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SUMMARY

Sequences with the capacity to adopt alternative
DNA structures have been implicated in cancer
etiology; however, the mechanisms are unclear.
For example, H-DNA-forming sequences within on-
cogenes have been shown to stimulate genetic
instability in mammals. Here, we report that
H-DNA-forming sequences are enriched at translo-
cation breakpoints in human cancer genomes,
further implicating them in cancer etiology. H-DNA-
induced mutations were suppressed in human cells
deficient in the nucleotide excision repair nucleases,
ERCC1-XPF and XPG, but were stimulated in cells
deficient in FEN1, a replication-related endonu-
clease. Further, we found that these nucleases
cleaved H-DNA conformations, and the interactions
of modeled H-DNA with ERCC1-XPF, XPG, and
FEN1 proteins were explored at the sub-molecular
level. The results suggest mechanisms of genetic
instability triggered by H-DNA through distinct
structure-specific, cleavage-based replication-inde-
pendent and replication-dependent pathways,
providing critical evidence for a role of the DNA
structure itself in the etiology of cancer and other
human diseases.
INTRODUCTION

Genetic instability often occurs at particular endogenous

‘‘hotspot’’ regions in the genome and is associated with the

occurrence of cancer and other human diseases (Popescu,

2003); however, the mechanisms involved in generating these

hotspots are largely unknown. Whereas malfunction of trans-

factors, such as DNA repair proteins, is likely to contribute to

global genome-wide instability events, cis elements must play
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a role in locally accumulated DNA damage and mutation at

mutation hotspots. Interestingly, repetitive DNA elements often

co-localize with endogenous mutation and breakpoint hotspots

in cancer and neurological disorders, and many of them can

adopt structures that differ from canonical B-form DNA

(non-B DNA) (Choi and Majima, 2011; Pestov et al., 1991; Wells

et al., 2005). In addition to important biological roles, such as

regulating DNA replication, transcription, and recombination,

non-B-DNA-forming sequences have been shown to stimulate

mutagenesis in the absence of exogenous DNA damage (Kinni-

burgh, 1989; Vasquez and Wang, 2013; Wang and Vasquez,

2006, 2014; Zhao et al., 2010). Thus, we speculated that

non-B DNA may be involved in generating endogenous muta-

tion hotspots.

An example includes a 23-bp polypurine/polypyrimidine

H-DNA-forming mirror repeat in the human c-MYC gene found

at a translocation hotspot in Burkitt lymphoma (Mirkin et al.,

1987). H-DNA forms at polypurine-polypyrimidine regions

with mirror repeat symmetry, where half of the tract is sepa-

rated into single-stranded DNA during DNA metabolic pro-

cesses (e.g., replication, transcription, and repair) and one of

the single strands winds back and pairs with the purine strand

in the remaining duplex via Hoogsteen hydrogen bonding,

forming a three-stranded helix (Frank-Kamenetskii and Mirkin,

1995; Lyamichev et al., 1986). We found that this H-DNA-form-

ing sequence stimulated the formation of DNA double-strand

breaks (DSBs) and induced genetic instability in mammals

(Wang et al., 2008; Wang and Vasquez, 2004), providing

strong evidence that H-DNA is a causative factor in genetic

instability.

Despite its role in genetic instability, the biological signifi-

cance of H-DNA (and other non-B DNA structures) in cancer

development, and the mechanisms involved are still not clear.

We have established a computer program to search for non-

B-DNA-forming sequences, including potential H-DNA-form-

ing sequences in any given sequence (Wang et al., 2013). In

this study, we searched a human cancer genome database

and found that H-DNA-forming sequences are enriched at

chromosomal translocation breakpoints, supporting the roles
ors.
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Figure 1. H-DNA TFRs Are Enriched at

Translocation Breakpoints in Human Cancer

Genomes

(A) Running average of triplex-forming repeats

(TFRs) in the cancer translocation breakpoint

(black) and control (red) datasets, whose center

loop positions are located at each base along

the ±100 bp flanking the cancer translocation

breakpoints or control sites.

(B) Distribution of number of bins/20,000 bins each

containing various numbers of TFRs in cancer

translocation breakpoint (black) and control (red)

datasets.
of H-DNA in cancer etiology. We further demonstrated that the

DNA-repair-related nucleases ERCC1-XPF and XPG cleaved

H-DNA and were involved in a mechanism of genetic instability

independent of DNA replication, whereas the DNA-replication-

related flap endonuclease 1 (FEN1) protein was able to cleave

H-DNA and was involved in suppressing H-DNA-induced

mutagenesis in a replication-dependent fashion.

RESULTS

H-DNA-Forming Sequences Are Enriched Near
Chromosomal Translocation Hotspots in Human
Cancers
To determine the impact of H-DNA in human cancer etiology,

we mapped potential H-DNA (triplex)-forming repeats (TFRs)

within ±100 bp (thereafter referred as to bins) of 19,956

translocation breakpoints from sequenced cancer genomes

(COSMIC at http://cancer.sanger.ac.uk/cosmic). We deter-

mined the distributions of each TFR midpoint relative to the

breakpoint positions (taken to be 0). Both the percent of bins

harboring TFRs R6 bp on each mirror repeat arm and the

number of TFRs (normalized to 20,000 bins) were greater for

translocations (35.3 ± 6.6 and 6,676) than for those in 20,000

random-pick control sequences extracted from the reference

human genome (24.9 ± 4.9 and 4,715; t test; p value 4.2 3

10�50; Figure 1A). In addition, the number of TFRs in each

bin surrounding the translocation breakpoints was consis-

tently higher than in controls (Figure 1B). Thus, H-DNA-forming

sequences (TFRs) are enriched surrounding human cancer

translocation breakpoints, implicating H-DNA in endogenous

chromosomal instability and cancer. Notably, the 23-bp TFR

in the c-MYC gene near a translocation breakage hotspot in

lymphoma, as discussed above, was found in three transloca-

tion events in the human cancer translocation dataset (data

not shown). Although this G-rich repeat also has the potential

to form a G-quadruplex structure, we recently demonstrated

that this particular sequence preferentially forms a stable

H-DNA structure (Del Mundo et al., 2017). Moreover, we pre-

viously found that a variant of this sequence that forms

H-DNA only, but not the sequence that supports G-quadruplex
Cell Rep
formation only, stalls transcription similar

to the native sequence (Belotserkovskii

et al., 2007). Thus, we used this

sequence as a model H-DNA-forming
sequence in the following genetic and biochemical mecha-

nistic studies.

Nucleotide Excision Repair Proteins Are Involved in
H-DNA-Induced DSBs and Genetic Instability in Yeast
and Human Cells
To determine themechanisms involved in H-DNA-inducedmuta-

genesis in vivo, the 23-bp TFR from the human c-MYC promoter

or a B-DNA control sequence was inserted into a yeast artificial

chromosome (YAC) (Callahan et al., 2003) adjacent to the select-

able URA3 gene (Figure 2A). H-DNA-induced DSBs on the YACs

result in loss of URA3, rendering the cells resistant to treatment

with 5-fluoroorotic acid (5-FOAR). We used this system to screen

a yeast deletion library (GSA-5 from ATCC, Manassas, VA) to

identify genes involved in H-DNA-induced mutagenesis in vivo,

and the results were confirmed in human cells.

In wild-type (WT) BY4742 yeast cells, the H-DNA-forming

sequence stimulated chromosome breakage �9.4-fold above

the control sequence (Figure 2B; 11.60 3 10�5 versus 1.24 3

10�5). PCR and Southern blotting confirmed that the YAC under-

went DSBs and lost the distal end of the chromosome in the

majority of the URA3-deficient cells (data not shown), consistent

with our prior findings in mammalian cells (Wang et al., 2008;

Wang and Vasquez, 2004). Strikingly, in rad1D (XPF) and

rad10D (ERCC1) yeast strains that are deficient in the nucleotide

excision repair (NER) endonuclease complex Rad1-Rad10,

H-DNA-induced chromosomal breakage was reduced from

9.4-fold above background in the WT to 3.3-fold and 2.0-fold

above control, respectively (Figure 2B). These results clearly

indicate that the NER endonuclease complex Rad1-Rad10

(ERCC1-XPF) is necessary for H-DNA-induced chromosomal

breaks and subsequent genetic instability in vivo.

To characterize the effects of NER on the mutagenic events

induced by H-DNA in human cells, we measured H-DNA-

induced mutagenesis in a supF-reporter system (Wang and Vas-

quez, 2004; Figure 2C) in cells derived from human xeroderma

pigmentosum (XP) patients (Evans et al., 1997; Wu et al.,

2007). Consistent with our results in yeast, the H-DNA-induced

mutations were substantially reduced from 11.1-fold above con-

trol in WT to 2.0-fold in XPF-deficient human cells (Figure 2D;
orts 22, 1200–1210, January 30, 2018 1201
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Figure 2. NER-Associated H-DNA-Induced

Genetic Instability in Yeast andHumanCells

(A) Schematic structure of the YACs used for

measuring H-DNA-induced genetic instability in

yeast. Human H-DNA-forming or control B-DNA

sequences are shown.

(B) Frequencies of H-DNA-induced fragility in

YACs, as assessed by FOA resistance, in WT

(BY4742), rad1D, or rad10D strains from the yeast

single-gene deletion library GSA-5. The numbers

below the graph show the fold increases in

H-DNA-induced genetic instability above the

control in each cell line (fold to CON). At least

30,000 colonies were screened in each assay.

Error bars represent the SD from three repeats;

two-sided t test; p values < 0.05 (*); <0.01 (**).

(C) Schematic of the supF mutation reporter

containing human B-DNA- or H-DNA-forming

sequences.

(D) H-DNA-induced mutation frequencies in NER-

proficient (WT) and NER-deficient human cells.

Fold to CONwas calculated as described in (B). At

least 30,000 colonies were screened in each

assay. Error bars represent the SD from three

repeats; two-sided t test; p values < 0.05 (*).

(E) LM-PCR detection of DSBs on plasmids

recovered fromXPF-proficient or -deficient human

cells 24 hr after transfection. PCR products were

separated on a 1.5% agarose gel. The 230-bp

PCR fragment maps to a DSB hotspot within the

H-DNA-forming sequence.

(F) PCR products were purified and sequenced to

map the breakpoints. Each ‘‘A’’ represents a

breakpoint identified from the sequencing data.

(G) Schematic of the H-DNA structure of oligonu-

cleotide MCR2-50. Black dots represent Watson-

Crick hydrogen bonds, and red ‘‘*’’ represent

Hoogsteen hydrogen bonds. Cleavage sites of

XPF, XPG, and FEN1 from (H), (I), and Figure 3C

are indicated on the structure in the schematic.

(H) Cleavage of H-DNA in XPF-proficient and

-deficient human cell extracts. The 37-nt cleavage

product is marked by an arrow.

(I) H-DNA cleavage by purified human recombi-

nant XPG protein. A stem-loop substrate serves as

a positive control. The cleavage products of 35 nt

from the stem-loop and 10 nt from the H-DNA

substrate are marked by arrows.
t test of raw data; p value < 0.05). H-DNA-induced mutagenesis

was also substantially reduced (from 11.1-fold to 2.9-fold) in

XPA-deficient human cells compared to isogenic controls (Fig-

ure 2D; t test of raw data; p value < 0.05), suggesting a role for

functional NER in the mutagenic processing of H-DNA.

Moreover, analysis of the H-DNA-induced mutants produced

in the human cells revealed substantial differences between

XPF-deficient and XPF-proficient cells; the vast majority (77%)

of H-DNA-induced mutations in human XPF-proficient cells

were deletions, which were substantially reduced to 41% in

the XPF-deficient cells (Table 1; c2 test; p value < 0.01). These

results suggest that XPF is involved in H-DNA processing, lead-

ing to DNA breakage and deletions near the H-DNA structure-

forming sequences. In addition, we found that XPG, another

structure-specific endonuclease required for NER, was also
1202 Cell Reports 22, 1200–1210, January 30, 2018
involved in H-DNA-induced mutagenesis in human cells;

although its absence did not significantly reduce H-DNA-

induced mutation frequencies in human cells (Figure S1), XPG

deficiency resulted in fewer deletions (33%) compared to

XPG-proficient cells (71%: Table 1; c2 test; p value < 0.05).

H-DNA-induced large deletions that contained microhomolo-

gies at the junctions in human cells (or arm loss in yeast)

suggested that H-DNA stimulated the formation of DSBs in vivo.

In fact, DSB hotspots were detected near the H-DNA-forming

sequences on substrates recovered from XPF-proficient cells

by ligation-mediated PCR (LM-PCR). Importantly, the absence

of XPF altered the distribution of H-DNA-induced DSB hotspots

in human cells. In XPF-proficient cells, a strong PCR signal of

�230 bp was detected (Figure 2E). From the location of the

upstream specific primer, the �230-bp PCR product mapped



Table 1. Analysis of H-DNA-Induced and Spontaneous (B-DNA) Mutations in Human Cells

Cells Replication Status

H-DNA B-DNA Control

Deletions Point Mutations Deletions Point Mutations

XPF+ + 77.8% (28/36) 22.2% (8/36) 38.9% (7/18) 61.1% (11/18)

XPF� + 41.4%a (12/29) 58.6% (17/29) 53.8% (14/26) 46.2% (12/26)

XPG+ + 71.4% (15/21) 28.6% (6/21) 41.2% (7/17) 58.8% (10/17)

XPG� + 33.3%b (7/21) 66.7% (14/21) 12.5% (2/16) 87.5% (14/16)

XPA+ + 71.4% (10/14) 28.6% (4/14) 11.1% (2/18) 88.9% (16/18)

XPA� + 56.5% (13/23) 43.5% (10/23) 26.7% (4/15) 73.3% (11/15)

HeLa, siCON + 77.8% (14/18) 22.2% (4/18) 66.7% (6/9) 33.3% (3/9)

HeLa, siFEN + 100.0%a (43/43) 0.0% (0/43) 92.9% (13/14) 7.1% (1/14)

XPF+, siCON � 15.0% (3/20) 85.0% (17/20) 0.0% (0/21) 100.0% (21/21)

XPF+, siCON + 47.4% (9/19) 52.6% (10/19) 4.4% (1/23) 95.6% (22/23)

XPF�, siCON � 12.5% (1/8) 87.5% (7/8) 19.0% (4/21) 81.0% (17/21)

XPF�, siCON + 34.8% (8/23) 65.2% (15/23) 0.0% (0/19) 100.0% (19/19)

XPF+, siFEN � 30.8% (4/13) 69.2% (9/13) 25.0% (2/18) 75.0% (16/18)

XPF+, siFEN + 28.0% (7/25) 72.0% (18/25) 6.2% (1/16) 93.8% (17/16)

XPF�, siFEN � 14.3% (1/7) 85.7% (6/7) 83.3% (10/12) 16.7% (2/12)

XPF�, siFEN + 15.8% (3/19) 84.2% (16/19) 5.3% (1/19) 94.7% (18/19)
ap value < 0.01 in c2 test
bp value < 0.05
DSBs at or near the center of the H-DNA-forming sequence (in

the linker sequence between the two mirror repeats). This

band, along with an �180-bp band that mapped to a breakpoint

40 bp upstream of the H-DNA-forming sequence, was substan-

tially reduced in XPF-deficient cells, whereas a PCR product

of �210 bp was enhanced in XPF-deficient cells (Figure 2E,

compare lanes 3 and 4). The PCR products shown in Figure 2E

were purified and cloned into the pGEM-T vector, and

�30 colonies from each sample (XPF+ and XPF�) were

sequenced. The breakpoints were mapped, as shown in Fig-

ure 2F, and the distributions of the breakpoints approximately

matched the lengths of the LM-PCR products in Figure 2E.

These results suggest a role for ERCC1-XPF cleavage in

processing H-DNA structures to generate DSB intermediates,

resulting in deletions and subsequent genetic instability.

ERCC1-XPF and XPG Nucleases Cleave H-DNA
The biological and genetic studies described above suggest that

ERCC1-XPF and XPG are involved in DNA breakage and

mutation caused by H-DNA, but whether H-DNA also represents

a substrate for these nucleases has not been investigated.

The preferred substrates for ERCC1-XPF and XPG include

NER pre-incision bubbles containing double-stranded DNA

(dsDNA)/single-stranded DNA (ssDNA) junctions, stem loops,

and 30 and 50 flaps (Evans et al., 1997). To determine whether

H-DNA is a substrate for ERCC-XPF, we incubated an H-DNA

substrate formed by a 50-radiolabeled oligonucleotide,

MCR2-50 (Figures 2G and S2), in XPF-proficient and -deficient

human cell extracts. The NER cleavage activities in the human

cell extracts were examined by their activities on a Y-splayed

substrate, which is a preferred structure for XPF cleavage. As

expected, XPF-proficient cell extracts cleaved the Y-splayed
structure on the duplex region, �1 and �2 to the junction (Fig-

ure S3). In XPF-proficient human cell extracts, we found that

the intra-molecular H-DNA was cleaved at the loop between

the two Hoogsteen hydrogen-bonded strands, resulting in a

37-nt cleavage product (Figure 2H). This cleavage differs from

the incision sites of XPF on Y-type junctions, which would either

be on the duplex near the Watson-Crick hydrogen-bonded loop

region (‘‘TCCC’’ sequence upstream to the ‘‘TTTTT’’ loop on the

right side in Figure 2G) or the ‘‘GGGG’’ region in Watson-Crick

hydrogen-bonded duplex adjacent to the ‘‘CGCTTA’’ loop

(loop on the left side in Figure 2G). Therefore, this cleavage ap-

pears to be specific to H-DNA with incision at the loop adjacent

to the Hoogsteen hydrogen-bonded triplex region. This cleavage

was dramatically reduced in human XPF-deficient cell extracts

(Figure 2H), revealing a direct activity of XPF on H-DNA. Purified

human recombinant XPG also cleaved the H-DNA substrate,

removing the 50-ssDNA flap at the junction adjacent to the

Watson-Crick base-paired duplex (Figure 2I; marked in Fig-

ure 2G). Thus, our results demonstrate that ERCC1-XPF and

XPG cleave H-DNA, implicating these NER nucleases in the

mutagenic processing of H-DNA.

FEN1 Cleaves H-DNA and Suppresses H-DNA-Induced
Mutation In Vivo

To determine whether other structure-specific endonucleases

process H-DNA structures, we performed mutagenesis

assays in a RAD27-deleted yeast strain, a homolog of human

FEN1, which shares a conserved active site with XPG (Hohl

et al., 2007). Surprisingly, in contrast to the effects of XPG and

XPF on H-DNA-induced genetic instability, RAD27 deficiency

dramatically increased H-DNA-induced mutagenesis by

�794% in the rad27D strain relative to WT cells (Figure 3A;
Cell Reports 22, 1200–1210, January 30, 2018 1203



Figure 3. FEN1 Cleavage and Inhibition of H-DNA Structure-Induced Mutagenesis

(A) H-DNA-induced FOA resistance on YACs in WT (BY4247) or rad27D yeast strains. Ratio to WT: the relative H-DNA-induced genetic instability in repair-

deficient cells (after subtracting the frequencies from the control B-DNA in the same cell line) above that in WT cells is shown. Error bars represent the SD from

three repeats; two-sided t test; p values < 0.01 (**).

(B) H-DNA-induced mutation frequencies on supF-mutation reporters in WT or FEN1-depleted HeLa cells. Ratio to WT: the relative H-DNA-induced genetic

instability in repair-deficient cells above that in WT cells, as in (A), is shown. Error bars represent SD from three repeats; two-sided t test; p values < 0.05 (*).

(C) Cleavage of H-DNA formed by oligonucleotide MCR2-50 and a flap structure (Table S1) by purified human recombinant FEN1. The 20-nt cleavage product

from the preferred substrate (a 50 flap) and the 10-nt product from H-DNA are marked by arrows. M, 10-bp marker.
t test; p value < 0.01). Likewise, depletion of FEN1 (<10% of WT

levels; Figure S4) in humanHeLa cells increased H-DNA-induced

genetic instability to �485% over WT cells (Figure 3B; t test;

p value < 0.05). Analysis of the H-DNA-induced mutants gener-

ated in FEN1-depleted HeLa cells revealed a significant increase

in large deletions (100%) compared to WT cells (Table 1; c2 test;

p value < 0.01), suggesting that FEN1 may be involved in

resolving H-DNA structures. Indeed, we found that human

recombinant FEN1 (Shen et al., 1997) cleaved the MCR2-

50-derived H-DNA substrate at the base of the 50 flap, yielding
a 10-nt cleavage product (Figure 3C) similar to that detected

by XPG (marked in Figure 2G). Thus, we have identified H-DNA

as an unexpected substrate for FEN1. These results indicate

that FEN1 prevents genomic instability at H-DNA regions,

perhaps by resolving mutagenic H-DNA structures.

Prediction and Simulation of the Interactions of NER
Factors and the FEN1 Protein with an H-DNA Structure
To obtain detailed insight into the interactions of these proteins

with H-DNA, we proposed structural models of human hFEN1,

hXPG, and hERCC1-XPF bound to H-DNA. The X-ray crystal

structure of hFEN1 was downloaded from the PDB. The human

XPG catalytic core (hXPG 1–155 and 762–984) and the human

ERCC1-XPF complex were constructed from homology

modeling. Similarly, the H-DNA structure for the sequence

used in this work (Figure 4) was assembled by using available

experimental structures as templates and further refined by

using molecular dynamics simulations. The modeling details

are described in the Experimental Procedures. The program
1204 Cell Reports 22, 1200–1210, January 30, 2018
HADDOCK (Dominguez et al., 2003; van Zundert et al., 2016)

was then used to predict the complex structure and interactions

between each protein with H-DNA.

The results of in silico docking and molecular dynamic simula-

tions revealed that the (HhH)2 domain of ERCC1 in the ERCC1-

XPF complex interacts with the Hoogsteen-Loop (H-loop in

Figure 4A; the loop formed when the homopurine strand winds

back to serve as a third strand in the complex) of the H-DNA.

The metal ion site on hXPF interacts with the H-loop at the cleav-

age site regions (as identified in the cleavage assay shown in

Figures 2H and 2G). The active site residues (K716 and D720)

of the nuclease domain of hXPF are located in close proximity

to these cleavage sites. The a2 (S717-N727) helix (Figure 4A,

middle, yellow helix) of the hXPF nuclease domain inserts into

the minor groove between the homopyrimidine strand and the

homopurine strand of the Watson-Crick base-paired duplex

within the H-DNA structure. This model suggests a potential

mechanism for the protein-DNA interaction and cleavage.

The nuclease core domain of human XPG (hXPG) was

modeled, and we illustrated how the H-DNA traverses the path

of basic residues on the electrostatic surface of hXPG and

cations (Figure 4B). In this model, the b hairpin between b6 and

b7 of hXPG (Figure 4B, middle, cyan sticks) interacts with the

upstream region of the homopyrimidine strand and the H-loop.

The helix-2turn-helix (H2TH) motif (Figure 4B, middle, yellow

residues) binds to the downstream region of the homopurine

third strand. The one-metal ion active site (Figure 4B, middle,

yellow ball) between the thumb and forefinger binds to the

cleavage sites on the homopyrimidine strand upstream to the



Figure 4. Structural Models of DNA Repair

and Replication Proteins Interacting with

H-DNA

(A–C) Modeled structures of an (A) hERCC1-XPF-

H-DNA complex, (B) an hXPG-H-DNA complex,

and (C) an hFEN1-H-DNA complex were gener-

ated by HADDOCK. Left: electrostatic surface

presentation of the protein-H-DNA complex is

shown. The positive and negative charged sur-

faces are colored in blue and red, respectively.

Exposed hydrophobic residues are in white.

Middle: cartoon presentation of the protein-

H-DNA complex is shown. The protein is colored

in green (ERCC1 in the hERCC1-XPF complex is in

blue). The cleavage sites are colored in magenta.

Right: detail of residues involved in cleavage sites

of H-DNA is shown. The oxygen of the involved

phosphodiester in H-DNA is depicted as a

magenta sphere. The magnesium ion is colored in

yellow. The active residues of proteins are shown

as blue and green sticks. The distances between

the cleavage sites and active sites are measured

and shown as dotted yellow lines.
triple-stranded structure as shown in Figure 2G. The a1 helix

(Figure 4B, middle, red helix) and the highly conserved active

residues, a4 K84 and R91, are also located in close proximity

to the cleavage sites on H-DNA (Figure 4B, right).

Human FEN1 (hFEN1) has a mixed a/b structure containing a

seven-stranded twisted b sheet core and 15 a helices. The active

site contains two Mg2+ ions, and the overall shape resembles a

left-handed boxing glove (Figure 4C; Tsutakawa et al., 2011).

In the simulated model of the hFEN1-H-DNA complex, H-DNA

contacts the ‘‘palm and fingers’’ along a positively charged patch

spanning the width of the boxing glove. The direction of H-DNA

in the hFEN1-H-DNA complex is opposite to that seen in the

hXPG-H-DNA complex. The electrostatic surface (�65 mV

to +65 mV) of hFEN1 and cations shows that the H-DNA inter-

faces with the basic residues (Figure 4C, left). The homopurine

third strand of H-DNA is nicely embraced by hFEN1 via its posi-

tively charged patch. In this model, the b hairpin between b6 and

b7 (Figure 4C, middle, cyan sticks) interacts with the 30 end of the

third strand and the homopurine strand in the duplex. The H2TH

motif at the glove base (Figure 4C, middle, yellow sticks) binds to
Cell Repo
the 50 region of the third strand and the

50 region of the homopyrimidine strand

within the duplex. The a1 helix of hFEN1

(Figure 4C, middle, red helix) interacts

with the homopurine strand in the duplex

and the homopurine third strand. The

two-metal ion active site (Figure 4C,

middle, green) between the thumb and

forefinger binds the cleavage sites on

the homopyrimidine strand in the duplex,

upstream to the triplex region (see Fig-

ure 2G for cleavage sites). Figure 4C

(right panel) shows the atomic details of

how the two Mg2+ ions and the highly

conserved active residues, a4 K93 and
R100, are coordinated near the cleaved sites on H-DNA to facil-

itate electrostatic rate acceleration of the phosphodiester hydro-

lysis (Sengerová et al., 2010). A recent study suggested that the

electrostatic interaction between the phosphate backbone and

the positive FEN1 residues, particularly K93, inverts the phos-

phodiester backbone of ssDNA, a key mechanism in promoting

50 flap specificity and incision (Tsutakawa et al., 2017). This is

consistent with our observation that the K93 residue is close to

the H-DNA phosphate group, although the distance is a bit

further and the interaction is not as strong as those observed

in the FEN1-ssDNA complex shown in Tsutakawa et al. (2017).

This difference is not surprising because ssDNA has greater

flexibility to undergo significant conformational changes than

densely packed H-DNA.

NER Proteins and FEN1 Interact with H-DNA In Vivo

The interactions of NER and FEN1 proteins with H-DNA were

confirmed by chromatin immunoprecipitation (ChIP) assays in

yeast. Using primers flanking the human H-DNA-forming

sequence on the YAC (Table S1), we detected a 12-fold
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Figure 5. Association of Endonucleases

with H-DNA and Effects of Replication on

H-DNA-Induced Mutagenesis

(A) Yeast ChIP results demonstrate enrichment of

Rad1 (XPF), Rad2 (XPG), and Rad27 (FEN1) at

H-DNA relative to control B-DNA. The ChIP signal

from the PCR assay of the H-DNA-forming

sequence was normalized to the control sequence

for each antibody used for the pull-down; Fold

(H/C). M, 100-bp marker.

(B) ChIP results in rad14D (XPA) yeast demon-

strate a requirement for Rad14 (XPA) in the

enrichment of Rad1 (XPF), but not Rad27 (FEN1)

on H-DNA.

(C and D) Effects of XPF and FEN1 on H-DNA-

induced mutagenesis in replicating (C) and

non-replicating systems (D). Control and H-DNA-

containing mutation-reporter plasmids were

transfected into human XPF-proficient (XPF+) or

-deficient cells (XPF�) that were FEN1 depleted

(siFEN1) or FEN1 proficient (siCON). Mutations

were analyzed 48 hr after transfection. Error bars

represent SD from three repeats; two-sided t test;

p values < 0.05 (*); <0.01 (**).
enrichment of Rad27 (FEN1) at the H-DNA region over the con-

trol B-DNA region (Figure 5A). Enrichment of Rad1 (XPF) and

Rad2 (XPG) was also detected at the H-DNA region, 12-fold

and 14-fold above the control region, respectively (Figure 5A).

Notably, the absence of Rad14 (XPA) reduced Rad1 (XPF) bind-

ing to the H-DNA region by�4-fold (from 32-fold to 9-fold above

control; Figure 5B), consistent with a requirement for functional

NER, whereby XPA recruits ERCC1-XPF to H-DNA. In contrast,

enrichment of Rad27 (FEN1) remained constant in the presence

or absence of Rad14 (XPA; Figure 5B). Taken together, these

results support a role for NER in the recognition and processing

of H-DNA in vivo, a mechanism distinct from that of FEN1.

FEN1 andNERProteins Are Involved in DNAReplication-
Dependent and Replication-Independent Pathways of
H-DNA-Induced Mutagenesis In Vivo

A primary cellular function of FEN1 is to process Okazaki frag-

ments during DNA replication, and as such, it is under tight

cell-cycle regulation (Henneke et al., 2003). Because DNA repli-

cation plays an important role in DNA-structure-induced muta-

genesis (Iyer and Wells, 1999; Kang et al., 1995; Miret et al.,

1998; Pelletier et al., 2003; Trinh and Sinden, 1991; Wang and

Vasquez, 2009), we assessed whether the effects of FEN1 and

ERCC1-XPF on H-DNA-induced mutagenesis were dependent

on DNA replication and whether the contrasting effects of

FEN1 and ERCC1-XPF might be explained by their associations

with replication. Of note, FEN1 was active in all assays; only the

templates were replication incompetent in the replication-defi-

cient systems used in this study. In both replication-proficient

(Figure 5C) and replication-deficient (Figure 5D) systems, the

H-DNA-forming sequence stimulated mutations over back-

ground levels. However, the effect of XPF deficiency in diminish-

ing H-DNA-induced mutagenesis was more substantial in the

replication-deficient systems than in the replication-proficient
1206 Cell Reports 22, 1200–1210, January 30, 2018
assays (Figures 5C and 5D). In contrast, the effect of FEN1 on

H-DNA-induced mutagenesis was dependent on DNA replica-

tion, because FEN1 depletion in human cells increased muta-

tions only on replicating templates, irrespective of the XPF status

(Figures 5C and 5D). These results suggest that the role of FEN1

in H-DNA-inducedmutagenesis is largely contingent upon active

DNA replication.

DISCUSSION

The discovery that alternative non-B DNA conformations can

stimulate genetic instability in the absence of exogenous DNA

damage has changed our understanding of the mechanisms

involved in genetic instability, evolution, and disease etiology.

For example, long GAA repeats have the potential to adopt

H-DNA and can stimulate repeat expansions and deletions in

Friedreich’s ataxia patients, perhaps via slippage events during

replication (Gacy et al., 1998). However, the H-DNA-forming

sequence tested in this study is not a simple repeat, and we

found that it stimulates the formation of DSBs and deletions in

mammalian cells and in mice (Wang et al., 2008; Wang and

Vasquez, 2004). Thus, it is important to explore the biological

significance of H-DNA-forming sequences in human disease

and the mechanisms of H-DNA-induced mutation.

H-DNA-Forming Sequences Are Enriched at
Chromosomal Translocation Breakpoints in Human
Cancer Genomes
We found that sequences with the potential to adopt H-DNA

were significantly enriched at human cancer translocation break-

points. Not only weremore H-DNA-forming sequences identified

within ±100 bp of the translocation breakpoints, but the potential

H-DNA-forming sequences near the cancer breakpoints were

longer than those from randomly selected control regions,



suggesting that such sequences may form stable H-DNA struc-

tures surrounding the translocation breakpoints, implicating

H-DNA as a cause of chromosome breakage in human cancers.

Taken together, these data provide evidence of the biological

significance of H-DNA-induced mutagenesis in human cancer

etiology.

Replication-Related and Replication-Independent
Mutations Induced by H-DNA
An appropriate H-DNA-forming sequence only warrants the

potential to form an H-DNA conformation; to adopt a structure

with a higher energy status than B-DNA, the formation of

H-DNA requires negative supercoiling and unwinding of the

DNA duplex. DNA replication unwinds DNA from histones or

other binding proteins, opens the DNA helix, and leaves long sin-

gle-stranded DNA regions on the lagging strand, which could

promote the B- to H-DNA transition. In fact, DNA replication

plays an important role in mutagenesis induced by repetitive

elements, such as hairpin-forming triplet repeats (Kroutil and

Kunkel, 1999; Lujan et al., 2012; Pelletier et al., 2003; Pollard

et al., 2004). In this study, we detected H-DNA-induced genetic

instability in both replication-proficient and replication-deficient

systems, providing evidence for at least two distinct mecha-

nisms of H-DNA-inducedmutation inmammalian cells: a replica-

tion-dependent pathway and a replication-independent, struc-

ture-specific cleavage mechanism. We further demonstrated

that the NER proteins, XPA, ERCC1-XPF, and XPG, and the

DNA replication-related nuclease FEN1 were involved in

H-DNA-induced mutagenesis. The NER proteins stimulated

H-DNA-induced mutagenesis, whereas FEN1 was implicated

in a mechanism that suppressed H-DNA-induced mutagenesis

in vivo.

NER Proteins ERCC1-XPF and XPG Are Involved in
Replication-Independent Mutagenesis Induced by
H-DNA
The triple-stranded region in H-DNA shares some structural

similarities to intermolecular triplexes formed by triplex-forming

oligonucleotides, which are known to be mutagenic (Vasquez

and Wilson, 1998), and the NER protein XPA is required for

this mutagenic processing in mammalian cells (Vasquez et al.,

2002). Thus, we hypothesized that H-DNA-induced distortions

to the DNA helix may be recognized as ‘‘damaged DNA’’ by

the NER machinery (Vasquez and Wang, 2013). In support of

this notion, the NER damage/distortion recognition complexes

XPA-RPA and XPC-RAD23B have been shown to bind intermo-

lecular DNA triplexes with high affinity (Jain et al., 2008; Thoma

et al., 2005; Vasquez et al., 2002). Once DNA damage is recog-

nized and verified by the NER complexes, the ERCC1-XPF

complex incises the dsDNA 50 to the lesion, whereas XPG in-

cises the dsDNA 30 to the damage. Interestingly, in our study,

XPF cleaved H-DNA at the loop between the two Hoogsteen

hydrogen-bonded strands, an area that is specific to a triple-

stranded structure, rather than the loop at the Watson-Crick

hydrogen-bonded duplex (Figure 2H), suggesting that the

cleavage is H-DNA structure specific. In our protein-H-DNA

complex structural models, the ERCC1-XPF complex interacts

with the H-loop, and the active residues and the metal ion
site on XPF are located near the cleavage site, providing

a possible mechanism for the protein-DNA interaction and

cleavage (Figure 4A). Such H-DNA-specific endonuclease

activity of ERCC1-XPF has not yet been reported. Consistent

with our biochemical assays, deficiency in either XPF or XPA

resulted in a substantial reduction in H-DNA-induced mutagen-

esis in human and yeast cells, particularly the deletion events

(Figures 2B and 2D). XPF deficiency also dramatically altered

the distribution of H-DNA-induced breakpoints in human cells

(Figure 2E). Moreover, the effects of XPF deficiency in sup-

pressing H-DNA-induced mutagenesis were more pronounced

in the absence of DNA replication (Figure 5D), suggesting that

XPF is recruited to and cleaves H-DNA structures independent

of replication. Taken together, these results clearly reveal a role

of the XPF protein in cleaving H-DNA, further supporting an

NER-dependent ‘‘DNA damage’’ repair model (Jain et al.,

2008; Vasquez and Wang, 2013; Wang and Vasquez, 2004).

We posit that, in non-replicating DNA, H-DNA cleavage by

ERCC1-XPF results in DNA breaks that are processed

by error-prone microhomology-mediated end-joining mecha-

nisms (Kha et al., 2010; Mao et al., 2008; Vasquez and Wang,

2013).

XPG incises the DNA 30 to the damage during NER process-

ing. In this study, we did not detect incisions near the H-DNA-

specific loop between the two Hoogsteen hydrogen-bonded

strands, as we observed with XPF. Rather, XPG cleaved the

H-DNA substrate at a site similar to that of FEN1 (Figure 2I).

In our structural models, hXPG interacts with H-DNA via basic

residues on its electrostatic surface, and the metal ion active

site between the thumb and forefinger and the highly conserved

active residues a4 K84 and R91 bind to the homopyrimidine

strand upstream of the triple-stranded region (Figure 4B) near

the cleavage sites determined by the in vitro assay (Figure 2I).

XPG cleavage may not be the ‘‘rate-limiting step’’ in H-DNA-

induced mutation in vivo, because the absence of XPG did

not have a significant effect on H-DNA-induced mutagenesis;

however, the absence of XPG altered the mutation spectrum

dramatically, implicating XPG in the formation of H-DNA-

induced deletions (Table 1). It is plausible that XPG processes

the repair intermediates generated by other enzymes (e.g.,

XPF).

FEN1 Is Involved in Replication-Dependent Genetic
Instability at H-DNA-Forming Sequences
Based on the modeled structures, the interactions between

hFEN1 and H-DNA suggest that the positively charged ‘‘palm

and fingers’’ on the protein interact with the homopurine third

strand of H-DNA, and the active site between the thumb and

forefinger binds the cleavage sites on the homopyrimidine strand

upstream to the triple-stranded region to release the flapped

50 single-stranded region (Figure 4C), which is exactly at the inci-

sion site demonstrated in the cleavage assay (Figure 2G).

Although the incision sites on the H-DNA template were similar

with FEN1 and XPG, FEN1 deficiency resulted in a substantial

increase rather than a decrease in H-DNA-induced mutagenesis

in both yeast and human cells (Figure 3). Further, the impact of

FEN1 on H-DNA-induced mutagenesis was dependent on DNA

replication (Figures 5C and 5D). This is consistent with the
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Figure 6. Model of Replication-Indepen-

dent and Replication-Dependent H-DNA-

Induced Genetic Instability in Eukaryotes

Left: schematic of a replication-independent

mechanism of H-DNA-induced mutagenesis,

where the alternative DNA conformation recruits

DNA repair cleavage enzymes (e.g., ERCC1-XPF

and XPG). The incision sites shown correspond to

the cleavage sites of XPF and XPG in Figure 2G.

Right: replication-related genetic instability where

the H-DNA structure impedes the DNA replication

machinery, which could lead to DSBs, is shown.

XPF and XPG could also cleave H-DNA during

replication, leading to DSBs and genetic insta-

bility. FEN1 can cleave H-DNA to resolve the

mutagenic structure, thereby suppressing

H-DNA-induced mutagenesis.
well-established function of FEN1 in replication (removing the 50

flap of RNA/DNA primers in Okazaki fragments during DNA repli-

cation). H-DNA can stall replication forks in vivo (our unpublished

data; Boyer et al., 2013), which can lead to the exposure of long

single-stranded DNA templates and immature Okazaki

fragments. The absence of FEN1 could leave these unstable

intermediates unprocessed, resulting in genetic instability. Alter-

natively, an H-DNA structure similar to the substrate used in this

study (Figure 2G) could form on a single-stranded DNA region

during lagging-strand synthesis, and FEN1 deficiency could

inhibit Okazaki fragment maturation and ligation. Nevertheless,

these data support a model where FEN1 processing of H-DNA

structures may assist in continuous DNA replication and thereby

reduce replication-dependent genetic instability at these se-

quences. A recent report also suggested that a defect of the

Rad27 domain near the two Mg2+ ions and the active residues

identified in this study led to expansion of GAA repeats, which

can potentially form small loops or H-DNA structures (Tsutakawa

et al., 2017).

In summary, we have identified (1) a DNA replication-inde-

pendent model of DNA-structure-induced mutagenesis, where

H-DNA is recognized as ‘‘damage’’ and cleaved by NER nu-

cleases, resulting in strand breaks and subsequent deletions,

and (2) a DNA replication-dependent model, where FEN1 sup-

presses H-DNA-induced mutagenesis as depicted in Figure 6.

More gene products are likely involved in H-DNA-induced

DNA breakage, repair, and mutagenesis in human cells,

perhaps similar to large gene networks involved in mutagenic

repair of DNA breaks described in prokaryotes (Al Mamun

et al., 2012). Further work to identify additional candidate

genes/pathways involved in H-DNA-induced mutagenesis is

warranted, as it will provide critical information for understand-

ing the mechanisms of DNA-structure-induced genetic insta-

bility in human diseases.

EXPERIMENTAL PROCEDURES

For detailed methods, please see Supplemental Experimental Procedures.
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Bioinformatics Analyses

19,957 unique breakpoints of translocations in

human cancer genomes were obtained from
COSMIC at http://cancer.sanger.ac.uk/cosmic. TFRs were defined as two

adjacent mirror symmetric purine or pyrimidine runs of R6 bases each sepa-

rated by a loop size of 0–7 bases (Mirkin and Frank-Kamenetskii, 1994). TFRs

identified within ±100 bp from the breakpoints (bins) were recorded.

YAC Fragility Assays

H-DNA or control sequences were inserted between the telomere seed G4T4

and URA3 in the YAC in the donor yeast strain K213 (Callahan et al., 2003). To

measure H-DNA-induced chromosome fragility, YACs were transferred to

canavanine-resistant recipient cells from a yeast deletion library via Kar-cross

(Callahan et al., 2003), and the URA3 mutants were selected on plates with

5-fluoro-orotic acid (5-FOA). The mutation frequencies were calculated as

the number of FOA-resistant (FOAR) colonies divided by the number of total

colonies.

H-DNA-Induced Mutagenesis Assays in Human Cells

The H-DNA-containing (pMexY) or B-DNA control (pCex) plasmids were trans-

fected into HeLa cells, human XPF-proficient or -deficient cells (Wu et al.,

2007), XPG-proficient or -deficient cells (Evans et al., 1997), or XPA-proficient

and -deficient cells (Jones et al., 1992). To deplete FEN-1 in human cells,

human FEN1 or non-targeting small interfering RNAs (siRNAs) were trans-

fected 48 hr before mutation reporter transfection and also co-transfected

with shuttle reporters. Shuttle vectors were recovered 48 hr after transfection

and transformed into MBM7070 cells, and mutants were screened by blue/

white screening as described (Wang et al., 2009). To address the effect of repli-

cation on H-DNA-induced mutagenesis, plasmids with or without the SV40

replication origin (pMexY and pCex; pMexY-SV40 and pCex-SV40, respec-

tively) were transfected into human cells and mutants were screened as

described above.

LM-PCR Analysis of H-DNA-Induced DSBs

Transfected plasmids were isolated from human cells, treated with Pol I

Klenow fragment, and ligated to the linkers. PCR-amplified products between

the specific primer and the breakpoint (linker) were separated on 2% agarose

gels, and fragments of interest were purified from the gels and sequenced to

map the DSB sites as described (Wang and Vasquez, 2004; Wang et al., 2009).

ChIP Assays

The Simple Chip Enzymatic Chromatin IP Kit (Cell Signaling Technology, Santa

Cruz, CA) was used for ChIP assays according to the manufacturer’s recom-

mendations and as described (Zhao et al., 2009). Recovered ChIP and input

DNA were used for PCR amplification using T3 and T7 primers surrounding

the H-DNA-forming or control sequences (Table S1).

http://cancer.sanger.ac.uk/cosmic


Cleavage Assays

Formation of the various DNA structures was confirmed by native acryl-

amide gel electrophoresis and/or circular dichroism (Del Mundo et al.,

2017). Cell extracts were prepared from XPF-proficient or -deficient cells

(Evans et al., 1997) using a NucBuster kit (EMD Millipore, Temecula, CA).

For cleavage assays, 6 3 10�8 M radiolabeled H-DNA, duplex DNA, and

flap substrates were incubated with 20 ng of purified human recombinant

FEN1 protein (kindly provided by Dr. Binghui Shen, City of Hope), 48 ng

of purified human recombinant XPG protein (kindly provided by Dr. Richard

D. Wood, The University of Texas M.D. Anderson Cancer Center), or

cell extract at 30�C for the times indicated in their specific reaction

buffers (see Supplemental Experimental Procedures for details). Cleavage

products were separated on 20% denaturing polyacrylamide gels and visu-

alized using a Typhoon PhosphorImager.

Modeling of Protein-DNA Complexes

X-ray crystal structures of human proteins were obtained from the PDB (http://

www.rcsb.org; https://doi.org/10.2210/pdb3q8l/pdb). The structures of the

catalytic core of the human XPG protein, the ERCC1 central domain, and

the nuclease domain of hXPF were used for modeling. The H-DNA structure

(based on the sequence used in this study) was assembled, and the final struc-

ture was refined by using 5-ns molecular dynamics simulations with AMBER

force field and software (http://ambermd.org; Case et al., 2015). The H-DNA

structure was solvated in a water box with physiological concentrations of

counter ions in the molecular dynamics simulations.

Statistical Methods

The FOAR frequencies in the YAC fragility assay and the frequencies of mu-

tation in the supF reporter gene in mammalian cells were calculated by

dividing the numbers of mutants (FOAR or supF-deficient white colonies)

by the numbers of total colonies. Student’s t test or c2 test was used to

determine significant differences between groups. p values of less than

0.05 were considered statistically significant. For each experiment, at least

30,000 total colonies were counted and were independently repeated at

least 3 times.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and one table and can be found with this article online at

https://doi.org/10.1016/j.celrep.2018.01.014.
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Supplemental Experimental Procedures: 
 

Bioinformatics Analyses. The dataset containing the breakpoint locations of 

translocations and deletions in cancer genomes mapped to the human genome 

assembly GRCh37/hg19 was obtained from COSMIC at http://cancer.sanger.ac.uk/. The 

total number of unique breakpoints for translocations and deletions was 19,957 and 

46,372, respectively. Triplex-forming repeats (TFRs) located within ±100 bp from the 

breakpoints (bins), comprising two adjacent purines or pyrimidine runs of length ³6 

bases each, displaying mirror symmetry, and separated by a loop size of 0-7 bases, 

were identified using custom scripts. This constraint was set based on the observation of 

S1 nuclease sensitivity of such native sequences, suggesting their potential to adopt H-

DNA conformations (Mirkin and Frank-Kamenetskii, 1994). For overlapping TFRs only 

the longest match was output. The bedtools utility was used to generate a set of 20,000 

non-gap-matching sequences (bins), each 200 bases long. 

 

Yeast Strains and YACs. Yeast strain 213 (MATa Kar1-1, his7, leu2-3, 112, ura3-52) 

was used for YAC construction and transfer into other yeast strains. Yeast strain 

BY4742 (MATa, his3D1, leu2D0, lys2D0, ura3D0) and their derivatives (Yeast deletion 

library GSA-5, ATCC, Manassas, VA) were used in mutation variation screening. H-DNA 

or control sequences were cloned between the telomere seed G4T4 and the URA3 gene 

on a replication-defective plasmid derived from pRS306. Then the plasmids were 

linearized and used to construct YACs by homologous recombination with YAC VS5 

containing a point mutation in the URA3 gene (Callahan et al., 2003). H-DNA or control 

sequences and a functional URA3 gene were selected on yeast minimal media SD base 

(Clontech, Mountain View, CA) with CSM-Ura (MP Biomedicals, Santa Ana, CA) plates 



and confirmed by PCR with primers T7 and T3 (oligonucleotide sequences are listed in 

Table S1), followed by direct DNA sequencing. 

 

YAC Transfer (kar-cross). Donor cells K213 containing YACs with human H-DNA or 

control sequences were grown from a single colony in SD base with CSM-Ura-Leu 

medium (MP Biomedicals) overnight at 30°C. Canavanine resistant recipient cells from 

the yeast deletion library were grown in yeast complete media YPD at the permissive 

temperature overnight. YACs were transferred from donor cells to recipient cells via kar-

crosses as previously described in Callahan et al. 2003 (Callahan et al., 2003). 

 

YAC Fragility Assays. Single yeast cells harboring YACs containing human H-DNA or 

control sequences were used to inoculate cultures and were grown for 20 h at the 

permissive temperature in SD base with CSM-Leu medium. 50 µl of each culture was 

plated on the SD base with CSM-Leu plates with 5-fluoroorotic acid (5-FOA, Zymo 

Research, Irvine, CA) to select for breakage events. 10 µl of each sample was diluted 

and plated on the SD base with CSM-Leu plates for a total cell number count. The 

mutation frequencies were calculated as the number of FOA resistant (FOAR) colonies 

divided by the number of total colonies.  

 

H-DNA-induced Mutagenesis Assays in Human Cells. HeLa cells, human XPF-

proficient or XPF-deficient cells (Wu et al., 2007), and human XPG-proficient or XPG-

deficient cells (Evans et al., 1997b) were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM, Life Technologies, Carlsbad, CA) with 10% fetal bovine serum (FBS) 

and antibiotics. Human XPA-proficient and XPA-deficient cells (Jones et al., 1992) were 

maintained in RPMI medium with 10% FBS and antibiotics. The H-DNA-containing 

(pMexY) or control (pCex) plasmids were transfected into human cells using 



GenePORTER (Genlantis Inc., San Diego, CA) according to the manufacturer’s 

recommendations. E. coli MBM7070 cells (F-lacZ (am)CA7020, lacY1, hsdR−, hsdM+, 

araD139 Δ(araABC-leu)7679, galU, galK, rpsL, thi) were used in the supF-based 

mutation frequency assays. Shuttle vectors carrying human H-DNA or control DNA 

sequences were extracted from human cells and transformed into MBM7070 cells 

mutation frequencies were assayed by blue/white screening as previously described 

(Wang et al., 2009). DNA from individual mutant colonies was sequenced to characterize 

the mutations/deletions near the H-DNA or control B-DNA regions.  

 

siRNA Depletion in Cultured Human Cells. Human FEN1 or non-targeting siRNAs 

(Dharmacon, GE Healthcare Lafayette, CO) were transfected into cultured XPF-

proficient or XPF-deficient human cells (Wu et al., 2007) with RNAimax (Invitrogen, Life 

Technologies Grand Island, NY) using the manufacturer’s recommended protocol. A 

second siRNA transfection together with the reporter plasmids was carried out 48 h after 

the first transfection using GenePORTER (Genlantis Inc., San Diego, CA). Cells were 

harvested 48 h later for Western blotting to examine the FEN1 protein levels, and 

plasmids were extracted for mutation analysis.  

 

Replication Effects on H-DNA-induced Mutation Frequency. The SV40 origin of 

replication in the plasmids carrying the human H-DNA-forming or control sequences was 

deleted by restriction digestion (using NcoI) and ligation. Plasmids with or without the 

SV40 replication origin (pMexY and pCex; pMexY-SV40 and pCex-SV40, respectively) 

were transfected into human cells using a Nucleofector (Lonza, Walkersville, MD). Cells 

were collected 24 or 48 hours after transfection for blue/white screening in E. coli 

MBM7070 cells as described above.  

 



Ligation-mediated PCR (LM-PCR) Analysis of H-DNA-induced DSBs. Plasmids were 

recovered from human cells using a modified Hirt extraction method described 

previously (Wang and Vasquez, 2004; Wang et al., 2009). Briefly, extracted plasmids 

were treated with Pol I Klenow fragment to blunt the DNA ends, and ligated to the PCR 

Linkers (annealed from oligonucleotides LMPCR1 and LMPCR2). The ligation products 

were used as templates in the PCR reaction with a specific primer (LMsupF183) to the 

supF-reporter gene and a linker primer (LMPCR2) (Table S1). Amplified products were 

separated on a 2% agarose gel, and fragments of interest were purified from the gel and 

sequenced to map the DSB sites.  

 

Chromatin Immunoprecipitation (ChIP) Assays. ChIP assays were performed using a 

Simple Chip Enzymatic Chromatin IP Kit (Cell Signaling, Inc., Santa Cruz, CA) according 

to the manufacturer’s recommended protocol and as described previously (Zhao et al., 

2009). Some modifications in protocols were specific to yeast cells. Yeast cells 

containing YACs with human H-DNA-forming or control sequences were grown 

overnight at a permissive temperature and 5 mL of culture was fixed with 1% 

formaldehyde for 8 min at room temperature to crosslink DNA and proteins. After 

quenching and washing, the YACs from the yeast cells were extracted using lysis buffer 

(0.1 M Tris-Cl pH 8.0, 50 mM ethylenediaminetetraacetic acid, 1% SDS) and Zymolyase 

(Zymo Research, Irvine, CA), followed by sonication to obtain an average DNA fragment 

length <500 bp. Approximately 1% of the total chromatin was stored as “input DNA” and 

the remaining chromatin was incubated with 5 µg of specific antibody (a-FEN1, a-XPG, 

a-XPF, Abcam, Cambridge, MA) or control a-IgG antibody and samples were incubated 

overnight at 4°C on a rotator. The rest of steps were performed according to the ChIP Kit 

protocols. Fractions of purified ChIP DNA and input DNA were used for PCR analysis. 



The primers for PCR amplification were T3 and T7 surrounding the H-DNA-forming or 

control sequences (Table S1). Amplified products were separated on 1.5% agarose gels 

containing ethidium bromide and visualized on a ChemiDoc Imager (Bio-Rad, Hercules, 

CA).  

 

Substrate Preparation. The H-DNA substrate was formed using a single-stranded 

oligonucleotide MCR2-5' (Table S1); the duplex DNA substrate was formed by annealing 

oligonucleotides 71 and 72 (Zhao et al., 2009); the FEN1 cleavage control substrates 

were formed by annealing oligonucleotides FENS1, FENS2, and FENS3 (Storici et al., 

2002); the stem-loop substrate was formed by a single-stranded oligonucleotide SL46 

(Evans et al., 1997b). The Y-splayed structure was formed by annealing Splayed-1 and 

Splayed-2 oligoes (Table S1). The H-DNA fold-back oligonucleotide MCR2-5' was 

incubated in triplex-forming buffer (20 mM NaCacodylate, 0.1 mM EDTA, 10 mM MgCl2, 

100 mM NaCl), and the other substrates were formed by annealing oligonucleotides in 

buffer (10 mM Tris, pH 8.0, 50 mM NaCl, 1 mM EDTA) boiled for 10 min, and slowly 

cooled to room temperature. Formation of the various structures was confirmed by 

native acrylamide gel electrophoresis and/or circular dichroism. 

 

Cleavage Assays. 6x10-8 M radiolabeled H-DNA-forming fold-back oligonucleotides, 

duplex DNA, and flap substrates were incubated with 20 ng of purified human 

recombinant FEN1 protein (kindly provided by Dr. Binghui Shen, City of Hope) in 

reaction buffer (40 mM Tris-HCL pH 7.5, 10 mM MgCl2, 5 mM DTT, 200 µg/mL BSA) 

(Storici et al., 2002) at 30°C for 15 min. Cleaved products were separated on a 20% 

denaturing polyacrylamide gel, and visualized using a Typhoon PhosphorImager (GE 

Healthcare Life Sciences, Pittsburgh, PA). Forty-eight ng of purified human recombinant 

XPG protein (kindly provided by Dr. Richard D. Wood, The University of Texas M.D. 



Anderson Cancer Center) or BSA was incubated with 4x108 M DNA substrates at 30°C 

overnight in a buffer containing 25 mM HEPES (pH 6.8), 4 mM MnCl2, 1 mM DTT, 250 

µg/mL BSA, and 10% glycerol. Formamide/dye was added to stop the reactions and the 

cleavage products were resolved on a 12% denaturing polyacrylamide gel. Cell extracts 

were prepared from XPF-proficient or XPF-deficient cells (Evans et al., 1997a) using a 

NucBuster kit (EMD Millipore, Temecula, CA). The H-DNA structure formed by 

oligonucleotide MCR2-5' (Table S1) was incubated with cell extract in reaction buffer (40 

mM Tris-HCL pH 7.5, 10 mM MgCl2, 5 mM DTT, 200 µg/mL BSA) at 30°C for 1 hour. 

Formamide/dye was added to stop the reactions and the cleavage products were 

resolved on a 12% denaturing polyacrylamide gel. 

 

Modeling of Protein-DNA Complexes. The X-ray crystal structure of human FEN1 

(hFEN1) was obtained from the Protein Data Bank (PDB, http://www.rcsb.org, DOI: 

10.2210/pdb3q8l/pdb). The structure of the catalytic core of the human XPG protein 

(hXPG 1-155 and 762-984) was modeled through SwissModel 

(http://swissmodel.expasy.org/) using the catalytic core of its homologous Rad2p as a 

template (http://www.rcsb.org, DOI: 10.2210/pdb4q0z/pdb). The model of the complex of 

ERCC1-XPF was made using the program Pymol (http://www.pymol.org). The model 

was constructed from the known structures of the human XPF-ERCC1 HhH domains 

(http://www.rcsb.org, DOI: 10.2210/pdb1z00/pdb), the ERCC1 central domain 

(http://www.rcsb.org, DOI: 10.2210/pdb2jpd/pdb) and the nuclease domain of hXPF 

modeled through SwissModel using the archaeal XPF homodimer bound to dsDNA as 

the template (http://www.rcsb.org, DOI: 10.2210/pdb2bgw/pdb).  

 The H-DNA structure for the sequence used in the in vitro nuclease activity assay 

was assembled from 4 parts: the triple-stranded region, the H-loop, the turn between the 

two Watson-Crick paired duplex, and the 5’ terminal single strand DNA upstream to the 



triple-stranded region. The H-DNA substrate was directly constructed from the solution 

structure of purine.purine.pyrimidine DNA triplet-repeat containing G.GC and T.AT triples 

(http://www.rcsb.org, DOI: 10.2210/pdb135d/pdb). For the TA-A triple structure, the TA 

was assigned as a canonical Watson Crick pair, and the A-A was assigned as a trans-

Hoogsteen pair where both of the two As used the Hoogsteen edge, and the amino 

group of one A hydrogen bonds to the N7 of the other A (Leontis et al., 2002). The H-

loop was modeled similarly as that in the available model (http://www.rcsb.org, DOI: 

10.2210/pdb135d/pdb, and DOI: 10.2210/pdb1b4y/pdb). The turn between the Watson-

Crick paired duplex regions was modeled as an anticondon U-turn (Gutell et al., 2000). 

The final structure was then refined by using 5-nanosecond molecular dynamics 

simulations with AMBER force field and software (http://ambermd.org) (D.A. Case, 

2015). In the molecular dynamics simulations, the H-DNA structure was solvated in a 

water box with physiological concentrations of counter ions. 

 
  



 
Supplementary Table 1. List of oligonucleotides used in this study, Related to 

Experimental Procedures 

 

Name Sequence 

MCR2-5’ 5’-cag gaa atc acc cct ccc ttt ttg gga ggg gcg ctt atg ggg agg g 

71 5’-ggt acc gaa ttt cgg ccg agg ggg agg ggg tgg tgg ggg ggg aag gat tcg aac ctt 

72 5’-aag gtt cga atc ctt ccc ccc cca cca ccc cct ccc cct cgg ccg aaa ttc ggt acc 

FENS1 5’-gtc atg ata gat ctg atc gct cga att cct gca gcc cgg 

FENS2 5’-ccg ggc tgc agg aat tcg ata tca agc tta tcg ata ccg tcg acc tcg a 

FENS3 5’-tcg agg tcg acg gta tcg ata agc ttg ata 

T7 5’-taa tac gac tca cta tag gg 

T3 5’-att aac cct cac taa agg ga 

LMPCR1 5’-cgt  aca  ttc  aca  acg  ata  gcg  act  ga 

LMPCR2 5’-gct  atc  gtt  gtg  aat  gta  cg 

LMsupF183 

Splayed-1 

Splayed-2 

5’-aga tcc  agt  tcg  atg  taa  cc 

5'-cgc  tca  agt  tta  tat  taa  aaa  gca  gag  tt-3' 

3’-gcg  agt  tca  aat  ata  atg  ata  tcg  acc  gt-5’ 

 

 
  



Supplementary Data: 
 

 

 

Supplementary Figure 1. The NER protein XPG does not affect H-DNA-induced 

mutation frequency in human Cells. Related to Figure 2 and Table 1. H-DNA-induced 

mutation frequencies in XPG-proficient (XPG+) and XPG-deficient (XPG-) human cells. 

The numbers below the graph show the fold increases in H-DNA-induced genetic 

instability above the B-DNA control in each cell line (Fold to CON). At least 10,000 

colonies were screened in each of three assays.  

 



 
 
Supplementary Figure 2. Circular dichroism (CD) spectrum of the H-DNA fold-back 

oligonucleotide MCR2-5’. Related to Figure 2. Blank and sample-containing quartz 

cuvettes were matched prior to use. The CD spectrum of 10 mM MCR2-5’ was 

measured at pH 7.0 in 20 mM HEPES, 100 mM NaCl, 0.1 mM EDTA and 10 mM MgCl2 

at 25°C. Samples were evaluated on a Jasco J-815 CD Spectrometer (JASCO, Inc., 

Easton, MD) equipped with a Peltier temperature controller and scanned from 200 – 350 

nm. Data were processed using the JASCO software and exported to Sigma Plot 10. 

The negative peak at 210-220 nm represents the formation of an H-DNA structure.  

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3. Cleavage of Y-splayed structure by XPF in human cell-

free extracts. Related to Figure 2. 5’-radiolabeled ssDNA (lanes 1&2) or Y-shape 

splayed substrate radiolabeled on the 5’-end of the top strand (lanes 3&4), were 

subjected to cleavage assays in human cell free extracts. Lanes 1&3: XPF-proficient cell 

extract; lanes 2&4: XPF-deficient cell extract. The 16-nt and 15-nt cleavage products 

are marked, suggesting cleavage sites -1 and -2 nt to the junction (shown in red lines on 

the right).  

 

  

* 
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Supplementary Figure 4. siRNA-mediated depletion of FEN1 in human cells. 

Related to Figure 3. (A) Detection of FEN1 protein in HeLa cells treated with FEN1 

siRNA (siFEN) or non-targeting control siRNA (siCON) by immunoblotting 48 hours post-

treatment. (B) Detection of FEN1 protein in XPF-proficient or deficient human cells with 

FEN1 siRNA (siFEN) or non-targeting control siRNA (siCON) by immunoblotting 48 

hours post-treatment. The amount of FEN1 expression was quantified using ImageJ. 

The percentages shown below the gel were compared to the expression levels in control 

knockdown samples. 
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