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Targeted Sequencing of Sorted Esophageal
Adenocarcinoma Cells Unveils Known and Novel
Mutations in the Separated Subpopulations
Federica Isidori, MSc1,*‡, Isotta Bozzarelli, MSc1,*‡, Luca Mastracci, PhD2,3,‡, Deborah Malvi, PhD4,‡, Marialuisa Lugaresi, MD1,5,‡,
Chiara Molinari, PhD6, Henna Söderström, MD7,‡, Jari Räsänen, MD7,‡, Antonia D’Errico, MD4,‡, Roberto Fiocca, MD2,3,‡,
Marco Seri, MD1,‡, Kausilia K. Krishnadath, MD8,‡, Elena Bonora, PhD1,†‡ and Sandro Mattioli, MD1,5,‡

INTRODUCTION: Our study aimed at investigating tumor heterogeneity in esophageal adenocarcinoma (EAC) cells

regarding clinical outcomes.

METHODS: Thirty-eight surgical EAC cases who underwent gastroesophageal resection with lymph node dissection

in 3 university centers were included. Archival material was analyzed via high-throughput cell sorting

technology and targeted sequencing of 63 cancer-related genes. Low-pass sequencing and

immunohistochemistry (IHC) were used to validate the results.

RESULTS Thirty-five of 38 EACs carried at least one somatic mutation that was absent in the stromal cells; 73.7%,

10.5%, and 10.5% carried mutations in tumor protein 53, cyclin dependent kinase inhibitor 2A, and

SMAD family member 4, respectively. In addition, 2 novel mutations were found for hepatocyte nuclear

factor-1 alpha in 2 of 38 cases. Tumor protein 53 gene abnormalities were more informative than p53

IHC. Conversely, loss of SMAD4 was more frequently noted with IHC (53%) and was associated with a

higher recurrence rate (P5 0.015). Only through cell sorting we were able to detect the presence of

hyperdiploid and pseudodiploid subclones in 7 EACs that exhibited different mutational loads and/or

additional copy number amplifications, indicating the high genetic heterogeneity of these cancers.

DISCUSSION: Selective cell sorting allowed the characterization of multiple molecular defects in EAC subclones that

weremissed in a significant number of cases when whole-tumor samples were analyzed. Therefore, this

approach can reveal subtle differences in cancer cell subpopulations. Future studies are required to

investigate whether these subclones are responsible for treatment response and disease recurrence.

SUPPLEMENTARY MATERIAL accompanies this paper at https://links.lww.com/CTG/A376, links.lww.com/CTG/A377, links.lww.com/CTG/A378,

links.lww.com/CTG/A379

Clinical and Translational Gastroenterology 2020;11:e00202. https://doi.org/10.14309/ctg.0000000000000202

INTRODUCTION
The incidence of esophageal adenocarcinomas (EACs) is increasing,
and the survival rate is low despite the adoption of aggressive
therapeutic protocols (1). Inadequate knowledge of cancer biology
has resulted in difficulties in prevention, early diagnostic programs,
andmodalities of therapy for these cancers.Gastroesophageal reflux
disease andBarrett’s esophagushave been recognized as risk factors,
as have obesity and cigarette smoking (2). At the cellular level,

progression to EAC is underlined by continuous DNA damage
caused by reflux and related chronic inflammation that increase the
mutation rate and promote genomic instability (3).

Pathology discriminates different histological subtypes
according to the Lauren classification (4,5) that may have
different grades of aggressiveness (6) and response to che-
motherapy, according to recent research (7,8). The American
Joint Committee on Cancer tumor, node and metastasis
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staging system considers EAC as a single entity (9,10), al-
though different biological behaviors imply that EAC may be
consistently heterogeneous (11,12).

Recent studies at the genetic level included EAC in a group of
tumorswith oneof themost frequent rates of copynumber alterations
(CNAs) and somatic structural rearrangements (13). Moreover, EAC
is characterized by a highmutation frequency. Large-scale sequencing
studies revealed 3 distinct mutational signatures in EAC: (i) enrich-
ment for the BReast CAncer gene signature, with prevalent defects in
the homologous recombination pathway; (ii) dominant T.G muta-
tion pattern associated with a high mutational load and neoantigen
burden; and (iii) C.A/Tmutation pattern with evidence of an aging
imprint (14). However, related studies have thus far only analyzed
DNAderived fromwhole-tumor samples that are composedof cancer
cells and stromal and infiltrating immune cells. Therefore, the real
status of somatic mutations in cancer cells might be masked by the
presenceof stromal cells, althoughdataondifferent subclones carrying
different cellular mutational profiles are scarce.

This is of great importance for better understanding the highly
mutational behavior of this cancer that is frequently associated
with therapy resistance and tumor escape. Indeed, identification
of coexisting mutational subpopulations will be required for the
selection of adequate molecular therapies.

Our study aimed to (i) compare intratumor and intertumor
heterogeneity in whole-tumor vs sorted cell populations and (ii)
correlate tumor-specific mutational profiles with clinical outcomes,
i.e., recurrence and survival. We combined a high-throughput cell
sorting/recovery workflowwith next-generation sequencing (NGS)
technologies to separate and analyze different cancer cell pop-
ulations and the corresponding normal (stromal) cells.

MATERIALS AND METHODS
The study material was obtained from formalin-fixed, paraffin-
embedded blocks of chemotherapy- and radiotherapy-naive
EACs (see Table 1, Supplementary Digital Content 1, http://links.
lww.com/CTG/A379). Hematoxylin and eosin–stained slides
from all blocks were inspected to identify the tumor areas. NGS
on the sorted cell populations was performed for 63 cancer-

related genes (mean depth 4,000X) (15).A detailed protocol for
high-throughput cell sorting, targeted NGS, droplet digital PCR,
and Sanger sequencing is reported in the Supplementary In-
formation (Supplementary Digital Content 1, http://links.lww.
com/CTG/A379) (15–17).

p53 and SMAD family member 4 immunohistochemistry

Immunohistochemistry (IHC) for p53 was performed with an
anti-p53 mouse monoclonal antibody (clone DO-7, Ventana,
Roche Diagnostics GmbH, Mannheim, Germany) on a
Benchmark XT immunostainer (Ventana, Roche). IHC was
validated with positive (an external positive control put on the
slide) and negative (primary antibody omission) controls. p53
immunostaining was defined as overexpressed if there was
evidence of strong and diffuse nuclear immunoreactivity (16).

HC for SMAD family member 4 (SMAD4) was performed
with an anti-SMAD4 mouse monoclonal antibody (clone B-8;
Santa Cruz Biotechnology, Dallas, TX) (18). IHC was validated
using positive (non-neoplastic mucosa and lymphoid cells) and
negative (primary antibody omission) controls. SMAD4 protein
loss was defined by a complete loss of expression in at least 30% of
cancer cells using the same cutoff score identified for colon cancer
in our previously published work (18,19).

Statistical analysis

Differences in frequency data were analyzed using x2 or Fisher
tests as appropriate. We used the Mann-Whitney test to an-
alyze continuous variables. Survival was assessed using the
Kaplan-Meier and logrank tests. The detailed statistical
methods are reported in the Supporting Information.

Analysis of agreement/correlation was calculated using the Cohen
kappa (k) coefficient (20,21).k values# 0 indicatednoagreementand
0.01–0.20 as none to slight, 0.21–0.40 as fair, 0.41–0.60 as moderate,
0.61–0.80 as substantial, and 0.81–1.00 as almost perfect agreement.

Ethics committee approval

This study received approval (#L3P1223) from the Ethical Com-
mittee “Comitato Etico IRST IRCCS AVR (CEIIAV)”–Italy (Reg.

Table 1. Somatic mutations and CNA detected with the OncoSeek panel analysis of sorted cell populations

Mutations detected in sorted pure populations of EAC; red: hyperdiploid tumor cells; blue: pseudodiploid tumor cells. The value reported in each cell in the table represents
the alternative allele frequency of the detected variants; yellow: missense mutations; green: loss-of-function mutations (indel and nonsense); violet: CNAs. On the right
column, we reported the number of mutations and copy number amplifications per sample. On the left column, we reported the sample ID. Only cases with variants
identified in the 63 genes present in the OncoSeek panel are shown
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Sper. 109/2016 Protocol 7353/51/2016), and written informed
consentwas obtained fromall patients before inclusion in the study.

RESULTS
Using formalin-embedded material of 38 EAC cases, stromal and
tumor cell populations were sorted based on immunoreactivity to
antibodiesagainstvimentin/pan-cytokeratinandhigh-throughputcell
sorting technology. The proportional DNA contents were obtained
according to 4’,6-diamidino-2-phenylindole fluorescence. Target se-
quencing of the DNA extracted from the whole-tumor samples, and
sorted cell populations were performed for 63 cancer-related genes.

We found 61 point mutations (missense, nonsense, and
frameshift) across 63 genes by targeted sequencing when whole-
tumor samples were analyzed, with 9 more somatic mutations via
sequencing of the sorted tumor cells (see Figure 1a, Supplementary
Digital Content 2, http://links.lww.com/CTG/A376). On cell
sorting, at least one somatic alteration (point mutation, small
insertion/deletion, or copy-number alteration), which was not
present in the corresponding sorted stromal cells, was revealed in
35 of 38 EACs analyzed (Table 1). It is interesting to note that
despite the high sequencing coverage, the allele frequencies of gene
mutations were greater in the sorted cells, where most variants are
found in the homozygous state (the number of reads supporting
the alternative allele was.80%). Instead, the analysis of unsorted
heterogeneous tumor samples revealed an abundance of low-

frequency genetic variants (under 20%) thatwere below the limit of
detection of conventional NGS analysis at lower coverage (below
4,000X) (see Figure 1b, Supplementary Digital Content 2, http://
links.lww.com/CTG/A376). Furthermore, in 5 cases, mutations in
hepatocyte nuclear factor-1 alpha (HNF1A), phosphatase and
tensin homolog, tumor protein 53 (TP53), and serine/threonine
kinase 11 were missed because of a very low percentage of alter-
native alleles in the analysis of the unsorted material.

CNA analysis

In 5 EAC cases, only one of the 63 genes that were analyzed was
mutated or had CNA, whereas the remaining cases presented
alterations in multiple genes (Table 1).

All stromal populations had aDNA index (DI) of 1, indicating a
normal diploid DNA content. Most cancer populations showed a
DI higher than 1 that is indicative of a hyperdiploid DNA content;
others showed a pseudodiploid DNA content (DI 5 1), more re-
sembling the profile of normal stromal cells. In 13 EAC cases, we
were able to isolate both hyperdiploid and pseudodiploid tumor
clones. Nine of 13 cases were further analyzed by low-pass whole-
genome analysis to verify whether pseudodiploid cells also showed
an aberrant genomic profile. Among the 9 cases, 2 cytokeratin-
positive pseudodiploid cell populations showed a normal copy
number profile (true-diploid) resembling the corresponding stro-
mal cells, whereas the other 7 cases showed aberrant copy number

Figure 1. High-throughput image-based cell sorting and analysis of recovered cell populations. (a) CNV profiles inferred from low-pass whole-genome
sequencing for different cell populations for 9 EACs, sorted based on antibodies against vimentin/pancytokeratin and based on the 4’,6-diamidino-2-
phenylindole signal. Gains and losses regarding the estimated main ploidy are shown in red and in blue, respectively. (b) Low-pass whole-genome profile
(chr1-22 and chrX) for 2 keratin-positive cell populations (L4356, pseudodiploid cells, green box; L4357 hyperdiploid cells, red box) sorted from sample
EAC19. Ploidy values are indicated on the y-axis; on the x-axis, the alteration of different chromosomes is plotted with different colors. CNAs in the tumoral
cells are indicated in red (amplification) and blue (deletion). (c) Principal CNAs identified in pseudodiploid (L4356) and hyperdiploid cell populations
(L4357) in EAC19. An approximate copy number value is indicated in brackets. CNA, copy number alteration; CNV, clustering of copy number variation;
EAC, esophageal adenocarcinoma.
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profiles (Figure 1a). These 7 cases actually contained the hyperdiploid
populations with different single-nucleotidemutational loads. In 2 of
these cases (EAC19 and EAC4), additional CNAs were detected in
hyperdiploid cells compared with those identified in the corre-
sponding pseudodiploid populations. It is likely that these subclones
might have developed during tumor progression (Figure 1b,c).

Identification ofmutations inHNF1A, a novelmutated gene in EAC

We identified mutations in HNF1A, a gene not previously
found to be mutated in EAC. This gene encodes a transcription
factor that acts as a tumor suppressor in pancreatic cancer (22).
We identified 2 HNF1A mutations: a missense mutation

(p.R263C), occurring in a residue important for DNA binding
(Figure 2a) and a deletion (c.864delG) mutation, resulting in a
frameshift mutation with a premature stop codon (Figure 2b).
The HNF1A frameshift mutation, identified in the sorted tu-
mor population, was confirmed with Sanger sequencing
(Figure 2c). The mutations in this gene were found in con-
junction with mutations in other genes: the p.R263C change
was found in conjunction with a somatic mutation of phos-
phatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha. The frameshift change was found with TP53, epidermal
growth factor receptor, FMS-like tyrosine kinase 3, and iso-
citrate dehydrogenase (NADP(1)) 2 mutations (Table 1).

Figure 2.Hepatocyte nuclear factor-1 alpha (HNF1A) mutations identified in the sorted populations of tumors with hyperdiploid (violet) and pseudodiploid
(brown)DNAcontent and in unsorted fractions (gray). Values represent the alternative allele frequency. (a) Frequency of the variant alleleHNF1Amissense
mutation p.R263C in the hyperdiploid tumor cell population (violet) (upper panel). The variant pathogenicity was evaluated using Protein Variation Effect
Analyzer. The protein domains are shown in the lower panel. The missense mutation (red arrow) is indicated. (b) Frequency of the variant allele HNF1A
deletion (c.864delG) in the different sorted tumor populations (hyperdiploid in violet and pseudodiploid in brown) (upper panel) and prediction of the stop
codon inserted by the frameshift mutation into themutant protein (lower panel). (c) Sanger sequencing of theHNF1A p.P291Qter51 frameshift mutation in
DNA isolated from the corresponding formalin-fixed, paraffin-embedded block of EAC15.
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Figure 3. Tumor protein 53 (TP53) mutations and correlation with expression in EAC. (a) TP53 p.Y220C mutation in the sorted pure populations of tumor
cells (red), stromal cells (blue), and unsorted cell fractions (violet). Values represent the alternative allele frequency (upper panel). Lower panel: Sanger
sequencing of DNA isolated from3different tissue sections of the same tumor tissue block, showing the presence of themutation as a heterozygous change
in only sections 1 and 2 (red arrow). (b) TP53 p.R267Gmutation in the sorted pure populations of tumor cells (red), stromal cells (blue), and unsorted cell
fractions (violet). (c) Immunohistochemistry indicating low p53 protein expression in a case with a normal p53 gene status (hematoxylin was used as a
counterstain). (d) Immunohistochemistry for p53 in a case of gene mutation and protein overexpression.
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Identification of mutations in TP53 and p53-regulated genes

Wedetectedmutations inTP53 in 28/38 cases (73.7%). In 4 cases, we
observed mutations in cyclin dependent kinase inhibitor 2A, a
p53-regulated target (Table 1).

The TP53 p.R273H hotspot mutation—found at a low per-
centage in unsorted tumor tissue samples of EAC6, EAC11, and
EAC26—and the nonsense mutation in cyclin dependent kinase
inhibitor 2A (p.R58*)—detected in sample EAC4—were con-
firmed by droplet digital PCR (see Figures 2a,b, Supplementary
Digital Content 3, http://links.lww.com/CTG/A377).

A total of 22TP53missense changes, 2 of which are classified as
functional in International Agency for Research on Cancer TP53
database (http://p53.iarc.fr/) based on overall transcriptional ac-
tivity, and 8 loss-of-function (stop codon/frameshift) changes were
detected in our EAC samples. In 2 cases, bothmissense and loss-of-
function changes were present in the samples (see Table 2, Sup-
plementary Digital Content 1, http://links.lww.com/CTG/A379).

Selective sorting identifies high intratumor heterogeneity

The presence of high intratumor heterogeneity was supported by
further validation of the mutations identified in the sorted cell
populations. In particular, in EAC36, we found the TP53missense
mutation p.Y220C in 59.77% and in 99.86% of the NGS reads
obtained from the 2 subclones of the sorted tumor cells. We con-
firmed themutationwith Sanger sequencing in 2 of 3 sections from
the same formalin-fixed, paraffin-embedded block. Analysis of the
third section revealed a very low variant allele peak, almost below
the detection threshold of Sanger sequencing, because of the
presence of different cell types within the cancer area (Figure 3a).

We identified a TP53 mutation (p.R267G) in EAC32 in a ho-
mozygous state in the sorted tumor cell population. Sanger se-
quencing of 2 different sections (unsorted material) from the same

tumor tissue block identified this TP53mutation only in one section,
confirming the intratumorheterogeneity of these cancers (Figure 3b).

Correlation between TP53 mutations and survival

We performed an immunohistochemical analysis for the p53
protein in all 38 cases and observed a significant correlation be-
tween p53 protein overexpression and the presence of mutations,
in line with previous data (P 5 0.004, Fisher exact test; Table 2;
Figure 3c,d) (23,24).

Nevertheless, there was a discordance between IHC immuno-
reactivity and the presence of mutations in 10 cases. In these 10
EACs, we identified 6 truncating mutations (stop codon or
frameshift changes) and 5missensemutations, 3 ofwhich classified
as nonfunctional according to International Agency for Research
on Cancer TP53 database (see Table 2, Supplementary Digital

Table 2. Correlation between p53 immunohistochemistry and

TP3 mutational status

p53 no

overexpression

p53

overexpression Total

TP53 wild-type 9 1 10

TP53 mutated 10 18 28

Total 19 19 38

P 0.004a

Measure of

agreement Value

Asymptotic

standard errorb Approx. Tc Approx.Sig

Cohen K

coefficient

0.421 0.130 2.947 0.003

The Fisher exact test was calculated to establish whether p53 immunohistochemistry
could indicate the presence of TP53mutations. The correlation was also evaluated
using the kappa coefficient of Cohen. Kappa values# 0 indicated no agreement,
0.01–0.20 none to slight, 0.21–0.40 fair, 0.41–0.60moderate, 0.61–0.80 substantial,
and0.81–1.00asalmostperfectagreement.However, this interpretationallows for very
littleagreementamongraters.For instance, inpercentagreement,61%agreementcan
be problematic because almost 40% of the data in the data set represent faulty data.
This is thereasonthatmany texts recommend80%agreement asacceptable interrater
agreement (37). TP53, tumor protein 53.
aFisher exact test.
bNot assuming the null hypothesis.
cUsing the asymptotic standard error assuming the null hypothesis.

Figure 4. SMAD family member 4 (SMAD4) expression and correlation
with clinical outcomes in EAC. (a) Immunohistochemical profile of a case
with SMAD4 loss in tumor cells vs normally expressed SMAD4 in non-
neoplastic glands and in stromal cells (upper left corner) (hematoxylin was
used as a counterstain) (320). (b) EAC grouped according to cancer with
high SMAD4 (,30% loss of protein expression; green bars) and low SMAD4
(.30% loss of protein expression; blue bars) anddisease recurrence (Fisher
exact test; P5 0.015). EAC, esophageal adenocarcinoma.
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Content 1, http://links.lww.com/CTG/A379). We evaluated the
concordance between p53 IHC and TP53 mutational status also
using theCohenk coefficient. The level of agreementwasmoderate
(k coefficient 5 0.421, P 5 0.003; Table 2). Based on our results,
p53 IHC staining showed a sensitivity of 64% and a specificity of
90%, with a positive predictive value of 95% and a negative pre-
dictive value of 47%, leading to an accuracy of 71% for the esti-
mation of mutations in TP53 gene (see Table 3, Supplementary
Digital Content 1, http://links.lww.com/CTG/A379). Although the
small sample size would impair a robust statistical assessment of
recurrence and survival, we carried out a preliminary analysis for
these clinical outcomes. In our cohort of cancers, not treated with
preoperative radiotherapy or chemotherapy, p53 immunostaining
could not predict survival outcomes (see Figure 3a,b, Supplemen-
tary Digital Content 4, http://links.lww.com/CTG/A378), whereas
TP53mutation status seemed to correlate with cancer-specific and
disease-free survival (5-year survival rates of 15% and 15% for
patients with normal TP53 status vs 43% and 40.2% for patients
with TP53 mutations; logrank P 5 0.028 and P 5 0.037, re-
spectively, see Figure 3c,d, SupplementaryDigitalContent 4, http://
links.lww.com/CTG/A378).

We observed a different distribution of TP53mutations in the
histological subtypes defined according to the Lauren classifica-
tion, i.e., intestinal vs diffuse types. In our sample, 77.4% of in-
testinal cases (a histological type associatedwith better outcomes)
(6–8) had TP53 mutations, with a statistically significant differ-
ences in frequency distribution (x2 test: P5 0.0023). This finding
was not observed for the diffuse type of cancers (x2 test: P 5
0.7055); however, the number of diffuse cases was relatively small
(see Table 4, Supplementary Digital Content 1, http://links.lww.
com/CTG/A379).

SMAD4 loss is associated with cancer recurrence

SMAD4 was one of the most frequently mutated genes in our
EAC cohort, occurring in 10.5% of patient. SMAD4 is an
important tumor suppressor frequently altered in cancers;
therefore, we also evaluated its expression by IHC in 34 of the
38 EAC samples (4 cases could not be analyzed because of
poor tissue quality).

The samples mutated in SMAD4 showed a clear signal re-
duction (Figure 4a). However, a signal reduction was also ob-
served in a substantial number of cases with no mutations in
SMAD4 (18/34, 52.9%) (Table 3), when using a cutoff of 30% of
SMAD4 to classify samples. The cutoffwas based on our previous
work on colon cancer (18,19). We observed a significant corre-
lation between SMAD4 loss and cancer recurrence, with 29%
patients having recurrence when SMAD4 immunoreactivity was
normal and 75% patients relapsing when SMAD4 was lost (P 5
0.015, Fisher exact test; Figure 4b). Although Kaplan-Meier
analysis did not reach statistical significance for cancer-specific
and disease-free survival (logrank P 5 0.383 and P 5 0.211,
respectively), the survival patterns were different for patients with
SMAD4 loss vs normal SMAD4 expression (5-year cancer-
specific survival 25.1% vs 62.5%; 5-year disease-free survival
22.9% vs 62.5%).

DISCUSSION
TP53 is the most commonly altered gene in EAC, a cancer char-
acterized by a considerable level of genetic heterogeneity, chro-
mosomal instability, and associated genome doubling (13).

Genome instability is considered to occur as an early event in
EAC tumorigenesis (3). Except for TP53, other genes are altered in
multiple EAC tumor samples but at a lower frequency. It has been
suggested that EACheterogeneity, exemplifiedby the amplification
of multiple receptor tyrosine kinase genes and genes involved in
downstreammitogenic pathways, may be responsible for the poor
response of EACs to drugs targeting isolated receptor tyrosine ki-
nases and mitogenic pathways (25). Therefore, identifying the

Table 3. SMAD4 immunoreactivity and genetic status of SMAD4
andTP53/cyclindependentkinase inhibitor2A(TP53-pathway)genes

EAC_ID
SMAD4
loss (%)

SMAD4
mutations

TP53-pathway
mutations (15 yes)

EAC7 0 — 1

EAC6 0 — 1

EAC15 0 — 1

EAC26 0 — 1

EAC18 0 — 1

EAC14 0 — 0

EAC5 0 — 1

EAC20 0 — 1

EAC11 0 — 1

EAC33 0 — 1

EAC29 0 — 1

EAC34 10 — 0

EAC13 10 — 0

EAC3 15 — 1

EAC2 20 — 0

EAC25 20 — 1

EAC31 30 — 1

EAC9 40 — 1

EAC24 40 — 0

EAC32 50 — 1

EAC30 50 — 1

EAC23 50 p.R361C 0

EAC10 50 — 1

EAC4 60 — 1

EAC19 80 — 0

EAC21 80 — 1

EAC38 90 — 0

EAC12 90 p.S144* 1

EAC36 90 — 1

EAC22 90 — 1

EAC1 99 — 1

EAC16 100 — 1

EAC17 100 p.G176* 1

EAC35 100 — 1

EAC, esophageal adenocarcinoma; SMAD4, SMAD family member 4; TP53,
tumor protein 53.
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major mutational profile of patients with EAC would allow to
stratify patients into specific mutational groups for targeting using
more specific therapeutic interventions.

In our study, we took advantage of a high throughput se-
lective sorting technology to investigate the different muta-
tional patterns of the diverse cell populations within the
tumor. In this line, we were able to investigate genomic al-
terations present in different types of tumor cells and exclude
stromal cells from these analyses. All stromal populations
were characterized by a normal diploid profile. In 7 cases, we
identified different tumor cell populations with hyperdiploid
or pseudodiploid DNA content that showed aberrant copy
number profiles and diverse somatic mutational loads. This
finding indicates the existence of different cell clones within
the same tumor, each of which can have different tumor be-
havior and response to conventional chemoradiotherapy, al-
though several might be relevant for targeted drug therapy.

We observed that the mutations present in 50% of the unsorted
tumorDNAwerepresent as almost unique alleles in the sorted tumor
cell populations. These mutations were absent in the corresponding
stromal cells recovered with the same technology.

We detected somatic mutations in the gene encoding the hepa-
tocyte nuclear factor HNF1a. Constitutive mutations in this gene
cause maturity-onset diabetes of the young (26). HNF1a regulates
targets such as glucose transporter 2, pyruvate kinase, and collectrin
(27). In pancreatic ductal adenocarcinoma, an aggressive cancer with
poor prognosis, HNF1A acts as a tumor suppressor, and loss-of-
function mutations in this gene have been reported (22). In a recent
study, the long noncoding RNA HNF1A antisense RNA 1 was
markedly upregulated in human primary EACs compared with the
corresponding normal esophageal tissues, and HNF1A antisense
RNA 1 knockdown significantly inhibited cell proliferation and
anchorage-independent growth in vitro (28). However, mutations in
EAC in theHNF1A gene have not been reported thus far; therefore,
our study identified a new gene mutated in EAC. Mutations in this
gene were found in conjunction with mutations in other genes;
therefore, we expect that lost/mutated HNF1A might contribute to
tumor severity/progression. Further analyses of additional cases are
warranted to investigate the role of this gene in EAC to understand
whether these mutations might act as a cancer driver or passenger.

In our study, most of the TP53 mutations were shifted to ho-
mozygosity in the sorted tumor populations, suggesting that they are
early events in tumorigenesis, as highlighted also by studies in Bar-
rett’s esophagus (3). Interestingly, in one case, we detected the mu-
tation p.Y220C in TP53 to be present in;100% of the sorted tumor
cells but to be present as a heterozygousmutation in only one section
from serial sections of the same tumor; DNAwas extracted from the
sections twice andwas sequencedwith Sanger sequencing, and these
results reinforce the concept of high intratumor heterogeneity.

Mutations in TP53 pave the way for many different molecular
derangements that lead to diverse histopathological features of
the tumors (14). Immunostaining for p53 showed only a mod-
erate correlation with the presence of gene mutations, in partic-
ular did not help us distinguish the presence of loss-of-function
mutations such as stop codon or frameshift variants from normal
p53 staining, in concordance with previous data (23,24).

Our study investigated a small number of EAC cases; thus, we
had a low power in detecting a strong correlation with recurrence
and survival. Nevertheless, our data suggest that a molecular
analysis of theTP53mutational status is relevant to select patients
who would be more suitable for selected therapies. Our patients

were not treated with neoadjuvant cisplatin/fluorouracil che-
motherapy, a treatment associated with poor response when p53
is mutated. This therapy requires a wild-type protein to be ef-
fective (29). On the other hand, the pharmacological reactivation
of mutant p53 has emerged as a promising strategy for improved
cancer therapy using small molecules that restore its wild-type
activity, such as APR-246/PRIMA-1Met. This molecule acts in
the presence of p53missensemutations and regulates several p53-
related pathways (30,31).

APR246/PRIMA-1 is already in clinical trials for different
types of cancers, including EAC (32).

In our study, we also identified SMAD4 expression as a good
and promising predictive factor for EAC recurrence. We con-
firmed that SMAD4-mutated samples showed a clear signal re-
duction, confirming a close correlation between the SMAD4
genotype and protein detection.

However, SMAD4 loss was also detected in a number of cases
without SMAD4 gene mutations, and its expression significantly
correlated with tumor recurrence. We presume that additional
regulatory mechanisms might be involved, such as promoter
hypermethylation, that can downregulate SMAD4 expression
(33). Our data are in line with previous studies on SMAD4 loss in
EAC, although those studies identified this loss in fewer cases
(34), with studies indicating epigenetic mechanisms of gene si-
lencing (33). Similarly, the early detection of SMAD4 molecular
defects may help direct targeted therapies, e.g., in the future,
SMAD4-deficient EAC may benefit from transforming growth
factor-beta pathway inhibitors (35,36).

In conclusion, our study showed that a combination of high-
throughput sorting technology and massive parallel sequencing
led to a better definition of the EAC mutational status and
intertumor and intratumor heterogeneity than does the analysis
of whole-tumor samples. Further studies in larger patient cohorts
will improve the accurate understanding of the different cell
populations in the primary EAC tumors, i.e., the tumor clonality,
and will allow to evaluate the predictive role of biomarkers, such
as TP53 and SMAD4.
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and somatic structural rearrangements. Moreover, EACs are
characterized by a high mutation frequency.
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3 In general, studies have thus far only analyzed DNA derived
from whole-tumor samples that are composed of cancer cells
and stromal and infiltrating immune cells. Therefore, the real
status of somatic mutations in cancer cells is masked by the
presence of stromal cells and/or different subclones carrying
different cellular mutational profiles.

3 Our study shows that a combination of high-throughput
sorting technology andmassive parallel sequencing leads to a
better definition of the EAC mutation status and intertumor
and intratumor heterogeneity than does the analysis of whole-
tumor samples.

3 We identified mutations inHNF1A (in 2/38 cases), a gene not
previously found mutated in EAC. This gene encodes a
transcription factor that acts as a tumor suppressor.

3 We demonstrate that there is a mismatch between SMAD4
mutational status and protein expression as assessed by IHC,
and a statistically significant correlation was observed
between loss of SMAD4 protein (IHC) and cancer recurrence
risk (P 5 0.015).

TRANSLATIONAL IMPACT

3 Because specific biomarkers, such as SMAD4 expression
and TP53mutation status, correlated with tumor recurrence
and/or are targeted by specific drugs in vitro, the evaluation of
suchmarkers in futuremay help facilitate tailored therapies to
improve the patient outcome.
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