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BACKGROUND AND AIMS: In patients who have undergone
surgery for colorectal cancer (CRC), 3% have recurrence of
(metachronous) CRC. We investigated whether tumor seeding
during colonoscopy (iatrogenic implantation of tumor cells in
damaged mucosa) increases risk for metachronous CRC.
METHODS: In a proof of principle study, we collected data from
the Dutch National Pathology Registry for patients with a
diagnosis of CRC from 2013 through 2015, with a second
diagnosis of CRC within 6 months to 3.5 years after surgery. We
reviewed pathology reports to identify likely metachronous
CRC (histologically proven adenocarcinoma located elsewhere
in the colon or rectum from the surgical anastomosis). For 22
patients fulfilling the inclusion criteria, we ascribed the most
likely etiology to tumor seeding when endoscopic manipula-
tions, such as biopsies or polypectomy, occurred at the location
where the metachronous tumor was subsequently detected,
FLA 5.6.0 DTD � YGAST62837_proof �
after endoscopic manipulation of the primary tumor. We
collected clinical data from patients and compared molecular
profiles of the primary and metachronous colorectal tumors
using next-generation sequencing. We then examined the
source of seeded tumor. We tested whether tumor cells stay
behind in the working channel of the endoscope after biopsies
of colorectal tumors, and whether these cells maintain viability
in organoid cultures. RESULTS: In total, tumor seeding was
suspected as the most likely etiology of metachronous CRC in 5
patients. Tumor tissues were available from 3 patients. An
identical molecular signature was observed in the primary and
metachronous colorectal tumors from all 3 patients. In 5 con-
trol cases with a different etiology of metachronous CRC, the
molecular signature of the primary and metachronous tumor
were completely different. Based on review of 2147 patient
records, we estimated the risk of tumor seeding during
24 September 2019 � 4:23 pm � ce
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colonoscopy to be 0.3%–0.6%. We demonstrated that the
working channel of the colonoscope becomes contaminated
with viable tumor cells during biopsy collection. Subsequent
instruments introduced through this working channel also
became contaminated. These cells were shown to maintain
their proliferative potential. CONCLUSIONS: In an analysis of
primary and secondary tumors from patients with metachro-
nous CRC, we found that primary tumor cells might be seeded
in a new location after biopsy of the primary tumor. Although
our study does not eliminate other possibilities of transmission,
our findings and experiments support the hypothesis that tu-
mor seeding can occur during colonoscopy via the working
channel of the endoscope. The possibility of iatrogenic seeding
seems low. However, our findings compel awareness on this
potentially preventable cause of metachronous CRC.
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Aundergo surveillance colonoscopy, as they are at
risk for recurrent and metachronous CRC.1 Patients oper-
ated on for CRC are at slightly increased risk for meta-
chronous CRC, occurring in up to 3% of patients.2 It is
predominantly detected within the first 2 years after diag-
nosis of the primary CRC.3 Different causes for metachro-
nous CRC have been suggested, including incomplete
polypectomies and missed or new lesions. However, the
causative processes involved are not fully understood.4

Previous studies have shown that tumor cells exfoliate
from CRC into the intestinal lumen, especially when the
tumor is manipulated.5,6 Yet, the risk of spontaneous tumor
seeding, that is, implantation of tumor cells in damaged
mucosa when polypectomy or biopsy is performed in the
presence of CRC elsewhere in the colorectum, is estimated
to be low.7 However, the possibility of mechanical tumor
seeding during colonoscopy, involving iatrogenic implanta-
tion of tumor cells in damaged mucosa, has never been
explored.

In this proof-of-principle study, we investigated whether
tumor cells stay behind in the working channel of the
endoscope during biopsies from the tumor, and whether
these cells could be implanted in the bowel wall when new
instruments, such as injection needles, are introduced. In
part I, we identified patients in whom the most likely eti-
ology of metachronous CRC was mechanical tumor seeding.
This was based on review of clinical data, and tested by
comparing the molecular profile using next-generation
sequencing (NGS). In part II, we examined whether the
working channel of the endoscope may be the source of
seeding.
Abbreviations used in this paper: CRC, colorectal cancer; FFPE, formalin-
fixed paraffin-embedded; NGS, next-generation sequencing.
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Methods
Part I: Identification of Potential Mechanical
Tumor Seeding Cases

The Dutch National Pathology Registry was probed in
October 2016. Patients with CRC diagnosed from 2013 to 2015
FLA 5.6.0 DTD � YGAST62837_proof �
with a secondary CRC within 6 months to 3.5 years after sur-
gery were identified. We reviewed the pathology reports to
single out cases in which the secondary cancer concerned a
metachronous CRC, defined as histologically proven adenocar-
cinoma located elsewhere in the colon or rectum than at the
surgical anastomosis.4 We collected pathology and endoscopy
reports of these patients. Patients with a hereditary predispo-
sition for CRC and patients with inflammatory bowel disease
were excluded. For the 22 patients fulfilling the inclusion
criteria, we ascribed the most likely etiology for metachronous
CRC using criteria described previously (Supplementary
Methods).4 In particular, metachronous CRC was attributed to
tumor seeding when endoscopic manipulation, such as biopsies
or polypectomy at baseline endoscopy, occurred at the location
where the metachronous tumor was subsequently detected,
and this manipulation took place after endoscopic manipulation
of the primary tumor. These cases were subjected to molecular
fingerprinting as described below. Q
Part I: Quantification of the Risk
In order to quantify the risk of mechanical tumor seeding

(ie, what is the risk of tumor transmission when manipulation
is performed after taking biopsies of the primary tumor?), we
performed an additional search in 4 Dutch hospitals (3 non-
academic, 1 academic hospital). We identified all surgically
treated patients diagnosed with CRC between 2013 and 2015
(n ¼ Q2147) (see Supplementary Methods). We reviewed the
electronic patient reports and extracted the number of patients
at risk for tumor seeding (denominator, ie, colonoscopy before
surgery in which the primary tumor was biopsied or manipu-
lated otherwise, and manipulation elsewhere in the colorectum
subsequently in a segment that was not removed during colo-
rectal surgery). We then extracted the number of patients in
which tumor seeding had likely occurred (numerator). These
cases were subjected to molecular fingerprinting as described
described below. Q
Part I: Next-Generation Sequencing on
Suspected Tumor-Seeding Cases

From the suspected tumor-seeding cases, we collected
formalin-fixed paraffin-embedded (FFPE) material from the
primary tumor, the metachronous tumor, and from the polyp
that was removed during baseline colonoscopy at the location
where the metachronous tumor was subsequently detected. In
addition, we collected FFPE material from 5 patients where the
metachronous tumor was attributed to another cause as control
group. We performed targeted NGS based on the Cancer Hot-
spot Panel v2þ, as described previously, using the Ion Torrent
PGM (see Supplementary Methods).8,9 The incidence of co-
occurrence of mutations was estimated using cBioportal for
Cancer Genomics.10
24 September 2019 � 4:23 pm � ce
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Part II: Cytologic Assessment of Rinse Fluid
Working Channel

Parallel to part I, we prospectively enrolled 26 patients with
tumors located distal to the splenic flexure between June 2016
and September 2017 in 4 Dutch hospitals (University Medical
Center Utrecht, Amphia Hospital, Diakonessenhuis, and Onze
Lieve Vrouwe Gasthuis). After biopsies of the tumor were taken,
the endoscope was withdrawn without flushing or suction. Any
potential residual fluid/material on the exterior of the endo-
scope (including the tip) was removed with dry gauze. Ex vivo,
we flushed the endoscope with 30 mL normal saline solution.
The rinse fluid was mixed with 20 mL CytoLyt (Cytyc Corp,
Marlborough, MA), centrifuged, and the sediment was used to
make thin-layer preparations for cytologic examination. An
expert gastrointestinal pathologist (MML) evaluated the
cytology slides and scored the number of tumor cells as none
(–), moderately present (þ), or excessively present (þþ). In a
subset of 7 cases, we repeated flushing of the working channel
a second and third time with 30 mL saline solution and further
processed and evaluated this in the same manner. In 3 cases,
we introduced an injection needle through the working channel
after tumor biopsies. We washed the tip of the needle in 20 mL
CytoLyt, after which 10 mL saline was flushed through the
needle.

Part II: Organoid Culture of Cells Collected in the
Working Channel

From the cells contaminating the working channel, we
attempted to grow an organoid, as described previously in 6
patients.11 To assess whether the cultured organoid was
derived from the tumor cells isolated from the working chan-
nel, we performed targeted NGS on the biopsies that were
pulled through the channel. This was compared to the muta-
tions found in the organoid with use of Sanger sequencing.
Detailed information regarding organoid culture, targeted NGS,
and Sanger sequencing can be found in the Supplementary
Methods.
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Results
Part I: Iatrogenic Tumor Cell Implantation as a
Cause of Metachronous Colorectal Cancer

In the Dutch Pathology Registry, we identified 56 pa-
tients with a secondary CRC within 6 months to 3.5 years
after surgery, among which 22 metachronous CRC and 34
anastomotic recurrences. Among the 22 patients with
metachronous CRCs (50% male, median age 67 years), 3
were potentially caused by tumor seeding (Supplementary
Figure 1). The clinical details regarding these 3 tumor-
seeding cases and 5 control cases (ie, metachronous CRC
attributed to missed lesions [n ¼ 3] or to incomplete ex-
aminations [n ¼ 2]) is presented in Table 1. From one
suspected tumor-seeding case, no FFPE material was avail-
able, hampering molecular analysis. NGS on the primary
tumor, metachronous tumor, and removed polyp of the
other 2 suspected tumor-seeding cases showed an identical
molecular fingerprint in the primary and metachronous
tumor, whereas the removed polyp showed a different
profile (Table 2). The incidence of co-occurrence of these
FLA 5.6.0 DTD � YGAST62837_proof �
specific molecular genetic variants is extremely rare (<1%).
In the 5 control cases, the molecular fingerprint of the pri-
mary and metachronous tumor were, as hypothesized,
completely different (Table 3).

Part I: Quantification of the Risk of Tumor
Seeding

In order to quantify the risk, we reviewed the number of
patients at risk for tumor seeding (denominator) and the
number of patients in which tumor seeding had likely
occurred (numerator) in 4 Dutch hospitals. A flowchart is
presented in Figure 1. QAmong 2147 surgically treated CRC
patients, 310 were at risk for mechanical tumor seeding.
Among those 310 patients, 2 additional cases of tumor
seeding were identified, among which FFPE material was
available for 1 of them. The clinical characteristics of these
cases are presented in Table 1. The case in which no ma-
terial was available was labeled as possible tumor seeding
or incomplete polypectomy. NGS on the primary tumor,
metachronous tumor, and removed polyp of the other case
showed an identical molecular fingerprint in the primary
and metachronous tumor, whereas the removed polyp
showed a different profile (Table 2). Based on these results,
the risk of tumor seeding during colonoscopy when per-
forming biopsy or polypectomy after taking a biopsy of a
tumor was estimated to be 0.3%–0.6% (1 of 310 or 2 of 310,
dependent on the case from which no material was avail-
able). When restricting the estimation to patients in whom
follow-up colonoscopy was performed (71.3% of patients;
221 of 310), the risk was estimated to be 0.5%–0.9%.

Part II: Tumor Cells That Retain Their Proliferative
Potential Were Identified in the Working Channel

To test our hypothesis that the working channel of the
endoscope is the source of tumor seeding, we rinsed the
working channel of the endoscope after taking biopsies from
the tumor in 26 patients with CRC (69% male, median age
68 years). A median of 6 biopsies were taken (interquartile
range, 6–10). After flushing, tumor cells were observed in
the rinse fluid for 21 patients (81%; þþ in 12 cases; þ in 9
cases) (Figure 2A and B). To test whether subsequently
introduced instruments get contaminated, a needle was
introduced through 3 contaminated working channels from
3 individual patients, after which tumor cells (þ) were
observed on the tip of the needle in all cases (Figure 2C
and D). To test whether flushing decreased contamination,
we repeated flushing of the working channel with 30 mL
saline in the working channel of 7 patients (5 with þþ, 1
with þ and 1 with – atypical cells after the first flushing).
Repeated flushing did only reduce the number of tumor
cells in 1 patient (from þþ to þ), whereas the number was
unchanged in all others. A third flushing with 30 mL of sa-
line also did not reduce the number of tumor cells (tested in
2 patients).

In a final step, we tested whether the tumor cells
contaminating the working channel still have growth po-
tential by culturing organoids from these cells in 5 patients.
In 3 patients, no growth was seen, in 1 patient growth had
24 September 2019 � 4:23 pm � ce
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Table 1.Clinical Characteristics of the Suspected Tumor-Seeding Cases Identified in the Dutch Pathology Registry (Case Numbers 1, 2, and 3) and the Suspected Tumor
Seeding Cases Identified in the 4 Dutch Hospitals (Case Numbers 4 and 5)

Variable
Case
no.

Patient
Primary
tumor

Removed
polypa

Metachronous
tumor

Time
interval, mobSex Age, y Location TNM Histology R0/R1/Rx

Polyp
size, mm Morphology

Polypectomy
equipment

and technique Location TNM

Suspected tumor-seeding
cases identified in the
Dutch Pathology Registry

Tumor-seeding (cases)c 1 F 64 Distal rectum pT3N0 TA, LGD R0 13 Flat Devices: snare,
injection needle

Technique: en-bloc

Sigmoid pT3N1 8

2 M 66 Ascending
colon

pT3N2 TA, LGD Rx 6 Sessile Devices: snare.
Technique: en-bloc

Transverse
colon

pT3N0 15

Possible tumor seeding /
incomplete polypectomyd

3 M 60 Sigmoid pT3N2 TVA, LGD Rx 5 NA Devices: snare
Technique: en-bloc

Rectum ypT2N0 12

Suspected tumor-seeding
cases identified in the 4
Dutch hospitals

Tumor seeding (cases)c 4 F 48 Rectosigmoid pT3N2 TVA, LGD Rx 7 NA Devices: snare,
injection needle

Technique: en-bloc

Rectum pT2N0 16

Possible tumor
seeding/incomplete
polypectomyd

5 M 57 Sigmoid ypT4N1 TA, LGD Rx 5 Sessile Devices: snare
Technique: en-bloc

Rectum NA 28

F, female; LGD, low-grade dysplasia; M, male; R0, resection margins negative for dysplasia; R1, resection margins positive for dysplasia; Rx, unable to determine resection
margins; TA, tubulair adenoma; TNM, tumor/node/metastasis classification; TVA, tubulovillous adenoma.
aPolyp refers to the adenoma that was removed during baseline colonoscopy (ie, the colonoscopy in which the primary tumor was biopsied), which was located at the spot
where the metachronous tumor was detected).
bTime interval between detection of the primary and metachronous tumor.
cMetachronous tumors were attributed to tumor seeding when endoscopic manipulation, such as biopsies or polypectomy at baseline endoscopy, occurred at the location
where the metachronous tumor was subsequently detected, and this manipulation took place after endoscopic manipulation of the primary tumor.
dFrom 2 suspected tumor-seeding cases, no FFPE material was available, hampering molecular analysis. As molecular analysis differentiates between tumor seeding and
incomplete polypectomy, this case was labeled as “possible tumor seeding/incomplete polypectomy.”
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Table 2.Targeted Next-Generation Sequencing on the 3 Suspected Tumor-Seeding Cases (Cases 1 and 2 Identified in the
Dutch Pathology Registry, Case 4 Identified in the 4 Dutch Hospitals) Showed an Identical Molecular Fingerprint of the
Primary and Metachronous Tumor, Whereas the Removed Adenomas Showed Different Molecular Fingerprints

Variable Case no. Specimen Gene Genomic variant Protein variant

Suspected tumor-seeding
cases identified in the
Dutch Pathology Registry

1 Primary tumor APC c.3873_3877del p.(Q1291Dfs*4)
FBXW7 c.1513C>T p.(R505C)
KRAS c.38G>A p.(G13D)
PIK3CA c.1633G>A p.(E545K)
TP53 c.375 G>A p.? Splice site mutation

Metachronous tumor APC c.3873_3877del p.(Q1291Dfs*4)
FBXW7 c.1513C>T p.(R505C)
KRAS c.38G>A p.(G13D)
PIK3CA c.1633G>A p.(E545K)
TP53 c.375 G>A p.? Splice site mutation

Removed polyp FBXW7 c.1513C>T p.(R505C)
KRAS c.35G>T p.(G12V)
TP53 c.673-1G>A p.? Splice site mutation

2 Primary tumor BRAF c.1799T>A p.(V600E)
TP53 c.524G>A p.(R175H
PIK3CA c.3140A>T p.(H1047L)
CTNNB1 c.94G>A p.(D32N)

Metachronous tumor BRAF c.1799T>A p.(V600E)
TP53 c.524G>A p.(R175H)
PIK3CA c.3140A>T p. (H1047L)

Removed polyp KDR c.794C>T p.(S265L)
APC c.4060_4064del p.(S1355Rfs*18)

Suspected tumor-seeding
case identified in the 4
Dutch hospitals

4 Primary tumor ERB2 c.2119C>G p.(P707A)
TP53 c.159_166del p.(W53*)
APC c.4132C>T p.(Q1378*)

Metachronous tumor TP53 c.159_166del p.(W53*)
APC c.4132C>T p.(Q1378*)

Removed polyp APC c.3921_3925del p.(E1309Dfs*4)

NOTE. Polyp refers to the adenoma that was removed during baseline colonoscopy (ie, the colonoscopy in which the primary
tumor was biopsied), which was located at the spot where the metachronous tumor was detected. Case numbers correspond
to the case numbers in Table 1.
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to be terminated due to fungal contamination. In the fifth
patient, we succeeded in growing an organoid (Figure 3). To
verify whether this organoid arose from the tumor cells, we
performed NGS on the biopsy material from the corre-
sponding patient (full molecular profile in Supplementary
Table 1). The same mutations in the APC gene
(c.4463delT, p.[L1488Yfs*19]) and TP53 (c.743G>A,
p.[R248Q]) were detected in the biopsy and the organoid,
which were not present in normal tissue of this patient
(Supplementary Figure 2). The co-occurrence of these mo-
lecular genetic variants is extremely rare (<1%), and forms
compelling evidence that the tumor cells contaminating the
working channel formed the organoid and were cells from
the tumor that was biopsied.
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Discussion
The findings and experiments support proof-of-concept

that mechanical tumor seeding during colonoscopy might
occur. We identified patients in whom metachronous CRC
was possibly caused by tumor seeding. In these patients, the
molecular profile between the primary and metachronous
tumor corresponded but did not match the molecular profile
FLA 5.6.0 DTD � YGAST62837_proof �
of the removed polyp, supporting the hypothesis of tumor
seeding. We observed that the working channel of the co-
lonoscope can get contaminated with tumor cells during
biopsy collection, and that these cells are able to proliferate.
It therefore might be that the pool of cancer cells within the
working channel plays a role in tumor cell transmission. The
possibility of iatrogenic seeding seems low (<1%), however,
our findings compel awareness of this potentially prevent-
able cause of metachronous CRC.

Importantly, the experiments conducted provide a proof-
of-concept of mechanical tumor seeding, but do not elimi-
nate other possibilities. An alternative explanation for our
finding that the primary and metachronous tumor harbor
the same molecular profile might be field cancerization. The
evidence for this phenomenon in patients without inflam-
matory bowel disease is, however, very low.12 One could
also hypothesize that the common environmental and ge-
netic background causes that 1 patient develops 2 molecular
comparable tumors. However, this is not supported by
previous studies that showed distinct molecular profiles in
synchronous and metachronous tumors, nor is it supported
by the distinct molecular profiles that we observed in our
control group (Table 3).13,14 Moreover, the experiments
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Table 3.Targeted Next-Generation Sequencing on the Primary and Metachronous Tumor of the Control Cases (ie,
Metachronous Colorectal Cancer Attributed to Missed Lesions [n ¼ 3] or to Incomplete Examinations [n ¼ 2]) Showed
a Different Molecular Fingerprint of the Primary and Metachronous Tumor

Control no. Specimen Gene Genomic variant Protein variant Conclusion

1 Primary tumor APC c.2626C>T p.(R876*) Incomplete
examinationNRAS c.182A>G p.(Q61R)

Metachronous tumor KRAS c.35G>A p.(G12D)
PIK3CA c.1633G>A p.(E545K)

2 Primary tumor APC c.3922A>T p.(K1308*) Incomplete
examinationPIK3CA c.332_334del p.(K111del)

TP53 c.1024C>T p.(R342*)
Metachronous tumor KRAS c.35G>A p.(G12D)

APC c.4099C>T p.(Q1367*)
TP53 c.637C>T p.(R213*)

3 Primary tumor BRAF c.1799T>A p.(V600E) Missed cancer
ERBB4 c.898G>T p.(D300Y)
MET c.2888-1G>T Unknown

Metachronous tumor TP53 c.1146delA p.(K382Nfs*40)
BRAF c.1799T>A p.(V600E)

4 Primary tumora — — — Missed cancer
Metachronous tumor ATM c.3956A>G p.(Y1319C)

PIK3CA c.3140A>G p.(H1047R)
PIK3CA c.3062A>T p.(Y1021F)

5 Primary tumor BRAF c.1799T>A p.(V600E)
CALR c.1116_1118del p.(E372del)
FBXW7 c.1393C>T p.(R465C) Missed cancer
TP53 c.1146delA p.(K382Nfs*40)

Metachronous tumor APC c.4285C>T p.(Q1429*)
KRAS c.35G>A p.(G12D)
TP53 c.396G>C p.(K132N)

aNo somatic mutations found
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conducted do not exclude possibilities of tumor trans-
mission other than working channel contamination, such as
exfoliation of cancer cells passively being taken up into
biopsied or polypectomy site tissue.7 Studies on tumor
regrowth based on exfoliated cells performed in rats
showed that colon cancer cells have the ability to regrow on
damaged mucosa in a minority of cases, whereas an intact
mucosa was seen to be completely resistant.15 This suggests
that some extent of mucosal injury is necessary for impac-
tion of cancer cells. From our study, it is impossible to
discriminate whether it is merely the combination of
mucosal injury due to mechanical manipulation and co-
presence of exfoliated cancer cells, or whether mechanical
impaction by instruments is obligatory. The source of the
exfoliated cells (ie, whether cancer cells derive from exfo-
liated cancer cells on the outside of the endoscope, from a
pool of exfoliated cancer cells within the working channel,
or from passing intraluminal exfoliated cancer cells) causing
the regrowth is another point of uncertainty. Passive
impaction of exfoliated cells has been observed after hem-
orrhoid band ligation below a tumor.16 It remains chal-
lenging to provide compelling evidence for mechanical
tumor seeding instead of passive impaction, as it is unethical
to directly test whether injecting cancer cells from previous
biopsies results in a higher risk of metachronous CRC in
patients. In a recent CRC mouse model, intraluminal expo-
sure of patient-derived human CRC organoids to an injured
FLA 5.6.0 DTD � YGAST62837_proof �
colon mucosa (dextran sodium sulfate–induced colitis) was
shown to cause a time-dependent progression from a local
adenocarcinoma to disseminated disease.17 However, even
animal experiments do not provide solid evidence, as it
remains uncertain whether an immunocompetent human
would respond the same way. Our study therefore does not
provide compelling, but rather only circumstantial, evidence
for the concept of mechanical tumor seeding.

Quantification of the risk of tumor seeding is challenging.
We reviewed clinical data and performed molecular analysis
in 4 Dutch hospitals, and calculated that the risk of tumor
seeding was <1%. Although this risk might seem low, we
believe the potential impact is high and awareness of this
risk is therefore crucial. More importantly, it is likely pre-
ventable with minor alterations of the current procedures.
Repeated flushing did not have a major impact on the
number of cells contaminating the working channel. It might
be that normal saline is unable to clean the clots of cells
mixed with mucus sticking to the working channel. How-
ever, simple adaptations, such as changing the order of
certain procedures (eg, submucosal tattooing before taking
biopsies) and the placement of the tattoo at a safe distance
from the tumor to avoid tumor penetration, might already
prevent tumor seeding. It remains to be explored whether
alternative strategies, for example, mechanical protection of
the working channel or use of cytotoxic agents, could
further minimize the risk of seeding when tumors are
24 September 2019 � 4:23 pm � ce
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Figure 1.Quantification of the risk of mechanical tumor seeding during colonoscopy in 4 Dutch hospitals. The flowchart
depicts the number of patients at risk for tumor seeding (denominator, n ¼ 310) and the number of patients in which tumor
seeding as cause of metachronous CRC was suspected.
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manipulated during colonoscopy. With regard to cleaning
techniques of the endoscope after colonoscopy, current
guidelines recommend flushing of the endoscope channel
with 70%–90% ethyl or isopropyl alcohol, followed by
forced-air drying.18 Although it could be that inadequate
disinfection and sterilization might risk that atypical cells
are not fully eliminated, it does not seem plausible that
tumor cells are able to survive adequate cleansing methods
with liquid chemical sterilants.

We identified several case reports that support our
findings. Tajika et al19 described a case of tumor seeding
from a rectosigmoid cancer at the polypectomy site of a
synchronous rectal carcinoid and confirmed a clonal
FLA 5.6.0 DTD � YGAST62837_proof �
relationship between the primary and metachronous CRC.
After endoscopy in the upper gastrointestinal tract, Asai
et al20 reported a case of implantation of esophageal squa-
mous cell carcinoma into a gastric adenocarcinoma poly-
pectomy scar. In addition, Kang et al21 reported a case of
tumor seeding through use of a contaminated submucosal
injection needle during colonoscopy. Moreover, the phe-
nomenon of tumor seeding is well recognized in other areas,
for example, during percutaneous puncture of pancreatic
and hepatocellular carcinoma.22,23 In addition, one of the
theories behind anastomotic recurrences after surgery is
tumor seeding, supported by the finding that primary and
anastomotic recurrent CRCs are often clonally related, and
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Figure 2. (A, B) Atypical cells in the rinse fluid of the working channel of the endoscope after biopsies taken from CRC were
pulled through the channel (magnification: 40�). (C, D) Atypical cells on the tip of a needle after the needle had been pushed
through the contaminated working channel (magnification: 40�).
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that rectal washout reduces the risk for anastomotic
recurrence.24,25

Tumor seeding as a cause of metachronous CRC sheds
new light on acknowledged risk factors for metachronous
CRC, such as proximal location of the CRC (eg, biopsies are
taken first and synchronous polyps are removed during
withdrawal risking tumor seeding), and synchronous polyps
(eg, when manipulation of the bowel wall is performed after
manipulation of CRC, especially when it concerns submu-
cosal injection techniques, such as endoscopic mucosal
resection).26 Importantly, mechanical seeding of cells
through contamination of the working channel might also
affect other interventions during colonoscopy. For example,
a recent review concluded that dye spillage into the intra-
peritoneal cavity occurs in about 2%–13% of patients when
a resection site is tattooed during colonoscopy.27 This
means that dye was accidently injected transmural instead
of submucosal. In addition, a case report described a tumor
that was spotted with ink during colonoscopy, after which
pigmented peritoneal cancer deposits were found at lapa-
roscopy.28 Tumor seeding might occur when fluid is me-
chanically injected through the bowel wall with a
FLA 5.6.0 DTD � YGAST62837_proof �
contaminated needle. This may occur when biopsies are
taken before the needle is introduced, or when the needle
penetrates through the tumor, and might explain why
peritoneal metastasis occur in up to 2%–3% of patients
without lymph node metastases even when sufficient (�12)
lymph nodes are retrieved.29

This study has limitations. Unfortunately, no FFPE
material was available from 2 suspected tumor-seeding
case. As molecular analysis differentiates between tumor
seeding and incomplete polypectomy as the cause of
metachronous CRC, these cases were labeled as “possible
tumor seeding/incomplete polypectomy” (Table 1). Fac-
tors that might favor the likelihood of these polyps being
incompletely resected (ie, size �10 mm and piecemeal
resection) were absent.30 However, submucosal injection
before snare resection, which might favor tumor seeding,
was also not performed. Therefore, we conclude that both
incomplete polypectomy and tumor seeding could be the
cause of metachronous CRC in these cases. A second lim-
itation lies within the difficulty of estimating the risk of
mechanical tumor seeding. Our estimate does not account
for sources of variability, such as the type of hospital
24 September 2019 � 4:23 pm � ce
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Figure 3. An organoid
grew from tumor cells
contaminating the working
channel after biopsies had
been taking from CRC
indicating these cells are
still viable with proliferative
potential (magnification
40�; white scale bar ¼ 100
mm).
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examined, surgical expertise, and the instruments used.
Previous studies examining the risk of seeding in hepa-
tocellular carcinoma have shown that the estimated risk
varies between studies, illustrating that estimating the
exact risk remains a major challenge.22

In conclusion, the experiments conducted in this study
provide a proof-of-concept of mechanical tumor seeding
FLA 5.6.0 DTD � YGAST62837_proof �
during colonoscopy. Although our study does not eliminate
other possibilities of tumor transmission, our findings sup-
port the hypothesis that the working channel might play a
role in tumor cell transmission. Based on review of clinical
data, the possibility of iatrogenic seeding during colonos-
copy seems low, however, our findings compel awareness
on this potentially preventable cause of metachronous CRC.
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Notably, our findings should not scare patients or clinicians
away from the most important tool in CRC prevention, as
colonoscopy indisputably remains the number one tool in
early diagnosis and treatment of CRC.
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Supplementary Methods

Criteria Used to Ascribe the Etiology of
Metachronous Colorectal Cancer Cases

Among patients identified in the Dutch Pathology
Registry with a second CRC within 6 months to 3.5 years
after surgical resection of the primary CRC, it was
considered a metachronous CRC when histologically
proven adenocarcinoma was detected elsewhere in the
colon or rectum than on the surgical anastomosis. It was
considered a local recurrence if histologically proven
adenocarcinoma was detected on the surgical anastomosis
of the resection of the primary tumor. Among patients
with metachronous CRC, the most likely etiology was
ascribed using the following criteria:

� Tumor seeding was considered the most likely cause
in case endoscopic manipulation (eg, biopsies or
polypectomy) at baseline endoscopy occurred at the
location the metachronous tumor was detected, and
this manipulation took place after endoscopic
manipulation of the primary tumor.

� Missed cancer was considered the most likely cause in
case the metachronous tumor was detected in a segment
previously (6–36 months) screened during colonoscopy.

� Incomplete resection was considered the most likely
cause in case the metachronous tumor was detected at
the location where a previously detected polyp had
been biopsied or had been removed without previous
manipulation of the primary tumor.

� Incomplete examination was considered the most
likely cause in case the metachronous tumor was
detected in a segment beyond the known furthest
extent of endoscope insertion (eg, no cecal intubation
due to stenotic primary tumor, with metachronous
tumor detected in the segment proximal to the
stenosis).

� Unclear: Insufficient information available to ascribe an
etiology.

Quantification of the Risk of Tumor Seeding
We used the Dutch Surgical Colorectal Audit to identify

all surgery-treated CRC patients diagnosed between 2013
and 2015 in 4 Dutch hospitals (3 non-academic and 1
academic). Patients with missing endoscopy or patient
reports were excluded. Moreover, patients in whom no
colonoscopy was performed before surgery or no manip-
ulation (eg, biopsy, polypectomy) of the primary tumor
was performed were excluded. We reviewed whether or
not subsequent manipulation had been performed during
the same colonoscopy. If manipulation had been per-
formed, we checked whether or not the site of manipu-
lation had been removed during subsequent surgery, as
removal of this site would prevent potentially seeded

tumor cells from growing out into metachronous CRC.
This resulted in a cohort of patients at risk for mechanical
tumor seeding during colonoscopy. Follow-up data were
collected. FFPE material was collected from patients that
developed metachronous CRC at the site of manipulation.
Targeted NGS was performed on the primary tumor,
metachronous tumor, and removed polyp, as described in
the following section. Based on the number of patients at
risk for tumor seeding (denominator) and the number of
patients in which tumor seeding was confirmed (numer-
ator), the risk of tumor seeding was quantified.

Next-Generation Sequencing
From all FFPE samples, 4-mm-thick H&E sections were

prepared. Tumor percentage was determined by a
pathologist and the most tumor-rich area was encircled
for macrodissection. DNA was isolated using the QIAamp
DNA Mini Kit (Qiagen, Hilden, Germany), following the
manufacturer’s protocol. DNA concentration was deter-
mined using the Qubit Fluormeter (ThermoFisher Scien-
tific, Waltham, MA). In order to reveal specific mutations,
targeted NGS was performed using the Ion Torrent PGM
platform (ThermoFisher Scientific), as described previ-
ously. NGS was based on the Cancer Hotspot Panel (con-
sisting of 50 genes and supplemented with another 5
cancer-related genes; ThermoFisher Scientific).1,2

Organoid Culture
The working channel of the endoscope was flushed

with 30 mL phosphate-based saline, which was collected
in a 50-mL tube containing 20 mL warm (37�C) basal
medium 2� (BM2�).3 Organoids were cultured as
described previously.3 In short, the suspension was
centrifuged and washed with phosphate-based saline
multiple times. The pellet was filtered through a 40-mm
filter to remove debris (eg, mucus and fecal content). The
flow-through was resuspended in BM supplemented with
Noggin, A83-01 and SB202190 (BM2þ) and basement
membrane extract in a 1:3 ratio. The mixture was plated
in small drops in a 6-well plate with gridlines and placed
upside down for 30 minutes in an incubator at 37�C to
solidify. After this, 1 mL BM2þ was added per well. The
medium was refreshed once per week and organoids were
passaged if necessary, as described previously.11 Orga-
noids were photographed (Evos XL microscope; Thermo-
Fisher Scientific) and size was measured using ImageJ
(version 1.47; National Institutes of Health, Bethesda,
MD).

Sanger Sequencing
Sanger sequencing on the organoid was performed

using polymerase chain reaction primers (APC forward
primer: AGAGAGAGAGTGGACCTAAGC, APC reverse
primer: GTATAAATGGCTCATCGAGGCT; TP53 forward
primer: CCTGCTTGCCACAGGTCT, TP53 reverse primer:
GTCAGCGGCAAGCAGAG). The correct product was

11.e1 Backes et al Gastroenterology Vol. -, No. -
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confirmed with sequencing of the polymerase chain re-
action product of the biopsy. The sequence reaction was
carried out using the Big Dye Terminator Cycle
Sequencing Kit (Life Technologies, Grand Island, NY).
Samples were run on a 3730XL DNA analyzer (Thermo-
Fisher Scientific) and analyzed using DNASTAR’s SeqMan
pro software.
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Supplementary Figure 1. Etiology of metachronous CRC based on information derived from endoscopy and pathology re-
ports. The most likely etiology was ascribed using the following criteria: Tumor seeding was considered the most likely cause
in case endoscopic manipulation (eg, biopsies or polypectomy) at baseline endoscopy occurred at the location the meta-
chronous tumor was detected, and this manipulation took place after endoscopic manipulation of the primary tumor. Missed
cancer was considered the most likely cause in case the metachronous tumor was detected in a segment previously (6–36
months) screened during colonoscopy. Incomplete resection was considered the most likely cause in case the metachronous
tumor was detected at the location where a previously detected polyp had been biopsied, or had been removed without
previous manipulation of the primary tumor, with metachronous tumor detected in the segment proximal to the stenosis).
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Supplementary Figure 2. The TP53 (c.743G>A, p.(R248Q)) mutation present in the biopsy was also present in the organoid,
confirming that the organoid grew out of tumor cells contaminating the working channel (CGG(Arg) / CAG (Gln)). The top
tracing shows the DNA sequence from the organoid, the bottom tracing shows a normal DNA sequence from a control patient.
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Supplementary Table 1.Targeted Next-Generation
Sequencing on the Biopsy From
Which an Organoid Was Cultured,
in Order to Verify Whether This
Organoid Grew Out of Tumor Cells

Gene Genomic variant Protein variant

APC c.3920T>A p.(I1307K)
APC c.4463delT p.(L1488Yfs*19)
FBXW7 c.1513C>T p.(R505C)
NOTCH1 c.7369C>G p.(L2457V)
TP53 c.743G>A p.(R248Q)

NOTE. Mutations in italics were Sanger sequenced on the
organoid to assess the clonal relationship between the biopsy
and the organoid.
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