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Abstract:

Background & Aims: The existence of slowly-cycling, adult stem cells has been challenged by
the identification of actively cycling cells. We investigated the existence of uncommitted, slowly
cycling cells by tracking 5-iodo-2'-deoxyuridine (IdU) label-retaining cells (LRCs) in normal
esophagus, Barrett’s esophagus (BE), esophageal dysplasia, adenocarcinoma, and healthy
stomach tissues from patients.

Methods: Four patients (3 undergoing esophagectomy, 1 undergoing esophageal endoscopic
mucosal resection for dysplasia and an esophagectomy for esophageal adenocarcinoma) received
intravenous infusion of IdU (200 mg per m” body surface area, maximum dose of 400 mg) over a
30-min period; the IdU had a circulation t;, of 8hs. Tissues were collected at 7, 11, 29 and 67
days following infusion, from regions of healthy esophagus, BE, dysplasia, adenocarcinoma, and
healthy stomach; they were analyzed by in situ hybridization, flow cytometry, and
immunohistochemical analyses.

Results: No LRCs were found in dysplasias or adenocarcinomas, but there were significant
numbers of LRCs in the base of glands from BE tissue, in the papillae of the basal layer of the
esophageal squamous epithelium, and in the neck/isthmus region of healthy stomach. These cells
cycled slowly, because IdU was retained for at least 67 days and co-labeling with Ki-67 was
infrequent. In glands from BE tissues, most cells did not express defensin-5, Muc-2, or
chromogranin A, indicating that they were not lineage committed. Some cells labeled for
endocrine markers and IdU at 67 days; these cells represented a small population (<0.1%) of
epithelial cells at this timepoint. The epithelial turnover time of the healthy esophageal mucosa
was approximately 11 days (twice that of the intestine).

Conclusions: LRCs of human esophagus and stomach have many features of stem cells (long
lived, slow cycling, uncommitted, and multipotent), and can be found in a recognized stem cell
niche. Further analyses of these cells, in healthy and metaplastic epithelia is required.



Introduction

The study of long-lived cells in the human gastrointestinal tract has been limited by experimental
constraint in organised tissues.'™ Pulse-chase experiments utilise labelled nucleotides to identify
label retaining cells (LRCs)" > and determine the turnover time of tissues by the administration of
detectable nucleoside analogues for short periods (pulse) followed by detection of the label at a
later period (chase). LRCs have been previously assumed as a population that may represent the
stem cells of a tissue *. This assumption follows the theory that stem cells should seek ways of
protecting their genome from mutations. One way is to divide less frequently than the transit
amplifying population, therefore limiting the opportunity for DNA replication errors to occur.
Adult stem cells are a long-lived, multipotent population of cells responsible for the replacement
of differentiated cells lost in systems with rapid cell turnover/loss and provide for regeneration
after injury or insult.*"

The area of stem cell biology is in major flux with competing and contradictory theories being
reported monthly. In addition these workers use in vitro, animal and occasionally human model
systems. These confusing data are particularly troublesome in the case of the esophagus and the
common premalignant lesion Barrett’s Esophagus (BE). First there have been reports of fast
cycling cells with stem cell capacity in animal models and some of them indicate a residual stem
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cell population 1is needed while others do not . Second some additional reports have

implicated endodermal (including epithelial) embryonic markers in man but their relevance to

', Third other ‘markers’ have also been implicated in the

human stem cells remains unclear
epithelial mesenchymal transition of BE cells as they progress to cancer '’. It remains unclear
therefore whether these markers actually label stem cells or relate more to cancer stem cells.
Fourth, markers like the homeobox gene cdx2 appear to promote intestinalisation rather than
label specific stem cells populations per se'®. Fifth even the relatively simple question of the
location of stem cells in the normal stomach and esophagus in man have not been previously
proposed, although data is available in animal models. Despite these problems other techniques
which trace lineage by genetic analyses strongly favour the likelihood of common stem cells
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between squamous and columnar esophageal mucosa . The site of stem cells in BE has been
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more problematic as well as the availability of true ‘biomarkers’ of stem cells

Furthermore it has been shown that cancer stem cells may divide quickly following recovery



from chemotherapy thereby allowing re-expansion of resistant clones ''. Therefore assessing
whether stem cell turnover is different between benign, premalignant and neoplastic lesions in
the same patient would be informative.

Identification of stem cells would help in the understanding of the patho-physiology of the
gastro-esophageal junction. Specifically, the frequency and location of stem cells may enable
their isolation for study. This could improve the diagnosis, prognostication and even the
targeting of new therapies for BE.

Our aims were therefore to demonstrate that on either side of the esophago-gastric junction there
are long lived undifferentiated cells (>11 days) (true label retaining cells LRCs) that can
periodically cycle and can also still commit to mature cell types. The availability of dysplastic
and neoplastic lesions in these tissues also allowed us to study the presence of label retaining
cells in various stages of disease including cancer. Therefore we aimed to assess whether LRCs
could also be found in the metaplastic, dysplastic and neoplastic esophagus as well as normal

mucosa.



Materials and Methods

Clinical protocol

The Stem cell Assessment In Neoplastic Tissues (SAINT) trial was approved by the
Leicestershire Ethics Board Reference Number: 09122, Medicines Health Regulatory Authority
Number: CTA 21275 and Research Ethics Committee Number: 7213 in 2002 (this followed an
earlier approval at the University of Birmingham Hospitals 1998). The Trial sponsor was the
University Hospitals of Leicester Trust and Chief Investigator J Jankowski. Two sites were used
for tissue acquisition namely Gloucestershire Royal Hospital and Leicester Royal Infirmary both
in England. Four patients were recruited to the study. After informed consent was obtained an
intravenous infusion of 5-iodo-2'-deoxyuridine (IdU) (gift of George Wilson, USA) at a dose of
200mg per m* body surface area (maximum dose of 400mg) was given over a 30 minute period
and had a circulation T1/2 of 8 hours. Labelled cells therefore represent only a small proportion
of the total number of cells dividing in even 24 hours. Each 200mg vial was reconstituted with
10ml of water and the resultant solution was then added to 250ml of 0.9% sodium chloride to
generate the infusion solution. Following the infusion the vital signs were recorded and patients

were monitored every 30 minutes for a further 3 hours.

Patients’ summary

Patients 1 and 2 underwent esophagectomy 7 days post-infusion. Patient 3 was infused 11 days
prior to surgery, Patient 4 was infused 29 days prior to an esophageal endoscopic mucosal
resection (EMR) for dysplasia and an esophagectomy for esophageal adenocarcinoma, 67 days
post-infusion (Supplemental Figure 1). None of the patients underwent pre-operative chemo-
radiotherapy. Tissues were obtained from normal esophagus, any areas of BE, dysplasia or

adenocarcinoma and from normal stomach within the resection margins.

In situ hybridization

Specific localization of human leucine-rich repeat containing G protein 5 (LGR5) mRNA was
accomplished by in situ hybridization using an antisense riboprobe synthesized with SP6 RNA
polymerase using >>S-UTP and appropriate tissue and experimental controls as previously

described.”



Tissue fixation, immunohistochemistry, immuofluorescence and flow cytometry

Tissue was fixed and processed into paraffin blocks as per standard procedures **. We cut
between 500 - 1000 sections (including intervening spares) from each block and we had
approximately 10-15 blocks per patient resection and 5 for endoscopic resection (ER). Since we
had 4 patients for esophagectomy and one with ER, making over 50,000 sections. Antibodies
used were; IdU (IdU/BRAU) (18.8ug/ml, Dako, UK), Sheep anti-IdU/BRdU (10ug/ml, Abcam,
UK) anti-Ki-67 (0.5g/pml, Dako, UK), anti-PanCK (9.2pg/ml, Dako, UK), anti-Muc-2 (40pg/ml,
Abcam, UK), anti-Chromogranin A (0.42pg/ml, Dako, UK), ATPase (0.25ug/ml, Dako, UK),
anti-Carbonic anhydrase II (1pg/ml, Abcam, Cambridge, UK) and anti-Defensin 5 (Spg/ml,
Abcam, UK). Other antibodies to stem cell markers were employed rabbit anti-Musashi-1
(1pg/ml, Millipore), LGRS (0.25pg/ml, Abgent, USA), CD133 (1pg/ml, Biorbyt, UK),
DCAMKLI1 (0.5pg/ml) (Epitomics, USA) and CDX2 (prediluted, Abcam, USA).
Immunohistochemistry, immuofluorescence and flow cytometry were performed as previously
described using appropriate experimental/antibodies and tissue positive and negative controls
including normal stomach, intestine, skin, colon and pancreas, esophageal, gastric and colonic
cancer as well as various epithelial cell lines from the squamous (OE21), columnar esophagus
(OE33) as well as colorectal cancer cell lines (HCA-7, CACO-2) * 2%,

For double-immunohistochemistry staining, mouse anti-IdU antibody (1:10 dilution) was first
incubated overnight and then rabbit anti-Musashi-1 (1:75), LGRS (1:25), CD133 (1:75) or
DCAMKLI1 (1:75) was incubated for 2 hours. Biotinylated anti-rabbit secondary antibody
(1:250) was used to react with rabbit first antibodies. Subsequently, the section was incubated
with alkaline phosphatase conjugated Avidine/Biotin complex (1:100) for 30 minutes. Fast blue
staining was detected by incubation with alkaline phosphatase substrate. To detect mouse 1dU
antibody, biotinylated anti-mouse secondary antibody (1:150) was used. Then, the section was
incubated with horse radish peroxidase conjugated Avidine/Biotin complex (1:50) for 30 minutes.

Brown staining was detected by incubation with horse radish peroxidase substrate.* **



Results

In this study four patients undergoing esophageal resection for adenocarcinoma were infused
with 5-iodo-2'-deoxyuridine (IdU) at a dose of 200mg/m” prior to tissue collection at 7, 11, 29
and 67 days (Supplementary Figure 1). Tissues were obtained from the squamous esophagus,
Barrett’s esophagus, Barrett’s associated dysplasia, esophageal adenocarcinoma and the normal
stomach. LRCs were defined as IdU-positive cells observed at least 29 days after injection and
were characterised using hematoxylin and eosin (H&E) staining, immunohistochemistry,

immuofluorescence and fluorescence activated cell sorting (FACS).

1dU labelled cells in the normal squamous esophagus

Previous work in the normal squamous esophagus has suggested that stem cells reside in the
basal layer and that their progeny become differentiated in the parabasal and superficial layers
eventually to become effete *'° (Figure 14). Cycling cells are Ki-67+ve (Figure 1B) and
expression reflects cells in late G1, S, G2 and M phases: consequently a proportion of this
population would have incorporated IdU at infusion. After 7 days, IdU-positive cells were
identified in the basal layer (2.3%) and in the parabasal (6%) and superficial layers (2%) (Figure
1C), suggesting that the mucosal epithelial turnover time in the human esophagus can be greater
than 7 days as many cells are still ‘in upward transit’. The majority (80%) of these labelled cells
were lost by 11 days (Figure 1D). LRCs were seen mainly in the basal layer 29 days after
infusion (0.35%) (Figure 1D) and this became the exclusive location by 67 days (0.05%) (Figure
24). These LRCs were epithelial (expressed cytokeratin) (Figure 2B) and resided adjacent to
clusters of proliferating cells (Figure 2C). Significantly (p = 0.001), IdU-positive cells in the
basal layer of the squamous oesophagus were identified more frequently in the convoluted
papillary basal layer (PBL) compared with the flat interpapillary basal layer (IBL) of patients 1-3
(ratio of percentage of IdU positive IBL and PBL cells; 0.4%/1.3% (Figure 2D); LRCs (IdU
labelled) were seen especially at the tips of the papillae (Figure 2E). The papillary height
increases in response to inflammation'® and here we show it contains nearly five-fold more

cycling cells (Ki -67 labelled) than the IBL in patients 1-3 (p= 0.0002). Therefore the difference



in cycling cells between the locations may be inter-related to the difference in IdU-positive cells

from which the former arise.

1dU labelled cells in the normal stomach

In the body of the stomach, it is known that cells proliferate in the neck region and migrate bi-
directionally, up into the foveolus/pit and down into multiple gland bases (Figure 34). We show
that Ki-67 expression is concentrated in the neck region of the glands (Figure 3B) and IdU-
positive cells were identified at 7 days in the neck region, but also in the foveolus and base of the
gland. The flux of cells appears most rapid towards the foveolus as more IdU-positive cells are in
this top region at 7 days and less towards the base (Figure 3C). LRCs were exclusively
identified in the neck of the gastric unit (Figure 3D) at 11 days and these cells were epithelial
(contained cytokeratin) and were also undifferentiated (Figure 3E). Interestingly, 2 1dU labelled
cells, with an early parietal morphology (‘fried egg’ appearance but negative ATPase staining
(data not shown)) were also seen in the stomach at 67 days post-infusion of IdU. The fact that
they are adjacent to each other suggests that the location of the precursor cell is close to where
these cells were found in the neck (Figure 3F) (IdU labelled committed cells = non-LRCs).
However the vast majority of stomach IdU labelled cells were lineage negative (~ 99%) (IdU
labelled but non-committed cells = LRCs).

1dU labelled cells in the metaplastic esophagus

Barrett’s oesophagus is a premalignant condition where the stratified squamous epithelium is
replaced by a columnar metaplasia: this metaplastic change may be driven by stem cells in an
altered (inflamed) niche as a result of acid reflux, and so causing a lineage switch. In this regard
we know that Barrett’s forms glandular structures (Figure 44); cells proliferate in the base and
further up in the glands (Figure 4B) and become differentiated towards the surface before being
lost into the lumen. After 7 days, IdU-positive cells were identified from the base to the mid-
region (Figure 4C). By 11 days the number of IdU-positive cells was reduced but were still
observed in both basal and mid region (Supplementary Figure 24). LRCs were however
exclusively identified at the base of the Barrett’s glands at 29 days (Supplementary Figure 2C -
F) (0.2%) and 67 days (0.07%) post-infusion using IHC-hrp (Figure 4D) and IHC-fl (Figure 4F);

these cells were epithelial (contain cytokeratin) (Fig. 4F), reside near to a Ki-67-positive cell



(Figure 54) and appear to be non-lineage committed (non-goblet cells and non-endocrine cells)
(Figure 5B). The extreme basal location of LRCs within Barrett’s esophagus at 67 days were
akin to the proposed location of stem cells in the colon and these LRCs were also negative for
defensin 5 suggesting they are not long-lived Paneth cells (Figure 5C).19 In one case a
chromogranin A-positive /IdU-positive cell was identified in the gland base at 67 days (Figure
5D). A plausible explanation is that this cell may have incorporated label at time 0, during its last
division, and subsequently differentiated into a neuroendocrine cell but retained IdU since it does
not divide. However, as in the normal esophagus and stomach the vast majority of IdU labeled
cells in the diseased esophagus were lineage negative (~99%) i.e. true LRCs as opposed to
labelled progeny. FACS analysis was also performed on tissue at 67 days and confirmed that
LRCs were present and interestingly showed that the Barrett’s epithelium contained a greater
proportion of LRCs than matched numbers of cells from either adjacent normal squamous or
stomach tissue (Supplemental Figure 3).

Previously murine /gr5 mRNA expression has been shown to be a stem cell marker in the gut in
several key studies.” '*"* Analysis for human LGRS mRNA showed that expression was indeed
located at the base of the Barrett’s glands (Figure S5E (light field) (dark field) F)). However no

expression was seen in the normal squamous esophagus or in the submucosal glands/ducts.

1dU labelled cells in the dysplastic and neoplastic esophagus

The dysplastic and adenocarcinoma tissue showed numerous IdU-positive cells at 7 days and a
marked variation of staining intensity can be seen which may reflect dilution of the label after
rapid division (Supplementary Figure 44 and B). At 67 days post-infusion no LRCs were
identified (Supplementary Figure 4C and D). These data are consistent with the notion that such
tumors have few, if any, slow cycling stem cells. At the very least label has fallen below
detectable levels suggesting several rapid divisions in substantiation of Chen et al .

Our data suggest that the epithelial cellular turnover time, could be different between squamous
and Barrett’s esophageal mucosa. In the former, 0.28% of the total mucosal compartment (i.e.
both IdU labelled and unlabelled) (Figure 64) compared with only 0.11% in Barrett’s mucosa of
the total mucosal compartment (Figure 6C) divided in the same period. This could be explained
either by a real slower turnover of Barrett’s or an artefact due to quicker turnover in Barrett’s

washing out the IdU label. To delve into this further it is important to understand that the Ki-67
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index is the fraction of the population in the cell cycle at the time of tissue harvesting and the
IdU index is the fraction of S phase cells which retain label after 11 days. Therefore the fraction
of double labelled cells is the fraction of IdU-labelled cells which are then in the cell cycle again
(labelled also with Ki-67) at 11days. This would also appear to be smaller in Barrett’s than in the
squamous esophagus. This time the few I1dU labeled cells in transit up the Barrett’s mucosa are
in the differentiated compartment and incapable of division and therefore don’t label with Ki-67.
This again is consistent with a faster turning over tissue (Figure 6D). Moreover Ki-67 labelling is
higher in Barrett’s in percentage when compared with squamous esophagus (reported previously
in 8). Furthermore in both locations some cells still retain label at 67 days, suggesting they have
either not entered the cell cycle again or at best divided only once (as label is diluted easily).
Consequently the number of LRCs reduced over time in both the squamous epithelium (Figure

6F), stomach (supplementary Figure 5) and Barrett’s esophagus (Figure 6F).
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Discussion

We have shown for the first time the existence of a population of slowly cycling uncommitted
cells in human gastrointestinal tissues ex vivo. This study relies on demonstrating that LRCs are
negative for differentiation markers to be able to conclude that they are stem or progenitor cells.
Previously, it is only in the oxyntic mucosa of trefoil factor-2 (TFF2) mice that successful
lineage tracing has demonstrated progenitor stem cells in animal models *°. Furthermore it has
also been reported that the murine small intestinal and colonic crypt base columnar cells (CBCs)
expressing lgr5, are actively cycling and are able to regenerate the entire cell population.’ **?!
We have also shown LGR5 mRNA is expressed in LRC region of the Barrett’s mucosa in man.

A recent publication has shown that esophageal squamous mucosa and Barrett’s esophagus can
share the same mitochondrial mutations implying a common stem cell **. In this regard recent
genetic lineage-tracing studies in the mouse have provided new evidence to support the existence
of both rapid and slowly cycling intestinal stem cells." Furthermore murine LRCs are most
commonly found at position +4 crypts of the small intestine,”’ where the putative stem cell
marker Bmi-1 is expressed ***° however Bmi-1 was not expressed in Barrett’s glands from our
patients (unpublished observations) and there are insufficient numbers of LRCs to precisely
determine their cell position. It is possible that two stem cell populations co-exist in the gut in an
overlapping way, one rapidly cycling and the other slowly cycling and that these may be

29, 30

interconvertable . In this regard distinct populations of slow cycling LRCs and more rapidly

cycling cells have been previously characterised in both the bulge region of the hair follicle and

2,31,32

in the intestine . In the former case the /gr5-negative cells cells co-exist with /gr5-positive

cells in the skin at the lower bulge of the hair follicle and appear to represent an active but
heterogenously cycling stem cell pool.>***

Studies have shown that rapidly cycling lgrS-positive cells divide symmetrically following a
pattern of neutral drift dynamics, *>**° but do not rule out our observations of topographically
distinct slowly cycling stem cell population, perhaps with both asymmetric division and subtly
different niche signals maintaining the relatively inactive state. In this regard we found < 0.1%
of the mucosa were LRCs, however our estimates of LRCs may be lower than the actual, because
we had a short labelling period, (30minutes labelling and 8 hour T'/,), relative to the cell cycle

and also the threshold of detection by immunocytochemistry/immuofluorescence is challenging

23 Tt is also possible IdU could be metabolised or degraded over time as with other nuclear
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components. Intriguingly we found no LRCs in dysplastic or neoplastic tissue confirming recent
data that cancer stem cells may rapidly divide under certain circumstances '

The evidence presented here is suggestive of a population of lineage uncommitted cells within
the normal and metaplastic human upper gastrointestinal tract, yet it also highlights some
important characteristics of the life span of some differentiated cell types. We have observed two
cells that exhibited either chromogranin A (neuroendocrine cell with endocrine marker) or the
morphology of a parietal cell (however ATPase negative) in the 67 day post infusion patient.
This shows that these cells differentiated after division from a progenitor cell and remained in
situ for at least 67 days indicating a substantial life span. To differentiate between a LRC
stem/progenitor cell and a long lived differentiated LRC we performed dual
immunohistochemistry for IdU and lineage markers. It is important to state that we consider only
IdU positive, lineage-negative cells to be potential progenitor cells. The lack of bone fide gastro-
esophageal stem cell markers has made it difficult to conclude absolutely that LRCs are stem
cells. Antibodies to LGRS are currently unreliable and lineage tracing from a single 1gr5 stem
cell has only been demonstrated in the murine pylorus **. Antibodies to musashi-1 have been

shown to bind to parietal cells ** *°

and no lineage tracing from a musashi-1-positve cell has been
published and studies using CD133 have only shown lineage tracing in the intestine not the
upper gastrointestinal tract *'. While a recent paper in a murine model has suggested a ‘reserve’
slow cycling stem cell pool is not needed to maintain and repair tissue in the esophagus, it is
unclear whether slower cycling cells exist and where they could be located in man '>*,
Furthermore and to substantiate this later point a recent publication has shown that in skin the
epidermis slowly cycling cells exist and can repopulate the entire damaged tissue "°. These
experiments support the position of esophageal squamous cell LRCs identified in a murine
model and take it further into man in health and disease *. Intriguingly from a recent genome
wide assessment study we have shown the most important single nucleotide polymorphism is
linked with FOXF in determining which patients develop BE. FOXF'I is a gene which is
associated with stem cell fate and in particular, and relevantly, with endodermal selection ***.
We plan subsequently to micro-dissect these LRCs to see if FOXFI or indeed Bmil, Tert, Hopx
and Lrig] are factors dictating fate *°.

In conclusion we present unique and timely data in man identifying the site of undifferentiated

long lived LRCs (67 days) in the normal human esophagus and stomach as well as metaplastic
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esophagus which can also commit to mature cell types. These human LRCs are epithelial, have
been seen to adjoin to a population of proliferating cells and commonly do not express markers
for goblet cells, neuroendocrine cells or Paneth cells. Importantly, there are a tiny proportion
(<1%) of cells that label retain yet are positive for differentiation markers. These cells are
indicative of division of a labelled progenitor cell and giving subsequent long lived differentiated
cells. We have also shown that the tissue turnover time of the rest of the esophagus (non LRCs)
to be at least 11 days. The exact functional and genetic nature of these LRCs has yet to be
determined, but we propose that they may represent a population of slow-cycling stem cells.
Future work aims to micro-dissect these cells and identify unique characteristics compared with

adjacent cells.
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