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Defining the spatial landscape of KRAS mutated congenital
pulmonary airway malformations: a distinct entity with
a spectrum of histopathologic features
Nya D. Nelson1,2, Feng Xu 1, Prashant Chandrasekaran3, Leslie A. Litzky2, William H. Peranteau4, David B. Frank3, Marilyn Li1 and
Jennifer Pogoriler 1✉

© The Author(s), under exclusive licence to United States & Canadian Academy of Pathology 2022

The potential pathogenetic mechanisms underlying the varied morphology of congenital pulmonary airway malformations
(CPAMs) have not been molecularly determined, but a subset have been shown to contain clusters of mucinous cells (MCC). These
clusters are believed to serve as precursors for potential invasive mucinous adenocarcinoma, and they are associated with KRAS
codon 12 mutations. To assess the universality of KRAS mutations in MCCs, we sequenced exon 2 of KRAS in 61 MCCs from 18
patients, and we found a KRAS codon 12 mutation in all 61 MCCs. Furthermore, all MCCs from a single patient always had the same
KRAS mutation, and the same KRAS mutation was also found in non-mucinous lesional tissue. Next generation sequencing of seven
MCCs showed no other mutations or copy number variations. Sequencing of 46 additional CPAMs with MCCs revealed KRAS
mutations in non-mucinous lesional tissue in all cases. RNA in situ hybridization confirmed widespread distribution of cells with
mutant KRAS RNA, even extending outside of the bronchiolar type epithelium. We identified 25 additional CPAMs with overall
histologic architecture similar to CPAMs with KRAS mutations but without identifiable MCCs, and we found KRAS mutations in 17
(68%). The histologic features of these KRAS mutated CPAMs included type 1 and type 3 morphology, as well as lesions with an
intermediate histologic appearance, and analysis revealed a strong correlation between the specific amino acid substitution and
histomorphology. These findings, together with previously published model organism data, suggests that the formation of type 1
and 3 CPAMs is driven by mosaic KRAS mutations arising in the lung epithelium early in development and places them within the
growing field of mosaic RASopathies. The presence of widespread epithelial mutation explains late metastatic disease in
incompletely resected patients and reinforces the recommendation for complete resection of these lesions.
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INTRODUCTIONS
Congenital pulmonary airway malformations (CPAMs) comprise a
spectrum of cystic and non-cystic lung malformations. Multiple
classification schemes utilizing a combination of gross and histologic
features have been proposed for these lesions1–4, the most widely
adopted of which is the Stocker classification. This system proposed
that each morphologic type represented lesions arising at different
levels of the lung from trachea to alveoli; however, over time our
understanding of the pathogenesis, clinical significance, and
histologic classification of these lesions has evolved. Notably, lesions
that were once classified as Stocker type 4 CPAMs2 are now known
to represent cystic pleuropulmonary blastomas5, with an underlying
heterozygous germline DICER1 mutation in 66% of patients6.
Similarly, Stocker type 0 CPAMs are now recognized as a diffuse
developmental lung anomaly termed acinar dysplasia, and are
associated with TBX4, FGF10 and FGFR2 mutations7,8.
Genetic associations for the remaining Stocker types 1-3 are not

known, but the idea of a bronchial atresia sequence in which

airway obstruction during development leads to parenchymal
maldevelopment is well established in pediatric pathology3,9,10. It
has been hypothesized that the location, degree, or timing of
obstruction could relate to variable morphology. However, the
specific morphology of the CPAMs in most of these series is either
not documented or is consistent with type 2. Evidence associating
CPAMs type 1 and 3 with bronchial atresia is limited.
The underlying cause and any potential genetic associations in

type 1 and 3 CPAMs therefore remains elusive. Studies examining
mucinous cell clusters (MCCs), which are found predominantly in
type 1 CPAMs11, may provide some insight into potential genetic
associations. Several small studies have described KRAS codon 12
mutations in MCCs, and this has led many to hypothesize that
MCCs may serve as a precursor lesion for metastatic mucinous
adenocarcinoma in patients with unresected type 1 CPAMs12–14.
However, the evidence for KRAS mutations in MCCs is conflicting,
with one study reporting KRAS mutations in only a subset of
MCCs12 and conflicting reports as to whether distinct MCCs within
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a single lesion have the same or different KRAS mutations12–14.
Additionally, a recent small series identified KRAS mutations not
only in MCCs, but also in non-mucinous lesional tissue in a subset
of CPAMs, including those with no histologically identifiable
MCCs15. These studies raise multiple questions regarding the
universality, or lack thereof, of KRAS mutations in MCCs and non-
mucinous CPAM epithelium, and whether KRAS mutations are in
fact a universal feature of a subset of CPAMs.
Large scale studies have described MCCs as a common feature

in up to 83% of type 1 CPAMs1,11. Additionally, they have been
rarely described in type 215,16 and type 3 CPAMs16,17, calling into
question whether MCCs can truly occur in any CPAM regardless of
histologic classification, or if there are perhaps distinct and
reproducible histologic criteria that unite CPAMs with MCCs.
Further complicating this, the existence of type 3 CPAMs as a
distinct entity has been controversial, with some noting the
histologic resemblance to pulmonary hyperplasia in the setting of
laryngeal atresia and suggesting that they may be best considered
a localized form of pulmonary hyperplasia3.
We sought to better characterize the KRAS mutational land-

scape in MCCs and non-mucinous CPAM tissue in a large cohort of
CPAMs, and to combine this with histologic data in order to
identify morphologic features that can reliably identify KRAS
mutated CPAMs.

MATERIALS AND METHODS
Case identification
With institutional review board approval (eIRB 20-017451), CPAMs were
identified via a database search of surgical pathology reports issued by the
Children’s Hospital of Philadelphia between January 2000 and March 2020.
Cases were reviewed to identify CPAMs with MCCs for inclusion within this
study. Additional cases with similar histologic features as CPAMs with
MCCs were also identified. Those features include classic type 1
morphology, classic type 3 morphology, and lesions with overlapping
histologic features that were characterized as type 1/3 CPAMs (see results
for detailed histologic features of these lesions). Cases of intrapulmonary
bronchogenic cysts, classic type 2 CPAMs, bronchial atresia, and intra- and
extra-lobar sequestrations were excluded. Clinical information was
obtained via retrospective chart review.
Adult mucinous adenocarcinomas were identified via a database search

of surgical pathology reports issued by the Hospital of the University of

Pennsylvania during the same time period. Mucinous adenocarcinomas
were reviewed to identify those with predominantly lepidic architecture for
use as controls.

Macrodissection
Each case with MCCs was evaluated for clusters of sufficient size for
macrodissection (Fig. 1A), and each MCC was dissected from a different
block to ensure that they were separate foci. Whenever possible, non-
mucinous lesional tissue was dissected from a block that lacked MCCs.
When MCCs were present in all blocks, non-mucinous tissue was
macrodissected from an area as far as possible from the MCCs.
Additionally, when possible, normal lung was macrodissected from the
same block used for lesional sequencing (Fig. 1B). For cases without MCCs,
lesional tissue and normal lung tissue were macrodissected from the same
block when possible.
Dissection of lesional tissue focused on areas that were predominantly

lined by columnar epithelium. For each formalin fixed paraffin embedded
(FFPE) tissue block with tissue of interest, multiple 20 µm unstained
sections were cut with flanking periodic acid-Schiff (PAS) stained slides to
aid in identification of the region of interest and highlight any MCCs
present. Given the distinct cell shape, even small clusters of mucinous cells
could be confirmed and their precise location marked on the unstained
slides prior to macrodissection. To ensure that there was no cross
contamination, each area of interest was macrodissected using a fresh
scalpel blade.

DNA extraction, PCR amplification, and Sanger Sequencing
DNA was isolated using the laboratory standard protocol and amplified
using primers specifically designed to cover exon 2 of the KRAS gene
(NM_004985.5) and to detect mosaic mutations with a variant allele
frequency (VAF) of ≥5%. Polymerase chain reaction (PCR) was performed
following the laboratory standard procedure. PCR products were then
cleaned, and Sanger sequenced according to the laboratory standard
procedures. Sequencing data were analyzed by comparing to the
reference sequence using Mutation Surveyor (SoftGenetics, PA).

Next generation sequencing
Next generation sequencing (NGS) was performed using the CHOP
Comprehensive Solid Tumor Panel (CSTP). The panel interrogates 238
genes associated with adult and pediatric solid tumors and covers all
coding exons and at least 10 bp of flanking intronic sequences, certain
promoter regions, and known pathogenic intronic variants18. An additional
1038 common single nucleotide polymorphisms (SNPs) were added to the
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Fig. 1 Congenital pulmonary airway malformations with mucinous cell clusters (MCCs) contain KRAS codon 12 mutations within MCCs
and throughout the lesion. MCCs from separate blocks (A), lesional tissue without MCCs (B), and normal lung tissue (B) were macrodissected
from 20 µm thick FFPE tissue sections. CWithin each patient, the same KRAS codon 12 mutation was found throughout the lesion, including in
each MCC. Adjacent uninvolved lung always had wild type KRAS sequence. *p < 0.05, binomial distribution.
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panel to mimic a low-density SNP array to facilitate the identification of
copy number variations (CNVs). NGS libraries were constructed using 50 ng
of genomic DNA and SureSelect QXT reagent kit (Agilent Technologies,
Santa Clara, CA). Libraries were sequenced using Illumina Hiseq 2500 with
150 bp pair-end reads (Illumina, San Diego, CA). Sequence data were
analyzed using an in-house bioinformatics pipeline for sequence variant
detection and NextGene (SoftGenetics, PA) for CNV evaluation18. All
variants identified by the pipeline were carefully reviewed and visualized
using Integrative Genomics Viewer (IGV)19 when necessary.

Fluorescence in situ hybridization (FISH)
FISH was performed by the Hospital of the University of Pennsylvania
Cytogenetics Laboratory. FFPE tissue was analyzed using Dual Color
Deletion probes for EGR1(5q31)/5p15.2 (XL Del(5)(q31) (MetaSystems USA)
or D7S486 (7q31)/7p11-q11 (CL 7q31 (D7S486) (MetaSystems USA) under
standard hybridization conditions.

Histologic characterization
Hematoxylin and eosin-stained slides were reviewed and characterized by
two pathologists (N.D.N. and J.P.) blinded to the results of KRAS exon
2 sequencing. For cases with MCCs, the total number of MCCs, blocks with
MCCs, and total lesional blocks were recorded.
Each lesion was assessed for complexity and for the most consistent

histologic category using the Stocker classification2. Lesions with true
papillary projections, branching papillae, or irregular small cysts were
categorized as complex. Sawtooth appearance of large cyst lining was not
considered sufficient to characterize a case as complex in appearance.
Lesions were categorized as type 1, type 3, or a hybrid lesion with features
of both type 1 and 3 (type 1/3). Therapy related changes, including
thoracoamniotic shunt related squamous metaplasia, were ignored in the
histologic analysis.

BaseScopeTM RNA in situ hybridization (ISH)
BaseScopeTM RNA ISH (Advanced Cell diagnostics, Newark, CA) allows the
detection of short RNA targets including point mutations in RNA transcripts.
Previously validated KRAS wild type (WT) and KRAS c.35 G >A (G12D) mutant
1ZZ probes were used to characterize the spatial landscape of WT and mutant
alelles20. The dapB probe and POLR2A probes were used for the negative and
positive controls for each FFPE tissue sample studied, respectively. Target
retrieval, binding, and amplification of signal was performed according to the
established BaseScopeTM protocol. In brief, sections were baked at 60 ˚C for
1 hour, deparaffinized with xylene (2 × 5minutes) and ethanol (2 × 2minutes),
dried again at 60 ˚C for 15minutes, to avoid section delamination. Sections
were then incubated with hydrogen peroxide for 10minutes, rinsed in distilled
water and, were finally treated with target retrieval for 15minutes at
99–102 ˚C. Sections were then rinsed twice with distilled water, and dried
again at 60 ˚C for 15minutes. These sections were then pretreated with
protease III for 20minutes at 40 ˚C and then rinsed twice with distilled water.
The BaseScopeTM probes were then hybridized for 2 hours at 40 ˚C in HybEZ
oven before further incubation with reagents Amp1 (30minutes), Amp2
(30minutes), Amp3 (15minutes), Amp4 (30minutes), Amp5 (30minutes) and
Amp6 (15minutes) at 40 ˚C in HybEZ oven. The sections were finally incubated
with Amp7 (30minutes) and Amp8 (15minutes) at RT. These sections were
washed with wash buffer (2 × 2minutes) between each Amp step. Sections
were finally stained with Fast Red for 10minutes at RT and counterstained with
Gill’s hematoxylin before finally drying at 60 ˚C andmounted with VectaMount
permanent mounting medium (Vector Labs, Burlingame, CA).

Statistics
Statistical analyses were conducted using Rstudio21 and the tidyverse22

and rstatix23 libraries.

RESULTS
Mucinous cell cluster sequencing
Sixty-four CPAMs with MCCs were identified in resections spanning
a 20-year period. Each case was evaluated for MCCs of sufficient size
for macrodissection (Fig. 1A). In total, KRAS sequencing was
performed on 61 MCCs from 18 patients, with a median of 2.5
clusters sequenced per patient and up to 10 clusters (each from a
separate block) sequenced in a single patient. The histologic
features of MCCs in 44 of these patients were reported previously17,

and the size and extent of MCCs in the additional cases was
subjectively similar. Only 2 patients were over one year of age, and
the MCCs in those cases remained small (<1mm). In no cases were
mucinous cells seen outside of lesional tissue, and they did not form
a mass lesion.
KRAS codon 12 mutations were identified in all 61 sequenced

MCCs. KRAS p.G12D was the most common mutation and was
detected in 70% (n= 43) of the MCCs and 67% (n= 12) of
patients, followed by p.G12V in 28% (n= 17) of MCCs and 28%
(n= 5) of patients. A KRAS p.G12R mutation was detected in one
MCC. For each patient, the same KRAS mutation was identified in
all sequenced MCCs (Fig. 1C). In six patients there were sufficient
clusters for this distribution to be statistically significant based on
overall mutation frequencies (Fig. 1C, p < 0.05, binomial distribu-
tion), while in the remaining 12 patients there were insufficient
MCCs sequenced to determine statistical significance.

Next generation sequencing of MCCs
Adult pulmonary mucinous adenocarcinomas with KRAS muta-
tions frequently harbor additional mutations and copy number
variations24–26. To determine whether a similar genetic land-
scape is seen in MCCs, clusters with sufficient DNA quantity and
quality were sequenced using the 238-gene NGS CSTP panel,
and the results were compared to four adult minimally invasive
mucinous adenocarcinomas. NGS results confirmed all KRAS
mutations within MCCs and did not identify any additional
clinically significant mutations or copy number variations
(Supplementary Table 1). Macrodissected MCCs were estimated
to contain approximately 15–40% mucinous cells (median 20%
mucinous cells), and the KRAS VAF in these specimens was
20–33% (median 23%).
In contrast to MCCs, which universally had KRAS mutations, one

adult mucinous adenocarcinoma had a wild type KRAS sequence.
Additionally, two out of four adenocarcinomas had additional
disease associated mutations, and two out of four had copy
number variations that were confirmed using FISH (Supplemen-
tary Table 1).

KRAS sequencing of non-mucinous lesional CPAM tissue
A recent small study identified KRAS codon 12 mutations in both
mucinous and non-mucinous but lesional CPAM tissue15. This,
together with the higher-than-expected VAF seen with NGS and
the identification of only a single mutation in each patient, led
us to hypothesize that non-mucinous areas of the CPAMs in our
study could also harbor KRAS codon 12 mutations. To address
this, we first sequenced non-mucinous lesional CPAM tissue
from the original 18 specimens (Fig. 1B). We identified KRAS
codon 12 mutations in all 18 patients (Fig. 1C). In each patient,
the same KRAS mutation was found within MCCs and the non-
mucinous lesional tissue. In contrast, sequencing of normal
adjacent lung from the 17 patients with sufficient normal tissue
revealed a wild type KRAS exon 2 sequence in all patients
(Fig. 1C).
We next expanded the study to include 46 additional CPAMs

with MCCs, for a total of 64 CPAMs with MCCs. All 46 additional
CPAMs harbored KRAS exon 2 mutations in the non-mucinous
lesional tissue. In one patient with a grossly solid lesion that was
histologically composed of multiple small foci, an initial sample
using tissue from a whole slide was negative; however subsequent
macrodissection to enrich for areas with columnar epithelium
resulted in detection of a mutation. In all but one patient, the
mutation was in codon 12 of KRAS. Fifty-five total specimens with
KRAS mutations had sufficient normal lung tissue for sequencing,
and in every case the adjacent normal lung was found to have a
wild type KRAS exon 2 sequence.
Overall, KRAS p.G12D was the most common mutation and

accounted for 67% (n= 43) of mutations in CPAMs with MCCs,
followed by KRAS p.G12V which was detected in 25% (n= 16,
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Table 1). Three lesions had a KRAS p.G12R mutation, one lesion
had a KRAS p.G12C mutation, and one lesion had a duplication of
codon 10 (p.G10dup).

Mutant KRAS expression in CPAMs
RNAish-based BaseScopeTM was utilized to determine the cell
type(s) carrying mutant KRAS20. Using a KRAS c.35 G > A specific
probe, mutant KRAS RNA was found in both mucinous and non-
mucinous epithelial cells. A total of six CPAMs were evaluated,
including four with clusters of mucinous cells. Mutant KRAS RNA
was detected in the mucinous cells in all cases, as expected
(Supplementary Fig. 1). In all 6 CPAMs, mutant KRAS RNA was
also detected in non-mucinous cyst epithelium (Fig. 2 and
Supplementary Fig. 2) in both larger and smaller cysts, as well as
in pneumocytes between cysts (Fig. 2). In one case, a rare
mutant signal was detected in possible lesional smooth muscle
cells, but at a lower frequency than the wild type probe
(Supplementary Fig. 3). In two cases there was a normal
appearing airway in the midst of the lesion, and a rare signal
of each of the wild type and mutant probes was detected in
these airways. In one other case there was a possible normal
airway at the periphery of the lesional tissue, and only
wild type KRAS probe was detected (in very rare cells). The
specificity of the probes was confirmed in an adult case of
mucinous adenocarcinoma with a KRAS p.G12D mutation
(Supplementary Fig. 4).

KRAS sequencing of CPAMs without MCCs
We identified 25 additional CPAMs without MCCs but with overall
histologic architecture that was similar to that of the CPAMs with
MCCs. Ten of these lesions (40%) had a KRAS p.G12D mutation,
five (20%) had a KRAS p.G12V mutation, one had a p.G12R
mutation, and one had a p.G12C mutation (Table 1). In contrast to
the universal KRAS mutations in CPAMs with MCCs, eight CPAMs
(32%) without MCCs had a wild type KRAS exon 2 sequence. In
light of the initial false negative KRAS sequencing result for one of
the CPAMs with MCCs, these cases and the sequenced blocks
were re-reviewed to ensure that there was sufficient columnar
epithelium within the macrodissected area. One case had
predominantly denuded cyst epithelium throughout all blocks,
and the remaining seven cases appeared to have sufficient
columnar epithelium in the sequenced area.
Of these eight wild type cases, two were previously reported to

have mosaic disease associated mutations in other genes involved
in growth and cell cycle regulation (FGFR2 and NEK9)27,28 which
were present in the CPAM as well as in skin lesions. Three other
cases with wild type KRAS exon 2 had DNA of adequate quantity
and quality for NGS analysis (Supplementary Table 2) including
the relatively denuded case (115). Several variants of unknown
clinical significance were identified, and variants with a VAF
between 40 and 60% were presumed to be germline in origin. PCR
amplification followed by Sanger sequencing was used to
evaluate for each variant with a VAF < 40% within normal lung
tissue, and all were also identified in normal lung tissue
(Supplementary Table 2). There were no variants with a known
clinical significance identified in these three lesions. Additionally,
there were no significant copy number variations detected in
these cases, although poor DNA quality precluded complete
analysis for copy number variations. The remaining three cases
with wild type KRAS exon 2 had insufficient DNA quantity/quality
for additional analysis.

Gross and histologic features of CPAMs with KRAS variants
Overall, we identified 89 CPAMs with MCCs or with histologic
features similar to those with MCCs. These fell into one of three
broad histologic categories (Table 1). Using Dr. Stocker’s 2002
histologic classification2, 65% (n= 58) were best classified as a
type 1 (large cyst) CPAMs and 13% (n= 12) were best classified asTa
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a type 3 (solid/adenomatoid) CPAMs. Twenty-one percent (n= 19)
fell into an intermediate category with mixed features of both a
type 1 and a type 3 CPAM.
Regardless of final classification, all cases had ciliated cuboidal

to columnar type epithelium, and many cases demonstrated
epithelial complexity (Fig. 3A–C), independent of the histologic
category. Overall, 63 cases (72%) demonstrated epithelial com-
plexity, including branching papillary structures and small
irregularly shaped spaces. Clear pneumocytes, characterized by
foamy vacuolated cytoplasm, were seen lining alveolar type
spaces in 24 cases (27%, Fig. 3D). Cartilage was noted in 18%
(n= 16) of cases (Fig. 3E). There were no statistically significant

differences in the frequency of clear pneumocytes or cartilage
between histologic categories.
The type 1 CPAMs (Fig. 4) were grossly characterized by readily

identifiable cystic spaces measuring an average of 3.2 cm in
greatest dimension (Table 2). In eight lesions the largest cyst
measured less than 2 cm (the traditionally accepted size cut off for
type 1 CPAMs). These lesions with smaller cyst size were
histologically indistinguishable from lesions with larger cysts.
The large cyst spaces in these type 1 lesions were always lined

by ciliated cuboidal to columnar epithelium with occasional
pseudostratification. By definition, type 1 CPAMs universally
demonstrated frequent transitions from cysts lined by ciliated

Wild type KRAS probeKRAS c.35G>A probeH&E

)C)B)A

)F)E)D

Fig. 2 RNAish-based BaseScopeTM in CPAMs detects cells expressing mutant KRAS. In an area of non-mucinous cyst epithelium (A), both
KRAS p.G12D (c.35 G > A) (B) and wild type KRAS (C) are detected. In an area of flattened cyst epithelium and alveoli (D), both KRAS p.G12D
(c.35 G > A) (E) and wild type KRAS (F) are identified. RNAish-based BaseScopeTM images were all equivalently manipulated to decrease
hematoxylin counterstain. The original images are available in Supplementary Fig. 2.

)C)B)A

)F)E)D

Fig. 3 Shared histologic features in KRASmutated CPAMs. KRASmutated CPAMs demonstrate epithelial complexity (A–C). Clear pneumocytes
with foamy cytoplasm are seen lining alveolar type spaces in a subset of lesions (D). Cartilage is occasionally seen within the large cyst wall (E).
Three cases had large cyst spaces that directly connected with normal airway type epithelium (F).
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columnar epithelium to adjacent alveolar type spaces, and the
cystic spaces were always separated by intervening alveolar type
spaces. In three cases, normal airway type epithelium with
interspersed goblet cells was observed to directly connect to a
large cyst space (Fig. 3F), suggesting that these lesions could be
continuous with the normal bronchial tree. Some cysts with a
history of a thoracoamniotic shunt showed reactive changes,
including squamous metaplasia.
The type 3 CPAMs (Fig. 5) were grossly characterized by single

or multiple foci of solid appearing parenchyma with interspersed
cystic spaces in eight of twelve cases, measuring an average of
0.4 cm in greatest dimension. There was a statistically significant
difference in the largest cyst size between type 1 and type 3
CPAMs (p= 3.2 × 10−8, analysis of variance (ANOVA)).
Histologically, type 3 lesions were characterized by small,

irregularly shaped spaces lined by cuboidal to columnar epithelium
with ample intervening mesenchyme (Fig. 5). In contrast to type 1
CPAMs, intervening alveolar type spaces were seen in significantly
fewer type 3 CPAMs (33%, n= 4). Consistent with this, transitions
from larger cysts to adjacent alveolar type spaces was rare in these
lesions compared to type 1 CPAMs. Additionally, type 3 CPAMs were
less likely to show epithelial complexity.
The final subset of CPAMs demonstrated intermediate histolo-

gic features and were classified as type 1/3 CPAMs. Grossly, these
were characterized by large, readily identifiable cystic spaces with
foci of solid appearing parenchyma (Fig. 6). The largest cystic
spaces averaged 2.5 cm in greatest dimension, significantly larger
than type 3 but similar to pure type 1. In 58% (n= 11) the largest
cyst measured at least 2 cm in greatest dimension.
Histologically, type 1/3 CPAMs were characterized by large

cystic spaces lined by ciliated cuboidal to columnar epithelium
with occasional pseudostratification, similar to a type 1. However,
they also had foci of back-to-back small, irregularly shaped spaces
with cuboidal to low columnar epithelium lining, occasionally with

increased mesenchyme, similar to a type 3 CPAM. Complex
epithelial projections were common, and cartilage was seen in the
wall of one cyst. Intervening alveolar type spaces were seen in
most but not all these lesions (79%, n= 15). The frequency of
transitions from ciliated columnar lined epithelial spaces to
alveolar type spaces was more variable than in type 1 and 3
lesions.

Correlation between histologic features and KRAS mutation
The KRAS mutation distribution differed significantly between
lesions in these three histologic categories (Table 1). Ninety-one
percent (n= 48) of CPAMs with KRAS p.G12D mutations had a
pure type 1 CPAM morphology, and this mutation was never
detected in a type 3 CPAM. This distribution was significantly
different from the overall CPAM morphology distribution
(p= 8.4 × 10−12, Fisher’s exact test), and remained highly sig-
nificant even when excluding KRAS WT cases which were
predominantly type 3 (p= 1.1 × 10−8, Fisher’s exact test). The
histologic features of CPAMs with KRAS p.G12V mutations were
variable: only 38% (n= 8) had a pure type 1 morphology. Of the
remaining cases, four (19%) had a pure type 3 morphology and
nine had combined type 1/3 morphology (43%).
The specific KRAS mutation did not correlate with features of

epithelial complexity, presence of foamy pneumocytes or
cartilage, or the frequency of mucinous cell clusters. Mucinous
cell clusters were never seen in cases with wild type KRAS exon 2.
Of the eight cases with a wild type KRAS exon 2, only one had a

pure type 1 morphology. This type 1 CPAM had predominantly
denuded epithelium, which may have precluded identification of
a KRAS variant. Of the remaining seven wild type cases, one was of
mixed type 1/3 morphology and seven were pure type 3. Type 3
CPAMs with KRAS mutations were histologically indistinguishable
from CPAMs with wild type KRAS exon 2. In two of these cases,
mutations in alternate genes were previously identified (FGFR2

Pa�ent 2: KRAS p.G12D Pa�ent 17: KRAS p.G12D Pa�ent 44: KRAS p.G12D 
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G) H) I)

Fig. 4 Gross and histologic features of type 1 CPAMs. Three examples are shown. Grossly, these lesions are defined by large cystic spaces
(A–C). There are numerous abrupt transitions between the large cystic spaces and adjacent alveolar and bronchiolar type spaces (D–F), and
large spaces are lined by ciliated columnar epithelium with occasional pseudostratification (G–I).
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and NEK9)27,28, suggesting that a subset of type 3 and type 1/3
CPAMs may harbor driver mutations in alternate genes.

Clinical characteristics of patients with KRAS mutated CPAMs
Patients with KRAS mutated CPAMs had an average corrected
gestational age at surgery of 38 weeks, and a male to female ratio
of 1.25:1. There was no correlation between mutation and
corrected gestational age at surgery. Six patients died within
one month of birth due to complications of pulmonary hypoplasia
and/or prematurity.
Patient charts were reviewed for features potentially asso-

ciated with mosaic RASopathy. One patient had an extensive
lymphatic malformation, which can be associated with KRAS
mutations29. However, the patient died at 10 months of age and
additional tissue sampling was not performed. One patient
developed neuroblastoma at 10 months of age, which can also
harbor KRAS mutations30. However, sequencing of the neuro-
blastoma biopsy showed a wild type KRAS exon 2. Additionally,
two patients were noted to have nevi, which can be associated
with mosaic RASopathy31, but those lesions have not been
biopsied

DISCUSSION
Our study contrasts with older literature and shows that all MCCs
arising in CPAMs have activating KRAS mutations, and that the
same mutation is seen not only in all MCCs within a single patient
but also within non-mucinous lesional epithelium. KRAS mutations
were also seen in 17 of 25 (68%) type 1, type 3, or type 1/3 CPAMs
without MCCs. Our findings are consistent with other smaller
studies that have also shown KRAS mutations to be present in
most type 1 CPAMs as well as in a smaller percentage of lesions
with smaller cysts15.
Numerous CPAM classification schemes have been proposed

involving both cyst size and morphology1–4, and classification
remains somewhat subjective, with limited published images
available to appreciate the full spectrum of morphology.
Depending on the applied classification scheme, some of our
lesions may have been categorized as type 2/small cyst or type
3/cystic adenomatoid in the past2,3, or they may have been
categorized following a fetal classification scheme4, but mor-
phologically they all demonstrate a spectrum of findings
suggesting excessive airway epithelial tissue, and in our opinion
they are distinct from the typical morphology of type 2 cases
associated with features of obstruction11. We have never seen
mucinous cells in classic type 2 cases. Despite many patholo-
gists’ efforts at accurate classification, the spectrum of over-
lapping morphology between type 1 and type 3 lesions in our
series is consistent with historical studies showing lack of a clear
cut off between solid, small cyst, and large cyst malformations32.
Furthermore, the overlapping KRAS mutation spectrum and
histology shared by these lesions is not consistent with the
longstanding hypothesis that type 3 CPAMs are a localized form
of pulmonary hyperplasia3.

The presence of a KRAS mutation driving non-mucinous CPAM
epithelial proliferation is consistent with our prior work demonstrat-
ing a high mitotic rate in CPAM epithelium in infants17. Infant lung
in general is more proliferative than adult lung, but analysis showed
that the rate of proliferation of infant mucinous cells correlated with
that of non-mucinous CPAM-type epithelium but not with non-
lesional infant airway epithelium. In addition, previous in vitro work
has shown that CPAM-derived epithelial cells have a cell-
autonomous growth advantage compared to control epithelium
in three-dimensional lung organoid culture33.
Prior studies suggested that airway obstruction may underlie

many congenital lung malformations (particularly type 2
CPAMs), but detailed subclassification was often not provided.
The current work and our prior observations suggest that KRAS
mutations are driving CPAM development in most cases of type
1 and type 3 lesions. Two other series have suggested mucinous
cells and/or KRAS mutations may be present in a small number
of type 2 CPAMS15,34. However, beyond cyst size the histologic
criteria for classification are poorly defined. Evaluation of KRAS
mutations in cases we considered to be classic type 2 CPAMs
and in morphologically related intra-lobar and extra-lobar
sequestrations was beyond the scope of this study, but certainly
some cases included here had intermediate sized cysts (Tables 1
and 2). We favor the hypothesis that the pathogenesis of these
lesions is distinct from that of bronchial atresia-related type 2
lesions, but this hypothesis and the identification of reproduci-
ble histologic features to classify CPAMs based on pathogenetic
mechanism rather than cyst size is an area that requires
additional investigation.
Abundant murine studies support the idea that airway epithelial

mutations can lead to abnormal parenchymal development when
they are introduced early in development. When KrasG12D is
expressed in embryonic mouse lungs, it results in diffusely cystic
parenchyma with complex architecture reminiscent of type 1
CPAMs35. In contrast, knock-in expression of other, more weakly
activating, Kras mutations have been shown to have normal or
only mildly enlarged airspaces36,37. Over-expression of growth
factors including FGF738 or Fgf1039, overexpression of transcription
factor Sox240, or mesenchymal deletion of the TGF beta receptor
(Tgfbr2)41 can result in similar abnormal cystic lung development.
Mutations affecting genes other than KRAS may represent
alternative pathways of CPAM development in a subset of cases,
including the eight cases with a wild type KRAS exon 2 in the
current study.
The overall KRAS mutation distribution in our study is similar to

what has been previously reported in mucinous cells within
CPAMs34, and in non-mucinous lesional tissue15, with KRAS p.G12D
and p.G12V being the most common mutations. Although KRAS
p.G12C is the most common mutation overall in lung adenocarci-
nomas in adults, p.G12D and p.G12V are more common in
mucinous lung adenocarcinoma, and these amino acid substitu-
tions therefore seem to be closely linked to this morphology26,42.
Although we do not believe the specific amino acid substitution is
diagnostically defining, the significant correlation between the

Table 2. Defining gross and histologic features of type 1, 3, and 1/3 CPAMs.

Histologic
category

n Largest cyst size cm
(mean ± SD, range)

Intervening alveolar
type spaces

Frequent
transitions

Complexity

1 58 3.2 ± 1.4 (0.5–6.0) 58 (100%) 57 (98%) 42 (74%)

3 12 0.4 ± 0.5 (0–1.4) 4 (33%) 2 (17%) 5 (42%)

1/3 19 2.5 ± 1.6 (0.6–6.5) 15 (79%) 15 (78%) 16 (84%)

p value 6.4 × 10−8 a 1.6 × 10−8b 3.2 × 10−12b 4.7 × 10−2b

SD standard deviation.
aANOVA.
bFisher exact test.
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KRAS p.G12D mutation and type 1 morphology in comparison to
other KRAS mutations is consistent with this mutation acting as a
driver of the malformation. Biochemical activity, in vitro signaling
potential, and cancer outcomes43 are among the features that
may vary depending on the specific amino acid substitution at this
location, and it is reasonable to assume that different mutations
could have slightly different signaling effects even if they arise at
the same time and in the same cell type during embryonic lung
development. The only KRAS mutation we detected outside of
codon 12 was one case of KRAS p.G10dup. This mutation has been
reported predominantly in hematolymphoid and colon
cancers44,45, and has been shown to be highly activating in vitro
and in cell cultures46,47, consistent with an activating role.
In addition to biochemical activity, the variation in morphology

of CPAMs could be due to the timing or location at which the KRAS
mutation occurs. One murine model with Fgf10 overexpression
noted marked variability in lung morphology even within a single
litter, which the authors suggested could be due to location,
timing or extent of transgene expression39. This is consistent with
another model of targeted Fgf10 expression via timed adenoviral
vector injection resulting in localized malformations in which
morphology depended on timing and location of injection48.
Similarly, the morphology of cysts in mice with Sox2 over-
expression is dependent on the timing during development40. A
third possibility is that alternative mutations (such as the FGFR2 or
NEK9 mutations previously reported in two of our patients27,28)
could account for differences in morphology. Additional studies
will be required to determine how widespread the presence of
KRAS mutations is in the various other types of CPAMs or in
sequestrations with CPAM-type maldevelopment.
The identification of a subset of CPAMs as a developmental

anomaly related to aberrant RAS signaling places these lesions in a
growing field of RAS mosaic disorders (“RASopathies”). Germline
mutations affecting the RAS/MAPK signaling pathway do not

include the highly oncogenic codon 12 KRAS mutations49, likely
due to devastating early developmental consequences. However,
codon 12 mutations are detected in mosaic RASopathies that are
characterized predominantly by various patterns of nevi31.
Associated abnormalities in other organ systems are increasingly
reported in these patients, including overgrowth and vascular
malformations50. Recently, arteriovenous malformations in the
brain have been reported to contain somatic KRAS codon 12
mutations within endothelial cells51, and this expression is
sufficient to drive vascular malformations in animal models52.
Despite identification of “oncogenic” KRAS mutations, these
mosaic disorders have not yet been broadly reclassified as
neoplasms—the mutation is present in only a subset of cells,
and at least in the case of CPAMs, the lesions do not continue to
grow outside of fetal life. CPAMs therefore still fit in the category
of a malformation as defined as a non-progressive congenital
anomaly due to an alteration in the primary developmental
program53. As molecular drivers of malformations continue to be
identified, it is possible that existing definitions of morphology will
be updated. In contrast to the CPAM lesion as a whole, the clusters
of mucinous cells, which are clonal, are more clearly identifiable as
a classic neoplastic process.
Many diagnostic terms have been proposed for these small

clusters of mucinous cells, ranging from hyperplasia to metaplasia
to minimally invasive mucinous adenocarcinoma. In contrast to
the adult mucinous adenocarcinomas evaluated here and those
reported in the literature26,42, we did not detect other genetic
mutations in the MCCs of infants, and late metastases have not
been reported with documented complete resection. We pre-
viously characterized the histologic features of 671 MCCs from 44
infantile CPAMs, all of which were included in the current
study, and found that they are histologically indistinguishable
from adult minimally invasive mucinous adenocarcinomas17.
However, despite the histologic similarities, including multifocality

Pa�ent 29: KRAS p.G12V Pa�ent 49: KRAS p.G12V Pa�ent 43: KRAS p.G12V 
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Fig. 5 Gross and histologic features of type 3 CPAMs. Three examples are shown. Grossly, these lesions are predominantly solid in
appearance with occasional small cystic spaces (A–C). Histologically, they are characterized by a somewhat solid appearance at low power
with no visible alveolar type spaces within the lesion (D–F) and consist of small irregularly shaped spaces lined by low columnar epithelium
with ample intervening mesenchyme (G–I).
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and growth patterns that could be considered invasive in an adult,
these lesions have a benign clinical course when entirely resected
in infancy. We therefore continue to avoid using “carcinoma” in
infants to avoid the physical harms of over-treatment. For
consistency we have used the descriptive term “mucinous cell
clusters” here, but other terms involving atypia, or perhaps
adenoma may be equally valid. In the two CPAMs from children
over a year of age, the MCCs remained minute, and this lack of
progression would support the use of less aggressive terminology.
Disparate foci of mucinous adenocarcinoma in adults appear to

be clonally related in most instances26, presumably due to
aerogenous spread. A similar process may occur in infants, but
given the developmental setting, it is difficult to draw a direct
comparison. Because MCCs in CPAMs are arising in a background
of widespread mosaic KRAS mutated cells, it is impossible to
determine whether each mucinous cluster is arising indepen-
dently sometime after lesion formation. And if they are not arising
independently, their spread within the lesion may be related to
normal developmental migration rather than representing malig-
nant intra-airspace metastasis.
Our BaseScopeTM data suggests that the mutant KRAS is

primarily localized in the epithelial component of the CPAM. It
was more easily detected in airway type epithelium but was also
occasionally present in pneumocytes. Unfortunately, not every
signal can be confidently assigned to a specific cell type, and this
technique is limited to detecting cells expressing the mutant allele
at the time of resection. It therefore does not necessarily reflect
the relative percentages of each cell containing a mutant allele
and cannot entirely exclude the presence of the allele in other cell
types. The lack of sensitivity also precludes using this technique to
further confirm the absence of mutant cells in the morphologically
uninvolved lung. Thus, identifying the cellular origin of KRAS-
driven cystic lesions proves difficult. Nevertheless, we did observe

KRAS mutations in rare alveolar cells and cuboidal pneumocytes
between cysts, suggesting a potential cellular origin for CPAMs
similar to that of lung adenocarcinomas: Type 2 pneumocytes,
club cells, and multiciliated cells have all been proposed as the cell
of origin for KRAS-driven lung adenocarcinomas54–56.
Among our patients, KRASmutations outside of the CPAM have

not been detected. One patient with a lymphovascular mal-
formation was very suspicious for further involvement, but an
autopsy was not performed, and mosaicism could not be
established. Mosaicism has only been established for two CPAMs
that were wild type for KRAS but had mutations in other genes. Six
other cases also had a wild type KRAS exon 2 sequence, and
sequencing of three of these CPAMs revealed multiple variants of
uncertain clinical significance (Supplementary Table 2). KRAS
variants within MCC in CPAMs had a VAF of less than 35%
(Supplementary Table 1), and we would expect other potential
driver mutations to have VAFs within a similar range. Sanger
sequencing was used to evaluate normal lung tissue for all
variants with a VAF of less than 40%, and all variants were also
found within normal lung, supporting a germline origin. All other
identified variants had a VAF between 40 and 60%, consistent
with a germline origin. It is possible that KRAS mutations may be
present in these lesions at a level below the limit of detection of
our assay. Additionally, our NGS panel was primarily designed to
evaluate pediatric cancers, and it may not cover all genes that
could play a role in driving these malformations. Poor archival
DNA quality prevented further search for other driver mutations
in the remaining three cases.
Traditionally, at our institution, we recommend a complete

lobectomy for all CPAMs independent of Stocker type (which
cannot be definitively established prior to resection) and
independent of the presence or absence of symptoms in
order to reduce the risk of CPAM associated pneumonia and

Pa�ent 24: KRAS p.G12R Pa�ent 57: KRAS p.G12V Pa�ent 4: KRAS p.G12D 
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Fig. 6 Gross and histologic features of type 1/3 CPAMs. Three examples are shown. Grossly, these lesions consist of solid appearing
parenchyma with admixed larger cystic spaces (A–C). The low power appearance is heterogenous, with more solid appearing areas intermixed
with large cysts and relatively normal appearing alveolar type spaces (D–F). Larger cysts are lined by ciliated columnar epithelium, similar to a
type 1, while more solid appearing areas demonstrate increased mesenchyme, similar to a type 3 (G–I).
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adenocarcinoma in the future. There are reports of metastatic
mucinous adenocarcinoma arising in CPAMs that were either not
resected or were incompletely resected in infancy57–63, including a
report of sarcomatoid change in metastatic mucinous adenocar-
cinoma arising in an adult with an unresected CPAM64. The
presence of KRAS mutations in a subset of lesions lends support to
complete surgical resection to minimize this oncologic risk in the
future. Although genetic testing to confirm the presence or
absence of a KRAS mutation in resected CPAM tissue provides
important etiologic (pathologic) insight and lends support to the
current management recommendations, the clinical utility of
routine KRAS genetic testing remains uncertain. Our findings
demonstrate that the presence of mucinous cells or a typical
Stocker type 1 large cyst morphology is an extremely strong
surrogate marker for this mutation. Similarly, in cases with MCCs
(76% of type 1 CPAMs in the current study), a minimum of a
lobectomy and complete resection of the lesion have already
been advocated17. The findings of the current study further
support this recommendation highlighting the need for a
lobectomy for complete resection of all Stocker type 1 lesions,
regardless of the identification of MCCs. The presence of cells
expressing mutant KRAS RNA outside of bronchiolar-type epithe-
lium suggests that in subtotal resections the margins cannot be
confidently assessed by histology alone. Genetic testing of lesional
tissue might be helpful if the classification is uncertain and if the
definitive presence of a KRAS mutation would affect recommen-
dations for further surgery (if resection did not occur by
lobectomy or if the lesion involves a second lobe), or if the
patient has other congenital anomalies that could represent part
of a mosaic disorder. Problematically, however, the absence of a
KRAS codon 12 mutation would not exclude other, possibly
weaker KRAS mutations or mutations in alternative genes such as
in FGFR2. Not all features of RASopathy may be present at birth,
but rare reported cases of codon 12 mutations have had severe
phenotypes that are unlikely to be overlooked65–68.
If genetic testing is undertaken, care should be taken to

specifically isolate lesional tissue containing abundant airway type
epithelium and to use an assay with high sensitivity. Early studies
testing for KRAS mutations in type 1 CPAMs were negative69, and
it may be either that we have selected for a higher percentage of
lesional cells or that our assay is more sensitive. In one case where
we initially did not macrodissect areas enriched in columnar cells
we obtained a false negative result. Our methods here do not
allow assessment of allele frequency in most specimens, but in
those submitted for NGS (estimated to contain between 15 and
40% mucinous cells), VAF ranged from 20–33%. In other recent
studies15 KRAS codon 12 mutations were found in relatively similar
frequencies in both mucinous (24–55%) and non-mucinous
(6–43%) foci.
The identification of KRAS mutations outside of MCCs may

explain the late development of metastatic mucinous adenocarci-
noma in infants with incompletely resected lesions. Rather than a
metastasis from one of the resected minute clusters of mucinous
cells, these late lesions could equally likely be due to a new lesion
arising from residual lung parenchyma with widespread KRAS
mutation. Two reports exist of patients with CPAMs and metastatic
mucinous adenocarcinoma who had acquired GNAS p.R201C
mutations in the metastatic lesion in addition to the original KRAS
p.G12V in the primary site34,70, suggesting that additional
mutations may be necessary for the development of carcinoma
in these patients. This further emphasizes the importance of
complete resection via a lobectomy rather than a symptomatic
cystectomy that may leave behind subtle areas of abnormalities
including cells carrying the KRAS mutation.
Some case reports have suggested arbitrarily increased post-

surgical CT imaging of patients with KRASmutations outside of the
MCCs71. Our results suggest that KRAS mutation is a near universal
phenomena in type 1 CPAMs. These often have complex

architecture, including papillary structures17. Detection of a KRAS
mutation does not change the historic lack of aggressive behavior
in appropriately resected lesions in infants17. In our institution,
post-resection CT imaging with its concomitant exposure to
radiation, is not performed in infants or young children that have
undergone a lobectomy for a CPAM independent of the presence
of MCC and/or identification of KRAS mutations.
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