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Morphologic, Immunohistochemical, and Genetic
Differences Between High-grade and Low-grade Fetal
Adenocarcinomas of the Lung
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Xin-hua Yang MM,*7 and Fang Wang MD*f

Abstract: Fetal adenocarcinoma of the lung (FLAC) is a rare
lung tumor classified into low-grade fetal adenocarcinoma of the
lung (LG-FLAC) and high-grade fetal adenocarcinoma of the
lung (HG-FLAC). It remains debatable whether HG-FLAC is a
subset of FLAC or a distinct subtype of the conventional lung
adenocarcinoma (CLA). In this study, samples of 4 LG-FLAC
and 2 HG-FLAC cases were examined, and the clinicopatho-
logic, immunohistochemical (IHC), and mutational differences
between the 2 subtypes were analyzed using literature review.
Morphologically, LG-FLACs had a pure pattern with complex
glandular architecture composed of cells with subnuclear and
supranuclear vacuoles, mimicking a developing fetal lung. In
contrast, HG-FLACs contained both fetal Iung-like (FLL) and
CLA components. With regard to IHC markers, p-catenin ex-
hibited a nuclear/cytoplasmic staining pattern in LG-FLACs but
a membranous staining pattern in HG-FLACs. Furthermore,
p53 was expressed diffusely and strongly in HG-FLACs, whereas
in LG-FLACs, p53 staining was completely absent. Using
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next-generation sequencing targeting a 1021-gene panel, muta-
tions of CTNNBI and DICERI were detected in all 4 LG-FLAC
samples, and a novel mutation, M YCN P44L, was discovered in
2 LG-FLAC samples. DNA samples of the FLL and CLA
components of HG-FLACs were separately extracted and se-
quenced. The FLL component harbored no CTNNBI, DICERI,
or M YCN mutations; moreover, the FLL genetic profile largely
overlapped with that of the CLA component. The morphologic,
IHC, and genetic features of HG-FLAC indicate that it is a
variant of CLA rather than a subset of FLAC. Thus, HG-FLAC
should be treated differently from LG-FLAC.

Key Words: fetal adenocarcinoma of the lung, CTNNBI DICERI,
MYCN, mutational profile

(Am J Surg Pathol 2021;45:1464-1475)

etal adenocarcinoma of the lung (FLAC) is a rare
malignant lung tumor, accounting for 0.1% to 0.5% of
all pulmonary neoplasms.! It was reported as a subtype of
pleuropulmonary blastoma lacking a sarcomatous com-
ponent in 1982,2 and the term “well differentiated fetal
adenocarcinoma of the lung” was introduced afterwards.?
As the name implies, FLAC morphologically resembles a
developing fetal lung during the pseudoglandular phase:
complex glandular components with tubules are lined by
glycogen-rich, nonciliated cells. In the World Health
Organization classification of 2015, FLAC was further
classified into low-grade fetal adenocarcinoma of the lung
(LG-FLAC) and high-grade fetal adenocarcinoma of the
lung (HG-FLAC) based on their different clinicopatho-
logic features.”> LG-FLAC has a pure pattern, displaying
mild nuclear atypia and typical morule formation. In
contrast, HG-FLAC is generally composed of both fetal
lung-like (FLL) and conventional lung adenocarcinoma
(CLA) components, such as acinar type, papillary type,
micropapillary type, lepidic type, and solid type, with
prominent nuclear atypia, necrosis, and pathologic mi-
toses. LG-FLAC tends to occur in young female non-
smokers, with a peak incidence in the fourth decade of life,
whereas HG-FLAC occurs more frequently in elderly
male smokers.®
It remains inconclusive whether HG-FLAC is a
subset of FLAC with a higher grade or merely a distinct
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subtype of CLA. It has been previously reported that ep-
ithelial cells of HG-FLAC display membranous f$-catenin
staining, whereas LG-FLAC cells express -catenin in an
aberrant nuclear/cytoplasmic pattern.*® It has been sug-
gested that >90% of LG-FLACs harbor neuroendocrine
cells expressing chromogranin A (CgA) and/or synapto-
physin (Syn), whereas only about 50% of HG-FLACs
contain such cells.®” Mutations of CTNNBI are consid-
ered as a characteristic signature of LG-FLAC, but they
are seldom observed in HG-FLAC.*® Recently, LG-
FLAC was reported as one of the manifestations of
DICERI syndrome, a pleiotropic tumor predisposition
syndrome associated with an increased risk of malignant
and nonmalignant neoplasms.® However, DICERI mu-
tations have not been reported in HG-FLAC cases.
Accumulating evidence indicates differences between HG-
FLAC and LG-FLAC, so the question of their similarity
requires a comprehensive analysis.

Molecular analysis is a very useful tool to describe
and diagnose a disease from the genetic point of view.!”
However, genetic testing used to be limited to panels with
small numbers of genes in the past.*3 In the current study,
molecular analysis was conducted using the next-
generation sequencing (NGS) approach covering 1021
genes, and the FLL and CLA components of HG-FLAC
tissue samples were separately macrodissected and se-
quenced. By performing a full-scale analysis of the clin-
icopathologic, immunohistochemical (IHC), and genetic
features of 4 cases of LG-FLAC and 2 cases of HG-
FLAC, we sought to improve the categorization of
HG-FLAC and establish new genetic markers for the
differential diagnosis of LG-FLAC.

MATERIALS AND METHODS

Clinical Samples

FLAC cases were retrospectively screened by
searching the electronic pathologic records in the Sun Yat-
sen University Cancer Center and the Sun Yat-sen Me-
morial Hospital between January 2013 and December
2020. Clinical information, such as sex, age, chief com-
plaint, smoking history, treatment, and follow-up, was
obtained from the medical records of inpatient or out-
patient visits, as well as from telephone interviews until
February 25, 2021. The TNM stage was evaluated as per

the 8th Union for International Cancer Control TNM
staging system for non—small cell lung cancer (NSCLC).
Overall survival (OS) was calculated as the duration from
the date of diagnosis to the date of death from any cause
or to the last follow-up. The use of human tissue samples
and clinical data was approved by the Ethics Committees
of the Sun Yat-Sen University Cancer Center (B2020-344-
01). All patients provided signed informed consent, and
the research was carried out in accordance with the Dec-
laration of Helsinki.

In addition, papers published in English were
searched using key words such as “well-differentiated/low-
grade,” “high-grade,” “fetal adenocarcinoma of the lung,”
“fetal pulmonary adenocarcinoma” and their combina-
tions in PubMed (www.ncbi.nlm.nih.gov/pubmed/). Pub-
lished reports with detailed clinicopathologic description
and/or featured molecular findings were summarized to-
gether with the data from the present study.

Pathologic Diagnosis and IHC

The pathologic diagnoses of FLAC were re-
confirmed by independent consultations with 2 experi-
enced pathologists (S-.y.X. and J-].Y.) according to the
World Health Organization 2015 criteria.> IHC experi-
ments were conducted using a BenchMark XT automated
immunostainer (Ventana, Tucson, AZ) along with the
appropriate positive and negative controls. The primary
antibodies are listed in Table 1. A sample was considered
as IHC-positive when moderate-to-strong staining was
observed in >10% of the tumor cells. All IHC staining
slides were reviewed by 2 experienced pathologists (S-.y.X.
and J-j.Y.). Whole slide images were generated using the
digital slide scanner KF-PRO-005-EX (KFBIO, Ningbo,
China), and all microphotographs were exported by
reading whole slide images with K-VIEWER version
1.5.3.1 (KFBIO).

Tissue Macrodissection and DNA Isolation

The tumorous and patient-matched normal lymph
node tissue sections were cut into 4 to 5-um-thick sections,
and the regions containing >70% of tumor cells on un-
stained sections were selectively macrodissected according
to the hematoxylin and eosin (H&E) staining. For each
HG-FLAC sample, the contours of the FLL and CLA
regions were marked on the H&E slide under a micro-
scope, and the 2 different morphologic components were

TABLE 1. The Information of IHC Primary Antibodies

Antibodies Clone Type Source Dilution Staining Pattern
TTF-1 SP141 Rabbit, mono Ventana RTU N
p-Catenin UMABI5 Mouse, mono Ventana 1:300 M, C/N

p53 DO7 Mouse, mono Ventana 1:400 N
SALL-4 6E3 Mouse, mono Ventana 1:50 N

Syn SP11 Rabbit, mono Ventana 1:100 C

CgA EP38 Rabbit, mono Ventana 1:400 C

Gly-3 1G12 Mouse, mono Ventana 1:100 C/M

AFP EP209 Rabbit, mono Ventana 1:150 C

C/M indicates cytoplasmic/membranous staining; C/N, cytoplasmic/nuclear staining; Gly-3, glypican-3; M, membranous staining; RTU, ready-to-use; TTF-1, thyroid

transcription factor-1.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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macrodissected according to their respective contours, so
that corresponding DNA could be separately isolated
and sequenced. The genomic DNA was extracted using
a QIAamp DNA FFPE Tissue kit (Qiagen, Hilden,
Germany) and then quantified with a Qubit Fluorometer
using the Qubit dsDNA BR assay (Life Technologies,
Carlsbad, CA).

NGS and Data Processing

NGS was performed by Geneplus Ltd (Beijing,
China). Methods for sequencing library ]preparation and
data analysis were described previously.!!1> Briefly, frag-
mented DNA (1.0 g) was mixed with Illumina-indexed
adapters for library construction using a KAPA Library
Preparation Kit (Kapa Biosystems, Wilmington, MA).
Custom-designed probes covering about 1.1 Mb of ge-
nomic sequences of 1021 cancer-related genes were used
for DNA capture. Sequencing was performed on a Gene-
plus 2000 Sequencing System (Beijing, China) with 2x100
bp paired-end reads. Matched normal lymph node tissue
samples were sequenced as control to filter germline var-
iation. The data was processed as previously described!3-1¢

and detailed in the Supplementary Methods (Supplemental
Digital Content 2, http://links.Iww.com/PAS/B187).

RESULTS

Clinical Characteristics

Detailed clinical information about each patient is
presented in Table 2. One patient with LG-FLAC was
female, the others were males. The average ages of the
LG-FLAC and HG-FLAC groups were 37.3 (30 to 48)
and 50.5 (39 to 62) years, respectively. Both patients
with HG-FLAC were heavy smokers. Patient HGI
consumed 1 pack of cigarettes per day for about
40 years, and he had a 40-year drinking history.
Patient HG2 smoked 1 pack of cigarettes every day for
15 years. In contrast, all 4 LG-FLAC patients were
nonsmokers. The chief complaints included fever, cough,
sputum, and hemoptysis. Two patients with LG-FLAC
had no symptoms, and lung nodules were found
accidentally during a regular physical examination.
One LG-FLAC patient and 1 HG-FLAC patient were
diagnosed at stage IVB, whereas the others were

TABLE 2. Clinical Information of Patients With LG-FLAC and HG-FLAC in the Present Study and Literature Review

References Diagnosis Sex Age (y) Chief Complaint Smoking TNM Treatment Follow-up (mo)
This study LG-FLAC Male 30 Pulmonary nodule Nonsmoker pTIbNOMO, Lobectomy and mediastinal 99.5, NED
1A lymphadenectomy
This study LG-FLAC Male 36 Fever, cough, Nonsmoker pT2aNOMO, Lobectomy and mediastinal 36.4, NED
blood in phlegm 1B lymphadenectomy+post-
operative chemotherapy
This study  LG-FLAC Male 48 Pulmonary nodule Nonsmoker pT3NOMO,  Left total pneumonectomy 26.4, NED
1B and mediastinal lymphade-
nectomy
This study LG-FLAC Female 35 Cough Nonsmoker pT2aN2MIc, Palliative chemotherapy 3.8, NED
IVB
This study HG-FLAC Male 62 Cough, sputum and 40 p-y pT2bNOMO, Lobectomy and mediastinal 32.7, NED
hemoptysis 1A lymphadenectomy+post-
operative chemotherapy
This study HG-FLAC Male 39 Cough and blood 15 p-y pT4NOMIlc, Neoadjuvant chemotherapy 13.7, DOD
in phlegm IVB +lobectomy and mediastinal
lymphadenectomy+post-
operative chemotherapy
Sato et al'””  LG-FLAC 10 male/  Mean, 19/25 ND 22 /1 /1 v/ ND Mean, 39; 20
15 female 37 asymptomatic 1 ND NED/2 DOD/3
ND
Morita HG-FLAC 16 male/ Median, Cough or chest  Median, 54.9 p-y 7 1/6 11/4 1IT Lobectomy and standard ~ Median, 29.3; 5y
et al’ 1 female 64.2 pain lymph node dissection OS 53.6%
Suzuki HG-FLAC 14 male/ Median, ND 10/20 smokers, 7 1/5 11/6 1I1/2 ND Mean, 34.9; 5y
et al' 6 female 67.3 median 50 p-y v 0S 82.4%
Zhang HG-FLAC 4 male/ Mean, ND 4/5 smokers 2 1/3 11 ND Median, 98; 2
et al* 1 female 60.4 NED/3 DOD
Zhang LG-FLAC 2 male/ Mean, ND 0/3 smokers 31 ND Median, 10; 3
et al* 1 female 36.3 NED
Suzuki HG-FLAC 43 male/ Median, ND 41/53 smokers 29 I/13 1I/11 Pulmonary lobectomy Median, 33.1; 5y
et al®® 10 female 67 I 0S 49%
Zhang LG-FLAC 23 male/ Mean, Cough, blood- 12/45 smokers 8 1/21 11/2 1II/  All underwent surgery, 10/45  Median, 24; 25
et al? 22 female 35 streak sputum, 1 IV/I3ND  also received radiotherapy ~ NED/S DOD/1

chest pain, fever,
hemoptysis

and/or chemotherapy Relapse/14 ND

DOD indicates died of disease; ND, no description; NED, no evidence of disease; p-y, packsXyears.
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FIGURE 1. Morphologic features of LG-FLAC revealed by H&E staining. A-D, Complex glandular structures resembling the
developing fetal lung composed of columnar cells and typical morule foci (A, B, white arrows). Typical glandular cells with
supranuclear or subnuclear cytoplasmic vacuolization are demonstrated in the insets (B, D).

diagnosed at stages I to II. The median follow-up
duration was 29.6 months (range, 3.8 to 99.5 mo).

Morphologic Features

As can be observed in the H&E slices, LG-FLACs
were pure in pattern with quite complex glandular struc-
ture. The cells lining the inner side of the glands exhibited
relatively low nuclear atypia and presented with sub-
nuclear and supranuclear vacuoles, mimicking an endo-
metrioid appearance, which is a distinguishing mark of
LG-FLAC (Figs. 1A-D). Meanwhile, squamoid morules,
defined as gathered solid nested squamous epithelial
clusters, were found focally in 3 cases of LG-FLAC
(white arrows in Figs. 1A, B). Both HG-FLAC cases
exhibited a mixture of FLL and CLA morphologies. The
tubular glands were formed by densely packed branches
lined by glycogen-rich columnar cells with clear
cytoplasm, prominent nucleoli, high nuclear atypia, and
frequent mitoses. Compared with the morphologic
features of LG-FLACs, morule formation was absent,
whereas multifocal necrosis was quite frequently observed
in both HG-FLAC cases (Figs. 2A-D). A zone of
morphologic transition from the FLL component to the
CLA acinar pattern could be recognized in one of the

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

HG-FLAC samples (Figs. SIA-D, Supplemental Digital
Content 3, http:/links.lww.com/PAS/B186). None of the
HG-FLAC cases presented with large cell neuroendocrine
cells, squamous cells, or small cell differentiation.

IHC Findings

Differential IHC staining features for several markers,
including thyroid transcription factor-1, p-catenin, p53,
SALL-4, Syn, CgA, alpha-fetoprotein (AFP) and glypican-
3, have been reported in HG-FLAC and LG-FLAC.*7 We
stained samples from all the 6 cases for these markers, and
the results are summarized in Table 3. The neoplastic
glandular cells of both LG-FLAC and HG-FLAC showed
diffused staining for thyroid transcription factor-1 (Figs. 3A,
4A). LG-FLAC cells exhibited clear cytoplasmic and/or
nuclear p-catenin staining (Fig. 3B), whereas in HG-FLAC
tumor cells, p-catenin was expressed in the cell membranes
(Fig. 4B). The p53 protein was expressed diffusely and
strongly in HG-FLAC cells but was nearly absent in LG-
FLAC cells (Figs. 3C, 4C), which indicated that HG-FLAC
is closer to CLA. SALL-4-positive and Syn-positive cells
were noted in some areas of LG-FLAC samples, where 0%
to 55% of all cells exhibited corresponding staining
(Figs. 3D, E). However, such staining barely appeared in

www.ajsp.com | 1467
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FIGURE 2. Histologic manifestations of HG-FLAC by H&E staining. A-D, Typical FLL morphology of HG-FLACs: glandular cells with
supranuclear or subnuclear vacuoles, prominent nuclear atypia, frequent mitoses, and multifocal necrosis.

HG-FLAC specimens (Figs. 4D, E). Both HG-FLAC and
LG-FLAC samples were negative for CgA, AFP, or
glypican-3 staining (Figs. 3F-H, 4F-H).

Molecular Profiling

To better understand the genetic alterations under-
pinning HG-FLAC and LG-FLAC, we adopted NGS
technology targeting 1021 cancer-related genes to explore

e i { s G el G 5 : Y )

molecular profiles of the 2 FLAC subtypes. All 4 LG-
FLAC cases had missense mutations in exon 3 of
CTNNBI (S33C, S37F, D32Y, and S37F, respectively).
Two missense mutations (D1709V and D1709A) of DIC-
ERI were also found in case LG1, 1 deletion mutation
(A1710del) and 1 deletion-insertion mutation (D1810F) of
DICERI were revealed in case LG2, 1 nonsense mutation
(Q488*) in DICERI was found in case LG3, and 1 splice

TABLE 3. IHC Features of LG-FLAC and HG-FLAC Cases in the Present Study and Literature Review

References Diagnosis TTF1 p-Catenin p33 AFP SALL4 Gly-3 CgA Syn
This study LG-FLAC + C/N+ - - - - - -
This study LG-FLAC + C/N+ - - +, 30% - - +, 1%
This study LG-FLAC + C/N+ - - +, 55% - - -
This study LG-FLAC + C/N+ - - +, 40% - - +, 1%
This study HG-FLAC + M+ +, 80% - - - - -
This study HG-FLAC + M+ +, 90% - - - - -
Sato et all” LG-FLAC ND ND ND ND ND ND ND ND
Morita et al’ HG-FLAC +, 7117 ND +, 10/17 +, 5/17 +, 9/17 +, 13/17 +, 5/17 +, 6/17
Suzuki et al® HG-FLAC +, 10/20 ND ND +, 19/20 +, 8/20 +, 720 +, 9/20 +, 8/20
Zhang et al* HG-FLAC +, 1/5 M+, 5/5 +, 5/5 +, 2/5 ND ND +, 4/5 +, 4/5
Zhang et al* LG-FLAC +, 3/3 C/N+, 3/3 +, 0/3 -, 0/3 ND ND +, 3/3 +, 3/3
Suzuki et al!® HG-FLAC +, 33/52 M+ ND +, 20/52 +, 9/52 +, 19/52 ND ND
Zhang et a2 LG-FLAC +, 11/13 M+, 10/10 +, 4/7 +, 2/8 ND ND +, 17/26 +, 11/15

C/N indicates cytoplasmic/nuclear staining; Gly-3, glypican-3; M, membranous staining; ND, no description; TTF-1, thyroid transcription factor-1.
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FIGURE 3. IHC characteristics of LG-FLAC. A, Diffuse positive staining for thyroid transcription factor-1. B, Nuclear/cytoplasmic
staining pattern for p-catenin. C, Total absence of staining for p53. D, Moderately positive staining of partial glands for SALL-4. E,
Moderate staining for Syn in about 1% LG-FLAC cells. F-H, Absence of staining for CgA (F), APF (G), and Gly-3 (H) in LG-FLAC.
Gly-3 indicates glypican-3.

site. mutation (c.5096-1G>T) and 1 missense mutation  not been previously reported in FLAC, was detected in the

(D1810Y) of DICERI were detected in case LG4. More- 2 LG-FLAC cases (Fig. 5A; Table S1, Supplemental
over, a novel missense mutation M YCN P44L, which has  Digital Content 4, http:/links.lww.com/PAS/B188).
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FIGURE 4. [HC features of HG-FLAC. A, Strong positive pattern of staining for thyroid transcription factor-1. B, Membranous
pattern of staining for p-catenin. C, Strong and diffuse pattern of staining for p53. D-H, HG-FLAC samples were virtually negative
for SALL-4 (D), Syn (E), CgA (F), APF (G), or Gly-3 (H). Gly-3 indicates glypican-3.

TSC2 nonsense mutation R1032* was found in case  noticed copy number gains of HER2 (4.8 copies) and
LG1, and EGFR mutation D247G in exon 6 was detected  SOX9 (6.8 copies) in case LG2, and we further confirmed
in case LG2. Notably, the latter mutation was not located  the true amplification status of HER2 by fluorescence
in the EGFR hot mutation zone in exons 18 to 21. We also  in situ hybridization (Fig. 5B). SOX9 is not only a
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HER?2 amplification validated by FISH:
HER2/CEP17=4.9/21=23

C  The mutation number of HG-FLACs

Fetal lung-like
component

Conventional lung
adenocarcinoma
component

Missense mutations
- Nonsense mutation

One missense mutation and one nonsense mutation
I Insertion mutation

Amplification/Copy number gain
- One indel mutation and one deletion mutation
One missense mutation and one splice site mutation

FIGURE 5. Molecular analysis of LG-FLAC and HG-FLAC by NGS. A, The types and numbers of genetic variations in 4 cases of LG-
FLAC (LG1-4) and 2 cases of HG-FLAC (HG1-2) determined by NGS based on the 1021-gene panel. B, More than 2-fold higher
number of HER2 signals than of CEP17 signals was observed according to the fluorescence in situ hybridization, which confirmed
the HER2 amplification result of NGS. C, Venn diagram illustrating the number of mutations of the FLL and CLA components in the
2 cases of HG-FLAC: 15 of 35 mutations were detected in both components of HG-FLAC samples.

progenitor marker but is also required for normal
progenitor branching in the early development of the
lung.?! However, the SOX9 amplification status could not
be validated by fluorescence in situ hybridization due to
the lack of a specific probe.

To determine the molecular spectra of the FLL and
CLA components of HG-FLAC, DNA samples of the 2
distinct morphologic components were separately isolated
and sequenced. The mutational profiles of the 2 HG-FLAC
components largely overlapped (Figs. 5A, C; Table S2,

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

Supplemental Digital Content 5, http://links.lww.com/PAS/
B189). Case HG1 harbored mutations of STK/! (E199%),
KRAS (G13C), EPHBI (T123S), and FANCD2 (R328L) in
both components, whereas 1 mutation, LRPIB M68IR,
was exclusively found in the CLA component (Table 5). In
case HG2, there were 11 mutations in both the FLL and
CLA components, among which a missense mutation in
TP53 (R273C) and an insertion mutation in HER2
(A775_G776insYVMA) were particularly noteworthy,
because they have been considered as 2 hotspots in

www.ajsp.com | 1471
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TABLE 4. Characteristic Molecular Mutations LG-FLAC and HG-FLAC Cases in the Present Study and Literature Review

References Diagnosis CTNNBI1 DICER1 MYCN Other Genes
This study LG-FLAC p-S33C p-Q488* p-P44L
p.D1709V
This study LG-FLAC p.S37F p.DI1810F p.P44L
p.A1710del
This study LG-FLAC p.D32Y p.D1709A
This study LG-FLAC p.S37F ¢.5096-1G>T
p.D1810Y
Nakatani et al?? LG-FLAC p.G34V
p.S37C
Sekine et al?? LG-FLAC p-A32T
p.S37C
p-S33C
Wu et al® LG-FLAC p.T1180%
De Kock et al** LG-FLAC p.S33C p.A1709G
Fu et al® LG-FLAC p.S37Y
p.S37C
Liu et al?® LG-FLAC p.S33C p.D1709N
p-S1470L*fs19
This study HG-FLAC STKI11 p.E199%, KRAS p.G13C
This study HG-FLAC TP53 p.R273C, ERBB2 p.A775_G77
6insYVMA
Morita et al’ HG-FLAC KRAS Codon
12/13, EGFR L858R
Suzuki et al!8 HG-FLAC EGFR L858R, E746_A750del, PIK3CA E545A
Zhang et al* HG-FLAC EGFR L858R, T790M

*Termination codon.

NSCLC and detected at high frequencies in HG2. In total,
15 of 28 mutations were simultaneously detected in both the
FLL and CLA components of the 2 HG-FLAC cases, and
the frequencies of these mutations in both components were
quite close. The recurrent mutations of CTNNBI and
DICERI categorized by the original studies and by the
genetic locus are separately summarized in Table 4 and
Figure S2 (Supplemental Digital Content 1, http:/links.lww.
com/PAS/B185).

Treatment and Survival
The 3 patients with early-stage LG-FLAC under-

went lobectomy or pneumonectomy together with

TABLE 5. Comparison of the Clinical Features of LG-FLAC and
HG-FLAC Cases From Retrieved Literatures and the
Present Study

LG-FLAC HG-FLAC P
Total cases 77 97 —
Age, mean 35.7 (6-72) 64.6 (51-85) <0.001
Sex
Male 38 79 <0.001
Female 39 18
TNM stage 0.0022
/11 58 70
IV 5 27
No description 14 0
Smoking status <0.001
Yes 16 72
No 14 15
No description 47 10
5y OS rate (%) 66.7-100.0 40.0-82.4 —
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mediastinal lymphadenectomy. Among these patients,
only patient LG2 was treated by adjuvant chemotherapy.
Because patient LG4 had developed multifocal metastasis
of bones at diagnosis, she could not undergo a surgical
treatment and therefore received palliative chemotherapy.
All LG-FLAC patients were regularly examined to mon-
itor relapse, and they were all alive until the last follow-up.
Patient HG1 received pemetrexed plus nedaplatin ad-
juvant after a radical resection of the tumor located in the
middle lobe of the right lung, and he was alive without
recurrence until the last follow-up. Patient HG2 had re-
ceived pemetrexed, carboplatin, and bevacizumab as ne-
oadjuvant therapy before the surgery and palliative
chemotherapy thereafter. In light of the NGS results
(HER2 AT775_G776insYVMA), the patient accepted afa-
tinib treatment, but his brain metastasis still progressed
3.7 months later, and he died at 13.7 months after the
disease diagnosis (Table 2).

Differences Between LG-FLAC and HG-FLAC
According to Published Reports

After a careful review, 12 articles with featured
molecular findings*7 182225 and/or detailed clin-
icopathologic, THC description*”-1"20 were included and
summarized in Tables 2-4. Clinical features of 77 LG-
FLAC and 97 HG-FLAC cases from the published studies
and the current study were analyzed (Table 5). The
patients with LG-FLAC were significantly younger than
those with HG-FLAC (mean ages, 35.7 and 64.6y,
P <0.001). There was a predominance of males in HG-
FLAC, with a male-to-female ratio of 4.4:1. The patients

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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with HG-FLAC were more frequently diagnosed at stages
III/IV than the ones with LG-FLAC (P=0.0022). Most
patients with HG-FLAC were smokers, whereas only a
low proportion of patients with LG-FLAC had a history
of smoking (P <0.001). With regards to the prognosis, the
S-year OS rate of patients with LG-FLAC was generally
higher than that of HG-FLAC (66.7% to 100.0% and
40.0% to 82.4%, respectively).

DISCUSSION

In this study, we performed a comprehensive anal-
ysis of the clinicopathologic, IHC, and genetic features of
LG-FLAC and HG-FLAC cases, and compared the ge-
netic profiles of the FLL and CLA components of HG-
FLAC by NGS. Patients with HG-FLAC were elderly
male smokers at advanced TNM stages, whereas most
patients with LG-FLAC tended to be much younger and
at an early TNM stage. The typical morphologic and IHC
features of LG-FLAC and HG-FLAC were in agreement
with previous reports.*¢® However, in addition to the
frequent mutations in genes, such as CTNNBI and DIC-
ERI in LG-FLAC, we uncovered the missense MYCN
mutation P44L in 2 LG-FLACs samples, which has not
been linked to LG-FLAC before. Therefore, it could be
used as a molecular marker in auxiliary LG-FLAC diag-
nosis. The absence of CTNNBI, DICERI, or MYCN
mutations in the FLL component of HG-FLAC indicated
that HG-FLAC is different from LG-FLAC. The high
proportion of mutations detected in HG-FLAC samples
coexisted in both FLL and CLA components, indicating
that these 2 distinct morphologic elements were more
similar genetically than could be assumed based on pre-
vious studies. Mutations commonly observed in CLA,
such as STKII/KRAS comutation,?® TP53 missense
mutation,?’ and HER? insertion mutation,”® have been
detected in both components of HG-FLACs, demon-
strating that this cancer more likely represents a special
morphologically distinct subtype of CLA.

Aberrant f-catenin nuclear/cytoplasmic staining
pattern has been considered as a hallmark of LG-
FLAC.!7 Another valuable IHC marker is p53, which is
expressed strongly in HG-FLAC, but is nearly absent in
LG-FLAC. It had been shown that ~80% of HG-FLACs
display IHC evidence of neuroendocrine differentiation.’
However, HG-FLAC samples were negative for CgA and
Syn in the current study, and LG-FLAC samples were
only focally positive for Syn, indicating that the neuro-
endocrine differentiation tendency is not always present in
FLAC. Staining for AFP had been observed in 29% to
47% of HG-FLACs,*’ but, in this study, both HG-FLAC
and LG-FLAC samples were negative for AFP. Given
that the positive grade of the neuroendocrine and em-
bryonic markers is dependent on the existence and pro-
portion of the corresponding component, the absence of
corresponding positive staining in FLAC may not be used
as an informative indicator.

CTNNBI mutations are a typical genetic alteration
in LG-FLAC. Classically, CTNNBI exon 3 mutations are

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

associated with decreased degradation of f-catenin, accu-
mulation of p-catenin protein in the cytoplasm, and its
subsequent translocation to the nucleus,?> which reason-
ably explain the immunophenotypic feature of p-catenin
staining in LG-FLAC. CTNNBI encodes a key protein
necessary for the maintenance of lung epithelial progeni-
tors after their foregut specification; human embryonic
stem cell-derived lung progenitors also depend on
CTNNBI-mediated Wnt signaling to suppress the gastro-
intestinal fate.?’ Therefore, Wnt-activating mutations of
CTNNBI that lead to the abnormal induction and/or
continued progenitor proliferation might be the intrinsic
drivers of LG-FLAC. Previously, the 7SC2 F408V mu-
tation was detected in LG-FLAC (mutation frequency
52.8%) by NGS targeting a 56-gene panel.® In the current
study, another 7'SC2 mutation (R1032*, 2.7%) was iden-
tified in one LG-FLAC sample (Table S1). The de novo
defects in TSCI/2 are considered as the main cause and a
diagnostic molecular marker of tuberous sclerosis.3? It has
been hypothesized that 7"SC2 mutations abolish the ability
of this protein to inhibit Wnt-stimulated f-catenin-
dependent transcription,3!-3? suggesting that TSC2 and
CTNNBI mutations could be synergistic in activating the
Wnt/B-catenin pathway in LG-FLAC. However, CTNNBI
mutations are relatively broad-spectrum across many
cancer types, rendering the coexistence with less common
mutations in DICERI and MYCN more indicative and
specific for LG-FLAC diagnosis.

DICERI encodes an endoribonuclease from the
RNase III family that plays an essential role in microRNA
production.?3 Germline inactivation DICERI is associated
with the familial DICERI syndrome.’* Classic DICERI-
associated tumors include pleuropulmonary blastoma,3
Wilms tumor,’ Sertoli-Leydig cell tumor,?’ uterine cervical
embryonal rhabdomyosarcoma,®® multinodular goiter,*
nasal chondromesenchymal hamartoma,*® and others. A
16-year-old Chinese DICERI mutation (Tyrl180*) carrier
reportedly presented with LG-FLAC, Sertoli-Leydig cell
ovarian tumor, and familial multinodular goiter.’ Similarly,
DICERI mutations were present in all the 4 LG-FLAC
cases in the present study, indicating that LG-FLAC may be
one of the diverse manifestations of the DICERI syndrome,
and DICERI mutations could serve as a valuable diagnostic
molecular marker for LG-FLAC.

In addition to CTNNBI and DICERI mutations
frequently reported in previous studies, numerous novel
mutations were also identified in our study. One important
discovery was M YCN P44L, which was found in 2 dif-
ferent patients with LG-FLAC. MYCN P44L was pre-
dicted to be harmful by SIFT and PolyPhen-2, and it has
been recorded in the Catalog of Somatic Mutations in the
Cancer Database (https://cancer.sanger.ac.uk/cosmic) and
in the cBioPortal for Cancer Genomics (http://cbioportal.
org/msk-impact). Moreover, MYCN P44L has been re-
ported in neuroblastoma,*! basal cell carcinoma,*? and
Wilms tumor*® as an acquired somatic variant with a
presumed gain of function. The specific role of the M YCN
P44L mutation in malignancies of the lung remains un-
clear, which warrants further research in this field.
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Some classic oncogenic mutations commonly observed
in CLA were concurrently recognized in both the FLL and
CLA components of HG-FLACs in our study. STKI! (or
LKBI) is among the most frequently inactivated tumor-
suppressor genes, often comutated with KRAS in NSCLC*;
patients with mutations in both STK// and KRAS had a
significantly lower objective response rate to PD-1 blockade
and a shorter OS than in patients with KRAS mutations
only.* A775_G776insYVMA is the most common type of
HER?2 exon 20 insertions; this specific mutation often co-
occurs with TP53 mutations and is associated with inferior
response to afatinib in NSCLC,* which may explain the fast
exacerbation of the brain lesion following treatment with
afatinib in case HG2. ARIDIA is a subunit of the SWI/SNF
chromatin remodeler that influences the accessibility of
proteins to DNA,*” and ARIDIA mutations have been
found in 8% to 12% of NSCLC cases.*® The simultaneous
existence of the above gene variations in both components
strongly supports the notion that HG-FLAC genetically re-
sembles conventional NSCLC.

In this study, we applied multiple experimental tech-
niques to comprehensively determine the clinicopathologic,
IHC, and genetic features of LG-FLAC and HG-FLAC.
The macrodissection step made it possible to separately an-
alyze molecular profiles of different components of HG-
FLAC. The NGS panel was much larger than previously
used panels, and the comparison of the mutational spectra of
LG-FLAC and HG-FLAC suggests that HG-FLAC is quite
different from LG-FLAC, with more resemblance to CLA,
from the genetic standpoint. Admittedly, this study has sev-
eral limitations that should be acknowledged. The actual
biological function of the novel mutation MYCN P44L in
LG-FLAC cases was not explored experimentally, and we
believe that this mutational marker warrants a deeper in-
vestigation in future studies. The number of included cases
was very small owing to the rarity of the disease itself, so we
additionally reviewed 12 published reports and integrated the
clinicopathologic, IHC, and molecular results with the cases
in the current study, to better demonstrate the differences
between LG-FLAC and HG-FLAC.

In conclusion, in addition to morphologic and THC
differences, mutations of CTNNBI, DICERI, and MYCN can
serve as specific diagnostic molecular markers for LG-FLAC.
HG-FLAC is quite different from LG-FLAC in clin-
icopathologic, IHC, and genetic aspects; therefore, it should be
treated as a subtype of CLA rather than a variation of FLAC.
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