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Figure 3. In situ mtDNA mutation detection in 143B and M50 cell lines using padlock gap-fill ligation. Six gap probes with different mutations, including
the MELAS A3243G mutation, were combined with the perfect match wild-type gap probe and used to target the MELAS mtDNA mutation in wild-type
143B (A-C) and mutant M50 (D-F) cell lines. Seven reactions were performed for each cell line with only one 5'-phosphorylated hexamer included in
each reaction. (A and D) Representative images for respective cell line with wild-type 5'-phosphorylated gap probe. (B and E) Representative images for
respective cell line with MELAS mutation-specific 5'-phosphorylated gap probe. (C and F) Quantification of the results obtained for each parallel reaction
with the phosphorylated hexamer present in each reaction indicated on the x-axis. The respective sequences are reported in the box with specific mutations
in bold. As negative controls all hexamers included in the reactions were non-phosphorylated. Error bars = SD. P-values were obtained with a two-tailed

Mann-Whitney U test (**** = P < 0.0001).

Table 2. In situ sequencing results on human and mouse fibroblasts cell lines

Sequenced
Condition?® Cells Tot RCPs RCPs (%) RCPs/Cell G (Hum) A (Mus) Error rate (%)
Sequencing of human BJ-hTERT cells
Hum-P/Mus 1093 34726 99.8 31.7 34624 38 0.1
Hum/Mus-P 738 380 100 0.5 371 9 NA
Hum-P/Mus-P 579 15026 99.3 25.8 14893 39 0.3
Neg C 440 11 100 0.025 10 1 NA
Sequencing of mouse embryonic fibroblast cells
Hum-P/Mus 415 342 100 0.8 302 40 NA
Hum/Mus-P 505 16386 99.8 324 51 16308 0.3
Hum-P/Mus-P 606 14567 99.6 23.9 144 14370 1
Neg C 473 24 100 0.05 16 8 NA
*hexamers present in the reaction; -P = 5’-phosphorylated hexamer.
(Table 3 and Supplementary Figure S3). In order to identify DISCUSSION

the mutant hexamer ligated to the padlock gap probe we
sequenced three bases of the mutant hexamer incorporated
into the RCPs of the EGFR mutation positive sample. More
than 90% of the previously detected RCPs were sequenced.
98.5% of the reads mapped to the expected 2573 T>G mu-
tation with a sequencing error rate of 0.5%, confirming the
specificity of the method (Table 4). These data demonstrate
the applicability of the assay for highly specific mutation de-
tection in patient tissues for a potential diagnostic use.

We have investigated the use of in situ oligonucleotide gap-
fill ligation as a method to reveal presence of mutations in
mitochondrial DNA and mRNA molecules. In this method,
cocktails of gap probes are used to compete for hybridiza-
tion on the target region and ligation to the padlock gap
probe. Combined with RCA, the detection events can be vi-
sualized and sequenced in situ. We showed that this method
can efficiently reveal the presence of mutations in the gap
region to a high degree of specificity and we applied it to
screen for the MELAS point mutation directly on mtDNA
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Table 3. In situ detection of EGFR mutations in lung tissue
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Sample type Status Condition® RCPs/mm?
Fresh Frozen Normal 2573 T>G-P/WT 1.3
2573 T>G/WT-P 5.1
Fresh Frozen L858R 2573 T>G-P/WT 40.3
2573 T>G/WT-P 4.5
Fresh Frozen Normal no gap oligo 0.7
FFPE L858R MUT-P/WT 12.7
MUT/WT-P 7.5
Neg ctr 0.6
FFPE EGFRWT MUT-P/WT 0.4
MUT/WT-P 1.7

*hexamers present in the reaction; -P = 5'-phosphorylated hexamer; MUT = six gap probes coding for reported mutations in codon 858 and 859 in exon

21 in EGFR; Neg ctr = no cDNA primer.

Table 4. In situ sequencing of EGFR mutations in FFPE lung tissue

Mutation Sequence? Reads % of tot. reads
2573 T>G CGG 333 98.5
2575 G>A CTG 2 0.6
2572 C>A ATG 0 0
2572 C>T TTG 0 0
2573 T>A CAG 0 0
2574 G>A CTA 0 0
Unexpected GGT 1 0.3
Unexpected GTG 1 0.3
Unexpected TGG 1 0.3
Tot. reads 338 100
4Letters in bold indicate mutations.
50- Iﬂl Iﬁl ficity. This single mutation is the most prevalent point mu-
Mouse tation making up approximately 40% of all mutations in
c £ up app y
EGFR-mutated non-small cell lung cancer (21). EGFR mu-
40 @8 Human tations in non-small cell lung cancer are a positive predictor
= for the efficacy of EGFR tyrosine kinase inhibitors and are
3 30- used in clinical diagnosis for patient stratification (22). This
) is the first report performing in situ sequencing of RCPs gen-
% 204 erated in FFPE tissues which allows simultaneous mutation
X detection and demonstrates the potential of this assay for
detection of clinically relevant point mutations directly in
10- routine tissue sections. Padlock probe-based assays are well
recognized for their high specificity, which is determined by
0 ; = . S the fidelity of the ligation reaction. The oligonucleotide gap-
o fill ligation presented herein is dependent on the DNA ligase
Q\o‘*' ,og \S}q’ ﬂ\o‘? S to be able to discriminate between mismatched nucleotides
. N \\S) N Q° W not only at the position immediately adjacent to the liga-
\)& 0& Q\° Q'b tion site, but also in the middle of the gap probe. A sys-
N b & tematic analysis of the ligation rate of all possible single nu-

Figure 4. In situ genotyping of ACTB mRNA in human BJ-hTERT and
mouse embryonic fibroblasts. Human and mouse fibroblasts were cultured
and separately tested for a species-specific SNV on ACTBmRNA. Two gap
probes, human and mouse specific, were combined in two reactions where
only one of the two was 5'-phosphorylated as indicated on the x-axis. Error
bars = SD. P-values were obtained with a two-tailed Mann—Whitney U
test (**** = P < 0.0001).

of fixed cells. We furthermore established the gap-fill proto-
col combined with in situ sequencing for multiplexed read-
out by genotyping a SNV on ACTB mRNA and to detect
the L858R point-mutation (c.2573T>G) in the EGFR gene
in fresh frozen and FFPE tumor samples with high speci-

cleotide mismatched gap probes would require comparison
of 18 mutant hexamer sequences against the wild-type. Un-
der the assumption that two or more mutations in the same
hexamer represent a less favorable condition for misligation
to happen, we only investigated the frequency of nonspe-
cific ligation for the three possible mismatches at the most
distant position from the two ligation sites in single probe
reactions. As shown in Figure 2, the A::G mismatch at the
third position from the 5'-end of the gap probe showed the
highest frequency of ligation among the three mismatches,
but was still 16-fold lower than the perfect match (A::T) gap
probe measured in the same experiment. This result is in
agreement with literature showing that C::A and T::G mis-
ligation can occur, although at a reduced ligation rate, be-
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Figure 5. In situ sequencing of an expressed SNV in human and mouse fibroblasts. Human BJ-hTERT and mouse embryonic fibroblasts were subjected
to in situ sequencing of RCPs to detect a SNV in ACTB mRNA. Human and mouse specific hexamers were combined in four reactions where only one
gap probe or both of the hexamers were 5'-phosphorylated, or where the primers for cDNA synthesis were omitted. (A and C) Representative images for
respective cell lines of the reactions where both gap probes (hum and mus) were 5'-phosphorylated. Cell nuclei are shown in blue and the base called for
each RCP is plotted on the cell images in red for human ACTB and yellow for mouse ACTB. Scale bars 20 pm. (B and D) Quantification of the four
reactions showing the mean number of identified RCPs for the two ACTB variants represented for each cell line.

cause their pair geometry causes the smallest disruption to
the double stranded structure among all possible base pairs
(23,24). Increasing the complexity of the hybridization reac-
tions to six mutant gap probes competing with the wild-type
for the target, did not result in a higher rate of misligation,
as shown in Figure 3. Furthermore, whether performed on
mtDNA or mRNA in cells or on tissue, strong significant
differences were observed between results of wild-type and
mutant-specific gap probes, indicating that the assay is spe-
cific in detecting the latter condition (Figures 3 and 4, and
Table 3). The overall high specificity of our assay may be ex-
plained by the high temperature at which ligation was per-
formed (45°C), well above the T,, of the gap probes, and
by the fact that two ligation events need to happen to cir-
cularize the padlock gap probe (12). Specificity is a desir-
able characteristic particularly for clinical applications, but
it comes to the price of lower efficiency compared to the
performance of a regular padlock probe. We estimated the
decrease in efficiency to about 20% when only the perfect

match gap probe was added to the ligation reaction. This
difference was however less in the latter experiments where
competing mismatched gap probes were included in the re-
action together with the matched gap probe, for reasons that
we do not yet understand. This caused us to try to use fully
degenerated 5'-phosphorylated hexamers to circularize the
padlock gap probe, which did however not result in genera-
tion of any detectable signal (data not shown). This failure
may be due to incomplete ligation of gap probes which are
complementary only at one end, i.e. 5'-end, but containing
mismatches at the 3’-end, thus inhibiting full circularization
of the padlock probe and decreasing the overall efficiency,
but further experiments are required to confirm this hypoth-
esis. Assessing the sensitivity of this method in detecting
point mutations at transcript level is technically challeng-
ing because of the biological variation in mRNA expression
at single cell level. To give an estimation of the lower limit
of detection of this method, we decided to target a point
mutation in the KRAS gene in the heterozygous cell line
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Figure 6. In situ mutation detection in fresh frozen and FFPE lung tissue sections. Mutation detection in fresh frozen lung tissues was performed with two
gap probes, only one being 5'-phosphorylated, targeting the L858R mutation in the EGFR gene and the corresponding wild-type sequence. Representative
images of a fresh frozen, L858R positive, tumor sample (A) and a normal tissue (B) tested with the mutant hexamer (2573 T>G) 5'-phosphorylated. FFPE
tissue sections were tested with a pool of six gap probes coding for reported mutations in codon 858 and 859 in exon 21 in EGFR and the corresponding
wild-type sequence. Representative images of FFPE, L858R positive (C) and EGFR wild-type (D) tumor samples tissue tested with the pool of mutant
hexamers 5'-phosphorylated. Cell nuclei are shown in blue and the detected RCPs in yellow. Scale bar 50 pm.

HCT 116. This cell line has been previously characterized
by RNA sequencing analysis and low RPKM values for the
KRAS gene (3.8) compared to ACTB and EGFR (756 and
14, respectively) have been reported in the GEO database
(accession GSE34791) (25,26). For KRAS, we were able to
detect one mutant RCP in about 10 cells and thus, when de-
tecting low abundant variants more cells have to be counted
in order to detect the mutant target. However, for clinical di-
agnostics applications, high resolution, e.g. signal detected
in every cell, may not be necessary although desirable.
Most of the previous studies conducted to assess the
mechanism and specificity of the ligation process of
mesophilic and thermostable ligases were conducted on sys-
tems where two oligonucleotides were joined on a DNA
template requiring one single ligation event. Although not
the aim of the presented work, an interesting observation
emerges from our experiments. It has been previously re-

ported that the thermostable enzyme 7t/ ligase is unable to
efficiently join oligonucleotides of equal or shorter length
than six bases at the 5'-end of the ligation site, requiring
contacts up to the 9" base pair 5’ upstream of the ligation
point (23). Nevertheless, we show in this work that short
hexamer probes can be efficiently ligated. The property of a
thermostable ligase to direct ligation in the 3’ to 5'-direction
has been demonstrated before (27), and accordingly we hy-
pothesize that a first ligation event takes place at the 5'-end
of the padlock gap probe, followed by the sealing of the
nick at the 3’-end of the padlock gap probe. Regardless of
whether such an order of ligation exists, our results show
that Ampligase can tolerate a nick in the footprint region
of the DNA sequence, albeit at 20% lower efficiency of the
assay compared to a single ligation event. It is also worth
mentioning that hexamer oligonucleotides are the shortest
gap probes that we were able to generate signals with using
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the protocol presented herein (data not shown). The maxi-
mum length of the gap probe that can be used in the assay
is limited by the ability of the DNA ligase to tolerate mis-
matches far from the ligation sites and remains to be tested.

The padlock gap-fill ligation assay may prove an advan-
tageous strategy for the simultaneous assessment of muta-
tional status at many loci of known sequence. It has been
shown previously that multiple padlock probes can be used
to assess the presence of different mutations in the same
sample (28). However, the number of distinguishable pad-
lock probes is limited by the number of fluorophores that
can be spectrally separated in the sample. The padlock gap
probe approach offers a simple design to be able to increase
the number of investigated loci. Only one padlock gap probe
is required for each targeted locus, offering the possibility to
screen for many mutational variants at each locus in each
reaction by addition of short, inexpensive sequence-specific
gap probes.

In conclusion, we have developed a targeted method for
mutation detection based on padlock gap probes and in
situ RCA and showed the high specificity of the method by
successfully screening for the MELAS mutation A3243G
in the mitochondrial DNA of two cell lines with known
mutational status. Furthermore, we genotyped a single nu-
cleotide variant in ACTB mRNA transcripts performing in
situ sequencing of the targeted SNV. To demonstrate the po-
tential of this assay for use in clinical diagnostics, we tar-
geted a point mutation in EGFR, indicative of treatment
response, in tissue samples and applied in situ sequencing
to confirm the detected mutation. We propose that in situ
padlock gap-fill ligation provides an inexpensive assay for
screening for the presence of multiple mutations in muta-
tional hotspots in situ, and the possibility to combine the
assay with in situ sequencing provides a new method to cap-
ture and sequence genetic material directly in cells and tis-
sues.
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