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ABSTRACT

Detection of low-level DNA mutations can reveal re-
current, hotspot genetic changes of clinical rele-
vance to cancer, prenatal diagnostics, organ trans-
plantation or infectious diseases. However, the high
excess of wild-type (WT) alleles, which are concur-
rently present, often hinders identification of salient
genetic changes. Here, we introduce UV-mediated
cross-linking minor allele enrichment (UVME), a
novel approach that incorporates ultraviolet irradi-
ation (~365 nm UV) DNA cross-linking either be-
fore or during PCR amplification. Oligonucleotide
probes matching the WT target sequence and incor-
porating a UV-sensitive 3-cyanovinylcarbazole nucle-
oside modification are employed for cross-linking
WT DNA. Mismatches formed with mutated alleles
reduce DNA binding and UV-mediated cross-linking
and favor mutated DNA amplification. UV can be ap-
plied before PCR and/or at any stage during PCR
to selectively block WT DNA amplification and en-
able identification of traces of mutated alleles. This
enables a single-tube PCR reaction directly from ge-
nomic DNA combining optimal pre-amplification of
mutated alleles, which then switches to UV-mediated
mutation enrichment-based DNA target amplifica-
tion. UVME cross-linking enables enrichment of mu-
tated KRAS and p53 alleles, which can be screened
directly via Sanger sequencing, high-resolution melt-
ing, TagMan genotyping or digital PCR, resulting in
the detection of mutation allelic frequencies of 0.001-
0.1% depending on the endpoint detection method.
UV-mediated mutation enrichment provides new po-
tential for mutation enrichment in diverse clinical
samples.

INTRODUCTION

Identification of DNA mutations at low allelic frequen-
cies within an excess of wild-type (WT) alleles is an essen-
tial requirement for analysis of clinical samples on several
occasions, including cancer, organ transplantation, prena-
tal diagnostics and infectious diseases (1-6). For example,
in liquid biopsy of cancer using circulating free DNA (7—
11), low levels of somatic mutations or aberrant methylation
serve as biomarkers for early detection (11-13), minimal
residual disease detection (14) or tumor response to treat-
ment (15-17), yet the high excess of circulating WT DNA
often restricts opportunities for diagnosis and treatment.
While next-generation sequencing technologies combined
with incorporation of molecular barcodes can provide ac-
curate enumeration of rare mutations on exome or genome-
wide levels (18-22), interrogation of samples for specific,
hotspot mutations is more practical and cost-effective to
perform using PCR genotyping-based approaches directed
to DNA targets of interest, such as KRAS (23,24), BRAF
(25), EGFR (26,27) and others. Single-step, closed-tube
PCR approaches that provide mutation detection directly
from human genomic DNA are preferable over multistep
methods, to avoid contamination, experimental errors and
increased labor. Digital PCR technology, when available,
provides a practical and accurate solution for targeted,
quantitative detection of low-level alleles (28-31), albeit re-
quires specialized instrumentation and entails elevated op-
eration costs as compared to standard real-time PCR. As
an alternative, mutation enrichment methods are often em-
ployed to elevate mutation concentrations to levels at which
accurate and precise downstream analysis becomes feasi-
ble (32). Mutation enrichment methods include enzymatic
approaches (33,34), PCR denaturation-based approaches
like COLD-PCR (co-amplification at lower denaturation
temperature PCR) (35,36) or WT ‘blocker’ approaches
that enrich mutated alleles during PCR (37-39), including
LNA/PNA-modified oligonucleotides (40). Once included
in the reaction, such blockers operate during every PCR cy-
cle. Depending on input DNA quantity and quality, addi-
tion of high blocker concentrations can occasionally reduce
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amplification even for mutated alleles, and this can be prob-
lematic when mutation allelic frequencies are low (25).
The requirement to adjust blocker concentration leads to
sample-dependent optimization to enable adequate WT
DNA suppression while still allowing adequate amplifica-
tion of rare, mutated alleles.

Oligonucleotides incorporating the photoreactive
molecule 3-cyanovinylcarbazole nucleoside (CNVK)
cross-link to pyrimidines on the opposite DNA strand
upon UVA in a rapid reaction with ~365 nm UVA ra-
diation, which otherwise produces no detectable DNA
damage (41). CNVK-modified oligonucleotides have been
used to identify downstream miRNA targets (42), or for
high-throughput in vitro selection of cDNA display (43).
CNVK was also used for distinguishing single-nucleotide
polymorphism typing for Japanese rice strains (44).

Here, we introduce UV-mediated cross-linking minor al-
lele enrichment (UVME) to enable efficient detection of
low-level mutations in clinical samples. UVME employs UV
irradiation for selective photo-cross-linking of WT DNA
to prevent its amplification (Figure 1A), thereby enabling
preferential enrichment of mutated DNA molecules during
subsequent amplification. Oligonucleotide probes match-
ing the sense strand WT target sequence and incorporat-
ing a CNVK modification are employed for cross-linking.
In its simplest form, UVME is applied directly on sheared
genomic DNA by performing DNA denaturation followed
by repeated probe hybridization and UV cross-linking, in
the absence of enzymes (Figure 1B). This is then followed
by a standard PCR reaction and endpoint mutation detec-
tion. Alternatively, UV is applied during the PCR anneal-
ing phase, at which the CNVK-modified probes cross-link
preferentially to the sense strand of WT DNA, as compared
to mutant DNA, and inhibit further amplification (Figure
1C). UV-based cross-linking can be applied at any cycle dur-
ing PCR, thus providing a most flexible approach. Mean-
while, CNVK-modified probes commonly binding a non-
target region of the antisense strand of both WT and mu-
tant DNA are also employed (‘common’ CNVK probes)
to inhibit antisense strand amplification for both WT and
mutated DNA. The UVME-PCR program is applied in a
single tube, directly from human genomic DNA, and in-
cludes two stages. First, 10-20 cycles of regular PCR are
performed to pre-amplify the target DNA. The UV irradi-
ation is then turned on for 10 s at annealing temperature
during each subsequent PCR cycle to induce photo-cross-
linking of the CNVK-modified probes to the target DNA.
In view of the probe design, the photo-cross-linked duplex
of CNVK-modified probes and template DNA suppress the
polymerization of both strands of WT DNA but only one
strand of mutant DNA during each cycle, thereby result-
ing in mutation enrichment during PCR. The mutation-
enriched PCR product can be used directly for Sanger se-
quencing or high-resolution melting (HRM) to identify
mutations without secondary amplification; alternatively, a
PCR-based TagMan or digital droplet PCR (ddPCR) as-
say can be performed for endpoint detection (Figure 1C).
We validate UVME mutation enrichment in serial dilutions
of mutated genomic DNA and clinical samples containing
low-level mutations.

PAGE 2 OF 10

MATERIALS AND METHODS

Genomic DNA and clinical tissue and circulating DNA sam-
ples

Human male genomic DNA (HMC, Promega Corpo-
ration) was used as WT DNA. Genomic DNA from
KRAS-mutated cell lines containing 100% (PFSK-p53-
C275G, A549-KRAS-G12S and SW480-KRAS-G12V) or
50% (H2009-KRAS-G12A and LOVO-KRAS-G13D) mu-
tation was mixed with HMC to create serial dilutions con-
taining 5%, 3%, 1%, 0.3%, 0.1%, 0.03%, 0.01%, 0.003% and
0.001% mutation allelic abundance. Snap-frozen, macro-
dissected lung tumor specimens were obtained from the
Massachusetts General Hospital Tumor Bank following ap-
proval from the Internal Review Board of the Dana-Farber
Cancer Institute and kept frozen at —80°C until use. Plasma
circulating DNA (cfDNA) from a breast cancer patient was
used under approval from the Internal Review Board of
the Dana-Farber Cancer Institute. Previously performed
exome sequencing on this patient had identified MIER3
mutations at allelic frequency of ~5% (14). To generate
lower level (~0.5%) mutation allelic frequency, a 10-fold di-
lution into cfDNA obtained from a healthy volunteer was
created. For DNA extraction and ligation-mediated PCR
(LM-PCR) protocol, see Supplementary Methods.

Setup for uniform UV irradiation on sections of 64-well plates
during open-lid PCR

To enable UV irradiation during PCR cycling, an open-lid
PCR approach was used, with a UV light source replacing
the PCR machine lid (Supplementary Figure S1). See Sup-
plementary Methods and Supplementary Figures S1 and S2
for the setup used to ensure uniform UV irradiation.

Primers and CNVK probes used for pre-PCR-UVME and
UVME-PCR

The CNVK probes were designed against WT sequence
with CNVK modification replacing one of the DNA bases
and such that a T at position —1 is available in the oppo-
site strand for cross-linking when the probe is hybridized to
the targeted DNA. See Supplementary Methods and Table
1 for sequences and PCR conditions.

Pre-PCR-UVME

To apply the protocol depicted in Figure 1B, 30 ng frag-
mented DNA was used in a 10 pl reaction containing
Ix AmpliTaqGold™ buffer, 2 mM MgCl,, 0.8 pl GC en-
hancer, 100 nM CNVK target-specific probes and CNVK
common probes. The sample was placed in an Eppendorf
Mastercycler™ to go through five cycles of denaturation at
95°C for 2 min, incubation at 52°C for 1 min and 10 s incu-
bation at 52°C with UV irradiation. Treatment for cfDNA
toward MIER3 mutation enrichment was done with a simi-
lar protocol (see Supplementary Methods). PCR conditions
applied to the mutation-enriched samples are also described
in Supplementary Methods.
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Figure 1. UVME-PCR reaction. (A) A UV lamp is attached to a thermal cycler to provide UV irradiation during PCR. The UV lamp can be manually
switched on/off any time during PCR cycling to provide UV irradiation to DNA samples. (B) CNVK-modified probes are applied in UVME before
PCR. Target-specific CNVK-modified probes are designed to match the WT sense strand while forming a mismatch with mutated sense DNA strands.
Common CNVK-modified probes matching both WT and mutated DNA are designed for the antisense DNA strand. When UV is applied, the hybridized
CNVK-modified probes cross-link with T or C on the opposite DNA strand at the —1 position. (C) UVME-PCR is applied in two stages. First, 10-20
cycles of regular closed-lid PCR are performed to build up target DNA copies from genomic DNA. Optionally, the pre-amplification can be performed
via COLD-PCR to amplify preferentially mutated DNA, which further enhances the mutation enrichment. In the second stage of UVME-PCR, the lid
of the PCR machine is opened, and the UV lamp is attached. Following denaturation, CNVK-modified probes and primers bind to their corresponding
sequences during the annealing stage. The target-specific CNVK-modified probes hybridize to the sense strand WT DNA preferentially as compared to
the sense strand mutated DNA and application of UV at this stage blocks subsequent polymerization. Meanwhile, the common CNVK-modified probes
bind equally to both WT and mutant antisense templates and block antisense strand polymerization. Accordingly, UV-mediated cross-linking reduces
amplification of both strands of WT DNA but only one strand of mutated DNA, in each PCR cycle, resulting in robust mutation enrichment during PCR.

Table 1. Primers and CNVK-modified probes for UVME-PCR

Primer ID Sequence

TP53 F1 5'-CCTATCCTGAGTAGTGGTAATCT-3
TP53 R1 5-TTACCTCGCTTAGTGCTC-3'

KRAS F1 5'-CATTATTTTTATTATAAGGCCTGC-3
KRASRI1 5'-CAAAATGATTCTGAATTAGCTGT-3
MIER3 F1 5'-ACCTGATAGCTCCCCTCAAGTTTA-3
MIER3 R1 5'-GACCAATGGTTTCATCAGTGCC-3%

TP53 target-specific CNVK-modified probe
TP53 common CNVK-modified probe
KRAS target-specific CNVK-modified probe
KRAS common CNVK-modified probe
MIERS3 target-specific CNVK-modified probe
MIER3 common CNVK-modified probe

5-GGCACAAACANVKGCAC/phos-3’
5'-CAGAGGAAGAGAANVKCTCCG /phos-3’
5-CCTANVKGCCACCAGCTCCA /phos-3
5-TGAAAATGANVKTGAATATAAACTTGTGG/phos-3’
5-CTCASNVKAGTGTAGGGCCG/phos-3’
5-CGGANVKCTGCGTGTGC/phos-3

UVME-PCR

The amplicon sequences, in silico Blast and primer location
are listed in Supplementary Table S1. For experiments with
KRAS mutations, 90 ng of serial dilution of mutated ge-
nomic DNA from A549, SW480, H2009 or LOVO into WT
DNA was used. DNA was added in a final of 25 pl PCR re-
action containing 1.2 M CNVK target-specific probes and
CNVK common probes, 0.8 x LC Green (BioFire Diagnos-
tics), 1 x AmpliTagGold buffer, 0.8 mM dNTP, 0.2 mM for-

ward and reverse primers, 2 mM MgCl,, 2 il GC enhancer,
0.06 pl Phusion™ polymerase (Thermo Fisher Scientific)
and 0.125 pl AmpiTaq™ polymerase (Thermo Fisher Sci-
entific). Fifty microliters of mineral oil (Sigma-Aldrich) was
overlaid on the PCR master mix to prevent evaporation dur-
ing open-lid PCR. The tubes were vortexed and spun down
before placing in the PCR well plates. The PCR reaction
was performed with an initial activation for 2 min at 95°C
followed by 10 cycles of closed-lid PCR (95°C for 30s, 57°C
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for 30 s and 72°C for 10 s); then, without interrupting the
program, the Eppendorf machine lid was opened, the UV
source and cover were attached, and the cycling continued
with another 50 cycles of open-lid PCR with 10 s UV irradi-
ation applied after the initial 10 s at 57°C during each cycle.
The UVME-PCR products were placed on ice or stored at
—20°C before dilution for downstream assays.

For a direct 1:1 comparison of enrichment obtained via
pre-PCR-UVME and UVME-PCR, as well as for sequen-
tial reactions using both pre-PCR-UVME and UVME-
PCR approaches applied on the same samples, see Supple-
mentary Methods.

To combine UVME-PCR reactions with temperature-
tolerant fast COLD-PCR (UVME-TT-fast-COLD-PCR)
for KRAS mutations, the closed-lid pre-amplification stage
of the reaction was increased to a total of 20 cycles and con-
ducted as follows: an initial denaturation for 1 min at 95°C
followed by 9 cycles of closed-lid PCR (81.2°C for 30 s, 57°C
for 30 s and 72°C for 10 s), 11 cycles of closed-lid PCR
(82.2°C for 30 s, 57°C for 30 s and 72°C for 10 s) and 50
cycles of open-lid PCR with UV irradiation as described
earlier.

For experiments with p53 mutations, a total of 10 ng, 30
ng, 90 ng and 1 pg of DNA at 1%, 0.3-0.1%, 0.03-0.01%
and 0.003-0.001% mutation dilutions, respectively, was em-
ployed. Similar protocols as with KRAS were used, with
minor differences; Phusion™ polymerase was not included
in the reaction and 2.4 pM CNVK-modified probes were
used in the UVME-PCR reaction. The PCR reaction was
conducted with initial activation of AmpliTaq polymerase
at 95°C for 10 min followed by 20 cycles of closed-lid PCR
(95°C for 30 s, 60°C for 30 s and 72°C for 10 s), 50 cycles of
open-lid PCR (95°C for 30 s, 50°C for 30 s and 72°C for 10
s) with 10 s UV irradiation applied after the initial 10 s at
50°C during each cycle, and 72°C for 7 min.

For experiments in circulating DNA targeting MIER3,
the same PCR reaction as for KRAS was set up with 30 ng
LM-PCR obtained from c¢fDNA using a modified thermal
protocol as follows: an initial enzyme activation for 2 min
at 95°C, 8 cycles of closed-lid PCR (95°C for 30 s, 56.8°C
for 30 s and 72°C for 10 s) and then 50 cycles of open-lid
PCR with 10 s UV irradiation applied after the initial 10
s at 56.8°C during each cycle.

Direct Sanger sequencing, TagMan real-time genotyping,
ddPCR and HRM

Following pre-PCR-UVME or UVME-PCR, standard
downstream assays were used to quantify the resulting mu-
tation fraction and to verify the enrichment obtained (see
Supplementary Methods, Supplementary Tables S2-S4 and
Supplementary Figure S3).

Statistical analysis

PRISM 9 (GraphPad) software was applied for statistical
analysis. Statistical significance was determined via the un-
paired Student’s z-test. Samples marked with an asterisk
represent those with values significantly different (P < 0.05)
from the values of corresponding WT controls run in par-
allel. Otherwise, samples are marked as ‘ns’ (P > 0.05, non-
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significant). At least two independent experiment repeats
were performed for each group.

RESULTS

Mutation enrichment via pre-PCR-UVME and UVME-
PCR

To provide proof of principle for pre-PCR-UVME and
UVME-PCR mutation enrichment, genomic DNA sam-
ples with KRAS exon 2 mutations were investigated. A sin-
gle CNVK-modified probe was employed for enrichment
of four common KRAS mutations, G12S, G12V, G12A
and G13D, that represent the most frequently encountered
KRAS mutations in cancer samples (23,45).

For pre-PCR-UVME mutation enrichment, HMC and
KRAS-mutant DNA from cell line A549-G12S, SW480-
G12V, H2009-G12A or LOVO-G13D were fragmented and
mixed to generate KRAS mutation samples with mutations
of ~0.1% and 1% abundance. Pre-PCR-UVME was per-
formed along with no-UV controls that underwent the ex-
act same protocol by omitting the UV irradiation. Samples
were then PCR amplified and the mutation abundance was
examined via ddPCR. When the UV was applied, enrich-
ment was observed for all four KRAS mutations convert-
ing the original ~0.1% and ~1% abundance to ~3-7% and
~20-40%, respectively (Supplementary Figure S4).

Next, in a single-tube approach, the UVME-PCR reac-
tion was applied on genomic DNA with 1% KRAS muta-
tions using the four KRAS-mutant cell lines. The reaction
products were then used for nested PCR employing allele-
specific FAM/HEX-labeled TagMan probes for mutation
identification (23). Using TagMan probes, the PCR thresh-
old difference (delta-Ct, FAM-HEX, with and without UV
irradiation) can be used to quantify the relative amounts
of WT and mutated DNA and the enrichment in the pres-
ence versus absence of UV irradiation. In the presence of
UV irradiation, there is an evident shift of the TagMan
growth curves for a 1% mutation abundance relative to WT
DNA (Supplementary Figure S5). To investigate the enrich-
ment when using a single CNVK probe directed to the sense
strand, versus two distinct CNVK probes directed to sense
and antisense strands (Figure 1C), the experiments were re-
peated employing either a single or two probes per reaction.
The data indicate that including only the target-specific
CNVK-modified probe directed to the sense strand enriches
all four KRAS mutations, from 1% to ~10-20%; however,
using the sense strand probe plus a CNVK-modified probe
directed to the antisense strand that binds equally to WT
and mutated DNA (‘common’ CNVK probe) increases the
mutation abundance even more (from 1% to 15-40%, Sup-
plementary Figure S6) indicating a higher mutation enrich-
ment when both probes are used. Accordingly, a combina-
tion of target-specific sense and common antisense probes
was used in this investigation.

UVME-PCR application on serial dilutions of KRAS
mutation-containing DNA, followed by diverse downstream
assays

UVME-PCR was next applied on serial dilutions of KRAS
mutation-containing DNA to identify limits of detection
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(LODs), depending on the downstream assay used to iden-
tify the mutation. UVME reactions with 90 ng input ge-
nomic DNA were used for 5-0.01% allelic frequencies.
Sanger sequencing and HRM were then performed directly
on UVME-PCR products without secondary amplification
to identify mutations. The data indicate detection down
to 0.1-0.3% MAF (minor allele frequency) via Sanger se-
quencing (Supplementary Figure S7) and 0.1% MAF via
HRM (Supplementary Figure S8) for the four KRAS mu-
tations in the presence of UV, while no mutations were
detected in the absence of UV for MAF < 5% or WT
DNA. UVME-PCR products were also examined via Taq-
Man genotyping assays. The data indicate an LOD of 0.03%
(G128, G12V and G12A) and 0.1% (G13D) after UVME-
PCR, while in the absence of UV the LOD is 1% (G12S,
GI12S and G12V), 3% (G12A) and 5% (G13D) (Supplemen-
tary Figure S9). To precisely evaluate the mutation abun-
dance, ddPCR was also employed on UVME-PCR prod-
ucts. Data indicate an LOD down to MAF ~ 0.01-0.03%
and up to 250-fold enrichment for four KRAS mutations
(Figure 2A). In the absence of UV, the ddPCR LOD is
~0.1%, essentially dictated by the number of droplets per
run in the standard Bio-Rad ddPCR format. Additionally,
when plotted for the lower level mutations (<1%), the start-
ing mutation abundance indicates a correlation (R> ~ 0.95)
to the final mutation abundance for all four KRAS muta-
tions studied (Supplementary Figure S10). Therefore, fol-
lowing UVME, the ddPCR result can be used for approxi-
mate quantification of the input mutation fraction. In sum-
mary, the KRAS mutation dilution experiments indicate
that UVME-PCR mutation enrichment applied as shown
in Figure 1 leads to KRAS mutation enrichments of ~50—
250-fold and an LOD of 0.01-0.3% depending on the down-
stream assay used.

To directly compare the enrichment efficiency of pre-
PCR-UVME and UVME-PCR and the effect of combining
both approaches, 30 ng sheared gDNA containing 0.1% or
1% G12V was subjected to pre-PCR-UVME only, UVME-
PCR only or pre-PCR-UVME followed by UVME-PCR.
The final KRAS mutation abundance was quantified via
ddPCR. The pre-PCR-UVME approach provided enrich-
ment of 25- and 60-fold at 1% and 0.1% respectively, while
the UVME-PCR approach showed enrichment of 45- and
100-fold exceeding the performance of pre-PCR-UVME
(Figure 2B). Furthermore, combination of sequential pre-
PCR-UVME and UVME-PCR results in very high en-
richment, reaching a final mutation frequency of 85% and
98% from an original 0.1% and 1% original mutation fre-
quency, respectively (Figure 2B). Accordingly, while each
approach on its own provides enrichment that enables tra-
ditional approaches (Sanger sequencing and HRM) to de-
tect mutations on the order of 0.1-1%, combining both ap-
proaches provides even higher enrichment, essentially deliv-
ering mostly mutated alleles.

UVME-TT-fast-COLD-PCR to boost enrichment for the
Tm-decreasing KRAS mutations G12S, G12V and G13D

The mutation enrichment by UVME-PCR relies on selec-
tive UV cross-linking at the annealing step, while the en-
richment by COLD-PCR is based on selective melting dur-
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ing denaturation (35,46-50). Thus, we explored combina-
tion of these two enrichment methods to further boost the
mutation enrichment achieved during a single PCR reac-
tion from genomic DNA. As a proof of principle, 90 wg
input HMC DNA containing 0.01% of the Tm-decreasing
mutations G12S (G > A), G12V (G > T) and G13D
(G > A) was employed in the UVME-TT-fast-COLD-PCR.
Instead of a regular denaturation temperature of 95°C, crit-
ical denaturation temperatures of 81.2°C (9 cycles, step 1)
and 82.2°C (11 cycles, step 2) were used to selectively am-
plify the mutated DNA copies during the pre-amplification
stage of UVME-PCR. The products were then screened
via TagMan genotyping (Supplementary Figure S11A) and
ddPCR (Supplementary Figure S11B). The data indicate
an increase in mutation enrichment via UVME-TT-fas¢-
COLD-PCR, as compared to UVME-PCR alone for both
TagMan and ddPCR approaches. On the other hand, WT
samples run in parallel demonstrated a somewhat higher
background mutation rate when UVME-TT-fast-COLD-
PCR was applied. Accordingly, while the mutation enrich-
ment increased, the overall LOD showed no clear improve-
ment following serial addition of COLD-PCR.

UVME-PCR application to a p53 hotspot mutation (p53-
C275G)

To apply UVME-PCR to a second DNA target, other
than KRAS, the p53 mutation C275G that is frequently en-
countered in lung cancer (51,52) was investigated. Genomic
DNA from PFSK cell line containing a homozygous p53-
C275G mutation was serially diluted into WT DNA, from
1% to 0.001%, using a total of 1 wg DNA per PCR reac-
tion. This corresponds to ~330 000 genomic copies, which
is expected to contain ~3-—4 mutant molecules in the reac-
tion at the 0.001% level. Varying amounts of input DNA up
to 1 pg per reaction were used as input in UVME-PCR re-
actions. The reaction products were then directly screened
via Sanger sequencing, HRM, TagMan genotyping and
ddPCR. Sanger sequencing indicated a limit of 0.1% MAF
in the presence of UV irradiation, while no mutation could
be detected in the absence of UV for the dilutions tested
(Figure 3A). HRM analysis indicated presence of muta-
tions down to 0.001% in the presence of UV, while no differ-
ence was evident in samples without UV (Figure 3B). Taq-
Man genotyping indicated detection down to 0.01% indi-
cating a ~300-fold mutation enrichment (Figure 3C) and
ddPCR indicated detection down to MAF ~ 0.001%, corre-
sponding to 1000-fold mutation enrichment (Figure 3D). In
summary, using high-input genomic DNA (1 pg) per reac-
tion, UVME-PCR enrichment plus HRM/ddPCR for the
hotspot p53 mutation C275G enables detection down to 1
in 10° alleles.

Application of UVME-PCR in clinical tumor samples and
plasma circulating DNA

For a proof-of-principle application of UVME-PCR in clin-
ical samples, DNA from 10 lung tumors was used. Six of
these samples (TL3, TL30, TLS, TL6, TL15 and TL8) had
been previously shown to harbor low-level KRAS mutations
using a sensitive PNA-PCR-based approach (47,48), while
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Figure 2. Application of UVME-PCR to enrich KRAS exon 2 mutations (G12S, G12V, G12A and G13D) and combination of pre-PCR-UVME and
UVME-PCR. (A) UVME-PCR was tested with serial dilutions of genomic DNA from four KRA4S-mutated cell lines (A549-G12S, SW480-G12V, H2009-
G12A and LOVO-G13D) into WT DNA. A single pair of KRAS target-specific CNVK-modified probes and KRAS common CNVK-modified probes was
used for all four mutations. UVME-PCR products screened via ddPCR quantify mutations down to 0.01-0.03% MAF for all four KRAS mutations. (B)
Pre-PCR-UVME, UVME and combination of pre-PCR-UVME and UVME-PCR were performed on 30 ng sheared gDNA containing 0.1% or 1% KRAS
G12V mutation. The final product screened via ddPCR showed that UVME-PCR has somewhat better enrichment efficiency than pre-PCR-UVME, while
performing sequential pre-PCR-UVME and UVME-PCR could further boost the enrichment.

four samples (TL80, TL13, TL81 and NL77) along with
HMC DNA were WT. These samples were re-examined
from genomic DNA using regular ddPCR and mutations
at ~1-45% mutation abundance were ascertained for the
six samples previously found to be positive (Figure 4A).
When UVME-PCR was applied prior to ddPCR, the muta-
tion abundance detected via ddPCR was increased to ~30-
90% (Figure 4A). No mutations for the remaining four
samples or HMC DNA were detected. Samples were then
also examined via Sanger sequencing as the endpoint detec-
tion method. The mutations were detected in the six pos-
itive samples via UVME-Sanger sequencing (Figure 4B).
No mutations could be detected via Sanger sequencing in
the absence of UV cross-linking (no UV) in five out of
six positive samples. The data indicate that UVME mu-
tation enrichment enabled Sanger sequencing-based detec-
tion of mutations in low-purity clinical samples and mag-
nified ddPCR mutation signals as compared to regular
ddPCR.

Application of pre-PCR-UVME or UVME-PCR on
cfDNA was investigated following the workflow depicted
in Supplementary Figure SI2A. ¢fDNA from a metastatic
breast cancer patient was obtained and a mutation on

MIERS3 p.H548D, which was previously detected via whole-
exome sequencing, was selected as a target. After UVME
treatment, the MIER3 mutation was enriched ~30-fold,
from an initial allelic frequency of ~0.5% to ~14% in the
presence of UV (Supplementary Figure S12B). Pre-PCR-
UVME and UVME-PCR were also performed on a LM-
PCR product obtained from the same cfDNA sample. Simi-
lar MIER3 fold enrichment was obtained in the presence of
UV irradiation (Supplementary Figure S12C and D). No
MIER3 mutation was evident in similarly treated healthy
donor ¢fDNA samples. In summary, UVME can be applied
for a range of clinical samples, including tissue and circulat-
ing DNA. Application on FFPE samples or damaged DNA
is also considered potentially possible, depending on sample
degradation and formalin fixation conditions (53) or dam-
age by DNA damaging agents (54,55).

DISCUSSION

We demonstrate that introducing photochemistry either
prior to or during PCR enables a novel “‘WT DNA blocker
approach’ that can be applied for enrichment of mutations
directly from genomic DNA in a closed-tube format. When
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Figure 3. Application of UVME-PCR to a p53 mutation, C275G. UVME-PCR was tested with serial dilutions of genomic DNA containing a hotspot
tpS3 mutation (PFSK cell line, C275G) into WT DNA. Serial dilutions of PFSK into HMC DNA down to 0.001% MAF were formed, with the lowest
dilutions using an input of 1 wg DNA. (A) UVME-PCR followed by Sanger sequencing reveals that mutations in dilutions down to 0.1% were detectable
following UV irradiation, while no mutations are evident without UV application. (B) When UVME-PCR was followed by HRM, mutations down to
0.001% were discriminated from WT samples following UV irradiation. (C) UVME-PCR followed by TagMan genotyping shows that application of UV
increases mutation abundance from 0.01-1% to 3-80%, respectively. (D) UVME followed by ddPCR detects mutations down to 0.001% and increases

mutation abundance from 0.001-1% to 1-80%, respectively.
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Figure 4. Clinical tissue samples were applied in UVME-PCR. UVME-PCR was applied to DNA extracted from 10 lung tumor tissue samples previously
shown to harbor medium to low KRAS GI12D, G12V or G13D mutations and four samples with WT KRAS. Human male genomic DNA was also
screened as a control. (A) ddPCR was first applied to document the mutation abundance in the absence of UVME enrichment and mutations in the 1-40%
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applied during PCR, the ability to apply UV at any point
during cycling provides the flexibility to apply target pre-
amplification without UV using regular PCR in the first few
cycles. This pre-amplification boosts mutated DNA copies
and then switches to WT DNA-specific UV cross-linking to
amplify selectively mutation-containing DNA alleles. Un-
like mutation enrichment approaches that require a sep-
arate pre-amplification step prior to enrichment (56,57),
the ability to combine pre-amplification plus enrichment
steps in a single tube directly from genomic DNA has prac-
tical advantages such as convenience, speed and reduced
contamination risk. As with all approaches that employ
pre-amplification, there is a risk of introducing PCR er-
rors that can then be enriched during the UV cross-linking
stage and result in false positives. An indication for in-
creased PCR noise was evident when COLD-PCR was
applied for 20 cycles of pre-amplification (Supplementary
Figure S11).

Meanwhile, as a simpler alternative to UV-based cross-
linking during PCR and to obviate PCR errors altogether,
UV-based selective WT DNA cross-linking was also applied
directly on genomic DNA prior to PCR, in the absence
of enzymes. This strategy has several advantages: (i) It en-
ables existing amplification and detection strategies without
change following the initial UV cross-linking phase. This
potentially includes isothermal amplification of selectively
cross-linked DNA instead of PCR, for point-of-care ap-
plications. (ii) It bypasses the need for customized instru-
mentation since UV cross-linking can in principle be ap-
plied via a simpler setup instead of PCR machine. (iii) It
increases the potential for multiplexity: since UVME en-
tails a simple hybridization step without PCR, one can
multiplex CNVK-modified probes against multiple tar-
gets for selective cross-linking. Moreover, sequential ap-
plication of pre-PCR-UVME plus UVME-PCR results in
even higher enrichment efficiency, enabling a 0.1% muta-
tion dilution to become 85%, representing an ~850-fold
mutation enrichment. In summary, the ability to apply
WT DNA selective cross-linking either before or during
PCR or in combination provides unique advantages for
UVME and the ability to apply mutation enrichment in
conjunction with many existing technologies in a variety of
settings.

While pre-PCR-UVME is straightforward to perform,
the application of UV cross-linking during PCR is tedious in
the absence of a PCR machine that incorporates a UV lamp.
To prove the principle, here we performed open-lid PCR
and applied UV to PCR tubes using an external UV lamp.
While this approach worked well as a proof of principle, it
is tedious since the UV is operated manually during PCR.
Further, open-lid PCR requires higher number of cycles rel-
ative to closed, heated-lid PCR to achieve a given amplifi-
cation. Accordingly, incorporation of the UV source within
a heated-lid PCR cycler and automated control are antici-
pated instrumentation developments to enable widespread
UVME application. Implementation of UVME-PCR in a
real-time PCR mode would provide additional advantages,
such as automatically switching the UV on/off when the re-
action reaches certain PCR thresholds using real-time PCR
based either on DNA-binding dyes or on oligonucleotide
probes (58).
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