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Abstract

Background—Anaplastic thyroid cancer (ATC) remains refractory to available surgical and

medical interventions. Histone deacetylase (HDAC) inhibitors are an emerging targeted therapy

with anti-proliferative activity in a variety of thyroid cancer cell lines. Thailandepsin A (TDP-A)

is a novel class I HDAC inhibitor whose efficacy remains largely unknown in ATC. Therefore, we

aimed to characterize the effect of TDP-A on ATC.

Methods—Human-derived ATC cells were treated with TDP-A. IC50 was determined by a 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) rapid colorimetric assay and

cell proliferation was measured by viable cell count. Molecular mechanisms of cell growth

inhibition were investigated by Western blot analysis of canonical apoptosis markers, intrinsic and

extrinsic apoptosis regulators, and cell cycle regulatory proteins. Cell cycle staging was

determined with propidium iodide flow cytometry.
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Results—TDP-A dose- and time-dependently reduced cell proliferation. Increased cleavage of

the apoptosis markers Caspase-9, Caspase-3, and poly ADP ribose polymerase (PARP) were

observed with TDP-A treatment. Levels of the intrinsic apoptosis pathway proteins BAD, Bcl-XL,

and BAX remained unchanged. Importantly, the extrinsic apoptosis activator cleaved Caspase-8

increased dose-dependently and the anti-apoptotic proteins Survivin and Bcl-2 decreased. Among

the cell cycle regulatory proteins, levels of CDK inhibitors p21/WAF1 and p27/KIP increased.

Flow cytometry showed that ATC cells were arrested in G2/M phase with diminished S phase

following TDP-A treatment.

Conclusion—TDP-A induces a notable dose- and time-dependent anti-proliferative effect on

ATC, which is mainly attributed to extrinsic apoptosis with concomitant cell cycle arrest. TDP-A

therefore warrants further preclinical and clinical investigations.
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Introduction

Anaplastic thyroid carcinoma (ATC) is one of the most aggressive human malignancies.

ATC is an undifferentiated thyroid cancer that is responsible for over half of all thyroid

cancer deaths despite accounting for <2% of thyroid cancer incidence [1,2]. ATC displays

highly invasive behavior. Extrathyroidal extension and lymphatic metastasis afflicts 40% of

ATC patients while the remaining 60% of patients have distant metastases [3]. The

aggressive phenotype and poor prognosis associated with ATC form the basis for its

automatic classification as TNM stage IV regardless of tumor burden [4].

Treatment options for ATC are mainly palliative due to the disease's aggression and

resiliency. Gross resection is recommended in nearly all cases [5] and thyroidectomy can

relieve airway compression, but curative resection is often impossible [6]. Lacking

differentiated features [7], ATC is resistant to therapeutic radioactive iodine. Outcomes from

radiotherapy and chemotherapy alone have shown limited curative potential [2]. Current

recommendations support multimodal interventions that employ adjuvant and neoadjuvant

chemoradiation in combination with surgery to improve control of locoregional and

metastatic disease [5]. Despite these measures, ATC continues to carry a median survival of

less than 6 months [8] and a one year survival rate of less than 20% [4], prompting

investigation into novel targeted chemotherapies [9–11].

Histone deacetylases (HDACs) are key epigenetic controllers implicated in oncogenesis

since epigenetic dysregulation can produce malignant transformation [12]. HDAC inhibitors

target this dysregulated epigenetic control and have therefore garnered interest as

antineoplastic agents. HDAC inhibitors are capable of inducing apoptosis, cell cycle arrest,

and differentiation in transformed cancers including ATC [13–15].

Thailandepsin A (TDP-A) is a recently identified HDAC inhibitor with promising

therapeutic potential. Discovered by genome mining of the Gram-negative bacterium

Burkholderia thailandensis E264 [16], TDP-A is a despipeptide class I HDAC inhibitor that
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has shown marked anti-proliferative activity in a variety of cancer cell lines [16,17].

Importantly, the anti-proliferative activity occurs at low nanomolar concentrations [16,17].

Improved potency and targeted class I activity identify TDP-A as a promising novel

chemotherapeutic agent for resistant and aggressive malignancies. However, little is known

about the drug efficacy of TDP-A in ATC.

Therefore, we investigated the effects of TDP-A on anaplastic thyroid cancer in vitro. In

addition to establishing an IC50 at low nanomolar concentrations, we have shown that TDP-

A has a dose- and time-dependent anti-proliferative effect on ATC that is associated with

G2/M cell cycle arrest and increased extrinsic apoptosis.

Materials and Methods

Cell Culture and Reagents

The human-derived ATC cell line 8505C used in the current study was kindly provided by

Dr. Daniel Ruan (Brigham and Women's Hospital, Boston, MA). It has been well

documented as a unique ATC-derived cell line genotyped using a short tandem repeat

profiling method [18]. Cells were maintained in RPMI 1640 medium (Invitrogen Life

Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St

Louis, MO), 100 IU/ml penicillin, and 100μg/ml streptomycin (Invitrogen) and grown in a

humidified environment of 5% CO2 at 37°C. TDP-A (chemical structure shown in Figure

1A) was discovered, patented, and provided by the Cheng group [19]. TDP-A was dissolved

in dimethylsulfoxide (DMSO, Fischer Scientific, Pittsburg, PA) at a stock concentration of

10μM and stored at 4°C. Fresh dilutions were prepared in media prior to each experiment

with the gross amount of DMSO standardized across treatments.

Cellular Proliferation Assays

Drug sensitivity of ATC cells growing in a monolayer was determined by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Aldrich) rapid

colorimetric assay as previously described [20]. Briefly, cells were plated in quadruplicate

and incubated overnight under standard conditions to allow cell attachment. TDP-A (0–

128nM) was added in serial dilutions in fresh medium and the plates were incubated for

another 72 hours. Cells treated with vehicle control of DMSO only were regarded as

negative controls with 0nM of TDP-A treatment. After the treatment medium was removed,

serum-free medium containing 0.5mg/mL MTT was added to each well and incubated for 4

hours at 37°C. MTT formazan crystals were dissolved by adding DMSO in each well and

the absorbance was measured at 540nm in a spectrophotometer (μQuant; Bio-Tek

Instruments, Winooski, VT).

ATC cell proliferation was measured by viable cell count. An equal amount of 8505C cells

were seeded in 10cm petri dishes and incubated overnight to allow cell attachment. Cells

were then treated with TDP-A at various concentrations or DMSO vehicle control for a

period of 24, 48, or 72 hours. On the day of measurement, cells were collected by

trypsinization after washing with PBS. After centrifuging, the cell pellets were re-suspended

in equal volumes of medium and stained with Trypan Blue (0.05% solution, Bio-Rad
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Laboratories, Hercules, CA). Trypan Blue dye exclusion was used to measure cell viability

in duplicate per sample using a TC10 Automated Cell Counter (Bio-Rad Laboratories). Each

experiment was repeated at least three times.

Western Blot Analysis

Following 48-hour treatment with DMSO or TDP-A, total cellular proteins were isolated as

previously described [21], and the protein concentration was quantified by BCA Protein

Assay Kit (Thermo Scientific, Waltham, MA) following the manufacturer's instructions.

Equal amounts of denatured protein from each sample were resolved by electrophoresis on

4%–15% Criterion TGX precast gels (Bio-Rad Laboratories) and then transferred to

nitrocellulose membrane (Bio-Rad Laboratories). After blocking in 5% nonfat milk solution,

protein-bound membranes were incubated with the appropriate primary antibodies (all from

Cell Signaling Technology, Beverly, MA) overnight at 4°C. Cleaved poly ADP ribose

polymerase (PARP), Caspase-3, Caspase-7, Caspase-8, Caspase-9, Bad, Bax, Bcl-2,

Survivin, Cyclin D1, Cyclin B1, CDK2, p21/WAF1, acetylhistone H4 and β-actin primary

antibodies were diluted 1:1000. Bcl-XL and p27/Kip1 primary antibodies were diluted

1:500. Cyclin A2 and CDK4 primary antibodies were diluted 1:2000. Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) primary antibody was diluted 1:10000. Membranes

were washed the next day and incubated for one hour at room temperature with horseradish

peroxidase-conjugated secondary antibodies (1:2000, Cell Signaling Technology).

Immunoreactive protein bands were visualized by the detection systems of Immunstar (Bio-

Rad Laboratories), SuperSignal West Pico, or SuperSignal West Femto (Pierce

Biotechnology, Rockford, IL). Immunoblot analyses were repeated at least twice and the

expression levels of β-actin or GAPDH were used as the loading control.

Detection of Cell Cycle by Flow Cytometry Analysis

ATC cells were collected after 48 hours of treatment with TDP-A at selective concentrations

or DMSO. After overnight fixation with ice-cold absolute ethanol, cells were washed twice

with PBS and incubated in staining solution containing 0.33mg/mL propidium iodide (PI;

Sigma Aldrich) and 75μg/mL RNAse (Sigma Aldrich) at 4°C overnight. Samples were then

filtered and analyzed by FACSCalibur (Becton Dickinson, San Jose, CA). The percentage of

cells in the G0/G1 and G2/M phases was assessed by ModFit LT software (Verity Software

House, Topsham, ME).

Statistical Analysis

Statistical Analyses were performed utilizing the Statistical Package for the Social Sciences

(SPSS, version 17, IBM SPSS). Unless specifically noted, all data are presented as mean ±

standard error. Two-tailed Student's t-test was used to determine statistical significance. A P

value<0.05 was considered significant.

Results

TDP-A suppressed ATC cell proliferation in a dose- and time-dependent manner

The IC50 of TDP-A on 8505C cells was 4.45nM (95% CI 3.67 – 5.41), determined by an

MTT assay with treatment drug concentrations ranging from 0 to 128nM. TDP-A treatment
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for up to 72 hours resulted in a dose- and time-dependent reduction in 8505C cell

proliferation (Figure 1). Notably, cell growth was reduced by 22%, 47%, and 72% at 24, 48,

and 72 hours, respectively, by 1nM TDP-A treatment compared with control. To validate

TDP-A as an HDAC inhibitor, 8505C cells were treated with selective doses below IC50 and

the levels of histone H4 were measured by Western blot. TDP-A treatment resulted in up-

regulation of histone H4 which was acetylated at Lys8 (Figure S1), suggesting that TDP-A

inhibited HDAC.

TDP-A caused G2/M cell cycle arrest

Having established a dose- and time-dependent effect of TDP-A on ATC cell viability and

proliferation, cell cycle arrest was investigated as a potential mechanism of growth

inhibition. Western blot analysis was performed for Cyclin D1, Cyclin A2, and Cyclin B1,

cyclin-dependent kinases CDK2 and CDK4, and the CDK/cyclin inhibitors p21/WAF1 and

p27/Kip1 following 48 hours of treatment with TDP-A. TDP-A induced a dose-dependent

increase in p21/WAF1 and p27/Kip1 (Figure 2). Notably, CDK4, a target of p21/WAF1,

decreased dose-dependently (Figure 2), while Cyclin D1 increased with TDP-A treatment. A

decrease was observed in Cyclin A2 and Cyclin B1 at 4nM, but no change occurred in

protein levels of CDK2.

To further determine the associated changes in cell cycle distribution, ATC cells were

labeled with PI 48 hours after TDP-A treatment for flow cytometry analysis. TDPA

treatment induced a dose-dependent decrease in S phase with a concomitant significant

increase in G2/M phase (Figure 3). G1/G0 was unaffected despite these changes, suggesting

an increase in the proportion of cells in G2/M at the expense of S phase.

TDP-A induced apoptosis

To investigate the effect of TDP-A on apoptosis, Western blot analysis was performed for

apoptotic markers including cleaved Caspase-3, PARP, Caspase-9, and Caspase-7.

Treatment with TDP-A resulted in cleavage of Caspase-9, Caspase-3, and PARP (Figure 4).

Next, the intrinsic and extrinsic apoptosis pathways were both investigated. Intrinsic

pathway proteins Bad, Bcl-XL, Bax and extrinsic pathway activator cleaved Caspase-8 were

detected by Western blot. Protein levels of Bcl-2 and Survivin, anti-apoptotic proteins with

distinct functions common to both intrinsic and extrinsic pathways, were also investigated.

A dose-dependent reduction in protein levels of Survivin and Bcl-2 were observed with

increasing concentrations of TDP-A treatment. No change was seen in upstream factors in

the intrinsic apoptosis pathway (BAD, Bcl-XL, and BAX), but a dose-dependent increase in

the 41/43kD remnant of cleaved Caspase-8, a major effector of the extrinsic pathway, was

observed (Figure 4). No change was seen in total or cleaved Caspase-7 (data not shown).

Discussion

ATC is a deadly and aggressive cancer, and HDAC inhibitors represent a promising targeted

therapy for ATC treatment. In the current study, we investigated a novel HDAC inhibitor

with improved potency and class I HDAC selectivity. We found that the novel HDAC

inhibitor TDP-A reduced ATC cell viability and cell growth in a dose- and time-dependent

Weinlander et al. Page 5

J Surg Res. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



manner. Furthermore, we found that growth inhibition was mainly due to cell cycle arrest at

low doses and apoptosis with higher concentrations.

Growth suppression was attained at concentrations of 1nM and higher; these concentrations

showed significant changes in cell cycle distribution and levels of cell cycle regulators.

Importantly, TDP-A increased levels of p21/WAF1 and p27/Kip1. These members of the

Cip/Kip family can associate with all CDK/cyclin complexes to inhibit their activity at G1/S

and G2/M checkpoints [22] and produce differential G1 and G2/M cell cycle arrest [23].

Accordingly, TDP-A increased p21/WAF1 and p27/Kip1, which correlated with an increase

in the proportion of cells in the G2/M phase, suggestive of G2/M arrest. This cytostatic

effect can be attributed to the observed decrease in Cyclin B1, which is necessary for

successful M phase progression [24]. Cyclin A2 is responsible for S phase exit when

conjugated to CDK2 [25] and TDP-A decreased Cyclin A2 without affecting CDK2. The

proportion of S-phase cells decreased with TDP-A treatment, suggesting that CDK2 levels

were sufficient to allow S phase exit despite reduced Cyclin A2.

Furthermore, TDP-A treatment resulted in a dose-dependent increase in p21/WAF1 and

Cyclin D1 levels with a complementary decrease in CDK4. Overexpression of p21/WAF1

has been shown to increase Cyclin D levels and decrease associated CDK activity [23].

Cyclin A2 expression is a target of Cyclin D/CDK4 [24], so the decrease in Cyclin A2 levels

may be due to a p21/WAF1-mediated decrease in Cyclin D/CDK4 activity.

TDP-A also induced apoptosis in ATC cells. Apoptosis is mediated via extrinsic or intrinsic

pathways and executed by cysteine-aspartic proteases (Caspases). TDP-A treatment resulted

in cleavage of the executioner Caspase-3, which is sufficient to induce apoptosis [26].

During apoptosis, Caspase-3 commonly cleaves PARP [27] and concomitant PARP

cleavage was observed with Caspase-3 activation induced by TDP-A. Caspase-7 may also

cleave PARP [27], but cleavage of Caspase-7 was apparently not induced by TDP-A.

However, Caspase-7 is not essential to execute apoptosis [26].

HDAC inhibitors have also been shown to activate the intrinsic and extrinsic apoptotic

pathways. In this study, TDP-A activated Caspase-9 cleavage. Caspase-9 is cleaved

following intrinsic pathway mitochondrial outer membrane permeablization initiated by Bak

and Bax [28]. Mechanisms of HDAC inhibitor-induced apoptosis involve up-regulation of

Bax or Bak [29] [30] or reduction in the Bax inhibitor Bcl-XL [31]. However, TDP-A did

not change the levels of Bcl-XL or Bax, or the related BH3-only inhibitor of Bcl-XL, Bad.

Therefore, increased cleavage of Caspase-9 and Caspase-3 is unlikely to be mediated by a

direct effect of TDP-A on Bax-mediated intrinsic apoptosis.

Importantly, TDP-A exposure induced cleavage of Caspase-8, the major effector protein of

the extrinsic apoptosis pathway. Cleaved Caspase-8 can directly cleave Caspase-3 or

activate the Bax and Bak mediated apoptosis pathway, via Bid [32], to produce Caspase-9

and Caspase-3 cleavage. Although the preferred downstream pathway of cleaved Caspase-8

in ATC is not known, the dose-dependent increase in Caspase-8 cleavage suggests that

extrinsic apoptosis is activated during TDP-A induced cell death.
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The pro-apoptotic activity of TDP-A is further potentiated by a reduction in the pro-survival

proteins Bcl-2 and Survivin. Bcl-2 inhibits Bax/Bak-mediated apoptosis by sequestering

pro-apoptotic BH3-only proteins [33] and Survivin inhibits Caspase-3 [34]. Decreasing

levels of these inhibitors would increase Caspase-9 and Caspase-3 activity, increasing

apoptosis and enhancing the pro-apoptotic effects of Caspase-8. Extrinsic apoptosis with

concomitant Caspase-9 activation is thus both activated and potentiated following TDP-A

exposure. This pattern of activation is most likely a major mechanism of TDP-A induced

apoptosis in ATC.

The effect of TDP-A on apoptosis regulators is of considerable clinical importance. In

addition to the potent in vitro efficacy of monoagent TDP-A demonstrated in the current

study, TDP-A may be useful in combination with cytotoxic therapies. Previous studies have

shown that HDAC inhibitors including valproic acid (VPA), suberoylanilide hydroxamic

acid (SAHA), and m-carboxycinnamic acid bishydroxamide sensitize ATC cells to cytotoxic

drugs such as doxorubicin [14,15], and this activity has been linked to activation of the

extrinsic apoptosis pathway [14]. In this study we have shown that TDP-A activates

Caspase-8, the main regulator of the extrinsic apoptosis pathway. Furthermore, Caspase-8

was cleaved at doses sufficient to reduce levels of Bcl-2 and Survivin. Extrinsic pathway

activation and inhibitor suppression may render ATC cells more susceptible to additional

activation of apoptosis pathways. Therefore, TDP-A may potentiate cytotoxic therapies such

as doxorubicin or radiotherapy that promote apoptosis via extrinsic and canonical pathways.

TDP-A has been shown in our study that it inhibits HDAC and up-regulates the expression

of acetyl-histone H4. In addition to the effects on histone transcription factors, a lot of

HDAC inhibitors are known that they can affect non-histone transcription factors including

p53 and tubulin [35,36]. In thyroid cancers, HDAC inhibitors sodium butyrate and

trichostatin A have been reported to inhibit the growth of anaplastic thyroid cancer cells due

to the promotion of apoptosis and the induction of cell cycle arrest, both of which are

independent of p53 status [37]. This is consistent with our observation in the current study

as we found that p53 levels remained similar among the cells with and without treatment of

TDP-A (data not shown). In one of our previous studies, we demonstrated that Notch1

mediated growth suppression of papillary and follicular thyroid cancer cells by HDAC

inhibitors VPA and SAHA [38]. It is possible that TDP-A may also inhibit thyroid cancer

growth via the regulation of Notch1 pathway.

In summary, we have demonstrated that TDP-A is effective against ATC at low nanomolar

concentrations and reduces cell proliferation in a dose- and time-dependent manner. This

activity is characterized by G2/M cell cycle arrest and activation of extrinsic apoptosis with

concomitant Caspase-9 activation. Accordingly, TDP-A may be considered for further

preclinical and clinical investigations on its effect against ATC as a monotherapy or its

synergetic effects with other well-categorized cytotoxic chemo- and radiotherapies for ATC

patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of thailandepsin A (TDP-A) on ATC cell viability
A), Chemical structure of TDP-A. B), TDP-A treatment resulted in dose- and time-

dependent reduction of growth in ATC cells. 8505C cells were treated with TDP-A (0-8nM)

for up to 72 hours and cell viability was measured by viable cell counts every 24 hours after

treatment. Data are presented as mean percentage growth ± standard error, calculated by

mean viable cell count normalized to DMSO treated cells (representative of 3 experiments).
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Figure 2. Effect of TDP-A on cell cycle regulatory proteins
Detection of cell cycle regulatory proteins including p21/WAF1, p27/Kip1 and Cyclins by

Western blot in 8505C cells treated with TDP-A or vehicle control (DMSO) for 48 hours.

Concentrations of TDP-A are listed across the top. Cells treated with DMSO are defined as

negative controls with 0nM of TDP-A treatment. Equal loading was confirmed with β-actin

or GAPDH.
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Figure 3. Cell cycle arrest in ATC caused by TDP-A treatment
TDP-A caused G2/M phase arrest in 8505C cells. 8505C cells were treated with selective

concentrations of TDP-A for 48 hours, collected and stained with PI for flow cytometry

analysis. Cells treated with DMSO are defined as negative controls with 0nM of TDP-A

treatment. Data from three repeated experiments were summarized in bar graph as mean

percentage of cell population in G0/G1, S, or G2/M phase± standard error. n=3. *p<0.05.

ATC cells accumulated in G2/M phase with diminished S phase with TDP-A treatment.
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Figure 4. Apoptosis in ATC induced by TDP-A treatment
Detection of apoptotic markers including cleaved-PARP, cleaved Caspases, Bcl-2 and

Survivin by Western blot in 8505C cells treated with TDP-A or vehicle control (DMSO) for

48 hours. Cells treated with DMSO are defined as negative controls with 0nM of TDP-A

treatment. Concentrations of TDP-A are listed across the top. Equal loading was confirmed

with β-actin.
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