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Abstract The recent approvals of anticancer therapeutic

agents targeting the histone deacetylases and DNA meth-

yltransferases have highlighted the important role that

epigenetics plays in human diseases, and suggested that the

factors controlling gene expression are novel drug targets.

Protein arginine deiminase 4 (PAD4) is one such target

because its effects on gene expression parallel those

observed for the histone deacetylases. We demonstrated

that F- and Cl-amidine, two potent PAD4 inhibitors, display

micromolar cytotoxic effects towards several cancerous cell

lines (HL-60, MCF7 and HT-29); no effect was observed in

noncancerous lines (NIH 3T3 and HL-60 granulocytes).

These compounds also induced the differentiation of HL-60

and HT29 cells. Finally, these compounds synergistically

potentiated the cell killing effects of doxorubicin. Taken

together, these findings suggest PAD4 inhibition as a novel

epigenetic approach for the treatment of cancer, and suggest

that F- and Cl-amidine are candidate therapeutic agents for

this disease.
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Abbreviations

PAD Protein Arginine Deiminase

HDAC Histone deacetylase

RA Rheumatoid arthritis

ER Estrogen receptor

TR Thyroid receptor

ATRA All trans retinoic acid

RAR Retinoic acid receptor

Introduction

Over the last decade, there has been increased recognition

that epigenetics plays an important role in both gene reg-

ulation and human disease [1]. Heritable changes in gene

expression are thought to arise from at least two phenom-

ena, i.e. histone modifications and DNA methylation. For

example, the posttranslational modification of nucleosomal

proteins (e.g. histones H3 and H4) contributes to gene

regulation via either a direct effect on chromatin structure

or through the altered recruitment of additional protein

cofactors [2]. These effects ultimately lead to changes in

the local chromatin structure surrounding a gene, resulting

in increases or decreases in the transcription of that gene

[2]. The methylation of CpG islands in DNA is also

thought to contribute to gene regulation by altering the

binding of transcription factors directly and/or by facili-

tating the binding of methyl-CpG-binding domain proteins

[1]. These latter proteins can then recruit histone-modify-

ing enzymes and chromatin-remodeling enzymes to effect

transcriptional repression. In cancer, many gene promoters

that control the expression of tumor suppressor proteins are

abnormally hypermethylated [1]. This hypermethylation is

thought to lead to the recruitment of corepressor complexes

that, via the actions of the histone deacetylases (HDACs)
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and other chromatin-modifying/remodeling enzymes, alter

the local structure of chromatin to make it refractory to

transcription. Inhibition of these processes has attracted

considerable interest, especially with the recent approval of

5-aza-2-deoxycytidine (decitabine) and suberoylanilide

hydroxamic acid (SAHA), DNA methyltransferase and

HDAC inhibitors, respectively, for the treatment of myelo-

dysplastic syndromes and cutaneous T cell lymphoma

[1, 3].

Recently, protein arginine deiminase 4 (PAD4) has

emerged as a novel transcriptional corepressor [4–8]. This

enzyme is recruited to the promoters of genes regulated by

the estrogen receptor, thyroid receptor, and p53, where it

catalyzes the posttranslational modification of arginine

residues (to form citrulline) in histones H2A, H3, and H4

(Fig. 1). This modification correlates with the decreased

expression of a subset of genes regulated by these tran-

scription factors. The fact that PAD4, like the HDACs, is a

transcriptional corepressor suggests this enzyme as a target

for the development of a novel epigenetic cancer therapy.

This argument is further bolstered by the observation that

PAD4 is overexpressed in numerous malignant cancers

(e.g. breast, colon, bladder, lung and ovarian cancers,

metastatic carcinomas, and many others), but not in benign

tumors [9, 10].

Under normal circumstances, PAD4 exists as an intra-

cellular protein, but in patients with malignant tumors,

PAD4 can be detected in the plasma [8]. Although the

mechanism by which PAD4 is released into the extracel-

lular milieu remains unknown, circumstantial evidence of

this process does exist. For example, in rheumatoid

arthritis, where dysregulated PAD activity is also observed

[4, 11], a number of extracellular proteins, including fibrin,

are deiminated [12]. With respect to cancer, antithrombin

appears to be an extracellular PAD substrate, as evidenced

by the fact that serum levels of citrullinated antithrombin

are elevated in patients with malignant cancers, coincident

with increased expression of serum PAD4 (8). This cor-

relation is noteworthy because, once citrullinated,

antithrombin can no longer inhibit thrombin, which would

be expected to lead to dysregulated thrombin activity

(increased thrombin activity, which is a hallmark of cancer,

is thought to contribute to angiogenesis, hyperplasia, and

metastasis [13, 14]).

The overexpression of PAD4 within cells may also

contribute to tumorigenesis through a variety of mecha-

nisms. For example, higher levels of PAD4 are associated

with increased cytokeratin deimination [9]. This finding is

significant because citrullinated cytokeratin is resistant to

caspase-mediated cleavage, an effect that potentially alters

the apoptotic pathway [9]. Additionally, the histone dei-

minating activity of PAD4 has been shown to downregulate

the expression of a number of p53-dependent genes,

including p21, PUMA, and GADD45 [5, 6]. It is particu-

larly noteworthy that the identification of a role for PAD4

in the regulation of p53-mediated transcription relied on

the use of Cl-amidine (Fig. 1), a highly potent PAD4

inhibitor developed in our laboratory [15]. These studies

have also revealed that Cl-amidine induces, in a p53-

dependent manner, the expression of the tumor suppressor

protein OKL38 (pregnancy induced growth inhibitor) in

tumor cell lines (e.g. MCF7 cells) by decreasing PAD4

citrullination of OKL38 promoter-associated nucleosomes

[5]. Similar results have been obtained by PAD4 siRNA

knock-down [5]. Significantly, Cl-amidine treatment and

siRNA knock-down of PAD4 decreased cell viability and

induced apoptosis in a subset of cells [5].

The observation that Cl-amidine decreases cell viability

prompted us to further investigate this phenomenon. We

report here that Cl-amidine, and the related PAD4 inhibi-

tor, F-amidine, display low micromolar cytotoxicity

towards a number of tumor-derived cell lines; this cyto-

toxicity, however, was not observed in normal cell lines.

Furthermore, both compounds induced the differentiation

of HL-60 cells, a leukemic cell line, as demonstrated by

decreased expression of myeloperoxidase and increased

expression of PAD4, CD38, and p21. We also found that

F- and Cl-amidine synergistically potentiate the cell-killing

effects of the anticancer drug doxorubicin. The fact that

inhibition of the HDACs also leads to cellular differentia-

tion, and potentiates the cytotoxic effects of standard

chemotherapeutics, strongly suggests that PAD4 inhibition,

like HDAC inhibition [3], represents a novel epigenetic

approach to the treatment of cancer.

Fig. 1 a Reaction catalyzed by

PAD enzymes. b Structure of

PAD4 inhibitors, F- and

Cl-amidine
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Materials and methods

Chemicals

F-Amidine and Cl-amidine were synthesized as previously

described [15–17]. All-trans retinoic acid (ATRA) and

tetradecanoyl phorbol acetate were obtained from Sigma.

SAHA was obtained from ChemieTek. Cell culture media

(DMEM, RPMI 1640, and fetal bovine serum) were obtained

from ThermoScientific. ATRA, and F- and Cl-amidine were

dissolved in phosphate buffered saline (PBS).

Cell lines and cell culture

HL-60 human promyelocytic leukemia cells were cultured

in RPMI 1640. MCF7, NIH-3T3 and HT-29 cells were

cultured in DMEM. In both cases the medium was sup-

plemented with 10% fetal bovine serum and 1% penicillin–

streptomycin and the cells were grown in an incubator at

37�C under an atmosphere containing 5% CO2.

Cytotoxicity

Cell viability was determined using the CellTiter 96

nonradioactive cell proliferation assay (Promega). Each

condition was evaluated in triplicate. A 100% killing

control using 1% Triton was also included. When possible,

EC50 values were determined by fitting the dose response

data to Eq. 1,

Fractional Activity ¼ 1= 1þ I½ �=EC50ð Þð Þ; ð1Þ

using GraFit (version 5.0.11) [18], where [I] is the con-

centration of inhibitor (e.g. doxorubicin) and EC50 is the

concentration of inhibitor that yields half-maximal cell

survival. Detailed methods are described in the Supple-

mentary material.

Western blotting

Membranes were probed with a polyclonal anti-PAD4

antibody (Abcam ab38772), a monoclonal anti-MYO

antibody (Abcam, ab45977), a monoclonal anti-p21 anti-

body (Sigma, p1484), a monoclonal alkaline phosphatase

antibody (Abcam, ab54778), or a polyclonal anti-actin

antibody (Abcam, ab1801). The methods are described in

detail in the Supplementary material.

F- and Cl-amidine decrease in vivo PAD4 activity

MCF7 cells (about 5 9 105) were added to each well of a

12-well plate in phenol red-free DMEM containing 10%

charcoal-stripped fetal bovine serum. Cells were incubated

in the plate at 37�C in an atmosphere containing 5% CO2.

After 48 h the medium was removed and replaced with

Locke’s solution (0.15 M NaCl, 5 mM KCl, 5 mM

HEPES, 2 mM CaCl2, 0.1% glucose, pH 7.3). F- or

Cl-amidine (100 lM) were added to the cells and incu-

bated for 15 min before addition of estrogen (0.1 lM).

HL-60 cells (19106 ml/cell) were treated with ATRA

(1 lM final concentration) for 48 h at 37�C, 5% CO2. Cells

were split into 12 well plates and treated with 2 mM CaCl2
and either F or Cl-amidine (100 lM). After 15 min at 37�C

in an atmosphere containing 5% CO2, the calcium iono-

phore A23187 (4 lM) was added. In both cases, cells were

harvested after 15 min treatment with the stimuli, rinsed

with cold PBS and lysed with SDS lysis buffer (2% SDS,

62.5 mM Tris, pH 6.8, 10% glycerol). Proteins were sep-

arated by SDS-PAGE and transferred to a nitrocellulose

membrane for Western blot analysis. Membranes were

blocked with 5% nonfat dried milk in TBST for 1 h at

room temperature, and subsequently probed with poly-

clonal anti-citrulline H3 antibody (Abcam, ab5103) or

polyclonal anti-actin (Abcam, ab1801).

Labeling of live cells

HL-60 cells (about 5 9 105) were added to each well of a

12-well plate and treated for 48 h with ATRA (1 lM),

Cl-amidine (100 nM), F-amidine (100 nM), or PBS. The

cells were harvested by centrifugation and then resus-

pended in fresh medium (50 ll). Rh-6-(F-araNAD) was

then added to a final concentration of 5 lM. After incu-

bation at room temperature for 5 min, the cells were

washed with cold medium (1 ml, three times) and then

resuspended in cold medium (50 ll). Cells (15 ll) were

applied to a microscope slide and confocal images were

acquired with a Zeiss LSM 510 META confocal micro-

scope system (we acknowledge the help of Dr. John

Fuseler of the Instrumentation Resource Facility at Uni-

versity of South Carolina School of Medicine).

Myeloperoxidase activity

Myeloperoxidase activity was assayed as previously

described [19] on crude cell extracts prepared from HL-60

cells treated with 1 lM ATRA, 1 lM Cl-amidine, 1 lM

F-amidine, or PBS. The methods are described in detail in

the Supplementary material.

Quantitative real-time PCR

Subsequent to treatment with ATRA, F-amidine, Cl-ami-

dine, or PBS, the total RNA was extracted from HL-60

cells using the RNeasy Mini Kit (Qiagen). Equal amounts

of RNA were used to prepare first-stand cDNA using the

Verso cDNA synthesis kit (Thermo Scientific). The PCR

PAD4 inhibition induces HL-60 differentiation 711



was performed in triplicate using the B-R SYBR green

SuperMix (Quanta Biosciences). The amplification pro-

gram consisted of denaturation at 95�C for 3 min, followed

by 40 cycles at 95�C for 15 s and 60�C for 45 s on an

iCycler quantitative real-time PCR (RT-PCR) system

(BioRad). Gene-specific primers for p21, PAD4, and

GAPDH have previously been described [6, 20]. The

sequences of these primers are provided in the Supple-

mentary material.

Statistics

Experiments were repeated at least three times and the

statistical significance of differences between samples were

evaluated using Student’s t test, where p \ 0.05 was con-

sidered significant.

Additive model (O/E ratios)

The effect of the combination of F- and Cl-amidine with

doxorubicin on the cytotoxicity of HL-60 cells was asses-

sed using an additive model [21, 22]. The expected value

(E) was determined by multiplying together the effect on

cell proliferation by each agent alone. The observed value

(O) was the actual effect on cell proliferation when the

agents were combined.

Results

Effect of F- and Cl-amidine on cell viability

Because we previously demonstrated that Cl-amidine could

decrease cell viability at high concentrations (200 lM) [6],

we examined the dose dependence of this effect on MCF7

cells, a breast adenocarcinoma cell line, using the MTT

assay. Treatment of MCF7 cells with Cl-amidine at doses as

low as 500 nM decreased viability by up to 30% after 24 h

(Table 1, Fig. 2). Somewhat surprisingly, however, this

decrease in cell viability, while dose-dependent, was rather

modest at higher concentrations of Cl-amidine: a 200-fold

increase in Cl-amidine concentration only yielded an

additional 20% decline in cell viability. Similar trends were

obtained with F-amidine, a less potent PAD4 inhibitor, but

the effect on cell viability was limited to a reduction of

about 20%, and remained relatively constant over the entire

concentration regime tested (100 nM to 100 lM).

To ascertain whether or not this result was a general

phenomenon, the effects of both F- and Cl-amidine on the

viability of a number of cancerous (i.e. human promyelo-

cytic leukemia HL-60 and colon adenocarcinoma HT-29

cells) and noncancerous cell lines (i.e. mouse fibroblast

NIH-3T3 and HL-60 granulocytes) were examined

(Table 1). With respect to the cancerous cell lines, the

results of each study mimicked those obtained with the

MCF7 cells. For example, nanomolar concentrations of

Cl-amidine decreased the viability of HL-60 cells by up to

40% (Table 1, Fig. 2b). As with the MCF7 cells, higher

concentrations of Cl-amidine (up to 100 lM) did not fur-

ther decrease cell viability to zero. Near identical results

were obtained with HT-29 cells (Table 1, Fig. S1). Similar

trends were observed with F-amidine; however, the effect

on cell viability was less profound, and typically limited to

a 10% reduction in cell viability (Table 1). Interestingly,

F- and Cl-amidine had little to no effect on the viability of

HL-60 granulocytes, a differentiated form of HL-60 cells

(Table 1, Fig. 2), suggesting that these compounds are not

cytotoxic to noncancerous cell lines. Bolstering this pos-

sibility is the fact that F- and Cl-amidine do not affect the

viability of NIH-3T3 fibroblasts.

To confirm that the effects of F- and Cl-amidine correlate

with decreased PAD activity, we examined whether these

agents could decrease histone H3 citrullination in both

HL-60 and MCF7 cells in response to the calcium iono-

phore A23187 and estrogen, respectively. Both of these

compounds decreased the levels of citrullinated histone H3

(Fig. 2c, d). These results are consistent with previous

reports that the F- and Cl-amidine decrease histone citrul-

lination [5, 6, 15, 17, 23], and indicate that the effects on

cell viability are due to their ability to inhibit PAD activity.

F- and Cl-amidine mediated differentiation

of HL-60 cells

To explain the observation that F- and Cl-amidine did not

decrease cell viability completely, we considered the

Table 1 Cytotoxicity of F- and

Cl-amidine

a Based on cell viability at the

maximum agent concentration

tested

Cell line Cl-amidine F-amidine

Approximate EC50 Survival (%)a Approximate EC50 Survival (%)a

HL-60 0.25 38 0.5 79

HL-60 granulocytes – 100 – 100

MCF7 0.05 50 0.5 77

HT-29 1 59 1 91

NIH 3T3 – 100 – 100
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possibility that these two compounds were differentiating

the cancerous cell lines into noncancerous ones. At least

partially consistent with such a model is the fact that

treatment of HL-60 cells with ATRA, which is known to

differentiate HL-60 cells into HL-60 granulocytes [24],

yielded a similar dose-dependent decrease in cell viability

(Fig. 2b). To further examine this phenomenon, we set out

to determine if F- and Cl-amidine do indeed trigger the

differentiation of HL-60 cells. We chose this cell line for

our studies because it is a well-established system with

multiple known markers of differentiation. These markers

include decreased myeloperoxidase expression and

increased expression of CD38, a cell surface glycoprotein

that catalyzes the synthesis of cyclic ADP ribose, and p21.

In addition to these differentiation markers, we also

examined the expression levels of PAD4 because this

protein was originally identified as a protein whose

expression is elevated upon the differentiation of HL-60

cells [24].

Myeloperoxidase expression and activity

The effects of F- and Cl-amidine on myeloperoxidase

expression levels were first examined as a function of time

(0–48 h) and dose (100 nM, 1 lM, or 100 lM F- or

Cl-amidine). ATRA, a known inducer of differentiation

along the granulocytic lineage, served as a positive control.

As expected, ATRA treatment resulted in decreased mye-

loperoxidase expression after 12–48 h (Fig. 3a). Similar

results were obtained with both F- and Cl-amidine

(Fig. 3a). In addition to changes in expression, changes in

myeloperoxidase activity are also associated with the dif-

ferentiation of HL-60 cells into HL-60 granulocytes;

therefore we also examined the effects of F- and Cl-ami-

dine on the activity of this enzyme. ATRA again served as

the positive control. Myeloperoxidase activity was moni-

tored over the same 48-h time period using concentrations

of F- and Cl-amidine that yielded near maximal effects on

both cell viability and the reduction in myeloperoxidase

Fig. 2 Cytotoxic effects of F- and Cl-amidine. a MCF7 cells were

incubated with various concentrations of F- and Cl-amidine over the

course of 24 h, and cell viability was determined by a standard MTT

assay. Each data point represents the average of three trials

(p \ 0.05). Data were normalized to controls treated with PBS only.

b Cytotoxic effects of Cl-amidine and ATRA on human HL-60 and

HL-60 granulocytes. Cell viability was measured, using a standard

MTT assay, after a 24-h incubation with the inhibitors. Each data

point represents the average of three trials (p \ 0.05). Data were

normalized to controls treated with PBS only. c Levels of citrullinated

histone H3 in MCF7 cells after treatment with F- and Cl-amidine. See

‘‘Materials and methods’’ section for experimental details. d Levels of

citrullinated histone H3 in HL-60 granulocytes after treatment with

F- and Cl-amidine. See ‘‘Materials and methods’’ section for

experimental details
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expression (i.e. 1 lM). Treatment of cells with either

F- or Cl-amidine led to a significant (p \ 0.001, as

compared to PBS vehicle controls) reduction in myelo-

peroxidase activity after 48 h that was comparable to that

obtained with an equivalent concentration of ATRA

(Fig. 3b). This result is consistent with our hypothesis that

these compounds trigger the differentiation of HL-60 cells

into HL-60 granulocytes.

PAD4 expression

To further validate these findings, the effects of F- and

Cl-amidine on PAD4 expression levels were measured. As

shown in Fig. 3a, the F- and Cl-amidine treatments caused

a dose- and time-dependent increase in PAD4 expression.

For example, at the highest doses of F- and Cl-amidine

(e.g. 100 lM), PAD4 expression was apparent after only

6 h of treatment; with lower doses (e.g. 100 nM) increased

levels of this enzyme were observed only after 24 or 48 h.

Parallel results were obtained with 1 lM ATRA. These

results clearly indicate that, like ATRA, the treatment of

HL-60 cells with F- and Cl-amidine, leads to increased

PAD4 expression. Potential reasons for the increased

expression of PAD4 in response to PAD4 inhibition are

described below in the Discussion.

Because ATRA has previously been shown to increase

PAD4 mRNA levels [24], the effects of ATRA, and F-, and

Cl-amidine on the levels of this transcript were determined

by quantitative RT-PCR. Consistent with the Western blot

data, higher quantities of PAD4 mRNA were observed in

cells treated with ATRA, or F-, or Cl-amidine (Fig. 3c).

Although it is unclear whether the increased amounts of

PAD4 mRNA are due to transcriptional or posttranscrip-

tional effects, the fact that PAD4 is known to act as a

transcriptional corepressor [5–8] may suggest that this

enzyme has the capacity to inhibit its own expression.

Follow-up studies to distinguish between these two possi-

bilities will undoubtedly provide new insights into the

regulation of this physiologically important enzyme.

CD38 expression

To further examine the possibility that F- and Cl-amidine

induce the differentiation of HL-60 cells, the cell surface

levels of CD38 were measured using rhodamine-tagged

arabinosyl 20-fluoro-20-deoxy NAD (Rh-6-F-araNAD,

Fig. 4a), a recently described CD38-specific probe that

covalently modifies this enzyme at Glu226 [25] (Fig. 4b).

For these experiments, live HL-60 cells were treated with

the vehicle control (i.e. PBS), ATRA, or F-, or Cl-amidine

Fig. 3 F- and Cl-amidine

induce the differentiation of

HL-60 cells. a HL-60 cells were

exposed to ATRA, or F-, or

Cl-amidine over the course of

48 h with samples taken after 6,

12, 24, and 48 h. ATRA served

as the positive control. PBS was

used as the vehicle control.

Myeloperoxidase and PAD4

protein levels were determined

by Western blotting.

b Myeloperoxidase activity in

HL-60 cells in response to

incubation with ATRA, and

F- and Cl-amidine after 24 and

48 h. Specific activity is defined

as the rate of formation of 1 mol

of tetraguaiacol from 1 mol

guaiacol and 4 mol of H2O2.

Significant decreases in

myeloperoxidase activity, as

compared to the PBS vehicle

control, were observed after

48 h of incubation (*p \ 0.05).

c Relative PAD4 mRNA levels,

as determined by quantitative

RT-PCR, in response to

treatment with ATRA, and

F-, and Cl-amidine for 48 h
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for 48 h. The cells were subsequently treated with Rh-6-F-

araNAD and imaged by confocal fluorescence microscopy.

As expected, the PBS-treated controls were not labeled by

Rh-6-F-araNAD, as HL-60 cells do not express CD38

(Fig. 4c). In contrast, cells treated with ATRA, our positive

control, were labeled by this compound, indicating that

these cells were successfully differentiated. Similar effects

were noted for cells treated with F- and Cl-amidine

(Fig. 4c). These results are consistent with the observed

changes in the expression of myeloperoxidase and PAD4,

and are consistent with our hypothesis that F- and

Cl-amidine can trigger the differentiation of HL-60 cells.

F- and Cl-amidine induce p21 expression

To begin to investigate the molecular basis for the differ-

entiating effects of F- and Cl-amidine, the levels of p21

mRNA and protein were examined in HL-60 cells by

RT-PCR. These experiments were performed for several

reasons: (1) p21 is a well-characterized cyclin-dependent

kinase inhibitor that is known to play an important role in

the growth arrest and terminal differentiation of HL-60

cells [26–29]; (2) Cl-amidine has previously been shown to

induce p21 expression in U2OS cells and p53?/? HCT116

cells [6]; and (3) HDAC inhibition upregulates p21

expression [30], suggesting that F- and Cl-amidine might

also increase the expression of this gene in HL-60 cells. For

these experiments, the effects of F- and Cl-amidine (1 lM)

on p21 mRNA levels were determined by quantitative

RT-PCR. Both of these agents led to increased expression

of p21 mRNA (Fig. 5a). To verify that the increased

mRNA levels correlated with increased p21 protein, the

effects of F- and Cl-amidine (1 lM) on p21 protein levels

were determined as a function of time. Both compounds

clearly induced p21 expression within 6 h of their addition

(Fig. 5b), suggesting that PAD4 inhibition leads to

Fig. 4 a Structure of

Rh-6(F-araNAD).

b Mechanism-based labeling of

CD38 with Rh-6(F-araNAD).

c Labeling of CD38 in live

HL-60 cells after treatment with

ATRA, or F-, or Cl-amidine for

48 h. PBS was used as the

vehicle control. Cells were

treated with 5 lM Rh-6

(F-araNAD) for 5 min and

visualized under a confocal

microscope. The top images

show the bright-field view and

the bottom images are the

corresponding captures of the

rhodamine fluorescence
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increased p21 expression, which subsequently triggers

growth arrest and differentiation.

Differentiation of HT-29 cells

To explore the generality of this phenomenon, we examined

whether F- and Cl-amidine could also trigger the differentia-

tion of HT-29 cells, a colon adenocarcinoma-derived cell line.

For these experiments, HT-29 cells were treated with either

F- or Cl-amidine (1 lM final concentration), and after 48 h the

levels of alkaline phosphatase, a known marker of HT-29

differentiation [31], were measured. SAHA, a class I/II HDAC

inhibitor, served as the positive control as this compound is

known to trigger the differentiation of several cancerous cell

lines, including HT-29 cells [32]. As depicted in Fig. S2,

SAHA, and F- and Cl-amidine all induced the expression of

alkaline phosphatase, consistent with the differentiation of this

cell line, thus suggesting that PAD inhibition can lead to the

differentiation of multiple cancerous cell lines.

F- and Cl-amidine potentiate the cytotoxicity

of doxorubicin

Given that PAD4 inhibition parallels the effects of HDAC

inhibition, i.e. both trigger cellular differentiation and

induce p21 expression, we were curious to see whether

these similarities extended further. Therefore, we examined

whether F- and Cl-amidine could potentiate the effects of

doxorubicin, an antineoplastic agent that is known to

potentiate the effects of HDAC inhibitors such as SAHA

[33, 34]. For these experiments, the effect of doxorubicin on

HL-60 cell survival was determined in the absence and

presence of increasing concentrations of F- and Cl-amidine.

As is apparent in Fig. 6, increasing concentrations of both

compounds caused the dose response curves to shift to the

left, resulting in a dose-dependent decrease in the EC50

for doxorubicin (Table 2). Consistent with the fact that

Cl-amidine is the more potent inhibitor, this compound

decreased the EC50 to a greater extent (18-fold at the highest

dose tested, i.e. 100 lM Cl-amidine) than F-amidine

(5-fold). This level of enhancement is gratifyingly consis-

tent with the relative potencies of the two compounds (i.e.

kinact/KI = 13,000 vs. 3,000 M-1min-1 or about 4.3-fold

[15, 17]). In addition to decreasing the EC50 of doxorubicin,

both compounds also decreased cell survival to background

levels, i.e. viable cells were undetectable (Fig. 6). As with

the EC50 values, Cl-amidine had a greater effect on cell

viability than F-amidine. For example, with as little as

1 lM of Cl-amidine, viable cells were undetectable at

higher levels of doxorubicin; 10 lM of F-amidine was

required to achieve a similar level of cell killing.

An additive model [21, 22] was used to determine if the

combined effects of F- or Cl-amidine and doxorubicin were

subadditive, additive, or synergistic. This model predicts

that two drugs are subadditive when the O/E ratio is 1.2,

additive when the O/E ratio is between 0.8 and 1.2, and

synergistic when the O/E ratio is \ 0.8. The results of

these analyses (Fig. 6) indicate that as the concentration of

doxorubicin is increased, F- and Cl-amidine potentiate cell

killing in a synergistic and dose-dependent fashion.

Discussion

Given the mechanistic similarities between PAD4 and the

HDACs (both act as transcriptional corepressors and

downregulate the expression of a subset of overlapping

genes, e.g. p21), we were intrigued to find that Cl-amidine,

a PAD4 inhibitor, and PAD4 siRNA knockdown,

decreased cell viability and induced apoptosis in a subset of

cells [5, 6]. These results suggest that PAD4 inhibitors, like

HDAC inhibitors, could represent a novel epigenetic can-

cer therapy. Further bolstering this possibility is the recent

demonstration that PAD4 interacts and cooperates with

HDAC1 to downregulate the expression of estrogen

receptor-regulated genes [35].

Given these parallels, and given the fact that PAD4 is

overexpressed in numerous malignant tumors [9, 10], we

Fig. 5 p21 protein and mRNA levels. HL-60 cells were treated with

F- and Cl-amidine (1 lM final concentration) and p21 protein and

mRNA expression levels were monitored. a Relative expression

levels of p21 mRNA, as determined by RT-PCR, in response to

treatment with F- or Cl-amidine for 48 h. b p21 protein levels in

response to F- and Cl-amidine were monitored over a 48-h time

period

716 J. L. Slack et al.



set out to examine the cytotoxic effects of Cl-amidine,

and the related compound F-amidine, in greater detail. As

described above, both F- and Cl-amidine decreased the

viability of a number of tumor-derived cell lines (i.e.

HL-60, HT-29, and MCF7 cells) in a dose-dependent

manner. In contrast, no effect was observed in noncan-

cerous cell lines (i.e. HL-60 granulocytes and NIH3T3

cells). Interestingly, while the EC50 values were in the

micromolar to submicromolar range, we were unable to

achieve complete cell killing. Because SAHA, a general

inhibitor of HDAC activity, also triggers the differentia-

tion of a subset of cancer cell lines [3], we considered

the possibility that the lack of complete cell killing could

be explained if F- and Cl-amidine are, like SAHA, dif-

ferentiating agents.

Fig. 6 Effects of F-amidine (a) and Cl-amidine (b) in combination

with doxorubicin on cell viability of HL-60 cells. Cell viability was

measured using a standard MTT assay, after a 24 h incubation with

the inhibitors. Each data point represents the average of three trials

(p \ 0.05). The dashed curve for 100 lM Cl-amidine represents an

estimated nonlinear curve. The combination of F-amidine (c) and

Cl-amidine (d) with doxorubicin resulted in synergistic killing of

HL-60 cells. Synergistic, additive, and subadditive effects of the

combination therapy were determined by a comparison of the O/E

ratios, where an O/E ratio \ 0.8 is considered synergistic, an O/E

ratio in the range 0.8–1.2 is additive, and an O/E ratio [1.2 is

subadditive

Table 2 Cytotoxicity of F- and Cl-amidine in combination with

doxorubicin in HL-60 cells

Treatment EC50
a Survival (%)b

Doxorubicin 2.50 ± 1.16 12.0 ± 4.4

Doxorubicin ? 1 lM Cl-amidine 1.42 ± 0.02 ND

Doxorubicin ? 10 lM Cl-amidine 1.29 ± 0.04 ND

Doxorubicin ? 100 lM Cl-amidine 0.14 ± 0.09 ND

Doxorubicin ? 1 lM F-amidine 2.33 ± 1.74 8.14 ± 5.10

Doxorubicin ? 10 lM F-amidine 1.30 ± 0.66 ND

Doxorubicin ? 100 lM F-amidine 0.49 ± 0.25 ND

ND no viable cells were detected as defined by lack of absorbance

above the 100% killing control.
a Values determined by fitting the dose response data to Eq. 1
b Based on cell viability at the maximum agent concentration tested
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To investigate this possibility, the ability of F- and

Cl-amidine to differentiate the leukemic HL-60 cell line

into HL-60 granulocytes was examined. This system was

chosen because it is well characterized and because there

are several known differentiation markers, including:

increased expression of both PAD4 and CD38, as well as

decreased expression of myeloperoxidase. As described

above, F- and Cl-amidine do indeed trigger HL-60 differ-

entiation. The differentiation of colon cancer HT-29 cell

line was also demonstrated, suggesting that their ability to

differentiate tumor-derived cell lines is a general feature of

these compounds.

Although the underlying mechanism by which F- and

Cl-amidine induce cellular differentiation and decrease cell

viability is unknown, it is likely that their ability to inhibit

histone deimination [6] plays a role. This is the case

because PAD4 acts as a transcriptional corepressor and its

inhibition would be expected to alter gene expression,

potentially leading to the increased expression of genes that

are important for the differentiation of HL-60 cells into

HL-60 granulocytes. One such gene is p21. We hypothe-

sized that this might be the case because increased p21

expression is important for the terminal differentiation of

HL-60 cells [26–29], and Cl-amidine has previously been

shown to induce the expression of this gene in U2OS and

HCT116 cells [6]. As described above, both PAD4 inhi-

bitors did indeed increase the expression of p21, at both the

mRNA and protein levels, suggesting that the effects of

F- and Cl-amidine are mediated, at least in part, by the

increased expression of this cell cycle inhibitor. Although

not investigated in this study, PAD4 inhibition, and the

consequent increase in p21 expression, likely leads to

G1/G2 arrest as shRNA knockdown of PAD4 increases the

G1 population of p53?/? HCT116 cells [6]. In support of

this notion, HL60 cells treated with either F- or Cl-amidine

show decreased expression of H3 phospho S10, a mitotic

marker, indicating that the population of cells in mitosis are

decreasing, consistent with a G1/G2 arrest (Fig. S3).

In addition to increased expression of p21, PAD4 inhi-

bition may also positively influence gene transcription

mediated by retinoic acid receptor (RAR). Such an effect is

likely, given that RAR is the molecular target of ATRA

and is a member of the nuclear receptor family of tran-

scriptional activators, and PAD4 acts as a transcriptional

corepressor for several other members of this family,

including the estrogen receptor and thyroid receptor [7, 8].

Although speculative, if PAD4 does indeed act as a tran-

scriptional corepressor for RAR, then inhibition of PAD4

would be expected to mimic the effects of ATRA, thereby

activating the expression of additional genes that are

involved in initiating the differentiation program.

As described above, the treatment of HL-60 cells with

F- or Cl-amidine increased the expression of PAD4. Given

that PAD4 was originally described as an enzyme whose

expression is induced during the differentiation of HL-60

cells into HL-60 granulocytes and monocytes [24], it is

somewhat paradoxical that inhibitors of PAD4 actually

enhance its own expression. Nevertheless, we have rou-

tinely found that PAD4 is expressed at low, but nonetheless

significant, amounts in undifferentiated HL-60 cells.

Although it is a formal possibility that the differentiating

effects of F- and Cl-amidine are due to the inhibition of an

unknown process, we note that these compounds, espe-

cially F-amidine, selectively modify PAD4 [36], and a

number of studies have validated their use as PAD4

inhibitors in cellulo [5, 6, 15, 17, 23]. Thus, at low levels it

appears that this enzyme prevents the normal differentia-

tion of this cell line, presumably via its transcriptional

corepressor activity. Although the higher levels of PAD4 in

differentiated cells may reflect a compensatory effect to

PAD4 inhibition, we note again that PAD4 expression is

increased with other differentiating agents, e.g. ATRA and

vitamin D [24]. Thus, increased PAD4 expression may

reflect a specialized role for the enzyme in granulocytes

that is distinct from its role as a transcriptional corepressor.

This seems likely given the fact that PAD4 is localized to

cytoplasmic granules in these leukocytes [37]. Also con-

sistent with this notion is the fact that high doses of

Cl-amidine do not induce PAD4 expression in several

different cell lines, including U2OS and HCT116 cells [6].

The fact that PAD4 inhibition parallels the effects of

HDAC inhibition, i.e. both trigger cellular differentia-

tion and induce p21 expression, prompted us to examine

whether F- and Cl-amidine could, like SAHA [33, 34],

potentiate the cytotoxicity of doxorubicin. As described

above, increased amounts of both F- and Cl-amidine led to

a dose-dependent decrease in the EC50 for doxorubicin. At

the highest doses tested (i.e. 100 lM), F- and Cl-amidine

decreased the EC50 value by 5- and 18-fold, respectively,

values that are consistent with the relative in vitro poten-

cies of the two compounds. In addition to an effect on the

EC50, both compounds also synergistically activated the

cell killing effects of doxorubicin. As with the EC50 values,

Cl-amidine had the greater effect. Importantly, this effect

was dependent on the dose of F- or Cl-amidine, i.e. higher

doses of these compounds led to greater synergistic killing.

In total, these results indicate that F- and Cl-amidine syn-

ergistically potentiate the cytotoxic effects of doxorubicin

and suggest that these compounds may be useful adjuvant

therapies for the treatment of cancer.

In summary, the highly potent PAD4 inhibitors, F- and

Cl-amidine, exhibit cytotoxic effects in a number of cancer-

derived cell lines, but not in noncancerous ones, and trigger

the terminal differentiation of both HL-60 and HT-29 cells.

Additionally, these compounds synergistically potentiate

the cytotoxicity of doxorubicin in a dose-dependent
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manner. Given the parallels between PAD4 and both the

HDACs and the DNA methyltransferases, our results sug-

gest PAD4 as a target for the development of a novel

epigenetic cancer therapy, and F- and Cl-amidine as can-

didate therapies for this disease.
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