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Summary

Objective RAS mutations are the most common mutations in
thyroid nodules with indeterminate cytology by fine-needle aspi-
ration cytology (FNAC), and are mutually exclusive with BRAF
mutations. However, the diagnostic utility of RAS mutation
analysis is uncertain. We evaluated the diagnostic utility of RAS
mutation analysis in indeterminate thyroid nodules.

Design, patients, and measurements A total of 155 thyroid
(90 benign and 65
BRAFY*°F mutations on FNAC were analysed for mutations in

nodules indeterminate) negative for
RAS codon 61 using pyrosequencing methods. We evaluated
diagnostic accuracy of RAS mutation for predicting thyroid
malignancy based on the surgical pathologic diagnosis.

Results Among the 65 BRAF'*"_negative indeterminate thy-
roid nodules identified by FNAC, 25 (38:5%) exhibited point
mutations in RAS 61 consisting of 18 NRAS 61 (72%), and 7
HRAS 61 (28%) mutations. In contrast, only five of 90 (5:6%)
nodules with benign cytology had RAS mutations. Only two of
25 (8:0%) RAS 61" indeterminate nodules exhibited malignant
ultrasonographic features. Of the 15 patients with RAS 61" -inde-
terminate nodules who underwent thyroid surgery, 14 (93-3%)
were diagnosed as malignant, including 13 follicular variant of
(FVPTC), and one follicular
thyroid carcinoma (FTC). The average tumour size was
1-79 £ 0-62 cm. Multifocality was seen in 28-6% of cases, with
7-1% exhibiting extrathyroidal extension; no lymph node or dis-

papillary thyroid carcinomas

tant metastases were evident. Based on the surgical pathologic
diagnosis results, preoperative RAS 61 mutation analysis on
FNAC exhibited 93-3% sensitivity, 75-0% specificity, 93-3%
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positive predictive value, 75-0% negative predictive value and
89-5% diagnostic accuracy for predicting malignancies.
Conclusion Our results suggest that RAS mutation analysis
holds great promise as a preoperative diagnostic tool for predict-
ing FVPTC in cytologically and sonographically indeterminate
nodules negative for BRAF mutations.
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Introduction

The number of biomarkers and therapeutic targets for thyroid
cancer have dramatically increased in recent years, with signifi-
cant implications for the detection and treatment of disease.'™
However, despite these advances, the identification of suitable
biomarkers to improve preoperative diagnostic discrimination
for thyroid nodules of indeterminate cytology has remained the
holy grail of thyroid nodule research.’

Ten to twenty percentage of specimens collected by fine-nee-
dle aspiration cytology (FNAC) are classified as follicular pro-
liferative/indeterminate according to the Bethesda classification
system, due to an inability to distinguish between follicular
adenoma (FA), adenomatoid hyperplasia, follicular thyroid car-
cinoma (FTC) and follicular variant of papillary thyroid carci-
noma (FVPTC).>” Patients with this indeterminate cytological
finding often undergo diagnostic surgery, despite the fact
that only 20% will be diagnosed with thyroid cancer,® meaning
that 80% of thyroid FNAC specimens classified as follicular
proliferation/indeterminate lesions will result in unnecessary
thyroidectomies.

Follicular variant of papillary thyroid carcinomas is a com-
mon malignancy comprising 15-20% of all papillary thyroid car-
cinomas (PTC), the most frequent form of carcinoma of the
thyroid gland.” However, the diagnostic sensitivity of ultrasono-
graphic findings and FNAC for FVPTC is low compared with
that for classic PTC, resulting in frequent ‘indeterminate’ preop-
erative diagnoses that may delay surgical intervention. Further-
more, FVPTC is the most frequent source of false-negative



2 J H. Anetal

results in intra-operative frozen section analysis, with interob-
server variability as high as 30%, even among expert thyroid
pathologists.''

The molecular profile of FVPTCs is similar to that of the
FA/FTC group, with high RAS and very low BRAF mutation
rates.”> ' RAS mutations, which are found primarily in follicu-
lar-patterned tumours, are the second most common genetic
mutations in thyroid cancer following BRAF mutations, and
the most common gene alterations identified in indeterminate
thyroid nodules.'®'” The RAS gene encodes a family of three
highly homologous isoforms: N-RAS, H-RAS and K-RAS,'
with point mutations clustered in three specific codons: 12, 13
and 61.'*" These point mutations result in a loss of intrinsic
GTPase activity, leading to constitutive activation of RAS and
increased activation of both MAPK and PI3/AKT signalling
pathways, which play a fundamental role in thyroid tumouri-
genesis.'” %!

We and others have shown that BRAFV®°° mutations, the
most common gene alteration in thyroid cancers, are detectable
in FNAC specimens, and provide valuable diagnostic informa-
tion with >99% positive predictive value (PPV) for malig-
nancy.'®*>** However, approximately 70% of FNAC specimens
diagnosed as indeterminate nodules with atypia of undetermined
significance (AUS)/follicular lesion of undetermined significance
(FLUS) and follicular neoplasm (FN) were negative for
BRAFYF mutations.'®??> Furthermore, RAS mutations have
been found to be mutually exclusive with BRAF mutations®**>
and are frequently associated with indeterminate nodules.'® In
this regard, RAS mutation status concurrent with FNAC may
provide diagnostic information useful for guiding clinical deci-
sion-making in BRAF-negative indeterminate nodules.

In this study, we investigated the preoperative diagnostic util-
ity of RAS mutation analysis in cytologically and sonographically
indeterminate nodules negative for BRAF mutations and found
that RAS mutations were highly predictive of FVPTC.

Subjects and methods

Patients

We recruited patients with thyroid nodules who underwent
ultrasound-guided fine-needle aspiration (US-FNA) from the
outpatient clinic of the Division of Endocrinology and Metabo-
lism, Konkuk University Hospital from May 2012 to December
2013. Nodules diagnosed as suspicious malignant or malignant
by FNAC or positive for BRAF*®" mutation were excluded
from the study. Finally, 155 BRAF'***F-negative FNAC speci-
mens (90 benign and 65 indeterminate) of each patients were
analysed for RAS 61 mutation. Of the 65 patients having inde-
terminate FNAC (57 AUS/FLUS and 8 FN), 19 patients under-
went  thyroidectomy, and we have evaluated the
clinicopathological characteristics of the patients according to
RAS 61 mutation status. The decision for operation was made
by the patients after being given the full medical information
regarding the possibility of malignancy and prognosis of the
indeterminate FNAC. All study protocols were approved by the

Institutional Review Board of the Konkuk University Medical
Center (IRB protocol number-KUH1010553).

Ultrasonographic examination

Ultrasonographic (US) examinations were performed using
either an HDI 5000 7-15-MHz linear probe (Philips Medical
Systems, Bothell, WA, USA) or an iU22 5-12-MHz linear probe
(Phillips Medical Systems). US images were interpreted in terms
of nodular size, internal content, margin characteristics, shape,
echogenicity and the presence or absence of calcifications.”® The
internal content of a nodule was described as pure solid, pre-
dominantly solid, predominantly cystic or pure cystic. The char-
acter of the margin was classified as smooth, spiculated, or
poorly defined. The shape of a nodule was categorized as ovoid
to round, taller than wide or irregular; a taller-than-wide shape
was defined as being greater in its anteroposterior dimension
than in its transverse dimension. The echogenicity of a solid
portion of a nodule was categorized as markedly hypo-, iso-, or
hyperechoic, compared with the thyroid parenchyma and strap
muscles. Calcifications were identified according to their size
and classified as micro- (<1 mm), macro- (>1 mm) or rim cal-
cifications. Criteria for sonographic features suggesting malig-
nancy included at least one of following: spiculated margin,
taller-than-wide shape, marked hypoechogenicity and the pres-
ence of micro- or macrocalcifications.*®

Cytologic and histologic examination

US-FNA of nodules was performed with a 23-gauge needle
attached to a 10-ml disposable plastic syringe. At least three
passes of the needle were performed per nodule, and each lesion
was aspirated at least twice. Aspirates were then smeared on
glass slides and immediately fixed in 95% ethanol for both Papa-
nicolaou and May—Grunwald-Giemsa staining. A satisfactory
slide was defined as one containing five or six groups of well-
preserved cells, with each group consisting of 10-15 cells. All
FNA diagnoses were categorized according to the Bethesda
reporting system.

Surgical samples were sectioned before fixation for micro-
scopic examination, fixed in 10% buffered formalin, embedded
in paraffin and then stained with haematoxylin—eosin for
histologic examination. Diagnostic criteria for FVPTCs were (i)
complete lack of well-formed papillae, (ii) exclusively or pre-
dominantly follicular growth pattern, and (iii) the presence of
characteristic nuclear features of papillary carcinoma.'*

Mutational analysis of RAS genes by pyrosequencing

RAS mutation analysis was performed at N-RAS, H-RAS and
K-RAS codon 61, the most common site of mutations. Atypical
cells of interest were isolated from FNA smear slides, and their
DNA extracted for PCR. DNA extraction, PCR amplification
and pyrosequencing mutation analyses were performed as
described previously.'* Briefly, each PCR mix contained forward
and reverse primers (0-5 pmol each), 0-8 mmol deoxynucleotide
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FNAC RAS 61 mutation Histology

| Benign | 90 |——I Negative | 85 | No surgery
T N
| AusiFLUS | 67 || Negative | 34 }—E Benign 1 | N
Fig. 1 Surgical results for the 155 thyroid nodules Malignancy 1 | FvPTC(1)*
with benign and indeterminate cytology negative — -
for BRAFV*" mutations. Nodules with benign -IF'OSItlve | 2 }-[: Benign 1 Fa()
cytology on fine-needle aspiration did not undergo Malignancy 12 | FVPTC(12)
thyroid surgery. NH, nodular hyperplasia; FA, - =
follicular adenoma; FVPTC, follicular variant FN | 8 |_—| Negative | 6 H Benign | 2 | FA (1) NH (1) |
papillary thyroid carcinoma and FTC, follicular

thyroid carcinoma. a = infiltrative FVPTC.

triphosphates (0-2 mmol each), 1-5 mmol/l MgCl,, 1-5 U Immo-
lase DNA polymerase (Bioline, Taunton, MA, USA), 1x PCR buf-
fer, and 5 pl genomic DNA in a total volume of 50 pl. All PCR
products were electrophoresed in a 2% agarose gel to confirm suc-
cessful amplification. Biotinylated PCR products (20 ul) were
attached to streptavidin-sepharose beads (Amersham Biotechnol-
ogy, Uppsala, Sweden) according to the manufacturer’s instruc-
tions by incubating them together at room temperature for
10 min with shaking in binding buffer. Bound streptavidin-sepha-
rose beads were then captured using a PSQ 96 sample preparation
tool with 96 magnetic ejectable microcylinders (Biotage, Uppsala,
Sweden). This tool was also used for incubation (1 min) of the
biotin—streptavidin complex in 0-5 M NaOH before washing in
annealing buffer. Subsequently, the samples were hybridized to
15 pmol sequencing primers in annealing buffer at 80°C for
3 min and then cooled to room temperature. All PCR and
sequencing primer sequences are listed in Table S1. Pyrosequenc-
ing was performed using a single-nucleotide polymorphism
reagent kit (Biotage). Samples containing >10% mutation-positive
cells were considered positive for RAS 61 gene mutations.

Statistical analysis

RAS 61 mutations in FNA specimens of indeterminate cytology
histopathologically confirmed as malignant were considered true
positives (TP); histopathologically confirmed benign specimens
were considered false positives (FP). RAS 61 mutation-negative
samples histopathologically confirmed as benign lesions were con-
sidered true negatives (TN), RAS 61 mutation-negative samples
confirmed as malignant were considered false negatives (FN).
Using these criteria, the following statistical values were calculated:

Sensitivity = TP/(TP + FN) x 100
Specificity = TN/(TN + FP) x 100
Positive predictive value (PPV) = TP/(TP + FP) x 100
Negative predictive value (NPV) = TN/(TN + FN) x 100
Accuracy = (TP + TN)/(TP + TN + FP + EN) x 100

Statistical significance was determined using the Fisher’s exact
test or Mann—Whitney U-test for group comparisons, with
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—|Positive | 2 I—-I Malignancy | 2 | FVPTC (1) FTC (1) |

P < 0-05 considered to indicate significance. Statistical analyses
were performed using the SPSS software (version 17-0; SPSS
Inc., Chicago, IL, USA).

Results

RAS 61 mutations in thyroid nodules with benign and
indeterminate cytology

Among the 65 BRAFV***_negative thyroid nodules with indeter-
minate cytology, 25 (38:5%) harboured mutations in RAS 61,
including 23 of 57 (40-4%) AUS/FLUS and 2 of 8 (25-0%) FN
(Fig. 1). In contrast, only five of 90 (5:6%) nodules with benign
cytology had RAS mutations.

Specific RAS 61 mutations, and their frequencies in each cyto-
logical subset, are shown in Table 1. Twenty-one point muta-
tions were identified in NRAS 61 (70-0%), along with 9 HRAS
61 mutations (30-0%); no KRAS mutations were found in this
study. The most frequent mutation was c.182A>G (p.Q61R) in
NRAS 61, which accounted for 76:2% (16 of 21) of NRAS 61
mutations, and 53-3% (16 of 30) of all RAS 61 mutations. Other
mutations included ¢.181C>A (p.Q61K) (n =5) in NRAS 61,
and ¢.182T>C (p.Q61R) (n = 3), c.182A>G (p.Q61R) (n = 3),
c.181C>A (p.Q61K) (n = 2) and c.183G>T (p.Q61H) (n =1) in
HRAS 61. Among the five RAS 61 mutations observed in benign
FNAC specimens, three were NRAS 61 ¢.182A>G (p.Q61R), one
was HRAS ¢.182T>C (p.Q61R) and one was HRAS c.182A>G
(p-Q61R).

Clinical characteristics and sonographic features of
cytologically indeterminate nodules according to RAS 61
mutation status

We evaluated the clinical characteristics and sonographic find-
ings of BRAF-negative thyroid nodules diagnosed as either AUS/
FLUS or FN by ENAC in relation to their RAS 61 mutation sta-
tus (Table 2). RAS 617 nodules were more common in male
patients (44-0% vs 17-5%, P < 0-01). No significant differences
were observed based upon age at diagnosis, family history of
thyroid cancer or history of thyroid disease, including autoim-
mune thyroiditis or hyperthyroidism.
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Table 1. RAS 61 mutations in 30 thyroid nodules with benign and

indeterminate cytology negative for BRAFY"°

Table 2. Clinical and sonographic features of cytologically indeterminate
nodules based upon RAS 61 positivity

RAS 61 mutation Malignant
histology/
Surgeryt
Change n (%) FNAC* n n/n (%)
NRAS 61  c.182A>G; 16 (53:3) Benign 3 0/0 (0)
p-Q61R AUS/FLUS 12 5/6 (83-3)%
FN 1 1/1 (100)§
c.181C>A; 5 (16:7) Benign 0 0/0 (0)
p-Q61K AUS/FLUS 5 2/2 (100)
FN 0 0/0 (0)
21 (70-0) 8/9 (88-9)
HRAS 61 c.182T>C; 3 (10-0) Benign 1 0/0 (0)
p-Q61R AUS/FLUS 1 1/1 (100)
FN 1 1/1 (100)
c.182A>G; 3 (10-0) Benign 1 0/0 (0)
p-Q61R AUS/FLUS 2 2/2 (100)
EN 0 0/0 (0)
c.181C>A; 2 (6:7) Benign 0 0/0 (0)
p-Q61K AUS/FLUS 2 2/2 (100)
FN 0 0/0 (0)
c.183G>T; 1(3:3) Benign 0 0/0 (0)
p-Q61H AUS/FLUS 1 1/1 (100)
FN 0 0/0 (0)
9 (30-0) 6/6 (100)
KRAS 61 - 0 (0) — -
Total 30 (100-0) 14/15 (93-3)

*Results of FNAC, number of benign/AUS or FLUS/FN lesions exhibiting
specific amino acid changes.

FtNumber of nodules with malignant histology following surgery/number
of nodules that underwent surgery. All nodules undergoing surgery were
diagnosed as either AUS or FLUS by FNAC.

+One nodule was diagnosed as follicular adenoma.

§Follicular thyroid carcinoma was found in one nodule, with all others
surgically confirmed as FVPTC.

The most common sonographic features of RAS 61" indeter-
minate nodules were large size (1-87 = 0-91 cm), pure solid
morphology (80%), smooth margins (92%), ovoid-to-round
shape (100%), isoechoic (72%), and the absence of calcifications
(68%). RAS 61" nodules showed significantly higher incidence
of rim calcifications (20% vs 2:5%, P < 0-01); no other sono-
graphic features were statistically significant based upon RAS 61
status. Only two of 25 RAS 61" nodules had at least one malig-
nant sonographic feature, a rate significantly lower than that of
RAS 61-negative nodules (8% vs 20%, P < 0-01).

Surgical results of RAS 61" indeterminate nodules

Total thyroidectomy or lobectomy was performed on 19 of 65
patients with cytologically indeterminate nodules, including 15
of 57 AUS/FLUS and 4 of 8 FN (Fig. 1). Fifteen of these patients
were RAS 617, accounting for 60% (15 of 25) of all RAS 61"
patients. In contrast, only four of 40 RAS 61 negative patients
with indeterminate nodules underwent surgery (10%).

Of the 15 RAS 617 indeterminate nodules, 14 (93-3%) were
histopathologically diagnosed as malignancies, including 12 of

RAS 61 (+) RAS 61 (—)
n=25 n =40 P*
Clinical characteristic
Age (years)t 50-8 + 13-8 51-1 + 142 0-93
Gender (male 1,%) 11 (44) 7 (17-5) 0-03
Family history of 3 (12) 2 (5) 0-37
thyroid cancer (1,%)
History of thyroid 2 (8)% 5 (12-5)8§ 0-70
disease (1,%)
Sonographic findings
Size (cm)t 1-87 + 091 1-53 + 092 0-15
Internal content (1,%)
Pure solid 20 (80) 35 (87-5) 0-49
Predominantly solid 2 (8) 4 (10) 1-00
Predominantly cystic 3 (12) 1(2'5) 0-29
Margin (1,%)
Smooth 23 (92) 32 (80) 0-29
Spiculated 0 (0) 1(25) 1-00
Poorly defined 2(8) 7 (17-5) 0-46
Shape (1,%)
Ovoid to round 25 (100) 37 (92-5) 0-28
Taller than wide 0 (0) 2 (5) 0-52
Irregular 0 (0) 1(25) 0-52
Echogenicity (n,%)
Markedly hypo 0 (0) 2 (5) 0-52
Hypoechoic 7 (28) 14 (35) 0-60
Isoechoic 18 (72) 23 (57-5) 0-30
Hyperechoic 0 (0) 1(2:5) 0-52
Calcification (1,%)
Macrocalcification 1(4) 1(25) 1-00
Microcalcification 2 (8) 4 (10) 1-00
Rim calcification 5(20) 1(2'5) 0-03
Absence of 17 (68) 34 (85) 0-13
calcification
Presence of any 2 (8:0) 8 (20) 0-30

suspicious US
feature (1,%)

*Fisher’s exact test or Mann—Whitney U test.

fData are means + SD.

{Graves’ disease and Hashimoto’s thyroiditis were found in one patient
each.

§Five patients were diagnosed with Hashimoto’s thyroiditis.
YEncapsulated FVPTC was diagnosed in all patients.

13 AUS/FLUS and 2 of 2 FN. Notably, all 12 RAS 61" AUS/
FLUS nodules were diagnosed as FVPTC. Final diagnoses for the
two RAS 61" FN nodules included one FVPTC and one FTC.
One RAS 61" AUS/FLUS nodule was diagnosed as benign follic-
ular adenoma. Associations between individual RAS 61 point
mutations and clinical diagnoses are shown in Table 1. Of the
four RAS 61-negative indeterminate nodules that underwent sur-
gery, only one was diagnosed as a malignancy, an infiltrative
FVPTC; the three remaining nodules were diagnosed as either
benign follicular adenoma or nodular hyperplasia.

The histopathological characteristics of surgically excised RAS
61" indeterminate nodules are shown in Table 3. Thirteen of

© 2014 John Wiley & Sons Ltd
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Table 3. Surgical results of RAS 61" indeterminate nodules

RAS 61 (+) n=15

Benign (1, %) 1(6:7)
Malignant (n, %) 14 (93-3)
Subtype
PTC, Classic 0
PTC, FV 13
Encapsulated type 12*
Infiltrative type 1
FTC 1
Tumor size (cm) 1-79 £ 0-62
Multifocality (n, %) 4 (28:6)

Extrathyroidal extension (n, %) 1(7:1)
LN metastasis (1, %) 0 (0)
Distant metastasis (1, %) 0 (0)

*One nodule was combined with infiltrative FVPTC; another nodule was
diagnosed as classic PTC.

fourteen (92:9%) RAS 61" malignant nodules were diagnosed as
FVPTC, with the remaining nodule (1 of 14; 7-1%) classified as
FTC. Among the 13 FVPTCs, 12 (92:3%) were encapsulated and
1 (7-7%) was infiltrative; this includes one case of combined
encapsulated and infiltrative FVPTC, and one FVPTC with clas-
sic PTC. RAS 61" cancers exhibited multifocality in 28:6% of
cases, with very low incidences of extrathyroidal extension,
lymph node and distant metastasis.

Diagnostic value of RAS 61 mutation analysis in BRAF-
negative indeterminate nodules

Finally, we assessed the diagnostic value of RAS 61 mutation
analysis in FNAC specimens for preoperative diagnosis of malig-
nancy in BRAF-negative indeterminate nodules. Preoperative
RAS 61 mutation analysis exhibited 93-3% sensitivity, 75-0%
specificity, 93-3% PPV, 75-0% NPV and 89-5% diagnostic accu-
racy for predicting malignancies (Table 4). For FVPTCs, muta-
tion analysis exhibited 92:9% sensitivity, 75-0% specificity,
86:7% PPV, 75-0% NPV and 84-2% accuracy (data not shown).
In contrast, sonography exhibited only 20% sensitivity and NPV,
respectively, and 75-0% specificity and PPV, respectively, high-
lighting the rather limited value of sonographic evaluation in
BRAF-negative cytologically indeterminate nodules. RAS 61
mutation analysis in combination with sonography improved
the diagnostic sensitivity and NPV to 100%.

Table 4. Diagnostic value of RAS 61 mutation analysis for preoperative
diagnosis of malignancies in BRAF-negative indeterminate nodules

Sensitivity ~ Specificity PPV NPV Accuracy
us 20-0% 75-0% 75-0%  20-0% 31-6%
RAS 61 mutation ~ 93-3% 75:0% 93:3%  75:0% 89-5%
US + RAS 61 100% 50-0% 88:2% 100% 89-5%
mutation

© 2014 John Wiley & Sons Ltd
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Discussion

In this study, we examined the adjunctive diagnostic utility of
RAS mutation analysis in cytologically indeterminate thyroid
nodules. A considerable number of BRAFY***F-negative cytologi-
cally indeterminate nodules were found to harbour RAS 61
mutations. When combined with FNAC, RAS 61 mutation
analysis of AUS/FLUS or FN lesions was found to be highly pre-
dictive of FVPTC and providing important diagnostic informa-
tion that can be used to inform surgical decision-making.

Previous studies, by our group and others, have shown that
BRAFY! mutation analysis in FNAC specimens exhibits an
almost 100% PPV for malignant nodules.!®**?728 As a result,
BRAF mutation testing is now used widely in clinics as an
adjunctive diagnostic tool for surgical planning of indeterminate
nodules. However, unlike BRAF mutations, the diagnostic value
of RAS mutation analysis in FNAC specimens has not been
examined. As RAS mutations are less common than BRAF
mutations, and have also been reported in benign follicular ade-
nomas, the increased likelihood of false positives presents a sig-
nificant challenge. Furthermore, the behaviour of RAS mutations
in thyroid nodules is not well understood.

Despite these potential limitations, several studies have
reported high frequencies of RAS mutations in FVPTC, suggest-
ing that RAS mutation testing may have diagnostic value, espe-
cially in indeterminate nodules.'*'”* Gupta et al.'” reported
that preoperative analysis of RAS mutations in FNAC specimens
exhibited an 83% PPV for diagnosing malignancies, and that
most RAS-positive malignancies were associated with follicular-
patterned cancers. FVPTC (88-5%) was the most prevalent RAS-
positive malignancy, followed by FIC (7-7%), medullary thyroid
carcinoma (1-9%), and anaplastic thyroid carcinoma (1-9%). In
our study, benign lesions showed a low prevalence of RAS muta-
tion (5 of 90; 5-5%). In contrast, a considerable number of
BRAF-negative AUS/FLUS and FN lesions harboured RAS 61
mutations (25 of 65; 38:5%), with a very high PPV (93-:3%) for
malignancies. Specifically, approximately 30% of AUS/FLUS or
FN lesions contained BRAF mutations, with a further 30% of
the remaining nodules harbouring RAS 61 mutations. This find-
ing is particularly significant given the difficulty in diagnosing
FVPTC by FNAC alone. The addition of RAS mutation analysis
meets a significant diagnostic need which, when combined with
BRAF mutation analysis, provides useful diagnostic information
for 60-70% of patients with indeterminate cytology.

Here, we have proposed a cost-effective and efficient algo-
rithm to guide gene mutation testing for thyroid cancer. As test-
ing all mutations simultaneously is cost prohibitive, we have
proposed a sequential method for testing individual genes based
on mutation frequency. Because RAS codons 12 and 13 have
shown very low incidences of mutations in previous studies,'**
we screened for mutations in only codon 61. Considering the
high cost of screening all possible RAS mutations, this targeted
approach was sufficient to acquire diagnostic information on
most nodules. The development of this sequential and targeted
approach in molecular diagnosis of thyroid cancer is the unique
point of our study that may be distinguished from previous
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studies. Furthermore, to our knowledge, this study represents
the first use of pyrosequencing to assess RAS mutation status, a
more robust method than either RT-PCR or direct sequencing
for detecting point mutations.

Our results indicated that 70% of RAS codon 61 mutations
were located in N-RAS, consistent with previous reports.'**’
However, no K-RAS mutations were found in this study. This is
likely due to the low number of specimens tested and our use of
indeterminate nodules of FNAC specimens. Previous studies
examining RAS mutations employed pathology specimens previ-
ously diagnosed as FVPTC; our incidence of RAS mutation
might thus differ due to this fundamental difference in starting
material. Three cases of RAS 61 mutations in benign lesions
were identified; however, we were unable to differentiate benign
and malignant point mutations. Additional investigations of the
prognosis and progression of RAS-positive nodules diagnosed as
benign after surgery, along with RAS mutation-positive nodules
in benign cytology are necessary to clarify the diagnostic value
of RAS mutations.

We found that sonographic findings did not enhance the
diagnostic accuracy in BRAF mutation-negative AUS/FLUS or
FN lesions identified by FNAC. The majority of these nodules
failed to exhibit malignant sonographic findings, with only 8%
of RAS 61" nodules exhibiting malignant features. Nodules with
RAS 61 mutations postoperatively diagnosed as FVPTC showed
typically an ovoid-to-round shape with a smooth margin,
accompanied by isoechoic findings on sonography, similar to an
carlier report.”® Notably, approximately 12% of RAS 617 inde-
terminate nodules were predominantly cystic on sonography;
this morphology is generally classified as a probable benign
lesion; however, these nodules were ultimately diagnosed as
FVPTC. In addition, rim calcification was observed in 20% of
RAS 61" indeterminate nodules, all of which received a final
diagnosis of encapsulated FVPTC following surgery. The sensi-
tivity and NPV of sonography were each 20%, with a diagnostic
accuracy of 30%. In contrast, examination of RAS 61 mutation
status alone exhibited sensitivity and PPV values of over 90%,
with the diagnostic accuracy of RAS 61 mutation testing being
close to 90%.

Postoperatively, 14 of 15 RAS 61" indeterminate nodules
(93:3%) were diagnosed as malignancies, of which 13 were
classified as FVPTC. No cases of classic PTC were observed
among RAS 61" nodules, a surprising finding given that PTC
is one of the most common forms of thyroid cancer. This
result may be due to the relatively high incidence of BRAF
mutations in classic PTC, especially within the Korean popula-
tion (70-80% of all cases). As BRAF and RAS mutations are
mutually exclusive, this would severely limit the number of
PTC cases eligible for inclusion in this study. Furthermore,
while RAS 61" indeterminate nodules postoperatively diag-
nosed with FVPTC were associated with relatively large
tumours, the frequency of multifocality, extrathyroidal exten-
sion and LN or distant metastasis were relatively lower than
PTC, indicative of low-risk malignancies. This finding is com-
parable to earlier reports.'”?"** Further studies investigating
the long-term prognosis of patients following RAS 61 mutation

analysis are necessary to evaluate the true diagnostic value of
RAS mutations. While earlier studies have shown a link

335 future

between RAS 61 mutations and poor prognosis,”
studies should evaluate outcomes associated with RAS 61-nega-
tive FVPTC, and identify prognostic differences associated with
RAS mutation subtypes.

The most obvious limitation of this study is the small sample
size. In particular, the number of patients undergoing operation
is small precluding drawing more definitive conclusions. None-
theless, our results suggest that RAS mutation analysis holds
great promise as a preoperative diagnostic tool for predicting
FVPTC in cytologically and sonographically indeterminate nod-
ules negative for BRAF mutations. Considering the frequency of
gene mutations in thyroid cancers, BRAF mutations should first
be screened for in all indeterminate nodules. However, in BRAF
mutation-negative cases, we propose additional diagnostic test-
ing of RAS 61 mutation status to improve early detection of
cancer, which will facilitate surgical decision-making and forego
the need for additional FNAC.
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