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SUMMARY

Loss of the tumor-suppressor gene SMAD4 promotes pro-
gression of high-grade Barrett’s esophagus toward esoph-
ageal adenocarcinoma. This study provides a novel in vivo
model of dysplastic Barrett’s esophagus progression to-
ward invasive esophageal adenocarcinoma upon SMAD4
inactivation.

BACKGROUND & AIMS: Esophageal adenocarcinoma (EAC)
develops from its precursor Barrett’s esophagus through in-
termediate stages of low- and high-grade dysplasia. However,
knowledge of genetic drivers and molecular mechanisms
implicated in disease progression is limited. Herein, we inves-
tigated the effect of Mothers against decapentaplegic homolog 4
(SMAD4) loss on transforming growth factor b (TGF-b)
signaling functionality and in vivo tumorigenicity in high-grade
dysplastic Barrett’s cells.

METHODS: An in vivo xenograft model was used to test
tumorigenicity of SMAD4 knockdown or knockout in CP-B high-
grade dysplastic Barrett’s cells. RT2 polymerase chain reaction
arrays were used to analyze TGF-b signaling functionality, and
low-coverage whole-genome sequencing was performed to
detect copy number alterations upon SMAD4 loss.

RESULTS: We found that SMAD4 knockout significantly alters
the TGF-b pathway target gene expression profile. SMAD4
knockout positively regulates potential oncogenes such as
CRYAB, ACTA2, and CDC6, whereas the CDKN2A/B tumor-
suppressor locus was regulated negatively. We verified that
SMAD4 in combination with CDC6-CDKN2A/B or CRYAB genetic
alterations in patient tumors have significant predictive value
for poor prognosis. Importantly, we investigated the effect of
SMAD4 inactivation in Barrett’s tumorigenesis. We found that
genetic knockdown or knockout of SMAD4 was sufficient to
promote tumorigenesis in dysplastic Barrett’s esophagus cells
in vivo. Progression to invasive EAC was accompanied by
distinctive and consistent copy number alterations in SMAD4
knockdown or knockout xenografts.

CONCLUSIONS: Altogether, up-regulation of oncogenes, down-
regulation of tumor-suppressor genes, and chromosomal
instability within the tumors after SMAD4 loss implicates
SMAD4 as a protector of genome integrity in EAC develop-
ment and progression. Foremost, SMAD4 loss promotes
tumorigenesis from dysplastic Barrett’s toward EAC. (Cell Mol
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Abbreviations used in this paper: Cas9, CRISPR associated protein 9;
CNA, copy number alteration; DDCT, delta delta cycle threshold;
DMEM, Dulbecco’s modified Eagle medium; EAC, esophageal
adenocarcinoma; FBS, fetal bovine serum; FGA, fraction of the
genome altered; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; HGD, high-grade dysplasia; LC-WGS, low-coverage whole-
genome sequencing; NSG, NOD-SCID interleukin 2Rg knockout;
PBS, phosphate-buffered saline; PCR, polymerase chain reaction;
SDS, sodium dodecyl sulfate; sgRNA, single guide RNA; shRNA, short
hairpin RNA; STR, short tandem repeat; TBS, Tris-buffered saline;
TGF-b, transforming growth factor b.
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Thas increased rapidly over the past 4 decades.
Despite the use of multimodality therapy, consisting of
chemoradiotherapy combined with surgery, EAC has a high
overall mortality rate that has shown only incremental
improvements.1–3 EAC is considered to develop from Bar-
rett’s metaplasia, with studies supporting a linear model of
Barrett’s esophagus progression toward EAC through
increasing grades of dysplasia.4,5

Intriguingly, we still lack functionally defined molecular
drivers of this progression. One of the main barriers to
defining molecular drivers is the fact that the majority of
recurrent mutations in EAC are present across all stages of
disease development. Thus far, the only 2 genes in which
mutations have been identified to arise in a stage-specific
manner are TP53 and SMAD4.6

TP53 mutations predominantly arise during the progres-
sion of nondysplastic Barrett’s esophagus to high-grade
dysplasia (HGD).6 As such, TP53 gene mutations already are
present in the majority of cases with HGD and patients diag-
nosed with EAC. In contrast, genetic events leading to SMAD4
loss of function are found almost exclusively in the malignant
stage of the disease,6 and SMAD4 mutations or deletions are
late branching driver events in the evolution of EAC.7,8 There-
fore, TP53 and SMAD4mutations are likely to have relevance in
the progression to EAC. Although significant research efforts
are focusing on understanding the functional effects of TP53
mutations and restoring p53 wild-type function,9 herein the
focus was on deciphering the effects of SMAD4 loss of function
in cancer progression from HGD toward EAC.

Mutations in the gene encoding for SMAD4 are present in
approximately 13% of EAC patient samples, whereas SMAD4
protein loss is present in approximately 10% and 44% of
primary and metastatic disease, respectively.6,10 SMAD4 rep-
resents a common mediator of the transforming growth factor
b (TGF-b) pathway, which is known to have tumor-suppressive
activity across gastrointestinal tumors, including EAC, whereas
once the TGF-b pathway is deregulated, it could have tumor-
promoting activity.11 TGF-b pathway–mediated tumor sup-
pression results from transcriptional activation or repression of
TGF-b target genes.12 Of importance, SMAD4 loss itself has been
associated with increased susceptibility for EAC recurrence and
shorter overall survival.10 In addition, Frankel et al13 recently
reported SMAD4 mutation or homozygous deletion as a sig-
nificant negative prognostic indicator in EAC. However, the
functional consequences of SMAD4 loss in EAC development
and progression has not been elucidated. Notably, recent
research has reported common hyperactivation of the TGF-b
signaling pathway in 73% of EACs, and it has shown tumor-
promoting activity that may be independent of SMAD4.14

To address questions regarding the functional role of
SMAD4 loss in EAC, we first investigated the regulation of
TGF-b target genes upon SMAD4 loss in the high-grade
dysplastic Barrett’s esophageal cell line, CP-B. We report
up-regulation of oncogenes and silencing of tumor-
suppressor genes after SMAD4 loss in these cells. Based
on our initial evidence and previous reports that have
shown stage-specific SMAD4 loss of function in EAC,6 we
further investigated the functional effect of SMAD4 loss on
tumorigenesis. We describe a novel in vivo model of
dysplastic Barrett’s esophagus progression toward EAC,
suitable for preclinical utility. Finally, we delineate the
large-scale genomic events that occur upon SMAD4 loss and
progression from dysplastic Barrett’s esophagus to EAC.

Results
SMAD4 Loss Alters Expression of TGF-b Target
Genes in Response to Stimulation With TGF-b1

First, a Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) single-guide RNA (sgRNA)/ CRISPR associated
protein 9 (Cas9) approach was used to constitutively
knockout SMAD4 (Figure 1A) and mimic SMAD4 loss in a
high-grade dysplastic Barrett’s esophagus cell line, CP-B. For
CRISPR knockouts, single-cell clones were generated from
the cell pools (bulk) and SMAD4 protein was absent in a
number of clones (Figure 1A). Sanger sequencing confirmed
the presence of indel mutations at the sgRNA target sites in
exons 1 and 2 of CP-B clones Ex1 and Ex2, respectively
(Figure 1B and C). In vitro cell proliferation of SMAD4
knockout cells was not significantly different from comple-
mentary SMAD4 wild-type control cells (Figure 1D).

We functionally characterized the response to TGF-b
signaling, when its key mediator, SMAD4, is lost in dysplastic
Barrett’s cells. TGF-b1 induced G0/G1 cell-cycle arrest in SMAD4
wild-type cells, but not in SMAD4 knockout cells (Figure 1E and
F), indicating that deletion of SMAD4 results in deactivation of
TGF-b1–mediated cell-cycle arrest. Furthermore, we showed
that SMAD4 loss dictates the differential gene expression profile
of TGF-b–related target genes upon stimulation with TGF-b1
cytokines compared with basal conditions in the absence
(Figure 2A and B) or presence (Figure 2C and D) of serum. A 4-
way Venn diagram was created to visualize genes that are
regulated in response to TGF-b1 in SMAD4 wild-type cells and/
or SMAD4 knockout cells in the absence and/or presence of
serum (Figure 2E). For example, TGF-b1–induced up-regulation
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Figure 1. SMAD4 knockout and its functional role in human esophageal high grade dysplasia CP-B cells. (A) Western
blot of SMAD4 protein expression levels in CP-B SMAD4 sgRNA clonal populations Ex1 and Ex2 compared to Cas9 only
control cells. Representative results from Sanger sequencing demonstrating indel mutations within (B) SMAD4 exon 1 (Ex1)
and (C) exon 2 (Ex2) target sequences in 2 separate cell clones. (D) Relative cell number determined by cell viability assay
(Alamar Blue) from 24-168 hours following plating of 5x103 SMAD4 knockout cells (Ex1, Ex2) or Cas9 control cells. All ex-
periments were performed on 3 independent occasions each with 3-6 technical replicates. Data shown represent mean±SEM
(N¼3). (E) Representative histogram of cell cycle analyses (PI staining) in CP-B SMAD4 wild-type (Parental and Cas9) and
SMAD4 knockout (Ex1 and Ex2) cells following treatment with 10 ng/mL TGF-b1 for 24 hours. (F) Percentage increase in cells
arrested in G0/G1 following treatment with 10 ng/mL TGF-b1 for 24 hours. N¼3 independent experiments, data represent
mean ± SEM. Two-tailed Student t-test, ****P < .0001.
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Figure 2. Altered TGF-b signaling following SMAD4 knockout in CP-B cells. (A-D) Fold change in mRNA expression of
TGF-b signaling targets (RT2 Profiler PCR Arrays) in SMAD4 wild-type cells (CP-B Parental and CP-B Cas9) (A, C) and SMAD4
knockout cells (CP-B Ex1 and CP-B Ex2) (B, D) upon treatment with 10 ng/mL TGF-b1 for 16 hours without serum (A, B) or in
the presence of serum (C, D) compared to respective vehicle treated cells. Thresholds for fold change �1.5 and �0.7 were
chosen for up-regulated and down-regulated genes, respectively. Reciprocal fold change values are shown (y¼0 or fold
change 1 (no change) and y¼-2 or fold change 0.5). The arithmetic mean of housekeeping genes (ACTB, B2M, GAPDH,
HPRT1 and RPLPO) was used to calculate CT values for each gene. N¼1 experiment per each cell line (SMAD4 wild-type ¼
mean fold change ± SD of CP-B Parental and Cas9 cells; SMAD4 knockout ¼ mean fold change ± SD of Ex1 and Ex2 clones;
or SMAD4 knockout ¼ fold change of Ex2 for graph D). (E) 4 way Venn diagram representing the set of differentially regulated
genes following treatment with 10 ng/mL TGF-b1 for 16 hours compared to vehicle treated cells in the presence or absence of
serum in SMAD4 wild-type and SMAD4 knockout cells. Gene names in red and blue colour represent up- and down-regulated
genes, respectively.
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of GADD45B and down-regulation of SHH in parental cells was
lost in SMAD4 knockout cells. In contrast, TGF-b1–induced up-
regulation of SNAI1, PTHLH, and SERPINE1 expression, and
down-regulation of NOTCH1 expression was maintained in
SMAD4 knockout cells, suggesting that TGF-b1–mediated regu-
lation of these genes is SMAD4 independent.

SMAD4 Loss Dictates Up-Regulation of Potential
Oncogenes and Down-Regulation of Tumor-
Suppressor Genes in High-Grade Barrett’s
Esophagus Cells Independent of Exogenous
TGF-b1

Strikingly, we observed differential gene expression
profiles between SMAD4 knockout and SMAD4 wild-type
cells under basal conditions, irrespective of TGF-b1 treatment
(Figure 3A), as highlighted in clusters A and B (Figure 3B). In
addition, principal component analysis showed that the effect
of SMAD4 knockout on gene expression was greater than the
effect of the presence or absence of serum (Figure 4A) or TGF-
b1 treatment (Figure 4B), via clustering SMAD4 wild-type cells
from SMAD4 knockout cells (Figure 4A and B). Furthermore,
we identified genes responding to SMAD4 loss with statistical
significance regardless of the presence or absence of serum
(Figure 4C) or treatment with TGF-b1 (Figure 4D). Of note,
basal expression of CRYAB, ACTA2, and CDC6 was higher in
SMAD4 knockout cells compared with SMAD4 wild-type cells,
even without TGF-b1 treatment (Figure 5A–C). Overexpression
of these genes in cancer and their potential oncogenic roles
have been reported, including in gastrointestinal cancers.15–18

In addition, Cell division cycle 6 (CDC6) protein expression
was almost undetectable in SMAD4 wild-type cells, whereas
both SMAD4 knockout cell lines expressed high CDC6 protein
levels (Figure 5D). Previous research in mouse embryo fibro-
blasts showed that up-regulation of CDC6 was associated
with down-regulated expression of the CDKN2A/B tumor-
suppressor locus genes.19 Consistent with this finding, the
expression of CDKN2A/B genes (CDKN2A encodes splice
variants p16-CDKN2A and p14-ARF and CDKN2B encodes p15-
CDKN2B) was decreased in SMAD4 knockout/CDC6 high-
expressing CP-B cells in comparison with SMAD4 wild-type/
CDC6 low-expressing CP-B parental cells (Figure 5E).

Furthermore, we analyzed whether the presence of an
alteration (mutation, deep deletion, and/or up-regulated/
down-regulated messenger RNA expression) within SMAD4
and/or in the CDKN2A/B locus and/or in the CDC6 gene is
prognostic for survival outcomes (Figure 5F) in an esopha-
geal cancer patient cohort (The Cancer Genome Atlas, TCGA),
compared with the patients with no alterations in any of
these genes (Figure 5F). We also analyzed the survival rate
for cases with SMAD4 and/or CRYAB alterations compared
with cases without alterations in either of these genes
(Figure 5G). Strikingly, multivariate Cox proportional hazard
model analyses showed a strong association between the
group status and the hazard of death after adjusting for
confounding variables (Figure 5G). As such, the hazard of
death for the group with alterations in these genes was 2.62
(95% CI, 1.28–5.38; P ¼ .009) (Figure 5F) and 2.34 (95% CI,
1.20–4.56; P ¼ .013) (Figure 5G) times higher than the group
without alterations. We also assessed mutual exclusivity and
co-occurrence of alterations in SMAD4 and CDKN2A/B genes.
Of interest, SMAD4 alterations were mutually exclusive with
CDKN2B gene alterations (log2 odds ratio, -1.483; P ¼ .01)
encoding p15-CDKN2B in the same patient cohort, suggesting
that precancerous cells might rely on either of these events to
drive tumorigenesis. Overall, gene deregulation resulting
from the absence of wild-type SMAD4 could lead to increased
oncogenesis, implicating SMAD4 as a driver of EAC
tumorigenesis.

SMAD4 Loss Initiates Tumorigenesis of
Dysplastic Barrett’s Esophagus Cells In Vivo

To determine whether SMAD4 loss is a functional driver of
Barrett’s esophagus progression, in vivo xenograft experi-
ments using Non-obese diabetic-severe combined immuno-
deficiency interleukin-2 receptor g knockout (NSG) mice were
performed (Figure 6A). In addition to the CRISPR sgRNA
approach to knockout SMAD4, we used SMAD4-targeted short
hairpin RNAs (shRNAs) to constitutively knockdown SMAD4.
Two of the 4 SMAD4 shRNAs tested, sh1 and sh2, showed high
SMAD4 knockdown efficiency and were chosen for future ex-
periments (Figure 6B). These knockdown cells enabled us to
explore the dose-dependent effect of SMAD4 expression on
tumorigenicity in a bulk cell population. In vitro growth of
SMAD4 knockdown cells was not significantly different than
complementary empty vector control cells (Figure 6C).
Isogenic CP-B SMAD4 knockout, knockdown, or control
(parental, pGIPZ vector only, and Cas9) cells were injected
subcutaneously into mice. All mice injected with either CP-B
SMAD4 knockout or knockdown cells formed palpable tu-
mors. SMAD4 knockout tumors started to be detected
around day 150 (Figure 6D), while SMAD4 knockdown cells
started to formpalpable tumors fromday 180 (Figure 6E). In
addition, injection of bulk SMAD4 knockout cells resulted in
tumor formation in some mice at approximately day 300
(Figure 6D). The decrease in SMAD4 protein in bulk SMAD4
knockout cells was minimal (data not shown), presumably
owing to inefficient viral transduction and/or gene editing.
This likely explains why bulk SMAD4 knockout cells took
longer to form tumors. On the other hand, subcutaneous
injections of SMAD4 wild-type control cells did not result in
tumor formation, apart from 1 mouse of 17 that formed a
tumor at day 340 (Figure 6E). This tumor formed in a mouse
injected with CP-B parental cells. The tumor frequency after
cell injection in vivo and time to tumor onset are summa-
rized in Table 1.

Histologic and Functional Characterization of CP-
B SMAD4 Knockdown or Knockout Tumors and
Derived Cell Lines

Morphologic features of SMAD4 knockdown tumors
(Figure 7A and B, top panels) and SMAD4 knockout tumors
(Figure 7C and D, top panels) were largely similar. The tu-
mors were highly cellular, comprising sheets of epithelioid
to plasmacytoid cells, in areas resembling a fried egg
appearance with round prominent nuclei, dispersed chro-
matin, moderate amounts of eosinophilic cytoplasm, and a



Figure 3. Differential expression of TGF-b signaling target genes in SMAD4 knockout compared to SMAD4 wild-type
cells. (A) Relative expression levels of TGF-b signaling target genes (RT2 Profiler PCR Array) in SMAD4 knockout cells (CP-B
Ex1 and CP-B Ex2) vs SMAD4 wild-type cells (CP-B Cas9 only) under basal conditions (serum deprivation) for 16 hours.
Thresholds for fold change �1.5 and �0.7 are chosen for up-regulated and down-regulated genes, respectively. Reciprocal
fold change values are shown (y¼0 or fold change 1 (no change) and y¼-2 or fold change 0.5). N¼1 experiment per each cell
line (SMAD4 wild-type ¼ CP-B Cas9 only cells; SMAD4 knockout ¼ Ex1 and Ex2 clones). The comparison was made between
CP-B Cas9/Ex1 and CP-B Cas9/Ex2 and mean fold change ± SEM is shown. No error bars indicate SEM less than the symbol
size. (B) Hierarchical clustering indicating differentially expressed genes across individual samples, including 2 independent
replicates per each of CP-B parental and Cas9 (SMAD4 wild-type), and Ex1 and Ex2 (SMAD4 knockout) cells following
treatment with 10ng/mL TGF-b1 in serum deprivation for 16 hours and 1 independent group of untreated cells. Normalized
gene expression (-CT) within SMAD4 wild-type and SMAD4 knockout group of cells per each gene was used to generate the
clustergram with heatmap. The colour scale indicates -CT values. (A, B) The arithmetic mean of housekeeping genes ACTB,
B2M, GAPDH, HPRT1 and RPLPO was used to calculate CT values for each gene.
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Figure 4. Gene expression changes caused by SMAD4 knockout alone, irrespective of the presence or absence of
serum or TGF-b1 treatment. Principal component analyses (PCA) of differential gene expression between SMAD4 wild-type
and SMAD4 knockout CP-B cells. (A, B) The two-dimensional principal components of gene expression changes caused by
SMAD4 knockout. Each dot represents an experimental condition, SMAD4 wild-type (Parental and Cas9) and SMAD4
knockout (Ex1 and Ex2) CP-B cells (A) in the presence [S] or absence of serum and (B) in the presence [S] or absence of serum
and treated with TGF-b1 [T]. Experimental conditions with similar expression profile are grouped together. The contribution of a
variable (in percentage) to a given principal component is calculated with formula (variable cos2*100)/(total cos2 of the principal
component). (C, D) TGF-b signalling target gene expression in SMAD4 knockout (Ex1 and Ex2) vs. SMAD4 wild-type (Parental
and Cas9) cells (C) in serum presence or absence and (D) in serum presence or absence and TGF-b1 treatment. Normalization
was performed using the arithmetic mean of ACTB, B2M, GAPDH, HPRT1 and RPLPO genes with each individual sample. The
volcano plot displays statistical significance (-log10 P value) on the y axis vs. log2 Fold Change on the x axis. P values were
calculated by unpaired Student’s t test of the replicates (Delta CT) values for each gene in the SMAD4 knockout and SMAD4
wild-type groups. Fold-Change was calculated using (2^ (-Delta Delta CT)) method. Red vertical lines represent Fold Change
[log2] of gene expression (0.7 and 1.8 for down- and up-regulated genes, respectively), and the horizontal solid line represents
a P value [–log10] threshold (P value less than 0.05 is considered as threshold for statistical significance.
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mild degree of pleomorphism. Although the SMAD4 knockout
tumors were chiefly composed of epithelioid cells, there was
a presence of scattered, intervening spindle cells (Figure 7C
and D, top panels), whereas SMAD4 knockdown tumors did
not show this morphologic feature (Figure 7A and B, top
panels). One SMAD4 knockout tumor (CP-B E1-3) (Figure 7D,
top panel), although composed predominantly of spindle cells
that were morphologically similar to the other tumors, also
had significant interdigitating subcutaneous fat, with both a
nodular and septal distribution. Immunohistochemistry using
a human-specific mitochondrial antibody showed dot-like
positivity, consistent with a mitochondrial staining pattern,
in both SMAD4 knockdown (Figure 7A and B, bottom panels)
and knockout xenografts (Figure 7C and D, bottom panels),
confirming the human origin of the tumors. In addition,
SMAD4 knockdown (Figure 7E and F) and knockout
(Figure 7G) xenografts showed positivity for cytokeratin 7
(CK7), consistent with an EAC phenotype.
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Cell lines were rederived from 10 of the 19 tumors that
formed (Table 1). Importantly, cell lines established from
SMAD4 knockout clones (E1-1, E1-2, and E1-3) or SMAD4
knockdown (S1-1, S1-2, S1-3, S1-4, and S2-2) tumors still
had no or lower SMAD4 protein expression levels compared
with CP-B parental cells, respectively. CP-B E3-1 cells
derived from a xenograft that arose from bulk knockout
cells still expressed SMAD4 (Figure 8A). Interestingly, CP-B
Par-1 cells, derived from the only xenograft that arose from
the injection of control CP-B SMAD4 wild-type cells, had
substantially lower SMAD4 protein levels compared with
CP-B parental cells (Figure 8A). We next showed that pro-
liferation of CP-B SMAD4 knockdown (CP-B sh1) and CP-B
SMAD4 knockout (CP-B Ex1) cells grown only in in vitro
conditions was attenuated significantly compared with cells
that were established from corresponding tumor xenografts,
CP-B S1-2 and CP-B E1-1 (Figure 8B), respectively. In
addition, we showed that besides increased CDC6 expres-
sion in SMAD4 knockout cell lines grown only under in vitro
conditions (Figure 5D), CDC6 expression also was up-
regulated in cell lines rederived from SMAD4 knockdown
(S1-1–S1-3) and knockout (E1-1–E1-3) tumor xenografts
(Figure 8C). Interestingly, the extent of CDC6 up-regulation
seems to be directly proportional to the level of SMAD4
protein down-regulation in SMAD4 knockdown vs knockout
tumor xenografts. Overall, it is likely that during the
in vivo tumorigenic process, CP-B SMAD4 knockdown and
knockout cells acquired additional alterations that led to a
functionally altered growth profile compared with the
original cells grown only in in vitro conditions.

Cell Lines Rederived From CP-B SMAD4
Knockdown and Knockout Xenografts Have
Potent Tumorigenic and Metastatic Capabilities

The cell lines derived from tumors were re-injected into
mice to confirm their tumorigenicity. Interestingly, not only
are these cell lines tumorigenic, but they established
palpable tumors and reached ethical size limits in an
accelerated timeframe compared with the initial tumors
(Figure 9A). The tumor growth rates in vivo were variable
Figure 5. (See previous page). Altered expression of poten
esophagus cells with SMAD4 knockout. (A-C) Relative expre
wild-type and SMAD4 knockout cells assessed by RT-qPCR fo
absence of serum. Data represent the mean ± SEM of pooled re
or N¼1 experiment (CDC6) per each cell type (SMAD4 wild-type
Ex2 clones) and are expressed relative to untreated SMAD4 wild
in CP-B SMAD4 wild-type and knockout cells under basal growth
ARF, p15-CDKN2B and p16-CDKN2A in CP-B SMAD4 knockou
starved conditions. Data represent the mean ± SEM of pooled
(SMAD4 wild-type ¼ CP-B Cas9 only cells; SMAD4 knockout
comparison between CP-B Cas9/Ex1 and CP-B Cas9/Ex2. Mult
survival in cases with (F) a SMAD4 (mutation; deep deletion; mRN
B locus (CDKN2A (mutation; deep deletion; mRNA high and mul
high)) and/or a CDC6 (mutation; amplification; mRNA high and m
and/or a CRYAB (mutation; deep deletion and mRNA high) altera
in any of these genes (blue group, N¼55 in panel F, N¼139 i
N¼182) from the TCGA database. # Survival curves are adjuste
neoplasm histologic grade, primary lymph node presentation a
and American joint committee on cancer metastasis stage cod
between cell lines and there was no consistent relationship
between SMAD4 knockdown vs knockout cells and the
growth rate. These results suggest that the tumor growth
rates are dependent on additional genetic or epigenetic
changes that likely arose during tumorigenesis in vivo. In
addition, after re-injection of cell lines, it was observed that
CP-B E1-1, E1-2, and S1-4 cells acquired spontaneous
macrometastatic potential to the lungs and ipsilateral axil-
lary lymph nodes within 8–12 weeks, 2 common metastatic
sites in EAC patients (Figure 9B–D and Table 1). The met-
astatic deposits showed distinctive histologic features
characteristic of metastatic sites containing tumor cells (CP-
B S1-4) compared with normal lung tissue (Figure 9E), and
human-specific mitochondrial antibody showed dot-like
positivity (Figure 9F), confirming the human origin of the
metastatic cells.

Distinctive Copy Number Aberrations
Characterize Tumorigenesis in CP-B Cells Upon
SMAD4 Loss

The predominant mechanism of tumorigenesis driven by
SMAD4 loss in high-grade dysplasia is not clear. Considering
that CP-B SMAD4 knockdown or knockout cells injected in
the original experiment took 4–6 months to start growing
(Figure 6D and E), whereas cell lines derived from tumors
start growing within days after re-injection (Figure 9A), we
hypothesized that the original cells needed to acquire
additional molecular and genomic alterations before they
could begin to form tumors. It has been reported in previous
studies that copy number alterations (CNAs) are found more
frequently in EACs than in Barrett’s esophagus with
dysplasia when comparing paired patient samples.4,20

To acquire a deeper understanding of the genomic pertur-
bations that underlie tumorigenic conversion of the HGD
cells in vivo after SMAD4 depletion or loss, we performed
low-coverage whole-genome sequencing (LC-WGS) to detect
CNA. Initially, we noted the presence of pre-existing CNA
within high-grade dysplastic CP-B parental cells, such as
loss of whole chromosome 4, 8p, and 21q, and gain of whole
chromosome 20 (Figure 10A). More importantly, LC-WGS
tial oncogenes and tumor suppressor genes in Barrett’s
ssion of CRYAB, ACTA2 and CDC6 mRNA in CP-B SMAD4
llowing treatment with 10ng/mL TGF-b1 for 16 hours in the
sults for N¼2 independent experiments (CRYAB and ACTA2)
¼ CP-B Cas9 only cells; SMAD4 knockout ¼mean of Ex1 and
-type cells (CP-B Parental). (D) Western blot of CDC6 protein
conditions. (E) Relative mRNA expression (RT-qPCR) of p14-

t cells compared to SMAD4 wild-type cells under basal serum
results for N¼2 independent experiments per each cell line
¼Ex1 and Ex2 clones). Individual data points represent the
ivariate Cox proportional model showing association of overall
A high; mRNA low or multiple alterations), and/or a CDKN2A/

tiple alterations) and CDKN2B gene (deep deletion and mRNA
ultiple alterations) alteration (red group, N¼127); (G) a SMAD4
tion (red group, N¼43), compared to cases without alterations
n panel G) in esophageal cancers (total number of samples,
d for both continuous (age at diagnosis) and categorical (sex,
ssessment, American joint committee on cancer stage code
e) prognostic variables.



Figure 6. Tumor formation following SMAD4 knockout or knockdown in high grade dysplastic Barrett’s cells. (A)
Experimental plan of in vivo experiment that includes injection of SMAD4 wild-type control cells (parental, pGIPZ vector only,
or Cas9 only expressing CP-B cells), SMAD4 knockout (bulk and clonal CP-B cells), or SMAD4 knockdown (CP-B sh1, CP-B
sh2) cells in N¼4-12 mice per group. (B) Western blot of SMAD4 protein expression levels in CP-B cells transduced with pGIPZ
empty vector or four different SMAD4 shRNA constructs (sh1-4). (C) Cell confluency assay comparing relative cell growth from
24-144 hours following plating of 1x104 cells with pGIPZ empty vector or the two most efficient SMAD4 shRNA constructs (sh1
and sh2). All experiments were performed on 3 independent occasions each with 3-6 technical replicates. Data shown
represent mean±SEM (N¼3). (D, E) Kaplan-Meier curves showing the percentage of mice with detected tumors following
injection with (D) CP-B SMAD4 knockout cells or (E) CP-B SMAD4 knockdown cells compared to SMAD4 wild-type cells. Ticks
represent mice that were euthanised due to signs of ill health but did not have a tumor (confirmed at necropsy).
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data showed that the majority of tumorigenic SMAD4
knockdown or knockout CP-B cells showed distinctive and
consistent CNA when compared with CP-B SMAD4 wild-type
cells (Figure 10A), such as gain of 8q and 12p, partial gain in
6q and 12q, 20p high gain, and loss of 14q21.1-24.3 chro-
mosome regions (Figure 11 and Table 2). These alterations
largely happened within the same regions of the genome in
each tumor, which might suggest a specific relationship
between the observed alterations and loss of SMAD4
expression. Representative copy number profiles of

SMAD4 wild-type (CP-B parental) and a tumor cell line with

SMAD4 loss (CP-B E1-1) are shown (Figure 10B). In addi-

tion, we determined the fraction of the genome altered

(FGA) by CNA in sequenced cells. Crucially, tumorigenic

SMAD4 knockdown or knockout cells showed significantly

higher FGA compared with the CP-B SMAD4 wild-type

control cells (Figure 10C).



Table 1.Tumor Frequency In Vivo and Established Cell Lines

Cells injected Tumor frequency
Mean time to tumor
onset, d (range) Cell lines established Cell line names (CP-B)

Controls Parentala 1/6 343 1/1 Par-1
pGIPZ vector onlya 0/6 NA NA NA

Cas9 onlya 0/5 NA NA NA

shRNA knockdown SMAD4 sh1 6/6 251 (189–311) 4/6 S1-1,a S1-2,a S1-3,a

S1-4a,b

SMAD4 sh2 6/6 308 (189–462) 1/6 S2-2

CRISPR knockouts Bulk knockouts 2/9 331 (294–368) 1/2 E3-1
Ex1 clonea 4/4 159 (147–179) 3/4 E1-1,a,b E1-2,a,b E1-3a

NOTE. The suffixes S1/S2 and E1/E3 appended to a cell line name indicates that these cells have been developed from sh1-
and sh2-mediated SMAD4 knockdown and SMAD4 knockout (E1, clonal; E3, bulk) tumors, respectively. In addition, the suffix
“-“ with number 1, 2, 3, or 4 appended to the end of the cell line name indicates the number of the mouse with the tumor. The
Par-1 cell line was developed from the only control tumor that arose from an injection of CP-B parental cells.
aLC-WGS was performed (see Figures 10 and 11).
bFormed spontaneous metastases from xenograft.
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Discussion
Although previous genomic studies have identified EAC

drivers using bioinformatics approaches,13,21–23 functional
studies of EAC drivers in relevant models of disease devel-
opment and progression are lacking. In addition, most of the
recurrent mutations in EAC already are present at similar
frequencies in nondysplastic Barrett’s esophagus, with the
exception of mutations in TP53 and SMAD4 tumor-
suppressor genes, which arise characteristically in high-
grade dysplasia and cancer, respectively.6 Therefore,
focusing on deciphering the role of stage-specific mutations
and the importance of the mutations not present in Barrett’s
esophagus but only in EAC, such as SMAD4 mutations, could
provide useful clinical targets for invasive disease.24

This study provides evidence in preclinical models of
EAC development that SMAD4 inactivation is sufficient to
initiate tumorigenesis in high-grade dysplastic Barrett’s
esophagus cells in vivo. Understanding the tumor initiation
processes in the setting of SMAD4 loss in precancerous cells
is of high importance for discovering mechanisms and
clinically discriminatory markers implicated in progression
toward EAC. The lack of clinically relevant biomarkers
predicting Barrett’s esophagus patients at high risk of pro-
gression to EAC makes our findings even more compelling.
TP53 mutations are recognized as a risk factor for EAC
development in patients with Barrett’s esophagus.25

Therefore, the detection of TP53 in conjunction with
SMAD4 mutation or loss could provide clinically relevant
biomarkers indicating a high risk of progression to EAC and
warranting early intervention.

SMAD4 knockout led to differential expression of TGF-b
pathway target genes compared with SMAD4 wild-type
parental cells under both basal conditions and TGF-b1
treatment. As such, SMAD4 knockout cells lost the ability to
up-regulate expression of genes such as GADD45B, respon-
sible for inducing cell-cycle arrest,26 or down-regulating
expression of SHH, aberrant activation of which has been
implicated in EAC tumorigenesis.27 However, it should be
noted that SMAD4 loss may have a broader impact on gene
expression, apart from deregulation of just TGF-b pathway
target genes.

Strikingly, the magnitude of differential gene expression
changes was more pronounced when comparing SMAD4
wild-type and SMAD4 knockout cells independent of TGF-b1
treatment and time point, or the absence or presence of
serum. Of note, up-regulation of potential oncogenes such as
ACTA2,15 CDC6,28 CRYAB,16 and TNFSF1029 was observed
in SMAD4 knockout cells compared with SMAD4 wild-type
cells.

Notwithstanding the essential roles of CDC6 in DNA
replication and cell-cycle regulation,30 its deregulation in
cancer development and progression has been scarcely
studied, including in EAC. We report up-regulation of CDC6
upon SMAD4 loss, and this transcriptional regulation is
likely to be through the release of suppressive activity of
SMAD4 as a transcription factor. Consistent with this, we
showed that the extent of CDC6 expression was dependent
on SMAD4 expression levels in CP-B cells. Intriguingly,
recently published data showed a novel mechanism of Cdc6
up-regulation in E3 ubiquitin ligase E6AP-/- mouse embryo
fibroblasts.19 Of interest, E6-associated protein (E6AP) re-
duces the E2F1-dependent positive transcription of Cdc6,
the potential repressor gene of the Cdkn2a/b (Cdkn2a en-
codes p16-Cdkn2a and p19-Arf, homolog to p14-ARF in
human beings, and Cdkn2b encodes p15-Cdkn2b) tumor-
suppressor locus in mouse fibroblasts.19 In our study,
expression of CDKN2A/B locus genes was down-regulated
significantly in CP-B SMAD4 knockout cells with high
CDC6 expression levels compared with parental cells with
low CDC6 expression. Given that the CDKN2A/B locus en-
codes for critical tumor-suppressor genes and frequently is
altered across cancers,31 understanding the silencing
mechanism of the CDKN2A/B locus via SMAD4 loss/CDC6
up-regulation may aid in deciphering how SMAD4 loss
contributes to tumorigenesis. Among other oncogenes, B2M
also was up-regulated in SMAD4 knockout cells.



Figure 7. Histological characterisation of SMAD4 knockdown or knockout xenograft tumors. Representative H&E (upper
panels) and human specific mitochondrial staining (lower panels) of (A, B) SMAD4 knockdown tumor xenografts (CP-B S2-2;
CP-B S2-1); and (C, D) SMAD4 knockout tumor xenografts (CP-B E1-1; CP-B E1-3). Red arrows point to cells with spindle like
morphology. Representative CK7 immunohistochemistry staining across SMAD4 knockdown (E) CP-B S2-1; (F) CP-B S1-1;
and SMAD4 knockout (G) CP-B E1-2 tumor xenografts. Scale bars represent 100 mm.
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Interestingly, B2M has been reported recently as a novel
EAC driver gene13 and has been implicated previously in
acquired resistance to immunotherapy.32 Altogether, these
results led us to investigate the effect of SMAD4 loss on
Barrett’s esophagus progression and its potential as an EAC
driver.

We found that knockdown or knockout of SMAD4 was
sufficient to promote tumorigenesis in high-grade dysplastic



Figure 8. Characterisation of SMAD4 knockdown or knockout tumour derived cell lines. (A) Western blot of SMAD4
protein levels across cell lines re-derived from xenografts. (B) Relative cell number determined by a cell viability assay (Ala-
marBlue) at 144 hours following plating 2x103 of CP-B sh1 SMAD4 knockdown (Control) cells or CP-B Ex1 SMAD4 knockout
(Control) cells versus cells re-established from corresponding xenografts CP-B S1-2 and CP-B E1-1, respectively. Cell viability
assays were performed on 3 independent occasions each with 6 technical replicates. Data points represent means of technical
replicates for each individual experiment, bars represent mean ± SEM for N¼3 experiments. *P < .05, ***P < .001: Two-tailed
Student t test. (C) Western blot of CDC6 protein across CP-B SMAD4 wild-type (Parental), SMAD4 knockout grown under in
vitro conditions only (Ex1) cells and cell lines re-derived from SMAD4 knockdown (S1-1 – S1-3) and knockout (E1-1 – E1-3)
tumor xenografts.
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CP-B cells. However, the long latency period between
introduction of the cells into mice and tumor formation led
us to speculate that additional events were required for
tumor growth. Overall, SMAD4 knockdown and SMAD4
knockout tumors displayed CNA that frequently are pre-
sented across common adenocarcinomas of the gastroin-
testinal tract, including EACs.20,33,34 Distinctive CNA were
present only in cells derived from SMAD4 knockdown/
knockout tumor xenografts, but not in CP-B parental cells or
SMAD4 knockdown/knockout cells grown only in vitro.
Future work is required to more precisely map the genetic
mutations and alterations that accompanied tumor forma-
tion in this model and to determine potential cooperative
drivers with SMAD4 loss.

In addition, we detected spontaneous metastatic potential
in some of the re-injected tumorigenic SMAD4 knockdown and
SMAD4 knockout cells. Recently, it was reported that SMAD4
loss is present in approximately 44% of patients with locore-
gional and distant metastasis, suggesting an important role of
SMAD4 loss in driving the invasive and metastatic potential of
EAC.10 These initial observations will need further functional
characterization to understand why SMAD4 loss is advanta-
geous to invasive and metastatic potential in EAC.

Contextual and dual activity of TGF-b signaling as a tumor-
promoting or tumor-suppressive pathway has been reported
in different cancer types. Nevertheless, TGF-b displays major
tumor-suppressive activity across gastrointestinal cancers and
the inactivation of TGF-b signaling components has been re-
ported frequently in gastrointestinal tumors.11 However, the
mechanistic basis underlying disease development and pro-
gression upon disruption of TGF-b signaling components re-
mains unsolved in cancers, including EAC.
Herein, we propose a model of malignant progression
from HGD toward EAC upon SMAD4 loss. Altogether, it is
likely that SMAD4, as a tumor suppressor, represents an
essential gatekeeper of genomic stability within dysplastic
Barrett’s cells. In dysplastic Barrett’s cells, wild-type SMAD4
negatively regulates CDC6 and positively regulates CDKN2A/B
tumor-suppressor locus expression. Thus, SMAD4 loss may
have led to increased genomic instability through a complex
network of inactivation of tumor-suppressor genes within the
CDKN2A/B locus. Alternatively, CDC6 is involved in the early
origin of DNA replication control, which is critical for main-
taining cell homeostasis and genomic stability.30 DNA replica-
tion stress, including through increased CDC6 activation,35 has
been recognized as a significant contributor to genomic insta-
bility that may lead to further tumor development.36,37 Thus,
our data suggest that up-regulation of the CDC6 oncogene upon
SMAD4 loss, leading to genomic instability through increasing
replication stress, is implicated in Barrett’s tumorigenesis. To
further support this concept, we report increased chromosomal
instability, presenting as distinctive CNA, after SMAD4 loss in
esophageal HGD cells in vivo. Given the replication stress and
increased genomic instability, it may be possible to use vul-
nerabilities in cells with SMAD4 loss as a therapeutic advan-
tage. As such, targeting additional mechanisms important in
maintaining genomic stability could aid in eradicating tumor
cells with SMAD4 loss via synthetic lethal interactions.
Implications and Conclusion Highlights of This
Study

This study reports that SMAD4 loss promotes progres-
sion of high-grade Barrett’s esophagus toward EAC, showing
that SMAD4 is an essential tumor-suppressor gene and that



Figure 9. Potent tumorigenic and metastatic features of CP-B cell lines established from SMAD4 knockdown and
knockout xenografts. (A) Tumor growth following injection of cell lines re-derived from xenografts that arose from CP-B
SMAD4 knockdown (blue lines), knockout (red lines) or parental (green line) cells. See Table 1 for further details. Data represent
mean ± SEM, N¼4 mice per group. (B-D) Representative images of necropsy of NSG mouse with primary tumor (B, black
arrow), with widespread right axillary lymph node (C, red arrow) and lung (D, blue arrows) macroscopic metastases. (E) H&E
counterstaining of metastatic sites within lungs from CP-B S1-4 subcutaneous xenograft. Dashed red lines demarcate the
border between the normal lung tissue and metastatic tumor cells. (F) Human specific mitochondrial immunohistochemistry
staining of metastatic sites within lungs. Scale bars represent 100 mm.
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its loss leads to the development of EAC. Importantly, we

describe a preclinically relevant in vivo model of progres-

sion of high-grade Barrett’s esophagus to EAC that is

amenable for further functional characterization of tumori-

genic, invasive, and metastatic EAC biology. Given that the
background genetic and epigenetic alterations in CP-B cells

have not been fully characterized and that we used 1 cell

model of Barrett’s esophagus progression, some of our

findings could be context-dependent. Nevertheless, this

work implicates SMAD4 as a protector of genome integrity,
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opening new possibilities to investigate synthetic lethal in-
teractions and therapeutic targets for EAC. Furthermore,
incorporating SMAD4 loss as a clinically relevant biomarker
of dysplastic Barrett’s progression toward EAC might be of
utmost benefit for early intervention and prevention of this
deadly cancer.

Materials and Methods
All authors had access to the study data and reviewed

and approved the final manuscript.

CP-B Cell Line Characteristics and Culture
The human telomerase reverse transcriptase (hTERT)

immortalized Barrett’s epithelial cell line, CP-B (also identi-
fied as CP5273138), was obtained from Professor Peter
Rabinovitch (University of Washington, Seattle, WA). The
primary cells fromwhich this line was derived were obtained
from a region of human Barrett’s esophagus containing HGD,
which makes them a suitable cell model system for studying
Barrett’s tumorigenesis.38 CP-B cells are reported to be TP53,
CDKN2A,38 and KRAS13 mutant, and also are known to have
existing genomic copy number alterations.38,39 CP-B parental
cells were grown in MCDB-153 medium containing 400 ng/
mL hydrocortisone, 20 ng/mL epidermal growth factor, 20
mg/mL adenine, 140 mg/mL bovine pituitary extract, ITS
Liquid Media Supplement (100�) for the final concentration
of 2.5 mg/mL insulin, 1.4 mg/mL transferrin, 1.3 ng/mL se-
lenium (all from Sigma-Aldrich, Sydney, Australia), 10 nmol/
L cholera toxin, 5% v/v fetal bovine serum (FBS), 375 ng/mL
fluconazole (Sigma-Aldrich, Sydney, Australia), and 4 mmol/
L L-glutamine (Glutamax; Invitrogen, Thermo Fisher Scien-
tific, Carlsbad, CA), adjusted to a pH of 7.2. Cell line authen-
tication was conducted by short tandem repeat (STR)
analysis using the PowerPlex 16 genotyping system (Prom-
ega, Madison, WI) and cultures were confirmed as myco-
plasma free by polymerase chain reaction (PCR) (Cerberus
Sciences, Scoresby, Australia).

Cell Viability, Cell Proliferation (Confluency), and
Cell-Cycle Assays

AlamarBlue (Life Technologies, Melbourne, Australia) re-
agent was used to determine cell viability. Cellular prolifera-
tion was determined using the IncuCyte Live-Cell Analysis
System, which automatically captures and analyzes images of
Figure 10. (See previous page). Copy number alterations in
tumorigenic transformation in vivo. (A) Genome wide copy
Parental; CP-B Cas9; CP-B pGIPZ); SMAD4 knockout (CP-B Ex1
and tumorigenic SMAD4 knockdown (CP-B S1-1, S1-2, S1-3, S
xenograft tumors. See Table 1 for further details. Summary of th
chromosomes. (B) CN profile for 2 representative cell lines: CP-
50 kb normalized read count ratios. Log2 ratio equal to zero corr
1 to 22 as well as X and Y are shown and segments from highly
for details). (C) Fraction of the genome altered by CNA in cells
nografts and CP-B SMAD4 wild-type controls. CP-B cells comp
and Cas9 only (SMAD4 w/t Control), original SMAD4 knockdow
cells grown in in vitro conditions only and tumorigenic SMAD4 k
(SMAD4 ko tumors, CP-B E1-1 to -3) cells derived from xenog
represent mean ± SEM for each group. *P < .05: One way ANO
living cells based on algorithms for each cell line designed
using proprietary software (Incucyte FLR; Essen BioScience,
Ann Arbor, MI). The assays used to assess the cell cycle have
been described previously.40 For assessing cell viability, cells
were seeded in a 96-well format plate, and allowed to adhere
overnight. After treatment or plating only, 20% (v/v) Ala-
marBlue was added to each well, incubated in humidified in-
cubators for 2 hours at 37�C, and the intensity of fluorescence
was measured using a FLUOstar OPTIMA microplate reader
89 (BMG Labtech, Mornington, Australia) at an excitation
wavelength of 540 nmand an emissionwavelength of 590 nm.
The intensity of fluorescencewasmeasured every 24 hours or
at the last time point. For cell proliferation experiments, cells
were seeded in 96-well plates and allowed to adhere over-
night. After treatment or plating only, cellswere imaged either
every 24hours or at the last time point. For cell-cycle analyses,
1 � 106 cells were seeded in 10-cm Petri dishes, allowed to
adhere and grow for 48 hours, then treated with 10 ng/mL
TGF-b1 for 24 hours. After the treatment, all adherent cells
were collected, centrifuged, and the supernatant was
removed. Cells were washed in cold phosphate-buffered sa-
line (PBS) with 1% FBS, fixedwith ice-cold 70% ethanol, then
stained for 120minutes at room temperature in the darkwith
25 mg/mL propidium iodide (Molecular Probes, Eugene, OR)
and 40 mg/mL RNAse A (Qiagen, Hilden, Germany) dissolved
in PBS. At least 1 � 104 single-cell events were detected by
flow cytometry (BD FACSCanto II; BD Bioscience, San Jose,
Canada) and analyzed using Flowlogic software (Inivai
Technologies, Mentone, Australia). The distribution of cells in
each cell-cycle phase was presented as a percentage of the
total cell population.
Western Blot Analysis
Whole-cell protein extracts were prepared by lysis

at 4�C in RIPA buffer (1 mmol/L EDTA, 1% (v/v)
nonyl phenoxypolyethoxylethanol (NP40), 0.5% (w/v) so-
dium deoxycholate, 0.1% (v/v) sodium dodecyl sulfate
(SDS), 50 mmol/L sodium fluoride, 1 mmol/L sodium py-
rophosphate in PBS containing phosphatase (PhosphoSTOP;
Roche, Hawthorn, Australia), and protease (Complete UL-
TRA; Roche) inhibitors. Protein quantification was per-
formed using a Bio-Rad DC protein assay (Bio-Rad, Hercules,
CA). Equivalent amounts of total protein lysates were sus-
pended in 5� SDS sample buffer, and RIPA buffer was
CP-B cells following SMAD4 knockdown/knockout and
number (CN) profile across; SMAD4 wild-type cells (CP-B
) and SMAD4 knockdown (CP-B sh1) cells grown in vitro only;
1-4) and knockout (CP-B E1-1, E1-2, E1-3) cells derived from
e gains (blue) and losses (red) for individual cell lines across all
B Parental and CP-B E1-1. Each dot on the graph represents
esponds to a copy number of 2. Separate chromosomes from
repetitive or problematic regions were removed (see methods
established from SMAD4 knockdown or knockout tumor xe-
ared are SMAD4 wild-type cells, parental, pGIPZ vector only
n or knockout (SMAD4 kd/ko cells, CP-B sh1 and CP-B Ex1)
nockdown (SMAD4 kd tumors, CP-B S1-1 to -4) or knockout
raft tumors. Data points represent individual cell lines, bars
VA with Tukey’s multiple comparison test.



Figure 11. Distinctive copy number alterations across individual chromosomes in CP-B cells following SMAD4
knockdown/knockout and tumorigenic transformation in vivo. Copy number changes for individual chromosomes 6, 8, 12,
14, and 20 in SMAD4 wild-type cells (CP-B Parental; CP-B Cas9; CP-B pGIPZ); SMAD4 knockout (CP-B Ex1) and SMAD4
knockdown (CP-B sh1) cells grown in vitro only; tumorigenic SMAD4 knockdown (CP-B S1-1, S1-2, S1-3, S1-4) and knockout
(CP-B E1-1, E1-2, E1-3) cells derived from xenograft tumors (see Table 1 for more details). Plots were constructed via Control-
FREEC tool. Red and blue colors represent gains and losses, respectively, whereas green colour represents no changes in
copy number. Scale of the x axis is presented in megabase pairs (Mb).
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Table 2.Summary of Frequent CNAs (LC-WGS) Across Cell Lines Rederived From SMAD4 Knockdown and Knockout
Xenograft Tumors

Chromosome

SMAD4
knockdown
(in vitro)

SMAD4
knockout
(in vitro) Tumorigenic SMAD4 knockdown Tumorigenic SMAD4 knockout

Sh1 Ex1 clone S1-1 S1-2 S1-3 S1-4a E1-1a E1-2a E1-3

6 6bq22.31-
23.3b

6p12.1-
11.2c

6p12.1-11.2c 6q22.31-23.3b,
6q22.1c

6q22.31-23.3b,
6q22.1c,

6p12.1-11.2c

6q22.31-
23.3b,
6q22.1c

7 7q11.22-11.23c,
7q11.23-36.3b

7q11.23-36.3
partialb

7q11.22-
11.23c,
7q11.23-
36.3b

8 8qc 8qc 8qc 8q
partialc

8qc 8qc 8qc 8qc

12 12p12.2-11.21
partialc,
12qc

12p13.33-
11.21 partialc,

12qc

12p13.33-11.21
partialc,
12qc

12p13.33-
11.21 partialc,

12qc

12p13.33-
11.21c

14 14q21.1-
24.3b

14q21.1-24.3 14q21.1-24.3b 14q21.1-
24.3b

17 17pc 17pc 17pc 17pc 17pc 17pc 17pc 17pc

20 20pc 20pc

aMetastatic cell lines.
bCopy number loss.
cCopy number gain.
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added to reach a final concentration of 1� SDS sample buffer
(313 mmol/L Tris HCl, pH 6.8, 50% [v/v] glycerol, 10% [v/v]
b-mercaptoethanol, 10% [w/v] SDS, and 0.05% [w/v] bro-
mophenol blue), boiled, and resolved by SDS–polyacrylamide
gel electrophoresis using 10%–15% (w/v) polyacrylamide
gels. After SDS–polyacrylamide gel electrophoresis, proteins
were semi–dry transferred to methanol-activated poly-
vinylidene difluoride membranes. Western blots were
blocked for 1 hour in 5% (w/v) skim milk dissolved in Tris-
buffered saline (TBS) containing 0.1% (v/v) Tween 20 and
then probed overnight at 4�C with the primary antibody,
followed by incubation with corresponding peroxidase-
conjugated secondary antibody (Agilent Technologies,
Santa Clara, CA) for 1 hour at room temperature. The primary
and secondary antibodies used for Western blot are listed in
Table 3. The horseradish-peroxidase–conjugated secondary
antibodies were detected using Western Lightning Enhanced
Chemiluminescence (PerkinElmer, Billerica, MA) or ECL Plus
Western blot substrate kits (Thermo Scientific, Scoresby,
Australia). Membranes were reprobed with anti–b-actin or
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
antibodies to assess protein loading. All blots were washed 3
times in rinsing buffer (0.1% [v/v] Tween 20 in TBS) for 10
minutes between different incubations.
shRNA-Mediated Stable SMAD4 Knockdown
Stable SMAD4 knockdown was performed using

microRNA-adapted shRNA with the pGIPZ lentiviral vector
(GIPZ Lentiviral Vector; Dharmacon, CO) according to
the manufacturer’s instructions. The following shRNA se-
quences were used: sh1 (Dharmacon ID: V2LHS_37196)
CTGCTAAATTCTATGTTAA; sh2 (Dharmacon ID: V2LHS_
37198) GACAATATGTCTATTACGA; sh3 (Dharmacon ID:
V3LHS_359404) ACGAGTTGTATCACCTGGA; and sh4 (Dhar-
macon ID: V3LHS_408444) AGAGAAGTTCTCAAAGTTA.
SMAD4 Knockout Using CRISPR/Cas9
Technology

CRISPR/Cas9-mediated SMAD4 knockout was performed
using lentiviral vectors containing a constitutively expressing
Cas9 construct and a doxycycline-inducible short guide RNA
(sgRNA) construct. The experimental work for genomic
knockout of SMAD4was adapted frompreviously established
protocols.41,42 For production of lentiviral particles, human
embryonic kidney 293T (HEK293T) cells were seeded at low
confluency in T75 flasks 2 days before transfection, and fresh
mediawas changed 24 hours before transfection. A total of 10
mg vector DNA plasmid together with 10 mg Lenti-X pack-
aging mix (Clontech, Mountain View, CA) and poly-
ethylenimine (4.5 mg/mg DNA; Sigma-Aldrich) in Dulbecco’s
modified Eagle medium (DMEM) containing tetracycline-free
FBS were applied drop-wise onto the HEK293T cells. Culture
medium was changed after 24 hours, and viral supernatant
was collected at 72 and 96 hours after transfection. Super-
natant was filtered through a 0.45-mm filter to make cell-free
supernatant and concentrated using an Amicon Ultra-15
Centrifugal Filtration Unit (Merck Millipore, Bayswater,
Australia). Before transduction of target cells, 8 mg/mL



Table 3.Antibodies for Western Blot and Immunohistochemistry

Antibody Origin Clone Source Use

Anti-SMAD4 Rabbit D3M6U Cell Signaling Technology WB

Anti-CDC6 Mouse sc-9964 Santa-Cruz WB

Anti-human mitochondrial Mouse MAB1273 Merck Millipore IHC

Anti-CK7 Mouse OV-TL 12/30 Agilent Technologies IHC

Anti–b-actin Mouse C4 MP-Biomedicals WB

Anti-GAPDH Mouse 6C5 Merck Millipore WB

Swine anti-rabbit HRP Swine P0217 Agilent Technologies WB

Goat anti-mouse HRP Goat P0447 Agilent Technologies WB

HRP, horseradish peroxidase; IHC, immunohistochemistry; WB, Western blot.
Cell Signaling Technology, MA; Santa-Cruz Biotechnology, Inc, Dallas, TX; Merck Millipore, Bayswater, Australia;
MP-Biomedicals, Seven Hills, Australia; and Agilent Technologies, Santa Clara, CA.
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polybrene (Sigma-Aldrich) was added to each viral aliquot.
For genomic knockout of SMAD4, lentiviral vectors contain-
ing constitutive-expressing endonuclease Cas9 linked via
thosea asigna virus 2A (T2A) peptide to mCherry fluorescent
protein or tetracycline-inducible single guide RNA (sgRNA)
expression constructs with ubiquitin promoter coupled with
tetracycline repressor linked via T2A peptide to green fluo-
rescent protein were transduced concomitantly into CP-B
cells, or Cas9-only–expressing construct for control cells.
sgRNA expression is dependent on an H1 promoter and Tet-
operating site that are regulated negatively by binding
tetracycline repressor. The promoter activity is regulated
positively by doxycycline induction that relieves the tetra-
cycline repressor from the Tet-operating site. After doxycy-
cline induction (2 mg/mL; Sigma-Aldrich) for 96 hours,
expressed sgRNA leads to conformational activation of Cas9
endonuclease and guides Cas9 to the targeted SMAD4 DNA
sequence of exon 1 (ATAACAGCTATAACTACAAA), exon 2
(ATGTGATCTATGCCCGTCTC), or exon 3 (GGATTAA-
CACTGCAGAGTAA). This results in DNA cleavage and intro-
duction of double-strand breaks within the DNA region of
interest. After successful passages, CP-B cells were sorted by
flow cytometry (BD Fusion5; BD Bioscience) to isolate
mCherry and green fluorescent protein–positive cells, con-
taining Cas9 and sgRNA, respectively, or Cas9 only. This
population subsequently was grown, followed by single-cell
sorting and growth of single-cell clones. Single-cell clones
were generated from bulk-transduced cells and SMAD4
knockout was confirmed using Western blot and Sanger
sequencing.
Sanger Sequencing
Genomic DNA was extracted from cells using the DNA

Blood and Tissue Mini kit (Qiagen, Hilden, Germany). The
coding regions of exon 1, 2, and 3 of the SMAD4 gene were
amplified by PCR and cleaned using ExoSAP-IT (Affymetrix, Santa
Clara, CA). Primer sequences were SMAD4 exon 1 (forward:
5’TGTGCCATAGACAAGGTGGA3’; reverse: 5’CTTCCAGAAATTCC-
CATAATGC3’); exon 2 (forward: 5’TCACTGCAGCCTTGACC-
TACTG3’; reverse: 5’AAGTCGCGGGCTATCTTCCA3’); and
exon 3 (forward: 5’GTGGCTGGTCGGAAAGGATT3’; reverse:
5’TACTGCCTGCCGCTCACAC3’). Cycle sequencing was per-
formed on a 3130 Genetic Analyzer (Thermo Fisher Scien-
tific, Waltham, MA) using the BigDye Terminator v3.1
sequencing kit (Thermo Fisher Scientific).

Animal Experiments
All animal work was conducted according to the regu-

lations of the National Health and Medical Research Council
Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes and with the approval of the Peter
MacCallum Cancer Centre Animal Experimentation Ethics
Committee. Female NSG mice were bred in-house or ob-
tained from Australian BioResources (Garvan Institute of
Medical Research, New South Wales, Australia).

For in vivo tumorigenesis and tumor growth studies, 5 �
106 cells resuspended in 100 mL of 1:1 PBS and growth
factor–reduced Matrigel Matrix (Corning, Corning, NY) were
injected subcutaneously into the right flank of 6- to 8-week-
old NSG mice. Tumor formation was detected by palpation.
Once palpable, tumors were measured with digital calipers
and tumor volume was calculated using the following for-
mula: (length � width2)/2. All mice were euthanized at the
first signs of ill health (eg, labored breathing, bloated
abdomen, or excessive weight loss of >10% of baseline
body weight) or when the tumors reached �1500 mm3.
Necropsy was performed on all animals to harvest the tu-
mors and observe the effects of primary site tumor forma-
tion, including macrometastases. The tumors were
harvested and used for histology and immunohistochem-
istry, cryopreservation, and cell line establishment.

Histology and Immunohistochemistry
Immunohistochemistry was performed on formalin-fixed,

paraffin-embedded tissues from xenografts after removal of
paraffin in xylene and rehydration in graded ethanol. H&E-
stained sections of tumors underwent pathologic review.
Sections were blocked in high pH Dual Endogenous Enzyme
Block (DAKO, Carpinteria, CA), followed by 10% (w/v)
bovine serum albumin in TBS containing 0.05% Tween-20
and incubated with primary antibody diluted in 1% (w/v)
bovine serum albumin in TBS containing 0.05% Tween-20
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for 1 hour at room temperature or overnight at 4ºC. The
antibodies used are listed in Table 3. Images of stained sec-
tions were captured on a BX-51 microscope (Olympus, Not-
ting Hill, Australia).
Isolation and Establishment of Cell Lines From
CP-B SMAD4 Knockdown/Knockout Tumors
From In Vivo Model

After harvesting and separation from the surrounding
parenchyma, tumors were washed with PBS, finely chopped,
and then incubated in 2 mL PBS containing 2 mg/mL
collagenase A (Roche, Basel, Switzerland) and 4 mg/mL
Dispase (Roche) in a water bath (RATEK Instruments, Bor-
onia, Victoria, Australia) for 2 hours at 37ºC. After addition
of 10 mL fresh media, cell suspensions were filtered through
45-mm pore size Membrane Filters (Millipore, Sigma
Aldrich) and pelleted by centrifugation (1200 rpm, 5 min).
Cell lines were established in DMEM containing 2.5 mmol/L
L-glutamine and 4.5 g/L D-glucose (Life Technologies) cul-
ture media with 10% (v/v) FBS, and an increased concen-
tration of penicillin (100 U/mL) and streptomycin (100 mg/
mL) for at least 2 passages before reducing to standard
concentrations of 50 U/mL penicillin and 50 mg/mL
streptomycin. Cells were grown in monolayer cultures in
humidified incubators at 37�C with 5% CO2. Cells were
passaged successfully using 0.25% Trypsin, puromycin
selected (SMAD4 shRNA knockdown) or fluorescence-
activated cell sorted for mCherry (SMAD4 CRISPR
knockout) to remove contaminating host mouse cells. All
cell lines were authenticated as being derived from the CP-B
parental cell line (>80% compatibility) using the STR Pro-
file Database Matching algorithm from American Type Tis-
sue Collection (Manassas, VA). The STR results are
summarized in Tables 4 and 5. For the purpose of the
phenotypical and physiological comparison between
xenograft-derived cell lines and original cell lines, CP-B
parental and CP-B SMAD4 knockdown/knockout isogenic
cell lines were adapted to grow in DMEM containing 2.5
mmol/L L-glutamine and 4.5 g/L D-glucose (Life
Table 4.STR Analyses of Cell Lines Established From SMAD4

Loci Reference profile CP-

CSF1PO 8, 12

D13S317 8, 12

D16S539 10, 13 1

D5S818 11, 12 1

D7S820 11, 12 1

THO1 8, 9

TPOX 8, 9

vWA 18, 20 1

Amelogenin XY

Loci matches with reference profile �80% Yes

NOTE. Reference profile: CP-B (ATCC CRL-4028).
Technologies) and supplemented with 10% v/v FBS, 50 U/
mL penicillin, and 50 mg/mL streptomycin (Life
Technologies).

DNA Purification and Analyses
Total DNA from cultured cells was isolated using the

DNeasy Blood and Tissue kit (Qiagen) following the manu-
facturer’s instructions. DNA concentration was determined
by the Invitrogen Qubit 3 Fluorometer (Thermo Fisher Sci-
entific), and purity was estimated by a NanoDrop ND1000
spectrophotometer (Thermo Fisher Scientific).

Library Preparation and LC-WGS Workflow
The preparation of indexed DNA libraries was performed

using the NEBNext Ultra II DNA Library Prep Kit (NEB
E7645S/L; New England BioLabs, Inc, Ipswich, MA), accord-
ing to the manufacturer’s instructions. The fragmentation of
100 ng starting DNA material was conducted for 120 seconds
in microtubes (Covaris, Inc, Woburn, MA) using the ultra-
sonication Covaris LE220 system (Covaris). PCR library
amplification was performed using the PCR cycling condi-
tions listed in Table 6. After amplification, library DNA con-
centration was measured using the Invitrogen Qubit 3
Fluorometer (Thermo Fisher Scientific). The sizing analysis of
library DNA was performed using a 2200 Tape Station Sys-
tem and High Sensitivity D1000 Screen Tape Assay (2200;
Agilent). The prepared libraries were run on a Nextseq 500
Sequencer using a NextSeq 500 High Output Kit (75 paired-
end) (Illumina, San Diego, CA). High-output flow cells were
used to pool more than 8 samples according to the standard
Illumina protocol and sequencing resulted in genome
coverage of 1.07–1.70 times per sample. The operation of the
Nextseq 500 was conducted by the Molecular Genomics Core
Facility, Peter MacCallum Cancer Centre.

Data Analyses for LC-WGS
After removal of sequencing primers by Cutadapt

(v1.7.1),43 reads were aligned with bwa mem (v0.7.12-
r1039)44 to human genome version 19 (hg19) (GRCh37).
We used ControlFREEC (version 6.7)45 to assess the copy
Knockdown Tumors

B Par-1 CP-B S1-1 CP-B S1-2 CP-B S1-3 CP-B S1-4

8, 12 8 8 8 8

8, 12 8, 12 8, 12 8, 12 8, 12

0, 13 10, 13 10, 13 10, 13 10, 13

1, 12 11 11 11 11

1, 12 11, 12 11, 12 11, 12 11, 12

8, 9 8, 9 8, 9 8, 9 8, 9

8, 9 8, 9 8, 9 8, 9 8, 9

8, 20 18, 20 18, 20 18, 20 18, 20

X X X XY X

Yes Yes Yes Yes Yes



Table 5.STR Analyses of Cell Lines Established From SMAD4 Knockout Tumors

Loci Reference profile CP-B E3-1 CP-B E1-1 CP-B E1-2 CP-B E1-3

CSF1PO 8, 12 8, 12 8 8 8

D13S317 8, 12 8, 12 8, 12 8, 12 8, 12

D16S539 10, 13 10, 13 10, 13 10, 13 10, 13

D5S818 11, 12 11, 12 11 11 11

D7S820 11, 12 11, 12 12 12 12

THO1 8, 9 8, 9 8, 9 8, 9 8, 9

TPOX 8, 9 8, 9 8, 9 8, 9 8, 9

vWA 18, 20 18, 20 18, 20 18, 20 18, 20

Amelogenin XY X XY XY XY

Loci matches with reference profile �80% Yes Yes Yes Yes Yes

NOTE. Reference profile: CP-B (ATCC CRL-4028).
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number from the LC-WGS data in 50-kb windows across
hg19, with default parameters, no matched normal sample,
and baseline ploidy set to 2. Blacklisted regions including
highly repetitive centromeric regions46,47 were filtered out
to yield a genomic profile with scarce noise. Then data were
imported into Nexus (v8; BioDiscovery, Inc, Hawthorne,
CA) and segmented using SNP-Fast Adaptive States Seg-
mentation Technique (SNP-FASST). CNAs were called if the
log2 ratio was ±0.15. The FGA was calculated as described
previously.48,49 In brief, the weighted FGA was calculated by
the summation of the CNA in base pairs for each chromo-
some and then dividing by the length of that chromosome.
The final FGA for a sample was calculated by taking the
average of the percentage of CNAs across all chromosomes.
Quantitative Real-Time PCR
Total cell RNA was isolated using the RNeasy kit ac-

cording to the manufacturer’s protocol (Qiagen) or the
Nucleospin RNA kit (Macherey-Nagel GmbH & Co, KG,
Duren, Germany). RNA concentration and purity were
measured with a NanoDrop ND1000 spectrophotometer
(Thermo Fisher Scientific). Complementary DNA was
generated from 1 ug purified RNA using the Transcriptor
First-Strand complementary DNA Synthesis Kit (Roche).
Gene expression changes were determined by SYBR green
real-time quantitative PCR (Lightcycler 480; Roche),
analyzed using the comparative delta delta cycle threshold
(DDCT) method,50 and normalized against GAPDH. Real-time
Table 6.PCR Cycling Conditions for DNA Library Amplification

Cycle step Temperature

Initial denaturation 98ºC

Denaturation 98ºC
Annealing/extension 65ºC

Final extension 65ºC

Hold 4ºC

aOptimized for 100 ng input DNA.
quantitative PCR primer sequences were as follows: p14-ARF:
forward (5’-3’): CCCTCGTGCTGATGCTACTG, and reverse (5’-3’):
CATCATGACCTGGTCTTCTAGGAA; p15-CDKN2B: forward (5’-3’):
CGGGGACTAGTGGAGAAGGT, and reverse (5’- 3’): CGAAACGGTT-
GACTCCGTTG; p16-CDKN2A: forward (5’-3’): GGGGGCACCA-
GAGGCAGT, and reverse (5’-3’): GGTTGTGGCGGGGGCAGTT;
p16-CDKN2A: forward (5’-3’): GGGGGCACCAGAGGCAGT, and
reverse (5’-3’): GGTTGTGGCGGGGGCAGTT; ACTA2: forward (5’-3’):
TCAATGTCCCAGCCATGTAT, and reverse (5’-3’): CAGCACGATGC-
CAGTTGT; CRYAB: forward (5’-3’): CTTTGACCAGTTCTTCGGAG,
and reverse (5’-3’): CCTCAATCACATCTCCCAAC; CDC6: for-
ward (5’-3’): TGGATGTTTGCAGGAGAGCTA, and reverse
(5’-3’): GCTCCTTCTTGGCTCAAGGT and GAPDH: forward
(5’-3’): GGTGTGAACCATGAGAAG and reverse (5’-3’):
CCACAGTTTCCCGGAG.
TGF-b Signaling Targets RT2 Profiler PCR Array
Eighty-four TGF-b signaling target genes were analyzed

using the TGF-b Signaling Targets RT2 Profiler PCR Array
(PAHS-235Z; Qiagen). RT2 Profiler PCR Arrays were pur-
chased in Format G 384 (4 � 96) suitable for use with the
Roche LightCycler 480 (384-well block). Cells were seeded
into 6-well plates (9 � 105 cells/well) and grown for 72
hours. After serum starvation for 6 hours, the cells were
treated with 10 ng/mL human recombinant TGF-b1 in
serum-deprived media and harvested at 4 and 16 hours,
after which RNA was extracted as described earlier. Prep-
aration of complementary DNA from 100 ng (for RT2
Time Cycles

30 seconds 1

10 seconds 8a

75 seconds

5 seconds 1

N
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Profiler PCR Arrays in the presence of serum) and 400 ng
(for RT2 Profiler PCR Arrays in the absence of serum) pu-
rified RNA was performed using the RT2 First-Strand Kit
(Qiagen) suitable for PCR-based gene expression analyses
together with RT2 SYBR Green Mastermix (Qiagen), ac-
cording to the manufacturer’s instructions.

Real-time PCR was performed according to the manu-
facturer’s instructions (Qiagen) with the PCR components
mix and cycling conditions for the Roche LightCycler 480.
The target gene expression levels were quantified relative to
the mean arithmetic value obtained for housekeeping genes
ACTB, B2M, GAPDH, HPRT1, and RPLPO. The lower limit of
detection or CT cut-off value was set to 35. Relative gene
expression was calculated using the DCT method between
the gene of interest and an average of the housekeeping
genes, and subsequent DDCT calculations (DCT [test group] -
DCT [control group]). Fold change was obtained using the
2(-DDCT) formula.
Statistics
The Student t test was used to compare 2 groups of interest.

For analyses of 3 or more groups, 1-way analysis of variance
with the Tukey multiple comparison test was performed. A heat
map was generated using the heatmaply R package.51 Hierar-
chical clustering was performed using the hclust function in R
with Manhattan distance and Ward’s (ward.D2) agglomerative
method. Principal component analysis and volcano plots were
generated in R. Principal component analysis estimation was
performed in normalized expression values using the arithmetic
mean of housekeeping genes (ACTB, B2M, GAPDH, HPRT1, and
RPLPO). The principal components were estimated with the
function princomp with default parameters, and visualization
was performed using the factoextra package.52

Multivariable Cox proportional hazards models for
overall survival were performed to determine whether the
alteration status remained significantly associated with
survival after adjusting for both continuous (age at diag-
nosis) and categoric (sex, neoplasm histologic grade, pri-
mary lymph node presentation assessment, American Joint
Committee on Cancer stage code, and American Joint Com-
mittee on Cancer metastasis stage code) prognostic vari-
ables. All survival models were fitted using the survival R
package.53 Age at diagnosis was included in the Cox model
with the use of penalized splines to allow for nonlinear
association. The likelihood ratio test was performed to
compare the models with and without the nonlinear terms.
Proportional hazards assumption was assessed using the
Schoenfeld residuals.54 Stratified Cox regression models
were considered to alleviate any nonproportional issues
with categoric variables.54 The graphical abstract was
created with BioRender.com.

Statistical analyses were performed using Prism 7
(GraphPad San Diego, CA) and R statistical software (version
4.0.2; Vienna, Austria).55 Two-sided P values less than .05
were considered statistically significant.
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