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Naked-eye fingerprinting of single nucleotide
polymorphisms on psoriasis patients¥
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We report a low-cost test, based on gold nanoparticles, for the colorimetric (naked-eye) fingerprinting of

a panel of single nucleotide polymorphisms (SNPs), relevant for the personalized therapy of psoriasis.

Such pharmacogenomic tests are not routinely performed on psoriasis patients, due to the high cost of

standard technologies. We demonstrated high sensitivity and specificity of our colorimetric test by validat-
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Sequencing of the human genome has shown that a signifi-
cant part of the genetic variability among individuals is due to
single nucleotide polymorphisms (SNPs)." Nowadays, a bulk of
knowledge is being accumulated on the involvement of an
increasing number of SNPs in constitutional susceptibility to
diseases and predictability of the response to drugs.>® These
relationships are the focus of pharmacogenomics, the genetic
pillar at the basis of personalized medicine. Current techno-
logies for SNP diagnostics are mainly based on sequencing,
real-time PCR, and hybridization assays, which however have
limited clinical applicability, owing to their significant costs
and instrument requirements, thus hampering the implement-
ation of personalized therapies.*

Psoriasis is a chronic inflammatory skin disease affecting
2% of the world population.® It is a heterogeneous disease,
both in its clinical symptoms and in the underlying genetics.
In recent years, Genome-Wide Association Studies (GWAS)
have demonstrated the role of chromosomal regions, called
PSORiasis Susceptibility (PSORS), in the risk of developing
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ing it on a cohort of 30 patients, through a double-blind comparison with two state-of-the-art instru-
mental techniques, namely reverse dot blotting and sequencing, finding 100% agreement. This test offers
high parallelization capabilities and can be easily generalized to other SNPs of clinical relevance, finding
broad utility in diagnostics and pharmacogenomics.

psoriasis. Moreover, several lines of evidence support the
hypothesis that patients having a particular psoriasis-associ-
ated SNP can respond to treatment better than others.® In par-
ticular, the HLA-C*06:02 (Human Leucocyte Antigen-C*06:02),
located in the PSORS1 region on chromosome 6, was the first
identified allele associated with psoriasis susceptibility”® and
correlates with disease severity.” HLA-C*06:02 positive patients
showed a better response to the biological drug ustekinu-
mab.'® Moreover, several SNPs in many other genes, mainly
involved in the immune response, are associated with
psoriasis.”** Notably, patients harboring certain mutations
in the TNFAIP3 (Tumor Necrosis Factor-Alpha-Induced Protein
3) gene, respond better to anti-TNFa biological therapy.'*"® In
particular, rs610604 G allele in the TNFAIP3 gene'® has been
shown to be associated with a better response to several anti-
TNFa drugs (etanercept, infliximab, and adalimumab)."® Cur-
rently, HLA genotype and TNFAIP3 SNPs are not routinely ana-
lyzed in psoriasis patients, due to economic constraints and
relative novelty of the understanding of their pharmaco-
genomics implications. However, recent reports demonstrated
that a four SNPs tagging is sufficient to identify both the
presence and zygosity of the psoriasis susceptibility allele
HLA-C*06:02, thus possibly substituting the more demanding
whole gene analysis."”'®

Results

In this study, we show the low-cost detection of SNPs in the
HLA locus and in the TNFAIP3 gene, aimed at identifying
patients carrying the HLA-C*06:02 allele and the rs610604 G
allele of TNFAIP3. We exploited a rapid and instrument-free
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colorimetric method for SNP detection, recently developed in
combination with isothermal DNA amplification."® We
achieved the colorimetric genotypization of 30 real patients’
samples, and validated the results through double blind com-
parison with two standard techniques, namely reverse dot blot-
ting and sequencing, demonstrating 100% accuracy.

In order to identify the C*06:02 allele, we exploited the 4
tagging SNPs typing (rs3130457, rs6904246, rs7745906 and
rs10484554)'*'” recently reported by Nikamo et al.'® The fifth
SNP analyzed in this test was the above mentioned rs610604,
falling in the TNFAIP3 gene. A total of 30 psoriasis patients
were included in the study. 28 patients had been diagnosed
with psoriasis vulgaris and 2 patients with palmoplantar psor-
iasis. Genomic DNA from patients’ blood samples was ampli-
fied by PCR with primers specific for the regions of the HLA
locus and TNFAIP3 gene harboring the SNPs of interest
(Table S17).

Raw PCR samples were directly used for the colorimetric
detection, according to the scheme depicted in Fig. 1. Briefly,
streptavidinated paramagnetic microparticles were used to
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Fig. 1 Strategy for the colorimetric SNP fingerprinting. (A) PCR reac-
tions were directly analyzed by the colorimetric assay, using two discri-
minating probes, each specific for an allele variant (“a" or “b"). The PCR
product hybridizes with the matching probe only (in this example, the
one specific for allele a), capturing the AuNP probes on the microparti-
cle surface, giving the sample a red color (left). In the case of mismatch
(allele b is not present in this example), the sample remained yellow
(right). The PCR negative control was analyzed with a mixture of the two
discriminating probes and the resulting yellow color confirmed the
absence of any amplified product (not shown in the scheme). (B) Legend
for the interpretation of the results. Red color indicates "ON” result, i.e.,
the presence of that particular SNP variant. Yellow color indicates “OFF".
If both the samples containing the two discriminating probes turn red,
the patient is heterozygous for that particular SNP. (C) Spot control of
PCR specificity by polyacrylamide gel electrophoresis.
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capture biotinylated PCR amplicons, which include the target
SNPs to be tested. The PCR amplicons were denatured and
subsequently hybridized with two different probes, the first
one specific for the SNP (discriminating probe) and the
second one, linked to AuNPs, specific for a fixed portion of the
discriminating probe, providing the colorimetric detection
(detection probe). After incubation with the streptavidinated
magnetic microparticles, magnetic washing was performed to
denature the amplicons and obtain single stranded DNA
targets for the subsequent hybridization with the probes. For
each SNP, two aliquots of the amplicon were hybridized with
the discriminating probes specific for either allele. The univer-
sal AuNP probes were then added to the reactions. These
consist of 40 nm AuNPs, functionalized with polyT oligo-
nucleotides, which recognize a polyA tail in the discriminating
probes.

Details about the synthesis, functionalization, and charac-
terization of AuNP probes are provided in Materials and
methods. Finally, samples were subjected to magnetic washing
and the colorimetric result was assessed visually. In particular,
red color (“ON” result), due to hybridized AuNPs, corresponds
to a perfect match between the discriminating probe and the
sample, indicating the detection of the specific allele. Conver-
sely, yellow color (“OFF” result), due to pristine magnetic
microparticles alone, indicated mismatch among the sample
and probe, ie., the absence of the allele tested for (Fig. 1B).
Finally, as a further control, the negative PCR sample was
hybridized with an equimolar mixture of the two discriminat-
ing probes. The resulting yellow color confirmed the absence
of PCR contaminations, without the need for electrophoretic
analysis. For TNFAIP3, homozygous GG, homozygous TT and
heterozygous GT patients could be directly discerned from the
colorimetric results. For HLA locus, the presence or absence of
the C*06:02 allele was assessed by interpreting the results
shown in Fig. 2. Indeed, the presence of a particular HLA
allele can be identified by different combinations of SNPs, or
haplotypes.'”

Colorimetric test results are shown in Fig. 3. Each line of
the plate corresponds to a patient, while each column corres-
ponds to a discriminating probe, i.e., to an allele variant. The
red/yellow experimental results corresponded well with the
ON/OFF response of the test, and can be interpreted clearly
and without bias by the naked-eye. Furthermore, the double
test performed on each SNP allows distinguishing homozygous
and heterozygous samples. For instance, according to the
legend shown in Fig. 1B, the first patient is heterozygous for
the first SNP (rs10484554), T allele homozygous for the second
SNP (rs3130457), A allele homozygous for the third SNP
(rs6904246), and so forth. The attribution of the C*06:02 allele
could be easily inferred by visual comparison with a printed
legend (Fig. 2). This latter describes all the possible combi-
nations of the SNP status, corresponding to the absence or
presence of the C*06:02 allele, or to heterozygosity for C*06:02.
For each SNP, each of the two possible alleles may be present
(red), absent (yellow) or either of the two (grey, indifferent).
For instance, the first patient is C*06:02 negative (because it

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Interpretation of the four SNPs tagging,'® to determine C*06:02
presence and zygosity. Each column corresponds to a SNP variant, as
indicated on top of the scheme. Each row corresponds to a possible
combination of SNPs that can be found in a patient. Red color: “"ON”"
result; yellow: "OFF"; grey: indifferent result (both presence and absence
of the SNP variant return the same interpretation of the HLA-C*06:02
status). On the right, the interpretation of the HLA-C*06:02 status, for
each SNP combination, is shown.

matches the status of the 3™ row in Fig. 2). Moreover, several
different combinations of SNPs identify the presence of the
C*06:02 allele in homozygosity (Fig. 2, last line). Indeed, any
combination of SNPs rs6904246 and rs7745906 (homozygous
for any of the alleles, or either one or both heterozygous) is
compatible with C*06:02 homozygosity, while only SNP
rs10484554 and SNP rs3130457 should necessarily be T and C,
respectively.'® Similarly, other combinations of SNPs indicate
heterozygosity or the absence of C*06:02.

Notably, after standard PCR amplification, the duration of
the colorimetric assay is ca. 30 min and requires no instru-
mentation. Moreover, all reagents, as well as the final colored
samples, resulting from the presence or absence of hybridized
AuNPs (Fig. 3, lower panel), are stable for months, allowing
easy recording/archiving with no time-constraints.

All samples were also analyzed with two different state-of-
the-art technologies, i.e. direct sequencing and reverse dot blot-
ting (Fig. S21). The primers used for direct sequencing are
listed in Table S2.1 All these studies were performed in double-
blind. Interestingly, a comparison of our colorimetric test with
standard techniques showed 100% agreement (Table 1), both
when using the predictive method based on reverse dot
blotting and when using direct sequencing, demonstrating an
insignificant risk of producing erroneous results (both false
positives and false negatives). The detailed results of the SNP
genotypization by colorimetric test, sequencing, and reverse
dot blot test, for each patient, are provided in Table S3.t

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Results of the colorimetric test applied on 30 patients. Each row
corresponds to a different patient, while each column to a different dis-
criminating probe. For clarity, the negative control of the PCR reaction
(always yellow), was not included in the picture (each patient’s data row
has been taken as a separate picture; pictures were then collated
together for clarity of presentation). Bottom panel: representative SEM
image of magnetic microparticles decorated with hybridized AuNPs
(white dots).
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Table 1 Validation of the colorimetric test, in comparison with two
standard SNP typing techniques

CT? Ds? RDB* Concordance
Other C* alleles 18 18 18 100%
Homozygous C*06:02 0 0 0 100%
Heterozygous C*06:02 12 12 12 100%

“ Colorimetric test. ” Direct sequencing. ¢ Reverse dot blot.

Discussion

The availability of a robust, rapid, and cost-effective tool for
SNP fingerprinting can enhance pre-treatment screening and
promote personalized medicine.® Recently developed biologi-
cal drugs for psoriasis have a better safety profile compared to
conventional systemic drugs, but a cost up to ten times
higher."" Given the high variability of the therapeutic response
among different patients,"" it would be crucial to predict the
efficacy of a drug before treatment, as this could reduce
unnecessary treatments and shrink the treatment-to-cure
window, with great benefit to patients. However, treatments
are most often administered on a trial-and-error basis, expos-
ing the patient to avoidable side effects from ineffective drugs
and delays in symptoms relief, which can be frustrating,
especially for the severe forms of the disease, associated with
serious and even potentially life-threatening comorbidities.
Gold standard methods to genotype HLA alleles rely either
on sequencing, or on PCR with sequence-specific-primers
(SSP-PCR),**** or on array hybridization tests. In particular, a
recently developed method, called the INNO-LiPA HLA-C Kkit,
can detect human leukocyte antigen C alleles at the allele
group level (first two digits of the HLA nomenclature,” e.g.
HLA-C*06:xx), in a strip format, with one amplification and
one detection line. This method does not directly detect the
specific allele (second two digits in HLA nomenclature, e.g.
HLA-C*06:02), but it can provide an estimate of it, based on
statistical data, through the dedicated LiRAS software. More-
over, Olerup et al. have developed a SSP-PCR procedure,>>*"
which requires two steps (and two different kits) to identify
first the serological group, then the allele within that group.
The PCR SSP results carry a large amount of information, as
several allelic variants can be identified with the same test,
and have to be carefully interpreted according to reference
tables provided by the manufacturer. On the other hand,
typing of tagging SNPs'” allows for simple interpretation of
the results. The HLA-C*06:02 status can be assessed easily,
based on a combination of four tagging SNPs'® (Fig. 2). Our
test offers a low-cost and instrument-free alternative to stan-
dard techniques for SNP genotyping. Several AuNP-based col-
orimetric methods have been reported in the literature for the
detection of nucleic acid targets, and also for single nucleotide
polymorphisms (reviewed, for instance, in ref. 24, 25). Many of
them exploit AuNPs aggregation and their consequent color-
shift.>*>® When comparing simplified, colorimetric SNP detec-
tion assays with state-of-the-art instrumental techniques, the
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main issues are specificity and sensitivity.>* Although several
reports have developed different strategies to deal with these
issues, as a matter of fact, a great majority of commercial diag-
nostic tests for SNP genotyping currently rely on instrumental
assays, mirroring the drawbacks that molecular strategies face
when transferred to real-world samples. Compared to other
hybridization-based methods, our test is very robust and
simple to operate, and, importantly, displays zero background.
This is due to a smart design that combines the use of AuNPs
as a signal transducer and cooperative hybridization of probe
oligonucleotides.*® Indeed, beyond the sensitive colorimetric
detection, AuNPs provide enhanced specificity in mismatch
discrimination, through their direct effect on the melting pro-
perties of DNA.?" Cooperative hybridization of adjacent probes,
in turn, further enhances the stability of the binding of per-
fectly matched targets, over that of mismatched targets. In
addition, the yellow-to-red colorimetric result proved to be
bias-free, making the test appropriate for the development of
an integrated point-of-care device, which can be operated and
read even by untrained users, or by automated image analysis
software (as shown, for instance, in Fig. S37).

In this work, we have reported and validated a novel colori-
metric test for the genotypization of a panel of SNPs, relevant
in the pharmacogenomics of psoriasis. Given its diagnostic
accuracy, simplicity and affordability, this test may find great
utility in promoting personalized medicine of psoriasis
patients. Furthermore, the use of universal AuNP detection
probes, together with the great parallelization potential given
by the reduced number of processing steps, simplifies the
application of this assay to the colorimetric fingerprinting of
other clinically relevant SNP panels.

Materials and methods
Synthesis and functionalization of 40 nm gold nanoparticles

40 nm citrate capped gold nanoparticles were synthesized as
previously reported.*> AuNPs were conjugated with thiolated
DNA probes consisting of a sequence of thymines (5’ T(30)-
(O-CH2-CH2)3-SH 3'), purchased from IDT DNA, by standard
gold-thiol chemistry. Functionalized AuNPs were centrifuged
and washed four times with 0.3 M NaCl in 10 mM phosphate
buffer, 0.01% SDS, in order to remove the excess unbound
oligonucleotides. These conjugates DNA-AuNPs were stored at
4 °C until their use. Their concentration was determined by
UV-vis spectrophotometry. In order to quantify the density of
functionalization, functionalized AuNPs were digested over-
night at 40 °C with 10 mM dithiothreitol (DTT) in order to
displace the DNA from the AuNP surface. The digested
suspension was centrifuged at 13 400 rpm for 15 min and the
supernatant was analyzed using the Quant-iT OliGreen ssDNA
kit (Invitrogen). The number of oligonucleotides bound on the
surface of a single AuNP was 430 + 60. Both the as-synthesized
AuNPs and AuNP probes were thoroughly characterized by UV-
vis, Dynamic Light Scattering (DLS), and Transmission Elec-
tron Microscopy (TEM) (Fig. S17).

This journal is © The Royal Society of Chemistry 2016
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Clinical samples and extraction of genomic DNA

A total of 30 psoriasis patients (21 females and 9 males,
average age 47 years), under treatment at the department of
Dermatology of Vito Fazzi Hospital in Lecce (Italy), were
included in the study. Of these, 28 patients were affected by
psoriasis vulgaris, with psoriatic lesions in specified body
regions (upper and lower extremities, trunk, scalp, and nails),
2 patients by palmoplantar psoriasis. All patients provided
written informed consent prior to any study-related pro-
cedures. In 4 patients the skin disorder was associated with
psoriatic arthropathy (according to Moll and Wright criteria
for PsA), diagnosed by imaging studies (enthesitis and teno-
synovitis). PASI (Psoriasis Area and Severity Index) was used to
assess psoriasis disease severity and the clinical efficacy of
treatment. DNA samples for the genetic study were extracted
from blood samples from all patients by using a NucliSENS®
easyMAG® automated nucleic acid extraction system (BioMér-
ieux, Durham, NC). The samples were then anonymized prior
to testing. The concentration and purity of the extracted DNA
were determined by measuring the absorbance at 260 nm by
using a NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific, Inc.). The average concentration of genomic DNA in
extracted samples was <5 ng pl™". Only 1 ul of this material
was used for the amplification and yielded enough material
for the subsequent hybridization step.

Live subject statement

All experiments were performed in compliance with the rele-
vant laws and institutional guidelines. The study was approved
by the ethical committee of the Vito Fazzi Hospital. Written
informed consent was obtained from patients for DNA testing.

Polymerase chain reaction (PCR) amplification and gel
electrophoresis

Genomic DNA was amplified by traditional PCR to obtain
approximately 100 bp fragments containing SNPs rs3130457,
rs6904246, and rs7745906 for the determination of HLA
C*06:02 allele and SNP rs610604 in the TNFAIP3 gene. The
PCR reaction was set up in a 50 pL mixture containing 100
pg uL™" of genomic DNA, 100 nM FW primer, 100 nM biotinylated
REV primer, 2.5 mM MgCl,, 1x PCR reaction buffer, 200 pM
dNTPs (Sigma-Aldrich) and 0.05 units per pL of Taq DNA Poly-
merase (Sigma-Aldrich). Sequences of all primers used are
listed in Table S1. DNA amplification was performed using
the following thermal cycling conditions: 95 °C for 5 min, fol-
lowed by 34 cycles of 94 °C for 1 min, 55 °C for 1 min, 72 °C
for 1 min, with a final extension at 72 °C for 5 min. For the
amplification of the region of the genome containing SNP
rs10484554, which is a GC-rich region, the reaction mixture
contained 200 pg pL™' of genomic DNA, 1.875 mM MgCl,,
200 pM CleanAmp™ dNTP (Sigma-Aldrich) and 3% dimethyl
sulfoxide (DMSO). In this latter case, thermal cycling con-
ditions were: 95 °C for 5 min, followed by 38 cycles of 94 °C for
1 min, 59 °C for 30 s, 72 °C for 1 min, with a final extension at
72 °C for 5 min. PCR products from the first sample were

This journal is © The Royal Society of Chemistry 2016
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checked by polyacrylamide gel electrophoresis, in order to
assess the specificity of the primer sets and exclude off-target
amplifications. Notably, the step of gel electrophoresis was not
needed for subsequent samples, as these were directly ana-
lyzed with the colorimetric method, which also allows check-
ing for possible interfering cross-contaminations of PCR
reactions. The PCR products were separated on an 18%
denaturing polyacrylamide gel, run in Tris-Borate-EDTA (TBE)
buffer, they were then stained with SYBR® Gold (Thermo
Fisher Scientific) and imaged on a Typhoon scanner (GE
Healthcare).

Colorimetric discrimination of single nucleotide
polymorphisms (SNPs)

Colorimetric discrimination of the SNPs was performed
according to a previously reported protocol’® with some
optimizations. Briefly, each amplification product related to
each SNP was analyzed in duplicate, in order to have a naked-
eye discrimination of the results after hybridization with the
two discriminating probes (Integrated DNA Technologies, Inc.)
matching the two possible allele variants (Table S1t). For each
duplicate, a quantity of 15 pL of the biotinylated PCR product
was incubated for 5 min at room temperature with 5 pL of
Dynabeads M-280 Streptavidin (Invitrogen) paramagnetic
microparticles, preventively washed twice with hybridization
buffer (HB) (1x PBS pH 7.4, 5% w/v PEG 600) and resuspended
in an equal volume of HB. The microparticles coated with bio-
tinylated PCR products were incubated with 50 pL of 0.15 M
NaOH for 5 min to denature the double-stranded amplification
product and magnetically separate the interfering non-biotiny-
lated strand. The suspension was washed with 100 pL of 0.15
M NaOH and subsequently with 100 pL of HB, and finally it
was resuspended in 20 pL of HB. The two samples were incu-
bated for 5 min at room temperature with 10 pL of a 10 pM
solution of one of the two discriminating probes. Then, 300
fmol of AuNPs conjugated with detection probes was added
and kept at room temperature for 10 min. After a magnetic
wash with 100 pL of HB at room temperature, the mixtures
were incubated at 52 °C for 8 min and then resuspended in
25 uL of HB for the readout of the colorimetric result.

Determination of the HLA C*06:02 allele

HLA-C*06:02 genotyping was determined with the SNP tagging
method described by Nikamo and Stahle'® after the naked-eye
colorimetric genotyping for the four SNPs rs10484554,
rs3130457, 1s6904246 and rs7745906.

Direct sequencing

Each PCR was carried out using 15 ng of genomic DNA, the
AmpliTaq Gold 360 Master Mix (Applied Biosystems, Foster
City, CA) and 1 pM of each primer, in a total volume of 25 pL.
The PCR conditions for TNFAIP3 were as follows: heat de-
naturation at 95 °C for 5 min, followed by 40 cycles of 95 °C for
30 s, 62 °C for 30 s, 72 °C for 45 s, and final extension at 72 °C
for 10 min. The PCR conditions for the HLA C*06:02 related
SNPs were as follows: heat denaturation at 95 °C for 5 min,
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followed by 40 cycles of 95 °C for 15 s, 64 °C for 15 s, 72 °C for
40 s, and final extension at 72 °C for 10 min. The PCR primer
sequences are listed in Table S2.1 After amplification, PCR pro-
ducts were cleaned by using a USB ExoSAP-IT PCR Product
Cleanup kit (Affymetrix, S. Clara, CA). The PCR products were
then directly sequenced using an ABI 310 PRISM™ sequencer
(Applied Biosystems, Foster City, CA), using the Big-Dye Ter-
minator Cycle Sequencing Ready Reaction Kit™ (Applied Bio-
systems, Foster City, CA). The genotypes of the five SNPs were
examined using the software packages Sequencing Analysis 5.1
and SeqScape Software Version 2.1 (Applied Biosystems, Foster
City, CA).

Reverse dot blotting

The HLA typing tests were performed by reverse hybridization
with the INNO-LiPA HLA-C kit (Fujirebio, Gent, Belgium). The
test was performed using the Auto-LiPA automated test system,
and the results were analysed with the LiRAS software (Fujire-
bio, Gent, Belgium). Briefly, biotinylated amplified targets,
were chemically denatured, and then hybridized with mem-
brane-immobilized probes. Afterwards, stringent washing
removed mismatched hybridization. Then, streptavidin-conju-
gated alkaline phosphatase was added, followed by a chromo-
genic substrate for this enzyme. A purple/brown coloration of a
probe band indicated perfect match of that specific probe with
the target.

Automatic analysis of the dataset

Automatic analysis of the dataset was performed on a photo-
graph taken with a smartphone, exploiting established image
processing tools, in two steps. First the contour of each well
was detected as a circle using the circular Hough transform®?
and, subsequently, a clustering step based on the internal
color of each circle was applied to automatically group the
data. In the second step, the RGB pixel values were converted
to the YUV color space, because it is more similar to the
average human perception. Then, the k-means clustering algor-
ithm®! was used to separate the wells, selecting the average
YUV color within the wells as a descriptive feature. k-Means is
an iterative data-partitioning algorithm that assigns n obser-
vations to exactly one of the k clusters, where k is chosen
before the algorithm starts. In the case of this dataset, n is
300, equal to sample cardinality (i.e. the number of wells) and
k is 2. Awarning label (blue), which requires a human control,
was used in the case of rare light red-orange points wrongly
clustered as yellow (because the RGB orange value is nearer to
the yellow level than the red one). The k-mean algorithm has
the advantage of finding two groups without any prior knowl-
edge of the RGB level of yellow and red (so it can work with
any two colors under any light conditions).
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