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Simultaneously Detection of 50 Mutations at
20 Sites in the BRAF and RAS Genes by
Multiplexed Single-Nucleotide Primer
Extension Assay Using Fine-Needle Aspirates
of Thyroid Nodules
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Fine-needle aspiration (FNA+t) is commonly used for primary evaluation of thyroid nodules. Twenty to 30
percent of thyroid nodules remain indeterminate after FNA evaluation. Studies show the BRAF p.V600E to
be highly specific for papillary thyroid carcinoma (PTC), while R4S mutations carry up to 88 percent posi-
tive predictive value for malignancy. We developed a two-tube multiplexed PCR assay followed by single-
nucleotide primer extension assay for simultaneous detection of 50 mutations in the BRAF (p.V600E,
p-K601E/Q) and RAS genes (KRAS and NRAS codons 12, 13, 19, 61 and HRAS 61) using FNA smears of
thyroid nodules. Forty-two FNAs and 27 paired formalin-fixed, paraffin-embedded (FFPE) tissues were
tested. All BRAF p.V600E-positive FNA smears (five) carried a final diagnosis of PTC on resection. RAS
mutations were found in benign as well as malignant lesions. Ninety-two percent concordance was ob-
served between FNA and FFPE tissues. In conclusion, our assay is sensitive and reliable for simultaneous

detection of multiple BRAF/RAS mutations in FNA smears of thyroid nodules.

INTRODUCTION

The prevalence of palpable thyroid nodules in the
United States is approximately 4 to 7 percent [1]. With
examination by high resolution ultrasound, the incidence
increases dramatically (19 to 67 percent) [2,3], with
many of the additional nodules representing small, inci-
dental lesions that are palpable during physical exami-
nation. Although between 5 and 10 percent of palpable
nodules are malignant [4], the incidence of malignancy is
likely less for small incidental lesions. As the fundamen-
tal purpose of nodule evaluation is to determine the prob-
ability that a nodule is malignant, additional testing

modalities are necessary to clarify the probability of ma-
lignancy and develop a definitive management plan.
Fine-needle aspiration (FNA) is the most commonly
used method for further evaluation of palpable and radi-
ologically detected thyroid nodules. While the majority
of nodules can be classified definitively as benign or ma-
lignant with FNA, up to 20 to 30 percent of aspirated nod-
ules fall into indeterminate categories, including follicular
neoplasm (FN), follicular lesion of undetermined signifi-
cance/atypia of undetermined significance (FLUS/AUS),
and suspicious for malignancy [5-7]. Although some of
these are due to issues of specimen cellularity and/or other
qualitative features that may be clarified by repeat FNA,
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many of these patients undergo diagnostic thyroid lobec-
tomy that may be followed by completion thyroidectomy
if the cytologically indeterminate nodule turns out to be
malignant [8].

Alternations in the RAS-RAF-MEK-ERK pathway
have been found to be associated with malignant thyroid
nodules [9-11]. Mutation in BRAF protooncogene has
been identified in 50 percent of papillary thyroid carcino-
mas (PTCs), and the presence of BRAF p.V600E muta-
tion is highly specific for PTC (positive predicted value
for cancer: 99.3 percent) [12]. RAS (KRAS, NRAS, and
HRAS) mutations are the second most common mutation
detected in FNA biopsy samples from thyroid nodules and
have a 74 to 88 percent positive predictive value for ma-
lignancy [13]. Molecular testing has been shown to im-
prove the accuracy of FNA diagnosis, particularly for
nodules with indeterminate cytology [8,14-15] and thus
may help with patient management decisions [16].

Multiple test platforms have been developed to detect
mutations in BRAF and the RAS genes. The majority of
clinical laboratories are still using formalin-fixed, paraf-
fin-embedded (FFPE) tissue/cell blocks as the sole source
for molecular testing. We developed a simple, cost-effec-
tive two-tube multiplexed polymerase chain reaction
(PCR) assay followed by single-nucleotide primer exten-
sion (Snu-PE) assay to simultaneously detect 50 mutations
at 20 sites in BRAF and the RAS gene family. The same di-
agnostic cytology smears were used for molecular testing,
which allows direct visualization of the area of interest
and maximizes the utility of FNA materials.

METHODS

This study contains data from a clinical test validation
using archived specimens. The study was approved by the
Institutional Research Review Committee at the University
of lowa (Iowa City, [A). No informed consent was required.

Case Selection

Forty-two thyroid FNA smears — Romanowsky-type
and Papanicolaou (Pap) stained — from 41 patients were
selected from archived cytology slides at the Department
of Pathology, University of lowa Hospitals and Clinics
(Iowa City, IA). Corresponding FFPE tissues from resec-
tion specimens were available from 27 specimens. All
cases were reviewed by both surgical pathologists and cy-
topathologists. Care was taken to conserve a diagnostic
slide for the medical record.

DNA Isolation

We targeted only areas with at least 30 percent follic-
ular cells on the FNA smears. Areas with the highest per-
centage of follicular cells and least amount of
contaminating materials (inflammatory cells, debris, blood,
and mucin) were marked by a cytopathologist, followed
by etching using a diamond-tipped pen on the underside of
the slide. The slide was then soaked in xylene until the cov-
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erslip could be removed with ease. The de-coverslipped
slide was washed in xylene, followed by washing with 95
to 100 percent ethanol. After air-drying, a small amount of
matrix capture solution (Pinpoint Slide DNA Isolation,
Zymo Research, Irvine, CA) was applied to the desired
areas. Tissue bound to the solution was manually mi-
crodissected and resuspended in DNA extraction buffer in-
cluded in the Pinpoint kit, and this was followed by
proteinase K digestion at 55°C overnight. After the
overnight digestion, the tissue was heat-inactivated at 98°C
for 10 minutes followed by 2 minutes on ice. The crude
cell lysate was centrifuged (16,000 g x 10 minutes) and the
supernatant was directly used for molecular testing.

For FFPE cell blocks/tissues, one hematoxylin and
eosin (H&E)-stained slide and 10 unstained sections (6
microns in thickness) were cut. Areas with the highest per-
centage of tumor (percentage of tumor cells in all cases
were above 85 percent) were marked on the H&E slide by
a surgical pathologist, and corresponding areas from the
unstained slides were manually microdissected using a
razor blade. Depending on amount of tissue present, two
to 10 sections were used. The paraffin flakes were placed
in a 1.5 mL microcentrifuge tube, deparaffinized with
1200 uL of xylene, vortexed, and centrifuged (16,000 g x
5 minutes). The tissue pellet was washed with 1200 uL of
95 percent ethanol twice before proceeding with the ex-
traction. Genomic DNA (gDNA) was isolated from the
microdissected FFPE sections using the Q[Aamp DNA
FFPE Tissue Kit (Qiagen, Valencia, CA).

Extracted gDNA from both cytology smears and
FFPE tissues was quantified with the Qubit 2.0 fluorom-
eter (Life Technologies, Carlsbad, CA) and the NanoDrop
spectrophotometer (Thermo Fisher Scientific, Wilming-
ton, DE). The quality of the DNA was assessed with the
ratio of absorbances at 260 and 280 nm. The final volume
for DNA from both sources was 60 pl.

PCR Amplification

Exon 15 of the BRAF gene; codons 12, 13, 19, and 61 of
the KRAS gene; codons 12, 13, 61 of the NRAS gene; and
codon 61 of the HRAS gene were PCR-amplified in two mul-
tiplexed reactions using primers as described previously [17-
18]. For specimens with lower DNA concentration, the
specimens were dried with a vacuum concentrator and resus-
pended in 5 pl of deionized water. The amplification products
were purified using the Qiagen QIAquick PCR Purification
Kit (Qiagen) following manufacturer’s instructions.

Positive Controls and Cell Lines

One NRAS mutant cell line, CRL 1572 (c.35G>A, p.
G12D), and two HRAS mutant cell lines, CRL-1671
(c.183G>T, p.Q61H) and CRL-8083 (c.1824>G, p.Q61R),
were obtained from ATCC (Manassas, VA). Positive con-
trols for the rest of the mutations were generated by site-di-
rected mutagenesis using the QuikChange® Lightning
Site-Directed Mutagenesis Kit (catalog #210518, Strata-
gene, La Jolla, CA) followed by cloning into plasmids. Leu-
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Table 1. Probe sequences for BRAF and RAS Primer Extension Assay.
Probes Sequence (T# = poly “T” primer header) Observed Strand WT MT

bp size

BRAF Probes
BRAF VV600E T14 GGT GATTTT GGT CTAGCTACAG 46 sense T A
BRAF K601Q/E T21 GGACCCACT CCATCGAGATT 49 antisense T G/C
KRAS Probes
KRAS pos.34 T30 GGC ACT CTT GCC TAC GCC AC 55 antisense C G/IAIT
KRAS pos.35 T36 AACTTG TGG TAG TTG GAG CTG 62 sense G C/IAIT
KRAS pos.37 T44 CAAGGC ACT CTT GCC TAC GC 67 antisense C G/IAT
KRAS pos.38 T49 CTT GTG GTAGTT GGAGCT GGT G 77 sense G CIAIT
KRAS pos.57 T54 ATG ATT CTG AAT TAG CTG TAT CGT 84 antisense C G/IAIT
KRAS pos.181 T63 CTCATT GCACTGTACTCCTCTT 88 antisense G CIAIT
KRAS pos.182 T73 CAT TGCACT GTACTCCTCT 98 antisense T CIG/IA
KRAS pos.183 T76 CCT CAT TGC ACT GTACTC CTC 102 antisense T CIG/IA
HRAS Probes
HRAS pos.181 T15 CAT GGC GCT GTACTC CTC CT 41 antisense G CIAIT
HRAS pos.182 T20 GCATGG CGC TGTACT CCT CC 49 antisense T G/AIC
HRAS pos.183 T5 GCATGG CGC TGTACT CCTC 34 antisense C G/AIT
NRAS Probes
NRAS pos.34 T28 CAAACT GGT GGT GGT TGG AGC A 56 sense G C/IAIT
NRAS pos.35 T36 CTG GTG GTG GTT GGAGCAG 61 sense G CIAIT
NRAS pos.37 T41 GGT GGT GGT TGGAGCAGG T 65 sense G C/IAIT
NRAS pos.38 T44 GTC AGT GCG CTT TTC CCAACA 69 antisense  C G/IAT
NRAS pos.181 T53 CTCATG GCACTG TACTCTTCTT 80 antisense G C/IAIT
NRAS pos.182 T58 GAC ATACTG GATACAGCT GGAC 85 sense A C/IGIT
NRAS pos.183 T63 CTC TCATGG CAC TGTACTCTT C 91 antisense T G/A

cocytes from a healthy donor were used as a negative con-
trol.

BRAF (p.V600 and p.K601) and RAS (KRAS, NRAS,
and HRAS) Mutation Analysis by Snu-PE

Snu-PE was performed using the SNaPshot Multiplex
Kit (Applied Biosystems, Foster City, CA) in a two-tube
assay. The approximate sizing locations of individual
primers were determined by following the kit protocol from
the SNaPshot Primer Focus Kit (Applied Biosystems),
which allows separation of mutant peaks from wild-type
peaks or non-specific peaks by both size and color. PCR
amplification was performed as described above. After PCR
amplification, the products were subjected to probe an-
nealing and the addition of a single fluorescently labeled
dideoxynucleotide. The primer extension probes were de-
signed with various lengths of deoxythymidine monophos-
phate homopolymers ranging from 14 to 76 bases to allow
discrimination of the products by size (see Table 1 for probe
sequences). The probes were designed to be in the sense or
antisense direction and end one base 5’ of the following po-
sitions: ¢.1/799 and c¢.1801 of the BRAF gene; c.34, ¢.35,
¢.37,¢.38, ¢.57, ¢.181, c¢.182, and c.183 of the KRAS gene;
c.34, ¢.35. ¢.37,¢.38, c.181, c.182, and c.183 of the NRAS
gene; and ¢. 181, ¢.182, and ¢.183 of the HRAS gene. Tube
1 contained BRAF p.V600 and p.K601, and codons 12, 13,
19, and 61 of the KRAS gene. Tube 2 included codon 61 of

the HRAS gene and codons 12, 13, and 61 of the NRAS
gene. The primer extension products were analyzed by cap-
illary electrophoresis (CE). The limit of detection (LOD)
for mutations in all four genes was 5 percent.

Mutation Analysis by Massively Parallel Sequencing

A laboratory-developed/validated next generation se-
quencing (NGS) panel that can detect hotspot mutations in 10
cancer-related genes (BRAF, KRAS, NRAS, HRAS, CTNNB,
EGFR, FLT3, KIT, PDGFRA, and PIK3CA) was used to con-
firm some of the Snu-PE findings. Briefly, 20 ng of gDNA
was used for preparation of the amplicon libraries using the
Ion AmpliSeq™ 2.0 technology (Life Technologies, Carls-
bad, CA). The AmpliSeq™ library was clonal amplification
by emulsion PCR, followed by simultaneous/parallel se-
quencing of the clonally amplified DNA templates. The data
were analyzed using the Ion Torrent Suite Software (Life
Technologies), followed by a laboratory-developed and -val-
idated pipeline. The assay has an analytic sensitivity of 5 per-
cent.

RESULTS

Characteristics of the Snu-PE Assay

The method of extracting gDNA from direct cytology
smears (both Romanowsky-type and Pap) was previously
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Table 2. Correlation of Molecular Findings with Cytologic and Surgical Pathologic Diagnosis.

Case FNT Resection BRAF KRAS NRAS HRAS Stain Smear: FFPE: Confirmation Concordance
Diagnosis Diagnosis DNA DNA by NGS with FFPE
yield yield
(ng/ul)  (ng/ul)
1 AUS FVPTC p.V60OE WT WT WT DQ 3.30 3.0 NT YES
2 AUS Multinodular ~ WT WT WT WT DQ 291 111 NT YES
hyperplasia
3 FN PTC, CV WT WT p.Q61R WT Pap 0.69 65 YES YES
4 AUS Adenomatoid = WT WT WT WT Pap 0.68 74 YES YES
nodule
5 AUS FA WT WT WT WT DQ 9.78 47 NT YES
6 HN Hurthle cell WT p.G12V WT WT DQ 7.22 88 YES YES
nodule
7 Sus PTC PTC WT WT WT WT DQ 11.00 242 NT YES
8 Sus PTC PTC p.V60OE WT WT WT DQ 2.20 22 NT YES
9 Sus PTC PTC WT WT WT WT DQ 1.48 46 YES YES
10 Sus PTC PTC WT WT WT WT DQ 10.80 NT NT NT
1 FN FA WT WT WT WT DQ 12.50 81 NT YES
12 FN FA WT WT WT WT DQ 21.20 9.0 NT YES
13 Sus PTC PTC p.V60OE WT WT WT DQ 9.0 NT NT NT
14 FN FA WT WT WT WT DQ 5.08 221 NT YES
15 AUS Adenomatoid WT WT WT WT DQ 30.00 47 NT YES
nodule
16 Sus FN FVPTC WT p.Q61R WT WT DQ 11.70 80 YES YES
17 Sus FN FC WT WT WT WT Pap 0.13 45 NT YES
18 AUS FA Weak WT WT WT DQ 7.00 NT NO NO
p.V600E
19 Sus FN FA WT WT p.Q61K WT Pap 0.3 96 NT YES
20 FN FA WT WT WT WT DQ 23.40 232 NT YES
21 AUS FVPTC WT WT WT WT DQ 7.00 21 NT YES
22 Sus FN FVPTC Weak WT WT WT DQ 20.04 30 NO NO
p.V600E
23 Sus FN FVPTC WT WT WT WT DQ 5.00 21 NT YES
24 AUS Nodular WT WT WT WT DQ 2.16 NT NT NT
hyperplasia
25 Sus FN Benign nodule WT WT WT WT DQ 9.24 NT NT NT
26 AUS FA WT WT WT WT DQ 0.20 NT NT NT
27 HN HC WT WT WT WT DQ 13.00 NT NT NT
28 Sus HN HC WT WT WT WT DQ 2.96 NT NT NT
29 Hurthle Hyperplastic ~ WT WT WT WT DQ 1.62 NT NT NT
cell nodule nodules with
hurthle cell
change
30 AUS FC WT WT WT WT DQ 0.15 NT NT NT
31 HN PTC WT WT WT WT Pap 18.20 NT NT NT
32 HN HC WT WT WT WT Pap 4.52 NT NT NT
33 AUS microcarcinoma WT WT WT WT Pap 2.06 NT NT NT
34 FN PTC p.V60OE WT WT WT DQ 23 14.5 YES YES
FN Nodular WT WT p.Q61K WT DQ 23 250 YES YES
hyperplasia
35 FN Adenomatoid = WT WT p.Q61R WT DQ 3.04 141 YES YES
nodule
36 FN PTC WT WT WT WT DQ 10.80 NT NT NT
37 Hurthle Adenomatoid WT WT p.Q61R WT DQ 9.52 107 NT YES
cell lesion nodule with
Hurthle cell
change
38 FN Adenomatoid WT WT WT WT DQ 5.20 NT NT NT
nodule
39 FN FA WT WT p.Q61R WT DQ 0.12 4.5 YES YES
40 PTC FVPTC p.V60OE WT WT WT DQ 0.54 65 NT YES
41 FN FVPTC WT WT WT p.Q61R DQ 129 NT YES NT

Abbreviations: AUS, atypia of undetermined significance; Dud, suspicious; FVPTC, follicular variant of papillary thyroid carcinoma; CV, columna cell
variant; FN, follicular neoplasm; FA, follicular adenoma; FC, follicular carcinoma; HC, Hurthle cell carcinoma; HN, Hurhtle cell neoplasm; WT, wild-type;
DQ, Diff-Quick stain; Pap, Papanicolaou stain; FFPE, formalin-fixed, paraffin-embedded; NGS, next generation sequencing; NT, not tested.

validated at our Clinical Laboratory Improvement Amend-
ments (CLIA)-certified molecular pathology laboratory
[19]. Genomic DNA was isolated from 42 FNA smears
(35 Romanowsky-type and seven Pap). The number and
percentage of follicular cells ranged from approximately
200 to 10,000 and 30 to 95 percent, respectively. The total
DNA yields ranged from 6.9 ng to 1.65 ug. The DNA
yield of FFPE tissue ranged from 0.18 to 14.52 pg.

The sensitivity of the assay was determined by mixing
mutant gDNA with wild-type (WT) DNA from previously
tested healthy individuals at different dilutions. Mutant cell
lines for NRAS (one cell line) and HRAS (two cell lines) or
plasmid DNAs that carry nine different mutations in five
sites of KRAS codons 12 and 13, and p.V600 and p.K601,
of the BRAF gene were used. The sensitivity of the assay
for all mutations in four genes was 5 percent. A mixture of
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Figure 1. Detection of RAS mutations by Snu-PE assay and confirmation by NGS. The mutation analysis for the RAS
family genes was performed with a 2-tube multiplexed polymerase chain reaction followed by a Snu-PE assay. A) KRAS
¢.35G>T (p.G12V) mutation (red peak indicated by the arrow) in a FNA of Hurthle cell nodule (Case 6). Peaks 1 to 10
represent the wild-type alleles at positions ¢. 7799 and ¢. 1801 of the BRAF gene; and ¢.34, ¢.35, ¢.37, ¢.38, ¢.57, ¢.181,
¢.182, and c.183 of the KRAS gene, respectively. B) The presence of KRAS ¢.35G>T mutation in A (green arrow, re-
verse strand) was confirmed by NGS. Integrative genomic viewer (IGV). C) NRAS c.182A>G (p.Q61R) mutation (blue
peak indicated by the arrow) in FNA smear of an adenomatoid nodule (case #35). D) NGS confirmation of NRAS
¢.182A>G mutation (blue arrow, reverse strand) detected in C. IGV view. E) HRAS c.182A>G (p.Q61R) mutation (black
peak indicated by the arrow, antisense probe) in a follicular variant of PTC (Case 41). F) NGS confirmation of HRAS
c.182A>G mutation (blue arrow, reverse strand) detected in E. IGV view. Peaks 1-10 in C and E represent the wild-type
alleles at positions ¢. 183, ¢.7181, and ¢.182 of HRAS and ¢.34, ¢.35, ¢.37, ¢.38, ¢.181, ¢.182, and c.183 of the NRAS
gene, respectively. Labels on the x-axis are the size markers. Labels on the y-axis indicate the intensity of the fluores-
cence, which can be used as a relative assessment of the mutant sequence represented in the sample. Ref, reference
sequence; FNA, fine-needle aspiration; NGS, next generation sequencing; Snu-PE, single-nucleotide primer extension;
PTC, papillary thyroid carcinoma.

DNAs with different known mutations in BRAF/KRAS and  mutations were found in the cytology smear in Case 34.

HRAS or NRAS genes, each representing a final mutant al-
lele frequency of 5 percent, was included as a positive con-
trol and sensitivity control in each run.

Detection of BRAF and KRAS/NRAS/HRAS
Mutations by Snu-PE

Mutation analysis for BRAF p.V600E, p.K601E,
p-K601Q; KRAS codons 12, 13, 19, and 61; NRAS codons
12, 13, and 61; and HRAS codon 61 was performed using
gDNAs extracted from both direct cytology smears as well
as FFPE tissues. Seven BRAF p.V600E mutations, two
KRAS mutations, six NRAS mutations, and one HRAS
mutations were identified in 16 of 42 FNA smears (38 per-
cent) (Table 2). Twelve mutations (four BRAF, two KRAS,
and six NRAS) were identified in 27 FFPE specimens (44
percent). Two cases (18 and 22) had a weak BRAF
p-V600E peak in FNA smears but not in corresponding
FFPE tissues. Both BRAF p.V600E and NRAS p.Q61K

Coexistent PTC and hyperplastic nodule were identified
on the same block in the resection specimen. Areas with
PTC and nodular hyperplasia were microdissected sepa-
rately from FFPE tissues and tested for BRAF/RAS muta-
tions. A BRAF p.V600E mutation was identified in PTC
and a NRAS p.Q61K mutation was found in the hyper-
plastic nodule. Representative Snu-PE findings of a KRAS
p-G12V mutation in a Hiirthle cell nodule (Case 6), a
NRAS p.Q61R mutation in an adenomatoid nodule (Case
35), and a HRAS mutation in a follicular variant of PTC
(FVPTC) (Case 41) are shown in Figure 1 (A, C, and E).
The mutant peak (black) in 1E overlapped with a non-spe-
cific peak (blue) but was the right color and size based on
SNaPshot Primer Focus Kit.

Confirmation of Snu-PE Findings by NGS

A laboratory-developed and validated NGS panel,
which includes all BRAF and RAS mutations in our Snu-
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Figure 2. BRAF and NRAS mutations detected by Snu-PE in FNA smears and paired FFPE tissues. A) BRAF
¢.1799T>A (p.V600E) mutation (green peak indicated by the arrow) detected in a follicular variant of PTC (Case 40). B)
Paired FFPE tissue of Case 40 in A. Peaks 1-10 in A and B represent wild-type alleles at positions ¢.7799 and ¢.1801
of the BRAF gene and ¢.34, ¢.35, ¢.37, ¢.38, ¢.57, c.181, ¢.182, and c.183 of the KRAS gene, respectively. C) NRAS
¢.182A>G (p.Q61R) mutation (blue peak indicated by the arrow) in a second case of follicular variant of PTC (Case 3).
D) Paired FFPE tissue of Case 3 in C. Peaks 1-10 in C and D represent the wild-type alleles at positions ¢. 183, ¢.181,
and ¢.182 of HRAS and ¢.34, ¢.35, ¢.37, ¢.38, ¢.181, ¢.182, and c¢. 183 of the NRAS gene, respectively. Labels on the
x-axis are the size markers. Labels on the y-axis indicate the intensity of the fluorescence, which can be used as a rel-
ative assessment of the mutant sequence represented in the sample. The blue peak at ¢. 7799 and the green peaks at
¢.34,¢.37, c.57 and c.181in (A) and (B) are artifacts which were not present in primer focus. SNu-PE, single-nucleotide
primer extension; FNA, fine-needle aspiration; FFPE, formalin-fixed, paraffin embedded.

PE assay, was used to confirm findings of the Snu-PE
assay. Eight positive case that include all the cases with
low mutant allele frequency and sufficient remaining
DNA and two negative cases were tested. Representative
results of NGS confirmation are shown in Figure 1 (B, D,
and F). The weak BRAF p.V600E peaks in the FNA smear
of Cases 18 and 22 were not identified by NGS. A low
level (4.9 percent) of NRAS p.Q61R mutation was identi-
fied in the FNA smear of Case 39, and an even lower fre-
quency (2.5 percent) was seen in the corresponding FFPE
tissue. The presence of this mutation was confirmed by
NGS at an allele frequency of 4.1 percent in FNA smear
of Case 39 but not in the paired FFPE tissue. The BRAF'
p-V600OE mutation in Cases 18 and 22 FNA smears were
considered as false positives, but the NRAS mutation in
the Case 39 FNA smear was considered as a true positive.

Correlation of Cytology Smear with FFPE Tissue

DNAs from 27 cases with available corresponding
FFPE tissue were tested by Snu-PE in parallel. Concor-
dance between cytology smears and FFPE tissue was
found in 25 cases (92.5 percent, n = 17). Representative

Snu-PE findings in cytology smears and corresponding
FFPE tissues were shown in Figure 2.

Correlation of Molecular Findings with Pathologic
Diagnosis of Thyroid Nodules

The cytologic diagnosis of the 42 FNA cases included
in this study were 11 atypia of undetermined signifi-
cance/follicular lesion of undetermined significance
(AUS/FLUS), 25 follicular neoplasm (FN)/suspicious for
FNs, five suspicious for malignancy and one PTC. The
initial cytologic diagnosis for the 5 BRAF V600E-positive
cases were AUS (1), suspicious for FN (1), suspicious for
PTC (2), and PTC (1), all of which carried a final diagno-
sis of PTC on resection. The six NRAS-positive cases were
FN/suspicious for FN (4), follicular lesion (1), and Hiirthle
cell lesion (1). The surgical pathology diagnoses were fol-
licular variant of papillary thyroid carcinoma (FVPTC)
(1), follicular adenoma (FA) (2), and benign follicular
nodules (3). One KRAS-positive case had a FNA and sur-
gical pathology diagnosis of FN (Hiirthle cell) and Hiirthle
cell nodule, respectively. The second KRAS-positive case
had a FNA diagnosis of suspicious for FN and tissue di-
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Table 3. Risk of Malignancy and Benign Lesions Associated with FNA Diagnosis and Mutation.

FNA Diagnostic
Category

Malignancy Associated
with FNA Diagnosis

Malignancy Associated
with Mutations

Benign Lesions
Associated with Mutation

FLUS/AUS 36% (n=11)

FN or Suspicious for FN 48% (n=25)
Suspicious for Malignancy 100 % (n=5)
Malignant 100% (n=1)

Total 52% (n=42)

25% (n=4) 0 (n=7)

33% (n=12) 46% (n=13)
40% (n=5) 0 (n=0)
100% (n=1) 0 (n=0)

66% (n=22) 30% (n=20)

Abbreviations: FLUS/AUS, follicular lesion of undetermined significance/atypia of undetermined significance (FLUS/AUS); FN, follic-

ular neoplasm.

agnosis of FVPTC. The only HRAS-positive case was di-
agnosed as FN by FNA and FVPTC on resection. The cor-
relation of molecular findings with cytologic and
histologic diagnosis is summarized in Table 2. The risk of
malignancy and benign lesions associated with FNA di-
agnosis and mutation is summarized in Table 3.

DISCUSSION

Molecular testing for follicular lesions of the thyroid
has recently gained attraction and can help direct clinical
and surgical management in a subset of thyroid nodules
[8,14-16]. The management for obviously malignant and
benign thyroid lesions is usually straightforward. How-
ever, for indeterminate follicular lesions, patients may first
undergo lobectomy, followed by completion thyroidec-
tomy if necessary. Nikiforov et al. [8,14-16] proposed the
role of molecular oncology tests on indeterminate thyroid
lesions and showed that the presence of BRAF p.V600E
mutation was highly specific for PTC. Although RAS gene
mutations can also be seen in benign conditions such as
FAs and adenomatoid nodules, they carry a 74 to 88 per-
cent positive predictive value for malignancy [14,16,19].

In the majority of laboratories, molecular tests are
only performed on FFPE cell blocks derived from aspi-
rate materials. The diagnosis of thyroid nodules by FNA
rarely/never requires cell blocks. The only purpose for the
preparation of cell block is for molecular analysis. A pit-
fall of cell block is the inability to evaluate cellularity of
this material on-site, and many times there is insufficient
tissue in the block. When this situation arises, a decision
has to be made whether to take the patient back for repeat
FNA or for a more invasive procedure. Cytologic smears
almost always contain sufficient material for diagnosis and
are a unique reservoir of DNA for molecular testing. We
recently demonstrated that DNAs from direct cytology
smears could be used on multiple platforms for molecular
oncology testings [19]. In the current study, amplifiable
gDNA was extracted from all 42 FNA smears. The low
DNA yield from some smears was due to the paucity of
cells on the slides.

Twenty-seven FNA cases had paired FFPE tissues
from surgical resections. Discordance was seen in two
cases. Cases 18 and 22 had a low a level of BRAF
p.V600E (around 3 percent of WT allele) in FNA smears
using Snu-PE, but not in paired FFPE tissues. This muta-
tion was not detected by NGS in either FNA smear or
paired FFPE tissues. The tumor percentage was over 50
percent in the cytology smear and 85 percent in FFPE tis-
sue. A much higher mutant allele frequency is expected if
the mutation is true. In addition, the LOD of the assay is
5 percent. Mutant peaks below LOD could represent non-
specific background peak. These two FNA smears were,
therefore, considered as false positives. The third case (39)
had a weak NRAS p.Q61R mutation from the tested FNA
smear with mutant content of 4.9 percent by Snu-PE and
allele frequency of 4.1 percent by NGS. The mutant had
an allele frequency of 2.5 percent in the FFPE tissue by
Snu-PE but was detected by NGS. This case most likely
represents a true-positive finding. We have observed that
DNA extracted from cytology preparations seemed to
have better quality on the basis of the relative mutant al-
lele present in the cytology specimens [19]. The discrep-
ancy between cytology smear and FFPE tissue could also
be due to the presence of inhibitory factors in the FFPE
tissue. The risk of PCR contamination also should be
taken into consideration when working with small number
of cells, especially using sensitive test platforms such as
NGS and our Snu-PE assay. For cases with mutation peaks
below or at the LOD, especially when the tumor percent-
age was high, we routinely confirm the Snu-PE findings
by an alternative method of similar or higher sensitivity
and correlate them with the tumor percentage and patho-
logic diagnosis.

In our small cohort, we detected 14 mutations in 42
FNA smears from 41 patients. The case with co-existing
PTC and hyperplastic nodule (No. 34) had two different
mutations: the BRAF p.V600E mutation was only seen in
PTC, and the NRAS mutation was identified in the benign
follicular hyperplasia. The overall mutation frequency was
33 percent (n = 42). Thirty-eight percent (n = 21) of the
malignancies had BRAF or RAS mutations. In benign le-
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sions, the frequency of mutation was 25 percent (n = 20)
(Table 3). The positive predictive value of BRAF V600E
for PTC was 100 percent, consistent with the reports in
the literature [8,14-16]. RAS mutations were associated
with malignant as well as benign follicular lesions. The
predicted value of RAS mutation for malignancy was
lower than reported in the literature, which is most likely
due to the limited number of cases in this study.

Multiple test platforms with different LODs are avail-
able in our laboratory for the detection of BRAF and RAS
mutations. Sanger sequencing has been considered the
gold standard for detection of point mutations and small
deletion/duplications. It is labor-intensive and has a low
analytical sensitivity of 20 percent. We also have two NGS
platforms that are more sensitive than Sanger but have a
longer turn-around time and higher cost. Our Snu-PE
assay requires a minimum of 6 ng input gDNA. When
probes were carefully designed in sense and anti-sense di-
rections and of various lengths, we were able to detect 50
mutations at 20 sites, which include the most commonly
mutated sites in BRAF and the RAS gene family. The an-
alytic sensitivity of the assay is 5 percent, similar to our
NGS platforms. The test has a quick turn-around time and
a direct cost of less than $150. It is not only useful for mu-
tation detection in thyroid FNA nodules; it can also be
used to determine the eligibility of patients with colorec-
tal carcinoma or malignant melanoma, which commonly
harbor BRAF p.V600E or RAS mutations, for targeted
therapies and as a confirmatory test for low level of mu-
tations identified by Sanger sequencing and NGS.

The limitation of this assay is its inability to detect din-
ucleotide changes in the BRAF gene. This is less of a prob-
lem in thyroid cancers, since almost all BRAF mutations
in PTC are p.V600E, with mutations in other BRAF codons
exceedingly rare. NGS or Sanger sequencing can be used
to confirm the findings when double mutant peaks are seen.

In conclusion, our study confirms that the FNA smear
from thyroid nodules is a reliable source of DNA for mu-
tation analysis of BRAF and RAS genes. Our laboratory-
developed Snu-PE assay worked well on DNA isolated
from both Romanowsky-type and Pap stained slides. It is
simple, cost-effective, and has a short turn-around time.
This approach allows molecular assays to be performed
on specific cells of interest and maximizes the utility of
FNA materials. It may also save patients from an addi-
tional, unnecessary procedure.
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