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Abstract
Objective  Colorectal cancer (CRC) is a leading cause of 
cancer-related deaths, with the majority of cases initiated 
by inactivation of the APC tumour suppressor. This results 
in the constitutive activation of canonical WNT pathway 
transcriptional effector ß-catenin, along with induction 
of WNT feedback inhibitors, including the extracellular 
palmitoleoyl-protein carboxylesterase NOTUM which 
antagonises WNT-FZD receptor-ligand interactions. Here, 
we sought to evaluate the effects of NOTUM activity on 
CRC as a function of driver mutation landscape.
Design  Mouse and human colon organoids engineered 
with combinations of CRC driver mutations were 
used for Notum genetic gain-of-function and loss-of-
function studies. In vitro assays, in vivo endoscope-
guided orthotopic organoid implantation assays and 
transcriptomic profiling were employed to characterise 
the effects of Notum activity. Small molecule inhibitors of 
Notum activity were used in preclinical therapeutic proof-
of-principle studies targeting oncogenic Notum activity.
Results  NOTUM retains tumour suppressive activity 
in APC-null adenomas despite constitutive ß-catenin 
activity. Strikingly, on progression to adenocarcinoma 
with P53 loss, NOTUM becomes an obligate oncogene. 
These phenotypes are Wnt-independent, resulting from 
differential activity of NOTUM on glypican 1 and 4 
in early-stage versus late-stage disease, respectively. 
Ultimately, preclinical mouse models and human 
organoid cultures demonstrate that pharmacological 
inhibition of NOTUM is highly effective in arresting 
primary adenocarcinoma growth and inhibiting 
metastatic colonisation of distal organs.
Conclusions  Our findings that a single agent targeting 
the extracellular enzyme NOTUM is effective in treating 
highly aggressive, metastatic adenocarcinomas in 
preclinical mouse models and human organoids 
make NOTUM and its glypican targets therapeutic 
vulnerabilities in advanced CRC.

Introduction
Colorectal cancer (CRC) is the third-leading cause 
of cancer-related deaths in the USA, with 5-year 
survival rates around 10%. The majority (>80%) of 
CRC is driven by loss-of-function (LOF) mutations 
in the tumour suppressor APC,1–3 which results in 
the constitutive activation of the canonical WNT 

pathway effector ß-catenin.4 5 APC loss, however, 
also activates feedback inhibitors of canonical WNT 
signalling, including the extracellular palmitoleoyl-
protein carboxylesterase NOTUM which inhibits 
WNT signalling at the ligand/receptor level in 
normal intestinal epithelium. WNT inhibition by 
NOTUM is proposed to occur through two distinct 

WHAT IS ALREADY KNOWN ON THIS TOPIC
⇒⇒ NOTUM is an extracellular palmitoleoyl-protein 
carboxylesterase that antagonises canonical 
Wnt signalling in mammals.

⇒⇒ NOTUM can enzymatically cleave glypicans in 
Drosophila melanogaster and mammalian cells.

⇒⇒ In Drosophila, NOTUM acts on cell-surface 
glypicans to modulate numerous signal 
transduction pathways at the receptor-ligand 
level.

⇒⇒ Pharmacological NOTUM inhibition in the 
mammalian gut enhances Wnt signalling and 
stem cell activity.

WHAT THIS STUDY ADDS
⇒⇒ NOTUM has tumour suppressive activity in 
APC-mutant colon tumouroids and adenomas 
despite canonical Wnt/B- catenin activation.

⇒⇒ APC and P53 inactivation synergise during the 
transition from adenoma to adenocarcinoma to 
confer oncogenic activity on NOTUM.

⇒⇒ Activity of glypicans 1 and 4 can account for 
differential effects of NOTUM activity in early-
stage versus late-stage disease, respectively.

⇒⇒ Pharmacological NOTUM inhibition is 
efficacious in a preclinical animal model of 
metastatic colon cancer.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

⇒⇒ The finding that pharmacological NOTUM 
inhibition is effective at inhibiting metastatic 
colon cancer in preclinical models harbouring 
both APC and P53 mutations provides an 
impetus for further probing the molecular 
mechanisms of NOTUM function and evaluating 
potential for NOTUM inhibition in treating 
human disease.
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mechanisms. First, studies in Drosophila revealed that NOTUM 
can enzymatically cleave the Glypicans Dally and Dally-like 
protein (Dlp) from the cell surface.6–8 These glypicans potentiate 
WNT receptor-ligand interactions, and thus NOTUM activity 
antagonises canonical WNT.6–8 NOTUM cleavage of mamma-
lian glypicans was subsequently confirmed.9 A second model for 
NOTUM antagonism of WNT signalling is that NOTUM directly 
cleaves the palmitoleate tails from WNT ligands, thus rendering 
them incapable of interaction with their Fzd receptors.10

Both models posit that the ability of NOTUM to antagonise 
WNT activity occurs at the level of receptor-ligand interaction. 
Therefore, inactivation of APC is predicted to render APC-null 
cells insensitive to the extracellular activity of NOTUM. Consis-
tent with this, recent studies investigating the role of NOTUM 
in APC-null intestinal stem cell clones in mice suggest that its 
ability to attenuate WNT activity confers a competitive advan-
tage to APC-null cells over their wild-type neighbours.11 12

We evaluated NOTUM function in genetically defined mouse 
models of CRC and made two striking observations. First, 
NOTUM retains potent, cell-autonomous tumour suppres-
sive activity in APC-null epithelial cells, despite constitutive 
downstream activation of ß-catenin. Second, on subsequent 
inactivation of the P53 tumour suppressor during the adenoma-
to-adenocarcinoma transition, NOTUM activity paradoxically 
becomes highly oncogenic. Mechanistically, we found that 
differential activity of glypicans GPC1 and GPC4 in APC-null 
adenomas and advanced colorectal adenocarcinomas, respec-
tively, can account for the tumour suppressor-to-oncogene switch 
of NOTUM. Ultimately, preclinical mouse models of metastatic 
CRC demonstrate that pharmacological inhibition of NOTUM 
is highly effective in arresting primary adenocarcinoma growth 
and inhibiting metastatic colonisation of distal organs.

Methods
Mice studies
The mouse strains used in this study are from the following 
sources: Apcflx/flx mice were originally described by Shibata 
et al (PMID: 9311916).13 The Lgr5EGFP-IRES-CreERT2 (JAX strain 
008875), KrasLSL-G12D (JAX strain 008179), C57BL/6J (JAX 
strain 000664) and transgenic Villin-CreER (JAX strain 033019) 
mice were obtained from The Jackson Laboratory (Bar Harbor, 
Maine, USA). All mice were bred and maintained on a C57BL/6J 
genetic background.

Human studies
Human normal and tumour organoids were established and 
cultured using previously established protocols.14

Detailed methods used in this study can be found in online 
supplemental method section.

Results
Oncogenic NOTUM activity in advanced colorectal 
adenocarcinoma
The majority of CRCs exhibit APC inactivation, and APC reac-
tivation in established tumours is sufficient to arrest tumour 
growth, restore differentiation and re-establish normal tissue 
architecture despite the presence of oncogenic Trp53 and Kras 
mutations.15 We, therefore, reasoned that the immediate effects of 
APC inactivation may represent unexplored therapeutic vulnera-
bilities in later stages of colorectal adenocarcinoma. To this end, 
we performed transcriptome profiling of colon organoids imme-
diately after APC inactivation and cross-referenced gene expres-
sion changes to the transcriptomes of several mouse models of 

colon cancer, including an inflammation-induced CRC model 
(azoxymethane (AOM)/dextran sodium sulfate (DSS)), a model 
of familial adenomatous polyposis (the ApcMin/+ mouse), and 
an implantation-based model of metastatic adenocarcinoma 
using Apc/Trp53/KrasG12D/Smad4-mutant tumour organoids16 
(APKS tumouroids) (figure 1A). Of the roughly 150 genes whose 
expression is acutely induced on APC loss and remains elevated 
in these models (online supplemental table 1), the palmitoleoyl-
protein carboxylesterase Notum stood out as it has previously 
been implicated in initiation of adenoma formation.12

High Notum expression was confirmed in mouse tumours, 
where its expression is limited to epithelial/tumour cells (figure 1B 
and online supplemental figure 1AB). We also confirmed strong 
activation of Notum in response to acute genetic ablation Apc 
or activation ß-catenin in colonic epithelium in vivo, consistent 
with Notum being a known direct ß-catenin target gene17 (online 
supplemental figure 1C). Further, NOTUM expression is signifi-
cantly elevated in colon and rectal cancers in the human Cancer 
Genome Atlas3 (TCGA colon adenocarcinoma (COAD) and 
rectal adenocarcinoma (READ), respectively) relative to normal 
tissue (figure 1C). We also examined single cell transcriptome 
profiles of primary human COAD18 and confirmed that NOTUM 
expression is largely restricted to carcinoma cells and almost 
entirely absent in the tumour microenvironment (figure 1D).

Finally, examining a group of paired human primary tumours 
and their cognate liver metastases18 revealed further increases 
in NOTUM expression in the metastatic lesions (online supple-
mental figure 1D). These findings confirm published findings 
that NOTUM expression is induced in response to APC inac-
tivation, and demonstrate that it remains elevated throughout 
the transition from adenoma to invasive adenocarcinoma, and 
becomes even further upregulated in metastatic lesions.

We initially evaluated NOTUM function in a mouse model 
of invasive and metastatically competent COAD: APKS tumou-
roids.19 On introduction of gRNAs targeting Notum, tumouroid 
cultures grew slower and had significantly diminished clonal 
tumouroid seeding efficiencies (the ability of a single cell to 
seed a new tumouroid, a proxy for tumour-initiating capacity) 
(figure 1E–H, online supplemental figure 1E,F). Conversely, gain-
of-function (GOF) experiments in Apc/Trp53 (AP), Apc/Trp53/
Kras (APK) and APKS tumouroids revealed that NOTUM over-
expression can accelerate proliferation across this allelic series 
(online supplemental figure 1G,H). To test whether NOTUM 
has similar oncogenic activity in vivo, we performed both subcu-
taneous and orthotopic tumour formation20 assays with APKS 
tumouroids and NOTUM LOF. These assays revealed NOTUM 
LOF results in significant decreases in primary tumour growth, 
and, in the orthotopic model, a complete block of macrome-
tastases in the liver (figure 1I,J and online supplemental figure 
1I–M). These experiments were performed with bulk tumou-
roid cultures receiving gRNAs targeting Notum. Attempts at 
establishing subclonal cultures with biallelic Notum inactivation 
failed. One hypomorphic subclonal line exhibiting an approxi-
mately 80% reduction in NOTUM protein levels was stabilised 
(referred to as APKSHypo). This line grew poorly in vitro and 
failed to generate tumours in vivo (online supplemental figure 
1N,O). Taken together, these data suggest that Notum is an obli-
gate oncogene in colorectal adenocarcinoma.

NOTUM maintains tumour suppressive activity on APC 
inactivation
The oncogenic activity of NOTUM in these CRC models 
was surprising and counterintuitive given that NOTUM is an 
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Figure 1  Notum is a cell-autonomous oncogene in colorectal adenocarcinoma. (A) UpSet plot showing common differentially expressed genes 
(p<0.05, log2FC>1) in tumour cells from mouse models of CRC relative to normal colonic epithelium. APKS: adenocarcinoma resulting from 
orthotopic implantation of Apc/Trp53/Kras/Smad4 quadruple-mutant tumouroids into syngeneic mouse colon. Azoxymethane/dextran sodium sulfate 
(AOM/DSS): inflammation-induced colon adenocarcinoma. ApcMin/+: colon adenoma induced by spontaneous loss of Apc heterozygosity in the 
Apcmin/+ mouse model. Apc LOF: colonic epithelium after acute loss-of-function of Apc in an Apcflox/flox::Villin-CreER mouse 5 days after tamoxifen-
induced Apc inactivation. (B) Uniform manifold approximation projections (UMAP) of single cell RNA sequencing (scRNAseq) datasets from mouse 
tumour models in (A), with epithelial/carcinoma cells expressing Epcam (top). Notum expression (bottom) is restricted to epithelial/carcinoma cells 
(circled). (C) Human NOTUM expression in the Cancer Genome Atlas (TCGA) colon (COAD) and rectal (READ) adenocarcinoma datasets. (D) Left: 
UMAP representation the cell populations of human CRC primary tumour and adjacent normal epithelium. Cells are coloured according to their 
cell types. (n=17). Right: UMAP showing NOTUM expression restricted to human carcinoma cells. (E) Western blot analysis for NOTUM in mouse 
APKS tumouroids infected with control sgRNA (sgCtl) or Notum sgRNA(sgNotum). β-ACTIN was used as a loading control. (F) Images of mouse 
APKS tumouroids from (E) 3 days after seeding (n=3 technical replicates, with one representative of three independent experiments shown). Scale 
bar: 200 µm. (G) Clonal seeding efficiency of single APKS cells from (E/F). (H) MTT proliferation assays of APKS mouse tumouroids (n=3 technical 
replicates, with one representative of three independent experiments shown). (I) Left: Primary tumours formed 8 weeks after orthotopic injection of 
APKS tumouroids into the distal colon of syngeneic recipient mice (n=5 in sgCtl group, n=4 in sgNotum group). Right: Weight of primary tumours 
from the left. (J) Left: Livers of the mice bearing primary APKS tumours from (I). White asterisks show metastatic liver lesions. Right: The number of 
macrometastases visible in the liver of mice from (I). For all panels: *p<0.05, **p<0.01, ***p<0.001, Student’s t-test. See online supplemental figures 
8,9 for validation of driver mutations and sgRNA knockdown. AOM/DSS, azoxymethane/dextran sodium sulfate; CRC, colorectal cancer.
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established negative regulator of canonical WNT signalling in 
the intestinal epithelium.10 12 We thus returned to re-evaluate 
NOTUM function in normal mouse organoids. NOTUM LOF in 
bulk wild-type colon organoid culture via CRISPR/Cas9 resulted 
dramatic increases in clonal organoid seeding efficiency, organoid 
growth, and ß-catenin target gene expression (figure 2A–C and 
online supplemental figure 2A), and NOTUM overexpression 
had converse effects (figure 2D,E and online supplemental figure 
2B,C), consistent with the literature indicating that NOTUM 
negatively regulates the canonical WNT pathway in the normal 
intestinal stem cell compartment.10 21

We performed analogous experiments in adenomatous tumou-
roids with inactivating Apc mutations introduced by CRISPR/
Cas9 (Apc∆). Remarkably, NOTUM GOF in Apc∆ tumouroids 
resulted in decreased clonal seeding efficiency and prolifera-
tion, and NOTUM LOF had converse effects (figure 2F–K and 
online supplemental figure 2D,E). We confirmed these findings 
in a second model: tumouroids from Apcflox/flox::Villin-CreER 
mice after Cre activation (online supplemental figure 2F,G). 
Given that APC loss stabilises ß-catenin, these findings are unex-
pected, as NOTUM-mediated Wnt antagonism is expected to 
occur at the receptor-ligand interaction.12 Recent studies suggest 
that NOTUM induction in an Apc∆ intestinal stem cell confers 
a competitive advantage over surrounding wild-type epithelial 
cells via juxtacrine/paracrine activity.11 12 We, therefore, asked 
how NOTUM loss influences tumourigenesis of Apc∆ tumou-
roids in vivo. Endoscope-guided orthotopic implantation 
of Apc∆ tumouroids confirmed that NOTUM retains potent 
tumour suppressive activity in the absence of APC function, with 
Apc∆ tumouroids forming only small adenomas in the colonic 
epithelium. In contrast, loss of NOTUM dramatically increased 
primary tumour size and promoted metastasis (figure 2L–N and 
online supplemental figure 2H–L). Thus, NOTUM retains potent 
tumour suppressive activity in adenomatous lesions driven by 
APC inactivation despite constitutive ß-catenin activation.

Because of the surprising nature of these findings, we sought 
to validate them using an orthogonal approach: pharmacolog-
ical inhibition of NOTUM activity in vivo in adenomas formed 
by inactivation of Apc in epithelial stem cells using Lgr5CreER.22 
Tumours were allowed to form for 20 days after Tamoxifen 
induction in Lgr5CreER::Apcflx/flx mice, then animals were treated 
daily with the small molecule NOTUM catalytic inhibitor 
ABC99,8 23 or vehicle control for four additional weeks (online 
supplemental figure 3A). At the experimental endpoint, mice 
treated with NOTUM inhibitor had more frequent and prolif-
erative adenomas relative to controls, confirming CRISPR-Cas9 
organoid experiments indicating that NOTUM retains tumour 
suppressive activity in APC-null lesions (online supplemental 
figure 3B–E).

Novel tumour suppressive and oncogenic functions of NOTUM 
require extracellular enzymatic activity
Because our findings in Apc∆ tumouroids, and more aggressive 
AP/APK/APKS tumouroids were unexpected based on models 
of NOTUM function in mammals, we next tested whether 
NOTUM’s tumour suppressive activity in Apc∆ tumouroids 
and oncogenic activity in AP/APK/APKS tumouroids require 
enzymatic activity. We overexpressed wild-type or catalytically 
dead (S239A)10 NOTUM in mouse Apc∆ tumouroids and found 
that NOTUM S239A was unable to suppress proliferation 
and clonal seeding efficiency (figure 3A–C and (online supple-
mental figure 4A). Conversely, we overexpressed wild-type and 
S239A NOTUM in the hypomorphic APKS subclone (online 

supplemental figure 1O), and found that, while wild-type 
NOTUM increased tumouroid seeding efficiency and prolifera-
tion, catalytically dead NOTUM did not (figure 3D–F and online 
supplemental figure 4B). Thus, catalytic activity is required for 
both NOTUM’s tumour suppressive activity in Apc∆ tumouroids 
and for oncogenic activity in APKS tumouroids.

We next asked whether NOTUM’s tumour suppressive and 
oncogenic activities in Apc∆ and APKS tumouroids, respectively, 
occur in a paracrine/juxtacrine manner. We GFP-tagged mouse 
Apc∆ tumouroids overexpressing NOTUM or an empty vector 
and cocultured them with unlabeled Apc∆ tumouroids. Both 
GFP+cells overexpressing NOTUM and GFP-negative cells 
proliferated slower than empty vector controls, confirming that 
NOTUM’s tumour suppressive activity in the absence of func-
tional APC occurs in a paracrine/juxtacrine manner (online 
supplemental figure 4C,D). We performed an analogous exper-
iment in Notum hypomorphic APKS tumouroids, this time 
tagging half the culture with mCherry and the other half with a 
vector expressing GFP and NOTUM or GFP-only. As with Apc∆ 
tumouroids, we found that GFP+, NOTUM overexpressing 
cells were able to drive the proliferation of mCherry+cells non-
cell-autonomously, as well as the cell-autonomous proliferation 
of GFP+APKS cells (figure  3G,H). We, therefore, conclude 
that the novel oncogenic activity of NOTUM requires catalytic 
activity and occurs extracellularly.

Apc and Trp53 inactivation synergise to confer oncogenic 
activity on NOTUM
Having established that NOTUM enzymatic activity is tumour 
suppressive in wild-type and Apc∆ tumouroids and is oncogenic 
in AP/APK/APKS tumouroids, we reasoned that a genetic switch 
must underly the reversal of NOTUM function, and that P53 
inactivation may be responsible. Notum expression is strongly 
upregulated on Apc inactivation, and remains elevated on 
accumulation of oncogenic Trp53, Kras, and Smad4 mutations 
(figure  4A). In contrast, inactivation of Trp53 alone had little 
effect on Notum expression. We assayed the effects of Notum 
LOF and GOF in Apc∆, Trp53∆ and AP tumouroids and found, 
remarkably, that NOTUM activity remains tumour suppressive in 
both Apc∆ and Trp53∆ tumouroids, but together these mutations 
synergise to confer oncogenic activity on NOTUM (figure 4B–F 
and online supplemental figure 5A–C).

Given the striking nature of these findings, we asked whether 
evidence exists in human CRCs for mutational background-
dependent oncogenic NOTUM activity. We pooled patient data 
from COAD and READ from TCGA, and stratified patient 
disease-free survival based on NOTUM expression (top vs 
bottom 50% or quartile 1 vs quartile 4) in patients that have 
APC mutations but wild-type TP53, or those harbouring both 
APC and TP53 mutations. Consistent with our experimental 
findings, high NOTUM expression predicts significant decreases 
in disease-free survival only in TP53-mutant tumours and not 
in TP53 wild-type tumours (figure 4G and online supplemental 
figure 5D). These differences are likely underappreciated since 
P53 function can be inhibited independent of genetic mutation 
(eg, MDM2 overexpression).24 Given that APC and TP53 are the 
two most frequently mutated genes in CRC and often coincident 
in advanced tumours,3 these findings have clinical implications 
for advanced colorectal adenocarcinoma.

To delineate the molecular mechanisms underlying NOTUM’s 
tumour suppressive-to-oncogenic switch, we performed tran-
scriptome profiling of Apc∆ and AP cultures, with or without 
NOTUM LOF (figure  4H). The pathways most differentially 
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Figure 2  NOTUM has potent tumour suppressive activity in normal and APC-mutant mouse colon tumouroids. (A) Clonal seeding efficiency of 
wild-type (WT) mouse colon organoids infected with control sgRNA (sgCtl) or Notum sgRNA (sgNotum) (n=3 technical replicates). (B) Images of WT 
mouse organoids infected with control sgRNA (sgCtl) or Notum sgRNA (sgNotum) 4 days after seeding (n=3 technical replicates). Scale bar: 100 µm. 
(C) QRT-PCR analysis of canonical Wnt/B-CATENIN pathway target genes including Axin2, Ascl2, Ccnd1 and Lgr5 in organoids from (B). (D) MTT 
proliferation assays of WT organoids infected with empty lentiviral vector (EV) or Notum overexpression vector (OE) (n=3 technical replicates). 
(E) Relative expression level of Wnt pathway target genes including Axin2, Ascl2, Ccnd1 and Lgr5 in WT organoids infected with EV or Notum 
OE (n=3 technical replicates, with one represent). (F) Images of Apc mutant mouse tumouroids infected with EV or vector overexpressing Notum 
4 days after seeding (n=3 technical replicates, with one representative of three independent experiments shown). Scale bar: 200 µm. (G) Seeding 
efficiency of Apc mutant tumouroids from (F). (H) MTT proliferation assays of Apc mutant tumouroids from (F) (n=3 technical replicates, with one 
representative of three independent experiments shown). (I) Images of Apc mutant mouse tumouroid cultures infected with control sgRNA (sgCtl) or 
Notum sgRNA (sgNotum) 4 days after seeding (n=3 biological replicates). Scale bar: 200 µm. (J) The percentage of cells in S-phase (EdU+) in cultures 
from (I). (K) Clonal seeding efficiency of cells from tumouroids in (I). (L) Percent lumen occlusion was measured after orthotopic implantation of Apc-
mutant tumouroids infected with control sgRNA (sgCtl) or Notum sgRNA (sgNotum) (n=4 biological replicates). (M) Weight of primary, orthotopic 
Apc mutant mouse colon tumours with or without Notum loss of function (n=4 biological replicates). (N) The number of macroscopically observable 
liver metastases in mice harbouring orthotopic from (L, M). For all panels: *p<0.05, **p<0.01, ***p<0.001, Student’s t-test. See (online supplemental 
figure 8,9) for validation of driver mutations, sgRNA knockdown and overexpression.
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Figure 3  Tumour suppressive and oncogenic functions of NOTUM require catalytic activity and occur via paracrine/juxtacrine signalling. 
(A) Brightfield images of Apc-mutant mouse tumouroids infected with empty vector (EV), vector expressing wild-type NOTUM (OE) or catalytically 
dead NOTUM with Ser239Ala mutation (S239A) (n=3 technical replicates). Scale bar: 100 µm. (B) Clonal seed efficiency from single cells in (A). (C) S-
phase/EdU incorporation assays in tumouroids from (A). (D) Brightfield images of the mouse APKS subclone with hypomorphic NOTUM mutation from 
online supplemental figure 1N,O (APKSHypo) infected with EV, vector expressing wild-type NOTUM (OE), or catalytically dead NOTUM with Ser239Ala 
mutation (S239A) (n=3 technical replicates). Scale bar: 100 µm. (E) Clonal seed efficiency from single cells in (D). (F) EdU incorporation assays in 
APKSHypo organoid from (D). (G) Images of APKSHypo mouse tumouroids, with tumouroids infected with an mCherry-expressing vector and cocultured 
with tumouroids infected with a vector expressing GFP only (EV) or expressing GFP and NOTUM (OE) (n=3 technical replicates). Scale bar: 100 µm. 
(H) EdU assays in the cultures in (G), quantifying the percentage of cells in S phase in the GFP+or mCherry+populations or the overall population. 
*p<0.05,**p<0.01, ***p<0.001, Student’s t-test. see online supplemental figures 8,9 for validation of driver mutations, sgRNA knockdown and 
overexpression.
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Figure 4  APC and P53 loss synergise to convert NOTUM from a tumour suppressor to an oncoprotein. (A) Relative Notum transcript levels in WT 
mouse colon organoids, and mouse tumouroids harbouring Apc loss of function (A), Trp53 loss of function (P), both (AP), AP with KrasG12D mutation 
(APK) and APK with Smad4 loss of function (APKS) (n=3 technical replicates). (B) Brightfield image of A, P and AP mouse tumouroids infected with 
control sgRNA (sgCtl) or Notum sgRNA (sgNotum) (n=3). Scale bar: 100 µm. (C) Clonal seeding efficiency of A, P and AP cells from (B). (D) S-phase 
progression (EdU+) assays in A, P and AP tumouroids from (b) (n=3 technical replicates with one representative of three independent experiments 
shown). (E) Clonal seeding efficiency of A, P and AP cells infected with NOTUM overexpressing lentivirus (OE) or empty vector control (EV) (n=3 
technical replicates). (F) S-phase progression (EdU+) assays in A, P and AP tumouroids as in (E). (G) Analysis of disease-free survival (DFS) in human 
colon and rectal adenocarcinoma patients (COAD, READ) for which gene expression data is available in the Cancer Genome Atlas (TCGA). Left panel 
shows DFS for APC mutant, TP53 wild-type patients (n=46), binned on highest and lowest quartile of NOTUM expression (Q1 vs Q4). Right panel 
shows DFS for APC/TP53 double mutant COAD/READ patients (n=93), binned on highest and lowest quartile of NOTUM expression (Q1 vs Q4). 
(H) Principal component analysis (PCA) of transcriptome profiles from Apc mutant or Apc/Trp53 mutant mouse cultures with or without shRNA-
mediated knockdown of Notum (n=4 biological replicates). (I). Gene set enrichment analysis of transcriptome profiles from (H). For all panels: 
*p<0.05, **p<0.01, ***p<0.001, Student’s t-test. See online supplemental figure 8,9 for validation of driver mutations, shRNA/sgRNA knockdown 
and overexpression.
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affected by NOTUM LOF between Apc∆ and AP mutant cultures 
included mTORC1 and E2F signalling (induced by NOTUM 
LOF in Apc∆ but not AP), Interferon α/γ signalling (induced by 
NOTUM LOF in Apc∆ suppressed in AP), and TGFß (induced by 
NOTUM LOF in AP, not in Apc∆) (figure 4I, online supplemental 
figure 4E and online supplemental table 2). Importantly, canon-
ical WNT/ß-catenin signalling was unaltered in either Apc∆ or 
AP cultures on NOTUM inhibition (p=0.975 and 0.885, respec-
tively, figure 4I,).

The transcriptional pathways effected by NOTUM inhibition 
reside downstream of cell-surface receptors, many of which are 
influenced by the activity of Glypicans, a family of proteoglycans 
that can be cleaved from the cell surface by NOTUM activity.7 9 
Glypicans have been implicated in the regulation of WNT, TGFβ, 
IGF, FGF, VEGF, Hh, HGF and BMP receptor activity, primarily 
in studies carried out in Drosophila.25–27 In mammals, how 
each of the six paralogous orthologs of Drosophila glypicans 
(mammalian Gpc1-6) influence activity of these receptors and in 
what context remains poorly understood.

We examined the expression of the mammalian Glypicans in 
mouse and human tumours and tumouroids and found Gpc/
GPC1 and Gpc/GPC4 to be the dominantly expressed family 
members (online supplemental figure 6A–D). Given the models 
established in the literature, we hypothesised that on cleavage 
of their glycosyl-phosphatidylinositol (GPI) anchor by NOTUM, 
GPCs released from the cell surface may either be neutralised 
or negatively regulate receptor activity due to their ability to 
compete with cell surface-bound receptors for their cognate 
ligands.

The tumour suppressive versus oncogenic functions of 
NOTUM can be accounted for by differential GPC activity
We tested whether genetic inactivation of Gpc1/4 could pheno-
copy NOTUM activity. Interestingly, while GPC1/4 protein 
levels were both detectible in mouse Apc∆ and AP tumouroids 
(online supplemental figure 6E), GPC1 exhibited oncogenic 
activity only in Apc∆ cultures, with no effect in AP tumouroids. 
Conversely, GPC4 exhibited tumour suppressive activity only in 
AP tumouroids, with no effect in Apc∆ tumouroids (figure 5A–B, 
online supplemental figure 6F–H). Gpc6, whose expression was 
low but detectable, had little to no effect in either genotype 
(figure 5A–B).

To link NOTUM function, GPC protein and signalling 
pathway activity, we knocked down Notum in mouse Apc∆ 
and AP tumouroids and examined pathway activity and cell-
associated GPC protein levels. Notum knockdown in Apc∆ 
tumouroids lead to increased mTORC1 signalling coupled with 
an accumulation of GPC1 protein, with no apparent changes 
to TGFß pathway activity (figure  5C). In contrast, Notum 
knockdown in AP tumouroids lead to increased TGFß pathway 
activity and an accumulation of GPC4 protein, with no apparent 
effect on mTORC1 activity (figure  5D). These experiments 
assayed GPC protein levels in whole cell lysates and support a 
model whereby Notum LOF prevents cleavage of GPCs from 
the cell surface leading to their accumulation, as previously 
reported.7 9 To further probe this possibility, we examined levels 
of free N-terminal GPC1 and GPC4 in the media supernatant 
of Apc∆ and AP tumouroids after NOTUM inhibition. NOTUM 
LOF in Apc∆ tumouroids increased cell associated GPC1 rela-
tive to GPC1 in the supernatant (figure 5E). Conversely, Notum 
LOF in AP tumouroids led to increased cell associated GPC4 
concomitant to decreased GPC4 in the supernatant (figure 5E). 
Interestingly, NOTUM protein itself was associated with the 

cell lysate and not supernatant, a finding that, in conjunction 
with the establish extracellular enzymatic effects of NOTUM, 
suggests that NOTUM is physically associated with the extracel-
lular cell surface (figure 5E).

To further test whether the effects of GPC manipulation are 
consistent with NOTUM cleaving GPCs 1 and 4 from the surface 
of Apc∆ and AP tumouroids, respectively, we analysed the effects 
of GPC inactivation on the pathways differentially effected by 
NOTUM activity. Indeed, GPC1 inactivation in mouse Apc∆ 
tumouroids inhibited mTORC1 activity, and GPC4 inactiva-
tion in mouse AP tumouroids inhibited TGFß activity, consis-
tent with the effects of NOTUM manipulation (figure 5F–G). 
Finally, we sought to confirm direct interaction between GPC1 
or GPC4 and the receptors upstream of the affected signal 
transduction pathways. Immunoprecipitation of GPC1 in Apc∆ 
tumouroids coimmunoprecipitated IGF1Rß, an IGF receptor 
upstream of mTORC1 activation implicated in colon cancer and 
chemotherapeutic resistance28 29 (figure 5H). In AP tumouroids, 
immunoprecipitation of GPC4 coimmunoprecipitated TGFßR1 
upstream of the TGFß pathway (figure 5I). Addition the small 
molecule NOTUM inhibitor ABC99,8 23 appeared to potentiate 
these interactions (figure 5H–I).

Taken together, these findings support a model whereby 
NOTUM exerts its tumour suppressive effects in Apc∆ cells 
by suppression of oncogenic GPC1 activation of mTORC1. 
In contrast, on Trp53 inactivation NOTUM exerts oncogenic 
effects via inhibition of tumour suppressive GPC4 activation of 
TGFß activity. However, we also observed oncogenic effects of 
NOTUM in aggressive APKS mouse tumouroids and tumours, 
where the canonical TGFß pathway is not functional due to inac-
tivating mutations in Smad4 (an established suppressor of colon 
cancer metastasis).30 31 We, therefore, interrogated the effects 
of NOTUM on non-canonical TGFß pathway activity medi-
ated through TAK1- p38a signal transduction. Consistent with 
our findings in AP tumouroids, NOTUM inhibition resulted in 
increased GPC4 in APKS cell lysate (figure 5J). Further consis-
tent with NOTUM’s effects as a negative regulator of TGFß 
signalling, Notum inhibition in APKS tumouroids resulted in 
increased phosphorylation of TGFß-Activated Kinase (TAK1) 
and downstream p38a phosphorylation (figure 5J). The role of 
p38a activity in cancer is pleiotropic and context-dependent, 
including evidence for both oncogenic and tumour suppressive 
effects (the latter through cell cycle arrest, differentiation, senes-
cence, apoptosis, particularly in KRAS-activated cancers).32–34 We 
observed that p38a inhibition in both AP and APKS tumouroids 
increased proliferation and inhibited cell death (figure 5K and 
online supplemental figure 6I). In APKS tumouroids, NOTUM 
inhibition induced apoptosis, and this was reversed by concom-
itant inhibition of p38a (online supplemental figure 6I). These 
findings support the notion that NOTUM may exert oncogenic 
effects in adenocarcinoma, at least in part, via inhibition of 
tumour suppressive activity of the non-canonical TGFß pathway.

Pharmacological NOTUM inhibition is efficacious in a 
preclinical animal model of metastatic colon cancer
Ultimately, we asked whether small molecule inhibition of 
NOTUM represents a viable therapeutic strategy in advanced 
CRCs harbouring inactivating mutations in Apc and Trp53. 
ABC99 is a selective NOTUM inhibitor with in vivo efficacy.21 23 
We initially confirmed that ABC99 treatment phenocopies genetic 
inhibition of NOTUM in Apc∆ and APKS tumouroids (figure 6A,B 
and online supplemental figure 7A,B). Next, we orthotopi-
cally implanted APKS tumouroids into the colonic mucosa of 
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Figure 5  Glypicans mediate the differential effects of NOTUM activity in Apc mutant vs Apc/Trp53 mutant mouse tumouroids. (A) Brightfield image 
of Apc mutant mouse tumouroids (A) and Apc/Trp53 double mutant tumouroids (AP) infected with control sgRNA (sgCtl), Gpc1 sgRNA (sgGpc1), Gpc4 
sgRNA (sgGpc4), Gpc6 sgRNA (sgGpc6) (n=3 technical replicates). Scale bar: 100 µm. (B) EdU assays quantifying fraction of cells in S-phase from 
cultures shown in (A) (n=3 technical replicates). (C) Western blotting in Apc mutants infected with control shRNA (shCtl) or Notum shRNA (shNotum). 
β-ACTIN was used as a loading control. Note multiple β-ACTIN blots, one for each of three identical replicate blots. (D) Western blotting in Apc/Trp53 
mutant tumouroids infected with control shRNA (shCtl) or Notum shRNA (shNotum). β-ACTIN was used as a loading control. (E) Western blotting for 
GPC1 (left) and GPC4 (right) using N-terminal antibodies recognising the extracellular domain of indicated glypicans in the media supernatant (Med) 
or cell lysate (Lys) of Apc mutant or Apc/Trp53 double mutant tumouroids infected with control shRNA (shCtl) or Notum shRNA (shNotum). β-ACTIN 
was used as a loading control. (F) Western blotting in Apc mutant tumouroids infected with control sgRNA (sgCtl) or Gpc1 sgRNA (sgGpc1). β-ACTIN 
was used as a loading control. (G) Western blotting in Apc/Trp53 mutant tumouroids infected with control sgRNA (sgCtl) or Gpc4 sgRNA (sgGpc4). 
β-ACTIN was used as a loading control. (H) Coimmunoprecipitation of IGF1Rb with anti-GPC1 antibody in Apc mutant tumouroids in the presence or 
absence of the small molecule NOTUM inhibitor ABC99. (I) Coimmunoprecipitation of TGFβR1 with anti-GPC4 antibody in Apc/Trp53 double mutant 
tumouroids in the presence or absence of the small molecule NOTUM inhibitor ABC99. (J) Western blotting assessing non-canonical TGFβ-TAK1-p38a 
pathway activity in APKS tumouroids in response to NOTUM inhibition. β-ACTIN was used as a loading control. (K) AP and APKS tumouroids treated 
with the p38 inhibitor SB202190, with EdU-based quantification of S-phase (n=3 technical replicates). Scale bar: 100 µm. For all panels: **p<0.01, 
***p<0.001, Student’s t-test. See online supplemental figures 8,9 for validation of driver mutations, shRNA/sgRNA knockdown and overexpression.
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Figure 6  Small molecule inhibition of NOTUM inhibits tumour growth and metastasis in a mouse model of colorectal cancer. (A) Brightfield image 
of Apc mutant and APKS mouse tumouroids treated with the small molecule inhibitor of NOTUM, ABC99 or vehicle control (DMSO) (n=3 technical). 
Scale bar: 100 µm. (B) Single cell clonal seeding efficiency and EdU assay quantifying fraction of cells in S phase from tumouroids in (A) (n=3 technical 
replicates). (C) Bioluminescent imaging (BLI) of mice after endoscope-guided orthotopic implantation of APKS mouse tumouroids into the colonic 
mucosa. Mice were treated with ABC99 or vehicle (corn oil) control after 4 weeks of engraftment and tumour growth. Mice are treated for indicated 
number of weeks (week 0=4 weeks post-implantation) (n=7 mice). (D) Quantification of luminescence radiance from (C) at indicated time points 
(n=7 mice). (E–G) Quantification of primary tumour weight (E), number of macrometastases in the liver (F), and number of lymph node metastases 
(G) in mice from (C) at the termination of the experiment (8 weeks total, 4 weeks post-treatment). (H) Immunofluorescence staining for KI67 and 
E-CADHERIN in primary tumour and liver metastases from tumours in (C) (n=7 mice). Nuclei are visualised by DAPI staining. Scale bar of top panels: 
200 µm. Lower panels: 50 µm. (I) Kaplan-Meier survival analysis for mice harbouring orthotopic APKS tumours as in (C), treated with ABC99 or vehicle 
(corn oil) control for 16 weeks following an initial 4-week period of engraftment and tumour growth (total experimental time course of 5 months) 
(n=10 mice). For all panels, **p<0.01, ***p<0.001, Student’s t-test.
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Figure 7  Model for NOTUM tumour suppressive-to-oncogenic switch 
during the adenoma-adenocarcinoma transition. In early adenomas 
resulting from APC inactivation, NOTUM exerts tumour suppressive 
activity through cleavage of oncogenic glypican 1 from the cell 
surface. Here, GPC1 acts as an oncogene by potentiating IGF1R activity 
upstream of mTORC1, and NOTUM antagonises this oncogenic axis 
(TOP). In contrast, on transition to adenocarcinoma with inactivation of 
P53 (and on accrual of additional driver mutations), NOTUM functions 
as an obligate oncogene by inhibiting tumour suppressive TGFßR 
activity via inactivating cleavage of Glypican 4 from the cell surface, 
which normally potentiates TGFßR activity upstream of TAK1/Smad 
signalling.

syngeneic mice via endoscope-guided injection and allowed 
tumours to engraft and grow for 1 month, after which mice 
were randomly assigned to a vehicle control or ABC99 group. 
An absence of difference in tumour size was confirmed between 
the randomised groups at baseline (online supplemental figure 
7C,D). Mice were then treated with ABC99 or vehicle control 
for an additional 4 weeks. ABC99 treatment largely arrested 
primary tumour growth, with dramatic decreases in both BLI 
and tumour weight relative to control animals (figure  6C–E). 
Remarkably, NOTUM inhibition nearly completely inhibited 
liver and lymph node metastases in this highly aggressive CRC 
model (figure 6F and G and online supplemental figure 6E,F), 
and ABC99-treated primary and rare metastatic lesions exhib-
ited notable inhibition of cell proliferation at the termination 
of the experiment (figure 6H). We generated another cohort of 
mice with orthoptic APKS tumours, allowed them to engraft for 
1 month as before, then began ABC99 or vehicle control treat-
ment and monitored survival up to 4 months. Remarkably, while 
the of vehicle control-treated mice became moribund over this 
time course, none of the ABC99-treated cohort succumbed to 
disease for the duration of this experiment (figure 6I).

Finally, we asked whether pharmacological NOTUM inhibi-
tion had similar efficacy in human CRC tumouroids. Treatment 
of APC/TP53 mutant human colon tumouroids with ABC99 
inhibited clonal tumouroid initiation capacity and proliferation, 
confirming that NOTUM vulnerability translates into humans 
(online supplemental figure 6G–I). Ultimately, these findings 
identify NOTUM as a tractable therapeutic target in advanced 
colorectal adenocarcinoma harbouring inactivating mutations in 
both APC and TP53.

Discussion
Advanced CRC remains a leading cause of cancer-related deaths 
globally, with few efficacious therapeutic options available once 
the primary tumour has disseminated. While it is well established 

that APC inactivation is likely the initiating event in the vast 
majority of CRC, how the events downstream of APC inactiva-
tion influence later stages of tumourigenesis after accumulation 
of additional oncogenic mutations remains unclear. Recent data 
suggest that APC inactivation is required for tumour mainte-
nance in more advanced disease.15 Activation of the extracel-
lular palmitoleoyl-protein carboxylesterase NOTUM has long 
been observed downstream of APC inactivation, and Notum is 
recognised as a direct ß-catenin transcriptional target gene.17

In the context of intestinal tumourigenesis, induction of 
Notum expression downstream of APC inactivation might be 
viewed as a futile attempt of the transformed cell to attenuate 
oncogenic ß-catenin transcriptional activity. Indeed, a recent 
study put forth the hypothesis that the robust induction of 
Notum expression in an intestinal epithelial stem cell that has 
inactivated APC gives that Apc-null clone a competitive advan-
tage over its Apc-wild-type neighbours via NOTUM-mediated 
juxtacrine inhibition of canonical WNT signalling.11 12 On the 
surface, these findings appear contradictory with our current 
observations. However, these findings can potentially be recon-
ciled if the anti-proliferative effects of NOTUM are stronger 
on wild-type versus Apc-null stem cells, which is reasonable to 
assume given the exquisite dependence of wild-type stem cells on 
WNT ligand/receptor interactions. In this context, a Notum-null 
clone would have a proliferative advantage over its wild-type 
neighbours. However, on reaching some critical size at which the 
adenomatous lesion is no longer constrained by neighbouring 
wild-type epithelial cells (as in our organoid cultures, orthotopic 
implantation model and mouse genetic model of Apc inactiva-
tion in Lgr5+stem cells), the cell-autonomous tumour suppres-
sive role of Notum in an Apc-null clone, which has previously 
not been addressed, becomes evident. The unexpected finding 
that NOTUM retains potent tumour suppressive activity in 
adenomatous Apc-null cells is not explicable by NOTUM’s atten-
uation of WNT pathway activity, nor is its’ switch to oncogenic 
activity on progression to adenocarcinoma with subsequent P53 
inactivation.

Instead, the literature points to a potentially much broader 
role for NOTUM in the regulation of numerous signal trans-
duction cascades via its ability to cleave cell surface Glypicans. 
Glypicans are a family of proteoglycans that have expanded to 
six paralogous orthologs in mammals (Gpc1-6).35 Most current 
models for Glypican function indicate that these proteoglycans, 
when anchored to the cell surface, act to potentiate receptor-
ligand interactions.7 25–27 NOTUM can cleave GPCs at their 
GPI linkage to the cell surface,7 9 and once cleaved from the 
cell surface, N-terminal GPCs can now act as competitive inhib-
itors of the same signalling pathways they potentiate when 
surface-bound, via ligand competition. Ultimately, the function 
of mammalian Glypicans is poorly understood, and their role in 
CRC remains unstudied.

In the current study, gene expression changes downstream of 
Notum LOF are context-dependent in Apc∆ vs Apc/Trp53-mutant 
cells, with clear induction of mTORC1 activity in response to 
Notum inactivation in Apc-mutant cells, and activation of TGFß 
activity in Apc/Trp53 double mutants. This finding is consistent 
with the observed functions of GPC1 and GPC4 in Apc-mutant 
and Apc/Trp53 double mutant cultures, respectively, as well as 
with the model that Glypicans potentiate signal transduction 
at the receptor-ligand level, and the negative regulation of this 
interaction by NOTUM (figure  7). While these downstream 
pathways likely contribute to the tumour suppressive and onco-
genic effects of NOTUM activity in Apc∆ and Apc/Trp53 mutant 
cultures, respectively, there remains a possibility that GPC1 and 
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GPC4 also act on additional signalling pathways, and that addi-
tional Glypicans may be affected by NOTUM activity during the 
ontogeny of colorectal adenocarcinomas. Nonetheless, despite 
the potential for pleiotropic functions of NOTUM in colon 
cancer, the clear and compelling finding that extracellular enzy-
matic activity of NOTUM is required for adenocarcinoma main-
tenance and progression, coupled with the finding that small 
molecule inhibition of NOTUM activity is sufficient to arrest 
tumour progression and metastasis in immune-competent mouse 
models of invasive COAD indicate that NOTUM is a potentially 
tractable therapeutic target in this deadly disease.
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