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Abstract Of pulmonary adenocarcinomas, about 25-30 % of
cases is of a mucinous type. Mucinous adenocarcinomas are
regarded as more aggressive compared to their non-mucinous
counterparts. Invasive mucinous adenocarcinoma, colloid,
and enteric adenocarcinomas are variants within adenocarci-
nomas. We investigated 76 invasive mucinous adenocarci-
nomas, including colloid variants, for predominant and sec-
ondary patterns, their different form of mucin storage and
release, expression of cytokeratin 7 and 20, TTF1 and
CDX2, MUCI, 2, and 5AC proteins, p14 and p16 proteins,
possible rearrangements for EMLAALK and ROS1, as well as
KRAS mutational status, and correlated this with survival. For
comparison, 259 non-mucinous adenocarcinomas were select-
ed. Overall survival for invasive mucinous adenocarcinomas
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corrected for T and N stage was not different from their non-
mucinous counterpart. Most were of an acinar pattern. Neither
pattern, nor type of mucin storage and release, such as lumi-
nal, extracellular, or goblet cell type had any influence on
survival. Of adenocarcinomas expressing CK20, all but one
expressed TTF1 either strongly or at least focally, and 8 co-
expressed CDX2 focally. Most mucinous adenocarcinomas
expressed either MUC1 or MUCSAC proteins, but rarely
MUC2, while a few cases co-expressed both or all three. Loss
of p16 expression correlated with worse outcome. KRAS mu-
tation was found in 56 % of mucinous adenocarcinomas. Mu-
tational status was neither correlated with architectural pattern
nor survival. Codon 12 mutations were most frequent, and one
case presented with KRAS mutations in codon 12 and 61.
Goblet cell variants of mucinous adenocarcinomas presented
predominantly with codon 12 mutations, while all colloid var-
iants had KRAS mutation. Two cases had EML4 and ALK1
rearranged; ROS1 rearrangement was not found. Mucinous
adenocarcinomas behave similar to non-mucinous variants.
TNM stage is the most important factor followed by p16 loss
predicting overall survival.

Keywords Mucinous adenocarcinoma - Architectural
pattern - KRAS mutation - p14 - p16 - MUC proteins -
EMLA4ALK rearrangement - Overall survival

Introduction

Lung cancer is the most common cancer in men worldwide
and the number one cancer leading to death in developed and
developing countries [8]. Worldwide, there are more than a
million lung cancer related deaths per year due to late detec-
tion of the primary tumor and early metastasis [10, 15, 40].
Invasive pulmonary adenocarcinomas (AC) have been
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reclassified according to their predominant architecture into
lepidic, acinar, papillary, micropapillary, cribriform, and solid
[34, 36], and in anyone of them, mucin production can be
found. Invasive mucinous adenocarcinoma has been defined
in the new classification as having abundant mucin and pres-
ent with either columnar or goblet cell morphology. It might
present with a lepidic, acinar, papillary, micropapillary, cribri-
form or solid pattern, which might have prognostic value on
its own [22]. In the new WHO classification, solid AC is
defined as either “with mucin production” or expressing ade-
nocarcinoma markers in contrast to the previous edition [34,
37]. Invasive mucinous together with enteric and colloid AC
are listed as variants. Signet ring cell AC is no longer a sub-
type of AC but is considered a variant with signet ring features
[35, 37]; mucinous cystadenocarcinoma has been merged with
colloid AC. Within the AC category, approximately one third
differentiate along the mucinous pathway. Mucinous differen-
tiation is already present in the precursor lesion as atypical
goblet cell proliferation [31] (Fig. 1). Mucinous AC originate
most probably from basal/peripheral stem cells, which have
retained the capacity to produce different types of mucins,
such as fucosylated and sialylated carbohydrates, acidic sul-
fated carbohydrates, and also glycosylated lipoproteins [3].
Although it is generally assumed that when stratified by
stage, mucinous AC behaves more aggressively than non-
mucinous AC, cytomorphological and architectural features
have not been evaluated and correlated with prognosis and
genetic aberrations [1, 6, 22]. This study intends to address
these issues in a series of 76 cases from a single institution.

Material and methods
Between 2002 and 2012, we identified 335 consecutive cases

of surgically resected pulmonary AC, and of these, 76 were
classified as mucinous AC. Mucinous AC was defined by
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Fig. 1 Atypical goblet cell proliferation found in a patient with of
mucinous adenocarcinoma in another lung segment. The patient also
suffered from chronic obstructive pulmonary disease, grade 2-3. H&E
%200
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positive mucicarmine and Alcian blue staining of at least
80 % of tumor cells, which is more precise than “abundant
mucin”, and by either columnar or goblet cell morphology or
characteristics of enteric or colloid variant. The tumor tissue
blocks were retrieved from the Lung Biobank. Two cases were
excluded because of insufficient tissue. Two other cases were
excluded due to the lack of clinical data. A single case of
surgically resected enteric AC was detected and also excluded
from the analysis as the sample size was too small for analysis.
In the remaining 71 cases of mucinous AC, immunohisto-
chemistry and molecular analysis could be performed. This
study was approved by the Ethical Committee of the Medical
University (24135 ex 11/12). Patient characteristics are listed
in Table 1 (and in more detail Supplementary Table 1).

Four micrometer sections were cut from formalin-fixed
paraffin-embedded tissue blocks and stained with
hematoxyline & eosin (H&E), Mucicarmine, and Alcian blue
at pH 2.5. Two pathologists (UGM, HHP) reevaluated all
mucinous adenocarcinomas and classified them on whole tu-
mor sections using the architectural patterns as acinar, papil-
lary, micropapillary, cribriform, and solid. We also distin-
guished colloid patterns and AC with signet ring cells. Colloid
AC was defined by a diffuse spreading without forming a
pseudocapsule while cystadenocarcinomas present with a
pseudocapsule. Secondary and tertiary patterns were noted
in terms of surface percentage, in increments of 20 % for
primary and secondary patterns. Four types of mucin storage
and secretion were recognized. The goblet cell type shows
mucin stored in large supranuclear vacuoles and secreted api-
cally into acinar lumina (luminal/apical secretion). The colum-
nar cell type shows mucin stored in very small vacuoles and
again secreted apically into acinar lumina. A third type is seen
in colloid AC and cystadenocarcinomas with tumor cells, hav-
ing lost their basoapical orientation, storing mucin in small
cytoplasmic vacuoles but secreting it basolaterally into the
stroma, creating the appearance of tumor cells floating in mu-
cin (basolateral secretion). A fourth type is seen in signet ring
cell AC, with single tumor cells forming intracytoplasmic lu-
mina into which mucin is secreted (intracytoplasmic luminal
secretion).

A tissue microarray was produced from the same 71 tissue
blocks that had been used for the molecular analysis. At least
three cores of tumor and one core of uninvolved normal lung
tissue clearly separated from the tumor area were chosen and
inserted into a recipient paraffin block. For immunohisto-
chemistry 4 mu sections were incubated with antibodies for
cytokeratin (CK) 7 and 20, TTF1, CDX2, MUCI1, MUC2,
MUCSAC, pl4ARF, pl15INK4B, pl6INK4A, ALKI, and
ROSI1 (Table 2). Immunohistochemical stains were semi-
quantitatively evaluated by intensity score (0—1+-2+-3+)
multiplied by the percentage of positively stained tumor cells
in 10 % increments (H-score 0-300)—a mean was created
from the three cores. To assess validity of tissue microarrays



Virchows Arch (2015) 467:675-686

677

Table 1  Patient clinical data with sex, age and clinico-pathological
stage; also mean and standard deviation of age is given
Patientno Sex Age Stage Patientno Sex Age Stage
1 f 59 IITA 36 m 57 1A
2 f 58 v 37 m 74 1B
3 f 65 1B 38 m 55 1A
4 f 76 1B 39 m 60 IB
5 f 60 A 40 m 48 1A
6 f 70 IA 41 m 64 1A
7 f 43 mA 42 m 58 N
8 f 43 mA 43 m 61 A
9 f 43 v 44 m 56 1A
10 f 72 IB 45 m 72 A
11 f 68 IA 46 m 68 v
12 f 70 A 47 m 65 IA
13 f 48 1A 48 m 55 v
14 f 56 1A 49 m 64 1A
15 f 66 1A 50 m 79 1A
16 f 81 A 51 m 48 A
17 f 60 A 52 m 81 1A
18 f 65 A 53 m 55 IB
19 f 73 1B 54 m 55 A
20 f 64 N 55 m 72 1A
21 f 53 1A 56 m 52 1A
22 f 48 1B 57 m 69 1B
23 f 59 1B 58 m 75 A
24 f 71 1B 59 m 68 1A
25 m 62 1A 60 m 70 v
26 m 66 A 61 m 24 IA
27 m 56 TA 62 m 63 1B
28 m 73 1IB 63 m 76 IIA
29 m 60 1A 64 m 72 A
30 m 60 A 65 m 68 A
31 m 46 A 66 m 48 A
32 m 66 A 67 m 63 A
33 m 77 A 68 m 45 A
34 m 58 1A 69 m 80 1B
35 m 55 1A 70 m 84 1A
71 m 73 A

More detailed information can be seen on Supplementary Table 1. Mean
age for females 61,292; standard dev 10,573. Mean age for males 62,894;
11,329. Mean age for all together 62,352; 11,105

ffemale, m male

“In these patients, staging was performed intraoperatively by a probatoria
or mediastinal surgery; no lobectomy or pneumonectomy

(TMA) sampling, full sections from 20 randomly chosen

cases were stained for MUCI1, TTF1, p14, p16, and ALK1.
Whole tumor tissue sections from 71 adenocarci-

nomas (all pre-treatment) were used for the analysis of

KRAS mutations. Four to six micrometer thick sections
were cut and dewaxed in xylene, and the marked tumor
areas were scrapped from the slides. Genomic DNA was
extracted using EZ1 DNA investigator Kit (Qiagen,
Hilden, Germany) from paraffin-embedded tissues. For
KRAS mutation analysis, the Therascreen” KRAS
PYRO" Kit (PyroMark Q24; Qiagen, Hilden, Germany),
which detects mutations at codons 12, 13, and 61, was
used according to the manufacturer’s instructions.

For EML4ALK rearrangement, tissue sections were
primarily stained by an ALK antibody (Table 2). This
antibody positively stained three cases, which were
evaluated by fluorescence in situ hybridization (FISH)
analysis using the FISH break-apart probe from Vysis
(Abbott Laboratories, Abbott Park, IL, USA). ROSI
translocations were assessed using an antibody for
ROS1 (Table 5). Since all cases were negative for
ROSI, no further evaluation by FISH was done.

Clinical data

The clinical data of 71 patients with mucinous and of
259 patients with non-mucinous adenocarcinoma of the
lung (a total of 330 patients) were collected retrospec-
tively from the Division of Thoracic and Hyperbaric
Surgery, Medical University Graz. Staging was available
for all cases. Data included age, gender, smoking status
(pack years), date of surgery, postoperative course, re-
currence, disease free (overall) or progression free sur-
vival, metastasis (including location), death of disease,
and other non-tumor related diseases (comorbidities).
Patients were grouped according to the UICC/TNM
staging system into: Stages IA-IV (Table 1 and Supple-
mentary Tables 1 and 2).

Statistical analysis

Survival rates were calculated according to the Kaplan-
Meier method, while survival differences between groups
were compared by the log-rank test. Survival rates were
adjusted for confounding risk factors by Cox regression
and tested by the Wald test criterion.

Statistical analysis of the collected clinical data was per-
formed by R software (www.r-project.org) showing the results
graphically and in tabular as well as standard error, lower
95 % CI, and upper 95 % CI. P values below 0.05 were
considered as statistically significant.

Expression of AC markers CK7, CK20, TTF1, CDX2,
MUCI1, MUC2, MUCS5AC, pl4, and pl6 was compared
between the different variants of the mucinous ACs using
paired ¢ test.
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Table 2 Antibodies used for

immunohistochemistry and FISH Antibody/clone Company dilution Retrieval, visualization
probes
CK7 Dako 1:100 Protease Typ XXIV, Dako Real, AEC
CK 20 Dako 1:100 Protease Typ XXIV, Dako Real, AEC
TTF1 Ventana ready to use CCl1, ultra view, DAB
CDX2 Ventana ready to use CCl, ultra view, DAB
MUC1 Novocastra 1:100 Epitope Retrival, Dako Real, DAB
MuUC2 Novocastra 1:50 Epitope Retrival, Dako Real, DAB
MUCS5A Novocastra 1:100 TrisHcl+Urea, Dako Real, AEC
pl4ARF Abcam 1:15 CCl, ultra view, DAB
p15INK4B Abcam 1:200 CCl, ultra view, DAB
pl6INK4A MTM ready to use CCl, i view, DAB
ALK1 /D5F3 Ventana ready to use Optiview, DAB
ROS1 /D4D6 Cell Signaling 1:50 CCl, ultra view, fast red
FISH EML4ALK Zytovision, ready to use Zytovision FISH Implementation Kit
TriCheck
FISH ROS1 Zytovision ready to use Zytovision FISH Implementation Kit
Break Apart,
Results a majority of carcinoma cells expressed TTF1 (Fig. 3c-d). Co-

Patterns of mucinous adenocarcinomas

Mucinous ACs showed a predominance of acinar (43/71),
followed by papillary patterns (10/71). Other patterns were
found in few cases (Fig. 2a—i). Two cases presented with a
predominant signet ring cell pattern, and in one of them, the
whole tumor was composed of signet ring cells. Most of the
ACs showed secondary and even tertiary patterns, similar to
what is known from the non-mucinous ACs (Tables 3 and 4).

Immunohistochemistry

Some differences were found between full section and
TMA staining results. For pl4 and pl6 staining, the dif-
ference between full section and TMA scores was <10 %.
For MUCI, 4 cases showed differences (2 cases with
higher and 2 with a lower percentage than in the TMA).
TTF1 staining showed the highest difference with full
sections showing in 8/20 cases a higher percentage of
positive tumor cells. However, this did not substantially
change the results of the statistical analysis: P=0.075 in
the TMA versus P=0.064 in full sections.

Reactivity for CK7 was found in all cases, in mosta 100 %
of tumor cells expressed this cytokeratin, but in 9 tumors only
focally, and in these with a co-expression for CK20. In most of
these cases, CK20 was found in <15 % of tumor cells, but 3
cases showed >40 % positivity (Fig. 3a-b).

Eight cases expressed CDX2, in 7 in less than 10 % of
tumor cells, but in a single case in almost 50 %. This was
the only case without expression of TTF1. In all other cases
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expression of CDX2 and TTF1 within single tumor cells was
not seen. Expression of CDX2 was always associated with
CK20 positivity.

Luminal/apical mucin predominated in acinar ACs. A gob-
let cell pattern was found in 24, and a basolateral mucin se-
cretion was seen in all colloid ACs (Fig. 2g—k). A combination
of apical and basolateral mucin secretion was encountered in
33 cases (Tables 3 and 4). Goblet cell types of mucinous ACs
showed always an apical/luminal mucin secretion (Fig. 2j—k).
MUCI antibodies stained 39 and MUC?2 antibodies 7, where-
as MUCSAC antibodies stained 50 AC. In cases with goblet
cell differentiation, either MUC1 or MUCS5AC was seen; in a
few cases, both MUC proteins were expressed (Fig. 4a—d).

In 27 mucinous AC, staining for pl 6INK4A was negative
while in 19 cases, a low H-score (<40) was found. In 48 cases
moderate and in 20 cases, a high expression of pl14ARF was
found while in 5 cases, the pl4ARF H-score was low (<40).
(Supplementary Table 2). Immunohistochemistry for p15 was
not reproducible and was not further evaluated.

KRAS mutation

KRAS mutations were detected in 40 out of 71 cases (56 %),
most commonly in codon 12. Mutations on codon 13 were
found in 5 cases, and in codon 61 in another 5 cases, one of
them with double mutation G12D and Q61R (Table 5). There
was no correlation of KRAS mutation and any of the structural
patterns, and neither were correlations found with stage (Ta-
ble 6 and Supplementary Table 2). KRAS codon 12 mutations
were present in 16/26 mucinous ACs of goblet cell type, while
only one presented with codon 13 mutation. KRAS mutation
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Fig. 2 Pattern variations in mucinous adenocarcinomas: a acinar, b
papillary, ¢ micropapillary, d cribriform, e colloid, f signet ring cell; bar
50 um; Alcian blue stain shows different patterns of mucin storage and

status was not different between AC with acinar, papillary,
micropapillary, cribriform, and signet ring cell morphotypes.
However, all colloid AC were KRAS mutant (Table 6).

EMLA4ALKI1 rearrangement
Out of the three cases positive for immunohistochemistry, two

were positive for FISH analysis, showing split signals in at
least 30 % of tumor cells. All were negative when

secretion, g colloid (basolateral), h apical/luminal), i combined apical and
basolateral; goblet cell type, j mucicarmine stain, k Alcian blue stain, bar

50 um

immunohistochemically stained for ROS1 (Supplementary
Table 2).

Survival analysis
We analyzed 330 mucinous and non-mucinous AC patients
for overall survival and correlated this with the T and N stages.

A statistically significant difference was found between T
stages (I+1I versus III+1V) as well as N stages (NO versus

@ Springer
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Table 3 Predominant and secondary patterns in mucinous
adenocarcinomas

Predominant pattern No of cases Secondary component No of cases

Acinar 43 Acinar 6
Papillary 10 Papillary 6
Micropapillary 4 Micropapillary 10
Cribriform 1 Cribriform 5
Solid 6 Solid 2
Lepidic 1 Lepidic 0
Signet ring cell 2 Signet ring cell 6
Colloid 4 Colloid 2

N1+N2; log-rank test P=0.00067; Fig. 5a, b). When clinical
stages [-IV were taken together, overall survival was neither
different between mucinous and non-mucinous AC nor differ-
ent between different T-stages (Supplementary Fig. 1). When
stratified for clinical stage (low stage IA, IB, IIA and high
stage 1IB, IIIA, IIIB), no differences in survival were found
between mucinous and non-mucinous AC: clinically high-
stage patients had a significantly worse course regardless of
being mucinous or non-mucinous AC (log-rank test; P=
0.000073; Fig. Sc—d).

Lymph node (LN) metastases were equally common
in mucinous and non-mucinous AC, and stratification
according to N status did not reveal differences in out-
come (data not shown). Goblet cell versus non-goblet
cell types of AC and presence or absence of signet ring
cells were not associated with differences in survival
(Suppl Fig. 2).

A non-significant trend for a stage-independent correlation
between loss of pl 6INK4A and worse prognosis (Fig. 6a) was
noted, whereas p14ARF staining did not correlate with sur-
vival. Similarly, a non-significant trend for a correlation be-
tween high TTF1 expression and better survival was found
(P=0.075, Fig. 6b).

Discussion

Mucinous differentiation in a pulmonary adenocarcinoma
seems to occur early on in carcinogenesis, most probably

Table4  Types of mucin storage in mucinous adenocarcinomas; goblet
cell variant was always combined with luminal mucin secretion

Type of mucin storage Predominant Secondary
pattern pattern
Luminal mucin (acinar) 54 15
Extraluminal (basolateral) mucin 14 25
Goblet cell type 24 2

@ Springer

already in the precursor lesion [3]. Several molecular alter-
ations have been identified in pre-neoplastic goblet cell pro-
liferations, including over-expression of MUC2 and SAC and
cytokines such as interleukin (IL) 4, [L4-receptor, IL9, 13, and
17[2-4, 13,23, 31, 32], pointing to an involvement of inflam-
matory mediators in the development in mucinous adenocar-
cinomas. Our finding that in KRAS mutated AC, in contrast to
EGFR mutated AC, angiogenesis is selectively suppressed via
STAT3 whereas IL8 acts proangiogenic supports the view that
mucinous and non-mucinous AC are really different at the
molecular level [8]. Only few studies have compared behavior
and overall survival between mucinous and non-mucinous
ACs. Yoshizawa reported a worse prognosis for mucinous
types, when applying the new adenocarcinoma classification,
but demonstrated a similar behavior for mucinous and non-
mucinous ACs in a subsequent report [44, 45]. Caretta et al.
found a worse outcome in patients with mucinous AC in stage
IA and IB. However, they studied only a small group of pa-
tients and mixed cases of invasive as well as in-situ ACs
(formerly called bronchioloalveolar) [1]. Riquet et al. found
that solid AC with mucin production has worse prognosis than
solid AC without mucin production [22]. This evokes a prob-
lem of the previous classification: solid AC was defined by the
presence of mucin producing tumor cells, whereas solid car-
cinomas without mucin producing cells were classified as un-
differentiated or large cell carcinoma [35]. In the new adeno-
carcinoma classification for resection specimen, solid carcino-
mas without mucin production but expressing TTF1 are also
classified as solid AC [34, 37]. Solid ACs by themselves have
a worse prognosis compared to well-differentiated ACs, re-
gardless of being mucinous or non-mucinous. Not surprising-
ly, in the Rossi study, bronchioloalveolar AC of mucinous
type (which probably correspond to in-situ ACs) had a more
favorable course than invasive AC [24].

We found mucinous and non-mucinous ACs stratified by
stage and lymph node involvement to behave similar. Out-
come of mucinous AC was not different between those with
or without goblet cells (Supplementary Fig. 2). When strati-
fied for stage, outcome of mucinous AC was not different
between those with or without signet ring cells, including
the two cases with a dominant or pure signet ring cell presence
(Supplementary Fig. 2). This is in contrast to the study by
Rossi, which however was based on only two cases [24]. So
in contrast to signet ring cell carcinomas of the stomach, pul-
monary ones do not confer an unfavorable prognosis.

TTF1 expression was found in almost every mucinous AC,
most often associated with CK7 expression. Only a minority
expressed CK20 and CDX2. However, all except one case
also co-expressed TTF1 in subsets of the tumor cells, pointing
to different clones either expressing TTF1 and CK7 or CDX2
and CK20, similar to the findings of other studies [24, 27, 38,
43] but in contrast to the study by Shah et al. [28]. Previous
published studies investigated small number of cases, and in
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Fig. 3 Immunohistochemical
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addition, AIS cases were included [24, 43], which makes sur-
vival analysis inconclusive.

All mucinous ACs showed acidic types of mucins (Alcian
blue positive at pH 2.5). Rossi et al. as well as Yatabe et al.
reported MUC 2 in goblet cell types and MUCS5AC in the
other variants [24, 43]. In another study, MUC1 expression
was found in ACs without goblet cell morphology [15],
whereas Kunii confirmed MUC2 and MUCS5AC expression
[11]. In the study by Kunii et al., MUC2 and MUCS5AC
expression together with HNF4o were observed in cases neg-
ative for TTF1. In our study, the number of TTF1 negative
mucinous ACs was quite high, which might point to differ-
ences between a Caucasian and an Asian population, and will
need further investigation [11]. We found MUC 1, 2, or SAC
staining in all ACs. In contrast to previous studies, MUC 1
and 5AC were the most common types, either as the domi-
nant MUC protein or co-expressed in subsets of ACs, with
only two cases co-expressing all three MUC proteins. A
higher propensity of MUC1 expression was seen in mucinous
ACs with goblet cell morphology; however, it was also found
in a few cases without goblet cells in contrast to the study of
Maeshima [14]. Several AC with goblet cell morphology in
our cases co-expressed MUCSAC. Expression of MUC genes
early during carcinogenesis might induce precursor cell pro-
liferation and their differentiation into a mucinous type. In
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contrast to the study of Tsutsumida et al., we did not find
MUC expression to be correlated with aggressive behavior
[39]. However, Tsutsumida focused on micropapillary ACs,
which are known to behave worse compared to other types.
Consequently, the reported aggressive behavior is likely
based on this pattern and not MUC expression.

In recent investigations, different functions of TTF1 have
been discussed: in non-mucinous AC, TTF1 upregulates
downstream surfactant genes [19], pointing to some inflam-
mation regulating functions. TTF1 (also known as NKX2-1)
is a transcription factor and prevents gastric differentiation in
fetal lung. If downregulated in lung AC, it is associated with
poor differentiation, and in experimental models, low expres-
sion is associated with the emergence of a gastric tumor type
[30]. However, these models do not present as signet ring cell
type ACs. This fits well with TTF1 expression in all our cases.
TTF1 also inhibits metastasis by binding to SREBF2 promot-
er, leading to repression of miR33a and finally upregulation of
prometastatic HMGA?2 [20]. In another study, TTF1 caused
the expression of MUC2 in CDX2 positive mucinous ACs,
which also acts as a transcriptional regulator [16]. We did not
assess whether or not TTF1 also regulates expression of other
MUCs. TTF1 is a marker of better differentiation and outcome
not only in non-mucinous ACs but also in mucinous ACs:
intense TTF1 expression in >50 % of tumor cells was tended
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Fig. 4 Staining with antibodies
for MUC proteins, a MUCI, b
MUC2; MUCSAC focal staining
in (¢) and strong diffuse staining
in (d); original magnification
%200

to be associated with better overall survival, although this did
not reach statistical significance (Fig. 6b).

EML4ALKI1 is not preferentially rearranged in mucinous
ACs, as only 2/74 mucinous acinar ACs showed a rearrange-
ment of EML4ALK]1, both carrying wild-type sequences for

Table 5 Types and
frequency of KRAS
mutations

Gl2v
GI12D
Gl2C
G128
GI2R
GI2L
GI2A
GI3C
G13D
Q61H
GI2D+Q61R

(=)

[ N N N = T 'S BN |
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KRAS. A third case positively stained for ALK showed a
codon 12 mutation of the KRAS gene. Rearrangement for
ROSI1 was not found in any of our cases.

KRAS mutation was the most frequent finding in our series
of mucinous ACs (56 % in comparison to 20-25 % for non-
mucinous variants) in accordance with previous studies [5, 14,
26, 43, 47]. KRAS mutation status was not related to mucin-
ous AC subtype, such as goblet cell variant or AC with signet
ring cells. Remarkable features of mucinous AC with goblet
cell components were the predominance of KRAS mutation in
codon 12 and KRAS mutation in all colloid AC. In other
mucinous AC, mutations were randomly distributed (Table 6
and Supplementary Table 2). This is in contrast to the studies
of Yatabe [43] and Maeshima [14], which found no KRAS
mutations in their cases with goblet cell morphology, probably
reflecting the overall low percentage of KRAS mutations in
Southeast Asian populations.

An important question is at which time KRAS muta-
tions occur during carcinogenesis [12, 25, 33, 41]. Com-
parison of human mucinous AC and KRAS mutant
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Table 6 Correlation of

induced AC in mice suggests that KRAS mutation is most
probably a second or third step in human AC carcinogen-

H Acinar WT 11 X i
ftr}?l? tirglg:gggls:;f ot 14 SIS Mouse ACs induced by KRAS mutant alleles never
mucinous Panilla WT s develop a mucinous phenotype but most often, a non-
adenocarcinomas Py . s mucinous papillary AC [7, 17]. In addition in mice, KRAS
mu . . . .
Mi 0 WT 3 mutation does not result in an invasive phenotype, and
1Cropapiliai " . . . . .
paptiary o additional genetic hits are needed to induce invasion and
Solid QUT ; metastasis [7, 17]. Inflammatory factors play a role in the
ot | development of precursor lesions of mucinous ACs. In-
o mut flammatory cytokines have been shown to modulate goblet
cribriform Wt cell proliferation and transformation. These might be one
) mut 1 of the early abnormalities leading to precursor lesions with
Colloid wro 0 mucinous differentiation [4, 9, 18, 31, 42, 46] and might
mut 4 precede KRAS mutation. Inflammatory mediators also play
Signet ring cell components ~ WT 9 an important role in adenocarcinoma progression, as IL8
mut 5% \as identified to promote angiogenesis [7].
Predominant patterns are listed, and only Loss of function or reduced proj[em expression for
in cases with signet ring cells also second- ~ P14ARF and pl16INK4A was seen in 43 and 1 cases,
ary and tertiary patterns are given respectively, in some associated with KRAS mutation,
WT wild type KRAS, mut mutated KRAS ~ in others not. Loss of function of p16 (absent or reduced
*] case each composed of predominent or ~ protein expression) was more common in ACs with de-
exclusive signet ring cells creased overall survival, but did not reach statistical
Fig. 5 Survival analysis of all a b
adenocarcinoma patients 1.0 b =0.00064
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Fig. 6 Survival analysis of mucinous adenocarcinomas for p16 loss
versus positive staining (a), and TTF1 (b): Cases stained for TTF1 were
grouped into low (“neg”) or high (“pos”); low/neg was defined by
intensity of 1+/2+ and less 50 % of tumor cells, high/pos was defined
by intensity of 3+ in >50 % of tumor cells

significance. Loss of pl4ARF protein expression was not
related to survival. Both proteins act as mitosis check-
point control proteins, sending cell with defective DNA
either into repair or into apoptosis. Whereas pl4ARF
acts at the GI1 transition, pl6INK4B cooperates with
p53 at the G2 checkpoint. Since patients with mucinous
ACs are predominantly cigarette smokers, which also
carry a high percentage of p53 mutations, combined loss
of function of p53 and pl6INK4A seems important in
the genesis of mucinous AC.

Almost 41 % of mucinous ACs in our series had no
identified driver mutation (59 % KRAS and EML4ALK).
These cases will need further investigation using large
cancer gene panels. Additional genetic hits need to be
identified in KRAS mutated ACs since invasion and me-
tastasis might be regulated by other genes [17]. Analysis
of downstream signaling pathways in KRAS mutated
ACs is urgently needed. Subtyping of patterns in mu-
cinous AC although not associated with survival is rec-
ommended: patterns might be associated with different
genetic background, as in goblet cell and colloid vari-
ants of AC.

@ Springer

Targeted therapy for patients with a KRAS mutated mucin-
ous AC need to be considered with caution: although inhibi-
tors for downstream kinases of the RAS pathway are available
[21, 29], mutated KRAS can signal downstream not only into
the MAPK-ERK pathway but also into RAL, PI3K, or PLCe
pathways [17]. So a blockade of just one downstream pathway
might not be efficient.

Addendum A recently published study by Shim et al. focused also on a
similar cohort of mucinous adenocarcinomas. The authors found similar
survival data as well as a high prevalence of KRAS mutations, thus
confirming our findings. Importantly they had significantly low muta-
tions in TP53, which raises the question which proteins other than p53
cooperates with p16 (J.Thoracic Oncol. 2015 Aug;10(8):1156-62).
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