tumor cells. 

These tumor cells demonstrated large nucleolus, moderate amounts of cytoplasm and 

increased mitotic activity (Fig. 4C). In both vehicle and VA pre-treated tumors, labeling for 

KI67 was noted in almost all the tumor cells indicating extremely high proliferative index 

(Fig. 4D). No gross or microscopic metastasis was observed in either vehicle or VA-treated 

cells.

HDAC inhibitors render breast cancer cells resistant to anti-cancer drugs

We have recently shown that VA radiosensitizes the committed breast cancer population to 

radiation while protecting the stem-like fraction 25. We hypothesized that HDAC inhibitors 

reprogram differentiated cancer cells, shifting the equilibrium towards the more resistant 

stem cell-like state. We tested the effects of treatment with 1mM VA, Taxol (2nM and 4nM) 

and a combination of the two on the ALDH percentage in sorted ALDH− cells. We found 

that while Taxol reduced the ALDH+ subpopulation, the percentage of ALDH+ was 

significantly higher in cells treated with a combination of VA and Taxol vs. Taxol alone, 

indicating that HDAC inhibitor mediated dedifferentiation renders cells resistant to Taxol 

(P<0.01; Fig. 5A). Similar results were obtained in a combinatorial treatment of ALDH− 

cells with salinomycin, a drug previously described to target CSCs 12. While VA increased 

ALDH+ population, 10nM salinomycin did not have a significant effect in ALDH+. 

Combination treatment, however, showed a significant increase of the ALDH+ population 

vs. salinomycin alone (P<0.05; Fig. 5B).

This raises an interesting point of whether CSCs arising from dedifferentiation are the same 

as the native CSCs and whether a drug that is known to target CSCs can also target induced 

Debeb et al. Page 8

Stem Cells. Author manuscript; available in PMC 2015 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CSCs arising from dedifferentiation. VA treated cells were similarly resistant to the EGFR 

tyrosine kinase inhibitor Erlotinib (Fig. S4) and all-trans retinoic acid (data not shown). 

Thus, HDAC inhibitors stimulate dedifferentiation that renders cells resistant to systemic 

anti-cancer therapeutics.

HDAC inhibitors in cell proliferation and the percentage of cycling cells

To further support the single cell clonal findings that HDAC inhibitors promote enrichment 

of breast CSCs through dedifferentiation and not proliferation of ALDH+ cells, we 

performed proliferation and cell cycle analysis experiments. As shown in Fig. 6A,6B and 

Fig. S5A, cells treated with HDAC inhibitors in both ALDH− and ALDH+ cell populations 

had significantly lower proliferation rates than vehicle treated controls P<0.01). Treated 

ALDH+ cells proliferated more slowly than treated ALDH− cells (data not shown). To 

determine whether HDAC inhibitor-mediated low proliferation is associated with the 

induction of apoptosis, we performed Annexin-V labeling and found no significant 

difference in the proportion of early apoptotic cells in treated vs. untreated cells (Fig 6C, Fig 

S5B). Moreover, cell cycle analysis using propidium iodide (PI) showed a marked 

difference in the cell cycle profile of VA treated vs. vehicle controls in both ALDH− and 

ALDH+ populations. VA significantly reduced cells in the S-phase while markedly 

increasing cells in the G0/G1 phase (P<0.01; Fig.6D, 6E) indicating that the untreated 

controls proliferate faster than the treated ALDH+ cells. This is supported by the protein 

upregulation of p21 and p27, two known cyclin dependent kinase inhibitors which play a 

critical role in regulating cell cycle progression, in VA-treated cells (Fig.6F). The reduced 

proliferation and arrested cell cycle following HDAC inhibitor treatment re-enforced our 

findings on EMT and CSC enrichment and are in line with the quiescent state of stem cells.

Mechanism of HDAC inhibitor-mediated expansion of cancer stem-like cells

Since previous studies have shown that VA directly inhibits GSK3β resulting in activation 

of the β-catenin signaling pathway 33–35 and β-catenin, in turn, is implicated in the self 

renewal of normal and neoplastic stem cells 13, 14, 36, we asked whether the increase in 

ALDH+ population observed in VA/SAHA treated cells is a result of an increase in β-

catenin signaling. We first examined the protein expression of β-catenin in ALDH− cells 

pre-treated with HDAC inhibitors or vehicle and found a higher expression in the HDAC 

inhibitor-treated cells in the first as well as subsequent passages compared to untreated 

ALDH− cells (Fig. 7A, 7B). ALDH+ cells also showed higher protein levels in VA or 

SAHA-treated cells vs. untreated controls (Fig. S6A). This finding was supported by a 

functional assay using the 7TGP construct previously described by Nusse’s group 26, a 

reporter eGFP cassette that enriches for cells with a specific WNT/β-catenin reporter 

activity. We found a significant increase in GFP+ population in VA or SAHA-treated vs. 

vehicle-treated SUM159 cells expressing the reporter (51.4±0.5 vs 33.5±0.2, P<0.001; Fig.

7C). Not only was the total percentage of GFP cells higher in treated cells, the β-catenin 

reporter activity in each cell was also (Fig. S6B). We then asked whether HDAC inhibitors 

could also reprogram β-catenin reporter non-expressing GFP− cells into GFP+ cells. We 

found that this conversion was significantly increased in the presence of HDAC inhibitors 

(P<0.01; Fig. S6C). While GFP− cells gave rise to GFP+ cells in the first passage, no 

increase in GFP+ cells was observed in the subsequent passages. In the presence of HDAC 
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inhibitors, however, subsequent passages increased the percentage of GFP+ cells until it 

reaches the proportion in the unsorted population where it attains equilibrium (see Fig. 7C). 

We validated these results through single cell clonal analysis of sorted GFP− cells in the 

presence or absence of 1mM VA. In the first passage (P1), all the single cell clones from 

GFP− cells did not give rise to GFP+ cells in vehicle treated controls while four of the five 

clones generated high GFP+ clones with VA treatment (Fig 7D; S6D). Similar data was 

observed in the subsequent passage, P2. Single cell clones arising from GFP+ cells 

maintained their high GFP+ proportion in the presence or absence of VA treatment (Fig 7D; 

S6E).

To functionally assess whether inhibition of β-catenin signaling in the presence of HDAC 

inhibitors affects the expansion of the CSC population, we transduced SUM159 cells with 

the TCF4-dominant negative construct, described by Nusse’s group as EdTP 26. We 

validated the overexpression of the TCF4 mutant in the SUM159 cells transduced with the 

dominant negative construct and the vector control using TCF4 antibody (Fig 7E). The 

increase in ALDH+ population that was previously seen with HDAC inhibitors was 

abolished when β-catenin is inhibited (Fig. 7F). These data indicate that HDAC inhibitors 

expand breast CSC numbers at least in part through the β-catenin signaling pathway.

DISCUSSION

The current cancer stem cell model posits that CSCs reside at the top of the hierarchy and 

differentiate into non-CSCs in a unidirectional manner. However, several recent reports have 

challenged this assumption and have shown that CSCs and non-CSCs can exhibit plasticity 

and may be interconvertible although the precise factors that regulate this equilibrium 

remain to be determined. These studies suggest that CSCs can arise spontaneously from 

more differentiated cell types but the frequency with which this occurs in clinical samples 

remains to be determined.

These findings represent a divergence from the unidirectional hierarchical model of CSCs 

and raise the possibility that approaches to solely target CSCs will not be sufficient as 

therapeutic elimination of CSCs may be followed by their regeneration from residual non-

CSCs allowing tumor regrowth and clinical relapse. Although chromatin-modulating drugs, 

such as HDAC inhibitors, have been used to dedifferentiate/reprogram adult fibroblasts into 

induced pluripotent cells with stem cell-like characteristics 24, 37, little is known about the 

effect they have in reprogramming differentiated cancer cells into CSC-like cells. Here we 

demonstrated that treatment with VA and SAHA increased ALDH+ population and 

increased the tumor-initiating capacity of non-CSCs in limiting dilution outgrowth assays. 

Importantly, the expansion of ALDH+ population was also observed using fresh tumor cells 

from patients with metastatic breast cancer.

VA was previously shown to enhance proliferation and self-renewal of normal 

hematopoietic stem cells and expansion of leukemic progenitor cells 20, 21, 23. De Felice and 

co-workers investigated the effect of VA on CD34+ cells isolated from cord blood, 

mobilized peripheral blood and bone marrow and found that VA strongly enhanced the 

effect of Flt3L, thrombopoietin, stem cell factor and IL3 on the maintenance and expansion 
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of primitive HSC population 21 The expansion was due to an increased self-renewal ability 

of HSCs. HDAC inhibition therefore has important biological effects on normal HSCs. It 

might be expected that CSCs may be similarly impacted and indeed, it has been shown that 

VA treatment enhanced the maintenance and clonogenic capacity of CD34+ AML 

progenitor cells 23. In line with this, we recently demonstrated that VA sensitized the 

adherent or differentiated primary and immortalized breast cancer cells to radiation in 

standard clonogenic assays but failed to radiosensitize stem/progenitor cells. In fact, it 

protected the cancer stem/progenitor cells during radiation treatment 25 indicating that VA 

has a differential effect on CSCs and non-CSC and that this effect may shift the equilibrium 

between CSCs, transient amplifying cells, and differentiated cells towards the CSC state. 

Supporting this notion, we have shown here that HDAC inhibitors stimulate the expansion 

of CSC-like cells, with VA having greater enhancement effect than SAHA.

The Wnt/β-catenin signaling has been shown to maintain pluripotency in embryonic stem 

cells 38 and reprogram somatic cells into pluripotent cells by transcription factors 39. It has 

also been reported to play an important role in the self-renewal and expansion of mammary 

stem cells and CSCs 13, 30, 36. Inhibitors of GSK3β, a negative regulator of Wnt signaling, 

not only were able to support the self-renewal and expansion of embryonic stem cells 38, 40 

but also promoted the efficient conversion of partially reprogrammed cell lines into fully 

reprogrammed induced pluripotent stem cells 41. It is worth mentioning that HDAC 

inhibitors, particularly VA, have been reported to directly inhibit GSK3β activity 33–35 and 

activate the β-catenin signaling pathway. Supporting these observations, we found that they 

increase the expression of β-catenin and WNT reporter activity. Detailed mechanisms of 

how HDAC inhibitors regulate β-catenin and the CSC-like ALDH+ cell population has yet 

to be fully investigated.

The epithelial-mesenchymal-transition (EMT) is an essential developmental process that 

enables reprogramming of polarized epithelial cells towards a mesenchymal motile 

phenotype. During EMT, mesenchymal proteins such as N-Cadherin, Vimentin, Fibronectin 

as well as matrix degrading enzymes are induced. In contrast, epithelial junction proteins 

like e-cadherin are reduced 42. Previous studies have demonstrated that induction of EMT in 

transformed mammary epithelial cells creates populations that are highly enriched for CSC 

as evidenced by increased CD44+/CD24− expression, mammosphere formation or tumor 

seeding ability 31, 32 and showed attributes of mesenchymal phenotype including expression 

of vimentin, fibronectin and n-cadherin. These findings might suggest that EMT can de-

differentiate cells into the CSC-like phenotype and points to the possible existence of 

plasticity between stem cells and their more differentiated derivatives. Recently, the WNT/ 

β-catenin signaling was demonstrated as one of the inducers of the EMT program 43. In our 

current study, we found higher expression of β-catenin and the mesenchymal proteins in 

sorted ALDH− cells treated with HDAC inhibitors consistent with the increased CSC 

properties of treated cells and how the WNT/ β-catenin modulates EMT in our culture model 

warrants further investigation.

Reprogramming or dedifferentiation studies in somatic cells have suggested some 

interesting connections between dedifferentiation and cancer. Yamanaka’s ground-breaking 

work has demonstrated that ectopic expression of a set of transcription factors, Oct4, Klf4, 

Debeb et al. Page 11

Stem Cells. Author manuscript; available in PMC 2015 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sox2 and c-Myc can reset the epigenetic state of differentiated somatic cells to 

pluripotency 44, 45. Interestingly, these reprogramming factors have been implicated as 

oncogenes or have been linked to cellular transformation, suggesting that tumorigenesis and 

somatic cell reprogramming might indeed share common mechanisms of dedifferentiation 

(reviewed in 46). In this context, it’s remarkable to note that the well known tumor 

suppressor gene p53 connects tumorigenesis and reprogramming to pluripotency 47. Wild 

type p53 acts as a barrier to somatic cell reprogramming while silencing of p53 significantly 

increases the reprogramming efficiency of human somatic cells as well as the malignant 

potential of reprogrammed cells 48, 49. Interestingly, loss of p53 has been associated with 

increased CSC phenotype 50, 51. It would be of interest to examine whether HDAC 

inhibitors expand the CSC population by disturbing the p53 pathway or by chromatin 

modifications and global transcriptional changes. Furthermore, loss of p53 has been found to 

favor symmetric division in CSCs expanding the CSC pool and contributing to tumor 

growth 51 and our findings of a decrease in p53 expression in VA-treated cells (data not 

shown) is consistent with these findings and warrants further investigation on the role of 

HDAC inhibitors particularly VA in promoting symmetric division of stem cells.

Interpreting the above data in the framework of the CSC hypothesis implies that VA would 

worsen patient outcome by protecting breast CSCs. Interestingly, existing clinical data 

combining VA with systemic chemotherapy among patients with in situ disease suggests 

improved response with the addition of valproic acid. In a phase II clinical trial of VA and 

the breast cancer regimen FEC100 (5-fluorouracil, epirubicin, cyclophosphamide 7/8 breast 

cancer patients had stable disease (25%) or partial response (50%) in spite of numerous 

previous regimens 52. Understanding this apparent paradox may contribute to optimally 

incorporating the CSC hypothesis into cancer therapy or of equal importance, possibly 

disproving the CSC hypothesis. One possibility that as has been widely discussed 53 is the 

failing of response as an endpoint to reflect the biology of the CSCs and thus not reflect the 

chance of cure. It may be the case however, that driving rapidly expanding differentiating 

cells back towards a more quiescent CSC state may provide a meaningful clinical benefit for 

patients whose outcomes are dictated by the rapid expansion of metastatic disease. While the 

CSCs that develop appear to be resistant to several chemotherapeutics, sensitive 

differentiated cells are killed while resistant CSCs are held quiescent promoting CSC would 

not necessarily be harmful. Indeed, this strategy of reprogramming cells into CSC in 

combination with a targeted CSC agent represents a novel, potentially curative strategy to 

corral metastatic disease into a quiescent state less morbid state and then target signaling 

driving the CSC such as β-catenin.

CONCLUSIONS

In this study we provide evidence that HDAC inhibitors, currently active in ongoing breast 

cancer clinical trials, promote the expansion of the tumor initiating subpopulation through 

reprogramming of differentiated cancer cells into stem-like cells. Interestingly, this effect 

was mediated by the WNT/ β-catenin signaling pathway. To our knowledge, this is the first 

study to report the potential of clinically available therapeutic anti-cancer agents to mediate 

plasticity of cancer cells and has important clinical implications in the treatment of cancer. 

We propose that clinical studies using valproic acid in the adjuvant setting where an increase 
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in CSCs are expected to increase the risk of eventual and potentially even late metastases be 

undertaken with caution and that translational studies incorporating assessment of CSCs and 

cell cycle in the metastatic setting are feasible and needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HDAC inhibitors expand the CSC-like population
(A) Flow cytometry plot illustrating the gating strategy used to isolate subpopulations of 

SUM159 and MDA-231 cells based on ALDH activity as well as the generation of the 

different passages described in this paper. Gating is set to DEAB-inhibitor control cells. 

(B&C) Percentage of ALDH+ cells from SUM159 ALDH− cells pre-treated for 7 days with 

either 1mM valproic acid (VA) or 1μM suberoylanilide hydroxamic acid (SAHA) or vehicle 

(DMSO). Results are mean ± SEM from at least 2 biological replicates. Variation in ALDH

% was sometimes observed depending on culture conditions and the kit, but the proportional 

fold increase was similar in vehicle vs HDAC inhibitor-treated cells. (D&E) Percentage of 

ALDH+ cells generated from SUM159 sorted ALDH+ cells pretreated for 7 days with either 

1mM valproic acid (VA) or 1μM suberoylanilide hydroxamic acid (SAHA) or vehicle 

(DMSO). Results are mean ± SEM from at least 2 biological replicates. (F) ALDH 

percentage in single cell derived clones from sorted ALDH− or ALDH+ cells in the presence 

or absence of 1mM VA. (G) Immunoblot with anti-ALDH1 antibody in ALDH− cells 

treated with 1mM VA, 1μM SAHA or vehicle control. (H) Quantitative RT- PCR of 

ALDH1 expression in the ALDH− SUM159 cells treated with 1mM VA, 1μM SAHA or 

vehicle control. Data are represented as fold change relative to vehicle ± SEM. GAPDH was 

used as internal control. (I) Average percentage of ALDH+ cells in patient samples pre-

treated with 1mM VA, 1μM SAHA or vehicle control. Results are mean ± SEM (N=3).
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Figure 2. HDAC inhibitors markedly increase mammosphere formation in sorted ALDH− cells
Primary mammosphere formation ability in (A) ALDH− and (B) ALDH+ cells exposed to 

HDAC inhibitor treatment and seeded in self renewal promoting suspension culture 

conditions. There is an increase in mammosphere formation in the first and subsequent 

passages. (C) Secondary mammosphere formation was also increased in P0 ALDH− cells 

treated with VA or SAHA. Mammosphere formation presented as the average number of 

spheres per 40,000 cells plated ± SEM; Representative data shown.
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Figure 3. HDAC inhibitors increase the expression of EMT associated genes
Western blot showed upregulation of known EMT promoting proteins in ALDH− cells 

treated for 7 days with or without (A) 1mM VA (B) 1 μM SAHA. E-cadherin was not 

detected. (C) ALDH+ cells also showed similar upregulation of EMT markers in all 

passages. P2 is shown. (D) Gene expression profile in ALDH− P0 cells using the EMT PCR 

array.
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Figure 4. HDAC inhibitors increase the tumor-initiating capacity of non-stem cells in limiting 
dilution outgrowth assays
(A) Tumor incidence in mouse xenografts injected with the indicated number of SUM159 

ALDH− P0 cells pretreated for 7 days with 1mM VA or vehicle. Cells were injected into the 

cleared mammary fat pad of SCID/Beige mice. (B) Tumor latency in groups described 

above. VA-treated cells had shorter xenograft tumor latency compared to control xenografts. 

(C) Representative Hematoxylin and Eosin stained sections of outgrowths obtained 

following injection of 5×105 ALDH− cells pre-treated with vehicle (top panel) or VA 

(bottom panel) into the cleared mammary fat pad of SCID/Beige mice. Vehicle pre-treated 

cells: invasive poorly differentiated tumor comprised of epitheliod cells exhibiting marked 

nuclear pleomorphism including few very large tumor cells. The tumor cells demonstrate 

large nucleolus, moderate amounts of cytoplasm and increased mitotic activity. Note the 

presence of abnormal mitotic figure in the tumor cell; VA pre-treated cells: Invasive poorly 

differentiated tumor comprised predominantly of spindle cells. The tumor cells demonstrate 

prominent nucleolus and moderate amount of cytoplasm. Note the scattered apoptotic bodies 

amidst the tumor cells. (D) KI67 labeling was noted in almost all the tumor cells indicating 

extremely high proliferative index.
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Figure 5. HDAC inhibitors render breast cancer cells resistant to anti-cancer drugs
(A) ALDH percentage in P1 ALDH− cells pretreated with vehicle, 1mM VA, 2nM and 4nM 

Taxol or a combination of VA and Taxol. A representative flow cytometry data is shown. 

Bar graph shows mean ± SEM of 4 biological replicates. (B) ALDH percentage in P3 

ALDH− cells pretreated with vehicle, 1mM VA, 10nM Salinomycin or a combination of VA 

and Salinomycin. A representative flow cytometry data is shown. Bar graph shows mean ± 

SEM of 3 biological replicates. Gating is set to DEAB-inhibitor control cells. A 

representative flow cytometry data is shown.

Debeb et al. Page 20

Stem Cells. Author manuscript; available in PMC 2015 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. HDAC inhibitors reduce proliferation and the percentage of cycling cells
Cell proliferation assay conducted to assess proliferation rates in (A) ALDH− or (B) ALDH+ 

cell population pre-treated for 7 days with 1mM VA or 1μM SAHA or vehicle control. (C) 

Assessment of apoptosis in ALDH− and ALDH+ P0 SUM159 cells pretreated for 7 days 

with 1mM VA, 1μM SAHA or vehicle control. The induction of apoptosis was determined 

by flow cytometric analysis of Annexin V-FITC and PI-staining. Cells in the lower right 

quadrant indicate Annexin-positive, early apoptotic cells while cells in the upper right 

quadrant indicate Annexin-positive/PI-positive, late apoptotic cells. (D) ALDH− and (E) 

ALDH+ SUM159 cells of multiple passages were profiled for their cell cycle pattern after 

they were pretreated with 1mM VA, 1μM SAHA or vehicle for 7 days. (F) Western blot 

analysis showed increased levels of cell cycle inhibitors p21 and p27 in VA-treated ALDH− 

P0 cells.
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Figure 7. HDAC inhibitors induce the β-catenin signaling pathway to increase CSC population
(A&B) Western blot analysis showed upregulation of β-catenin in SUM159 ALDH− cells 

pretreated with 1mM VA, 1μM SAHA or vehicle for 7 days. (C) Percentage of GFP+ cells in 

SUM159 cells transfected with 7TGP, an eGFP expressing WNT activity reporter 

construct 26 and treated with 1mM VA, 1μM SAHA or vehicle for 7 days. Bar graph shows 

mean ± SEM of 3 biological replicates. Untransfected cells served as controls.

(D) WNT/beta-catenin reporter activity measured through GFP expression in single cell 

derived clones. GFP− or GFP+ single cells were FACS deposited into each well in 24-well 

culture plate with or without 1mM VA, expanded and GFP percentage evaluated in 

randomly selected five clones from each group (P1). The same clones were passaged 

subsequently to obtain P2.

(E) Western blot showing overexpressionn of TCF4 in SUM159 cells transfected with 

EdTP, a TCF4 dominant negative construct 26. (F) Flow cytometry analysis of ALDH 

activity indicates that SUM159 cells transfected with EdTP have reduced ALDH% and the 

expansion of the ALDH+ population was abolished in transfected cells treated with HDAC 

inhibitors. Bar graph shows the ALDH ratio to the control and is mean ± SEM of 3 

biological replicates.
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