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Fig. 4 Acute deletion of USP10 in intestinal stem cells of D.melanogaster rescues hyperplasia and lethality of the Apc?®/?®
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a Representative immunofluorescence of fly midguts. Apc®®* heterozygotes are highly similar to wildtype midguts (not shown). Midguts of
homozygous Apc?® mutants exhibit hyperproliferation of ISC (positive for the intestinal stem cell marker Delta (red)). Elimination of USP10
using USP10 inverted repeats (UAS-IR) suppresses the progenitor hyperproliferation phenotype observed in midguts of homozygous Apc?®
mutants. b Quantification of total stem cell abundance in all three conditions. Significance as compared to “esg > +; ApcQ8” was calculated
using one-way ANOVA. **p < 0.005; ***p < 0.001. ¢ qRT-PCR analysis of the expression of USP10, armadillo and escargot in midguts isolated from
either Apc® or Apc?® USP10* flies. mRNA was normalised to Actb. Error bars represent standard deviation of 3 biological replicates.

d Kaplan-Meier plot of adult survival of the indicated genotypes. Apc?® n = 24, Apc

accelerated protein turnover in HT-29 cells (Fig. 5d and quantified
in 5e). Depletion of USP10 in HCT116 a cell line that harbour non-
truncated Apc, however, had no effect on overall B-Catenin
abundance nor ubiquitylation (Supplementary Fig. S5b-d), con-
firming the dependency of the USP10-f-Catenin interaction on
APC-truncation. Interestingly, while cells deleted for USP10 by
CRISPR mediated targeting did show reduced abundance and
increased ubiquitylation of B-Catenin, longitudinal propagation of
HT-29°YP10 was not possible. Targeted cells within a hetero-
geneous cell pool were rapidly outcompeted by wildtype cells
(Supplementary Fig. S5e). This is in line with previous reports of
cell lethality upon USP10 loss [37]. To by-pass this long-term
lethality, we used an inducible knock down system, comprising
two independent shRNA against USP10, to acutely deplete the
DUB in HT-29 (Supplementary Fig. S5f). USP10 depleted HT-29
showed a significantly reduced proliferation, when compared to
control vector transduced cells (Supplementary Fig. S5g).

A stem cell niche-specific contribution of USP10 was further
supported by analysing the whole proteome of HT-29 cells treated
with either non-targeting (ctrl) or USP10 siRNA for 24h
(Supplementary Fig. S5h, i). Among the downregulated proteins
were proteins associated with the stem cell niche, including TCF4
(TCF7L2), TNFRSF21, NOTCH2, LGR4, CD44, along with reduced
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protein level of the proto-oncogene MYC, a direct target of WNT
signalling (Supplementary Fig. S5h).

To investigate the extent of regulation of the WNT effector
-Catenin by USP10, and using a gain-of-function approach, we
conditionally overexpressed either wild type (USP10"T) or a catalytic
inactive variant of USP10 (USP10“%) in the CRC line HT-29.
Conditional increase in USP10 led to an increase in B-Catenin
abundance on protein as well as mRNA level (Fig. 5f, g). The catalytic
activity of USP10 is required to facilitate these effects on B-Catenin,
as USP10“* failed to stabilise B-Catenin (Fig. 5f, g). Expression of
USP10 significantly enhanced overall proliferation of HT-29 cells,
when compared to vector or catalytic inactive mutant control cells
(Fig. 5h). Given that B-Catenin directly controls intestinal home-
ostasis and stem- and cancer cell maintenance, next, we tested if
USP10 affects the expression of essential stem- and CRC pathways.
Immunofluorescence imaging of HT-29 expressing either USP10
or USP10“* demonstrated that proteins associated with the CSC
stem niche, such as -Catenin, OLFM4, LGR5, ASCL2 or CD44 were
significantly upregulated in a USP10"" dependent fashion (Fig. 5i, j).

These observations establish that USP10 regulates the ubiqui-
tylation and abundance of B-Catenin in an APC truncation
dependent manner, promoting the expression of WNT pathway
and (cancer) stem cell signatures and CRC growth.
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USP10 is required to maintain CRC cell identity, stemness and
tumour growth

To investigate the clinical relevance and dependency of human
CRC tumours towards USP10 in a patient-relevant setting, we used
patient-derived organoids (Fig. 6a). The patient organoid line P6T
carries mutations comparable to HT-29; a truncating mutation
resulting in a short APC variant (R¥®) and a longer variant
(P'42°%%) ‘making it a suitable candidate to test USP10 dependency.
3 weeks post infection and selection with either a non-targeting
control shRNA (shNTC) or an shRNA targeting USP10, patient-
derived organoids were analysed (Fig. 6b-h). Loss of
USP10 significantly reduced overall organoid numbers and size
(Fig. 6¢, d). Transcriptomic analysis of P6T"TC and peT*hVsP10
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organoids revealed that USP10 is involved in the regulation of
WNT signalling, differentiation and stem cell maintenance
(Fig. 6f, g). Stem cell-related genes, such as LGR5, LEF1, AXIN2 or
LRIG1 were reduced upon loss of USP10, while the expression of
differentiation associated genes, such as MUC2 or KRT20, were
enriched (Fig. 6f). Furthermore, loss of USP10 led to enriched gene
sets associated with stress signalling, such as unfolded protein
response and reactive oxygen species signalling in P6T tumour
organoids (Fig. 6h). These observations are in line with the results
obtained from HT-29 cells and clearly demonstrate that USP10 is
involved in the maintenance/propagation of a pro-tumorigenic
signature, supporting stem cell-like features of cells expressing
high levels of USP10 that is required for the tumorigenic state.
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Fig. 5 USP10 regulates WNT signalling and stemness signature genes via controlling pB-Catenin protein stability. a Imnmunoblot against
endogenous USP10, p-Catenin and LGR5 in APC mutant HT-29 cells upon CRISPR mediated depletion of USP10. Two different cell pools
(USP10~" and USP10~2) along with non-targeting control (ctrl) cells are shown. p-Actin served as loading control. n = 3. b Quantitative RT-PCR
of USP10, CTNNBT and LGR5 expression of HT-29 USP10 CRISPR pool (USP1072) compared to control (ctrl) cells. Error bars represent standard
deviation of n =3 independent experiments. Significance was calculated using Student’s t test. **p < 0.005; ***p < 0.001. n.s. non-significant.
¢ Tandem Ubiquitin Binding Entity (TUBE) assay of endogenous poly-ubiquitylated proteins, followed by immunoblotting against endogenous
p-Catenin in HT-29 USP10 CRISPR cells (USP10~2). Immunoblot against endogenous USP10 is shown. p-Actin served as loading control. n = 2.
d Cycloheximide (CHX) chase assay (100 ug/ml) of control (shNTC) or shUSP10-2 expressing HT-29 cells for indicated time points.
Representative immunoblot analysis of USP10 and p-Catenin. p-Actin served as loading control. n = 3. e Quantification of relative protein
abundance of p-Catenin, normalised to B-Actin, as shown in d. Significance was calculated using Student’s t test. n = 3 *p < 0.05; ***p < 0.001.
f Representative immunoblot against endogenous USP10 and p-Catenin in APC mutant HT-29 cells upon DOX-inducible overexpression of GFP
control (GFP), catalytical active GFP-USP10 (GFP USP10"™) and a catalytical inactive mutant of USP10 (GFP USP10%*). p-Actin served as loading
control. (n = 3). g Quantitative RT-PCR of USP10, CTNNB1 and KRT20 expression of HT-29 cells overexpressing exogenous USP10. Error bars
represent standard deviation of n =3 independent experiments. Significance was calculated using Student’s t test. **p < 0.005; ***p < 0.001.
n.s. non-significant. h Growth-curve of GFP USP10"T and GFP USP10* overexpressing HT-29 cells compared to GFP control cells. Error bars
represent standard deviation of n =3 independent experiments. Significance was calculated using one-way ANOVA. ***p < 0.001. n.s. non-
significant. i Representative immunofluorescence images of conditional USP10"™ and USP10“* overexpression and GFP control in HT-29 cells.
J Quantification of i. Mean intensity over well was measured and normalised to GFP control. Error bars represent standard deviation of n = 3.

Significance was calculated using unpaired t-test. *p < 0.05; ***p < 0.001; n.s. non-significant.

In addition, we tested whether these observations are conserved
in murine models of CRC using murine intestinal organoid cultures
(Fig. 6m). APK9 organoids were transduced with AAV encoding
either shRNA against USP10 or non-targeting control, respectively
(Fig. 6i-m and Supplementary Fig. S6a). Depletion of USP10 was
confirmed by immunoblotting (Fig. 6j). Transcriptomic analysis of
APK9 organoids revealed that USP10 is required to maintain WNT
signalling, as loss of USP10 significantly reduced this pathway
(Fig. 6k-m). Knock down of USP10 resulted in reduced abundance
of 3-Catenin as well WNT signalling target genes, such as Myc and
Ccnd2 (Fig. 6m and Supplementary Fig. S7b). Overall, reduction of
USP10 in APK9 organoids reduced signatures associated with
stemness and induced the expression of differentiation gene
signatures (Fig. 6k, | and Supplementary Fig. S6b).

These results show that USP10, in CRC at least, contributes to
the control of differentiation and can be linked to intestinal cancer
cell identity. Hence, USP10, via B-Catenin, promotes intestinal
cancer stemness and propagation.

Loss of USP10 opposes competitor signalling and restores a

wild-typic niche

Recently, it was shown that cancer cells eliminate the non-
transformed intestinal stem cells by clonal competition derived by
Apc-dependent Notum signalling, that induces the death of the
naive stem cells termed super competitor phenotype. This impact
of the cancer cell on non-transformed neighbouring naive
intestinal stem cells was shown to be crucial for tumour
development [28, 29, 38]. Given the strong impact on WNT
signalling and the extended control of -Catenin by USP10, we
examined whether USP10 is required for the super-competitor
phenotype and, specifically, if silencing of USP10 could oppose
this signalling axis. Towards this end, we cultured wild type
organoids in the presence of pre-conditioned medium from either
APKINTC o APKNUSP10 organoids and assessed wild type organoid
survival (Fig. 7a, b and Supplementary Fig. S7a). While established
wild type organoids grew in ENR medium, exposure to APK™T®
derived medium rapidly resulted in wild type organoid loss
(Fig. 7a, b and Supplementary Fig. S7a). Remarkably, when
cultured in medium from APK™Y*F organoids, most wild type
organoids survived an extended time under these conditions (Fig.
7a, b and Supplementary Fig. S7a). Analysis of the transcriptome
of APKNUSP192 organoids revealed that Notum, along with genes
associated with a super competitor signature, such as Dkk2, Dkk3
or Wifl [28, 29], were downregulated upon loss of USP10
(Supplementary Fig. S7b). This is in line with the observation that
NOTUM was downregulated in patient derived CRC tumour
organoids upon silencing of USP10 (Fig. 6f).
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To further investigate in vivo if reduced WNT signalling, along
with decreased NOTUM expression does affect tumour growth, we
transplanted APK9 organoids stably expressing shNTC or shUSP10,
respectively, in immune-competent C57BI6/) mice (Fig. 7c).
24 weeks post-transplant mice were sacrificed, and tissue samples
analysed. Mice transplanted with non-targeting control shRNA
developed a large tumour, in line with previous reports for this
genotype [39-41]. Loss of USP10, while resulting in tumour
organoid engraftment, led to smaller lesions (Fig. 7d-f). Overall,
tumour cells derived from shNTC organoids showed an enriched
abundance of USP10 and B-Catenin, which is in line with our
previous observations (Fig. 7e, f). Loss of USP10 led to a reduction
in 3-Catenin abundance (Fig. 7e, f). Remarkably, the NTC infected
organoids showed morphologic resemblance to invasive tumours,
while APK9*MYSP1® showed an enriched abundance of mucus-
secreting cells (Fig. 7e, star).

USP10 is required to maintain active WNT signalling, driving a
stemness-like signature and is required to stabilise via B-Catenin
and drive oncogenesis. Its loss ameliorates tumour growth
abrogate the super competitor phenotype of APC and initiates
the differentiation of tumours. Overall, USP10 presents a vulner-
ability for CRC, at point of induction and propagation.

DISCUSSION
Colorectal cancer is mostly driven by deregulated WNT signalling,
resulting in hyper-activation of the proto-oncoprotein p-Catenin
and constant transcription of its target genes [11]. This is
predominantly initiated via loss of function mutations within the
tumour suppressor gene APC; around 80% of all CRC patients
harbour these mutations [4, 26]. It is noteworthy that truncation
mutations vary regarding localisation and the therefore resulting
remaining domains within the APC protein [7]. Recent studies
have reported that tumour progression, loss-of-heterozygosity,
and deregulation of WNT signalling are indeed affected by the
length of the remaining tumour suppressor [42]. Furthermore,
aberrant WNT signalling, caused by APC truncation, is a
prerequisite for the establishing of a super competitor cell
phenotype, manifesting CRC onset [28, 29, 33]. Despite our
growing understanding of the underlying genetic causalities of
colorectal cancer, the identification of mechanisms at the basis of
this phenomenon and identification of suitable therapeutic
targets presents a challenge that yet needs to be overcome [43].
One promising strategy is targeting enhanced onco-protein
stability in cancer, in particular via the Ubiquitin Proteasome
System (UPS) [44]. Despite the loss of either APC or mutations
within the degron motive of B-Catenin, the WNT effector is still
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ubiquitylated, at least, in CRC-derived cell lines [7, 9]. Several E3
ligases have been reported in the past to ubiquitylate and thereby
regulate the stability and activity of this proto-oncogene [18-22].
This opens an intriguing possibility to target the protein levels of
-Catenin by interfering with enzymes conferring stabilisation. As
a potential therapeutically relevant druggable family of proteins

M. Reissland et al.

DUBs are of interest, as this class of enzymes opposes substrate
ubiquitylation and can contribute to protein stabilisation and
activation [45].

In this study, we investigated the possibility to control the
abundance of -Catenin protein via DUBs that are relevant to CRC
that is driven by loss of the tumour suppressor APC. Via unbiassed
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Fig. 6 USP10 is required to maintain CRC cell identity, stemness and tumour growth. a Schematic overview of workflow for isolation,
characterisation and silencing of USP10 in patient derived CRC organoid P6T (Oncode Organoid bank). b Representative brightfield images of
stable transformed human P6T organoids infected with either shRNA against USP10 or with a non-targeting control. n =10 field of view.
Highlighted are individual and intact organoids. ¢ Quantification of relative organoid number (per field of view) one week post infection with
either a control (shNTC) or shUSP10. Statistical analysis was performed using unpaired t test. p < 0.0001. Images were quantified using QuPath
(version0.4.2) and ImageJ (FIJI). Boxplots were generated using Graphpad Prism8. In box plots, the centre line reflects the median and the
upper and lower box limits indicate the first and third quartiles. Whiskers extend 1.5x the IQR. P-values were calculated using Mann-Whitney
U test. ***p <0.0001. d Quantification of relative organoid size (per field of view) one week post infection with either a control (shNTC) or
shUSP10. Statistical analysis was performed using unpaired t test. p < 0.0001. Images were quantified using QuPath (version0.4.2) and ImageJ
(FUI). Violinplots were generated using Graphpad Prism8. P-values were calculated using Mann-Whitney U test. ***p < 0.0001. e Volcano-plot
of differential expressed genes upon knock-down of USP10 in human P6T organoids, relative to expression in shNTC infected control
organoids. Significantly regulated genes are highlighted in red, respectively. USP10 is highlighted. n = 3. f Heatmaps showing expression of
genes linked to WNT signalling, differentiation and NOTUM signalling in either shNTC or shUSP10 P6T organoids. n = 3. g, h GSEA analysis of
P6T organoids expressing an shRNA sequence targeting USP10 or non-targeting control (shNTC). Changes in gene expression were analysed
and enrichment plots for gene sets mapping to WNT signalling, EMT, UPR and ROS are shown. i Representative brightfield images of stable
transformed murine A®°PK°?° organoids (APK9). Two different shRNAs against USP10 and shNTC expressing organoids were generated.
j Representative immunoblot of USP10 and p-Catenin protein upon shRNA mediated knock-down of endogenous USP10. -Actin served as
loading control. Quantification was calculated from n = 3. k Gene set enrichment analysis of MsigDB gene sets, deregulated in shUSP10-1
compared to shNTC APK9 organoids. | Gene set enrichment analysis of intestinal specific gene sets, deregulated in shUSP10-1 compared to
shNTC APK9 organoids. m Volcano-plot of differential expressed genes upon knock-down of USP10 in APK9 organoids. Up- and down-

regulated genes are highlighted in red and blue, respectively. Genes-of-interest are labelled.

screen we discovered that USP10 enhances 3-Catenin abundance.
USP10 was reported to control the protein stability of TP53 [46, 47]
and contribute to control of autophagy [48, 49], DNA damage
[50, 51] and metabolic signalling [51, 52], all processes that tumour
cells highly rely on [53]. Analysing publicly available patient data
and samples from local CRC patients, we found that USP10 is
frequently upregulated in human CRC tumours and is often co-
expressed with B-Catenin. Intriguingly, by utilising a limited panel
of human CRC cell lines, we observed that USP10 only interacted
with 3-Catenin when the truncation mutation within APC resulted
in loss of the AAR domains. This observation was further
corroborated by using CRISPR targeting of APC in otherwise APC
non-mutant CRC lines. Microarray-based binding assays identified
residues 7-21 of the unstructured N-terminus of USP10 to directly
interact with -Catenin. Comparison of the resulting structural
model with the APC-B-Catenin complex lends a molecular
explanation for the observed direct competition with APC. An
overlapping binding site of APC and USP10 on B-Catenin would
also rationalize the need for APC truncation for successful USP10
co-immunoprecipitation. Additionally, this observation could
explain how APC mutations indirectly control B-Catenin abun-
dance without affecting the ubiquitylation level per se. Taken
together, our data extends the role of WNT signalling and
B-Catenin in CRC and proposes patient stratification towards
USP10 dependency. This is a novel path to the possibility of
B-Catenin and allows to transform APC from a diagnostic marker
towards an actionable vulnerability within CRC. Furthermore, our
observation reports a direct interaction between USP10 and
B-Catenin, confirming that both proteins do regulate tumour-
intrinsic processes. Recently, this axis has been linked to drive
NSCLC progression and metastasis [54]. Here, in contrast to our
work, USP10 stabilized HDAC7, which in turn controlled B-Catenin
abundance.

Recently, an alternative mechanism of regulation of the WNT
pathway by USP10 was reported [55]. Here, during zebrafish
development, USP10 contribute to the degradation of 3-Catenin by
recruiting and stabilising AXIN1 binding to {-Catenin. This is an
interesting observation and highlights the possibility of substrate
and functional specificity in a tissue specific context. This has been
reported for additional enzymes belonging to the UPS family, such
as USP28 [56-58]. In cancer, the function of USP10 as a tumour
suppressor or proto-oncogene, is still not fully solved. Recent work
demonstrated both functions in the same tumour entity, such as
NSCLC [54, 59]. The reason for these differences is not well
understood but its investigation and vigorous testing is required to
elucidate the therapeutic potential of this deubiquitylase, USP10.

SPRINGER NATURE

While USP10 regulates the abundance of B-Catenin by affecting
its ubiquitylation, its loss had widespread consequences for APC
truncated CRC. Altering USP10 abundance affected the expression
of genes associated with proliferation, stemness and disease
progression. USP10 imprints the cellular identity of cancer cells, as
loss of USP10 altered the transcriptional profiles towards a non-
transformed, differentiated state. Not only does USP10 control
tumour intrinsic pathways and biological processes regulated by
WNT, loss of USP10 suppressed cell death of non-transformed cells
exposed to cultured medium from tumour organoids. Given that
the super competitor signalling cascade [28, 29, 38] leads to the
secretion of signalling molecules initiating cell death, loss of
USP10 controls extrinsic signalling mechanisms and thereby
opposes tumour growth. It is worth noting that the catalytic
activity of USP10 was required for the effects observed; over-
expression of the catalytic inactive form had no effect on global
-Catenin abundance nor on proliferation. Hence, the catalytic
active site presents a suitable target site [60].

The observed effects in gene expression in the USP10 shRNA
cell lines and organoids were a direct consequence of reduced
B-Catenin protein abundance. These processes are highly
conserved, as by employing D.melanogaster intestinal hyperpro-
liferation models and silencing of USP10 in the intestinal stem
cell niche demonstrated that targeting USP10 in vivo, indeed,
did ameliorate the APC phenotype caused by homozygous loss
of the tumour suppressor (APC?%?®) [35]. This observation is
further supported by the organoid transplant model presented.
The observed phenotype is in line with previous reports that
inhibition NOTUM in established or transplanted CRC tumours
does suppress tumour progression [40]. Here, pharmacologic
targeting of USP10 by small molecule inhibitors [61] could
extend the spectrum of possible intervention and open new
avenues for CRC therapy.

Utilizing human primary patient material, colorectal cancer cell
lines as well as genetically tailored murine organoids and
Drosophila melanogaster as a model system for aberrant WNT
signalling in the intestine, we unravelled a novel protein-protein
interaction to which CRC are addicted. Taken together, our study
provided robust in vitro and in vivo evidence that USP10 functions
as a driver of CRC and could serve as a therapeutic relevant target
in a distinct subset of APC-truncated patient cohort.

Ethics approval and consent to participate

In vivo experiments concerning CRISPR mediated oncogenesis
or the Apc™™* mouse model were approved by the Regierung
Unterfranken and the ethics committee under the license
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numbers 2532-2-555, 2532-2-556, 2532-2-694 and 2532-2-1002.
The mouse strains used for this publication are listed. All
animals are housed in standard cages in pathogen-free facilities
on a 12-h light/dark cycle with ad libitum access to food and
water. FELASA2014 guidelines were followed for animal
maintenance.
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Mouse experiments concerning AOM/DSS induced oncogenesis
were reviewed and approved by the Regierungsprasidium
Darmstadt, Darmstadt, Germany.

Human colorectal cancer samples, irrespective of sex, were
obtained from the Pathology Department at the University
Hospital Wirzburg (Germany). Informed consent was obtained
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Fig. 7 Loss of USP10 opposes competitor sggnalling and restores a wild-typic niche. a Representative brightfield images of wild-type (WT)
organoids cultured in ENR medium, APK™™ and APK"USP1%7 conditioned medium (CM), supplemented with EGF and R-spondin, for up to
6 days. Purple arrows indicate dead organoids, green arrows indicate living organoids. E - EGF, N - Noggin, R - R-spondin. n = 3. b Dead and
alive organoids were counted and bar graphs represent percentage of alive vs dead organoids. Error bars represent standard deviation
calculated from n = 3 independent experiments.Schematic representation of an in vivo organoid transplant model of APK shNTC or shUSP10,
respectively. Adapted from refs. [39, 41, 62]. ¢ Schematic representation of the in vivo organoid transplant model in immune-competent
C57BI6/) mice. d Representative merged immunofluorescent images of endogenous USP10 (green) and p-Catenin (red) of murine intestines
upon organoid transplant. Encircled are tumours arising from engrafted somatic engineered APK organoids, either expressing an shNTC or
shUSP10, respectively. DAPI served as nuclear marker. Scale bar represents 1 mm. e Individual higher magnification images of discreet
tumours upon transplant as seen in d. USP10 (green) and f-Catenin (red) are shown. Highlighted are either tumour areas or adjacent, non-
transformed tissue regions. Tumour area is encircled. Scale bar 200 pm. Zoom in image of merged image. Scale bar 50 pm. f Quantification of
relative fluorescence intensity (arbitrary units a.u.) of endogenous USP10 and f-Catenin, either in shNTC or shUSP10 animals. Statistical
analysis was performed using unpaired t test. ***p < 0.0001. Images were quantified using QuPath (version0.4.2). Boxplots were generated
using Graphpad Prism8 and individual datapoints are shown. 1. g Schematic model. In APC-truncation driven CRC, loss of all AAR-domains in
APC, enables a de-novo interaction of USP10 and p-Catenin. By stabilising p-Catenin, this interaction activates the transcription of p-Catenin
target genes, thereby promoting a stem-like phenotype and proliferation and decreasing differentiation. Interfering with USP70 expression by
shRNA and/or CRISPR/Cas9 reverts this phenotype and leads to decreased stemness and proliferation and promotes differentiation.
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