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Arresting Cancer Proliferation
by Small-Molecule Gene Regulation

bind a broad spectrum of DNA sequences [12, 13]. Base
sequence specificity depends on side-by-side pairing
of Py and Im rings in the minor groove of DNA (Table
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and Joel M. Gottesfeld1,* 1, [12, 13]). Polyamides are cell permeable, localize in

the nucleus [14–16], bind their target sites in genomic1Department of Molecular Biology
The Scripps Research Institute DNA with affinities comparable to DNA binding tran-

scription factors [17], and regulate gene expression byLa Jolla, California 92037
2 Division of Chemistry and Chemical Engineering interfering with the transcription apparatus at promoter

and enhancer elements [12, 13]. In contrast, polyamidesCalifornia Institute of Technology
Pasadena, California 91125 bound within coding regions of genes do not present an

obstacle to elongating RNA polymerase [18]; however,
linkage of a DNA-modifying agent, such as nitrogen
mustards [19, 20], duocarmycins [21–23], or pyrroloben-Summary
zodiazepines [24, 25], to a polyamide is expected to
arrest transcription elongation at the polyamide bindingA small library of pyrrole-imidazole polyamide-DNA

alkylator (chlorambucil) conjugates was screened for site [26]. Polyamide-alkylator conjugates have been de-
scribed that covalently react at predetermined sites ineffects on morphology and growth characteristics of

a human colon carcinoma cell line, and a compound human genomic DNA, in the nuclei of live cells [17, 19].
Inhibition of transcription in vitro [26], as well as lucifer-was identified that causes cells to arrest in the G2/M

stage of the cell cycle. Microarray analysis indicates ase expression in mammalian cell culture transfection
experiments, has been obtained with polyamide-alkyla-that the histone H4c gene is significantly downregu-

lated by this polyamide. RT-PCR and Western blotting tor (duocarmycin DU86) conjugates [23]. The cytostatic
properties of hairpin polyamide-alkylator conjugatesexperiments confirm this result, and siRNA to H4c

mRNA yields the same cellular response. Strikingly, have been examined previously [27], but no studies have
examined the effects of these compounds on genomicreduction of H4 protein by �50% does not lead to

widespread changes in global gene expression. Se- transcription. Here, we describe a polyamide-chloram-
bucil (Chl) conjugate that blocks cancer cell proliferationquence-specific alkylation within the coding region of

the H4c gene in cell culture was confirmed by LM- by downregulation of transcription of a specific gene
that encodes a key component of cellular chromatin.PCR. The compound is active in a wide range of cancer

cell lines, and treated cells do not form tumors in nude
mice. The compound is also active in vivo, blocking

Resultstumor growth in mice, without obvious animal toxicity.

Blocking Cancer Cell ProliferationIntroduction
with a Polyamide-Chlorambucil Conjugate
For our studies, we employed a highly tumorigenic hu-The development of programmable, gene-specific re-
man colon carcinoma cell line, SW620, that was derivedagents that block either mRNA transcription or transla-
from a lymph node metastasis [28]. We synthesized fivetion is a major goal in chemistry, molecular biology, and
different hairpin polyamides conjugated at the � positionmedicine. Nucleic acid-based approaches that target
of the hairpin turn amino acid with the nitrogen mustardDNA or RNA (such as antisense or triple helix-forming
Chl [17, 19, 29], and we screened these conjugates foroligonucleotides or siRNA [1–3]) take advantage of the
their effects on the morphology of SW620 cells in culture.sequence selectivity afforded by base pairing and can
Each of these molecules had a different DNA sequenceeffectively inhibit transcription or translation in cell cul-
specificity afforded by the polyamide amino acid se-ture. Similarly, engineered zinc finger peptides [4–7] that
quence (polyamides 1R-Chl to 5-Chl, Table 1) [12, 13],recognize unique sequences in the genome have been
and each would be expected to alkylate adenine andshown to modulate gene expression when these mole-
guanine bases in the minor groove located adjacent tocules are delivered to cells via gene transfection. How-
the polyamide recognition site [17, 19, 29]. Among theever, nucleic acids suffer from poor cell permeability,
polyamides tested, microscopic inspection demon-and delivery strategies, such as viral vectors, must be
strated that only 1R-Chl (Figure 1) altered the morphol-used for effective gene silencing in vivo [8, 9].
ogy of the cells (Figure 2A). Untreated SW620 cells areCell-permeable small molecules circumvent the need
typically either round or spindle shaped, whereas incu-for delivery strategies, and a number of natural and
bation with polyamide 1R-Chl alters the morphology ofsynthetic compounds have been explored for their abil-
these cells to an enlarged, flattened, and irregular shape.ity to regulate gene expression in vitro and in cell culture
Concentrations as low as 250 nM induce the morpholog-[10, 11]. The pyrrole-imidazole (Py-Im) polyamides are
ical change in 48 hr. Cells treated with this compounda class of small molecules that can be programmed to
fail to divide; consequently, fewer treated cells are seen
compared to the untreated cells. Nonetheless, cells*Correspondence: dervan@its.caltech.edu (P.B.D.); joelg@scripps.

edu (J.M.G.) treated with this polyamide are viable (�90% by trypan
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Table 1. Growth Arrest and Cell Morphology Change Requires the Sequence Specificity of 1R-Chl

Cell Morphology
Polyamide Polyamide Structures Sequence Change Growth Arrest Viability

1R-Chl 5�-WGGWGW-3� yes yes �

2-Chl 5�-WGCWGWW-3� no no �

3-Chl 5�-WGCWGCW-3� no no �

4-Chl 5�-WGWWWW-3� cytoxic

5-Chl 5�-WGWGWW-3� cytoxic

6-Chl 5�-WGWGGW-3� no slight �

7-Chl 5�-WGGWCW-3� no slight �

1S-Chl 5�-WGWGGW-3� no no �

1R 5�-WGGWGW-3� no no �

Polyamide structures are shown schematically (as in Figure 1), along with the predicted DNA target site for each polyamide [13], where W �

A or T. Pairing of an Im opposite a Py targets a G•C base pair, whereas a Py opposite an Im targets a C•G base pair. The Py/Py, �/Py, and
�/� pairs are degenerate and target both A•T and T•A base pairs. Both the hairpin turn amino acid and the terminal �-Dp recognize A•T or
T•A base pairs. With the exception of 1S-Chl, all polyamides were synthesized with R-2,4-dimaminobutyric acid as the turn amino acid.
Morphology change was assessed as in Figure 2A, and growth arrest is based on cell counts. Viability was assessed by trypan blue exclusion
and an ATP assay (see Supplemental Figure S1).

blue exclusion) and metabolically active (assessed by amino acid [14] (Figure 1). Using deconvolution micros-
copy, we observe that both 1R-bodipy and 1S-bodipyATP levels; Supplemental Figure S1; see the Supple-

mental Data available with this article online). Thus, 1R- enter the nucleus of live, unfixed SW620 colon cancer
cells (Supplemental Figure S2). To assess the mecha-Chl is a cytostatic, rather than a cytotoxic, agent in this

cell line. Two polyamide conjugates that had the lowest nism of action of polyamide 1R-Chl, we monitored the
DNA content of untreated, 1R-Chl-treated, and 1S-Chl-sequence specificity of the tested compounds, 4-Chl

and 5-Chl, were highly cytotoxic and were not studied treated SW620 cells by fluorescence-activated cell
sorting (FACS) analysis after propidium iodide stainingfurther. These compounds are similar to conventional

alkylators that target vast numbers of sites in the ge- (Figure 2B). The DNA profiles of untreated and 1S-Chl-
treated cells were similar, with approximately 5%–7%nome. Chl (at 0.5 �M) is without effect on SW620 cell

morphology or growth (Figure 2A), but it is cytotoxic at of the cells in G2/M (4C DNA content), whereas treat-
ment with polyamide 1R-Chl increased the fraction ofhigher concentrations (Supplemental Figure S1).

After identification of 1R-Chl, we probed the structural cells with a 4C DNA content to 43%. This finding indi-
cates that polyamide 1R-Chl arrests cells in the G2/Mrequirements for growth arrest with a second series of

compounds (Table 1). We found that altering DNA se- phase of the cell cycle. A small fraction of the 1R-Chl-
treated cells were apoptotic, as evidenced by less thanquence specificity by either scrambling the sequence

of pyrrole and imidazole rings (6-Chl and 7-Chl) or by a 2C DNA content. A time course experiment revealed
that cell cycle arrest occurred approximately 2 daysinverting the chirality of the turn amino acid (1S-Chl,

Figure 1) [30, 31] abolished the morphological change after polyamide treatment (data not shown), similar to
the time required to observe the change in cell morphol-and growth arrest observed with 1R-Chl. Furthermore,

the parent polyamide 1R, lacking Chl, was inactive. ogy described above. Upon longer exposure to the poly-
amide, increasing numbers of cells had a 4C DNA con-These experiments show that the morphological change

and cytostatic properties of 1R-Chl require both the tent, consistent with a block in the cell cycle at G2/M.
alkylating moiety Chl and the sequence-specific DNA
binding moiety of the polyamide, suggesting that these Gene Target of the Polyamide

The effects of polyamide treatment on genomic tran-effects are due to sequence-specific DNA alkylation and
concomitant gene silencing. scription were monitored by DNA microarray analysis

by using Affymetrix high-density U133A arrays, whichTo test cell permeability and nuclear localization of
the polyamides, we synthesized fluorescent analogs of contain oligonucleotides representing �18,000 human

genes. SW620 cells were treated (in triplicate) with noactive polyamide 1R-Chl and inactive polyamide 1S-
Chl. Similar to the Chl conjugates, the fluorescent dye polyamide, with Chl, or with polyamide 1R-Chl or 1S-

Chl at a concentration of 0.5 �M in culture mediumBodipy FL was coupled to the �-amino group of the turn
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were increased in expression by 2-fold or more. These
genes encode �-tubulin (GenBank accession number
NM_001069), epithelial membrane protein 1 (GenBank
accession number NM_001423), and CD24 antigen
(GenBank accession number NM_013230). Only the
gene encoding member G of the nucleosomal histone
H4 family (GenBank accession number NM_003542; H4c
gene) was uniquely downregulated by a threshold value
of at least 2-fold. Downregulation of histone H4 could
reasonably account for the growth effects observed with
1R-Chl (see Discussion). Affymetrix U133A chips con-
tain oligonucleotides representing all members of the
H4 gene family; however, only the transcription of H4c
was affected. H4c is the most abundantly transcribed
H4 gene in untreated SW620 cells and accounts for
�70% of total H4 mRNA. Real-time quantitative reverse
transcriptase PCR (RT-PCR) verified that 1R-Chl down-
regulates this gene �2-fold. We next examined the level
of histone H4 protein in polyamide-treated and control
SW620 cells by Western blot analysis with an antibody
to H4 (Figure 3B). Treating cells with 1R-Chl for 72 hr
reduced histone H4 protein by 50%–70%. As controls,
we monitored the protein levels of Ras (Figure 3B) and
p53 (data not shown) in polyamide-treated and control
cells and found no differences. The polyamides were
without effect on the transcription of these genes in
either microarray or RT-PCR experiments.

To validate H4c as the gene target responsible for the
growth arrest of SW620 cells, we transfected cells with
siRNAs to either H4c or to the general housekeep-
ing gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), or with a scrambled sequence siRNA. Cells
transfected with GAPDH siRNA showed decreased lev-
els of GAPDH protein but no change in phenotype and
only mild effects on growth (data not shown). The scram-
bled sequence siRNA was without effect on cell mor-
phology or growth (Figure 3C). In contrast, transfection
of H4c siRNA under the same conditions caused the

Figure 1. Polyamide Conjugate Structures same morphology change and similar growth arrest as
Structures of polyamides 1R, 1S, and bodipy and Chl conjugates observed with 1R-Chl. H4c siRNA caused a 73 (� 5)%
(ImIm-�-Im-(R/S-2,4-DabaBodipy/Chl)-PyPyPyPy-�-Dp, where Py is pyr- reduction in cell number after 3 days, whereas 1R-Chl
role, Im is imidazole, � is �-alanine, Dp is dimethylaminopropylam- caused an 85 (� 5)% decrease in cell number over the
ine, and Daba is either R- or S-2,4-diaminobutyric acid). Polyamide

same time period, relative to the untreated cells. Quanti-structures are also represented schematically, where filled and open
tative RT-PCR confirmed that this siRNA downregulatedcircles are Im and Py rings, respectively; diamonds are �-alanine;
H4c mRNA �8.6-fold compared to the control, scram-the curved line is R or S-2,4-diaminobutyric acid; and the semicircle

with the plus sign is dimethylaminopropylamine. bled sequence siRNA. In other experiments, we find
that 2-fold downregulation of H4c mRNA by siRNA is
sufficient to cause growth arrest in SW620 cells. Thus,

for 72 hr (a sufficient time for growth arrest, described it appears that inhibition of H4c transcription is responsi-
above). Total RNA was isolated, converted into fluores- ble, at least in part, for the observed change in cellular
cent cRNA, and hybridized to the oligonucleotide mi- morphology and growth with 1R-Chl.
croarrays. Figure 3A shows the number of genes that are
up- and downregulated by each incubation condition.
Whereas Chl affects the transcription of a large number Effects of Polyamide 1R-Chl on Nuclear Structure

SW620 cells were examined by Hoechst staining andof genes, the levels of transcription of a surprisingly
limited number of genes were affected by polyamide- fluorescence microscopy after incubation with 1R- or

1S-Chl (0.5 �M) for 72 hr to assess the effects of 1R-Chl treatment (77 genes upregulated and 35 downregu-
lated for 1R-Chl; Figure 3A and Supplemental Tables). Chl on nuclear structure. Figure 3D demonstrates that

1R-Chl, but not the inactive polyamide 1S-Chl, causesOf the genes that were affected by 1R-Chl, 23 genes
were uniquely downregulated (Supplemental Table S1), the nucleus to enlarge relative to untreated cells. Since

previous studies have documented that polyamides tar-and 70 genes were uniquely upregulated when com-
pared to parent 1R, Chl, and mirror image 1S-Chl. geted to satellite DNA can cause chromatin opening

[32], we wished to determine whether the change inOf the specifically upregulated genes, only three
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Figure 2. Polyamide 1R-Chl Specifically Alters the Morphology and Growth of SW620 Cells

(A) Cells were incubated with 0.5 �M of the indicated polyamide or Chl for 5 days prior to phase microscopy. All images are shown at the
same magnification.
(B) Fluorescence-activated cell-sorting analysis of SW620 cells treated with either no polyamide, 0.5 �M 1R-Chl, or 0.5 �M 1S-Chl for 48 hr
prior to staining with propidium iodide (50 �g/ml). Cell numbers versus propidium staining are plotted, and the percentages of cells in G0/
G1, S, and G2/M phases of the cell cycle are indicated.

nuclear size observed with 1R-Chl is due to polyamide pounds lacking Chl. Previous studies with a polyamide-
Chl conjugate (where the Chl chlorines were replacedbinding at numerous sites in genomic DNA or to a reduc-

tion in H4 protein. SW620 cells were transfected with with hydroxyls) demonstrated no loss in binding affinit-
ies compared to the parent polyamide lacking Chl [19].H4c siRNA or with the scrambled sequence siRNA, and

this transfection resulted in only the H4c siRNA causing Although the H4c gene contains four match sites for
polyamide 1R (5�-WGGWGW-3�, Supplemental Tablea similar enlargement of the cell nucleus as 1R-Chl.

This finding indicates that a loss of H4 protein leads to S2), only two of these sites are occupied in the foot-
printing experiment (with Kds of 0.3 and 0.7 nM; Figurechromatin decondensation and enlargement of the cell

nucleus. 4A). The two additional match sites are purine tracts, a
sequence type that is often poorly bound by hairpin
polyamides [13] (Supplemental Table S2). A previousDNA Binding Properties of the Polyamides

We next explored the DNA binding and alkylation prop- study demonstrated that a polyamide with the turn
amino acid R-2,4-dimaminobutyric acid binds its matcherties of polyamides 1R and 1S, and their Chl conju-

gates, with a DNA fragment derived from the human site with 170-fold higher affinity than the corresponding
S enantiomer [30] and documented the importance ofH4c gene (isolated by PCR amplification from SW620

genomic DNA). DNase I footprinting was used to monitor the chirality of the hairpin turn in determining binding
affinity. As anticipated, the mirror image control 1S failsthe binding specificities and affinities of the parent com-
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Figure 3. Identification of the 1R-Chl Gene
Target and Effects on Cell Morphology

(A) Microarray analysis: SW620 cells were
treated in triplicate with Chl, 1R-Chl, and 1S-
Chl (0.5 �M, 72 hr); RNA was isolated and
used to probe Affymetrix U133A microarrays.
The total numbers of significant genes are
shown in parentheses, upregulated genes are
shown in red, downregulated genes are shown
in blue, and crossed up-down- or down-
upregulated populations are shown in black.
Shown within each segment of the Venn dia-
gram are the numbers of genes specifically
affected by each treatment or common to two
or more treatments. Significance analysis
was performed as described [39].
(B) Western blot analysis of histone H4 and
Ras protein levels in control and polyamide
1R-Chl-treated SW620 cells. Cells were incu-
bated for 72 hr in the presence or absence
of 0.5 �M polyamide and cell extracts were
prepared. For histone H4 detection, the fol-
lowing amounts of acid extract protein were
loaded: 1 �g (lanes 1 and 2), 2 �g (lanes 3
and 4), 3 �g (lanes 5 and 6), and 4 �g (lanes
7 and 8). For Ras detection, the amounts of
total protein were 5 �g (lanes 1 and 2), 10 �g
(lanes 3 and 4), 20 �g (lanes 5 and 6), and 30
�g (lanes 7 and 8).
(C) siRNA effects on cell morphology and
growth. SW620 cells (5 	 104 cells in 250 �l
culture medium) were transfected with 50 nM
of the indicated siRNA or treated with 1R-Chl
at 0.5 �M, and cells were observed by phase
microscopy 72 hr later. Cell numbers, relative
to the untreated control, are shown graphi-
cally along with standard deviations for three
determinations.
(D) Polyamide and siRNA effects on nuclear
structure. SW620 cells were either treated
with polyamides 1R- or 1S-Chl (0.5 �M) or
transfected with H4c or scrambled sequence
siRNAs and visualized by Hoechst 33342
staining (1 �g/ml) 3 days later. A mock trans-
fection was also performed without RNA. All
images were acquired and printed at the
same magnification.



Chemistry & Biology
1588

Figure 4. DNA Binding and Alkylation Properties of the Polyamides

(A) Quantitative DNase I footprint analysis for 1R binding to a radiolabeled PCR product derived from the human histone H4c gene (labeled
on the bottom, template strand). DNA and polyamide were allowed to equilibrate for 16 hr prior to DNase digestion and gel analysis [37]. The
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to bind the histone H4c DNA fragment at polyamide We next investigated whether polyamide 1R-Chl alkyl-
ates potential target sites in a gene whose transcriptionconcentrations up to 100 nM (data not shown).

Because alkylation of the template strand of the H4c is not affected by this compound in SW620 cells. Since
1R-Chl had no effect on N-Ras gene expression (asgene is more likely to inhibit transcription [26], thermal

cleavage assays were used to monitor site-specific al- determined in the microarray experiment and confirmed
by RT-PCR) or N-Ras protein levels (Figure 3B), we fo-kylation by the polyamide-Chl conjugates on the bottom

strand of the H4c PCR product (Figure 4B). Polyamide cused on the coding region of this gene. LM-PCR experi-
ments demonstrate that both 1R-Chl and 1S-Chl alkyl-1R-Chl alkylates one site in this DNA, corresponding to

one of the two match sites described above. Alkylation ate sites near the 5� end of this gene in isolated genomic
DNA in vitro (on the coding strand; Figure 4D, lanes 3at the second high-affinity site observed in the foot-

printing experiment might be prevented by local DNA and 4), but these sites are not available for alkylation
in the cell nucleus (lanes 6 and 7). We suspect thatmicrostructure. Close inspection of the sequencing gel

reveals that alkylation occurs at two nucleotides: the differences in chromatin organization between the H4c
and N-Ras genes account for differential polyamide ac-guanine located two bases downstream from the poly-

amide binding site, and the adenine located proximal cessibility and the ability of 1R-Chl to regulate expres-
sion of these genes.to the turn amino acid (Figure 4B). Consistent with the

binding experiment, 1S-Chl yields only minor alkylation
products, even at the highest polyamide concentration Effects of 1R-Chl on Cell Lines of Different Origin

To assess the generality of the effects of 1R-Chl, wetested (100 nM). Phosphorimage analysis indicates that
1S-Chl exhibits a �100-fold lower alkylation efficiency monitored growth rates and viability for various other

human cell lines in the absence or presence of conju-than 1R-Chl at this site. No alkylation events were ob-
served with either 1R-Chl or 1S-Chl on the top strand gates 1R-Chl and 1S-Chl. Polyamide 1S-Chl was with-

out effect on the morphology, viability, or growth ofof this PCR product, and polyamides 6-Chl and 7-Chl
also fail to significantly alkylate the H4c PCR product any of ten cell lines tested. In contrast, 1R-Chl showed

variable effects in the different lines (Table 2). Based onon either strand (data not shown). One additional binding
site for polyamide 1R is present in the promoter element these results, these cell lines can be divided into three

groups: (1) two cell lines in which the compound had noof the H4c gene (5�-TGGTGA-3�, located 95 bp upstream
from the transcription start site); however, 1R-Chl fails effect up to 1�M concentration (Hep3B hepatocellular

carcinoma cells and 293 embryonic kidney cells); (2)to alkylate this site in vitro (data not shown).
Ligation-mediated PCR was used to monitor alkyl- three cell lines in which 1R-Chl was growth inhibitory

and cytotoxic (22Rv1 prostate, MiaPaCa1 pancreatic,ation of the coding region of the H4c gene in genomic
DNA of SW620 cells, and strong alkylation was observed and HeLa cervical carcinoma); and (3) those that re-

sponded similarly to SW620 cells, where the growthin cellular chromatin (Figure 4C, lane 5). Only the G
residue two bases downstream from the polyamide characteristics of the cells were altered, without appar-

ent cytotoxicity (as assessed by measuring ATP levels).binding site is alkylated in the cell nucleus. In contrast
to the in vitro experiment, no alklyation was detected These latter cell lines include two additional colon carci-

noma cell lines (SW420 and LoVo), the lymphoblast cellwith 1S-Chl in cell culture (lane 6). A control experiment
was performed in which the DNA isolation protocol was line K562, and SaOS2 osteosarcoma cells (Table 2). Sup-

plemental Figure S3 shows representative results forinitiated immediately after the addition of 1R-Chl to the
cells. No alkylation was observed under these condi- one cell line in each class. FACS analysis revealed that

1R-Chl had no effect on cell cycle progression in thetions (lane 4), indicating that alkylation did not occur
during DNA isolation and purification. Thus, we have two unaffected cell lines. In contrast, 1R-Chl blocked

cell cycle progression (G2/M arrest) in two out of threedemonstrated direct binding and alkylation of the H4c
gene by 1R-Chl in live SW620 cells. cell lines in which the compound was growth inhibitory

phosphorimage of the gel is shown, with undigested DNA in the lane marked “
”; a G � A sequencing reaction of the same DNA is shown
along with DNase-treated DNA in the absence of polyamide (in the lane marked “0”). Polyamide concentrations were 10 pM, 25 pM, 50 pM,
0.1 nM, 0.25 nM, 0.5 nM, 1 nM, 2.5 nM, 5 nM, 10 nM, 25 nM, and 50 nM.
(B) DNA alkylation by polyamides 1R-Chl and 1S-Chl was monitored for the H4c gene PCR product and were analyzed by primer extension
to monitor alkylation events on the bottom strand. A G-only sequencing reaction is shown in lane 1. Reactions were incubated in the absence
(lane 2) or presence of polyamides at 1, 10, and 100 nM (lanes 3–5 and 6–8, respectively) for 20 hr at 37�C prior to thermal cleavage and gel
analysis.
(C) Ligation-mediated PCR analysis for alkylation of the H4c gene in SW620 cells [42]. The gel shows a G-only sequencing lane of genomic
DNA (lane 1), DNA isolated from cells that were not incubated with polyamide and not subjected to thermal cleavage (lane 2), genomic DNA
after thermal cleavage (lane 3), DNA from cells treated with 0.5 �M polyamide 1R-Chl for zero time prior to DNA isolation (lane 4), and DNA
from cells treated with polyamide 1R-Chl (lane 5) or 1S-Chl (lane 6) at 0.5 �M for 24 hr. Nonspecific material present in all lanes is denoted
with an asterisk. Polyamide binding site sequences are shown adjacent to each gel, with the binding site in upper case and alkylated bases
in bold.
(D) Alkylation of the N-Ras gene in genomic DNA in vitro and in SW620 cells. G-only sequencing reaction of genomic DNA (lane 1); genomic
DNA was isolated from SW620 cells, digested with the restriction enzyme Hae III, and either subjected to LM-PCR directly (lane 2) or incubated
with 0.5 �M 1R-Chl (lane 3) or 1S-Chl (lane 4) for 24 hr prior to thermal cleavage and LM-PCR; DNA from cells not treated with polyamide
(lane 5) or from cells incubated in culture medium with polyamide 1R-Chl (lane 6) or 1S-Chl (lane 7) at 0.5 �M for 24 hr, and treated as for
lanes 2–4. The sequence alkylated by 1R-Chl in vitro is shown alongside the figure, with the binding site in upper case and the modified
adenine in bold.
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Table 2. Effects of Polyamide 1R-Chl on Cell Lines of Different Origin

Growth G2/M Cell Relative H4c Effect of 1R-Chl
Cell Line Origin Inhibition Viabilitya Cycle Arrestb mRNAc on H4c mRNAd

Unaffected

293 kidney 
 � 
 1.13 � 0.02 0.86 � 0.01
Hep3B liver 
 � 
 1.16 � 0.28 1.17 � 0.28

Cytotoxic

22Rv1 prostate � 
 
 0.50 � 0.04 0.36 � 0.03
MiaPaCa1 pancreas � 
 � 0.12 � 0.01 0.62 � 0.06
HeLa cervix � 
 � 0.25 � 0.02 0.66 � 0.04

Cytostatic

SW620 colon � � � 1.00 0.38 � 0.02
SW480 colon � � � 0.38 � 0.02 0.44 � 0.02
LoVo colon � � NDe ND ND
K562 CML � � � 0.54 � 0.05 0.23 � 0.02
SaOs2 bone � � � ND ND

a All assays were performed on cells treated with 1R-Chl at 0.5 �M for 4 days. ATP levels were measured with the ApoSensor assay. “�”
indicates ATP levels comparable to untreated cells, while “
” indicates ATP levels below 40% of untreated cells.
b As determined by FACS analysis.
c H4c mRNA levels (� standard deviation) in untreated cells relative to GAPDH mRNA, normalized to the H4c/GAPDH ratio for SW620 cells,
as determined by qRT-PCR.
d The values shown represent the ratio of H4c mRNA in the 1R-Chl-treated cells to untreated cells, normalized for GAPDH levels, and are the
averages of three determinations (� standard deviation).
e Not determined.

and cytotoxic and caused G2/M arrest in each of the cell we performed animal studies in athymic nude-nu mice.
SW620 cells were either untreated (group 1), treated for 3lines in which the compound was cytostatic (Table 2).

We next monitored the effects of 1R-Chl on H4c days with 0.5 �M polyamide 1R-Chl (group 2), or treated
with 1S-Chl (group 3). The cells were then washed andmRNA levels in representative cell lines. Polyamide 1R-

Chl reduced the level of H4c mRNA in each of the cell suspended in polyamide-free PBS, and cells were in-
jected in groups of five nude mice (1 	 107 cells/mouse).lines in which growth inhibition was observed, but it was

without effect on H4c mRNA levels in the two unaffected Each of the mice in groups 1 and 3 developed tumors
measuring �1–1.5 cm after 23 days, whereas none ofcell lines, 293 and Hep3B (Table 2). We find no correla-

tion between the relative levels of H4c mRNA in un- the mice in group 2 developed tumors. As a more strin-
gent test of the efficacy of this compound, we injectedtreated cells (relative to the GAPDH control mRNA) and

the effects of 1R-Chl on cell proliferation (Table 2). These groups of five nude mice with SW620 cells and then
treated the animals with polyamides. After 1 week, whenresults were obtained by RT-PCR and were confirmed

by Northern blotting (data not shown). tumors began to form, mice were injected intravenously
with 200 �l of either PBS or polyamide 1R-Chl (in PBS),
followed by a subsequent injection after 3 days. AfterTumorigenicity of SW620 Cells Treated

with Polyamide 1R-Chl 28 days, the animals were euthanized, and tumors were
dissected and weighed (Figure 5B, Experiment 1). Poly-To assess the potential tumorigenicity of polyamide 1R-

Chl-treated versus untreated cells, we employed a stan- amide treatment substantially suppressed tumor growth,
in a dose-dependent manner. Mice that had been in-dard soft-agar assay, in which equal numbers of un-

treated and polyamide-treated cells were inoculated jected with 30 and 120 nmoles of 1R-Chl had tumors
that weighed an average of 35% and 16%, respectively,into soft agar (without polyamide) and grown for up to

2 weeks (Figure 5A). Untreated cells and cells treated of the tumors of control mice. In a second experiment,
mice were again injected with SW620 cells, tumors werewith control compounds (1S-Chl, parent 1R, and Chl)

formed colonies in this assay, whereas cells pretreated allowed to establish, and tumor volumes were deter-
mined prior to polyamide treatment and at 15 days post-with 1R-Chl failed to grow, although trypan blue exclu-

sion indicated that the cells were viable. This suggests treatment. Three doses of polyamide 1R-Chl (120 nmol,
administered on treatment days 0, 2, and 4) preventedthat 1R-Chl converts these cells to an irreversible nontu-

morigenic phenotype. Moreover, and similar to the mor- any significant increase in tumor volume, whereas mice
receiving a similar dosing regimen of polyamide 1S-Chlphological change observed in standard cell culture

conditions, growth arrest required both a specific poly- developed tumors comparable to the untreated control
animals (Figure 5B, Experiment 2). Importantly, no obvi-amide DNA binding domain and the Chl alkylating

moiety. ous toxicity was associated with polyamide treatment
in vivo at a polyamide concentration and dosing regimenTo determine whether this loss of anchorage-indepen-

dent growth reflects a loss of tumorigenicity in vivo, at which the therapeutic result was obtained.
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Figure 5. Polyamide 1R-Chl Abolishes Anchorage-Independent Growth In Vitro and Tumorigenicity of SW620 Cells in Nude Mice

(A) Soft agar assay: cells were treated with 0.5 �M of the indicated polyamide or Chl for 5 days prior to soft agar inoculation, in the absence
of polyamide, and visualized by microscopy 7 days later. Note the clusters of cells in all panels except for that showing cells treated with
polyamide 1R-Chl, in which only individual cells are seen.
(B) Effect of polyamide 1R-Chl on tumor growth in athymic nude-nu mice. In Experiment 1, the tumor weight at 28 days postinjection of 1 	

107 SW620 cells is indicated as mean, range of observed values, and standard deviation (vertical line) for each group of five treated or untreated
mice. In Experiment 2, tumor volumes were determined 18 days postinjection of SW620 cells and at 15 days posttreatment (day 33) with 120
nmole of 1R-Chl or 1S-Chl, as described in the text. Mean and standard deviations for four mice are indicated.

Discussion croarray analysis revealed that a limited number of
genes are specifically downregulated by 1R-Chl in
SW620 cells, and only one gene (histone H4c) is down-We have shown that a specific pyrrole-imidazole poly-

amide-chlorambucil conjugate, 1R-Chl, alters the mor- regulated by �2-fold, even though potential binding
sites for this polyamide are present thousands of timesphology of SW620 cells and causes these cells to arrest

at the G2/M stage of the cell cycle, without apparent in the human genome. RT-PCR and Western blotting
experiments confirm that histone H4 mRNA and proteincytotoxicity. While two cell lines were not affected by

this polyamide (293 and Hep3B cells), eight cell lines are indeed downregulated by this polyamide. Although
we cannot rule out the possibility that other down- (orexhibited growth arrest when treated with 1R-Chl. Of

this latter class of cells, 1R-Chl was cytotoxic in some up) regulated genes contribute to the cellular responses
induced by 1R-Chl, downregulation of the H4c genecell lines and cytostatic in others. The molecular basis

for these differences awaits further investigation. Mi- with siRNA was also sufficient to induce similar morpho-
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logical and growth changes as polyamide 1R-Chl. It will cell lines, mediated by antisense ablation of the mRNA
for the histone gene transcription factor HiNF-P [34].be of interest to determine whether the gene expression

profile of cells treated with H4c siRNA is similar to that This finding is similar to our finding that downregulation
of H4c mRNA by siRNA causes growth arrest. It wasof 1R-Chl-treated cells. Strikingly, each of the cell lines

in which growth arrest was observed also showed down- surprising that downregulation of histone H4 did not
have a global effect on genomic transcription, becauseregulation of H4c mRNA. No downregulation of H4c

mRNA was observed in the two cell lines in which growth chromatin structure is thought to be central to regulation
of gene expression in eukaryotic cells. In contrast,arrest was not observed (Table 2).

Since the active molecule is a DNA alkylator, one could depletion of H4 protein by a genetic approach in yeast
revealed that expression of 15% of the genome wasargue that the DNA damage response is involved in the

observed cellular responses to 1R-Chl in SW620 cells; increased and expression of 10% of genes was de-
creased [35, 36]. The molecular basis for this differencehowever, we did not observe upregulation of stress re-

sponse genes with 1R-Chl, as we observed with free between yeast and human cells remains to be eluci-
dated.chlorambucil, nor did we observe large numbers of apo-

ptotic cells. DNA damaging agents induce apoptosis,
which would have been detected in our ATP assays Significance
and by FACS analysis. Only a small fraction of 1R-Chl-
treated cells are apoptotic (as shown in the FACS analy- We report the sequence-specific silencing of an en-
sis, Figure 2B). Thus, growth arrest with 1R-Chl is un- dogenous cellular gene, the human histone H4c gene,
likely to be due to DNA damage, at least in cells in which with a polyamide-chlorambucil conjugate. Direct evi-
this compound is cytostatic. Taken together, our results dence that the ligand occupies its chromatin target
suggest that downregulation of the H4c gene by 1R- site in live cells was obtained by ligation-mediated
Chl (by only �2-fold) contributes to block cell cycle PCR. We also provide target validation by siRNA. Sur-
progression and tumorigenicity. prisingly, downregulation of histone H4 protein, a key

The human genome encodes 14 genes encoding the component of chromatin, does not lead to large global
same H4 protein (at the level of the primary amino acid changes in gene expression. Cells treated with poly-
sequence); however, only H4c was affected by the poly- amide 1R-Chl fail to grow in soft agar and do not
amide. Inspection of our microarray data indicates that form tumors in nude mice, indicating that polyamide-
H4c is the most highly expressed histone H4 gene in treated cells are no longer tumorigenic and have en-
SW620 cells, accounting for �70% of total H4 mRNA. tered an irreversible cellular pathway. Importantly, this
Other microarray data [33] indicate that this gene is compound also blocks tumorigenicity of metastatic
highly expressed in several, but not all, cancer cell lines, colon carcinoma cells when administered by intrave-
and that expression of this gene is higher in cancer cells nous injection in immunocompromised mice. It is likely
than in normal human tissues and cell types. Indeed, that this compound will be active in vivo against cancer
histone H4c expression is far lower in normal human cell types in which the H4c gene is downregulated by
kidney tissue and in peripheral blood lymphocytes than the polyamide in vitro. Our results suggest that histone
in SW620 cells and accounts for less than 20% of the H4c may be a new target in human cancer biology and
total H4 mRNA in kidney or lymphocytes. Whereas se- that screening cells with programmable molecules
quence analysis reveals that binding sites for polyamide may be a useful approach for uncovering new gene
1R are present in all members of this gene family, only targets.
the H4c gene was affected by polyamide 1R-Chl; thus,
it is likely that the high expression level and active chro- Experimental Procedures
matin structure marks the H4c gene as an available
polyamide target. The inability of 1R-Chl to downregu- Polyamide Synthesis and Characterization

Polyamides were synthesized by using solid phase methods [29],late H4c mRNA transcription in 293 and Hep3B cells
and the identity and purity of the compounds was established bycould be due to either a different chromatin structure
analytical HPLC and mass spectrometry (MALDI-TOF-MS). For poly-of the H4c gene in these cells compared to the other
amide conjugates, the free amine of the precursor polyamide (at

cell lines examined (such as a difference in nucleosome the � position of the turn amino acid) was reacted with the activated
positioning) or to the nuclear localization properties of esters of either Bodipy FL (succinimidyl ester, Molecular Probes)
the ligand in these cell lines [15, 16]. Future studies will [14] or Chl (carboxylic acid precursor from Sigma, OBt ester gener-

ated from chlorambucil and HBTU under standard conditions [19]),address this issue.
and the conjugates were purified by reversed phase HPLC.Downregulation of a key component of chromatin is

Binding affinities of the unconjugated polyamides were deter-consistent with our observation that cells treated with
mined by quantitative DNase I footprinting [37] with a radiolabeled

1R-Chl are blocked in the G2/M phase of the cell cycle. PCR product derived from the human histone H4c gene (accession
Cells that are unable to form their full complement of number NM_003542). A 214 bp region of mRNA-coding sequence
nucleosomes during DNA replication will not be able was amplified from SW620 cell genomic DNA with PCR primers

corresponding to nucleotide positions 71–90 and 265–284 and wasto condense their DNA into mitotic chromosomes and
radiolabeled by the inclusion of one 5� end-labeled primer (labeledhence will be unable to proceed through mitosis. Reduc-
with T4 polynucleotide kinase and �-32P-ATP) in the PCR reaction.tion in histone H4 mRNA (and protein) observed with
Formic acid (0.3% for 25 min at 37�C) was used to generate A � Geither 1R-Chl or H4c siRNA and enlargement of the cell
sequence markers, and dimethylsulfate (2% for 2 min at 23�C) was

nucleus are consistent with decondensation of nuclear used for the G-only reaction [38]. Alkylation reactions on the unla-
chromatin. Cell cycle arrest has previously been ob- beled PCR product were carried out with polyamide-Chl conjugates

for 20 hr at 37�C, followed by thermal cleavage [19], and alkylationserved by downregulation of H4 transcription in human
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sites were mapped by primer extension with the radiolabeled top as described in the protocols provided by Upstate Biotechnology.
Signals were detected by chemiluminescence after probing the blotstrand primer, unlabeled dNTPs, and Vent polymerase (New England

Biolabs). Footprinting and alkylation reactions were analyzed by with HRP-conjugated secondary antibody (Supersignal West,
Pierce). To quantify the relative levels of proteins, autoradiogramselectrophoresis on 6% sequencing polyacrylamide gels containing

8.3 M urea and 88 mM Tris-borate (pH 8.3), 2 mM EDTA. Quantitation (within the linear response range of X-ray film) were converted into
digital images, and the signals were quantified with ImageQuantof the footprint titrations was by phosphorimage analysis with a

Molecular Dynamics SF PhosphorImager with Kodak Phosphor software.
Screens (SO 230) and ImageQuant sotfware.

Ligation-Mediated PCR
Cell Culture Polyamides were added to approximately 2 	 107 SW620 cells and
The human colon adenocarcinoma cell lines SW480 (American Type incubated at 37�C for 24 hr or subjected to DNA isolation immedi-
Culture Collection [ATCC] CCL-228), SW620 (CCL-227; derived from ately after the addition of polyamides. Genomic DNA was extracted
a lymph node metastasis from the same patient as SW480), and by using a Qiagen genomic extraction kit. DNA samples were di-
LoVo (CL-229) were maintained in Leibovitz medium as recom- gested with appropriate restriction enzymes (DraI for H4c and HaeIII
mended by the ATCC. Other cell lines were obtained from ATCC for N-Ras) and were subjected to thermal cleavage in 10 mM sodium
and were maintained as recommended. Cell growth and morphology citrate or in 1 M piperidine [19]. To generate a sequence marker,
were monitored by phase contrast microscopy, and viability was DNA (50 �g) was incubated with dimethylsulfate (0.5% for 2 min),
monitored by trypan blue exclusion and an ATP assay (ApoSENSOR, and then treated with 1 M piperidine for 30 min at 95�C. DNA samples
BioVision). Deconvolution microscopy with polyamide-bodipy con- were precipitated with ethanol twice and were used in ligation-
jugates was performed as described [17]. For Hoechst staining, cells mediated PCR with nested primers according to Garrity and Wold
were first trypsinized, washed in PBS, and stained with Hoechst [42]. First-strand synthesis was by primer extension with Vent poly-
33342 (1 �g/ml) prior to fluorescence microscopy. The effects of merase, with a primer corresponding to nucleotide positions 44–63
polyamide-alkylator conjugates on cell cycle progression were mon- on the top strand of the H4c gene (NM_003542) or with a primer
itored by FACS analysis after staining with propidium iodide (50 corresponding to nucleotide positions 88,793–88,812 on the top
�g/ml). Synthetic double-stranded siRNAs targeting the histone H4c strand of the N-Ras gene (AL096773.6.1.140207). The double-
gene, the GAPDH gene, and a scrambled sequence siRNA, were stranded linker sequence and linker ligation were performed as
obtained in HPLC-purified and annealed form from Ambion. The H4c described [42]. A total of 35 cycles of PCR (with the gene-specific
sense sequence was as follows, with single-stranded nucleotides in primer and one linker primer) was followed by primer extension with
lower case: 5�-GGGCAUUACAAAACCGGCUtt-3�. SW620 cells (5 	 a radiolabeled primer, corresponding to nucleotide positions 71–90
104 cells per well) were transfected with 50 nM siRNA by using the on the top strand of the H4c gene or to positions 88,822–88,842 on
Silencer siRNA Transfection Kit (Ambion). the top strand of the N-Ras gene. The final radiolabeled DNA was

analyzed on a sequencing gel.
Soft Agar Assays
Soft agar assays were performed in 6-well culture dishes by using Animal Experiments
SeaPlaque low-melting temperature agarose (Cambrex Bio Science Female athymic nude-nu mice were purchased from The Scripps
Rockland, Inc.). The cell growth medium was supplemented with Research Institute Division of Animal Resources. Experimental pro-
20% fetal bovine serum. Cells were treated for 5 days with or without tocols were approved by the Scripps Institutional Animal Welfare
polyamide, harvested by trypsin treatment, and counted by using Committee and are described in the text and figure legends.
a hemocytometer. Cell viability was higher than 90% in both treated
and untreated cells, as determined by trypan blue exclusion assays. Supplemental Data
A total of 3 	 103 cells of each sample were suspended in 0.5 ml Supplemental Data including data on polyamide effects on various
growth medium and transferred to a sterile tube containing 2 ml of cell lines and the detailed Affymetrix microarray data for the effects
a 0.375% agarose suspension in medium. Cells were gently mixed of polyamides on global transcription are available at http://www.
by pipetting and quickly transferred to the culture dish containing chembiol.com/cgi/content/full/11/11/1583/DC1/.
a thin layer (0.5 ml) of solidified 0.5% agarose in medium. Cultures
were incubated for 1–2 weeks prior to visualization by microscopy. Acknowledgments
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