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Targeting the genome with sequence-specific DNA-binding molecules
is a major goal at the interface of chemistry, biology, and precision
medicine. Polyamides, composed of N-methylpyrrole and N-methyli-
midazole monomers, are a class of synthetic molecules that can be
rationally designed to “read” specific DNA sequences. However, the
impact of different chromatin states on polyamide binding in live cells
remains an unresolved question that impedes their deployment in
vivo. Here, we use cross-linking of small molecules to isolate chroma-
tin coupled to sequencing to map the binding of two bioactive and
structurally distinct polyamides to genomes directly within live H1
human embryonic stem cells. This genome-wide view from live cells
reveals that polyamide-based synthetic genome readers bind cognate
sites that span a range of binding affinities. Polyamides can access
cognate sites within repressive heterochromatin. The occupancy pat-
terns suggest that polyamides could be harnessed to target loci
within regions of the genome that are inaccessible to other DNA-
targeting molecules.
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Some of the most effective therapeutic agents target the ge-
nome and disrupt DNA-templated processes such as DNA

repair, replication, and transcription (1–3). These chemothera-
peutic agents generally lack sequence specificity, resulting in dose-
limiting toxicity and adverse side effects (1, 2). Targeting desired
genomic loci with rationally designed, sequence-specific small
molecules is an important goal at the interface of chemistry, bi-
ology, and precision medicine.
Polyamides composed ofN-methylpyrrole andN-methylimidazole

monomers can be rationally designed to target specific DNA se-
quences in vitro and in vivo (4). Polyamides have potent biological
properties, ranging from selective targeting of viral DNA (5–7), de-
repression of developmental and disease-causing genes (8, 9), and
inhibition of tumor growth in vivo (10–12), to rational design of
synthetic transcription factors (13–18). Remarkably, rationally
designed polyamides fed to Drosophila larvae induced classic ho-
meotic patterns of developmental reprogramming (19). To under-
stand the rules that govern polyamide function, several groups have
independently examined the DNA sequence specificity of this class
of molecules in vitro (20–25). In particular, we developed cognate
site identifier (CSI) analysis to interrogate DNA sequence specificity
and affinity comprehensively for any given sequence across half a
million permutations of a 10-mer binding site (20, 21). CSI studies
demonstrated that affinities and specificities of polyamides for their
cognate sites rival the affinities and specificities of natural tran-
scription factors (20–23). Moreover, CSI data yielded polyamide
affinity measurements for every 10-mer sequence that occurs in any
given genome (21). Applying this information to map binding po-
tential across the genome led to CSI-based “genomescapes” that
predict thousands of putative polyamide-binding sites of varying af-
finities across the human genome (21, 22).

However, different regions of the genome are packaged to dif-
ferent degrees in a cell. Indeed chromatin accessibility is a major
barrier to binding by naturally occurring DNA-binding proteins as
well as artificial DNA binders, such as zinc fingers, transcription
activator-like effectors, and the RNA-guided CRISPR-Cas9 (26,
27). Elegant biophysical and biochemical studies have demon-
strated that polyamides bind to solvent-exposed cognate sites on
nucleosomes without significant loss in affinity or specificity (28,
29). However, a recent study concluded that condensed chromatin
structure can limit a polyamide-chlorambucil conjugate binding to
cognate sites in human cells (30). The extent to which different
chromatin states influence polyamide binding to its cognate sites is
a long-standing question that remains unresolved. Lack of clarity
on the parameters that govern genome-wide binding of polyamides
greatly impedes the deployment of this powerful class of mole-
cules to regulate cell fate-defining and disease-causing gene net-
works in vivo.
To understand how polyamides engage chromatinized loci in

living cells, we developed a method to study direct polyamide–
DNA interactions across the genome. We named this approach
cross-linking of small molecules to isolate chromatin (COSMIC)
(31). COSMIC employs trifunctional derivatives of polyamides that
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are composed of the DNA-binding ligand of interest, an affinity
handle (biotin), and a photo cross-linker. COSMIC-sequencing
(COSMIC-seq) coupled to next-generation sequencing (NGS)
enabled us to map genome-wide binding profiles of two bioactive
polyamides in H1 human embryonic stem cells (H1-hESCs; Fig. 1).
The H1-hESC line was selected for this study for multiple rea-

sons. First, H1-hESCs are a well-characterized (tier 1) cell line by
the Encyclopedia of DNA Elements (ENCODE) consortium, and
they represent a powerful system to determine whether different
chromatin states are differentially permissive to polyamide binding
(32). In H1-hESCs, the ENCODE has mapped the genome-wide
positions of 31 transcription factors and chromatin-associated
proteins; 11 posttranslational modifications (PTMs) of histone
proteins; and many other valuable datasets, including chromatin
accessibility as measured by hypersensitivity to the enzyme DNase I
(DNase HS), DNA methylation, and gene expression by RNA-
sequencing (RNA-seq) (32). Second, because these cells are
propagated in tissue culture, they offer the opportunity to modu-
late gene expression ex vivo. Third, H1-hESCs can be used to
model tissue engineering approaches for future applications in
regenerative medicine.
The COSMIC-seq profiles in H1 cells show that although the

expected binding to high-affinity DNA sequences is observed,
polyamide binding to clusters of weak- to moderate-affinity sites is
prevalent. More unexpected is the observation that both repressive
heterochromatin and actively transcribed euchromatin are readily
accessible to polyamides. Natural transcription factors rarely oc-
cupy repressive heterochromatin. Finally, we report a model, de-
rived solely from in vitro CSI specificity experiments, that best fits
genome-wide occupancy profiles in human stem cells. Our studies
provide a genome-wide binding map of polyamides in live cells and
point to a new paradigm for genome targeting by rationally
designed polyamides. These results also guide the future use of
polyamides as powerful research tools and potential therapeutics.

Results
Genome-Wide Localization of Polyamides by COSMIC-Seq. To map
polyamide-binding sites directly across the genome in living cells,
we developed COSMIC-seq (Fig. 1A). COSMIC consists of treat-
ing live cells with trifunctional derivatives of polyamides. Because
the photo cross-linker psoralen is used, the cross-links are re-
versible under well-defined conditions. Captured genomic DNA
can be separated from the polyamide, purified, amplified, and
identified by massively parallel NGS. Sequencing reads are com-
putationally mapped to their location across the genome. The loci
bound by polyamides show clear enrichment of sequencing reads
relative to a genomic “control” sample that has not been enriched
by streptavidin-mediated capture of DNA. Loci bound by poly-
amide are further validated via independent biological replicates
and quantitative PCR (qPCR).
To perform COSMIC-seq, two structurally distinct, bioactive

polyamides were synthesized using Boc solid-phase protocols (33).
Hairpin 1, designed to target 5′-WTACGTW-3′ (34, 35), down-
regulates VEGF expression in cell culture and suppresses tumor
growth in vivo (35, 36). Linear 3, designed to target 5′-AAGAA-
GAAG-3′ (8), is designed to target a GAA repeat expansion found
in patients with Friedreich’s ataxia to alleviate transcriptional re-
pression (8). These polyamides were conjugated to the psoralen-
biotin moiety, 5 (active ester), to yield 2 and 4 (Fig. 1B and Fig. S1).
These trifunctional polyamides were incubated with H1-hESCs.
Upon UV irradiation, psoralen reversibly cross-links to pyrimidines
with a preference for thymine (37). To minimize potential bias in
cross-linking, we incorporated a linker (∼36 Å extended) between
the polyamide and psoralen. The linker enables psoralen to sample
up to 10 bp flanking the polyamide-binding site and to cross-link to
a proximal pyrimidine in AT-rich human genomes (31).

Sequence Specificity of Polyamide Derivatives. Although psoralen
binds to DNA with an association constant that is 100,000-fold

Fig. 1. Bioactive polyamides and COSMIC scheme. (A) COSMIC-seq. Cells are treated with trifunctional derivatives of polyamide (PA). After cross-linking with
365 nm of UV irradiation, cells are lysed and genomic DNA is sheared. Streptavidin-coated magnetic beads are added to capture polyamide–DNA adducts. The
DNA is released and analyzed by qPCR or by NGS. (B) Hairpin polyamides 1 and 2 target the DNA sequence 5′-WACGTW-3′, where W = A or T. Linear
polyamides 3 and 4 target 5′-AAGAAGAAG-3′. Two derivatives of psoralen, 5 and 6, were also examined. Rings of N-methylimidazole are bolded for
clarity. N-methylpyrrole (○), N-methylimidazole (●), 3-chlorothiophene (□), and β-alanine (◇) are shown. Psoralen (P) and biotin (B) are denoted.
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lower than the polyamide, it is formally possible that it perturbs the
specificity of polyamides in a nonlinear manner (37). To test this
possibility, we performed CSI analysis to identify the sequence
specificity of polyamides bearing or lacking a psoralen-biotin moi-
ety (Fig. 2A). CSI analysis was performed on binding data derived
from either high-density DNA microarrays or massively parallel
NGS (20–22) (Fig. 2A). The DNA microarray contains more than
500,000 million spatially resolved DNA duplexes representing 1.5-
fold coverage of all possible 10-mer sequence permutations. Fluo-
rophore-conjugated polyamides were incubated with microarrayed
duplex DNA, washed, and then imaged. Fluorescence intensity is
proportional to the association constant between hairpin polyamide
and the underlying DNA sequence (20, 21). Sequence specificity
can also be determined with NGS by solution-based systematic
evolution of ligands by exponential enrichment sequencing (SELEX-
seq) or Bind-n-sequencing approaches (25, 38, 39). In the NGS-based
approaches, a polyamide with an affinity handle, such as biotin,
is incubated with duplex DNA (a library bearing all 1012 sequence
permutations of a 20-bp site). Bound sequences are enriched by
affinity purification with streptavidin-coated magnetic beads and
analyzed by NGS (22, 39). Specificity profiles of the parent poly-
amides, 1 and 3, were generated with the microarray-based CSI
approach (21). For 2 and 4, CSI by SELEX-seq was used to analyze
the sequence specificity of 2 and 4 because it allows for a larger
library of DNA molecules, thereby enabling the detection of con-
tributions from the structure of flanking DNA or from the psoralen
conjugated to the polyamides.
Based on the most enriched sequences identified by CSI analysis,

we derived position-weight matrices (PWMs) for each polyamide
and displayed the resulting binding motifs as DNA logos. The logo
provides a simple representation of the consensus binding motif in
which dependence on a specific base at a given position is denoted
by the height of the letter (height represents information content)
(40). PWM-derived logos show that conjugating a psoralen-biotin
moiety has no appreciable impact on polyamide specificity (compare
profiles for 1 versus 2 and profiles for 3 versus 4; Fig. 2 C and D).
Although DNA logos are commonly used to display consensus

motifs, they are inadequate in capturing the full spectrum of se-
quences targeted by polyamides (or even natural DNA-binding
proteins). We therefore developed sequence specificity and binding
energy landscapes (SELs) to display the comprehensive set of
binding affinities (21, 22) (Fig. 2). SELs consistently reveal non-
obvious cognate sites often masked by motif-finding algorithms (21,
22). In brief, SELs display the entire sequence specificity spectrum
of DNA-binding molecules through a series of concentric rings. To
illustrate the organization of the data, we displayed a hypothetical
SEL with a binding intensity value for every possible 6-mer DNA
sequence organized by the motif ACGT (Fig. 2B). The innermost
ring (ring 0) contains all sequences bearing the ACGT seed motif,
whereas the positions flanking this seed vary (denoted by an “x”;
Fig. 2B). The set of sequences is organized in a clockwise manner,
with the variable flanking residues organized in an alphabetical
order (A, C, G, T). The impact of flanking sequences on the
binding to an identical seed becomes readily evident from this
organization of the data. Each successive ring displays an addi-
tional mismatch to the seed motif. For example, rings 1 and 2
display sequences with one and two mismatches to the seed motif,
respectively. The organization of the mismatches (denoted by x) is
also clockwise, with each of the three mismatches at any given
position placed in alphabetical order (Fig. 2B).
The hairpin polyamide functionalized with psoralen, 2, displayed

sequence specificity landscapes that were nearly identical to its
parent molecule, 1 (Fig. 2C). The 1 and 2 showed notably similar
preferences for flanking nucleotides, as well as reduced binding to
sequences with mismatches (the sequences located on the outer two
rings of the SEL). To evaluate further if the addition of the psoralen
moiety altered the specificity of the polyamide, we generated a
differential specificity and energy landscape (DiSEL). In this

comparative analysis, sequences preferred by 2 over 1 would
emerge as peaks in the DiSEL. As is evident from the figure, the
differences between 1 and 2 indicate the absence of a few very low-
intensity peaks rather than the emergence of new peaks with altered
sequence preferences (Fig. 2C and Fig. S2A). Thus, psoralen has
little detectable impact on the specificity of the hairpin polyamide.
The linear derivative 4 showed a similar DNA logo to parent

polyamide 3, and the comprehensive specificity and binding en-
ergy comparisons afforded by DiSEL again showed reduced rep-
resentation of low-affinity peaks distributed across all three rings
(Fig. 2D and Fig. S2A). These differences are not explained by the
imposition of sequence preferences of psoralen on the intrinsic
specificity of the linear polyamide (Fig. S2B).
We turned to in vitro cross-linking experiments to determine

whether the differences between the specificity of 3 and 4 were due
to more efficient enrichment of high-affinity sites, as is often ob-
served in SELEX experiments (25). In cross-linking experiments,
we have previously shown that 4 displays higher specificity for a
sequence with a single base-pair mismatch, 5′-AAGAGGAAG-3′
than a sequence with double base-pair mismatch to the seed motif
5′-AAGAGGAGG-3′ (31), where the locations of the mismatches
are highlighted. Although the array-based specificity profile of 3
corroborates this result, this information is lost from the SELEX-
based specificity profile of 4 (Fig. 2D).
SELEX-seq and Bind-n-seq measure the specificity of 2 and 4 in

a manner that is both rapid and cost-effective (25, 39, 41). This
method is well-equipped to generate DNA logos with the high-
affinity consensus sequence bound by a given polyamide (25, 39,
41). As mentioned previously (25), however, we find that this
method does not capture the comprehensive specificity landscape
of polyamides. Many low-affinity sequences that are not captured
by sequencing-based approaches may well be critical to under-
standing in vivo polyamide-binding profiles and regulatory func-
tions across the genome (21, 31). Based on these findings, we used
the comprehensive CSI data from microarray-based experiments to
predict polyamide binding across the genome.

Genome-Wide Polyamide Distributions in Cells Coincide with CSI-Derived
Genomescapes. We performed COSMIC combined with NGS
(COSMIC-seq) to identify the genome-wide targets of 2 and 4 in
H1-hESCs (Fig. 1A). Cells were treated in biological duplicate with
2 or 4 at varying concentrations (20 nM and 400 nM to select a
concentration close to the dissociation constant of the two poly-
amides and a concentration used in biological experiments, re-
spectively). We observed a dose-dependent increase in enrichment
as measured by COSMIC-qPCR at three different loci, which
spanned a broad range of predicted binding energies (Fig. S3).
Neither cell viability nor cellular morphology was perturbed after
24 h of treatment with either bioactive polyamide (Fig. S4). We
confirmed that 2 and 4 could elicit concentration-dependent tox-
icity of H1 cells in the presence of low-dose 365-nmUV irradiation,
offering an independent test of permeability, nuclear trafficking,
and mechanism of action (Fig. S4 B and C).
Using the standard peak-calling pipeline validated by the

ENCODE consortium (42), we identified 923 and 1,581 high-
confidence bound regions for 2 and 4, respectively, in H1-hESCs
treated at 400 nM. Bound regions showed strong reproducibility
among independent biological replicates (Fig. S5). By comparison,
natural transcription factors, such as OCT4 and NANOG, that are
vital for the stem cell state bind ∼4,000 and ∼5,000 distinct ge-
nomic loci in H1-hESCs, respectively (32). Compared with tran-
scription factors, nucleosomes and PTMs of histones are more
broadly distributed across the genome. For example, trimethylation
of lysine 4 of histone H3 (H3K4me3) and dimethylation of lysine 79
of histone H3 (H3K79me2), histone modifications indicative of
actively transcribed regions, are each found at ∼30,000 loci
across the H1-hESC genome (32). We also profiled 2 and 4 at
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20 nM (Figs. S6 and S7). In essence, 2 and 4 exhibit genome-wide
distributions that are similar to natural transcription factors.
Polyamide-bound loci are found across many genetic elements,

including promoters, but most frequently in introns and intergenic
elements (Fig. S8A). This finding is consistent with the fact that
∼95% of the genome is intergenic and intronic. In general, the
linear polyamide 4 exhibited increased COSMIC-seq signal across
the genome, consistent with its ability to bind more broadly than
the hairpin polyamide 2. The signal tracks are displayed by the tag
density, which is the number of tags normalized to 107 tags and
input DNA (43). We observed many bound regions that are pre-
dicted based on pairing rules of polyamides and the more com-
prehensive CSI-genomescapes that are derived from in vitro
binding studies. For example, the linear polyamide was designed to
target GAA repeats, and we detected a bound region for 4 on
chromosome 3 (8) (Fig. 3B). We also predicted hairpin polyamide
binding to a locus on chromosome 2 with multiple repeats of
WTACGTW; COSMIC-seq revealed that this locus was clearly
bound by 2 (Fig. 3B).
We next asked how well in vitro binding preferences predict

polyamide distributions in live cells. Similar analyses with tran-
scription factors show limited success, primarily because most
transcription factors are dependent on chromatin accessibility (44).
Although commonly used bioinformatic methods annotate geno-
mic regions using only the highest affinity consensus sites (45),
DNA-binding proteins in cooperative complexes bind weak- and
moderate-affinity binding sites that are typically not considered in
modeling genomic occupancy profiles (31, 46). Consequently, most
computational models predict genome-wide binding patterns of
natural transcription factors with varying success (47). In compar-
ing COSMIC signals with binding predictions from CSI-derived
genomescapes, we observed that the sum of all in vitro determined
binding intensities (Z-scores) tiled across an ∼400-bp window most
reliably predicted in vivo occupancy at a genomic locus (31). Here,
this “summation of sites” (SOS) model is used to predict binding
potential for 2 and 4 across the human genome (Materials and
Methods). When the top predicted binding sites of 2 and 4 are
rank-ordered, a strong correlation to the corresponding COSMIC-
seq signal from H1 cells was readily evident (Fig. 3C). Consistent
with sequence-specific binding in live cells, hairpin 2 is not found at
the loci predicted by genomescapes for the linear polyamide 4 and,
vice versa, 4 is not found at the loci predicted for 2 (Fig. 3C).
Consistent with this observation, we observe strong congruence
between the top SOS-predicted binding sites and the observed
bound regions identified from COSMIC-seq (Fig. 3 D and E). A
model that scored each locus based solely on the presence of single
high-affinity consensus motifs (often displayed as a DNA logo)
failed to show any pattern of enrichment in COSMIC-seq signal
(Fig. S8C). Comparison of COSMIC-seq data between two dif-
ferent doses of polyamide (20 nM and 400 nM) conjugate showed a
strong overlap in signal and in bound regions identified (Fig. 3F).
The strong congruence between genomescape-based predictions
and COSMIC-seq–based binding patterns was unexpected because

Fig. 2. Comprehensive sequence specificity landscapes of synthetic genome
readers. (A) Workflow to generate CSI sequence SELs. Specificity data can be
derived by two different methods. A DNA microarray contains approxi-
mately half a million spatially resolved features that each display a unique
sequence as a DNA hairpin, with all sequence variants of DNA, up to 12 bp,
represented on the array (20–22). Polyamides are added to the microarray to
obtain intensity values simultaneously for every DNA sequence. Alterna-
tively, a library of DNA with all possible N-mers (e.g., 1012 unique 20-mers)

can be added to a polyamide in solution (22). The polyamide–DNA interac-
tions can be captured with an affinity handle to the polyamide (e.g., biotin/
streptavidin), with the DNA amplified by PCR and sequenced with NGS (31).
(B) Organization of a model SEL (21, 22, 63). The recognition preferences of
DNA-binding molecules are displayed with SELs. A seed sequence (4 bp) is
used to organize a dataset composed of all possible 6-mer combinations.
(C and D) DNA logos and SELs reveal that the psoralen moiety has little
impact on sequence specificity. Hairpin (C) and linear (D) polyamides with
and without the psoralen moiety attached are shown. Scale bars show
quantile-normalized CSI intensities. The difference between the two SELs is
plotted as a DiSEL. Sequences preferred by 2 and 4 appear as colored peaks
in the DiSELs of C and D, respectively.
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our SOS model is derived from in vitro binding energetics; no
chromatin accessibility information is considered.
In an unguided test of specificity, we examined if genomic

loci identified by COSMIC-seq analysis of different compounds
are specifically enriched for the given compound. In particular,
we examined whether bound regions represent sites of the
genome that permit nonselective binding of any DNA ligand
such as minor groove-binding polyamides or base-intercalating
psoralen derivatives (molecules 5 and 6). In further support of
the sequence-specific binding in vivo, COSMIC signals from 4, 5,
and 6 show no pattern of overlap at genomic loci bound by 2
(Fig. 4A and Fig. S5). A similar absence of overlap is observed
for sites bound by the linear polyamide 4 (Fig. 4B and Fig. S5).
Metagene analysis of regions bound by 2 and 4 unambiguously
demonstrates enrichment of 2 in regions bound by 2 and poor
enrichment for either 4 or the two derivatives of psoralen, 5 and

6, at those regions (Fig. 4C). We also performed COSMIC on
cells treated with DMSO, the vehicle used to dissolve the poly-
amide conjugates; no enrichment of any sequence was observed,
providing further evidence for the specificity of the COSMIC-
seq method. When we compared our COSMIC-seq data with a
DMSO control from a previously published study, negligible
background signal from DMSO is observed at some sites (48);
the widespread low-level signal from both DMSO and even
psoralen confirms that COSMIC-seq–based identification of
genomic regions of 2 and 4 is reliant on polyamide specificity
(Fig. S9D). We conclude that COSMIC-seq provides a repro-
ducible method to study the genome-wide binding properties
of synthetic genome readers.
We next asked whether genomic loci bound by polyamides in

live cells could be distinguished from nontarget loci by the CSI-
based SOS model. Bound regions of the genome identified by

Fig. 3. Genome-wide distribution of 2 and 4 shows polyamides bind to loci predicted by genomescapes. (A) Process to generate genomescapes. Genome-
scapes are generated by assigning an intensity to every 10-bp sequence in the genome from the CSI-SEL data. (B) Examples of 2 and 4 binding loci predicted by
genomescapes. Signal tracks showing the occupancy of 2 and 4. Tag density is plotted on the y axis (normalized to input DNA and 107 tags). Genomescapes of
each polyamide are shown below the COSMIC tracks. (C) Heat maps reveal the selective enrichment of 2 and 4 at top predicted loci. We predicted binding of
2 and 4 to each locus in the genome with a model that incorporates clustered binding, designated the SOS model (31). (Left) Tag density of each polyamide is
shown for the top 1,000 nonoverlapping predicted hairpin loci. (Right) Tag density of each polyamide is shown for the top 1,000 nonoverlapping predicted
linear loci. (D) Comparison of the top predicted sites to the bound regions of 2. (E) As in D for the bound regions of 4. (F) Correlation between COSMIC-seq
datasets. The bound regions of 2 and 4 from 20 nM and 400 nM treatments were correlated with deepTools.
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COSMIC-seq data are defined as true-positive results, whereas re-
gions not bound were defined as true-negative results. Receiver
operating characteristic (ROC) curves were generated to evaluate
the ability of in vitro-generated CSI data to predict in vivo COSMIC
data accurately. In ROC analysis, the area under the curve (AUC)
varies from 0.5 to 1.0, where 0.5 represents an inability to perform
better than random guesses and 1.0 represents absolute accuracy.
The higher the AUC values are above 0.5, the more accurate is the

computational model in identifying bound regions from unbound
regions. Loci bound by 2 in vivo are best explained by the SOS
model based on in vitro CSI profiles of 2 (AUC = 0.81). Similarly,
loci bound by 4 in vivo are best explained by the SOS model that
uses in vitro specificity CSI profiles of 4 (AUC = 0.85; Fig. 4D). As a
control, we computationally evaluated the ability of genomic regions
bound by 2 to be predicted by CSI-derived specificity data of 4, and
vice versa. The reciprocally mismatched data failed to capture
binding patterns of the other polyamide (AUC = 0.46 and AUC =
0.51 for regions bound by 2 and 4, respectively; Fig. 4D). In con-
clusion, we observe selective enrichment of 2 and 4 at cognate loci
within the genome of live cells.

Polyamides Bind Cognate Sites Across Diverse Chromatin States. We
next explored the consequences of different chromatin states on
genome-wide binding profiles displayed by polyamides in H1-
hESCs. The strong correlation between COSMIC-seq signal and our
SOS model suggested that unlike natural transcription factors,
polyamides were able to bind cognate sites that occurred in different
chromatin states. To examine this possibility systematically, we
compared regions bound by 2 and 4 with ChromHMM, a genome-
wide chromatin map that demarcates every position of the genome
into one of 12 different chromatin states (49). These high-resolution
maps have proven valuable in classifying genomic regions that
occur in diverse chromatin states (50). Surprisingly, we found
polyamides occupying cognate sites located in both active and
repressive chromatin states (Fig. 5A). One region bound by 4
on chromosome 13 was situated in chromatin marked by
dimethylation of H3K79, a modification associated with active
chromatin (Fig. 5A). Another region bound by 4 on chromosome
11 was located in chromatin marked by trimethylation of H3K27,
a modification associated with repressive chromatin. Regions
bound by 2 were also located in both repressive and active chro-
matin states (Figs. S10 and S11).
To examine whether polyamide binding alters the underlying

chromatin state at polyamide-binding sites, we used chromatin
immunoprecipitation (ChIP) to compare the levels of repressive
H3K9me3 and H3K27me3 at several polyamide-binding sites after
treatment with 2 or 4 with a vehicle control. In Fig. 4, we display an
H3K9me3-rich locus on chromosome 17 that is bound by 2.
Treatment with 2 did not change the H3K9me3 enrichment sig-
nificantly (Fig. 5B). Similarly, levels of H3K27me3 at a locus on
chromosome 11 did not decrease upon binding by 4 (Fig. 5C).
Treatment with 4 led to a slight increase in this repressive mark,
confirming that the region bound remained in a repressive chro-
matin state (Fig. 5C). The results at these and other loci that we
examined showed that polyamide treatment preserved the pres-
ence of repressive marks following polyamide treatment (Fig. 5
and Fig. S10).
Next, to examine whether polyamide binding perturbed expres-

sion of proximal or overlapping genes, we performed RT-PCR at
specific loci. As shown in Fig. 5B, the locus on chromosome 17
targeted by 2 is located shortly downstream of the transcription
start site of TUSC5. However, cells treated with 2 showed no
significant change in the expression of TUSC5 compared with a
vehicle (DMSO) control (Fig. 5B). Similarly, the locus on
chromosome 11 targeted by 4 is situated just downstream of the
transcription start site of SLC6A5, but treatment with 4 did not
alter the expression of this gene (Fig. 5C). We also analyzed the
expression of several other genes located proximal to bound re-
gions of 2 or 4 and found only modest changes in gene expression
upon treatment (Fig. S10).
We next examined the propensity of all polyamide-targeted ge-

nomic loci to exist in one of the 12 chromatin states defined by
ChromHMM (Fig. 6A). In stark contrast to the majority of natural
transcription factors, polyamides did not display any overt preference
for a particular chromatin state (Fig. 6A). The observed distribu-
tion of genomic regions bound by 2 and 4mirrored the distribution

Fig. 4. Observed bound regions of 2 and 4 show specific enrichment at loci
explained by CSI-genomescapes. (A) COSMIC signals from 4, 5, and 6 show no
pattern of overlap with loci bound by 2. (B) COSMIC signals from 2, 5, and 6
show no pattern of overlap with loci bound by 4. (C) Specific enrichment of
polyamides at bound regions shown by metagene analysis. Psoralen analogs
5 and 6 are not enriched at polyamide-bound regions. The average signal
from biological duplicates in 50-bp bins is shown. (D) Bound regions of 2 and
4 are explained by the SOS model. ROC curves of bound regions for 2 and 4
are shown. CSI-derived specificity data of 4 failed to explain binding patterns
of 2, and vice versa. The area under the ROC curve (AUC) quantifies the
degree to which the SOS model could distinguish bound regions from un-
bound regions. AUC = 0.5 represents no accuracy, whereas AUC = 1.0 rep-
resents perfect accuracy.
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of the H1-hESC genome in various chromatin states. Moreover,
the binding profiles closely matched the profiles predicted by our
SOS model (Fig. 6A). By contrast, genomic regions bound by en-
dogenous transcription factors OCT4 and c-MYC are strongly as-
sociated with open chromatin states (32). These observations were
confirmed by the Fisher’s exact test with Bonferroni adjustment
for multiple testing (Fig. S12C). Thus, although the endogenous
transcription factors c-MYC, OCT4, and several others show
striking preferences for open-chromatin states, the synthetic ge-
nome readers 2 and 4 were found to occupy all chromatin states
(Fig. S12B). We conclude that polyamides possess the ability to
bind to cognate sites across diverse chromatin states, including

highly repressive heterochromatin that is generally refractory to
most natural and artificial DNA binding factors.

Discussion
Here, we report a genome-wide map of polyamide distributions in
live human cells. Our data reveal (i) COSMIC-seq is a versatile
tool for mapping genome-wide binding profiles of DNA-targeting
ligands in cells; (ii) polyamides bind loci with clustered sites, often
composed of multiple medium- to weak-affinity binding sites;
(iii) genome-wide polyamide distribution is explained by an SOS
computational model that uses in vitro specificity and affinity
data; and (iv) polyamides bind to cognate sites located across all

Fig. 5. Polyamide-based genome readers can access their target sites in active and repressive chromatin sites. (A) Polyamides binding to loci in active and
repressive chromatin states. Patterns of 2 and 4 compared with patterns of the indicated factors and chromatin states in H1-hESCs. On the left, the signal
traces are grouped in PAs, transcription factors (TFs), RNA polymerase II (Pol2), histone PTMs associated with active chromatin (active), chromatin accessibility
as measured by hypersensitivity to the enzyme DNase (DNase HS), and histone PTMs associated with repressive chromatin (repressive) (32). ChromHMM
demarcates the genome into one of 12 different chromatin states (49). Polyamides 2 and 4 are plotted by normalized tag density (tags per 107 tags nor-
malized to input DNA), and ChIP-seq data are plotted by normalized signal. (B) Analysis of a repressive region enriched in 2. The locus was profiled by COSMIC-
qPCR to verify enrichment of 2. In addition, ChIP was performed to profile the enrichment of the repressive chromatin marks H3K9me3 and H3K27me3.
Finally, the expression of the nearby gene, TUSC5, was profiled by RT-PCR. (C) As in B, for a repressive region enriched in binding by 4. The expression of the
nearby gene, SLC6A5, was profiled by RT-PCR.
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chromatin states. Taken together, COSMIC-seq addresses a long-
standing question on the genome-binding properties of polyamides
in live cells.
The enrichment of COSMIC signal at clustered binding sites

spanning a range of affinities suggests that submaximal affinity sites
are balanced by increased avidity for multiple sites (31) (Fig. 6B).
Evolutionarily conserved Hox transcription factors were recently
found to rely on clustered low-affinity sites to regulate key devel-
opmental genes in Drosophila (46). In this respect, polyamides
behave like natural transcription factors when binding genomic loci.
A key design principle that emerges from this genome-wide view of
polyamide-binding sites is that loci might best be targeted through
combined action at multiple clustered sites. As a resource for fur-
ther evaluation and mining, a database containing the top 1,000 loci
predicted to be targeted by 2 and 4 is now available as Dataset S1.
Although transcription factors can directly interact with partners

to bind cooperatively to DNA (51), it is unclear whether the
clustered binding by polyamides is cooperative in nature. Polyam-
ides lack an interaction domain to facilitate such cooperative in-
teraction directly, but this lack of an interaction domain does not
preclude a cooperative interaction. Allosteric modulation of DNA
may provide one explanation for this observation. Transcription
factors such as glucocorticoid receptor were recently reported to
modulate DNA allosterically to facilitate binding by another DNA-
binding protein that does not appear to make protein–protein
contacts (52). Furthermore, we have previously shown that a
polyamide, lacking a domain to interact with a protein partner,
facilitates the binding of a transcription factor to an adjacent site by
10-fold (53). The clustered sites bound by polyamides may also act
as local energy sinks, preventing polyamides from escaping the
locus and thereby increasing the local concentration of poly-
amide at such sites. Whether either, or both, of these mechanisms

contributes to clustered binding emerges as an important question
going forward.
The role for chromatin accessibility in influencing polyamide

binding has remained ambiguous, with structural studies displaying
polyamide binding to solvent-exposed cognate sites on nucleo-
somes and a recent report suggesting that open chromatin is re-
quired for the bioactivity of a polyamide-chlorambucil conjugate
(28–30). Here, we provide direct evidence for polyamides binding
to loci located within both active and repressive chromatin in cells
(Fig. 6). It is important to note that the chromatin states in hESCs
may be more (or less) accessible compared with other cell types
(54). Whether similar binding profiles will be observed in different
cell types despite different chromatin and genetic landscapes is the
focus of our ongoing efforts, as is the generation of an atlas of the
genome-wide distributions of a wide range of polyamides. [Note
that while this paper was under review, Sugiyama and coworkers
(55) reported the genome-wide mapping of one polyamide in nu-
clei isolated from fibroblasts.]
The ability of polyamides to bind cognate sites located in re-

pressive chromatin may be facilitated by the change in DNA con-
formation induced by wrapping around the histone octamer. When
DNA wraps around the histone octamer, the minor groove of DNA
is widened to accommodate the increased curvature (28, 56). When
polyamides bind to DNA, the width of the minor groove expands
by up to 4 Å to accommodate the molecule (57). Nucleosomal
DNA, even in heterochromatin, may thus be partially preorganized
to accommodate polyamide binding in the minor groove. The lin-
ear polyamide (3) studied here was designed to bind to GAA re-
peats in the first intron of frataxin, a locus that appears to be
situated within heterochromatin marked by H3K9me3 (8). Taken
together, the ability of polyamides to access heterochromatin
(a major barrier to binding to natural and artificial DNA-binding

Fig. 6. Polyamide binding in diverse chromatin states across the genome. (A) Polyamide-bound regions distribute across diverse chromatin states. The
distribution of the bound regions of 2 and 4 across the 12 different chromatin states is shown. By contrast, chromatin marks, transcription factors, and the
chromatin landscape in H1-hESCs are highly biased for particular chromatin states (more examples are shown in Fig. S12). CNV, copy number variation; Lo,
low; Txn, transcription. (B) Polyamides bind to target sites found within both repressive heterochromatin and euchromatin. Binding is best explained by a
model in which clustered sites, composed either of a few high-affinity sequences or of multiple moderate- and weak-affinity sites, exhibit equivalent
polyamide occupancies across the genome. In heterochromatin, we show nucleosomes as discs with 146 bp wrapped around the histone octamer. We next
show the SOS model in euchromatin.
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factors) opens unique opportunities to deploy this class of synthetic
genome readers to regulate gene networks that direct cellular fate
and function.
A few transcription factors are known to possess the ability to

bind cognate sites on nucleosomes and evoke subsequent remod-
eling of chromatin (58). Such “pioneer” factors facilitate binding by
other transcription factors and are usually necessary for the
maintenance of cell identity. The forced overexpression of pioneer
factors is often sufficient for cell-fate conversion (26). Our data
suggest that polyamides, by virtue of being able to access repressive
heterochromatin, could be harnessed to serve as pioneer factors,
but the conditions under which they might do so will guide the next
phase of polyamide design.
The ultimate goal of our efforts is to define genome-targeting

rules for precise delivery of synthetic molecules that regulate gene
expression and sculpt the transcriptome in a predetermined man-
ner. Where examined, clustered sites appear to correlate with
maximal impact on gene expression (21, 31). Integrating COSMIC-
seq data of a larger set of polyamides (examined at different
dosages and from different cell types) with data that captures time-
resolved remodeling of the transcriptome will elucidate the dynamic
relationship between target site occupancy and gene expression.
The COSMIC-seq approach that we describe here is a robust

and broadly applicable method that can be readily extended to
map the genome-wide binding properties of other classes of DNA-
binding molecules, including several genome-directed therapeu-
tics. COSMIC-seq will be instrumental in the genome-guided
design of molecules that serve as precision-targeted therapeutics.

Materials and Methods
Molecules Studied. Polyamides, peptides, and trifunctional derivatives of poly-
amides were synthesized as previously described (31, 33). Psoralen analog 6was
from ThermoFisher.

CSI Analysis by SELEX-Seq. Cognate binding sites for 2, 4, and 5 were de-
termined by the high-throughput SELEX-seq method (39). Polyamide derivatives
2 and 4 (20 nM) or 5 (2 μM) were incubated with 100 nM DNA library in binding
buffer [1× PBS (pH 7.6), 50 ng/μL Poly(dI-dC)] and incubated for 1 h at room
temperature. Ligand–DNA complexes were captured with streptavidin-coated
magnetic beads (Dynabeads; Life Technologies) per the manufacturer’s in-
structions. After PCR amplification and purification, one additional round of
PCR was performed to incorporate Illumina sequencing adapters and a unique
6-bp barcode for multiplexing. Samples were sequenced on an Illumina HiSeq
2000 at the University of Wisconsin–Madison DNA Sequencing Facility in the
University ofWisconsin–Madison Biotechnology Center. The occurrence of every
k-mer (lengths of 8–12 bp), summed over all reads, was counted using a sliding
window of size k. To correct for biases in the initial DNA library, a standardized
enrichment score (Z-score) was calculated by normalizing the counts of every k-
mer to the expected number of counts in the unenriched library, with a fifth-
order Markov model derived from the sequenced starting library (59, 60).

Analysis of CSI Data. Sequence specificity landscapes were generated from
quantile-normalized intensity data as previously described (21). The top 100
normalized Z-scores from CSI analysis were used to generate position weight
matrices. MEME was run with the following parameters: -dna -mod anr or
zoops -nmotifs 3 -minw 6 -maxw 12 -time 7,200 -revcomp.

Cell Culture. H1-hESCs were maintained in essential 8 media grown on
Matrigel-coated plates. Cells were passaged with StemPro Accutase (Life
Technologies) at ≤90% confluency. Cellular toxicity was measured with
the Cell Counting Kit (CCK-8; Dojindo Molecular Technologies) per the
manufacturer’s instructions.

COSMIC. COSMIC was performed as previously described, with minor modifi-
cations described in SI Materials and Methods (31). Each sample was repeated
in biological duplicate. Briefly, at 40% confluency, 2.5 × 107 H1-hESCs were
treated with varying concentrations of 2 or 4 (20 nM, 400 nM) or 400 nM 5 or 6
of the molecule (0.1% DMSO final concentration).

NGS of COSMIC Samples. Samples were sequenced on an Illumina HiSeq 2500
with a read length of 51 bp. Base pairs were called with Casava v.1.8.2 (Illumina).
Sequencing readsweremapped to the human genome (hg19)with Bowtie v 1.0.0
(best -m 1) to yield unique alignments. Samples were further processed with
Hypergeometric Optimization of Motif Enrichment (HOMER) to produce a signal
track (43). The tag density for each factor was normalized to 107 tags and input
DNA, and displayed with the Integrated Genome Viewer v 2.3. Bound regions
were identified with SPP v 1.10.1 by the irreproducible discovery rate method-
ology according to ENCODE guidelines (42, 61). Annotations of peaks were
performed with HOMER. Signal traces for metagene analysis were prepared with
deepTools (62) from the average of the median signal from biological replicates.
All data are deposited in the Gene Expression Omnibus (accession no. GSE70267).

ChIP. H1-hESCs were incubated with 2 or 4 at the indicated concentrations, or
with a DMSO (0.1%) control, and fixed in 1.5% (vol/vol) formaldehyde for
15 min after 24 h of treatment. Harvested cells were flash-frozen, and
then sonicated and lysed. Lysates were immunoprecipitated overnight with
H3K9me3 antibody (no. ab8898; Abcam) or H3K27me3 antibody (no. 9733;
Cell Signaling ) at 4 °C. Immunoprecipitated histone marks were purified with
protein G magnetic beads (no. 10004D; Thermo Fisher Scientific) after a series
of five washes. Cross-links of protein–DNA complexes were reversed by in-
cubating at 65 °C for 6 h. Eluted DNAwas treated with RNase A and Proteinase
K. Primer pairs are listed in Table S1. Data are from two independent bi-
ological experiments, and error bars represent SEM.

Gene Expression. Cells were treatedwith the indicatedmolecules for 24 h. After
treatment, cells were harvested and total RNA was purified with the RNeasy
Mini Kit (Qiagen), including on-column DNase I treatment (ZYMO Research),
according to the manufacturer’s directions. Two-hundred fifty nanograms of
cDNA was synthesized from RNA via the iScript cDNA synthesis kit according
to the manufacturer’s directions (Bio-Rad). qPCR was performed with iTaq
Universal SYBR Green Supermix (Bio-Rad) on a CFX Connect 96 instrument (Bio-
Rad). Primer pairs are listed in Table S1. TATA-box binding protein (TBP) was
used as a reference gene. Data are from four independent biological experi-
ments, and error bars represent SEM.
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