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BACKGROUND & AIMS: Resistance of metastatic human colo-
rectal cancer cells to drugs that block epidermal growth factor
(EGF) receptor signaling could be caused by aberrant activity of
other receptor tyrosine Kkinases, activating overlapping
signaling pathways. One of these receptor tyrosine kinases
could be MET, the receptor for hepatocyte growth factor (HGF).
We investigated how MET signaling, and its interaction with
CD44 (a putative MET coreceptor regulated by Wnt signaling
and highly expressed by intestinal stem cells [ISCs] and ade-
nomas) affects intestinal homeostasis, regeneration, and ade-
noma formation in mini-gut organoids and mice. METHODS:
We established organoid cultures from ISCs stimulated with
HGF or EGF and assessed intestinal differentiation by immu-
nohistochemistry. Mice with total epithelial disruption of MET
(AhC®/Met™"/LacZ) or 1SC-specific disruption of MET
(Lgr5¢rer /Met /LacZ) and control mice (Ah“"¢/Met*/* /LacZ,
Lgr5r2 /Met*/" /LacZ) were exposed to 10 Gy total body
irradiation; intestinal tissues were collected, and homeostasis
and regeneration were assessed by immunohistochemistry. We
investigated adenoma organoid expansion stimulated by HGF
or EGF using adenomas derived from Lgr5?/Met"'/Apc""
and Lgr5/Met*/* JApd”" mice. The same mice were
evaluated for adenoma prevalence and size. We also quantified
adenomas in Ah"°/Met""/Apc* mice compared with AR/
Met*/* /Apc"* control mice. We studied expansion of organo-
ids generated from crypts and adenomas, stimulated by HGF or
EGF, that were derived from mice expressing different CD44
splice variants (Cd44"/", Cd447/~, Cd44%/5, or Cd44**10/v+10
mice). RESULTS: Crypts incubated with EGF or HGF expanded
into self-organizing mini-guts with similar levels of efficacy and
contained all differentiated cell lineages. MET-deficient mice
did not have defects in intestinal homeostasis. Total body
irradiation reduced numbers of proliferating crypts in Ah“®/
Met""/LacZ mice. Lgr5®™?/Met™"/LacZ mice had impaired
regeneration of MET-deficient ISCs. Adenoma organoids stim-
ulated with EGF or HGF expanded to almost twice the size of
nonstimulated organoids. MET-deficient adenoma organoids
did not respond to HGF stimulation, but did respond to EGF.
ISC-specific disruption of Met (Lgr5¢ /Met""'/Apc™" mice)
caused a twofold increase in apoptosis in microadenomas,
resulting in an approximately 50% reduction of microadenoma
numbers and significantly reduced average adenoma size. Total
epithelial disruption of Met (Ah“°/Met”/ApdV* mice)
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resulted in an approximate 50% reduction in (micro)adenoma
numbers. Intestinal crypts from Cd44~/~ mice did not expand to
the same extent as crypts from Cd44™/" mice on stimulation
with HGF, but had the same response to EGF. The negative
effect on HGF-mediated growth was overcome by expression of
CD44v4-10, but not by CD44s. Similarly, HGF-mediated
expansion of adenoma organoids required CD44v4-10.
CONCLUSIONS: In studies of intestinal organoid cultures and
mice with inducible deletion of MET, we found HGF receptor
signaling to regulate intestinal homeostasis and regeneration,
as well as adenoma formation. These activities of MET are
promoted by the stem cell CD44 isoform CD44v4-10. Our
findings provide rationale for targeting signaling via MET and
CD44 during anti-EGF receptor therapy of patients with colo-
rectal cancer or in patients resistant to EGF receptor inhibitors.

Keywords: Colon Cancer; Hepatocyte Growth Factor; Colorectal
Carcinogenesis; WNT.

Intestinal epithelial self-renewal is a continuous and
tightly controlled process. Intestinal stem cells (ISCs),
marked by leucine-rich repeat-containing G-protein coupled
receptor 5 (LGR5) expression, reside at the crypt base
between Paneth cells and give rise to a population of rapidly
dividing progenitor cells that terminally differentiate into all
cell types of the gut.* Wnt signaling plays a key role in
maintaining the intestinal crypt compartment by driving the
activation of a target-gene program that is required for ISC
self-renewal and progenitor proliferation.*® Aberrant Wnt-
pathway activation in ISCs, resulting in constitutive Wnt
target-gene transcription, leads to malignant transformation.’
Thus, Wnt targets are crucial in the regulation of intestinal
epithelial self-renewal as well as in tumorigenesis.

Abbreviations used in this paper: (3-gal, 3-galactosidase; CRC, colorectal
cancer; EGF, epidermal growth factor; EGFR, epidermal growth factor
receptor; GFP, green fluorescent protein; HGF, hepatocyte growth factor;
ISC, intestinal stem cell; LGRS5, leucine-rich repeat-containing G-protein
coupled receptor 5; mCRC, metastatic human colorectal cancer; PBS,
phosphate-buffered saline; RTK, receptor tyrosine kinase; TBI, total body
irradiation.
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EDITOR’S NOTES

BACKGROUND AND CONTEXT

Resistance of human colorectal cancer cells to drugs that
block epidermal growth factor receptor (EGFR) signaling
could be caused by aberrant activity of other receptor
tyrosine kinases, activating overlapping signaling pathway.

NEW FINDINGS

MET signaling regulates intestinal homeostasis,
regeneration, and adenoma formation. These activities
of MET are promoted by stem-cell CD44 isoforms.

LIMITATIONS

The study did not measure the effect of simultaneous
deletion or inhibition of the EGFR and MET.

IMPACT

These results provide rationale for targeting signaling via
MET and CD44 in patients with colorectal cancer during
anti-EGR receptor treatment or patients resistant to
EGFR inhibitors.

Interestingly, in the presence of the stem cell niche
factors Wnt, R-spondin, Noggin, and epidermal growth fac-
tor (EGF), both mouse and human ISCs can be cultured
ex vivo over long periods as epithelial organoid “mini-guts”
containing all differentiated intestinal cell lineages.'’
Although EGF/EGF receptor (EGFR) signaling is generally
credited for providing the necessary receptor tyrosine ki-
nase (RTK) signals regulating ISC homeostasis, this notion is
largely based on experimental evidence obtained in
Drosophila, an organism with a limited RTK repertoire,’
and on stem cell-specific deletion of Lrig-1 a regulator of
multiple tyrosine Kkinases, including both the EGFR and
MET."* Hence, although capable of supporting ISCs in in-
testinal organoid cultures, the specific role of EGFR signaling
in ISC homeostasis and intestinal tumorigenesis in vivo and
possible contribution of other RTKs and their ligands, re-
mains incompletely defined. Indeed, although an impaired
regenerative response and reduced adenoma formation
were reported in Egfr mutant mouse models, these models
did not display spontaneous intestinal defects,"**® indi-
cating a redundant role of EGFR signals under homeostatic
conditions. Furthermore, studies with EGFR-blocking anti-
bodies in metastatic human colorectal cancer (mCRC) sug-
gest that therapy resistance can be caused by aberrant
activity of alternative RTKs.'”*® A potential candidate in this
context is MET, which can be activated by either MET
amplification, or by overexpression of MET and/or the MET
ligand hepatocyte growth factor (HGF).'”"*°"?* Interestingly,
apart from mediating growth and survival, HGF, also known
as “scatter factor,” is a potent inducer of tumor dissemina-
tion and invasive growth,®*** whereas Met is a transcrip-
tional target of Wnt signaling”® and is strongly upregulated
in colorectal cancers (CRCs) and their precursors.”*?”
Together, these studies suggest that HGF/MET signaling
contributes to ISC fate, and that mCRCs may escape
from addiction to EGFR signaling by co-opting HGF/MET
signaling.'719-%3

In this study, we therefore explored the role of MET in
ISC homeostasis and intestinal tumorigenesis. We report
that HGF/MET signaling can fully substitute EGFR signals in
intestinal organoid cultures and moreover promote expan-
sion of adenoma spheroids. Furthermore, by using inducible
Met-deficient mouse models, we show that MET is involved
in the regenerative response of ISCs to irradiation, as well as
in intestinal adenoma formation. Finally, we show that ISC-
specific CD44v-isoform(s) regulate HGF/MET-dependent
expansion of both normal and neoplastic intestinal
organoids.

Methods
Crypt and ISC Culture

The isolation and culture of crypts and LGR5-expressing
cells has been described previously.'”*® In short, duodenal
cells and crypts were isolated from adult mice at 7 to 12 weeks
of age, after repeated washing with phosphate-buffered saline
(PBS) followed by incubation with 2 to 5 mM EDTA. Isolated
crypts were dissociated to single cells by means of a second
round of incubation with EDTA (2 mM) in serum-free medium
containing 50% Wnt3a conditioned medium and 10 uM
Y-27632 (Sigma-Aldrich, St Louis, MO) to prevent cell death.
For each experiment, crypts or cells were pooled from 3 in-
testines. Approximately 200 purified crypts or 500 green
fluorescent protein (GFP)-high LGR5-expressing cells were
mixed with 50 uL Matrigel (BD Biosciences, San Jose, CA) and
plated in 24-well plates using at least 3 wells for each condi-
tion. Cultures were incubated with serum-free Advanced
Dulbecco’s modified Eagle’s medium M/F12 (Invitrogen,
Carlsbad, CA) supplemented with 100 ng/mL Noggin (Pepro-
tech, Rocky Hill, NJ), 500 ng/mL R-spondinl (R&D Systems,
Minneapolis, MN), N2 and B27 supplements (Invitrogen) and
EGF (Peprotech), and/or HGF (Reliatech, Hamburg, Germany)
at indicated concentrations. Growth factors were added every
other day, and the entire medium was changed every 4 days.
Epithelial structures were photographed using an Olympus
(CKX41; Tokyo, Japan) microscope with a Coolsnap CF camera
(Photometrics, Tucson, AZ) and surface area was quantified
by use of Image] software (National Institutes of Health,
Bethesda, MD).

Mice

All mouse studies were approved by the animal ethical
committee of the Academic Medical Center, Amsterdam. Lgr5-
EGFP-ires-CreERT2 (Lgr5¢°°"2) and Apc”" mice have been
previously described."** Met”/" mice were a generous gift of C.
Birchmeier (MGI:3050810).2° Rosa*®* (LacZ)*' reporter mice
were obtained from Jackson Laboratories (Bar Harbor, ME) and
Ah®™ mice were obtained from D. Winton.*? Cd44~/~, Cd44**,
and Cd44**1%v*1% were described previously,**** and back-
crossed to C57Bl/6] for more than 10 generations. Homozygous
offspring on a C57BI/6] background were obtained by a final
interbreeding. Apc™™/* mice expressing specific CD44 splice
variants were generated by crossings with C57Bl/6]-min/+
(Apc™™/+y mice (Jackson Laboratory). Recombination in vivo
was induced by 2 single intraperitoneal injections of 250 uL 10
mg/mL Tamoxifen (Sigma) with a 2-day interval for Lgr5eet
mice. Recombination in Ah“® mice was induced by 5 daily
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injections of 300 mg/kg betanaphtoflavone (Sigma) intraperi-
toneally according to Ireland et al.** Three daily betanaphto-
flavone injections were used to establish optimal
recombination for mice in radiation experiments. Mice received
10 Gy total body irradiation (TBI), 0.85 Gy/min using a 137Cs
IBL 637 (CIS Bio International, Saclay, France) and were
killed after 72 hours. The intestines were removed and
flushed with PBS, opened longitudinally, and processed to
Swiss rolls that were fixated in formalin and embedded in
paraffin. All control mice were littermates and all mice in
studies with Cre-mediated recombination contained a LacZ
reporter. Of all mice used, a DNA sample was taken to confirm
the mouse genotypes.

Adenoma Culture

Adenomas were dissected from the proximal small intestine
of chemically induced Lgr5e/Met"'/Apd""" and Lgr5cee?/
Met™”* /Apd"”" mice and from Cd44*/*, Cd44%", or Cd44**+1%/v+10
-Apc™™/* mice and dissociated by trypsin treatment together
with 2000 U/mL DNase (Sigma) for 30 minutes at 37°C. Disso-
ciated fragments were passed through a 70-mesh filter (BD Bio-
sciences) and washed with PBS. Fractions were cultured in
Matrigel with serum-free Advanced Dulbecco’s modified Eagle’s
medium/F12 medium (Invitrogen) in the absence of Noggin/R-
spondin for 7 days, after which adenoma organoids were
collected, washed, and dissociated into subfractions. Fractions
were embedded into Matrigel and covered with medium sup-
plemented with 100 ng/mL HGF or 50 ng/mL EGF after which
spheroids were allowed to expand over a 4-day period. Adenoma
organoids were daily photographed using an Olympus (CKX41)
microscope with a Coolsnap CF camera and surface area was
quantified by use of Image] software.

Met" Recombination Analysis

Efficient recombination of the Met allele was determined by
means of quantitative POLYMERASE CHAIN REACTION analysis
using DNA isolated from whole tissue sections of Ah®™ or
Lgr5ee™ x Met”"" or Met’”/" using primers flanking and over-
lapping the recombination site. Primers used for the recombined
Met4 allele were 5'-CACAGAGGATAGCCCCATACC-3’ and 5'-
AGCAAATATGTGAGCTCTGTCAA-3' and for Exonl6 as control
primers 5'-CCCCTATCCTGACAAGTGGA-3’ and 5'-AATTTCGCA
GATCTCCATGC-3'. Recombination status of adenoma derived
from Ah®" or Lgr5er? x Met”!/Apc™" or Met*/* /Apc™" was
determined using the following primers: 3'LoxP 5'-ATG
CAACGTGTCCCCTTTTA-3' and 5-AGCAAATATGTGAGCTCTGT
CAA-3', Metd 5'-AGCCTAGTGGAATTCTCTGTAAG-3’ and 5'-
AGCAAATATGTGAGCTCTGTCAA-3’, Exonl6 5-CCCCTATCCT
GACAAGTGGA-3' and 5'-CTACGTGCTGAACTGCTTGG-3/, and
Exon18 5'-CATGAAAGACTTCAGCCATCC-3’ and 5'-AATTTCGCA
GATCTCCATGC-3'.

Immunohistochemistry

Sections of 5 um were cut from paraffin-embedded Swiss
rolls, or whole organoids were isolated from Matrigel and
immunohistochemical stainings were performed for cell pro-
liferation using Rabbit-anti-Ki67 (SP6; Thermo Fisher Scientific,
Waltham, MA), for apoptosis using Rabbit-anti-cleaved
Caspase-3 (Asp175; Cell Signaling, Danvers, MA), for Rabbit-
anti-g-gal (A11132; Life Technologies, Carlsbad, CA) as readout

68

for recombination as well for the differentiation markers,
Rabbit-anti-Synapthofysin for enteroendocrine cells (SP11;
Thermo Fisher Scientific), Rabbit-anti-Dclkl for Tuft cells
(ab31704; Abcam, Cambridge, UK), and Rabbit-anti-Lysozyme
for Paneth cells (EC3.2.1.17; Dako, Santa Clara, CA). Alcian
blue or Pas-D and alkaline phosphatase were used to visualize
Goblet cells and enterocytes, respectively. Analysis of Ki67-
positive proliferating cells in crypts was performed unilater-
ally. Swiss roll sections were scanned using a Philips IntelliSite
UFS (Philips, Cambridge, MA) and further processed and
analyzed using Philips Digital Pathology Solutions and Image]
software.

Statistical Analysis
Student t test was used to test for statistical significance.
Error bars represent mean + SEM.

Results

HGF/MET Signaling Can Mediate Outgrowth of
ISCs into “Mini-gut” Organoids, Substituting
EGFR Signals

RTK signaling is essential for proliferation of normal and
neoplastic intestinal epithelium. The established RTK stim-
ulus for proliferation in Matrigel-based intestinal organoid
cultures is EGF,'° but the fact that Egfi- deletion has no effect
on intestinal homeostasis in vivo'® suggests redundancy
among RTKs. A prime candidate is MET: EGFR and MET
activate largely overlapping intracellular signaling cascades.
Moreover, in neoplastic intestinal epithelium, MET signaling
can protect cells from EGFR inhibition.'”*?3> However,
whether or not HGF, like EGF, indeed can mediate ISC
expansion and/or crypt-villus development has not been
explored. To address this question, we established murine
intestinal crypt cultures, which under defined conditions
develop into organoids comprising crypt-villus units in situ
(“mini-guts”).'® Crypts from wild-type C57BL/6] mice were
seeded in Matrigel with appropriate nutrients,'® supple-
mented with EGF, HGF, EGF and HGF, or medium alone. As
expected, in the presence of EGF, crypts expanded into self-
organizing mini-guts containing multiple crypt-like struc-
tures (Figure 14), whereas crypts cultured in the absence of
RTK stimuli remained dormant (Figure 14 and C). Inter-
estingly, we observed that HGF was able to fully replace EGF
in mini-gut formation with similar organoid expansion rates
(Figure 14 and C; Supplementary Figure 14). Stimulation
with a combination of EGF and HGF further enhanced
organoid expansion (Figure 1B). Importantly, ISC-specific
Met deletion in crypt cells derived from Lgr5-EGFP-ires-
CreERT2(Lgr52) /Met”"" mice resulted in >50% reduc-
tion in HGF-mediated organoid expansion (Figure 1D), but
did not influence EGF-dependent crypt expansion
(Figure 1E), confirming the involvement of MET signaling. In
addition, ISC-specific Met deletion resulted in a strong
reduction of GFP-expressing organoids (Supplementary
Figure 1B). Notably, the observed partial growth inhibition
can be explained by the variegated Cre recombinase acti-
vation in Lgr5¢°" mice.*® These results show that HGF,
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Figure 1. HGF/MET signaling can mediate outgrowth of ISCs into mini-gut organoids, substituting EGFR signals. (A) Devel-
opment of mini-gut organoids from intestinal crypts after 7 days of culture in medium supplemented with either EGF, HGF,
EGF + HGF, or control (no growth factor). (B) Relative mini-gut size at day 10 after plating (n = 10; **P < .01). (C) Time kinetics
of organoid exgansion stimulated in the presence of HGF-containing or control medium. (D, E) Relative expansion of crypts
from Lgr5°e/Met”" mice stimulated with HGF or EGF in the presence or absence of 4-hydroxytamoxifen (TAM) (n = 10;
***P < .001). (F) Mini-gut formation starting with sorted LGR5+ stem cells from Lgr5-EGFP-ires-creERT2 small intestines in
culture medium supplemented with HGF. Crypt-like structures start to form 1 week after plating.

like EGF, can provide the RTK signals required for crypt
expansion and mini-gut formation.

To establish whether HGF can also mediate expansion
of ISCs and support differentiation into mini-guts,
LGR5-expressing cells were sorted from Lgr57™ mice
based on GFP expression’?’ and cultured in the presence of
HGF. Approximately 0.10% of the cells formed rounded
cysts within 1 week, which subsequently developed into
mini-guts (Figure 1F) containing all differentiated epithelial
lineages (Supplementary Figure 1C). Wild-type Lgr5e-
derived ISCs cultured without HGF (or EGF) and tamoxifen-
treated ISCs from Lgr5¢™?/Met™ mice stimulated with
HGF showed no signs of expansion (data not shown). These
results demonstrate that HGF/MET signaling can support
mini-gut formation from a single ISC onward.

MET Is Dispensable for Normal
Intestinal Homeostasis

The previous findings demonstrate that HGF/MET
signaling can mediate the development of ISCs into mini-gut
organoids, suggesting an important role for MET signaling in
intestinal homeostasis and, conceivably, also in intestinal
tumorigenesis. However, no data on the in vivo role of MET
signaling in the intestine were available. To study the role of
MET signaling in crypt homeostasis, we generated 2
inducible mouse models (ie, Lgr5“*?/Met'"/LacZ and
AR /Met" /LacZ mice). In the Lgr5™¢? model, activation
of Cre leads to ISC-specific deletion of Met, whereas in the
AR model, Cre activation induces Met deletion throughout
the intestinal epithelium. These 2 models thus allow to
distinguish between the consequences of ISC-specific and
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Figure 2. MET expression is dispensable for normal intestinal homeostasis. (A, B) 8-Gal stain on AhS™ (A) and Lgr5°™°* (B)
Met”" and Met™'* control intestines 7 days after Cre-mediated recombination. (C, D) Quantification of Ki67+ cells and
Caspase-3+ cells per crypt (n > 3) in AhS®/Met™" and Ah®/Met'* control mice. (E) Quantification of intestinal cell pop-
ulations for Goblet, Enteroendocrine, and Tuft cells (n > 3) in Ah°®/Met”" and Ah®®/Met*'* control mice. (F) Number of 8-gal+
crypts per 1000 crypts in Lgr5°°"?/Met™" and Lgr5°™"2/Met*'* littermate control mice at day 5, 10, or 30 after induction of

Cre-mediated recombination (n > 3).

complete epithelial Met deletion. In both models, immuno-
histochemical staining for §-galactosidase (6-gal) expression
was used to monitor Cre-mediated recombination
(Figure 24 and B). Induction of recombination in the
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Lgr52 model resulted in a variegated §-gal expression
pattern (Figure 2B), indicating partial Met deletion as re-
ported for this model.*® By contrast, in the AR model, all
epithelial cells became g-gal-positive on Cre activation,
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indicating highly efficient Met deletion (Figure 24). Quanti-
tative POLYMERASE CHAIN REACTION analysis of tissue
sections of Lgr5°°? and Ah®™® mice underscored the effi-
cient Met! recombination (Supplementary Figure 24).
Importantly, in neither of the 2 models were gross alter-
ations in intestinal integrity or architecture observed on Met
deletion (Figure 24 and B). In the Ah“"® model, the MET-
deficient epithelial lining was intact, whereas the MET-
deficient ISCs of the Lgr5¢™? mouse model proliferated
and gave rise to $-gal-positive crypt-villus units.

To investigate whether Met deficiency alters prolifera-
tion, apoptosis at the crypt base, or differentiation along the
crypt-villus axis, we performed stainings on Ah°"¢/Met" or
control Ah®®/Met"/t intestines to identify cycling and
apoptotic cells as well as the various differentiated intesti-
nal cell types, including Paneth cells, enterocytes, Goblet
cells, and Enteroendocrine and Tuft cells. No significant
changes in numbers of proliferating or apoptotic cells
(Figure 2C and D; Supplementary Figure 34 and B) or in
subset prevalence or distribution of differentiated cell types
were observed (Figure 2E; Supplementary Figure 3C),
indicating that Met deficiency does not affect intestinal
epithelial homeostasis.

Notably, the partial recombination in Lgr5? mouse
model results in the presence of Met-deficient and Met-
proficient stem cells, side-by-side within a single crypt.
Competition between ISCs in this model may therefore reveal
possible effects of Met deletion on stem cell fitness. As shown
in Figure 2F, in both Met”" and Met*/* control mice 30% to
35% of the crypts showed $-gal expression at 5 days after
induction of Cre activity, a percentage that slowly declined

A B

over time as a result of neutral drift. Hence, there was no ev-
idence for a competition advantage of Met-proficient over Met-
deficient stem cells. Taken together, our data show that MET is
dispensable for crypt-cell proliferation, survival, and differ-
entiation under homeostatic conditions.

MET Deficiency Attenuates Intestinal
Regeneration After Radiation-Induced Damage

MET signaling has been reported to play an essential
role in tissue repair, including liver regeneration and wound
healing.**® To assess whether MET plays a role in intesti-
nal regeneration, we used a radiation-induced damage
model in which mice are exposed to 10 Gy TBI. This results
in intestinal damage with a maximal regenerative response
at 72 hours.>” Regeneration can be assessed by quantifying
the proliferative activity of the crypts by measuring Ki67
expression in tissue sections (Figure 34). In MET-deficient
AR /Met"'/LacZ mice, the crypt-proliferative response to
TBI was significantly attenuated as compared with MET-
proficient Ah"®/Met™* /LacZ littermates (Figure 3B), indi-
cating that Met deficiency results in impaired intestinal
epithelial recovery.

To specifically study the role of ISC-expressed MET in
intestinal regeneration, we explored the effect of Met dele-
tion in the ISC-specific Lgr5“®*? model. Similar to the
results obtained in the Ah®®/Met"'/LacZ mice, irradiated
Lgr5¢eer2 /Met"’"' /LacZ mice also showed reduced numbers
of Ki67-expressing crypt cells compared with their
wild-type littermates. This reduction was approximately
one-third of that in Ah"®/Met"”/LacZ mice (Figure 3B),
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Figure 3. Met deficiency leads to attenuated repair of radiation-induced damage. (A) Cycling crypt cells in Ah®®/Met™" vs
AhC™/Met™'* after Cre-mediated recombination of Met. Representative picture of Ki67 expression at 72 hours after 10 Gy
radiation. (B) Quantification of cycling crypts in AhS®/Met™" vs AhC®/Met '+ mice and in Lgr5¢e2/Met™" vs L gr5¢e2/Met™
*+ after Cre-mediated recombination of Met. Number of Ki67+ crypts/mm measured at 72 hours after 10 Gy radiation (n = 5;
**p < 001). (C) Number of -gal+ crypts per 1000 crypts in Lgr5°®2/Met™" vs Lgr5°=e2/Met™'+ control littermates at 72
hours after 10 Gy radiation (h = 10; **P < .001). (D) Number of Ki67+ cells per 8-gal-positive or —negative crypt at 72 hours

after 10 Gy radiation.
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reflecting the lower recombination efficiency in the
Lgr57°r? model. This partial recombination in the model
creates a potentially competitive setting between Met-defi-
cient and Met-proficient ISCs within a single crypt. To
determine whether Met deletion influences the regenerative
capacity of ISCs exposed to irradiation, we quantified the
percentage of p-gal-positive crypt-villus units in the
Lgr5¢2 /Met"/LacZ mice and their control Lgr5¢¢?/
Met*/* /LacZ littermates. Interestingly, in the Met-deficient
Lgr5rer2 /Met"/LacZ mice, a significant reduction in
B-gal-positive crypts was found (Figure 3C). This reduction
was in line with the (moderate) reduction in Ki67-positive
crypts (Figure 3B). These results indicate that
Met-deficient ISCs have a competitive disadvantage during
regeneration from radiation-induced damage. Interestingly,
on (-gal/Ki67 double staining, equal numbers of cycling
cells were found in (-gal-positive and -negative crypts
(Figure 3D). This indicates that the Met-deficient ISCs that
survive irradiation are as capable of forming offspring as
their wild-type counterparts. Together, these data show that
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MET is involved in intestinal epithelial regeneration after
TBI, presumably by enhancing stem cell fitness.

MET Signaling Promotes Expansion of
Adenoma Organoids

The signaling events during intestinal regeneration and
tumorigenesis show marked similarities. Both processes are
driven by Wnt-pathway activation, including activation of
the downstream targets like MYC and AKT,"” key mediators
of tumorigenesis, metastasis, and relapse. To study the impact
of HGF/MET signaling on adenoma growth, adenomas derived
from ApcMW " mice were dissociated and cultured in Matrigel,
where they form rounded adenoma organoids (Figure 44).
These spheroids were grown in the presence of either HGF-
containing or control medium and their expansion was
quantified for 4 days. HGF-stimulated adenoma spheroids
expanded to almost twice the size of nonstimulated spheroids
(Figure 4B). To further investigate HGF-stimulated expansion,
we generated adenomas from Lgr5*"?/Apd"/'/Met"" and
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Figure 4.MET signaling
promotes expansion of
adenoma organoids. (A)
Example of an adenoma
spheroid culture derived
from ApcM™* mice 1 week
after reseeding. (B) Rela-
tive expansion of ApcM™+
derived adenoma organo-
ids stimulated with HGF-
containing or  control
medium (no growth factor)
(n = 30; P < .01). (C, D)
Relative  expansion  of
tamoxifen induced
Lgr5°e2/Apc™-derived

adenoma organoids stim-
ulated with HGF- or EGF-
containing or  control
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(n = 30; **P < .001).
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Lgr5¢reer2 /apdM/Mett/*  organoids by administration of
tamoxifen, yielding Met-proficient and Met-deficient adenoma
cultures. These were subsequently replated in medium con-
taining HGF, EGF, or control medium, and growth was moni-
tored for 4 days. Met-proficient, but not Met-deficient,
adenomas responded to HGF with accelerated growth
(Figure 4C). By contrast, EGF accelerated expansion in both
models (Figure 4D). These experiments show that HGF/MET
signaling results in accelerated expansion of adenoma
organoids.

Met Deletion Attenuates Adenoma
Formation In Vivo

We next explored the possible role of HGF/MET
signaling in adenoma formation in vivo. Initially, we
compared adenoma formation in Lgr5¢e?/Met" /Apc"
and Lgr5?/Met"/* /Apc"" littermates. In this model,
Cre-mediated deletion of both Apc alleles, with or without
concomitant deletion of Met, leads to a vast induction of Wnt
signaling in ISCs, resulting in the formation of multiple
adenomas within 3 weeks.** Upon Cre activation, we indeed
observed massive adenoma formation throughout the
intestinal mucosa (data not shown). This adenoma forma-
tion occurred in both the Met-deficient Lgr5¢/Met"/
Apcd"" and Met-proficient Lgr5¢¢?/Met/* /Apc"" litter-
mates, but the effect of Met deletion could not be accurately
assessed because the multiplicity and confluence of the
adenomatous changes prohibited reliable macroscopic ade-
noma enumeration. However, histologic examination of this
mouse model revealed a highly significant reduction of the
number of microadenoma in Met-deficient mice (Figure 54).
This was predominantly caused by a reduction of micro-
adenomas in the ileum and colon (Supplementary
Figure 4A4). Equal numbers of further developed adenomas
were observed (Figure 5B), but, interestingly, Met-proficient
adenomas had expanded to a larger average size compared
with Met-deficient adenomas (Figure 5C). Indeed, further
subdivision by adenoma size revealed that Met-proficient
mice had developed significantly more adenomas of >1 mm
and significantly fewer small adenomas (<0.5 mm)
(Figure 5D). No differences in adenoma distribution were
found (Supplementary Figure 4B).

To clarify the previous findings, we compared cell pro-
liferation and apoptosis in Met-proficient and Met-deficient
microadenomas and adenomas. No differences in the Ki67
expression were found (Figure S5E and F). Interestingly,
however, the number of apoptotic, Caspase-3 positive cells,
in Met-deficient microadenomas was approximately twofold
higher than in Met-proficient microadenomas (Figure 5G).
This elevated apoptotic rate was not observed in full-blown
adenomas (Figure 5H). These findings may explain the
observed reduced microadenoma numbers and average
adenoma size in the absence of MET (Figure 54 and C).

To study the role of MET in adenoma formation in a more
physiological setting, we subsequently used Lgr5‘2/
Met""/Apcd”* and AR /Met"/Apc”* mice and control
littermates. Similar to intestinal adenoma formation in human
individuals with familial adenomatous polyposis and in

ApcM™/+ mice, stochastic loss of the second Apc allele is
required for adenoma formation in these models. In the ISC-
specific Lgr5™¢"2/Apd”* model, very low numbers of ade-
nomas were obtained (1.3 + SD 2.6 for Met-proficient mice),
preventing assessment of the expected moderate impact of
Met deletion. Interestingly, however, in the Ah®™/Met""/
Apd”* model, total intestinal epithelial Met deficiency resul-
ted in an approximately 50% reduction in adenoma numbers
(Figure 5I) and in a significant reduction of microadenoma
formation (Figure 5]). Met-proficient Ah/Met*/* /Apc"+
mice developed more adenomas in the duodenum and
jejunum compared with Met-deficient Ah®®/Met""/Apc”/*
mice (Supplementary Figure 4C), but no differences in ade-
noma size were observed (Supplementary Figure 4D). Anal-
ysis of DNA extracted from tissue sections demonstrated that
adenomas originated from recombined cells (Supplementary
Figure 2B). Taken together, these results demonstrate a
functional role of MET in adenoma formation in vivo.

Intestinal Stem Cell CD44yv Isoforms Support
HGF-Dependent Mini-gut Formation and
Adenoma Growth

CD44 is a prime transcriptional target of Wnt signaling
and, consequently, is strongly expressed in ISCs and ade-
nomas.*”** We recently demonstrated that a specific CD44
variant (CD44v) isoform is abundantly expressed in ISCs and
promotes intestinal adenoma formation in vivo.**** By
contrast, adenoma formation was not supported by the CD44s
isoform. Because previous studies in cell lines, including hu-
man CRC cells, have provided evidence for CD44v involve-
ment in RTK, and particularly in MET, signaling,**™*> we
explored if CD44v indeed functionally collaborates with MET
and EGFR signaling in normal and neoplastic intestinal
epithelium, by stimulating crypts from Cd44"/* and Cd44 7/~
mice with EGF- or HGF-supplemented medium.

In the presence of EGF, Cd44 ™/~ crypts showed a similar
expansion compared with Cd44™/" crypts (Figure 6A4).
However, HGF-stimulated Cd44-deficient crypts showed a
strongly reduced expansion as compared with Cd44™/+
crypts (Figure 6B and C). These findings demonstrate a
functional role of CD44 in HGF-mediated expansion of
crypts into mini-guts.

To investigate whether CD44v or CD44s mediates HGF-
induced intestinal epithelial expansion, we isolated crypts
from Cd44 splice variant knockin mice, which selectively
express CD44v4-10 (the largest isoform in ISCs) or
CD44s.* Interestingly, in the presence of HGF, crypts
expressing CD44s showed a strongly reduced expansion
comparable to Cd44"*1%v*19 mjce (Figure 6B and C). By
contrast, the expansion of CD44v4-10 crypts was compa-
rable to Cd44*/* mice (Figure 64 and B). These findings
demonstrate that CD44v, but not CD44s, controls HGF-
driven intestinal epithelial expansion into mini-gut organo-
ids. On EGF stimulation, all crypts showed a similar
expansion rate (Figure 64), demonstrating that EGF/EGFR-
driven crypt expansion is CD44 independent and that the
growth potential of the crypts from the distinct CD44
isoform knockin mice were comparable.
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Constitutive activation of §-catenin/TCF-mediated tran-
scription by Wnt-pathway-activating mutations in human
colorectal adenomas and adenomas of Apc™™* mice results in
a strongly enhanced expression of CD44v isoforms,”®*®
including CD44v4-10.* Furthermore, this Wnt-pathway
activation also includes upregulation of MET,*®*” resulting
in MET overexpression at early stages of CRC development.°
These data suggest that CD44v and MET may play a collabo-
rative role in adenoma growth. To explore this hypothesis,
intestinal adenomas were harvested from Cd44"*+1%v+10/
ApcM™/* or Cd44”5/Apc™™* mice. Established tumor spher-
oids were re-seeded in the presence of HGF-containing or
control medium and spheroid expansion was measured for 4
days. HGF-stimulated CD44s-adenoma spheroids expanded at
a similar rate compared with those on control medium
(Figure 6D and F). In contrast, HGF-stimulated spheroids
expressing CD44v4-10 showed an enhanced expansion

compared with those cultured with control medium
(Figure 6F and F). These results demonstrate that HGF stim-
ulation can accelerate adenoma expansion in vitro and that
this accelerated growth requires CD44v isoforms.

Discussion

Whereas EGFR signaling is generally acknowledged to
play a major role in intestinal epithelial homeostasis,
mediating ISC self-renewal,®*” the role of HGF/MET
signaling in the intestinal mucosa has remained largely
unexplored. Our current results show that HGF, comparable
to EGF, can mediate the outgrowth of LGR5+ ISCs to “mini-
gut” organoids containing all differentiated epithelial line-
ages (Figure 1). This suggests that the EGF/EGFR and HGF/
MET pathways have, at least partly, redundant functions in
the intestinal mucosa. Indeed, EGF and HGF are known to
activate largely overlapping intracellular signaling cascades,
including the RAS-MAPK and the PI3K-AKT pathways,
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mediating multiple biological responses, including cell pro-
liferation and survival.>*®-°° Redundancy between EGFR
and MET signaling in the intestine could explain the
remarkable observation that neither Egfi nor Met epithelial
inducible knockout mice display intestinal mucosal defects
under homeostatic conditions'® (Figure 2). Under condi-
tions of stress, however, Met deletion causes an impaired
regenerative response to radiation-induced damage
(Figure 3). A comparable attenuated regeneration response
also has been reported in Egfr'¥*? mice, which harbor an
Egfr mutation impairing ligand-dependent receptor activa-
tion."* Interestingly, we found that Met-deficient LGR5+
ISCs have a competitive disadvantage during regeneration
(Figure 3). Notably, although LGR5+ cells are dispensable
for intestinal homeostasis and can be replaced by BMI1-
expressing stem cells,”’ they are crucial for radiation-
induced intestinal regeneration.”> Hence, our findings
indicate that Met deficiency diminishes the fitness of LGR5+
ICSs. It was recently demonstrated that recovery of intes-
tinal epithelium from radiation damage depends on
reprogramming of LGR5+ ICSs by YAP, a downstream
transcriptional effector of Hippo signaling, and involves
YAP-mediated EGFR pathway activation.”® It will be of in-
terest to determine whether YAP also affects HGF/MET
signaling during intestinal regeneration.

Although multiple lines of evidence, including genomic,
gene expression, and functional data, indicate an important
pathogenetic role for HGF/MET signaling in human
CRC,'71°72% direct in vivo evidence for a role of HGF/MET
signaling in Wnt-pathway driven intestinal tumorigenesis
was thus far missing. We addressed this role by exploring
the functional effects of HGF stimulation on adenoma
expansion in vitro and found that it promotes adenoma
growth to a similar degree as stimulation with EGF
(Figure 4B). Furthermore, by interrogating conditional Met/
Apc double-knockout mouse models, we found that MET
supports adenoma formation in vivo. In the Lgr5*?/
Met"?/Apd" model, 1SC-specific deletion of both Apc al-
leles results in vast induction of WNT signaling leading to
massive adenoma formation throughout the intestinal mu-
cosa. Histologic analysis revealed a strong reduction of
microadenomas and a reduced adenoma size in the absence
of Met (Figure 54, C, and D). This reduction in micro-
adenoma number and adenoma size may be explained by
the observed increased apoptotic rate in Met-deficient
microadenoma (Figure 5G), which suggests an attenuated
fitness of adenoma-initiating cells and may decelerate the
outgrowth of microadenomas into adenomas. In addition, in
the more physiological Ah®®/Met™/Apc”* model, Met
deficiency resulted in an approximately 50% reduction in
adenoma formation (Figure 5I) as well as a significant
reduction in the number of microadenomas (Figure 5/). Like
in the formation of intestinal adenomas in humans and in
Apc™™/* mice, in this Ah/Met™/Apc”* model loss of
heterozygosity at the Apc locus must take place before ad-
enomas can arise. A similar reduction in adenoma load was
previously reported in Apc™™* mice bearing mutant
Egfr'"*2 or Egfr’*°, which both result in strongly reduced
EGFR signaling.'>**
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Interestingly, the reduction in adenoma formation we
observed in Ah®/Met"/Apc”* was comparable to our
previously observed reduction in adenoma formation on
Cd44 deletion in Apc™™* mice.>**? A potentially important
function of CD44 in the biology of the normal intestinal
mucosa and in adenoma formation is its ability to associate
with RTKs, in particular with EGFR family members and
MET.”® CD44 has been implicated in EGFR signaling in
ovarian, melanoma, and breast cancer cell lines®®°%; how-
ever, we found that CD44 deletion does not affect
EGF-mediated intestinal mini-gut formation (Figure 64). By
contrast, HGF-mediated formation of these organoids was
significantly attenuated by CD44 deletion, indicating
collaboration between CD44 and MET (Figure 6B). This
negative effect of CD44 deletion on HGF/MET signaling and
organoid formation could not be compensated by knockin of
the CD44s isoform, but was fully annihilated by knockin of
CD44v4-10 (Figure 6B). Hence, CD44 domains encoded by
variant exons that are highly expressed by ISCs are crucial
for CD44-MET cooperation during mini-gut formation. Our
results also imply that interaction with hyaluronic acid, a
major CD44 ligand abundantly present in Matrigel that
binds the extracellular constant domain of CD44, does not
affect organoid outgrowth.

In addition to supporting mini-gut expansion, CD44v also
promoted HGF-mediated growth of adenomatous epithelium
from Apc mutant mice (Figure 6E and F), in contrast to the
CD44s isoform (Figure 6D and F). These results are fully in line
with the observed reduced adenoma initiation in Cd44 7~/
Apc™/+ mice, which can be completely rescued by intro-
duction of CD44v4-10, but not by CD44s.>* Consistent with
these tumor-growth-promoting effects, CD44v isoforms have
previously been reported to complex with HGF and MET and
enhance MET signaling in human CRC and pancreatic cancer
cell lines.***>*? Importantly, both CD44 and MET are targets
of Wnt signaling in the intestinal mucosa.”***°° Because of
constitutively active Wnt signaling, neoplastic intestinal
epithelium retains an ISC-like molecular signature of which
CD44v and MET are important components.”®*”*® Indeed,
expression of CD44v and MET in human CRC correlates with a
stem cell-like expression profile, which is associated with an
unfavorable prognosis.®™®* Interestingly, HGF is abundantly
expressed by cancer-associated fibroblasts and induces Wnt
signaling and CD44v expression in CRC-initiating cells, indi-
cating a role in the maintenance of the cancer stem cell
niche.®#®® Together, these data suggest a scenario in which
CD44v isoforms through selective interaction with MET pro-
mote the proliferation of normal and neoplastic ICS, thereby
fueling the self-renewal of the intestinal mucosa and pro-
moting tumor growth.

Our finding that EGFR and MET signaling play over-
lapping, partially redundant, roles in the intestinal mucosa
is of great potential clinical relevance. Most patients with
mCRC show EGFR overexpression and treatment targeting
this receptor has proven to be of clinical benefit in cancers
with wild-type RAS.'®°* However, these initially sensitive
tumors almost invariably become therapy resistant due to
selection of subclones carrying (epi)genetic alterations that
confer EGFR-independent growth. These include mutations
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in KRAS, NRAS, and BRAF downstream of the EGFR, but can
also consist of aberrant RTK activation by cell-autonomous
or microenvironmental cues, including amplification of
MET or overexpression of HGF,?°>® accompanied by
CD44v overexpression. Taken together, the results of our
current study strongly support the notion that mCRCs may
escape from addiction to EGFR signaling by co-opting HGF/
MET signaling. These findings could help in understanding
how growth factor signaling contributes to resistance to
EGFR inhibition and may contribute to the design of preci-
sion therapies for patients with mCRC targeting HGF/MET/
CD44v signaling.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/
j.gastro.2017.07.008.
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MET SIGNALING IN INTESTINAL HOMEOSTASIS AND CANCER

HGF/MET signaling supports the intestinal stem cell niche and may function as a
compensatory pathway in promoting metastatic colorectal cancer dissemination in the
setting of epidermal growth factor receptor blockade.

The intestinal crypt—villus unit is repopulated by the stem cell activities organized in a hierarchy
of engagement. Wnt signaling regulates expression of cellular programs critical to intestinal
stem cell survival and inappropriately sustained Wnt activity contributes to malignant
transformation of the gut. Intestinal crypts can be maintained ex vivo as minigut cultures if
the proper cocktail of stem cell-promoting factors, in the presence of ill-defined extracellular
matrix components, is provided. Critical factors include Wnt3A, R-spondin, Noggin, and
epidermal growth factor (EGF). The addition of EGF is required to activate receptor tyrosine
kinase pathways important to stem cell maintenance. Although EGF receptor (EGFR) activation
can sustain minigut cultures and its activation contributes to intestinal tumorigenesis, it is
possible that other receptor tyrosine kinases also contribute to these processes. Indeed, loss
of efficacy with the therapeutic targeting of EGFR in metastatic colorectal cancer (CRC) may be
due to the activation of other compensatory RTKs.

In this issue of Gastroenterology, Joosten et al demonstrate that MET signaling mediates
intestinal crypt villus development, regeneration, and adenoma formation. MET is the
receptor for hepatocyte growth factor (HGF). Also known as “scatter factor,” HGF is pro-
proliferative and increases cell survival as well as induces tumor invasion and dissemination,
and thus activation of this pathway may promote metastatic CRC. This group demonstrates
that HGF-mediated MET signaling can compensate for the loss of EGFR in the maintenance
of intestinal organoid cultures and enhance the growth of adenoma spheroid cultures.
MET-null mice were used to demonstrate MET dependency on intestinal regeneration after
radiation-induced enteritis to determine a critical requirement in adenoma formation. CD44v
is a Wnt transcriptional target. Expressed in ISCs, it also can promote adenoma formation. In
this report, the authors determine that CD44v regulates HGF-dependent intestinal organoid
growth and adenoma expansion. In sum, HGF/MET signaling contributes to intestinal stem
cell survival and adenoma formation and perhaps metastasis. It is an intriguing hypothesis
that HFG/MET may contribute to metastatic CRC escape from EGFR blockade. Thus, targeting
both pathways may be required in the treatment of a subset of CRC.
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