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ARTICLE INFO ABSTRACT

Keywords: Background: The World Health Organization, in a 2016 revision, introduced recurrent genetic abnormalities for
Angioimmunoblastic T-cell lymphoma classifying mature T- and NK-cell neoplasms. However, the role of genetic analyses from lymph node aspiration
Peripheral T-cell lymphoma cytology is still not elucidated. We hypothesize that the use of genetic analyses may increase the accuracy of
RHOA

diagnosis from cytological preparations.

Methods: Fifty-seven formalin-fixed paraffin-embedded (FFPE) samples were collected for next-generation se-
quencing (NGS) targeting potential driver mutations including TET2, DMN3TA, IDH2, RHOA, STAT3, and
STAT5B. Competitive allele-specific TagMan polymerase chain reaction (cast-PCR) was performed to validate
the mutation status by using FFPE and preoperative fine needle aspiration cytology (FNAC) samples.

Results: Among these six candidate genes, only IDH2 and RHOA mutations were significantly more frequent in
nodal subtypes, angioimmunoblastic T-cell lymphoma (AITL) and peripheral T-cell lymphoma, not otherwise
specified (PTCL, NOS) (P = .002 and < 0.001, respectively). All genes exhibited different mutation patterns
except RHOA with a hotspot mutation involving the Gly17 residue. The RHOA G17V mutation was found in 15
(75%) of 20 AITL and two (22%) of nine PTCL, NOS. Cast-PCR using FFPE samples showed 100% concordance
with NGS. Among 12 lymph node aspirates, the preliminary diagnoses were suspicious for lymphoma (3, 25%),
atypical lymphoid cells (3, 25%) and benign/negative (6, 50%). Cast-PCR detected the RHOA G17V mutation in
six (75%) of eight RHOA-mutated aspirates and revealed negative results in all (100%) of four wild-type aspi-
rates, with an 83.3% (10/12) concordance comparing to FFPE samples.

Conclusions: The RHOA G17V mutation serves as a useful biomarker for cytological assessment in AITL. The use
of cast-PCR is valuable in the diagnosis of malignant lymphomas from cytological preparations, and thus
avoiding the potential risks of invasive procedures.

Fine-needle aspiration cytology

Abbreviations: WHO, World Health Organization; H&E, hematoxylin and eosin; AITL, angioimmunoblastic T-cell lymphoma; PTCL, NOS, peripheral T-cell lym-
phoma, not otherwise specified; NKTCL, extranodal nasal-type NK/T-cell lymphoma; ITCL, intestinal T-cell lymphoma; ATLL, adult T-cell leukemia/lymphoma;
FFPE, formalin-fixed paraffin-embedded; FNAC, fine-needle aspiration cytology; NGS, next-generation sequencing; PCR, polymerase chain reaction; VAF, variant
allele frequency; TET2, ten-eleven translocation 2; DNMT3A, DNA-methyltransferase 3 alpha; IDH2, isocitrate dehydrogenase 2; RHOA, Ras homolog family member
A; STAT, signal transducer and activator of transcription; TERT, telomerase reverse transcriptase; SH2, Src homology 2; GDP, guanosine diphosphate; GTP, gua-
nosine-triphosphate; 2HG, 2-hydroxyglutarate; IL, interleukin; ECOG, Eastern Cooperative Oncology Group
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1. Introduction

According to the 2016 revision of the World Health Organization
(WHO) classification of lymphoid neoplasms (Swerdlow et al., 2016),
recurrent genetic abnormalities have been introduced to classify mature
T- and NK -cell neoplasms. Loss-of-function mutations affecting one or
both copies of the ten-eleven translocation 2 (TET2) gene appear as an
early event in the multistep lymphomagenesis process (Quivoron et al.,
2011). An oncogenic cooperation between TET2 and DNA-methyl-
transferase 3 alpha (DNMT3A) involving deregulation of cytosine me-
thylation and demethylation processes has been proposed (Couronne
et al., 2012). Another mutation, in isocitrate dehydrogenase 2 (IDH2),
has also been reported to be frequently coexistent with mutations in
TET2 (Lemonnier et al., 2012). Nevertheless, activating mutations in
signal transducer and activator of transcription 3 (STAT3) and STAT5B
are exclusively identified in lymphomas derived from NK and y8-T cells
(Jerez et al., 2012; Koskela et al., 2012; Kucuk et al., 2015; Nicolae
et al., 2014; Rajala et al., 2013). All the mutations involved in lym-
phomagenesis appear to be within the Src homology 2 (SH2) domain
which mediates the dimerization and activation of proteins, and give
rise to functionally active mutants that upregulate the expression of
targeted genes (Kucuk et al., 2015).

In recent studies, the Ras homolog family member A (RHOA) G17V
mutation is one of the most prevalent somatic mutations, which occurs
in 50-70% of angioimmunoblastic T-cell lymphoma (AITL) and a
smaller proportion of peripheral T-cell lymphoma, not otherwise spe-
cified (PTCL, NOS) (Palomero et al., 2014; Sakata-Yanagimoto et al.,
2014; Yoo et al., 2014). RHOA is a GTPase that cycles between gua-
nosine diphosphate (GDP)-bound inactive and guanosine-triphosphate
(GTP)-bound active forms. The glycine at RHOA residue 17 is located at
a critical position for GTP binding. The G17V RHOA protein is con-
sidered a loss-of-function mutant, as it does not bind Rhotekin, a mo-
lecule with high affinity for the GTP-bound form. This mutation is
shown to induce autoimmunity and promote the development of AITL
in transgenic mice (Cortes et al., 2018; Ng et al., 2018; Zang et al.,
2017). The high frequency of the RHOA G17V mutation leads it a
biomarker to follow the presence of AITL.

Previously, we had conducted a whole-exome sequencing study of
TP53 mutations and showed positive correlation of the mutation status
with the immunostaining pattern in subtypes of peripheral mature T-
and NK-cell lymphomas (Huang et al., 2018). In the present study, we
aimed to examine mutations of TET2, DNMT3A, IDH2, RHOA, STAT3,
and STAT5B, and figure out recurrent targets with high mutation rates
for rapid diagnosis in clinical cytology. To this end, we first used the
same cohort of 57 formalin-fixed paraffin-embedded (FFPE) samples to
detect mutations by targeted gene sequencing. Furthermore, competi-
tive allele-specific polymerase chain reaction (PCR) was performed on
DNA materials extracted from both FFPE and fine-needle aspiration
cytology (FNAC) samples to evaluate the applicability of cytology
smear PCR.

2. Materials and methods
2.1. Patient samples

We included fifty-seven cases of peripheral mature T- and NK-cell
lymphomas from the pathology files of Department of Pathology, Chang
Gung Memorial Hospital at Kaohsiung, Taiwan during a 12-year period
from 2006 to 2017, which were collected for our previous study (Huang
et al., 2018). Two of the most common subtypes arising from the lymph
node, AITL and PTCL, NOS were included. Extranodal nasal-type NK/T-
cell lymphoma (NKTCL) and intestinal T-cell lymphoma (ITCL) were
also enrolled, representing the extranodal subtypes. The available
medical records and hematoxylin and eosin (H&E) stained sections
were reviewed; H&E stained sections were classified according to the
2016 revision of the WHO classification of lymphoid neoplasms.
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Table 1
Customized panels of targeted gene sequencing investigating hotspot regions.
Gene Chromosome  Start End No. of Amplicon
primer size (bp)
pairs
TET2 4 106,155,449 106,197,291 45 113-121
DNMT3A 2 25,457,236 25,469,933 8 116-125
IDH2 15 90,631,832 90,631,844 1 115
RHOA 3 49,412,962 49,412,978 1 119
STAT3 17 40,469,230 40,475,075 3 117-124
STAT5B 17 40,359,654 40,359,734 1 116

TET2, ten-eleven translocation 2; DNMT3A, DNA-methyltransferase 3 alpha;
IDH2, isocitrate dehydrogenase 2; RHOA, Ras homolog family member A;
STAT3, signal transducer and activator of transcription 3; STAT5B, signal
transducer and activator of transcription 5B.

Preoperative FNAC samples were available in 9 AITL, 3 PTCL, NOS and
10 reactive lymphoid hyperplasia. This study was approved by the
Ethics Committee of Chang Gung Memorial Hospital, Kaohsiung,
Taiwan in accordance with the Declaration of Helsinki.

2.2. Customized targeted gene sequencing by next generation sequencing
and bioinformatics analysis

Genomic DNA was amplified using customized panels designed by
the Qiagen QIAseq designer website and next generation sequencing
(NGS) data were analyzed as previously described (Huang et al., 2018).
DNA libraries were prepared using QIAseq Targeted DNA Custom Panel
Kit (QIAGEN, # CDHS-12087Z-81), purified using 1.0 X Ampure beads
and quantified using QIAseq Library Quant System (QIAGEN, Ger-
many). The library was sequenced on an Illumina NextSeq (pair-end,
2 x 150 bp) following the manufacturer's user manual (Illumina, CA).
The targeted mutations within six genes, including TET2, DMN3TA,
IDH2, RHOA, STAT3, and STAT5B were listed in Table 1.

2.3. Detection of the RHOA G17V mutation by competitive allele-specific
TagMan PCR (cast-PCR)

DNA was collected from both FFPE and FNAC samples by using the
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). The cytological
material was scraped off the slide by scraping with a cell scraper. The
RHOA G17V mutation was detected by cast-PCR on an ABI 7500 Fast
gqPCR machine (Thermo Fisher, CA, USA) with the following settings:
95 °C for 5 min, followed by 50 cycles of 95 °C for 3 s, and 60 °C for 40 s.
Target was amplified in 10 pL reactions containing 10 ng of template
DNA, 1 x TopQ mutation Master Mix (Topgen Biotechology, Taiwan)
and 1x of each TopQ Mutation Detection Assays (Topgen
Biotechology). The qPCR mutation standards for absolute quantifica-
tion were custom designed (Topgen Biotechology) (Table 2). The target
mutation plasmids of 2500 copies, 500 copies, 50 copies and 5 copies
were mixed with human gDNA 17 ng (5000 copies) to generate stan-
dards of 50%, 10%, 1% and 0.1% mutation frequency, respectively
(Fig. 1). The telomerase reverse transcriptase (TERT) gene was used to
monitor the amount of input sample DNA for qPCR to prevent over-
loading DNA templates, which might interfere with assay sensitivity
and specificity. The linear regression model was used to evaluate the
mutation variant allele frequency (VAF) of RHOA G17V, which was
defined as positive if > 1%.

2.4. Statistical analysis

All statistical analyses were performed using SPSS for Windows 11.0
software (SPSS Inc. Chicago, IL, USA). The Fisher's exact test was used
to compare the prevalence of targeted gene mutations between sub-
types of peripheral mature T- and NK-cell lymphomas. All reported P
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Table 2
Primers and probes used for detection of the RHOA G17V mutation.
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Gene Sequence (5"-3") Reference” Amplicon (bp)
RHOA
Primers
RHOA-F TGATGGAGCCTGTG T
RHOA-R GTGGGCACATACACCTCTGG NC_000003.12 75
Wild-type blocker AGCCTGTG G AAAG-MGB
Probe FAM-ATAGTCTTCAGCAAGGAC-MGB
TERT
Primers
RHOA-F AGGAATAGTCCATCCCCAGATTC
RHOA-R AGGGTCTCCACCTGGATGGT NC_000005.10 88
Probe HEX-TGCCCTCCTTTGCC-MGB

4 GRCh38.p12 (Genome Reference Consortium Human Build 38 patch release 12).

values are from two-tailed tests, and P values of 0.05 or less were
considered to indicate statistical significance.

3. Results
3.1. Clinicopathological features and targeted gene sequencing

Fifty-seven cases, comprised of AITL (n = 20), PTCL, NOS (n = 9),
NKTCL (n = 23), and ITCL (n = 5), were included in this study. More
clinicopathologic findings are summarized as previously described
(Huang et al., 2018).

A total of 27,359,085 mapped reads were generated, and 96% of the
total bases were aligned to the complete human genome
(Supplementary Tables 1 and 2). The median sequencing depth was
5289 x (range: 850 to 18,079 x). An average of 0.2X coverage uni-
formity accounted for > 99%. The cut-off value of VAF was settled at
5% for classifying cases as positive because the average number of
molecular barcodes depth and read pairs per barcode conferred a
confidence for calling 5% variants at 95% sensitivity.

IDH2 and RHOA mutations were significantly more frequent in
nodal subtypes (P =.002 and < 0.001, respectively) (Table 3). For
TET2, DMN3TA, STAT3 and STAT5B mutations, no statistically sig-
nificant differences between nodal and extranodal subtypes were
identified. All genes exhibited different mutation patterns. However,
the RHOA G17V mutation involving the Gly17 residue that participates
in the GTP-binding was found in AITL (15/20; 75%) and PTCL, NOS (2/
9; 22.2%). AITL samples with the RHOA G17V mutation had a VAF
range from 2.0% to 30.6% (median: 11.8%). There was no significant

d
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correlation between the RHOA G17V mutation and clinicopathologic
features (Supplementary Table 3). This mutation was validated and
evaluated further for the molecular application in cytology.

3.2. Validation and detection of the RHOA G17 V mutation in FFPE and
FNAC samples

The comparison of the RHOA G17V mutation detected by NGS and
cast-PCR, and their use for FFPE and FNAC samples were summarized
in Table 4. Twenty-five cases had enough tissue for further analysis of
RHOA G17V following the NGS study. Cast-PCR showed 100% con-
cordance with NGS using FFPE samples. FNAC from the involved lymph
nodes were available in nine AITL and three PTCL, NOS cases. FNAC
showed a heterogeneous population of hematolymphoid cells including
small- to medium-sized lymphoid cells, histiocytes and follicular den-
dritic cells, and abundant lymphoglandular bodies in the background.
The follicular dendritic cell meshwork was observed, which intimately
admixed with lymphocytes to form a dendritic cell-lymphocyte complex
(Fig. 2a). There were also lymphoid tissue fragments transgressing by
arborizing blood vessels (Fig. 2b). The above features in cytologic
preparations were reminiscent of those seen in histologic sections
(Fig. 2c-h). There were three (25%) of 12 aspirates suspicious for
lymphoma. Other preliminary diagnoses were atypical lymphoid cells
(3, 25%) and benign/negative (6, 50%). Cast-PCR detected the RHOA
G17V mutation in six (75%) of eight RHOA-mutated aspirates and re-
vealed negative results in all (100%) of four wild-type aspirates, with an
83.3% (10/12) concordance comparing to FFPE samples (Table 4). No
RHOA G17V mutation was detected in reactive lymphoid hyperplasia.

b
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Fig. 1. Detection of the RHOA G17V mutation by competitive allele-specific TagMan PCR (a) Amplification plot of target mutation plasmids of RHOA G17V showing
the dynamic detection range of 4 orders of mutation frequency from 50% to 0.1% (average of cycles from left to right: 28.4, 31.7, 34.9 38.1, respectively). (b) The

standard curve for determination of variant allele frequency (VAF) (R? = 0.989).
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Table 3

The prevalence of targeted mutations in peripheral mature T and NK cell lymphomas.
Gene Nodal subtypes Extranodal subtypes P value

AITL (n = 20) PTCL (n = 9) NKTCL (n = 23) ITCL (n = 5)

TET2 4 (20.0%) 1 (11.1%) 3 (13.0%) 0 (0%) 0.706
DMN3TA 2 (10.0%) 2 (22.2%) 0 (0%) 1 (20.0%) 0.352
IDH2 8 (40.0%) 1 (11.1%) 0 (0%) 0 (0%) 0.002
RHOA 15 (75.0%) 2 (22.2%) 0 (0%) 0 (0%) < 0.001
STAT3 0 (0%) 0 (0%) 2 (8.7%) 0 (0%) 0.237
STAT5B 0 (0%) 0 (0%) 0 (0%) 1 (20.0%) 0.491

TET2, ten-eleven translocation 2; DNMT3A, DNA-methyltransferase 3 alpha; IDH2, isocitrate dehydrogenase 2; RHOA, Ras homolog family member A; STAT3, signal
transducer and activator of transcription 3; STAT5B, signal transducer and activator of transcription 5B; AITL, angioimmunoblastic T-cell lymphoma; PTCL, NOS,

peripheral T-cell lymphoma, not otherwise specified; NKTCL, extranodal nasal-type NK/T-cell lymphoma; ITCL, intestinal T-cell lymphoma.

4. Discussion

We used NGS to clarify the prevalence of the targeted mutations in
subtypes of peripheral mature T- and NK-cell lymphomas and un-
covered the RHOA G17V mutation as a useful biomarker for cytological
assessment in AITL. Some details of FNAC, including the follicular
dendritic cell meshwork, arborizing vessels and mixed inflammatory
cells may provide clues for AITL, which could be confirmed by in-
tegrating the RHOA G17V mutation analysis into clinical workflow.
Given that only a minute fraction of lymph node FNAs will be obtained
from AITL patients, the mutation analysis may be better performed by
scraping the cytological material off the slides after cytological eva-
luation. The cytology smear PCR constitutes a sensitive and specific
alternative to traditional diagnostic assays performed on biopsy speci-
mens. It is a rapid, cost-effective, and noninvasive method for diagnosis
and clinical follow-up of AITL, especially in patients with potential risks

Table 4
Comparison of RHOA G17V mutation between FNAC and FFPE samples.

for invasive procedures.

For the past three decades, FNAC with flow cytometry (FCM) has
been used in the evaluation of lymph nodes, and provided relevant
information for the diagnosis, classification and monitoring of lym-
phoproliferative disorders. FCM immunophenotyping showed a high
efficiency in the distinction between reactive processes and non-
Hodgkin lymphomas (NHLs) with a false-positive rate of 4.7% (Savage
et al., 2011). Further subclassification of lymphomas into WHO cate-
gories has been also improved, especially for low-grade B cell lym-
phomas (Bangerter et al., 2007; Barrena et al., 2011; Schmid et al.,
2011). However, despite a general high sensitivity in clonality assess-
ment, discrepant results between FCM and conventional histology are
still present, ranging from 51 to 95% (Barrena et al., 2011; Peluso et al.,
2016).

PCR-based molecular tests are particularly helpful when reporting
the FNAC not only as a malignant lymphoma but also some specific

Case No. FNAC diagnosis FFPE diagnosis RHOA G17V mutation

FNAC (PCR) FFPE (PCR) FFPE, VAF% (NGS)
1 NA AITL NA + + , 109
2 Benign/negative AITL -3 + + ,10.3
3 Atypical lymphoid cells AITL + + + ,89
4 Suspicious for lymphoma AITL + + + ,28.4
5 Benign/negative AITL + + + , 9.5
6 NA AITL NA - - ,0
7 Atypical lymphoid cells AITL + + + ,13.1
8 Benign/negative AITL - - - ,0
9 NA AITL NA + + , 13.9
10 NA AITL NA - - ,3.2
11 NA AITL NA + + , 18.0
12 Atypical lymphoid cells AITL + + + ,26.3
13 NA AITL NA + + ,9.7
14 NA AITL NA + + ,12.2
15 Benign/negative AITL + - - ,2.0
16 Benign/negative AITL - + + ,11.3
17 NA AITL NA + + , 30.6
18 NA AITL NA + + ,17.8
19 NA AITL NA + + , 6.7
20 NA AITL NA - = , 3.8
21 NA PTCL NA NA ,0
22 Suspicious for lymphoma PTCL - - ,0
23 NA PTCL NA NA ,0
24 NA PTCL NA NA - , 0
25 NA PTCL NA + + ,6.3
26 Benign/negative PTCL - - - ,0
27 NA PTCL NA + + 15.2
28 Suspicious for lymphoma PTCL - - - ,0
29 NA PTCL NA NA - ,0

@ Low DNA concentration (2.7 ng/ul) FNAC, fine-needle aspiration cytology; FFPE, formalin-fixed paraffin-embedded; AITL, angioimmunoblastic T-cell lym-
phoma; PTCL, NOS, peripheral T-cell lymphoma, not otherwise specified; PCR, polymerase chain reaction; NGS, next-generation sequencing; VAF, variant allele

frequency.
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NHL subtypes. Reverse transcription-PCR has been successfully applied
on FNAC to detect specific chromosome translocations in B-cell NHLs.
For T-cell NHLs, T-cell receptor (TCR) gene rearrangement is the mostly
applied target for clonality testing, but not for further subclassification
of lymphomas into WHO categories. The accuracy of this test is limited
by the restricted diversity of TCR gamma gene rearrangements, high
level of background noise amplification, and lack of clone quantifica-
tion or immunophenotypic characterization (Novikov et al., 2019).
Given the high frequency of RHOA G17V mutation in AITL, detection of
the mutation may add clinical value of FNAC for subclassification of T-
cell NHLs. However, inadequate sampling or a background of abundant
mixed inflammatory cells may limit the detection of the monoclonal
population (Venkatraman et al., 2006). In our study, there was dis-
cordance in the assessment of clonality by the RHOA G17V mutation

Experimental and Molecular Pathology 110 (2019) 104294

Fig. 2. Cytologic and histologic features of an-
gioimmunoblastic T-cell lymphoma (Case 16).
Cytologic smear showed (a) aggregates of follicular
dendritic cells intimately admixed with lymphocytes,
forming dendritic cell-lymphocyte complexes.
Lymphoglandular bodies were seen in the back-
ground (H&E, magnification 200X). (upper right
inset) After high-power examination of the smears,
the follicular dendritic cells were characterized by
“kissing nuclei,” with finely dispersed chromatin and
small central nucleoli (H&E, magnification 400 x).
(b) There were lymphoid tissue fragments containing
a scaffold of arborizing blood vessels (H&E, magni-
fication 200 x ). Histological sections showed (c) the
typical appearance of an AITL composed of variably
sized atypical lymphocytes with abundant follicular
dendritic cells (H&E, magnification, 400 x), and (d)
the proliferation of high endothelial venules (H&E,
magnification 200x). The neoplastic T cells were
positive for (e) CD3, (f) (left) CD4, and (g) PD1, but
negative for (f) (right) CD8 (magnification 400 x).
(h) The expanded follicular dendritic cell meshwork
was highlighted by CD21 (magnification 200 X ).

between FNAC and FFPE samples in 2 of 12 (16.7%) cases. Case 2 had a
low DNA concentration indicating a limited amount of material avail-
able from the aspirate. Case 16 showed tumor heterogeneity with
abundant polyclonal cells limiting mutation detection in FNAC. These
were possible causes of false-negative results. Repeat sampling may
overcome the above limitations and increase the sensitivity of the as-
pirational biopsy.

RHOA-mutated AITL was clinically characterized by a higher in-
cidence of splenomegaly and B symptoms, higher serum interleukin
(IL)-2R, and a poorer Eastern Cooperative Oncology Group (ECOG)
performance status than wild-type cases (Nagao et al., 2016; Ondrejka
et al., 2016). It was also associated with pathologic features such as a
higher mean microvessel density, a wider distribution of follicular
dendritic cell networks, and a greater expression of follicular helper T-



P.-H. Lee, et al.

cell markers. There was no difference in the overall survival between
RHOA-mutated and -wild-type subgroups. Ondrejka et al. demonstrated
that the median VAF was 14%, with a wide range of 0.4 to 50%, in
RHOA G17V-mutated AITL without clarifying the significance of this
mutational burden clinicopathologically (Ondrejka et al., 2016). In our
study, we also found a wide range of RHOA G17V mutation VAF in
tumors, while no significant correlation between the VAF and clin-
icopathologic features was identified. More studies with larger samples
sizes are needed to establish if any relationship exists.

Aside from AITL, recent genetic studies have identified RHOA mu-
tations in lymphoid malignancies such as adult T-cell leukemia/lym-
phoma (ATLL) (Kataoka et al., 2015; Nagata et al., 2016), Burkitt's
lymphoma (Abate et al., 2015; O'Hayre et al., 2016; Richter et al., 2012;
Rohde et al., 2014), and diffuse large B-cell lymphoma (O'Hayre et al.,
2016), as well as in diffuse-type gastric carcinoma (Kakiuchi et al.,
2014; Lawrence et al., 2014; Network, 2014; Ushiku et al., 2016; Wang
et al., 2014) and other solid tumors (Lawrence et al., 2014). The mu-
tations were widely distributed with some clearly targeted to the GTP-
binding pocket. For instance, p.Cys16Arg was most frequent in ATLL
(Nagata et al., 2016), whereas p.Arg5GIn and p.Tyr42Cys were most
frequent in Burkitt's lymphoma (O'Hayre et al., 2016; Richter et al.,
2012; Rohde et al., 2014) and gastric carcinomas (Kakiuchi et al., 2014;
Network, 2014; Wang et al., 2014), respectively. The RHOA mutation
encoding p.Thr19Ile was reported in PTCL by Palomero et al. (2014)
and in ATLL by Nagata et al. (2016). The gain-of-function and loss-of-
function RHOA mutations were even observed in the same disease ca-
tegory (Nagata et al., 2016). The biochemical activity of RHOA differs
with each hotspot position. That may explains why different hotspot
mutations dominate in different tumor subtypes (Ishikawa, 2016).

IDH2 R172 mutations were identified in 8 (40%) AITL cases in our
study. The overall frequency of IDH2 R172 mutations in AITL was
previously reported to range from 13.8% to 45% (Cairns et al., 2012;
Odejide et al., 2014; Wang et al., 2015). Substitution of this hotspot
arginine residue is reported to cause the accumulation of the oncome-
tabolite 2-hydroxyglutarate (2HG), which can inhibit a-ketoglutarate-
dependent dioxygenases involved in histone methylation, hypoxia re-
sponse, and collagen maturation, and contribute to the oncogenic
process in AITL (Lemonnier et al., 2016). Further validation is necessary
for this mutation as a biomarker in the molecular application of cy-
tology.

In conclusion, the RHOA G17V mutation is a useful biomarker for
cytological assessment in AITL because of the high frequency of the
mutation. Patients with potential risks for invasive procedures can be
followed by cytology smear PCR, which is rapid, cost-effective, and
noninvasive.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yexmp.2019.104294.
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