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Overexpression of the miR-17-
92 cluster in colorectal adenoma
organoids causes a carcinoma-like

gene expression signature

Abstract

Gain of chromosome arm 13q is one of the most prevalent DNA copy number alterations associated with colorectal adenoma-to-
carcinoma progression. The oncogenic miR-17-92 cluster, located at 13q, was found to be overexpressed in colorectal cancer and
in adenomas harboring 13q gain. However, to what extent overexpression of this group of microRNAs actually drives progression to
cancer remains to be resolved. Therefore, we aimed to clarify the role of miR-17-92 cluster in the progression from colorectal adenoma
to carcinoma.

The miR-17-92 cluster was overexpressed in human colorectal adenoma organoids without 13q gain and downstream effects on
mRNA expression were investigated, along with functional consequences iz vitro and in vivo.

Comparison of mRNA sequencing results of organoids overexpressing miR-17-92 and cultures transduced with control vector
revealed a miR-17-92 expression signature. This signature appeared to be enriched in an independent series of colorectal cancers
and adenomas with 13q gain, confirming that miR-17-92 expression is associated with malignant progression. However, tumor-
associated characteristics, such as increased proliferation rate, were not observed in miR-17-92 overexpressing adenoma organoids iz
vitro. In addition, subcutaneous injection of these organoids in immunodeficient mice was insufficient to cause tumor outgrowth.
In conclusion, this study showed that miR-17-92 expression contributes to 13q gain-associated adenoma-to-carcinoma progression,
however, this is insufficient to cause malignancy.
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Introduction

Colorectal cancer (CRC) development is a multistep process that is
characterized by the sequential acquisition of specific (epi)genetic alterations
[1]. Mutations that activate the WNT signaling pathway are held responsible
for the transformation of normal epithelial cells into an adenoma (benign
lesion). About 5% of these lesions will accumulate additional genetic and
epigenetic errors and progress into a carcinoma (malignant lesion) [2,3].
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The majority of CRCs follow the so-called chromosomal instability (CIN)
pathway, which is characterized by the accumulation of specific nonrandom
DNA copy number gains, further referred to as cancer associated events
(CAEs) [4]. One of these CAEs is gain of chromosome arm 13q, which occurs
in 10-20% of adenomas [5,6] and 40-60% of CRC:s [5,7,8]. Gain of 13q is
unique to CRC, whereas other solid tumors frequently show 13q loss [9].
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This implies that (onco)genes mapping to this chromosome arm may play an
important role in the development of CRC. As a consequence of 13q gain,
the expression of protein-coding genes (e.g. POLRID [10], DIS3 [11] and
LNX2[12]) was shown to be upregulated in CRC. In addition, the expression
of non-protein-coding transcripts derived from 13q loc, like microRNA-15a-
3p [13] and the miR-17-92 microRNA cluster [14], proved to be significantly
correlated with 13q gain.

The miR-17-92 miRNA cluster is transcribed from its host Jocus
(MIR17HG) located at 13q31.3 and comprises six miRNAs: miR-17, miR-
18a, miR-19a, miR-19b-1, miR-20a, and miR-92a-1. This miRNA cluster
is frequently upregulated in lymphomas and solid tumors, including CRC
(reviewed in [15]). Several studies showed that overexpression of miR-17-92
accelerates carcinogenesis initiated by oncogenic events, like C-Myc [16] or
NOTCHI [17] activation and deletion of Rb and p107 [18]. This indicates
that the miR-17-92 cluster contributes to cancer development, but it is
unclear whether overexpression of this group of microRNAs alone is sufficient
to drive progression to cancer.

For a long time, functional analysis of the colorectal adenoma-to-
carcinoma progression has been hampered by absence of suitable model
systems. Adenoma organoid models now make it possible to grow, expand,
and investigate human adenomas iz vitro and to study the progression from a
colorectal adenoma towards a carcinoma [19]. This is even more important as
in vivo (in the patient) the natural history of adenomas is interrupted as soon
as they are detected and removed during colonoscopy. Here we investigated
the potential of miR-17-92 as a driver of colorectal adenoma-to-carcinoma
progression in patient-derived colorectal adenoma organoids.

Material and methods

Establishment of colorectal adenoma organoid cultures

Adenoma left-over material was obtained from adenomas resected during
a colonoscopy procedure either at the VU University Medical Center or
MC Slotervaart, Amsterdam. Briefly, after resection, adenomas were sent
to the pathology department of the respective center. After macroscopic
examination of the specimen, the central part of the lesion was secured
for diagnostic purposes. The left-over tissue was split for research purposes;
one part was immediately snap-frozen and the other part was used for the
establishment of an adenoma organoid culture.

Adenoma tissue pieces were minced using a sterile scalpel knife and
washed three times in ADF+++ culture medium (see below for the
composition of culture media). Next, the tissue pieces were immediately
resuspended in Matrigel® Matrix basement membrane (growth factor
reduced) (Corning Inc., Corning, NY, USA) and plated in pre-warmed
(37°C) 24-wells culture plates (Corning Costar, New York, NY, USA).
Droplets were left to solidify at 37°C during 10 minutes. Next, 500 pl of
ADF+++4/BCM (for exact composition of the media see "organoid culture
medium’) was applied to each well containing Matrigel® Matrix droplets. In
addition, 10 ptM LY27632 (Rho kinase inhibitor; Sigma-Aldrich, Saint Louis,
MO, USA)) was added.

Cultures were inspected every 2-3 days for the outgrowth of
organoids. Culture medium was replaced upon every inspection by fresh
ADF+++/BCM. In general, organoids started to form after 2-5 days.

General organoid culturing

We used the culturing guidelines as published by Van de Wetering ez
al. [20] with small adaptations. Organoid cultures were inspected every 2-
3 days, upon which either the culture medium was refreshed or the organoids
were passaged. For passaging, the culture medium was removed, 500 pl ice-
cold ADF+++ was added and the Matrigel® Matrix was broken up by
pipetting. To wash away the Matrigel” Matrix, organoids were collected in

a cold 50 ml tube and cold ADF+++ was added to a final volume of 15
ml. After spinning, the pellet was resuspended in 1 ml of TrypLE Express
(Gibco, Waltham, MA, USA) and incubated at 37°C during 5 minutes.
Then, ADF++4+ was added and the tube was centrifuged again at 1050
rpm during 5 minutes. The pellet was resuspended in Matrigel® Matrix and
the cells were plated in droplets in a pre-warmed 24-wells culture plate. After
allowing the Matrigel® Matrix to solidify at 37°C for 10 minutes, 500 pl of
ADF+++/BCM (supplemented with 10 pM LY27632) was added to each

well and cells were incubated at 37°C.
Organoid culture medium

The general ADF+++ culture medium consisted of Advanced
DMEM/F12 (Gibco) with 1x Pen/Strep/Glut (Gibco), 10 mM Hepes
(Lonza) and 1x Primocin (InvivoGen, San Diego, CA, USA)).

For the culturing of adenoma organoids, we used ADF+++/BCM,
which is ADF+++ culture medium supplemented with BCM (basal culture
medium; 20% R-Spondinl conditioned medium, 10% noggin conditioned
medium, 1x B27 supplement without Vitamin A (Gibco), 1.25 mM N-
Acetyl-L-cysteine (Sigma-Aldrich), 50 ng/ml human recombinant EGF
(Peprotech, London, UK), 10 mM Nicotinamide (Sigma-Aldrich), 500 nM
A-83-01 (Tocris Bioscience, Abington, UK), 5 pM SB202190 (Cayman
Chemicals, Ann Arbor, MI, USA), 5 nM [Leul5]-Gastrin I human (Sigma-
Aldrich), 10 nM Prostaglandin E2 (Sigma-Aldrich)). After each passage
additional 10 uM LY27632 (Sigma-Aldrich) was added.

Quadruple mutant organoids (normal human colon organoid stem
cells with introduced oncogenic mutations in KRAS, APC, TP53 and
SMAD4) were kindly provided by Dr. J. Drost (Princess Mdxima Center
for Pediatric Oncology, Utrecht, the Netherlands) and were expanded in the
recommended culture medium [21].

All conditioned media were produced in-house from the cell lines 293T-
HA-Rspol-Fc and HEK293-mNoggin-Fc, as described previously [22].
These cell lines were kindly provided by Prof. C. Kuo (293T-HA-Rspol-
Fc) from the Stanford University School of Medicine, Stanford, California,
USA, and by Prof. H. Clevers (HEK293-mNoggin-Fc) from the Hubrecht
Institute, University Medical Center Utrecht and Princess Médxima Center,

Utrecht, The Netherlands.
Organoid proliferation assay

Organoids were seeded in triplicate in low-density in 5 pl of Matrigel®
Matrix in 96-well plates. Afterwards, plates were incubated in the IncuCyte
ZOOM Live-Cell Analysis System (Essen Bioscience, Welwyn Garden City,
Hertfordshire, UK) during at least 80 hours. Four pictures per well were taken
every 4 hours with 4x magnification. For each well, the best series of pictures
(e.g. the series with at least 1 organoid in focus at every timepoint) was chosen.

Next, we used FIJI image software [23] to measure the area of the
organoid of interest at each time point. Median areas of at least 6 organoids
(two triplicate measurements) were calculated and plotted together with the
standard deviation.

Molecular cloning pLV-PGK-miR-17-92-dsRED

The miR-17-92 cluster was PCR amplified from the expressing
vector pcDNA3.1/V5-His-TOPO-mirl7-92, which was a gift from
Joshua Mendell (Addgene plasmid #21109; http://n2t.net/addgene:21109;
RRID:Addgene_21109) [24]. The following primers were used; forward:
5-GGCGCGCCGTCGACCCGGAATTCCTAAATGGACC-3’, reverse:
5-TGCACGCGTCCGGAATTCGAAAACAAGACAAG-3’. The PCR
product was cloned in the pCR 2.1-TOPO TA vector following the guidelines
provided in the TOPO TA Cloning Kit for Subcloning (Thermo Fisher
Scientific, Waltham, MA, USA). The miR-17-92 insert was subsequently
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cloned into pLV-PGK-flag2A-dsRED lentiviral vector (kindly provided by
Dr. ]. Drost, Princess Méxima Center for Pediatric Oncology, Utrecht, the
Netherlands) using the restriction enzymes Sall and Xhol (Roche, Basel,
Switzerland).

Production of lentiviral particles

The miR-17-92 expressing vector was transfected into HEK293T cells.
First, cells were grown up to ~50% confluency. On the day of the
transfection, the culture medium was changed to ADF+++4/BCM and
the cells were subsequently transfected with 7.5 pg of DNA (packaging,
envelope and pLV-vector in a 1:0.1:0.9 ratio) using 45 ug PEI (Polysciences,
Warrington, PA, USA). Culture medium was refreshed 18 hours post-
transfection. Medium containing lentiviral particles was harvested after an
additional 24 and 48 hours, passed through a 0.45-pm filter and concentrated
using PEG-8000 precipitation to increase transduction efficiency.

Lentiviral transductions

Adenoma organoid cultures were transduced with virus particles
containing pLV-PGK-flag2a-dsRED as the empty vector (EV) or pLV-
PGK-miR-17-92-dsRED with the miR-17-92 cluster. Organoids were
first enzymatically dissociated using TrypLE Express (Gibco), after which
transduction was done by spinoculation [25]. In short, cells were centrifuged
for 1 hour at 900 rpm and 25°C in infection medium containing 550 pl
ADF+++4/BCM, 150 pl ADF++4+4, 0.75 pl LY27632 (Sigma-Aldrich),
0.75 pl Polybrene (8 pg/ml), and 200 pl concentrated virus supernatant.
After spinoculation the cells were plated in a 24-wells plate and incubated
for another 5 hours at 37°C. Subsequently, cells were harvested, washed
with ADF+++ and plated in 17 pl Matrigel® Matrix droplets. Cultures
were supplemented with ADF+++/BCM medium with LY27632. Culture
medium was refreshed 24 hours post-transduction.

Transduced organoids were cultured under selective pressure using 1
pg/ml puromycin (Invivogen).

Quantitative reverse transcription-PCR

RNA was isolated from organoid cell pellets using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. The
quality and quantity of isolated RNA was determined using the NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific).

Expression levels of the separate miRNAs that constitute the miR-17-
92 cluster (hsa-miR-17-5p (assay ID 204771), hsa-miR-17-3p (assay ID
206008), hsa-miR-18a-5p (assay ID 204207), hsa-miR-18a-3p (assay ID
204523), hsa-miR-19a-3p (assay ID 205862), hsa-miR-19b-3p (assay ID
204450), hsa-miR-20a-5p (assay ID 204292), hsa-miR-92a-3p (assay ID
204258), and hsa-miR-92a-1-5p (assay ID 204560)) were analyzed using the
miRCURY LNA Universal RT microRNA PCR System (Exiqon, Vedbzk,
Denmark) following the manufacturer’s instructions. PCRs were run on an
ABI 7500 Fast Real-time PCR system (Thermo Fisher Scientific). Relative
miRNA expression levels were determined using the 2(-A ACt)-method
[26]. Data were normalized using the endogenous reference microRNA miR-
16-5p (hsa-miR-16-5p (assay ID 205702; Exiqon).

Low-coverage whole genome sequencing

DNA from organoid cell pellets was isolated using the QIAamp DNA
micro kit (QIAGEN, Venlo, The Netherlands) according to the “Genomic
DNA from cultured cells” guidelines. Quality and quantity of isolated
genomic dsDNA was determined using the Qubit dsDNA BR Assay
Kit (Invitrogen). Up to 2000 ng of double stranded genomic DNA was
fragmented by Covaris shearing to obtain fragment sizes of 160-190 bp.

Samples were purified using 1.6X Agencourt AMPure XP PCR Purification
beads according to manufacturer’s instructions (Beckman Coulter, Brea,
Ca, USA). The quality and quantity of the sheared DNA samples was
inspected on a BioAnalyzer system using the DNA7500 assay kit (Agilent
Technologies, Santa Clara, CA, USA). Library preparation for Illumina
sequencing was performed using the KAPA HTP Library Preparation Kit
(KAPA Biosystems, Wilmington, MA, USA), with an input of maximum 1
pg sheared DNA. Enrichment of the library was done by 4-8 PCR cycles.
After library preparation, AMPure XP beads (Beckman Coulter) were used
to remove contaminants. All DNA libraries were analyzed on a BioAnalyzer
system using a DNA7500 chip to determine the molarity. Pools of twenty-
nine and twenty-two uniquely indexed samples were created by equimolar
pooling, in a final concentration of 10 nM, and subjected to sequencing
on an Illumina HiSeq2000 machine in a single read 65bp run, according
to manufacturer’s instructions.

Identification of copy number aberrations was performed as described
previously [27]. Briefly, low quality reads and adapter sequences were
trimmed with Trimmomatic version 3 [28]. Reads were cropped to 50 bp and
shorter reads were removed. Burrows-Wheeler Aligner was used to uniquely
align trimmed reads to human reference genome build hgl9 [29]. Read
counting per bins, normalizations, corrections and filtering were done with
Bioconductor package QDNAseq [30]. Wave-correction was performed after
median normalization with the NoWaves R package [31]. Copy number
segmentation was performed using Bioconductor package DNAcopy [32].
Gained and lost regions were identified using Bioconductor package CGHcall
[33]. Copy number aberrations were considered (called) when probability was
higher than 50%.

Raw DNA copy number data is made available in the European Genome-
Phenome Archive (EGA; hteps://www.ebi.ac.uk) under the Study ID datasets:
EGAS00001005947, EGAS00001005937 and EGAS00001005865.

Mutation analysis

DNA was isolated from the generated organoids as described above.
Mutation analysis was performed by targeted next generation sequencing
using either the TruSeq Amplicon Cancer Panel (TSACP; Illumina, San
Diego, CA, USA) or a 48 gene xGen® Predesigned Gene Capture Pools
(Integrated DNA Technologies, San Diego, CA, USA), as previously
described ([34,35]. Both panels contain the same 48 genes (Supplementary
Table 1).

Mutation calling was performed as described previously [35]. Raw
DNA mutation data is made available in the European Genome-Phenome
Archive (EGA; hteps://www.ebi.ac.uk) under the Study ID datasets:
EGAS00001005947, EGAS00001005937 and EGAS00001005865.

RNA sequencing and data pre-processing

RNA was isolated from organoid cell pellets using TRIzol reagent
(Invitrogen) following the manufacturer’s protocol. The quality and quantity
of isolated total RNA was assessed using the 2100 Bioanalyzer using a
Nano chip (Agilent). Total RNA samples having a RIN>8 were subjected
to library generation. Strand-specific libraries were generated using the
TruSeq Stranded mRNA sample preparation kit (Illumina) according to the
manufacturer’s instructions. In short, polyadenylated RNA from intact total
RNA was purified using oligo-dT beads. Following purification, the RNA
was fragmented, random primed, and reverse transcribed using SuperScript
IT Reverse Transcriptase (Invitrogen) with the addition of Actinomycin D.
Second strand synthesis was performed using Polymerase I and RNaseH with
replacement of dTTP for dUTP. The generated cDNA fragments were 3’
end adenylated and ligated to Illumina Paired-end sequencing adapters and
subsequently amplified by 12 cycles of PCR. Resulting libraries were analyzed
on the 2100 Bioanalyzer using a 7500 chip (Agilent). The libraries were
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sequenced with 65 base single reads on a HiSeq2500 using V4 chemistry
(Illumina).

RNA-seq data (pre-)processing was performed as described previously
[27], using the human genome build hg19 (USCS RefSeq hg19, gencode v19
annotation). Raw RNA-seq data is made available in the European Genome-
Phenome Archive (EGA; https://www.ebi.ac.uk) under the Study ID dataset:
EGAS00001005949.

Differential gene expression (DGE) analysis

RNA-seq data were subjected to differential expression analysis, using
gene set enrichment analysis (GSEA) [36] and ssGSEA [37]. In this analysis
EV-transduced and miR-17-92-transduced organoid cultures were compared
using DESeq2 [38]. DEGs were obtained by filtering for absolute log2
fold change>1 and adjusted p-value<0.1. The resulting list of statistically
significant overexpressed and underrepresented genes are collectively referred
to as the “miR-17-92 expression signature”.

Regularized logarithmic transformation of expression values was
petformed, Euclidian distance between samples was calculated and the
RNA expression data were visualized using the multidimensional scaling
algorithm.

In vivo transplantation of organoids

Organoids transduced with either miR-17-92 or EV were injected
subcutaneously in NOD-Scid IL2Rgnull mice (The Jackson Laboratory
(Jax), Ellsworth, ME, USA) at the Preclinical Intervention Unit of the
Mouse Cancer Clinic of the Netherlands Cancer Institute (Amsterdam, the
Netherlands). As a positive control, we used quadruple mutant organoids
[21], which we also transduced with the EV and miR-17-92 cluster vectors.

For each transduction (empty vector or miR-17-92 insert), 5 mice were
injected with 4x10e5 cells in a volume of 100 pl (50 pl organoids in
ADF/2xBCM or quadruple mutant organoid medium, and 50 pl Matrigel®
Matrix). Body weight and tumor outgrowth were monitored twice a week, up
to a maximum of 120 days. Mice were sacrificed if tumors grew bigger than
1500mm?. Tumors (if present), injection sites, liver and spleen were secured
for downstream analysis.

Results
Establishment and characterization of adenoma organoid cultures

In total, 54 adenoma tissue pieces were collected and used to set
up organoid cultures. Successful establishment of good growing organoid
cultures was achieved for 39 of the adenoma pieces, a success rate of 72%.
Reasons for failure were bacterial contamination (7 cases), no outgrowth of
organoids from the tissue (1 case), lack of organoid proliferation (4 cases) and
poor growth in terms of organoid size (3 cases).

A subset of organoid cultures (n=29) were genetically characterized for
cancer-related mutations and whole genome DNA copy number alterations
(Fig. 1aand Supp Table 1). As expected, the majority (69%) of the adenoma-
derived organoids harbored a mutation in the APC gene. In addition, genetic
alterations in other well-known drivers of colorectal cancer progression were
identified, like KRAS (38%) and 7P53 (10%). Mutations in other cancer-
related genes varied between 3% and 10% of the samples (Fig. 1a), with
the exception of the mutation rate of MET (14%). Regarding DNA copy
number profiles, we looked at the presence of the previously identified cancer-
associated events (CAEs), namely 8q gain, 13q gain, 20q gain, 8p loss, 15q
loss, 17p loss and 18q loss [4,39], as markers of high risk of progression
to cancer. The most frequently detected CAEs are gains of chromosome
arms 13q (24%, 7/29) and 20q (21%, 6/29) (Fig. 1a). Taken together, we

created a very rich source of adenoma organoid cultures with diverse genetic
backgrounds that are representative of colorectal adenomas.

Overexpression of miR-17-92 leads to a CRC-like expression profile

In the present study, we were interested in the potential role of the miR-
17-92 cluster as driver of the 13q amplicon during colorectal adenoma-to-
carcinoma progression. If so, overexpression of the miR-17-92 cluster will
mimic gain of 13q and may drive progression to carcinoma. To investigate
this, four low-risk adenoma organoid cultures with mutational backgrounds
representative for the most common genetic alterations, but all without a
13q gain, were selected for overexpression of the miR-17-92 cluster. These
organoids either carried an APC mutation (BI6PON_C-003), APC and
KRAS mutations (CC11A), a 7P53 mutation (CC13A), or KRAS mutation
and gain of chromosome 20q (B16PON_C-022) (Supp Table 1). Gain
of chromosome arm 13q is often observed in combination with 20q gain
(another frequently observed CAE), indicating that these two DNA copy
alterations may interact with each other in promoting the progression from
adenoma to carcinoma (Fig. la/b, Table I). The four cultures were transduced
with a vector expressing the miR-17-92 cluster or an empty vector (EV) as
a control (Supp Fig. 1). Following puromycin selection, both the expression
of the dsRED tag (Fig. lc, red fluorescent signal) and the mRNA expression
of the miR-17-92 cluster were monitored in the organoids. A clear gradual
increase over time in mRNA expression of all individual miRNAs that are
part of the miR-17-92 cluster was detected (Fig. 1d). This confirms that
the transduction of the miRNA cluster into the adenoma organoids was
successful.

To study the downstream effect of miR-17-92 overexpression in the
transcriptome, RNA was isolated from all four miR-17-92 transduced
adenoma organoid cultures and matched EV transduced cultures (same
passages). For the CC11A and CCI13A cultures, two independent rounds
of transduction were included to have duplicates meant to investigate the
robustness of the experimental system. RNAseq results showed that the
expression of the MIRI7HG locus (positive control) was not higher in the
B16PON_C-003 organoid culture transduced with the miR-17-92 cluster
as compared to the EV transduced culture, and therefore BIGPON_C-003
organoid results were excluded from further analysis. For the same reason,
the first transduction of CC11A was excluded (Supp Fig. 2). Principal
component analysis (PCA) of the 8 samples left, showed that variation in
the genetic background of the adenoma organoids is more pronounced than
the variation between the EV and miR-17-92 transductions within the same
organoid background (Fig. 2a). Furthermore, the two independent CC13A
transductions cluster close together, pointing out that the two independent
transductions led to similar expression profiles.

Next, we extracted differentially expressed genes (JFC|>2 and adj. p-
value<0.1) between the four EV and miR-17-92 transduced organoid
cultures. The resulting 103 overexpressed and 27 underrepresented genes
were collectively considered to reflect the expression of the miR-17-92
cluster and were therefore referred to as miR-17-92 expression signature
(Table 2). Hierarchical clustering of the transduced organoids using the
mRNA expression of the genes included in the miR-17-92 expression
signature again showed that the samples cluster mainly based on genetic
background, although one observes differences in expression between each
miR-17-92 overexpressing culture in comparison to the matched EV
control (Fig. 2b). Amongst the most overrepresented mRNAs in miR-17-
92 transduced adenoma organoids, we found MIRI7HG, the host gene
for the miR-17-92 cluster of microRNAs (Fig. 2¢). In addition, several
experimentally validated targets of the miR-17-92 cluster of microRNAs were
significantly downregulated in the miR-17-92 transduced organoid cultures
as compared to the EV transduced organoids (i.e. PRKACB, MCOLN2,
CYBRD1, ITPR1, PTPRG, NBEA) (miRTarBase release 7.0 [40]).
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corresponding time point. Data is representative for all organoid cultures, however the maximum miRNA expression varies between the organoid cultures.
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Fig. 2. Overexpression of miR-17-92 results in changes in mRNA expression. A) Principle component analysis of the four transductions that passed quality
control (left). EV (pink) and miR-17-92 (green) transductions cluster together per genetic background. The similarity plot (right) shows the percentage of
similarity between the EV (pink labels) and the miR-17-92 transduced (green labels) organoid cultures. B) Hierarchical clustering of the mRNAs that compose
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displayed. C) mRNA expression of MIR17HG, the host gene for the miR-17-92 cluster, is one of the most overrepresented mRNAs in miR-17-92 transduced

adenoma organoids cultures.
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Table 1

Overview of the mutations detected in the adenoma organoid cultures selected for miR-17-92

transduction.

Mutated gene  Genomic description  Protein description Mutation effect

Organoid

B16PON_C-003 APC c.637C>T

CC13A TP53 c.473G>A

CC11A APC c.4348C>T
KRAS c.34G>A

B16PON_C-022 APC c.2626C>T

p.R213* STOP
p.R158H missense
p.R1450* STOP
p.G12S missense
p.R876* STOP

Table 2

The miR-17-92 expression signature consists of 27 underrepresented and 103 overrepresented mRNAs.

Underrepresented Overrepresented

AASS ABCC2 EEF1A2 LOC100190940 SLC51A
ABCC4 ADAMS8 EFEMP2 MFAP2 SLC51B
BICC1 ADCY4 EFNA2 MIR17HG SLC5A9
CELF2 ADM2 ERICH4 MLLT4-AS1 SLC6A12
CXCL8 ADRA2C EVA1B MLXIPL SLC6A4
CYBRD1 ALOX15B F10 MOGAT3 SMIM24
DOCK4 ANG F13A1 MST1 SPAG4
DSC3 ANGPTL4 FADS6 MYO1F SPN

IFI6 ASNS FAM3B NOTCH3 STC2
ITPR1 ASPDH FAXDC2 NOTUM STKLD1
KBTBD8 AXL FBXL16 NR1H4 STRA6
LOC101928100 BMF FBX02 PCBP3 TFF3
MAOB CACNA1TF FGD5 PDE2A TGM2
MCOLN2 CACNA2D4 G0S2 PDLIM4 TM6SF2
MT1E CACNG4 GAL3ST1 PDZK1 TMEM178A
NBEA CDH16 GIPR PHGDH TMEMG63C
NR2F1 CDHR2 GMFG PLXND1 TMEM92
ODAM COL27A1 GS1-259H13.2 POUGF1 TRIB3
OXCT1 COLbBA3 HAPLN4 PPFIA4 UNC93A
PDE10A COL7A1 IL6R RASA4CP UPK3A
PRKACB CYP27A1 KIF12 SARDH VAV2
PTGER2 CYP2B6 KIRREL2 SH3D21 WEFDC2
PTPRG CYP4F2 LAMA1 SHC2

REG4 DDIT3 LCN12 SLC22A17

RHOBTB1 DDIT4 LINC00483 SLC29A4

SLC6A14 DNM1 LINC00668 SLC39A5

SOSTDC1 EBF4 LINC01207 SLC3A1

To investigate the potential role of miR-17-92 in promoting progression
from a colorectal adenoma towards a malignant phenotype, we set out to
compare the expression of the 130 gene set (miR-17-92 expression signature)
between colorectal adenomas and cancers. For this, previously published
mRNA sequencing data on independent tissues of colorectal adenomas and
cancers [27] were used. GSEA analysis of the mRNA expression data of
26 microsatellite stable (MSS) colorectal adenomas and 24 MSS colorectal
cancers showed that the miR-17-92 expression signature was enriched in
colorectal cancers compared to adenomas. (Fig. 3a). Calculation of the
single sample GSEA (ssGSEA) scores for these samples showed a significant
difference in the enrichment of the miR-17-92 expression signature in the
cancer samples (p-value=2.9x10e-9) (Fig. 3b). This is also reflected in the
hierarchical clustering of the 50 samples, where the miR-17-92 expression
signature almost perfectly separates the adenomas from the cancers (Fig. 3¢),
irrespective of the presence or absence of chromosome arm 13q gain.

Next, we investigated whether the miR-17-92 expression signature was
able to distinguish adenomas with an overexpression of the miR-17-92

cluster, due to a gain of chromosome arm 13q, from those that do not have
the amplification. The independent validation series comprised 18 adenomas
without a 13q gain and 8 adenomas with this specific gain of the chromosome
arm. GSEA analysis showed that the miR-17-92 signature was significantly
enriched in the adenomas that have a 13q gain (Fig. 3d). When the ssGSEA
scores were calculated for these adenomas using the miR-17-92 expression
signature followed by comparison of samples with and without 13q gain,
the same trend was observed (Fig. 3¢). However, this did not reach statistical
significance (p-value=0.062).

miR-17-92 overexpression has no effect on organoid proliferation

Next, we investigated whether the overexpression of the miR-17-92
cluster induced cancer-specific characteristics in the adenoma organoids.
A well-known trait of tumor cells is the increase in cell proliferation, so
therefore the growth rate of the organoid cultures transduced with either
EV or miR-17-92 was examined by measuring the area of intact organoids
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Fig. 3. The miR-17-92 expression signature is enriched in adenomas with 13q gain and in cancers versus adenomas. A) GSEA using the miR-17-92 expression
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enrichment score for the same samples (p-value 0.062).

over time. In Fig. 4 representative growth curves of two different organoid
cultures are depicted. There was no significant difference in growth rate
between the EV and miR-17-92 transduced cultures for any of the genetic
backgrounds. In addition, CC11A, the organoid culture without CAEs (Fig.
1b) did not significantly grow faster nor slower than the culture with a 20q

gain (BI6PON_C-022).

Overexpression of the miR-17-92 cluster is not sufficient to grow tumors
in mice

Due to their non-invasive, benign nature, adenomas are not able to
form tumors in mice. To investigate if overexpression of the miR-17-92
cluster is sufficient to provide an adenoma organoid with the ability to
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Fig. 4. Overexpressing miR-17-92 in adenoma organoids does not alter growth rate in 3D cultures. EV (dots) and miR-17-92 (triangle) transduced organoids
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grow out iz vive, we injected CC11A organoids transduced with either
EV or miR-17-92 expression constructs s.c. in immunodeficient mice. The
same constructs were transduced in human normal colon epithelium derived
organoids where the main mutations described in the Vogelstein progression
model, namely APC, KRAS, TP53 and SMAD4, were introduced. These
engineered organoids (hereafter called quadruple mutated organoids) are
able to form invasive tumors in mice when injected s.c. [21] and therefore
function as our positive control. There was no difference in in vitro growth
rate between the CC11A organoids and the quadruple mutated organoid
(Supp Fig. 3).

Twenty-one days after s.c. injection, the transduced quadruple mutated
organoids (both EV and miR-17-92 transduced) showed outgrowth of the
injected cells. This was not the case for the EV or miR-17-92 transduced
CCI11A organoids (Fig. 5). By day 26 post-injection, the tumor volume of

both CC11A and the quadruple mutated organoids that were transduced with
miR-17-92 transduced was significantly different (p<0.05, Student’s t-test),
as was the difference in outgrowth between the CC11A EV transduced and
the quadruple mutated EV organoids. We also did not observe a significant
difference in tumor growth between the EV and miR-17-92 transduced
quadruple mutated organoid cultures. From day sixty post-injection onwards,
tumors with sizes >1500 mm? were harvested from the quadruple mutated
organoid groups (both EV and miR-17-92). In mice inoculated with the
CC11A manipulated organoids, bumps of <7 mm? (miR-17-92) or <5 mm?
(EV) at the inoculation site were measured. For both EV and miR-17-92
transduced CC11A organoids, the sizes of these bulges did not increase during
the next sixty days. After termination of the in vivo experiment, we inspected
microscopically the tissue surrounding the organoid injection site and could
not find any evidence for organoid outgrowth.
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Discussion

The oncogenic miR-17-92 cluster is located on chromosome arm 13q,
and gain of this region is one of the genetic events associated with the
progression from colorectal adenoma to CRC. In this study, we investigated
the potential role of the miR-17-92 cluster as driver of 13q amplicon
in the colorectal adenoma-to-carcinoma progression. For this purpose,
we established patient-derived colorectal adenoma organoid cultures and
overexpressed the miR-17-92 cluster. The comparison of mRNA expression
data between cultures transduced with miR-17-92 and empty vector led to
the identification of a miR-17-92 expression signature, which showed to be
enriched in an independent series of CRC tissues, as well as in adenoma
tissues with 13q gain. This confirms that miR-17-92 expression is associated
with malignant progression and supports a role as a driver of 13q gain.
However, overexpression of the miRNA cluster did not have an effect on
the proliferation rate of adenoma organoids iz vitro, nor did it cause tumor
outgrowth upon subcutaneous injection in immunodeficient mice, showing
that overexpression of miR-17-92 alone is not sufficient to transform a
colorectal adenoma into carcinoma.

Colorectal adenoma cells do not easily grow iz vitro under standard
cell line culture conditions. Therefore, it was for a long time challenging
to culture adenoma-derived cell lines. With the recent advances made in
organoid technology [19], we were able to culture patient-derived colorectal
adenoma cells as organoids in vitro. With a success rate of 72%, we assembled
a panel of 39 adenoma organoid cultures. This resource now makes it
possible to investigate step-by-step the events that drive colorectal adenoma-
to-carcinoma progression.

The oncogenic miR-17-92 cluster has previously been described to be
involved in CRC development [14,15]. To investigate this further, we
transduced adenoma organoid cultures with the miR-17-92 cluster, or an
empty vector as control, and obtained a miR-17-92 expression signature
from RNA sequencing data. Interestingly, despite the fact that this signature
was acquired by overexpression of the miR-17-92 cluster in pure epithelial
cell cultures (the organoids), the signature was also able to discriminate
carcinoma from adenoma tissue samples, which next to the epithelium also
contain other cell types in the stroma component. This observation shows
that adenoma cell cultures are a valuable addition to the armamentarium
for in vitro investigation of carcinogenesis and that the results derived from
research involving adenoma organoids are translatable to tumors found in
patients.

The overexpression of the miR-17-92 cluster in the adenoma organoid
cultures was verified by inspecting the expression of all individual members of
the miRNA cluster using RT-qPCR. We could confirm that the transduction
of the cluster was successful, however, the established increase in miRNA
expression varied among the cluster members. This is similar to what has
been seen in clinical samples when comparing normal colorectal mucosa
and colorectal cancer [14,41,42] or colorectal tumors with 13q gain versus
those without [14]. Specifically, the higher expression of miR-92a, also seen
in the transduced organoids, is of interest as it has been proposed as a
potential biomarker in the early diagnosis of colorectal cancer [43,44], even
in stool samples [45]. In contrast, the expression of miR-18a was less elevated
than other members of the miR-17-92 cluster in the transduced organoids.
This might be explained by the antiproliferative effect of miR-18a shown in
experiments using colon [41], stomach [46], and bladder cancer cell lines
[47] and in pancreatic progenitor cells [48].

Not only RT-qPCR results showed that the transduction of the miR-17-
92 cluster was successful in the organoid cultures, also the overexpression of
its host gene MIR17HG, identified by RNA sequencing, confirms this. Next
to MIR17HG, multiple differentially expressed mRNAs were identified when
comparing EV and miR-17-92 transduced organoids. These were collectively
called the miR-17-92 expression signature, which was enriched in colorectal
cancers when compared to adenomas. This is in line with literature on the

oncogenic role of miR-17-92 (reviewed in [15]). The miR-17-92 expression
signature was also significantly enriched in adenomas with a 13q gain,
indicating that artificial overexpression of the miR-17-92 cluster in adenoma
organoids causes changes in mRNA expression that closely resemble the
situation in adenomas with endogenous amplification of the miR cluster Jocus.
Upregulation of miR-17-92 showed to block differentiation [49], accelerate
cell proliferation [50], evade apoptosis [51,52], trigger angiogenesis [53],
and promote metastasis [54]. Indeed, looking at the genes in the miR-17-
92 expression signature obtained in the present study, we identified genes
that play roles in these oncogenic processes, such as PRKACB [55] and
DOCK4 [56]. In addition, several of the genes in the miR-17-92 expression
signature (PRKACB, MCOLNZ2, CYBRDI, ITPRI, PTPRG and NBEA) are
confirmed targets of multiple members of the miR-17-92 cluster according
to miRTarBase [40]. We observed downregulation of /7PRI expression, a
gene with a pro-apoptotic function [57]. ITPRI induces calcium release
from the endoplasmic reticulum, which leads to the subsequent activation
of downstream apoptosis pathways [58]. Furthermore, mRNA expression
of the tyrosine phosphatase PTPRG was significantly downregulated in the
signature. PTPRG is a candidate tumor suppressor and loss of function by
deletion [59,60] or mutation [61,62] was associated with various types of
cancer. PTPRG antagonizes the activity of protein tyrosine kinases, thereby
inhibiting the activity of crucial signaling pathways that control cell cycle
progression, proliferation, invasion, and angiogenesis. Taken together, the
miR-17-92 expression signature is composed of multiple genes that are
confirmed to be differentially expressed upon miR-17-92 overexpression and
that play a role in malignant processes known to be influenced by the miR-
17-92 cluster.

It was shown previously that numerical changes in chromosomes or
chromosome arms, in addition to driver mutations, might be required for full
transformation of colorectal epithelial cells, specifically concerning invasive
and metastatic potential [63]. This feeds the hypothesis that other genetic
alterations, on 13q or elsewhere in the genome, might be required to drive
progression to cancer. In line with this, several studies showed that full-
blown tumors were not detected upon miR-17-92 overexpression in mouse
lymphocytes [64] and that overexpression of miR-17-92 on top of other
oncogenic events accelerated the development of cancer [16-18]. Gain of
13q often co-occurs with 20q gain, which suggests that genes located in these
two genomic locations may interact and play a role in the progression from
adenoma to cancer. We previously showed that AURKA and TPX2 (mapping
at the gained region of 20q) are drivers of that amplicon [65]. In addition,
an interesting novel candidate driver of tumor progression located on 20q
is POFUTI, a gene recently linked to increased Notch signaling [66]. In
light of the hypothesis that miR-17-92 accelerates carcinogenesis initiated by
NOTCHI [17], the identification of POFUTI could reinforce the theory
that genes located in 13q and 20q interact in the same pathways, and
contribute to the progression to cancer. Since one of the organoid cultures we
transduced with the miR-17-92 expression vector (B16PON_C-022) harbors
a 20q gain, we have a model in hands to further investigate the interaction of
miR-17-92 and genes located on chromosome arm 20q.

Overexpression of miR-17-92, as a candidate driver of adenoma-to-
carcinoma progression on the chromosome 13q, in itself did not show to
be sufficient for adenoma organoids to acquire hallmarks of cancer, like
accelerated proliferation rates iz vitro and tumor outgrowth iz vive. These
results demonstrate that, while the induced overexpression of a potential
driver located on chromosome 13q may transform a low-risk adenoma into
an adenoma with higher risk of progression, overexpression of the miR-17-
92 cluster alone is not sufficient to fully force malignant transformation.
Overexpression of the miR-17-92 cluster in chromosomal instable quadruple
mutant organoids (our positive control for tumorigenesis iz vivo) did not
result in accelerated tumor outgrowth in mice, nor invasion in surrounding
tissues, compared to its respective EV-control. Apparently, the quadruple
mutations themselves are sufficient to drive a malignant phenotype. However,
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only a minority of human colorectal cancers harbor all four mutations,
suggesting that in other cancers the effect of one of the mutations may be
substituted by 13q gain.

Taken together, we established a large biobank of colorectal adenoma
organoids that provides a valuable source of adenoma cultures. The adenoma
organoids can be expanded and genetically manipulated in order to
investigate colorectal adenoma-to-carcinoma progression. Overexpressing the
miR-17-92 cluster in several adenoma organoids led to the identification of
a miR-17-92 expression signature. This signature proved to be enriched in
both adenomas with 13q gain and in colorectal cancers, supporting its role
as a driver of 13q gain. However, the results of both in vitro and in vive
experiments lead to the conclusion that overexpression of miR-17-92 alone is
not sufficient to transform colorectal adenoma cells into carcinoma cells. We
hypothesize that additional genetic alterations, like chromosomal gains and
losses of CAEs, as well as other driver mutations might be required for full
transformation of colorectal adenoma cells.
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