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CRIPTO’s multifaceted role in driving aggressive prostate cancer
unveiled by in vivo, organoid, and patient data
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CRIPTO (or CR-1 or TDGF1) is a protein that plays an active role in tumor initiation and progression. We have confirmed that
increased expression of CRIPTO is associated with clinical and prostate-specific antigen (PSA) progression in human prostate tissues.
Our approach involved gaining insight into the role of CRIPTO signaling in castration-resistant Nkx3.7-expressing cells (CARNs),
targets for oncogenic transformation in prostate cancer (PCa), by integrating the existing Cripto/"°* into CARNs model. The most
aggressive stage was modeled using an inducible Cre under control of the Nkx3.7 promoter conferring Nkx3.1 inactivation and
driving Pten inactivation, oncogenic Kras activation, and lineage tracing with yellow fluorescence protein (EYFP) upon induction.
Our findings provide evidence that selective depletion of Cripto in epithelial cells in vivo reduced the invasive phenotype,
particularly in more advanced tumor stages. Moreover, in vitro experiments with Cripto overexpression demonstrated alterations in
the physical features of organoids, which correlated with increased tumorigenic activity. Transcriptomic analyses revealed a unique
CRIPTO/MYC co-activation signature associated with PSA progression in a human PCa cohort. Taken together, our data highlights a
role for CRIPTO in tumor invasiveness and progression, which carries implications for biomarkers and targeted therapies.
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INTRODUCTION
CRIPTO (CR-1, TDGF1) is a glycosylphosphatidylinositol (GPI)-
anchored and secreted protein founding member of the
vertebrate Epidermal Growth Factor-Cripto/FRL-1/Cryptic (EGF-
CFC) gene family [1-3]. CRIPTO plays a crucial role in regulating
stem cell-associated signaling pathways, promoting cellular
plasticity, and maintaining the stem cell state; it has been
identified as a significant biomarker to investigate. CRIPTO is
typically highly expressed in embryonic tissues and decreases
during postnatal life under normal conditions; however, in certain
pathological conditions, CRIPTO expression may be reactivated
[4-10]. Beyond prostate cancer (PCa) [9, 11], CRIPTO has been
implicated in colon [8], lung [12], breast [13], liver (hepatocellular
carcinoma) [4], and brain (glioblastoma) [14]. Additionally, it has
been shown to play a significant role in promoting epithelial-to-
mesenchymal transition, which is closely linked to the invasive
nature of tumor cells [11]. Still, further investigation into the role of
CRIPTO in prostate tissue is necessary to better understand its
contribution to PCa pathology.

To effectively study tumor initiation, progression, and response
to therapy in PCa, researchers have extensively relied on

genetically engineered mouse models (GEMMs) and prostate
organoids. These models are crucial as they provide robust
systems that mimic various stages of PCa, starting from the early
development of prostatic intraepithelial neoplasia (PIN) to the
subsequent progression into invasive adenocarcinoma and the
formation of metastases.

Distinct stages of disease can be modeled by a series of genetic
perturbations in PCa GEMMs including the loss-of-function of
Nkx3.1 to recapitulate early PIN (N) [15-18], additional loss of Pten
expression to mimic advanced adenocarcinoma (NP) [19], and
activation of oncogenic mutant of K-ras (G12D) to mimic
metastatic disease (NPK) [20]. The R26R-EYFP line was crossed
into these various models to allow lineage tracing. Detailed
genotypes and newly generated GEMMs that incorporate Cripto-
flox/flox allele [21] (NC, NPC, and NPKC) are indicated in
Supplementary Table 1.

Castration-resistant Nkx3.7-expressing (CARNs) cells are a
specific prostate epithelial luminal stem-like cell subpopulation
representing only 0.7% of total epithelial cells in the prostate [22].
These cells are exclusively luminal and serve as a target for
oncogenic transformation and the propagation of prostate cancer
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[22]. Remarkably, studies have revealed that within just 4 weeks,
the combined deletion of Pten and activation of Kras in CARNs
leads to the rapid formation of high-grade PIN and carcinoma,
with evidence of micro invasion [22]. Interestingly, these tumors
express high levels of CRIPTO (unpublished Rodrigues Sousa). We

SPRINGER NATURE

G o
RS Sy

EE -

R - S

C)
O ok o8
QU RIS

EYFP positive cells (%)

have developed a unique transgenic mouse model with a
prostate-specific inducible knockout of Cripto in CARNs.

Here, we demonstrate that suppressing Cripto in vivo signifi-
cantly decreases invasive cell behavior in aggressive tumors,
highlighting a critical oncogenic function of CRIPTO in advanced
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Fig. 1 CRIPTO expression in human PCa and establishment of a new mouse model to investigate CRIPTO signaling in PCa progression.
Evaluation of CRIPTO expression in a tissue microarray of primary prostate cancer tissues (n =209 patients), part of the European Multicenter
High-Risk Prostate Cancer Clinical and Translational Research group (EMPaCT, 540 radical prostatectomies (RP), 52 lymph node metastases).
Kaplan-Meyer analyses show the association of high CRIPTO expression with clinical (a) and PSA (b) progression in EMPaCT cohort (clinical
progression: log-rank, p =0.023; HR = 2.4539, (likelihood ratio p = 0.04294); PSA progression: log-rank, p =0.0061; HR = 2.2617, (likelihood
ratio p = 0.01339)). ¢ Schematic experimental timeline in castration and regenerated state in N, NC, NP, NPC, NPK, and NPKC genotypes. Male
mice 8 weeks of age of the indicated genotypes were castrated and, after 1 month, induced with tamoxifen for 5 consecutive daily injections
(i.p.). After 2.5 weeks, mice were subjected to weekly re-administration of testosterone for a total amount of 10 weeks. At the end of the
10 weeks of testosterone re-administration, prostates are isolated and processed for further analysis. Created with BioRender.com. d Genomic
DNA was isolated from indicated genotypes, and PCR was used to confirm Nkx3.1/Cripto/Pten/K-ras (G12D) transgenes. e-g Western blot
analyses using whole-prostate lysates were generated from indicated genotypes to confirm genotypes at a protein level. Representative
western blot displaying the levels of PTEN, CRIPTO (e), EYFP (f), and p(Ser473)/total -AKT (g). h Representative heatmap of Western Blot
analyses quantification. i Fluorescent microscopy acquisition was used to validate system induction, displaying strong endogenous EYFP
(green) expression in all mice. Scale bar =200 uym. j EYFP-protein levels were quantified by IF staining (two-tailed unpaired t-test, p > 0.05).
k Representative IF images (low-power top images, high-power bottom images) to determine the expression of luminal marker CK8 (red) and
basal marker p63 (white) in prostates derived from EYFP™ (green) cells; all cells were visualized with nuclear stain, DAPI (blue). Scale

bar =50 pm.
<

PCa. Additionally, our findings suggest that CRIPTO signaling is
pivotal in promoting the proliferation and aggressiveness of stem
cell-like cells, known for their role in castration-resistant PCa. This
condition is closely linked to metastasis, resistance to treatment,
and unfavorable patient survival rates. These findings position
CRIPTO as a potential biomarker and therapeutic target, enriching
our comprehension of PCa evolution and advancement.

RESULTS
High CRIPTO expression correlates with clinical and PSA
progression in human prostate cancer
To explore the expression pattern of CRIPTO in PCa, we analyzed
CRIPTO protein expression on a tissue microarray (TMA) consisting
of primary prostate cancer tissues from the European Multicenter
High-Risk Prostate Cancer Clinical and Translational research
group (EMPaCT). To address intratumor heterogeneity, samples
gathered in EMPaCT (Supplementary Table 2) present multiple
tumor samples taken from the index lesion, including variably
differentiated areas of each tumor (ranging from 1 to 4)
(Supplementary Fig. 1.1a) [23]. Furthermore, patients were
categorized based on different Gleason scores (ranging from 1
to 5), displaying distinct overall survival rates (Supplementary Fig.
1.1b). Haematoxylin and eosin (H&E) and immunohistochemistry
(IHQ) stainings were performed, and analyzed cores showed
CRIPTO expression was highest in tumor cells, which constituted a
greater proportion of total cells compared to stromal cells
(Supplementary Fig. 1.1¢, d). Among these tumor cells, a high/
low percentage of CRIPTO-positive tumor cells were identified
(Supplementary Fig. 1.1e-g). Survival analysis of 209 patients
demonstrated a positive correlation between high CRIPTO
expression and both clinical (Fig. 1a) and PSA progression (Fig. 1b).
Overall, the observed positive association between CRIPTO
expression levels and clinical factors, as well as PSA progression,
indicates its potential as a prognostic marker forecasting disease
severity and patient prognoses.

Establishment of a new mouse model to investigate CRIPTO
signaling in PCa progression

We utilized mice that express an inducible Cre recombinase
controlled by the Nkx3.1 promoter (Nkx3.7</ERT2/CreERT2) - Thjg
setup enables precise control over gene recombination in CARN
cells through genetic alterations involving Pten™/fo% Criptoflox/fox
and K-ras>"" (Supplementary Table 1). Furthermore, we activated
the R26R"F/EYFP allele to conduct lineage tracing employing the
yellow fluorescent protein (EYFP) to visualize regenerated prostate
tissue after castration. The experimental layout used is referred to
as the Castration Setting. In short, male mice at the age of 8 weeks
underwent surgical castration and subsequent tamoxifen

’
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induction and transitioned through phases of prostate regression
and regeneration (Fig. 1c). Prostate tissues were isolated,
genotypes were validated (Fig. 1d, Supplementary Table 3), and
the respective protein levels were assessed and quantified
through western blot analysis (Fig. 1e-h). Quantitative analysis
revealed lower protein levels of pAKT in NPC and NPKC genotypes
compared to NP and NPK, respectively, while total AKT levels were
unaffected by Cripto knockout (Fig. 1g, h). YFP+/- cells were
isolated from each genotype by FACS (Supplementary Fig. 1.2a-I).
To confirm the ongoing presence of CARNs in the regenerated
prostates—cells responsible for generating new tissue after
castration and subsequent testosterone re-administration — we
utilized both the inherent EYFP fluorescence (Fig. 1i) and
quantification of EYFP immunostaining (Fig. 1j). Bipotentiality of
the transformed luminal CARNs was confirmed by basal (p63) and
luminal cytokeratin 8 (CK8) markers immunostaining (Fig. 1k)
[22, 24].

Morphological characterization (Supplementary Fig. 1.3a) and
measurements of prostate glands weight (mg) normalized to body
weight (g) (Supplementary Fig. 1.3b) correlated with previously
reported PCa genotypes, showing that more advanced stages
present with a significantly enlarged prostate gland compared to
non-aggressive tumors [25]. Our results confirmed that CRIPTO
levels in different genotypes do not contribute to significant
changes in the prostate weight (Supplementary Fig. 1.3b), while
mouse body weight was different only in the N background in the
Castration Setting. Overall, body weight followed a similar pattern
in all genotypes over time, with an average gain of 6-8g
(Supplementary Fig. 1.3¢, d).

CRIPTO deletion in CARNs correlates with a reduction of
invasiveness in aggressive lethal PCa

We assessed alterations in the prostate glandular architecture and
histology based on H&E (Fig. 2a, Supplementary Table 4.1) and IHC
for epithelial (CK8) (Fig. 2b, Supplementary Table 4.1), epithelial to
mesenchymal transition (VIMENTIN) and stromal (alpha-smooth
muscle Actin (aSMA)) (Fig. 2¢, Supplementary Table 4.1) markers.
In our histopathological analysis (Table 1 and Supplementary
Table 4.2), consistent with previously published GEMMs
[15-17, 25-28], we observed the following: (i) The N group
exhibited a benign prostate gland and unremarkable stroma
without significant histopathological changes [15, 17, 29]. (ii) The
NP group displayed neoplastic prostate epithelium, indicative of
murine PIN (mPIN), with few or no remaining profiles of benign
glands [19, 26, 27]. (iii) The NPK group was characterized by more
extensive mPIN, often with cystic dilation, compared to NP. This
group also exhibited variable levels of mPIN microinvasion and
invasive carcinoma embedded in a desmoplastic stroma (Fig. 2d,
Supplementary Table 4.2). The evaluation of the relative area of
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neoplastic gland tissue (i.e, % of epithelium with neoplastic
transformation) revealed that most cases from all groups with the
presence of neoplastic growth showed levels above 95% (Table 1).
When comparing the absolute area of the neoplastic epithelium
(mPIN plus invasive carcinoma) on the examined tissue section, no
difference was evident between NPKC and NPK (Fig. 2e). When
comparing the absolute and relative (i.e., % of neoplastic tissue,
which is invasive) levels of tumor invasive growth instead, a

SPRINGER NATURE

marked variation within group NPK, together with overall lower
levels in NPKC compared to NPK were observed. This trend is
supported by the individual invasive neoplastic nests (Fig. 2f).
Interestingly, collagen type | quantification by IF staining
significantly correlates with tumor progression (Fig. 2g, Supple-
mentary Fig. 2a-c, Supplementary Table 4.3). Comparing the
controls (N, NP, and NPK) and experimental groups (NC, NPC, and
NPKC), we observed a trend with the mean values (%) of stromal

Oncogene
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Fig. 2 Histologic quantitative and qualitative analysis of neoplastic growth and level of invasion on murine prostate tissue sections.
Published N, NP, and NPK models and newly generated NC, NPC, and NPKC prostates were analyzed for microscopic changes to the prostate
epithelium and stroma via histopathological evaluation. Cripto knockout induces a reduction in invasive carcinoma. a Representative
haematoxylin and eosin (H&E) staining of prostate tissue in each genotype (N, NC, NP, NPC, NPK, NPKC), shown at high power, demonstrates
the development of neoplastic changes consistent with mPIN and invasive adenocarcinoma. Scale bar= 100 pym. Direct serial section
unavailable for NPC sample. b CK8 (epithelial marker) immunohistochemical (IHC) staining was performed for epithelium characterization and
quantitative analysis of neoplastic non-invasive vs. invasive growth. Scale bar = 100 pm. ¢ IHC staining for VIMENTIN and aSMA expression was
performed for stromal characterization and detection of epithelial-mesenchymal transition (VIMENTIN). Scale bar = 100 um. d Bar plot of the
percentage of mice representative of a specific epithelial phenotype (normal (green), mPIN (blue), mPIN + microinvasion (yellow),
mPIN + invasive carcinoma (red)) (see Supplementary Table S4.2 for detailed values). e Histological scores of CK8 stained prostate tissues
representative of the total neoplastic area of the epithelium (mm?) (two-tailed unpaired t-test, p = 0.97). f Histological scores of CK8 stained
prostate tissues represent the total count of invasive nests per tissue section (NP, NPC, NPK, and NPKC) (NPK vs. NPKC, Mann-Whitney t-test,
p =0.10). g IF analysis of the total stromal area of collagen (%) in all groups (N, NC, NP, NPC, NPK, NPKC) (two-tailed unpaired t-test, N vs NP,

**¥p < 0.0005; N vs. NPK, *p =0.02; N vs. NC, p =0.59; NP vs. NPC, p =0.47; NPK vs. NPKC, p = 0.25).
<

area positive for collagen type | decreasing by 12.9% in the most
aggressive stage NPKC, compared to NPK (mean value NPK=
50.93%, mean value NPKC = 38.03%).

In summary, the loss of CRIPTO influenced the progress of
advanced prostate cancer stages, leading to a decrease in invasive
carcinoma and changes in stromal composition.

Generation of mouse prostate organoids
To explore the potential role of CRIPTO in modulating tumorigenic
characteristics in CARNs, we cultured organoids from our models (Fig.
3a). In brief, we collected tissue from regenerated prostates, isolated
the EYFP+ population via flow cytometry (Supplementary Fig. 1.2a-l),
and then cultured these single cells in Matrigel® (Fig. 3a).
Subsequently, we conducted lentiviral infection to induce the
overexpression of Cripto in the organoids (Supplementary Fig. 3.1a-c).
IF stainings confirmed that most organoids were uniformly
composed of EYFP+ cells (Supplementary Fig. 3.2a, c, e).
Furthermore, organoids present a distinct organization: an outer
layer of cells expressing the basal marker p63, inner cells positive
for the luminal marker CK8, and a few ‘intermediate’ cells co-
expressing both luminal and basal markers, thus forming complex
multilayered structures that resembled phenotypes seen in living
organisms (Supplementary Fig. 3.2b, d, f). Successful generation of
Cripto overexpression was confirmed at mRNA levels in all three
backgrounds (Supplementary Fig. 3.3a-c).

CRIPTO overexpression in organoids promotes their
proliferation and efficiency formation in vitro
To determine relative organoid-forming efficiency, we counted
the number of organoids formed per Matrigel® dome (n = 3) after
7 days of culture normalized to the initial number of single cells
seeded (Fig. 3b, c). Our results showed that the organoid-forming
efficiency significantly correlates with tumor progression (N vs.
NPK, *p =0.03) and CRIPTO expression (Fig. 3b and Supplemen-
tary Table 5). Of note, Cripto overexpression, particularly in the less
aggressive stages of the disease (N vs. NOECPt *xxp — 0,0008),
significantly increased organoid-forming efficiency. The higher
efficiency of NPK (compared to N and NP) is dependent on CRIPTO
expression as efficiency is reduced in NPKC relative to NPK (NPK
vs. NPKC, *p=0.04 (Fig. 3b, ¢)), and this can be rescued by
overexpression of Cripto as detected in NPKCOE<"P® (Fig. 3b, c).
N EYFP+ cells in organoids (Supplementary Fig. 3.3d) showed a
linear growth over 7 days of culture as assessed by CellTiter-Glo®
3D (Supplementary Figure 3.3e). In contrast, the NP background
(Supplementary Fig. 3.3f) presented an initial exponential growth
(day 5) followed by a plateau phase from day 5 to day 7
(Supplementary Fig. 3.3g). In the NPK background (Supplementary
Fig. 3.3h), NPK and NPK®E“P® exhibited the fastest growth rate,
with exponential growth within 4 days, followed by a plateau
phase. On the contrary, NPKC and NPKCE<""P*® organoids needed
an additional 24 h to reach the plateau phase (Supplementary Fig.
3.3i). Histologically, organoids derived from OECripto conditions
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consistently present with smaller diameters and absent (or
neglectable) central necrosis, confirming a higher proliferative
phenotype.

These results demonstrated that the derivation of murine PCa
organoids may serve as an efficient in vitro platform for gene
editing in a self-renewing multilayered epithelium. Overall, CRIPTO
stimulated proliferation and organoids forming efficiency indicat-
ing its oncogenic potential.

CRIPTO expression plays a role in the extravasation potential
of single cells from organoids in a microvasculature-on-
chip system
To further validate the oncogenic potential of CRIPTO, we tested
the extravasation potential of EYFP+ cells from organoids in vitro
by using a microvasculature-on-chip system (previously reported)
to detect extravasation potential in a self-assembled microvascu-
lature network (Supplementary Fig. 3.4a—c) [30, 31]. EYFP+ CARNs
cells from the NPK, NPKC NPK®E“"P* were used to determine their
potential to extravasate through the endothelial barrier. We show
that NPK (Fig. 3d) and NPKPECP® (Fig. 3f) cells exhibited a
significantly higher extravasation potential compared to NPKC
cells (Fig. 3e) at 24 h post-injection (Fig. 3g). Moreover, it is
particularly intriguing to note that the extravasation potential of
NPKOECP® cells significantly surpasses the potential of the NPK
cells (*p <0.012). Live imaging showed no significant differences
in extravasation behavior over 24 h, but confocal imaging post-
fixation and immunostaining demonstrated the presence of
NPKCEPt cells surrounding the microvasculature network within
the hydrogel matrix (Supplementary Fig. 3.4d-f). This outcome
may be attributed to regional microvasculature loss upon cell
injection, particularly in NPKCE<"P* cells, as opposed to NPK.

Interestingly, conditioned media from organoids’ mouse
medium across all three conditions (Supplementary Fig. 3.4g-i)
altered microvasculature morphology (circled areas in Supple-
mentary Fig. 3.4g-i). This suggests that factors released from the
organoids into the medium could impact microvasculature
structure. Notably, the effect was more pronounced when vessels
were treated with conditioned media from NPK®E“"P® organoids
(Supplementary Fig. 3.4i) and less apparent when endothelial cells
were exposed to NPKC organoid-conditioned medium (Supple-
mentary Fig. 3.4h). These results are consistent with previous
findings from other experiments using conditioned media, further
supporting the reliability and reproducibility of this approach
(Supplementary Fig. 3.5).

CRIPTO’s potent influence on extravasation dynamics further
underscores its correlation with tumor cell aggressiveness (Fig.
3d-g, and Supplementary Fig. 3.4d-f).

Organoids’ biophysical and morphological features correlate
with CRIPTO expression

We characterized the biophysical properties of all organoid
conditions and observed two morphological patterns: hollow

SPRINGER NATURE
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Table 1. Immunohistochemical analyses of mouse prostate tumors extent and level of invasion.
Group Area glandular epithelium (mm?) Count of invasive nests
Total® Benign Neoplastic® % Invasive %
N 4 4 0 0 0 0 NA
NC 6.7 6.7 0 0 0 0 NA
NP 256 1 24.6 96.1 0.01 0 40
NP 28.1 1 27 96.3 0.01 0 37
NPC 294 0 294 100 0.01 0 12
NPC 214 33 18.2 84.8 0.02 0.1 37
NPK 5.5 0 5.5 100 0.3 54 825
NPK 7.8 0.3 7.5 96.2 1.59 21.2 1153
NPK 44 0 44 100 0.15 0.3 492
NPK 414 2.8 385 93.2 0.18 0.5 391
NPK 81.1 0 81.1 100 04 0.5 1852
NPK 53.1 0 53.1 100 0.31 0.6 729
NPKC 4¢ 0 4¢ 100 0.05 1.2 132
NPKC 40.7 0 40.7 100 0.19 0.5 604
NPKC 14 0 14 100 0.02 0.1 30
NPKC 125 1 11.5 91.9 0.11 1 115
NPKC 33.6 0 33.6 100 0.5 1.5 701
NPKC 61 0 61 100 0.25 0.4 620
NPKC 110 23 107.6 97.9 0.32 0.3 814

Quantitative analysis of CK8 staining in Castration Setting.
NA not applicable.

®Benign and neoplastic; CK8 positive.

PmPIN and invasive combined.

‘Incomplete prostatic section was available for analysis.

(Fig. 4a) organoids presenting a luminal space and solid (Fig. 4b)
aggregations of cells without a luminal space.

Hollow organoids were detected in non-aggressive genotypes
(N background), while organoids derived from aggressive stages
exhibited solid morphologies (NP and NPK backgrounds) con-
sistent with oncogenic transformation [17, 32]. Notably, Cripto
overexpression significantly reduced the number of hollow
structures, with the most robust difference observed in the N
background (N vs. NOECPte #xxx, < 0.0001) (Fig. 4c). Additionally,
in NPK background organoids, a clear reduction of solid structures
was detected when Cripto was deleted (NPK vs. NPKC,
***¥p <0.0001) (Supplementary Fig. 4a). Our results were con-
firmed via H&E staining semi-qualitative analysis (data not
showed) (Fig. 4d-f) and biophysical characterization using the
W8 system (CellDynamics iSRL). The W8 system consists of the
simultaneous flow-based measurements of organoids’ mass
density (fg/um3) (Fig. 4g-i), size (um) (Fig. 4j-I), and weight (ng)
(Supplementary Fig. 4b-d) allowing a robust phenotypical
characterization of the organoids’ structures (Fig. 4g-p). Our
results confirmed the effects of CRIPTO overexpression on
organoids’ mass density, demonstrating an impact on the cross-
sectional structure. Specifically, significant differences in mass
density were reported in N background (N vs. NC, **p < 0.05; NC vs
NCOECTPte ##xp ©0.001) (Fig. 4g). Several considerations on the
biophysical heterogeneity of organoids, both intra-, and inter-
population, can be derived from the mass density/size distribu-
tions (Fig. 4m-p). Specifically, differences between N and NC
trends can be described in both aspects. Their biophysical
heterogeneity intra-population appears different in terms of data
dispersion (R from linear regression of 0.1799 and 0.5964 for N
and NG, respectively) and slope values (—0.0947 and —0.2322 for
N and NC, respectively) (Fig. 4m). When comparing their inter-
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population diversities even though N and NC organoids appear
indistinguishable up to the 100 um size, mass density values start
diverging with the further increase of their size, becoming
progressively more pronounced the larger the organoids (Fig.
4m). Based on these observations, for organoids larger than
125 pm, the mass density value of 1040 fg/um?, could be defined
as a solely biophysical threshold to separate N organoids from a
N/NC mixed population thanks to the sampling function of the
W8 system. Interestingly, similar trends are also obtained from the
biophysical analysis comparison for NC vs NCOE<P® with the
latter being highest in coméoa_ction for organoids larger than
125um (Fig. 4n). Also, NPKCESPt presents differences, with an
inverse trend, when compared to their controls NPK (***p < 0.001)
(Fig. 4i, I, o). From the inter-population mass density/size
distribution, potential distinctions can be performed in the
50-100 um size range, in which NPK°E<"P* organoids are uniquely
present for mass density values higher than 1045 fg/um>. On the
other hand, the NP vs NP9E<P™ comparison highlights an
interesting aspect. Although inter-population follows a similar
trend, with no evident statistical differences, a notable intra-
population biophysical heterogeneity is evident, with a greater
mass density dispersion for NPOECP® (g2 —(.1144) when com-
pared to the most biophysically uniform NP (R* = 0.5361) (Fig. 4p).

Overall, these findings underscore the complex interplay of
biophysical factors in organoid development and highlight the
importance of considering both intra- and inter-population
variability in biophysical analyses.

A CRIPTO and c¢-MYC co-activation signature correlates with
PSA progression

We performed transcriptomics in organoids derived from the six
GEMMs. We conducted differential expression analysis using the

Oncogene
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Fig. 3 Establishment of mouse prostate organoids and organoids formation efficiency. Tumor cell extravasation correlates with
metastatic potential in vitro. Mouse prostate organoids were derived and used as an efficient in vitro model to investigate the oncogenic
role of CRIPTO. a Schematic of experimental protocol for mouse prostate organoids derivation and culture. Created with BioRender.com.
b Efficiency formation calculations per Matrigel® dome (n = 3) in indicated genotypes (two-tail unpaired t-test, N vs. NOE<Pt® #xxp — 0.0008;
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*p=0.013; N vs. NPK, *p = 0.03). ¢ Representative brightfield pictures specifically for NPK background (NPK, NPKC, NPKOECTiPte NpKCOECriPto)
Scale bar =200 pm. d-f Confocal projection of a representative region of the microvasculature-on-chip stained for different markers (VE-
CADHERIN (red), ACTIN (magenta), EYFP (green), DAPI (blue)) in NPK (d), NPKC (e), and NPKCEC P (f). White arrows show the extravasated cells
located outside the microvessels within hydrogel matrix. Scale bar =100 um. g Extravasation efficiency calculations per chip (n=3) in
indicated genotypes (two-tail unpaired t-test, NPK vs. NPKCECP® #5 — 0,012; NPK vs. NPKC, ***p = 0.0004; NPKC vs NPKCECPte #xxp — 0,0007).

NPKOECrpto

’

N and NC genotypes as control. Comparing the differentially enrichment for oncogenic and proliferation hallmarks, e.g.,
expressed genes, we identified 222 genes specifically differen- MYC targets, TNFa signaling via NF-kB, PI3K/AKT/mTOR signaling
tially expressed in the most aggressive genotype when Cripto is (Fig. 5b). Subsequently, we focused on MYC targets, the most
KO (NPKC vs NC) (Fig. 5a). These genes show a strong enriched hallmark, to estimate a signature score using the
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respective genes. While in control conditions (N, NP, NPK), no
significant changes were detected in the expression of cMYC
targets (Fig. 5c), CRIPTO knockout correlates with decreased
cMYC targets expression and tumor progression (Fig. 5d,
Supplementary Fig. 5a).
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cMYC protein level quantification was assessed on IHC staining
(Supplementary Fig. 5b, c). While not reaching statistical
significance, a slight increase in the mean % of cMYC positive
cells was observed according to the state of tumor progression
and was decreased in the absence of CRIPTO. Interestingly, in both
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Fig. 4 Physical parameter of mouse prostate organoids. The W8 system was employed to perform a detailed physical characterization on all
organoids. Representative brightfield images of mouse prostate organoids with hollow (a) and solid (b) morphology. Scale bar =100 pm. ¢ %
of hollow mouse prostate organoids morphologg over the total analyzed Matrigel® domes (Ngomes = 3) per genotype (two-tailed, unpaired t-
test, N vs. NOECrPte xxxxp £ 0.0001; NC vs. NCOECPI®, *¢p < 0.001; NP vs. NPC, *p = 0.017, NPC vs NPCOEPt, *%, — 0,005; NPK vs. NPKC,
*x%p < 0,0001; NPKC vs. NPKCOECTPte «x, — 00013, Representative H&E staining of mouse prostate organoids’ sections in the three different
background genotypes (N (d), NP (e), and NPK (f)) Scale bar = 100 pm. Physical parameters were assessed with W8 system (two-sample t-test,
*p < 0.05, **p < 0.01, ***p < 0.001) which allows measurements of mass density (fg/um?) (g-i), diameter (um) (j-1) in all genotypes (ny= 54,
NNoECripto = 27, Nnc =71, Nncoecripto = 25, Nnp =41, NNpPoECripto = 24, Npc = 42, NNpcokcripto = 32, Npk = 48, NnpkoEcripto = 36, Nnpkc = 41,
NNpPKCOECripto = 34). M—p Representative cases of multiple variables plots of mass density and diameter. m N (R~ =0.1799, slope values in
N=—0.0947) vs. NC (R*>=0.5964, slope value =—0.2322). n NC (R>=0.5964, slope value = —0.2322) vs. NCOE<"P*® (R?— (02064, slope
value = —0.1072). o NPK (R*> =0.162, slope value = —0.0924) vs. NPKPE“Pt® (g2 — 0.2488, slope value = —0.1926) (p) NP (R>=0.5361, slope

value = —0.1378) vs. NPOEC"Pt® (R2 — 0,1144, slope value = —0.0991).
<

N and NPK backgrounds, reduced mean values of positive cells (%)
were observed in NC and NPKC, respectively (Supplementary Fig.
5¢). This correlation might indicate a potential regulatory relation-
ship between these two factors. Furthermore, in the context of
tumor progression, it suggests a potential link to the development
of the behavior of tumors.

We extended our investigation in MYC-CRIPTO interplay, by
quantifying cMYC levels in the EMPaCT TMA cohort described in
Fig. 1 and Supplementary Fig. 1.1. The staining pattern was
predominantly nuclear, with varying degrees of intensity observed
among different samples which were stratified in CRIPTO"9"MY-
c"i9h and CRIPTO¥MYC"®" (as depicted by the two representative
cases in Fig. 5e, f). No significant staining was observed in the
surrounding stromal tissue. Consistent with the known upregula-
tion of MYC in human prostate cancer [33, 34], the IHC staining
quantification showed robust MYC expression which correlated
with CRIPTO expression (**p =0.0098) (Fig. 5g). Notably, Kaplan-
Meyer survival curve showed a correlation with PSA progression
only in the CRIPTO""MYC"9" group (**p = 0.011) (Fig. 5h), while
no significant differences were identified in the MYCM9" only
group (p =0.11) (Fig. 5i).

These data suggest a previously unappreciated connection
between CRIPTO expression and expression of the MYC proto-
oncogene in early and progressing PCa.

DISCUSSION

The role of CRIPTO signaling in tumor initiation and progression of
tumors has been the subject of extensive exploration across
various types of cancers. Despite the compelling indications of its
potential utility as a clinical biomarker, its practical application in
this context remains speculative. Our study aimed to address the
significant impact of CRIPTO signaling within diverse PCa models
to reaffirm and establish its pivotal role in driving the progression
of PCa tumors.

In addition to the significance of Gleason scores in stratifying
patients based on overall survival rates, our analyses on CRIPTO
expression emphasize the importance of incorporating molecular
markers like CRIPTO alongside traditional parameters for more
accurate patient risk assessment and personalized treatment
strategies in PCa management.

Leveraging newly generated GEMM models, our results
indicated that groups with CRIPTO knockout (“C") exhibited a
tendency towards a less aggressive tumor behavior. Specifically,
the extent of invasive tumor tissue and the number of invasive
tumor clusters were generally lower in groups NPC and NPKC
compared to NP and NPK, respectively.

Multiple studies have provided evidence supporting the
contribution of the microenvironment to tumorigenesis and
progression [35, 36]. Our study indicates that CRIPTO also
influences the tumor microenvironment, particularly affecting
invasiveness levels and leukocyte infiltration (data not shown)
within the tumor stroma.

Oncogene

Our in vitro analysis reveals that organoids exhibit both basal
and luminal epithelial layers, along with sustained EYFP expres-
sion, indicating their origin from CARNs. Our results show that
murine PCa organoids recapitulate in vivo phenotypes known
from PCa GEMMs. The use of this powerful in vitro model has the
potential to greatly simplify functional genetic studies. By
modulating CRIPTO levels in vitro, we investigated the ability of
CRIPTO to influence growth, invasiveness, and response to
treatments within the isolated epithelium. Prior research into
CRIPTO's role in tumorigenesis has primarily focused on its
metastatic potential [9]. While our results on the microvasculature-
on-chip model are consistent with these results in terms of
extravasation potential, we also showed that increased CRIPTO
expression already affects the early stages of the disease, as
evidenced by the organoids-forming efficiency quantification and
the conditioned media experiments.

There is a notable variance in the physical appearance of
organoids depending on the aggressiveness of the model and
CRIPTO status, with hollow structures associated with less
aggressive phenotypes and solid structures associated with
advanced tumors. In comparison to the N and NP backgrounds,
NPK organoids also exhibit a heightened proliferation rate.

Intriguingly, our findings validate the influence of CRIPTO
overexpression on the mass density of organoids, revealing a
discernible effect on the cross-sectional architecture. Cell density
[37], the influence of structural compaction [38], and mass density
assessments are increasingly recognized as useful in elucidating
structural diversity and aggressiveness in 3D cell culture [39].

While previous cross-species analyses of mouse PCa bone
metastasis and human PCa identified a co-activation of MYC and
RAS pathways as key drivers in metastasis formation (gene
signature META-16 [40]), here we focused on primary tumor
initiation and progression and showed that MYC targets correlate
with CRIPTO expression. This was particularly intriguing as it was
associated with PSA progression, further suggesting a potential
synergistic role between CRIPTO, MYC targets, and the advance-
ment of prostate cancer-promoting tumorigenesis. Dysregulation
of MYC results in the reprogramming of signaling pathways in
cancer cells, providing them with selective advantages. MYC
deregulation is pervasive, occurring in over 70% of human cancers
and correlating with poor prognosis, making the hyperactivated
MYC oncoprotein an appealing yet challenging target for drug
development due to its “undruggable” characteristics. Despite
persistent endeavors and extensive research on targeting MYC,
notable progress continues to be made in this field.

In our study, the MYC-CRIPTO interplay is an indirect observa-
tion linked to the fact that CRIPTO modulation reduces MYC
targets due to CRIPTO deletion. To gain a comprehensive
understanding of the mechanistic interplay between these path-
ways, further investigations are imperative. These studies will
delve into elucidating the intricate relationship between MYC and
CRIPTO and ascertaining the feasibility of modulating one
pathway by inhibiting the other.
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The dataset includes TMAs from 210 primary prostate cancer tissues,
provided through EMPaCT and the Institute of Tissue Pathology in Bern. All
analyses in this study were performed in accordance with the guidelines of
the World Medical Association Declaration of Helsinki 1964, updated in
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October 2013. All participants provided informed consent, and the study
was approved by the Ethical Committees of Bern (CEC 1D2015-00128).
Annotations and quantification of positive staining on TMA cores were
conducted by QuPath software version v0.0.3 [41], and two datasets per
image were exported: TMA measurement and detection measurement.
The Kaplan-Meyer curves that assess the correlation between CRIPTO high
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Fig. 5 A CRIPTO and cMYC co-activation signature correlates with PSA progression. All data were analyzed from organoids from different
genotypes in Castration Setting. a Venn diagram of differentially expressed genes in the different conditions (N and NC used as control).
b MsigDB Hallmarks enriched in the NPKC specific differentially expressed genes (Fisher’s exact test, adjusted p-values with Benjamini-
Hochberg method). ¢, d MYC targets signature scoring across all organoid samples using Gene Set Variation Analysis (two-tailed unpaired t-

test, N vs. NP, p =0.58; N vs. NPK,

=0.87; NC vs. NPC, p =0.062; NC vs. NPKC, ***p = 0.00095). Representative IHC staining for cMYC in

CRIPTO""cMYCM9M (@) and CRIPTO"®"cMYC'®™ groups (f). Scale bar = 100 um (top), 50 um (bottom). g c-MYC IHC staining quantification in
CRIPTO"" and CRIPTO'®" groups (Wilcoxon test, MYC"S" vs. MYC'%, *#%p — 0,0098). h CRIPTO"9"MYCM'9" expression with PSA progression
(log-rank test, *p = 0.011). i Kaplan-Meyer analyses showing the association of only MYC™9" expression with PSA progression (log-rank test,

p=0.11; HR = 1.5482, (likelihood ratio p =0.11)).
<

and low positive cells and disease progression were generated using the R
packages survminer (V0.4.0) and survival (v3.4-0). The optimal cutpoint for
CRIPTO high/low stratification was estimated using the maximally selected
rank statistic. The optimal threshold for defining high CRIPTO was
estimated to be 50.4% (positivity) for clinical progression and 49.3%
(positivity) for PSA progression. Metastasis or local recurrence were the
events used to define clinical progression. Hazard ratios were estimated by
fitting a Cox proportional hazards regression model and their significance
was calculated by performing a likelihood ratio test. Data visualizations
were generated using the ggplot2 (v3.4.0), ggpubr (v0.4.0), and pals (v1.7) R
packages. Data analyses were conducted using R version 4.1.2 and rStudio
version 2023.06.1, build 524.

Genetically engineered mouse models of prostate cancer
progression

Unless stated otherwise, animal protocols were performed in C57BL/6 mice
at 8-24 weeks of age. They were approved by the Ethical Committee for
Animal Experimentation and the Veterinary Authorities of the Canton of
Bern (Cantonal Ethical approval BE35/20 and BE102/23). Food and water
were administrated ad libitum, and mice were housed in individually
ventilated cages under a 12-h day/night cycle. Studies were performed
using littermate genotypes before surgical castration, which was
performed in 8-week-old male mice by bilateral removal of the testis
and epididymis, as described by previous protocol [42]. Mice were allowed
to regress for 1 month and then induced once daily with five consecutive
intraperitoneal (i.p.) injections of 225 mgkg~' tamoxifen (Sigma-Aldrich,
T5648) resuspended in corn oil to allow lineage tracing. 2.5 weeks after,
mice were re-administered for a period of 10 weeks with weekly
subcutaneous (s.c.) injections of testosterone propionate (DHT; 66 mg/
kg). At the end of week 10, blood samples were intracardially collected,
mice were euthanized, and prostate was collected. EYFP-positive prostates
were visualized by ex vivo fluorescence using a CKX53 microscope
(Olympus, microscope digital camera DP22) before proceeding with
further analysis.

The following transgenic lines, which model the sequential stages of
PCa progression, were used. The N (Nkx3.]CreERT2/CreERT2. po g pEYFP/EYFP)
NP (NkX3 1CreERT2/CreERT2; Ptenﬂox/ﬂox' R26REYFP/EYFP , and NPK
(ka_—),.iCreERTZ/CreERTz; Ptenﬂox/ﬂox; K_raSLSL/Jr; R26REYFP/EYFP) previously
published GEMMs were crossed with Cripto conditional knock out
(Cripto™/1°%) ‘mice to generate NC (Nkx3.7CeERTZ/CreERT2, sy pflox/flox,
R26REYFP/EYFP), NPC (ka3 1CreERT2/CreERT2’_ Ptenﬂox/ﬂox; Criptoﬂox/ﬂox;
R26REYFP/EYFP) and NPKC (NkX3.1crEERT2/CrEERT2; Ptenﬂox/ﬂox; K_raSLSL/+;
Criptof1©/fox, RaGREYFP/EYFP) respectively.

Mouse prostate organoids derivation

Mouse prostate organoids were generated from prostates isolated from
adult N, NC, NP, NPC, NPK, and NPKC males subjected to Castration Setting
(as previously described). Prostate tissue was collected in Basis medium
(Advanced DMEM F12 Serum Free medium (ThermoFisher, 12634028),
2 mM GlutaMAX (ThermoFisher, 35050061), 10 mM HEPES (ThermoFisher,
15630056) and 100 pug/ml Primocin (Invivogen, ant-pm-1)). After mechan-
ical disruption, a washing step in Basis medium (240g, 5min) was
performed. Enzymatic digestion started by tissue incubation in the
enzymatic mix (Basis medium supplemented with 5mg/ml collagenase
type Il (ThermoFisher 17101015), 15 pg/ml dNase | (Roche, 10104159001)
and 10 pM Y-27632-HCl Rock inhibitor (Selleckchem S$1049)). Tissue was
incubated at 37 °C for 1-2 h, mixing every 20 min. After a second washing
step (3009, 5min), digested tissue was passed through a 100-um cell
strainer (VWR, 732,2759) attached to a 50 ml Falcon tube. The cell pellet
was incubated in 5 ml cold EC lysis buffer (150 mM NH,4Cl, 10 mM KHCOs,
0.1 mM EDTA) for 10 min at room temperature, followed by a third washing
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step and centrifugation (240 g, 5 min). The cell pellet was resuspended in
2ml TrypLE Express (ThermoFisher, 12605028), according to the sample
size, and incubated at 37 °C for 15-20 min by mixing every 5 min. The cell
pellet was passed through a 70-pum cell strainer (VWR, 732-2758) to further
promote single-cell suspension. Viability by trypan blue exclusion was
assessed, and single cells were counted and resuspended in the FACS-
sorting medium (50% FBS; 50% Basis medium) at a cell density of 5-10%10°
cells/ml. After FACS-sorting, EYFP-+/- subpopulations were retrieved and
embedded in growth factor reduced Matrigel® (Corning, 356231) and
plated as 10yl domes (6,000-8,0000 cells/dome) in a 6-well cell culture
plate (Sarstedt, 833.920). The plate was tilted and incubated for 15 min at
37°C with 5% CO, to favor Matrigel® solidification. Domes were then
covered with 1.2-1.5 ml organoids mouse medium which consists of Basis
medium supplemented with 1x B27 (ThermoFisher, 17504044), 500 ng/ml
R-spondin (Peprotech, 120-38), 1.25 mM N-acetyl-cysteine (Sigma, A9165),
100 ng/ml Noggin (Peproptech, 25038), 500 nM A83-01 (Tocris, 2939), 1 nM
Dihydrotestosterone (Fluka Chemica, 10300), 25 ng/ml epidermal growth
factor (EGF; Peprotech, AF-100-15), and 10 uM Y-27632-HCI Rock inhibitor.
Organoids were top-up on day 3, and medium changed on day 5.
Organoids were passed once a week by recovering cells using Dispase Il
(Sigma, D4693-1G) and TrypLE Express to retrieve single-cell suspension
before replating/reseeding. For freezing, organoids were collected 7 days
after passaging and dissociated to single cells, resuspended in freezing
medium (50% fetal calf serum, 40% basis medium, 10% dimethyl sulfoxide
(DMSO) (Sigma, D2650)) and long-term stored at —80°C or in liquid
nitrogen.

Mouse prostate organoid transduction

Transduction was used to stably integrate mouse teratocarcinoma-derived
growth factor 1 (Tdgfl Myc-DDK-tagged). To perform high-efficiency
transductions, organoids were grown until day 7 post passaging, after
which cells were trypsinized into single cells. 50,000 cells were used for
each condition and mixed with 60 pul concentrated virus and 0.6l
Polybrene (4 ug/ml) in a 96-well ultra-low attachment plate (ULA). Cells
were concentrated at the bottom of the well by a centrifugation step of
600 g for 1h. After 4-6h of incubation (37°C, 5% CO,), cells were
subsequently re-seeded in Matrigel® domes as described above (Supple-
mentary Fig. 3.1a). Organoids were cultured in organoids mouse medium
and incubated at 37°C (5% CO,). Cells were plated in 10yl Matrigel®
domes. Puromycin titration was performed on a single control genotype
(NPC) to determine the correct puromycin concentration for the selection
(Supplementary Fig. 3.1b), and the optimal puromycin concentration
selected was 2 pg/ml (*p =0.0106; ****p <0.0001) (Supplementary Fig.
3.1c). Puromycin (2 pg/ml) selection was then applied at day 3 to ensure
the culture of infected organoids. Seven days post-infection, organoids
were passaged, one part was collected for histopathological analysis (as
previously described) (Supplementary Fig. 3.2), and the other was used to
isolate RNA to perform molecular analyses.

Immunofluorescence (IF)

FFPE sections (4 pm) were deparaffinized and rehydrated using xylene and
ethanol. Antigen retrieval was performed using a citrate-based buffer (pH
6) (Adipogen, H-3300) or 10 mM Tris (pH=9)/1 mM EDTA/0.05% Tween
buffer. Slides were blocked in blocking solution (10% donkey serum, 0.1%
PBS-Tween or 1% BSA, 0.1% PBS-Tween) for 1 h at RT and then incubated
O/N at 4°C with primary antibodies (Supplementary Table 6). Secondary
anti-rabbit/mouse/goat/chicken antibodies coupled to Alexa Fluor®-647,
555, 488, and 750 fluorochrome conjugates (Life Technologies) were
incubated for 90 min at 1:250 dilution in blocking solution. Sections were
counterstained with DAPI 1 ug/ml (ThermoFisher, 62248) for 10 min,
washed, and mounted with prolonged diamond antifade reagent
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(ThermoFisher, P36970). Immunofluorescence images were captured using
an LSM 980 confocal microscope (Zeiss) and a slide scanner (3Fhistech
Panoramic 250 Flash Il). Image analysis and quantification were performed
with Imagel) software (v.2.14.0/1.54f). Quantitative collagen and EYFP
expression analysis was digitally performed with Visiopharm software
(Horsholm, Denmark). The presence and staining intensity of stromal
collagen was detected and labeled by automated threshold classification,
using three classes of collagen: absent; loose; intense. The absolute and
relative amount of EYFP-positive glandular epithelial cells were detected
and labeled by automated threshold classification, using two classes: EYFP
negative vs. EYFP positive.

Immunohistochemistry (IHC)

FFPE sections (4 um) were deparaffinized and rehydrated using xylene and
ethanol. H&E and IHC, (Supplementary Table 6) were performed. Stainings
for CK8, VIMENTIN, and aSMA were performed by the Translational
Research Unit (TRU) at the Institute of Tissue Medicine and Pathology,
University of Bern or performed in-house for marker p63 (Supplementary
Table 6). For IHC, antigens were retrieved by incubating sections in antigen
unmasking solution (citrate-based buffer, Adipogen, H-3300) for 20 min.
Sections were blocked for 10 min in 30% H,0,, followed by 30 min RT
incubation in 1% BSA in PBS-0.1% Tween 20. Normal mouse (Adipogen, I-
2000-1) lgGs were used as control. Anti-mouse EnVision+System-HRP
(DAKO, K400111-2) was used to develop the primary antibody, followed by
counterstaining with hematoxylin and mounting with Aquatex. Image
acquisition was performed with a slide scanner (3Dhistech Panoramic 250
Flash I1).

Digital histopathological evaluation

Scanned murine prostate tissue sections stained with H&E and different
IHC markers were provided as indicated in (Supplementary Table 4.1).
Images were captured using a Pannoramic 250 Flash Il scanning
microscope (3Dhistech). H&E slides were assessed for any relevant
histopathologic changes by performing blinded histopathological grading
by an independent pathologist (S.d.B). Quantitative analysis was
performed to measure the extent of neoplastic growth and level of
invasion. In a descriptive and semi-quantitative approach, the following
features were assessed: Inflammatory stromal response; epithelial-
mesenchymal transition; stromal desmoplasia; and cystic distention
of mPIN.

The area of neoplasia and invasive growth was assessed on CK8 stained
sections with Viopharm software (2022.11, Horsholm, Denmark) in the
following workflow: (1) Prostate tissue was manually defined as a region of
interest (ROI), separately for benign and neoplastic tissue; (2) Detection
and labeling of CK8 positive epithelium and glandular lumen (automated,
deep learning classification); (3) Manual label corrections were performed
where needed; (4) Epithelial label was manually relabeled as ‘invasive’
where present; (5) The following outputs were measured and calculated:
total area (mm?) and percentage of (i) benign, (ii) neoplastic and (iii) invasive
prostate epithelium; total count of invasive proliferation.

Biophysical organoids characterization—flow-based method
The W8 system (CellDynamics iSRL) is a standardized technique that
detects the terminal velocity tracked by the sample’s motion when free-
falling into a dedicated flow channel while the flow is at rest [43]. Analyses
were performed on fixed organoids cultured for 1 week, then exposed to
PFA 4% at room temperature for 1h, washed twice with phosphate-
buffered saline (PBS), and stored in PFA 0.04% for up to 1 month. Before
measurements, organoids were moved into a 15 ml tube and resuspended
in 7ml W8 Analysis Solution (WAS, CellDynamics) at low concentration
(<200 organoids/ml). 20-40 organoids for every tested condition were
selected and analyzed in terms of mass density (fg/pm3), diameter (um),
and weight (ng) according to the protocol established by Cristaldi et al.
[431.

It is important to underline that mass density accounts for the totality of
the biological constituents within the analyzed organoid, which differs
from the commonly adopted terms of density often intended as a cell
counting reference (i.e., cell density, seeding number). For such reason,
when combined with precise size and weight measurements, it permits a
crucial correlation between physical-derived data [43] and biological-
correlated events in the 3D cell culture field. Such biophysical character-
ization has been recently associated with several aspects ranging from
extracellular matrix growth kinetics [44] to drug activity effect [39], well as
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to viability and permeation [45] to maturation monitoring for regenerative
medicine purposes [46]. Moreover, it allows for a key impact on truly
perceiving the population’s heterogeneity, coupled with organoids
selection and separation for enhanced quality control.

Data were carried out in three replicates per single organoid, followed
outlier identification and exclusion from the dataset based on box and
whiskers distributions. One-way ANOVA statistical tests were used,
followed by Tukey’s post hoc test. P-values less than 0.05 were considered
significant.

Microvasculature-on-chip
The microfluidic device, chip fabrication process, cell seeding, chip
maintenance, immunostaining, and permeability assay have been pre-
viously described in detail [30, 31]. Briefly, human umbilical vein
endothelial cells (HUVEC, Gibco) and normal human lung fibroblasts
(NHLF, Lonza) were suspended in 2 U/mL bovine plasma thrombin (Sigma)
in endothelial basal medium 2 (EMB2, Lonza) at final concentration of
4 x10” and 1 x10” cells/mL, respectively. For cell seeding, HUVECs, NHLFs,
and fibrinogen solution were mixed at a ratio of 1:1:2 and immediately
seeded into the central chamber. After 10 min, EGM2 was loaded in
microchannels, and the reservoirs were filled. All chips were incubated for
7 days. After 6 days of coculturing, some of the chips were treated with
conditioned media from NPK, NPKC, and NPK°E<P® cells, The remaining
were used for loading NPK, NPKC, and NPKE“P® cells inside the
microvasculature network and live imaging for 24h in CQ1 Confocal
Imaging Cytometer Yokogawa with the respective analysis software
CellPathFinder (Cenibra GMBH). All chips treated with separate cell
populations, or their conditioned media, were incubated for 24 h. After
live imaging, the chips containing cancer cells were utilized for
immunostaining targeting VE-CADHERIN, F-ACTIN, and DAPI.
Extravasation efficiency represents the number of cells that have
extravasated from the microvasculature towards hydrogel. The quantifica-
tion was performed on Z-projected confocal images in which the three
channels (EYFP+ cells (green), VE-CADERIN (red), and DAPI (blue)) were
overlayed.

Western blotting

The protein extraction from both tissue and matched organoids was
performed using RIPA buffer with Protease and Phosphatase Inhibitor
Cocktail (PPC1010-1ML, Sigma Merck).

The protein concentrations were quantified using Qubit™ Protein and
Protein Broad Range (BR) Assay Kits (Q33221, Thermofisher). 30 ug from
each sample were immunoblotted using precast-gel (4-20% Mini-
PROTEAN® TGX™ Precast Protein Gels, Biorad). Immunoblots were
incubated with the following antibodies: CRIPTO1 (Abcam, ab19917),
B-ACTIN (Cell Signaling, 4967), PTEN (Cell Signaling, 9559S), pAKT (Ser473)
(Cell Signaling, 9271S), AKT (Cell Signaling, 4691-S), NKX3.1 (Cell Signaling,
83700T), EGFP (Abcam, ab13970), K-RASG12D (GeneTex, GTX635362)
(Supplementary Table 6). The membranes were incubated with the same
1:1000 primary antibody concentration (except for CRIPTO-1 1:300) and
with 1:2500 secondary antibody (ECL Mouse IgG, HRP-linked whole Ab
from mouse, NA931VS and ECL Rabbit IgG, HRP-linked whole Ab from
donkey NA934VS, GE Healthcare; Rb anti-goat, HRP, Dako, P0449). The
signals were detected using the FUSION FX7 Imaging System.

Bulk RNA barcoding and sequencing (BRB-seq)

Transcriptomic analysis of bulk murine prostate tissues and organoids was
performed. RNA was extracted from snap-frozen organoids by homogeniza-
tion in Tripure Isolation Reagent (Sigma). Only RNA samples having between
>200ng and 1000ng and with an RNA integrity number >6 were used.
Samples were sent to Alithea Genomics SA (Lausanne, Switzerland) for
library preparation and sequencing using extraction-free multiplexed 3’-end
bulk RNA barcoding and sequencing (MERCURIUS™ BRB-seq service [47]).
The generation of bulk RNA Barcoding and sequencing (BRB-seq) libraries
was performed using the MERCURIUS™ DRUG-seq library preparation kit for
llumina and following the manufacturer's manual (Alithea Genomics,
#10841). All libraries were sequenced on lllumina Novaseq 6000.

Read trimming, alignment, and quantification steps were performed by
Alithea Genomics using STARsolo v2.7.9a [47, 48] and the GRCm38.103
(mouse) reference genome. Utilizing the parameters -soloUMIdedup
NoDedup 1MM_Directional”, and -quantMode GeneCounts” [49], we
generated raw and UMI-deduplicated count matrices, opting for non-
deduplicated counts for subsequent analyses.
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RNA-seq raw counts were analyzed using DESeq2 (version 1.34.0) [50]
keeping the genes which have at least 3 UMI counts for at least 3 samples.
Differentially expressed genes were defined by applying an adjusted p-
value threshold of 0.1. Functional enrichment analysis was performed
using Enrichr (version June 8, 2023) [51] and mSigDB Hallmarks (version
2020) [52], BioPlanet (version 2019) [53] and Gene Ontology (version 2023)
[54] databases. MYC targets signature scoring was calculated using Gene
Set Variation Analysis (GSVA; version 1.42.0) [55].

Statistical analysis
Statistical analyses were performed using Unpaired t-test, two-sided Mann-
Whitney U-test, one-way ANOVA, and two-way ANOVA with multiple
comparison testing as indicated in each figure legend. Unless specified,
GraphPad Prism 10 software (GraphPad Software Inc.) or R-studio version
2023.06.1, build 524 were used for all statistical analyses and data
visualization applied to the experimental data.

Data are presented as mean+SD of at least three independent
experiments unless stated in the figure legend. Statistical significance is
presented as *p < 0.05, **p < 0.01, ***p < 0.001, **** p <0.0001.

DATA AVAILABILITY

The transcriptomics data are deposited to the Gene Expression Omnibus (GEO) with
accession number GSE262362.

REFERENCES

1. Gray PC, Harrison CA, Vale W. Cripto forms a complex with activin and type Il activin
receptors and can block activin signaling. Proc Natl Acad Sci USA. 2003;100:5193-8.

2. Gray PC, Shani G, Aung K, Kelber J, Vale W. Cripto binds transforming growth
factor B (TGF-B) and inhibits TGF-B signaling. Mol Cell Biol. 2006;26:9268-78.

3. Gray PC, Vale W. Cripto/GRP78 modulation of the TGF-f pathway in development
and oncogenesis. FEBS Lett. 2012;586:1836-45.

4. Karkampouna S, van der Helm D, Gray PC, Chen L, Klima |, Grosjean J, et al.
CRIPTO promotes an aggressive tumour phenotype and resistance to treatment
in hepatocellular carcinoma. J Pathol. 2018;245:297-310.

5. Ciardiello F, Kim N, Saeki T, Dono R, Persico MG, Plowman GD, et al. Differential
expression of epidermal growth factor-related proteins in human colorectal
tumors. Proc Natl Acad Sci USA. 1991;88:7792-6.

6. Kuniyasu H, Yoshida K, Yokozaki H, Yasui W, Ito H, Toge T, et al. Expression of
cripto, a novel gene of the epidermal growth factor family, in human gastro-
intestinal carcinomas. Jpn J Cancer Res Gann. 1991;82:969-73.

7. Saeki T, Stromberg K, Qi CF, Gullick WJ, Tahara E, Normanno N, et al. Differential
immunohistochemical detection of amphiregulin and cripto in human normal
colon and colorectal tumors. Cancer Res. 1992;52:3467-73.

8. Bianco G, Strizzi L, Mancino M, Rehman A, Hamada S, Watanabe K, et al. Identi-
fication of cripto-1 as a novel serologic marker for breast and colon cancer. Clin
Cancer Res. 2006;12:5158-64.

9. Zoni E, Chen L, Karkampouna S, Granchi Z, Verhoef El, La Manna F, et al. CRIPTO
and its signaling partner GRP78 drive the metastatic phenotype in human
osteotropic prostate cancer. Oncogene. 2017;36:4739-49.

10. Klauzinska M, Castro NP, Rangel MC, Spike BT, Gray PC, Bertolette D, et al. The
multifaceted role of the embryonic gene Cripto-1 in cancer, stem cells and
epithelial-mesenchymal transition. Semin Cancer Biol. 2014;0:51-8.

11. Terry S, El-Sayed 1Y, Destouches D, Maillé P, Nicolaiew N, Ploussard G, et al.
CRIPTO overexpression promotes mesenchymal differentiation in prostate car-
cinoma cells through parallel regulation of AKT and FGFR activities. Oncotarget.
2015;6:11994-2008.

12. Xu CH, Wang Y, Qian LH, Yu LK, Zhang XW, Wang QB. Serum Cripto-1 is a novel
biomarker for non-small cell lung cancer diagnosis and prognosis. Clin Respir J.
2017;11:765-71.

13. Qi CF, Liscia DS, Normanno N, Merlo G, Johnson GR, Gullick WJ, et al. Expression
of transforming growth factor alpha, amphiregulin and cripto-1 in human breast
carcinomas. Br J Cancer. 1994;69:903-10.

14. Pilgaard L, Mortensen JH, Henriksen M, Olesen P, Serensen P, Laursen R, et al.
Cripto-1 expression in glioblastoma multiforme. Brain Pathol. 2014;24:360-70.

15. Bhatia-Gaur R, Donjacour AA, Sciavolino PJ, Kim M, Desai N, Young P, et al. Roles
for Nkx3.1 in prostate development and cancer. Genes Dev. 1999;13:966-77.

16. Bowen C, Bubendorf L, Voeller HJ, Slack R, Willi N, Sauter G, et al. Loss of NKX3.1
expression in human prostate cancers correlates with tumor progression. Cancer
Res. 2000;60:6111-5.

17. Kim MJ, Bhatia-Gaur R, Banach-Petrosky WA, Desai N, Wang Y, Hayward SW, et al.
Nkx3.1 mutant mice recapitulate early stages of prostate carcinogenesis1. Cancer
Res. 2002;62:2999-3004.

Oncogene

E. Rodrigues Sousa et al.

18. Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM, et al. Cre
reporter strains produced by targeted insertion of EYFP and ECFP into the
ROSA26 locus. BMC Dev Biol. 2001;1:4.

19. Lesche R, Groszer M, Gao J, Wang Y, Messing A, Sun H, et al. Cre/loxP-mediated
inactivation of the murine Pten tumor suppressor gene. Genesis. 2002;32:148-9. 2000

20. Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D, Montoya R, et al. Analysis of
lung tumor initiation and progression using conditional expression of oncogenic
K-ras. Genes Dev. 2001;15:3243-8.

21. Chu J, Ding J, Jeays-Ward K, Price SM, Placzek M, Shen MM. Non-cell-autonomous
role for Cripto in axial midline formation during vertebrate embryogenesis. Dev
Camb Engl. 2005;132:5539-51.

22. Wang X, Julio MKde, Economides KD, Walker D, Yu H, Halili MV, et al. A luminal
epithelial stem cell that is a cell of origin for prostate cancer. Nature.
2009;461:495-500.

23. Tosco L, Laenen A, Briganti A, Gontero P, Karnes RJ, Bastian PJ, et al. The EMPaCT
classifier: a validated tool to predict postoperative prostate cancer-related death
using competing-risk analysis. Eur Urol Focus. 2018;4:369-75.

24. Zou M, Toivanen R, Mitrofanova A, Floch N, Hayati S, Sun Y, et al. Transdiffer-
entiation as a mechanism of treatment resistance in a mouse model of
castration-resistant prostate cancer. Cancer Discov. 2017;7:736-49.

25. Aytes A, Mitrofanova A, Kinkade CW, Lefebvre C, Lei M, Phelan V, et al. ETV4
promotes metastasis in response to activation of PI3-kinase and Ras signaling in a
mouse model of advanced prostate cancer. Proc Natl Acad Sci USA.
2013;110:E3506-3515.

26. Trotman LC, Niki M, Dotan ZA, Koutcher JA, Cristofano AD, Xiao A, et al. Pten dose
dictates cancer progression in the prostate. PLOS Biol. 2003;1:e59.

27. Wang S, Gao J, Lei Q, Rozengurt N, Pritchard C, Jiao J, et al. Prostate-specific
deletion of the murine Pten tumor suppressor gene leads to metastatic prostate
cancer. Cancer Cell. 2003;4:209-21.

28. Aytes A, Giacobbe A, Mitrofanova A, Ruggero K, Cyrta J, Arriaga J, et al. NSD2 is a
conserved driver of metastatic prostate cancer progression. Nat Commun.
2018;9:5201.

29. Abdulkadir SA, Magee JA, Peters TJ, Kaleem Z, Naughton CK, Humphrey PA, et al.
Conditional loss of Nkx3.1 in adult mice induces prostatic intraepithelial neo-
plasia. Mol Cell Biol. 2002;22:1495-503.

30. Zeinali S, Bichsel CA, Hobi N, Funke M, Marti TM, Schmid RA, et al. Human
microvasculature-on-a chip: anti-neovasculogenic effect of nintedanib in vitro.
Angiogenesis. 2018;21:861-71.

31. Bichsel CA, Hall SRR, Schmid RA, Guenat OT, Geiser T. Primary human lung
pericytes support and stabilize in vitro perfusable microvessels. Tissue Eng Part A.
2015;21:2166-76.

32. Irshad S, Bansal M, Castillo-Martin M, Zheng T, Aytes A, Wenske S, et al. A
molecular signature predictive of indolent prostate cancer. Sci Transl Med.
2013;5:202ra122.

33. Koh CM, Bieberich CJ, Dang CV, Nelson WG, Yegnasubramanian S, De Marzo AM.
MYC and prostate cancer. Genes Cancer. 2010;1:617-28.

34. Gurel B, Iwata T, Koh CM, Jenkins RB, Lan F, Van Dang C, et al. Nuclear MYC
protein overexpression is an early alteration in human prostate carcinogenesis.
Mod Pathol. 2008;21:1156-67.

35. Sahai E, Astsaturov |, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. A
framework for advancing our understanding of cancer-associated fibroblasts. Nat
Rev Cancer. 2020;20:174-86.

36. Corn PG. The tumor microenvironment in prostate cancer: elucidating molecular
pathways for therapy development. Cancer Manag Res. 2012;4:183-93.

37. Fang G, Lu H, Law A, Gallego-Ortega D, Jin D, Lin G. Gradient-sized control of
tumor spheroids on a single chip. Lab Chip. 2019;19:4093-103.

38. Zanoni M, Pignatta S, Arienti C, Bonafé M, Tesei A. Anticancer drug discovery
using multicellular tumor spheroid models. Expert Opin Drug Discov.
2019;14:289-301.

39. Sargenti A, Musmeci F, Cavallo C, Mazzeschi M, Bonetti S, Pasqua S, et al. A new
method for the study of biophysical and morphological parameters in 3D cell
cultures: evaluation in LoVo spheroids treated with crizotinib. PLoS ONE.
2021;16:0252907.

40. Arriaga JM, Panja S, Alshalalfa M, Zhao J, Zou M, Giacobbe A, et al. A MYC and
RAS co-activation signature in localized prostate cancer drives bone metastasis
and castration resistance. Nat Cancer. 2020;1:1082-96.

41. Bankhead P, Loughrey MB, Fernandez JA, Dombrowski Y, McArt DG, Dunne PD,
et al. QuPath: open source software for digital pathology image analysis. Sci Rep.
2017;7:16878.

42. Gao H, Ouyang X, Banach-Petrosky WA, Shen MM, Abate-Shen C. Emergence of
androgen independence at early stages of prostate cancer progression in Nkx3.1;
Pten mice. Cancer Res. 2006;66:7929-33.

43. Cristaldi DA, Sargenti A, Bonetti S, Musmeci F, Delprete C, Bacchi F, et al. A reliable
flow-based method for the accurate measure of mass density, size and weight of
live 3D tumor spheroids. Micromachines. 2020;11:465.

SPRINGER NATURE

13



E. Rodrigues Sousa et al.

14

44. Paris F, Marrazzo P, Pizzuti V, Marchionni C, Rossi M, Michelotti M, et al. Char-
acterization of perinatal stem cell spheroids for the development of cell therapy
strategy. Bioengineering. 2023;10:189.

45. Sargenti A, Musmeci F, Bacchi F, Delprete C, Cristaldi DA, Cannas F, et al. Physical
characterization of colorectal cancer spheroids and evaluation of NK cell infil-
tration through a flow-based analysis. Front Immunol. 2020 [cited 2024 Mar
22J;[11].  Available from: https://www.frontiersin.org/journals/immunology/
articles/10.3389/fimmu.2020.564887/full.

46. Sargenti A, Pasqua S, Leu M, Dionisi L, Filardo G, Grigolo B, et al. Adipose stromal
cell spheroids for cartilage repair: a promising tool for unveiling the critical
maturation point. Bioengineering. 2023;10:1182.

47. Alpern D, Gardeux V, Russeil J, Mangeat B, Meireles-Filho ACA, Breysse R, et al.
BRB-seq: ultra-affordable high-throughput transcriptomics enabled by bulk RNA
barcoding and sequencing. Genome Biol. 2019;20:71.

48. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast
universal RNA-seq aligner. Bioinforma Oxf Engl. 2013;29:15-21.

49. Kaminow B, Yunusov D, Dobin A. STARsolo: accurate, fast and versatile mapping/
quantification of single-cell and single-nucleus RNA-seq data. bioRxiv; 2021 [cited
2024 Mar 6]. p. 2021.05.05.442755. Available from: https://www.biorxiv.org/
content/10.1101/2021.05.05.442755v1

50. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

51. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al.
Enrichr: a comprehensive gene set enrichment analysis web server 2016 update.
Nucleic Acids Res. 2016;44:W90-97.

52. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al.
Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci. 2005;102:15545-50.

53. Huang R, Grishagin I, Ngan D. The NCATS BioPlanet—an integrated platform for
exploring the universe of cellular signaling pathways for toxicology, systems
biology, and chemical genomics. Front Pharmacol. 2019 [cited 2024 Mar 6];[10].
Available  from:  https://www.frontiersin.org/journals/pharmacology/articles/
10.3389/fphar.2019.00445/full.

54. The Gene Ontology Consortium. The gene ontology resource: 20 years and still
GOing strong. Nucleic Acids Res. 2019;47:D330-8.

55. Hanzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for
microarray and RNA-Seq data. BMC Bioinform. 2013;14:7.

ACKNOWLEDGEMENTS

We would like to acknowledge the Translational Research Unit (TRU) at the Institute
of Pathology, University of Bern, for immunohistochemistry. We thank Martin Spahn
for the PCa TMA. We thank the Flow Cytometry and Cell Sorting Facility (FCCS) of the
Department for BioMedical Research, University of Bern, for FACS sorting. We thank
George N. Thalmann for the extensive scientific discussions and insights. We thank
CellDynamics team for the support with the W8 system. This project was founded by
the U.S. Department of Defense PC180280 Impact Award W81XWH1910432 awarded
to MKdJ.

AUTHOR CONTRIBUTIONS
ERS designed experiments, acquired data, interpreted data, and wrote the manu-
script. SdB provided pathological evaluation and reviewed the manuscript. EZ

SPRINGER NATURE

designed experiments, acquired data, interpreted data, and reviewed the manuscript.
SZ acquired in vitro data and interpreted data (microvasculature-on-chip experi-
ments). AB provided technical support in in vitro experimentation, reviewed the
manuscript. MS provided technical support in in vitro experimentation, reviewed the
manuscript. MDM provided technical support in in vitro experimentation. FLM
provided technical support in in vivo experimentation. AAA provided technical
support in in vivo experimentation. IK performed immunohistochemistry and H&E
stainings. DWF, BLG, and BTS provided technical support and reviewed the
manuscript. DAC interpreted in vitro data (W8 system), reviewed the manuscript.
OTG reviewed the manuscript. BPTK performed IF multiplexing staining, reviewed the
manuscript. PC performed bioinformatics data analyses, interpreted data, reviewed,
and edit manuscript. MKdJ designed the study concept and experiments, interpreted
data, acquired funding, supervised, wrote, reviewed, and edited the manuscript.

FUNDING

Open access funding provided by University of Bern.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available athttps://doi.org/10.1038/541388-024-03230-x.

Correspondence and requests for materials should be addressed to
Marianna Kruithof-de Julio.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Oncogene


https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2020.564887/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2020.564887/full
https://www.biorxiv.org/content/10.1101/2021.05.05.442755v1
https://www.biorxiv.org/content/10.1101/2021.05.05.442755v1
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2019.00445/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2019.00445/full
https://doi.org/10.1038/s41388-024-03230-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	CRIPTO&#x02019;s multifaceted role in driving aggressive prostate cancer unveiled by in vivo, organoid, and patient data
	Introduction
	Results
	High CRIPTO expression correlates with clinical and PSA progression in human prostate cancer
	Establishment of a new mouse model to investigate CRIPTO signaling in PCa progression
	CRIPTO deletion in CARNs correlates with a reduction of invasiveness in aggressive lethal PCa
	Generation of mouse prostate organoids
	CRIPTO overexpression in organoids promotes their proliferation and efficiency formation in vitro
	CRIPTO expression plays a role in the extravasation potential of single cells from organoids in a microvasculature-on-chip system
	Organoids&#x02019; biophysical and morphological features correlate with CRIPTO expression
	A CRIPTO and c-MYC co-activation signature correlates with PSA progression

	Discussion
	Methods
	EMPaCT
	Genetically engineered mouse models of prostate cancer progression
	Mouse prostate organoids derivation
	Mouse prostate organoid transduction
	Immunofluorescence (IF)
	Immunohistochemistry (IHC)
	Digital histopathological evaluation
	Biophysical organoids characterization—flow-based method
	Microvasculature-on-chip
	Western blotting
	Bulk RNA barcoding and sequencing (BRB-seq)
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




