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Simple Summary: Colorectal cancer (CRC) is one of the most common cancers worldwide. While
systemic treatment of CRC is based on chemotherapy, subsequent therapeutic options are far less
effective. Trophoblast cell surface antigen 2 (TROP2) is highly expressed in many carcinomas, in-
cluding CRC, where its expression correlates with poor prognosis. Anti-TROP2-targeted therapy
was approved for the treatment of breast and urothelial carcinomas. We aimed to determine
whether TROP2 is a suitable target for the treatment of CRC. We demonstrated that TROP2 expres-
sion in CRC correlates with lymph node metastasis and poor tumor differentiation. Analysis of
mouse tumor models, patient-derived organoids, and tumor cells revealed that TROP2 expression
is associated with features related to epithelial-mesenchymal transition and invasiveness. Our re-
sults suggest that TROP2 targeting may be a promising approach, especially in the early phase of
treatment.

Abstract: Trophoblastic cell surface antigen 2 (TROP2) is a membrane glycoprotein overexpressed
in many solid tumors with poor prognosis, including intestinal neoplasms. In our study, we show
that TROP2 is expressed in preneoplastic lesions and its expression is maintained in most colorectal
cancer (CRC). High TROP2 positivity correlated with lymph node metastases and poor tumor dif-
ferentiation and was a negative prognostic factor. To investigate the role of TROP2 in intestinal
tumors, we analyzed two mouse models with conditional disruption of the adenomatous polyposis
coli (Apc) tumor suppressor gene, human adenocarcinoma samples, patient-derived organoids, and
TROP2-deficient tumor cells. We found that Trop2 is produced early after Apc inactivation and its
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expression is associated with transcription of genes involved in epithelial-mesenchymal transition,
regulation of migration, invasiveness, and extracellular matrix remodeling. A functionally similar
group of genes was also enriched in TROP2-positive cells from human CRC samples. To decipher
the driving mechanism of TROP2 expression, we analyzed its promoter. In human cells, this pro-
moter was activated by B-catenin and additionally by Yesl-associated transcriptional regulator
(YAP). The regulation of TROP2 expression by active YAP was verified by YAP knockdown in CRC
cells. Our results suggest a possible link between aberrantly activated Wnt/p-catenin signaling,
YAP, and TROP2 expression.

Keywords: APC; colorectal cancer; EMT; expression profiling; organoids; TACSTD2; WNT/(3-
catenin signaling

1. Introduction

Carcinoma of the colon and rectum (colorectal cancer; CRC) is one of the most com-
mon cancers in humans, ranking third in terms of incidence, and is the second leading
cause of cancer-related deaths worldwide [1]. In the Czech Republic, despite significant
progress in early detection through screening programs, nodal metastases are still diag-
nosed in about 25% of patients and distant metastases in 20%, with 5-year survival rates
of 60% and 15%, respectively [2]. Systemic cancer therapy in patients with CRC metastases
is based on chemotherapy consisting of 5-fluorouracil with oxaliplatin or irinotecan in
combination with anti-epidermal growth factor receptor (EGFR) or anti-vascular endothe-
lial growth factor (VEGF) monoclonal antibodies. Subsequent lines of therapy are signifi-
cantly less effective, so there is an urgent need to find new therapeutic targets.

Trophoblast cell surface antigen 2 (TROP2), also known as tumor-associated calcium
signal transducer 2 (TACSTD?2), is a transmembrane glycoprotein first described as a sur-
face antigen on invasive trophoblast cells [3]. TROP2 is highly conserved, with a 79% iden-
tical amino acid sequence between human and mouse, and has 49% sequence identity to
its closely related homolog epithelial cell adhesion molecule (EPCAM, also known as
TASCTD1 or TROP1) [4]. The intronless gene mapped on chromosome 1p32 encodes a 35-
46kDa protein with 323 amino acids (AA), which is composed of a large extracellular do-
main (AA 1-274), a single transmembrane domain (AA 275-297) and a short cytoplasmic
tail (AA 298-323) [5,6]. The extracellular epidermal growth factor (EGF)-like repeat por-
tion starts with a signal peptide (AA 1-26) and contains three structural domains — cyste-
ine-rich domain, thyroglobulin type-1 domain and cysteine-poor domain — with four N-
glycosylation sites at residues 33, 120, 168, 208. On the cytoplasmic tail, there is a HIKE
domain with a phosphatidylinositol 4,5-bisphosphate (PIP2)-binding motif and a PKC
phosphorylation site at serine 303, which upon activation leads to significant conforma-
tional changes of the C-terminal tail of TROP2 molecules that form stable dimers [7-9].

TROP2 production was found in epithelial cell compartments of the kidney, prostate,
pancreas, breast, cervix, uterus, lung, trachea, salivary gland, thymus, and cornea, but was
very low or undetectable in the ovary, skeletal muscle, brain, colon, small intestine, liver,
thyroid, and spleen [10,11]. Interestingly, inherited mutations in the TROP2 gene underlie
gelatinous drop-like corneal dystrophy (GDLD), a rare autosomal recessive disease char-
acterized by corneal amyloidosis and blindness. The mutations result in production of the
truncated TROP2 protein with decreased expression and altered subcellular localization
of tight junction proteins, leading to the decreased barrier function of the corneal epithe-
lium [12].

TROP2 is a putative marker for adult stem/progenitor cells. Most studies have iden-
tified TROP2-positive basal cells with stem cell properties in the mouse and human pros-
tate [13-15]. Moreover, Trop2 expression defines a specific subpopulation of luminal cells
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that can enlarge and form large organoids with age in the adult prostate [16]. Not surpris- 99
ingly, TROP2 marks putative cancer stem cells in prostate cancer [17]. In addition to the 100
prostate, TROP2 has also been identified in stem/progenitor cell compartments: urinary 101
bladder progenitor cells [18] and airway basal cells [19], and in bipotent hepatic progeni- 102
tor cells that can form liver organoids containing both hepatocytes and cholangiocytes 103
[20]. Trop2 is also a robust marker of colon epithelial regeneration during inflammation 104
[21]. In addition, Trop2 has been identified as one of the most important markers for epi- 105
thelial cells of the developing mouse embryonic gut [22]. 106
The high expression of TROP2 in stem/progenitor cell compartments and in many 107
malignant tumors suggests that TROP2 may regulate important cellular properties com- 108
mon to stem/progenitor cells and/or tumor cells. Several mechanisms of TROP2 signaling 109
have been described. The TROP2 molecule can interact with insulin-like growth factor 1 110
(IGF1), neuregulin 1, claudin 1/7, and protein kinase C (PKC). The possible signaling path- 111
ways triggered by TROP2 are mediated by PIP2 and Ca* ions; these pathways mainly 112
include mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase 113
(ERK), AKT, c-Jun N-terminal kinase, and signal transducer and activator of transcription 114
3 (STATS3) signaling [11,23,24]. 115
Trop2 activity is posttranslationally modulated by several proteolytic cleavages. 116
Trerotola and colleagues showed that the extracellular portion of TROP2 in cancer cellsis 117
cleaved by the ADAM10 protease between residues arginine 87 and threonine 88 and that 118
this modification is essential for metastasis of KM12SM CRC cells [25]. Another enzyme 119
that cleaves TROP2 at the same site is matriptase [26,27]. Another sequential cleavage pro- 120
cess, termed regulated intramembrane proteolysis, is mediated by the complexes of TNF- 121
a converting enzyme (between alanine 187 and valine 188) and y-secretase (between gly- 122
cine 285 and valine 1286). The released intracellular C-terminal TROP2 fragment can ac- 123
cumulate in the nucleus and potentiates [-catenin-dependent signaling. Strikingly, in 124
mouse models, overexpression of the intracellular fragment in the presence of 3-catenin 125
induces prostatic hyperplasia [14]. In gastric cancer, TROP2 promoted epithelial-mesen- 126
chymal transition (EMT) by interacting with (3-catenin and increasing expression of mes- 127
enchymal markers such as vimentin and fibronectin, while inhibiting E-cadherin expres- 128
sion. Knockdown of TROP2 showed the opposite effect and inhibited metastasis [28]. Re- 129
cently, it was found that TROP2 binds to CD9 and is subsequently phosphorylated by 130
PKCa, leading to activation of AKT and ERK, which in turn causes -actin cytoskeleton 131
remodeling and tumor progression [29]. 132
Due to its high expression in a broad spectrum of human malignancies, TROP2 rep- 133
resents a promising therapeutic target. In 2021, sacituzumab govitecan, a humanized anti- 134
TROP2 SN-38 monoclonal antibody conjugate, was approved by the U.S. Food and Drug 135
Administration (FDA) for the third-line treatment of patients with metastatic triple-nega- 136
tive breast cancer (TNBC) and urothelial carcinoma [30,31]. Moreover, the role of TROP2 137
in the mechanisms of resistance to conventional treatments has been observed in many 138
cancers. However, it should be noted that the mechanisms of resistance associated with 139
TROP2 expression are largely unclear. For example, in gastric cancer cells, TROP2 pro- 140
moted proliferation and inhibited chemotherapy-induced apoptosis of cisplatin-treated 141
cells. Interestingly, high levels of TROP2 correlated with increased expression of Notchl, 142
leading to upregulation of multidrug resistance protein 1 (MRP1) [32]. In non-small cell 143
lung cancer (NSCLC) cells, treatment with cisplatin induced TROP2 expression accompa- 144
nied by chemoresistance due to upregulation of the MAPK signaling pathway [33]. More- 145
over, EGFR-mutated NSCLC cells with high TROP2 expression developed more rapid re- 146
sistance to gefitinib therapy through the interaction of TROP2 with insulin-like growth 147
factor 2 receptor (IGF2R), induction of AKT, and remodeling of the tumor microenviron- 148
ment [34]. The latter observation is probably related to the fact that TROP2 expressionin 149
cancer cells is a predictor of response to treatment with AKT inhibitors [35]. Finally, the 150
relationship between TROP2 expression and resistance to oxaliplatin has been described 151
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in some CRC cells. It was suggested that the resistance was related to TROP2-mediated 152
enhancement of EpCAM-induced cell signaling [36]. 153

To investigate the possible role of TROP2 in intestinal tumorigenesis, we examined 154
its expression at both the RNA and protein levels in human preneoplastic lesions, CRC, 155
and in human organoids obtained from healthy colonic epithelium or tumors. In addition, 156
we performed whole-transcriptome analysis of sorted Trop2-positive neoplastic cells iso- 157
lated from two models of tumorigenesis in the mouse intestine and from tumor cells ob- 158
tained from CRC samples. We also disrupted the TROP2 gene in CRC cells and analyzed 159
the effects of TROP2 deficiency. We found that Trop2 expression is upregulated in early 160
neoplastic lesions arising in the intestine of mice after adenomatous polyposis coli (Apc) 161
tumor suppressor gene inactivation; however, this expression is not uniform but is re- 162
stricted to specific parts of the developing tumors. In CRC patients, high TROP2 expres- 163
sion was associated with poor prognosis and correlated with high grading and lymph 164
node involvement. In both mouse and human tumors, TROP2 positivity was associated 165
with EMT. In addition, analysis of the promoter and expression of TROP2 in CRC cells 166
suggests possible coregulation of this gene by aberrant Wnt signaling and Yesl-associated 167

transcriptional regulator (YAP).. 168
2. Materials and Methods 169
2.1. Human adenoma and adenocarcinoma samples used for the initial assay of TROP2 170
expression 171

Paired samples of normal and neoplastic colon tissue were obtained from patients 172
who had undergone either polypectomy of colon adenomas or surgical resection of spo- 173
radic CRC; sample collection was described previously [37]; patient data are summarized 174
in Supplementary Table 51). Human specimen collection methods were performed in ac- 175
cordance with relevant national and EU directives and regulations. The study was ap- 176
proved by the Ethics Committee of the Third Faculty of Medicine of Charles University in 177
Prague (ref. 26/2014 and 01/2020). Informed consent was obtained from all patients who 178
participated in the study. None of the patients underwent radiotherapy or chemotherapy 179
before surgery. 180

181
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2.2. Tissue microarray (TMA) analysis 182

Data on patients (n=292) with surgically resected and histopathologically verified col- 183
orectal adenocarcinoma from 2010-2013 with follow-up were obtained from the medical 184
records of the pathology department; the specimen collection was described in the refer- 185
ence [38]. The TMA technique was used to make paraffin blocks using the manual TMA 186
Master instrument (3D Histech, Hungary). Two cylindrical, 2-mm samples were collected 187
from random sites of tumor tissue, and each recipient block contained 20 samples from 10 188
cases. For immunohistochemistry, 4 pm thick tissue sections were stained in a Ventana 189
BenchMark ULTRA autostainer (Ventana Medical Systems, USA). Monoclonal antibodies 190
against TROP2 (clone EPR20043, Abcam, UK; dilution 1:2000), YAP (clone D8H1X, Cell 191
Signalig, USA; 1:200), cytokeratin 7 (CK7; clone OV-TL 12/30, Bio SB, USA; 1:500), cy- 192
tokeratin 20 (CK20; clone Ks20.8, Bio SB; 1:200), special AT-rich sequence binding protein 193
2 (SATB2; clone EP281, Merck, USA; 1:200), and programmed cell death ligand 1 (PD-L1; 194
clone 22C3, pharmDx kit, Agilent, USA) were used. Positive reactions were visualized 195
using the Ultraview Detection System (Ventana Medical Systems). All immunohistochem- 1%
ical stainings were evaluated by two experienced pathologists (J.H. and R.M.) without 197
knowledge of clinical data and patient history. In each case, the percentage of positively 198
stained TROP2 cells was scored (0 = none, 1-9%=1, 10-49%=2, 50-79%=3, 80-100%=4), and 199
staining intensity was semiquantitatively classified into the following four categories: 200
O=negative, 1=weak, 2=moderate, 3=strong positivity. In each case, an overall im- 201
munostaining score was calculated as the product of the proportion score and the inten- 202
sity score (0-3). The total score ranged from 0-12. 203

2.3. Cell lines 204

HEK?293, SW480, and DLD1 cell lines were purchased from the American Type Cul- 205
ture Collection (cat. nos.: CRL -1573, CCL-228, and CCL-221). HEK293 cells were main- 206
tained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bo- 207
vine serum (FBS; Thermo Fisher Scientific, USA), penicillin, streptomycin, and gentamicin 208
(all antibiotics were purchased from Thermo Fisher Scientific). SW480 and DLD1 cells 209
were maintained in Iscove's Modified Dulbecco's Medium (IMDM; Merck) with 10% FBS, 210
penicillin, streptomycin, gentamicin, nonessential amino acids (NEA; Thermo Fisher Sci- 211
entific), and GlutaMax (Thermo Fisher Scientific). 212

2.4. RNA purification and quantitative reverse transcription PCR (qRT-PCR) 213

Total RNA from cell lines and mouse tumors was isolated using TRI Reagent (Merck), 214
and total RNA from sorted cells was isolated using the RNeasy Micro Kit (Qiagen, USA); 215
frozen human samples were disrupted in 600 pl of lysis buffer containing green ceramic 216
beads using the MagNA Lyser Instrument (Roche Life Science, Germany). The cDNA syn- 217
thesis was performed in a 20-pl reaction using random hexamers. RNA was reverse tran- 218
scribed using MAXIMA Reverse Transcriptase (Thermo Fisher Scientific) according to the 219
manufacturer's protocol. Quantitative analysis RT-PCR was performed in triplicate using 220
SYBR Green I Master Mix (Roche Life Science) and LightCycler 480 instrument (Roche 221
Life Science). Human samples were analyzed using a combination of gene-specific pri- 222
mers and Universal Probe Library (UPL) hydrolysis probes (Roche Life Science). Thresh- 223
old cycle (Ct) values for each triplicate were normalized by the geometric mean of the 224
housekeeping genes ubiquitin B (UBB) and TATA box binding protein (TBP). The result- 225
ing values were averaged to obtain ACt values for biological replicates. Relative mRNA 226
abundance (ACt in healthy tissue - ACt in neoplastic tissue) was correlated with histolog- 227
ical grade of tumor samples using Spearman (9) and Kendall (t) rank order coefficients. 228
Further details are provided in the corresponding figure legends. A list of primers and 229
UPL probes is provided in Supplementary Table S2. 230
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2.5. Generation of TROP2 knockout cells 232

To disrupt the human TROP2 gene, a pair of single guide RNAs (sgRNA) targeting 233
human TROP2 were inserted into lentiCRISPRv2 (Addgene, # 98293) and corresponding 234
oligonucleotides were inserted into the pARv-RFP reporter vector (Addgene, #60021) [39]. 235
SW480 and DLD1 cells were co-transfected with the lentiCRISPRv2 constructs along with 236
the pARvV-RFP reporter vector using Lipofectamine 2000 (Thermo Fisher Scientific) in se- 237
rum-free OptiMEM medium (Thermo Fischer Scientific). After 48 hours, cells expressing 238
red fluorescent protein (RFP) were sorted into 96-well plates and expanded as single-cell = 239
clones. Single clones were analyzed by PCR for the presence of deletions in the TROP2 240
locus. Amplified genomic DNA fragments were cloned into the pGEM-T Easy vector 241
(Promega, USA) and sequenced. All sequences are available upon request. Selected clones 242
with both TROP?2 alleles disrupted were further verified by Western blotting. Oligonucle- 243
otides and primers are listed in Supplementary Table S2. 244

2.6. Generation of cells with doxycycline (DOX)-inducible TROP2 re-expression 245

The sequence of the open reading frame of human TROP2 was amplified by PCR 246
from cDNA prepared from total RNA isolated from SW480 cells using the following pri- 247
mers: forward 5-ATGGATCCGGGCAGGTCGGGTAGAGTAT-3' and reverse 5- 248
ATCGGTACCCAACAAGCTCGGTTCCTTTCTC-3'". The PCR product was cloned into 249
pFLAG-CMV5a (Merck) using restriction enzymes Bam HI and Kpn I. After sequence ver- 250
ification, the FLAG-tagged TROP2 coding sequence was cloned into Tet-On lentiviral vec- 251
tor pTripz (Horizon Discovery, UK) by replacing the tRFP-shRNAmir cassette using Age 252
I'and Mlu I restriction enzymes. The resulting DOX-inducible expression vector was trans- 253
duced into previously prepared TROP2 knockout cells; cells were then selected with puro- 254
mycin (2 pg/ml; Merck). Resistant cells were sorted after TROP2 induction with DOX (fi- 255
nal concentration 2 ug/ml; purchased from Merck) by surface labeling with TROP2-spe- 256
cific antibodies (see further). 257

2.7. Cell viability test 258

Cells were seeded in 96-well solid black bottom assay plates (Corning, USA) at ap- 259
proximately 12.5% confluence in 100 pl IMDM. Six hours after seeding, 10 ul of cell via- 260
bility reagent alamarBlue HS (Thermo Fisher Scientific) was added to each well. Fluores- 261
cence intensity was measured using EnVision® Multilabel Reader (PerkinElmer, USA) af- 262
ter 60 min in the culture medium. The measurement was repeated every 24 hours for the 263
following four days. 264

2.8. Wound healing assay 265

SW480 and DLD1 TROP2 gene knockout cells (n=5) and control cells with intact 266
TROP2 (n=5) were cultured to 100% confluence. Cells were treated with mitomycin C 267
(Merck; final concentration of 10 pg/ml). After 2 hours, the cell monolayer was scraped 268
with a 200-ul pipette tip in several straight lines to create a "wound". Cells were washed 269
with phosphate-buffered saline (PBS), and 2 ml of fresh IMDM was added to each well. 270
For each clone, six positions were photographed immediately and 24 and 48 hours after 271
wound formation. The percentage of healed area was quantified using Image] software 272
[40]. 273

2.9. Mouse strains used to model intestinal tumorigenesis 274

Housing of mice and in vivo experiments were performed in compliance with the 275
European Communities Council Directive of 24, November 1986 (86/609/EEC) and na- 276
tional and institutional guidelines. Animal care and experimental procedures were ap- 277
proved by the Animal Care Committee of the Institute of Molecular Genetics (ref. 58/2017). 278
ApceKOleKO mice [41] were obtained from the Mouse Repository (National Cancer Institute, 279
Frederick, MD, USA); Villin-CreERT2 mice [42] were kindly provided by Sylvie Robine 280
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(Institut Curie, Centre de Recherche, Paris, France); ApcMin (C57BL/6]J-ApcMin/]) [43], 281
Ki67-RFP (Mki67tm1.1Cle/]) [44], Lgr5-EGFP-IRES-CreERT2 (B6.129P2- 282
Lgr5tm1(cre/ERT2)Cle/]) [45], and Rosa26-tdTomato (B6;,12956-Gt(ROSA)26Sortm14(CAG- 283
tdTomato)Hze/J) [46] mice were purchased from the Jackson Laboratory (Bar Harbor, 284
USA). The animals were kept under specific pathogen-free conditions. To induce Cre-me- 285
diated gene recombination, mice were gavaged with 1 mg tamoxifen (Merck). Tamoxifen 286
was dissolved in ethanol (100 mg/ml) and combined (1:9) with mineral oil (Merck) before 287
administration. Mice were sacrificed by cervical dislocation at various time points after 288
administration of a single dose (100 pl) of the tamoxifen/oil solution. 289

2.10. Xenotransplantation 290

SW480 single-cell clones with TROP2 gene knockout (n=3) and control cells with in- 291
tact TROP2 (n=3) were cultured to 90-100% confluence, harvested and resuspended in 292
PBS. NSG™ immunodeficient mice (NOD.Cg-Prkdcscidll2rgtm1Wijl/SzJ; Jackson Labora- 293
tory) were injected with 1 million cells in 100 pl PBS into the lumbar region. The mice 294
were sacrificed 28 days after injection, and the tumors were resected and weighed. 295

2.11. Immunofluorescence and immunohistochemical staining, immunoblotting 296

Intestines were dissected, washed in PBS, fixed overnight in 4% (v/v) formaldehyde 297
(Merck) in PBS, embedded in paraffin, sectioned, and stained. A detailed protocol of im- 298
munohistochemistry and immunofluorescence staining has been described previously 299
[47]. Microscopic images were taken with a Leica DM6000 (wide-field images) or Leica 300
Stellaris confocal platform (both devices were from Leica Microsystems, Germany). Im- 301
ages were processed using Huygens software (Scientific Volume Imaging, The Nether- 302
lands), processed and analyzed using the FiJi package [48]. The immunoblotting proce- 303
dure was performed as previously described [49]. Primary antibodies: anti-E-cadherin 304
(mouse monoclonal, 610181, BD Transduction Laboratories, USA), anti-proliferating cell = 305
nuclear antigen (PCNA; rabbit polyclonal, ab18197, Abcam, UK), anti-Trop2 (rabbit mon- 306
oclonal, ab214488, Abcam), anti-Trop2 (goat polyclonal, AF1122, R&D Systems, USA), 307
anti-vimentin (mouse monoclonal, #5741, Cell Signaling), anti-YAP (4912, Cell Signaling). 308
Secondary antibodies (all from Thermo Fisher Scientific): goat anti-mouse Alexa Fluor™ 309
488 (A-11001), goat anti-rabbit Alexa Fluor™ 488 (A-11034), donkey anti-goat Fluor™ 488 310
(A11055), donkey anti-rabbit Alexa Fluor™ 594 (A-21207), goat anti-rabbit biotin-XX (B- 311
2770). Biotin-conjugated secondary antibodies were visualized using the Vectastain Elite 312
ABC-HRP kit, peroxidase (PK-6100, Vector Laboratories, USA). 313

2.12. Isolation of intestinal epithelial cells 314

Epithelium was isolated from the proximal jejunum of Ki67-RFP ApcKOiKO Villin- 315
CreERT2 mice 7 days after tamoxifen administration. Microadenomas were isolated from 316
the ileum of Rosa26-td Tomato-ApcKO/ekO [or5-EGFP-CreERT2 mice 6 weeks after tamoxifen 317
administration. The intestinal tube was cut longitudinally, washed in PBS, and incubated 318
in 5mM EDTA solution in PBS (pH 8; Merck) for 30 min at 4°C. After incubation, the so- 319
lution was shaken vigorously to obtain a suspension of epithelial cells. To isolate crypts 320
from Apcek0rKO [or5-EGFP-CreERT2 mice, villi were carefully scraped with the coverslip 321
before incubation in the EDTA/PBS solution. Tumors from 16-18-week-old Apc*Mi* mice 322
were cut directly from the small intestine; healthy control tissue was obtained from Apc** 323
littermates. Tissue cut into small pieces was incubated with dispase (Thermo Fisher Sci- 324
entific; stock solution 100 mg/mL, diluted 1:300 in serum-free DMEM) on a rotating plat- 325
form (800 x RPM, 5 min, 37°C). The released cells were transferred to DMEM containing 326
10% FBS, and the whole procedure was performed three times. Finally, the cell suspension 327
was passed through a 40-pum strainer (Corning). The freshly resected human colon tumor 328
specimens and healthy parts of the colon were mechanically homogenized with scissors. 329
The tissue homogenates were incubated with dispase and processed as mouse tumors. 330
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Cell suspension was diluted in DMEM supplemented with 10% FBS and centrifuged at 331
500 = g at 4°C for 5 min to concentrate cells for flow cytometry or organoid cultures. 332

2.13. Organoid cultures 333

Epithelial crypts obtained from resected human tissue were embedded in Matrigel 334
(Corning) and cultured as previously described [50]. Advanced DMEM/F12 culture me- 335
dium (Thermo Fisher Scientific) was supplemented with GlutaMax (Thermo Fisher Scien- 336
tific), 10mM HEPES (1M stock, Thermo Fisher Scientific), penicillin/streptomycin (Thermo 337
Fisher Scientific), B27 supplement (Thermo Fisher Scientific), 1.25mM N-acetylcysteine 338
(Merck), 10mM nicotinamide (Merck), 50 pug/ml mouse recombinant epidermal growth 339
factor (EGF; Thermo Fisher Scientific), 10nM [Leul5]-gastrin I (Merck), 500nM A83-01 340
(Tocris Bioscience, USA), 3uM SB202190 (Merck), and 2 ul/ml Primocin® (InvivoGen, 341
France). The medium was also supplemented with mNoggin-Fc [51] and R-spondin 1 342
(Rspol) [52] conditioned culture medium (CM) to a final concentration of 10% each CM. 343
Cells producing the indicated secreted proteins were kindly provided by H. Clevers (Hu- 344
brecht Laboratory, Utrecht, The Netherlands) and K. Cuo (Stanford University, USA), re- 345
spectively. To avoid anoikis, 2.5mM Y-27632 (Merck) was added to freshly resected crypts 346
for the first 2-3 days and to organoids recovered from liquid nitrogen after thawing. Fi- 347
nally, the culture medium was supplemented with 0.5nM Wnt Surrogate-Fc Fusion Pro- 348
tein (WntSur; U-Protein Express BV, Netherlands). 349

2.14. Fluorescence-activated cell sorting (FACS) 350

Epithelial crypt cells from the ileum of Ki67-RFP ApcK0/KO Villin-CreERT2 mice and 351
microadenomas from Rosa26-tdTomato ApcekO/KO Ler5-EGFP-CreERT2 mice were stained 352
with Pacific Blue™ (PB) anti-CD45 antibody (#103126, BioLegend, USA; dilution 1:200), 353
PB-conjugated anti-CD31 (#102422, BioLegend; 1:200), fluorescein (FITC)-conjugated anti- 354
EPCAM (#11-5791-82, Thermo Fisher Scientific; 1:500), and allophycocyanin (APC)-conju- 355
gated anti-TROP2 (FAB1122A, R&D Systems; 1;100) for 20 min at 4°C; just before sorting, 356
Hoechst 33258 (Merck) was added to the cell suspension. Cells were sorted by forward 357
scatter (FSC), side scatter (5SC), and negative staining for Hoechst and PB. EPCAM* (epi- 358
thelial) cells were further sorted for Trop2 expression to obtain EPCAM*Trop2* and EP- 359
CAMTrop2- cells. The red fluorescence of RFP/tdTomato was used to distinguish prolif- 360
erating and tumor cells, respectively. Cell sorting was performed using the Influx Cell 361
Sorter (BD Biosciences, USA). Human colon cells were stained with PB-conjugated anti- 362
CD45 (#304022, BioLegend; 1:400), PB-conjugated anti-CD31 (#303114, BioLegend; 1:400), 363
PE-conjugated anti-EPCAM (FAB9601P, R&D Systems; 1;,500) and APC-conjugated anti- 364
TROP2 (FAB650A, R&D Systems; 1:100) and with Hoechst 33258 20 min at 4°C. Cells were 365
sorted by FSC, SSC, and negative staining for Hoechst and PB; EPCAM?* cells were sorted 366
according to TROP2 expression. 367

2.15. Bulk RNA sequencing (RNA-seq) 368

Sequencing libraries were prepared from total RNA using the Smarter Stranded Total 369
RNA-seq Kit v2 Pico Input Mammalian (Takara, Japan), followed by size distribution 370
analysis in the Agilent 2100 Bioanalyzer using the High Sensitivity DNA Kit (Agilent). 371
Libraries were sequenced in the Illumina NextSeq 500 instrument (Illumina, USA) using 372
a 76bp single-end configuration. Read quality was assessed using FastQC (Babraham Bi- 373
oinformatics, Babraham Institute, UK). The nf-core/rnaseq bioinformatics pipeline [53] 374
was used for subsequent read processing. Individual steps included removal of sequenc- 375
ing adapters and low-quality reads with Trim Galore! (Babraham Bioinformatics), map- 376
ping to the reference GRCm38 genome (Ensembl 2019) using HISAT2 [54] and quantifying 377
gene-level expression with featureCounts [55] (mouse cell analysis) or quantification of 378
expression with Salmon [56] using GRCh38 as a reference (human cell analysis). Expres- 379
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sion per gene served as input for differential expression analysis using the DESeq2 R Bio- 380
conductor package [57] performed separately for each experiment. Genes not expressed 381
in at least two samples were screened out before analysis. We created an experimental 382
model in which the sample group was assumed the main effect, taking into account the 383
identity of the samples. Genes that had a minimum absolute log2 fold change of 1 (Ilog2| 384
FC=1) and statistical significance (adjusted p-value < 0.05) between the compared sample 385
groups were considered differentially expressed. 386

2.16. Raw expression data repository 387

Minimum Information About a Microarray Experiment (MIAME) compliant data 388
were deposited to the ArrayExpress database under accession numbers: E-MTAB-11377 389
(analysis of Ki67-RFP Apck0/ekO Villin-CreERT2 mice), E-MTAB-11382 (Rosa26-tdTomato 390
ApcekoikO [or5-EGFP-IRES-CreERT2 mice), and E-MTAB-11466 (human specimens). 391

2.17. Luciferase reporter assays 392

A putative promoter region of the human TROP2 gene consisting of a 3kbp sequence 393
upstream of the transcription start site was analyzed in silico with the CiiiDER web tool = 394
[58] for the presence of T-cell factor (TCF)/lymphoid enhancer factor (LEF) and TEA do- 395
main (TEAD) transcription factor binding sites using previously published position fre- 39
quency matrices [59]. Proposed binding sites with low match to consensus binding se- 397
quences (parameters: Core Match Score below 1, Matrix Match Score below 0.93 and 0.858; 398
TCF/LEF and TEAD respectively) were subsequently filtered out. A 2765bp sequence 399
from the upstream regulatory region of TROP2, which includes three putative TCF/LEF 400
and five TEAD binding sites, was amplified from HEK293 genomic DNA with the follow- 401
ing primers: forward 5'-GTTTACATAATAAACTCATTGTGGTCTTTGT-3' and reverse 5' 402
TATAGTTTACAGTTCACAAACATTATCTCATC-3', and cloned into the pGEM-T Easy 403
vector (Promega). After sequence verification, the fragment was subcloned into the 404
pGL4.26 luciferase reporter (Promega) using cloning sites Xho I and Bgl II. HEK293, 405
DLD1, and SW480 cells were transfected with 0.1 ug of reporter, 0.05 ug of pRL-TK control 406
vector (Promega), and expression/empty vector or 0.55 ul of 20uM corresponding siRNA 407
in 24-well plates using Lipofectamine 2000 (Thermo Fisher Scientific) according to the 408
manufacturer's protocol. Cells were incubated for 48 hours after transfection and lysed 409
with Passive Lysis Buffer (Promega). Dual reporter assay was performed using the Lucif- 410
erase Assay System (Promega) and the Renilla Luciferase Assay System (Promega) in the 411
Glomax 20/20 Luminometer (Promega). Reporter vectors: pGL4.26 with the TROP2 pro- 412
moter, Wnt reporter 8xSuperTopFlash, a gift from Randall Moon [60], and YAP/TAZ re- 413
porter 8xGTIIC (Addgene #34615), a gift from Stefano Piccolo [61]. Expression vectors: 414
S127A YAP [62] (Addgene #27370), a kind gift from Kunliang Guan, and S45A (3-catenin 415
[63]. For RNAI, cells were transfected with Lipofectamine RNAMax (Thermo Fisher Sci- 416
entific) with 10nM siRNAs: siCTNNB (#M-003482-00-0005, Horizon Discovery, UK), 417
siYAP (#M-012200-00-0005, Horizon Discovery), and non-targeting siRNA control 418
(#D001206-13-20, Horizon Discovery). Experiments were performed in triplicate, lucifer- 419
ase values were normalized to the corresponding Renilla luciferase values and plotted as 420
relative luciferase units (RLU) in Prism (GraphPad Sofware, USA). 421

2.18. Statistical analysis 422

Statistical analysis was performed using R, version 4.1.2. Exploratory data analysis 423
was performed for all parameters. Data are presented as mean + standard deviation (SD; 424
normally distributed data), median and interquartile ranges (non-normally distributed 425
data), and counts with frequencies for categorical data. Correlations between TROP2 scor- 426
ing groups and clinicopathological variables after binarization were examined using uni- 427
variate logistic regression. Survival probabilities for cancer-specific survival were deter- 428
mined using the Kaplan-Meier method and the log-rank test, and confidence intervals 429
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were calculated using the log-log method. Multivariate Cox regression was used to test 430
the prognostic significance of TROP2 expression and other parameters. Results are pre- 431
sented as odds ratio/hazard ratio with 95% confidence intervals. A p-value of less than 432

0.05 was considered statistically significant. 433
3. Results 434
3.1. TROP2 expression is upregulated during neoplastic transformation of human colonic 435
epithelium 436

To investigate the expression of TROP2 during tumorigenesis in colonic epithelium, 437

we collected and analyzed 70 paired endoscopic biopsy samples at different stages of ne- 438
oplastic transformation. Quantitative RT-PCR analysis revealed that the TROP2 gene ex- 439
pression was significantly increased in all stages of the tumor formation process compared 440
with healthy controls, i.e., in hyperplastic polyps, adenomas with increasing degree of 441
dysplasia, and CRCs (Figure 1A). Subsequently, localization of the TROP2 protein was 442
detected by immunohistochemistry. In contrast to normal colonic epithelium, which did 443
not show TROP2 staining, preneoplastic lesions showed clear, albeit "patchy" TROP2 ex- 444
pression (Figure 1B). In CRC tissue, TROP2 showed heterogeneous staining intensity 445
ranging from negative to strong expression in almost all malignant cells, and the corre- 446
sponding metastases exhibited the staining pattern of the primary tumor (Figure 1C). 447
448
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Figure 1. TROP2 gene expression and protein localization in human adenoma and adenocarcinoma 449
samples. (A) Upregulated TROP2 gene expression at different stages of the neoplastic transfor- 450
mation sequence; TROP2 expression levels at the indicated tumor stage were compared with 451
healthy colon biopsy samples. Data are presented as medians (black squares), 25th and 75th percen- 452
tiles (boxed areas), and minimum and maximum values ("whiskers"); outlier values are also indi- 453
cated (small rotated black squares). The association between the TROP2 expression profile and the = 454
histology grade of the neoplasia is significant, as shown by the Spearman and Kendall coefficient 455
values. **, p < 0.01. (B) Representative microscopic images of immunohistochemical detection of 456
TROP2 in normal colonic mucosa (colon) and in the indicated types of preneoplastic lesions. (C) 457
Heterogeneous TROP2 expression in colorectal cancer; typical staining in adenocarcinomas with 458
strong (CRC1), moderate (CRC2), and no TROP2 expression (CRC3) is shown. The corresponding 459
lymphoid (CRC1-m, CRC2-m) or hepatic (CRC3-m) metastases have the TROP2 staining pattern 460
similar to the primary tumor. Note the positive staining of intrahepatic cholangiocytes (empty ar- 461
rowhead). All specimens were stained with substrate 3,3-diaminobenzidine (DAB; dark brown pre- 462
cipitate) and counterstained with hematoxylin (blue nuclear stain). Ctrl, healthy colon; Hyp, hyper- 463
plastic polyps (n=9); LGD, adenomas with low-grade dysplasia (n=24); HGD, adenomas with high- 464
grade dysplasia (n=25); CRC, invasive carcinoma (n=12); original magnification 100 x. 465
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3.2. TROP?2 is an independent negative prognostic factor in CRC patients 466

Few prognostic molecular markers have been validated in patients with CRC [64], 467
and only a limited number of available options are used in clinical practice for CRC tar- 468
geting. Therefore, there is a constant need to search for new predictive and prognostic 469
CRC molecular markers. TROP2 is considered a promising therapeutic target in several 470
other human malignancies [65]. Therefore, we used TMA to investigate the prognostic 471
value of TROP2 in 292 retrospective CRC cases. TROP2 expression was assessed by the 472
total immunostaining score (T1S), which was calculated as the product of the proportion 473
score and the staining intensity score with the total value ranging from 0 to 12. A photo- 474
micrograph of TMAs with four different scoring categories is shown in Supplementary 475
Figure S1A; the distribution of TIS within each category is shown in Supplementary Fig- 476
ure S1B. To better characterize the cases of CRC, we determined four immunohistochem- 477
ical markers in addition to standard clinicopathological parameters: PD-L1, CK7, CK20, 478
and SATB2. Programmed death ligand 1 is considered a predictive marker for immune 479
checkpoint inhibitors already approved for the treatment of microsatellite instability-high 480
(MSI-H) CRC. Intermediate filament component CK7 was found to be a negative prog- 481
nostic factor in a subset of CRC [38]. Cytokeratin 20 is a routinely used diagnostic marker 482
for CRC, and combined immunostaining of CK20 and SATB2 has been shown to distin- 483
guish the majority of CRC [66]. In addition, CK20 and SATB2 are considered markers of 484
colorectal differentiation, and loss of SATB2 expression is associated with an aggressive 485
phenotype of CRC and poor prognosis [67]. 486

For survival analysis, we used the Kaplan-Meier method and the log-rank test. The 487
patient cohort was first divided into three subgroups according to TIS: score 0-4 (low ex- 488
pression) in 179 cases, score 6-8 (medium expression) in 44 cases, and score 9-12 (high 489
expression) in 69 cases. Considering the "flattening” of the survival curves at 5 years of 490
follow-up for the low and medium expression scores (Supplementary Figure S2), we com- 491
bined these scoring categories into two groups: low/medium expression (score 0-8) in 223 492
(76.4%) cases and high expression (score 9-12) in 69 (23.6%) cases (Supplementary Figure 493
S1B). Patient data and correlation analysis of TROP2 expression with clinicopathological =~ 494
characteristics are summarized in Supplementary Table S3, statistically significant varia- 495
bles are also shown in bar charts (Supplementary Figure S3). Patients with a high score 496
had significantly shorter cancer-specific survival (CSS) than the low/medium score group, 497
as shown by the Kaplan-Meier survival curves (Figure 2A). Restricted median survival 498
time (RMST), i.e.,, median survival from surgery to CRC-related death, was 5.93 years 499
[95% confidence interval (CI); 4.92-6.94] in patients with high TROP2 expression com- 500
pared to 7.68 years (95% CI; 7.20-8.15) in the low/medium score group (p=0.0012); RMST 501
values were obtained for 10 years of follow-up and are shown in Figure 2B. The same 502
results were observed in survival analysis based on the TROP2 proportion score with an 503
optimal cutoff value of 25% positively stained cancer cells (p=0.00016), and the corre- 504
sponding survival curve is shown in Figure 2C. Multivariate Cox regression identified 505
high TROP2 expression together with lymph node metastases and age older than 75 years 506
as an independent negative prognostic factor for poor CSS, whereas CK7 reached border- 507
line significance (Figure 2D). 508
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Figure 2. Analysis of cancer-specific survival and prognostic significance of TROP2 in 292 patients 510
with colorectal cancer. (A) Kaplan-Meier survival curves calculated for groups with high (score 9- 511
12) and low/medium (score 0-8) TROP2 expression showed poorer survival in patients with TROP2 512
overexpression. (B) Restricted mean survival time (RMST) is significantly shorter in the high TROP2 513
expression group than in the low/medium score group (5.93 vs. 7.68 years, p=0.0012). (C) Kaplan- 514
Meier analysis based on the TROP2 proportion score showed poor prognosis in patients with >25% 515
positively stained TROP2 cancer cells (p=0.00016). (D) Forrest plot showing significant results of 516
multivariate Cox regression identifying high TROP2 expression as an independent negative prog- 517
nostic factor in patients with CRC (p=0.006) along with lymph node involvement (p > 0.001) and age 518
>75 years (p=0.015); CK7, cytokeratin 7. 519

3.3. TROP2 expression in CRC cells is associated with gene signatures related to EMT and cell- 520
extracellular matrix interaction 521

To determine gene expression associated with TROP2 surface expression on CRC 522
cells, we performed gene expression profiling of cells isolated from human CRC samples. 523
Live epithelial cells (labeling: Hoechst33358/CD31/CD45- EPCAM) were sorted based on 524
TROP2 protein abundance from single-cell suspensions obtained from freshly resected 525
human CRC samples (Figure 3A). Cells from four CRCs were subsequently analyzed by 526
bulk RNA-seq. Principal component analysis (PCA) based on the 500 most differentially 527
expressed genes revealed substantial similarity between TROP2"sh and TROP2'ow cells ob- 528
tained from the same sample, indicating a high degree of heterogeneity between tumors. 529
Nevertheless, in all samples, TROP2 expression levels were elevated in TROP2high cells 530
compared with TROP2lw cells, confirming the sorting strategy (Supplementary Figure 531
S4). We then performed gene set enrichment analysis (GSEA) of 72 genes significantly 532
(adjusted p-value < 0.05) upregulated in TROP2-producing cells using the Enrichr online 533
tool [68]. We used either the Molecular Signatures Database (MSigDB) Hallmark 2020 [69] 534
or Gene Ontology (GO) Biological 535

A B .
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Epithelial Mesenchymal Transition (EMT)

KRAS Signaling Up

TNF-alpha Signaling via NF-kB (TNF-alpha - NF-kB)
IL-2/STATS5 Signaling

Hypoxia

Coagulation
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Figure 3. Analysis of human cells obtained from CRC specimens. (A) A representative diagram 536
shows the fluorescence-activated cell sorting gate used to obtain TROP2"s" and TROP2"°* human 537
colon tumor cells; see Materials and Methods for further details. (B) Analysis of gene expression 538
profiles of TROP2heh human tumor cells. Differentially expressed genes (n = 72) enriched in 539
TROP2hieh cells (significance criterion: adjusted p-value < 0.05) were analyzed using the Molecular 540
Signatures Database (MSigDB) Hallmark 2020 and Gene Ontology (GO) Biological Processes 2021 541
gene set collections. The adjusted p-value (calculated from Fisher's exact test) was assigned to each 542
category; the top five categories with the adjusted p-value < 0.01 are shown. The length of the col- 543
umns correspond to the significance of each column in the graph - the longer the column, the higher 544
the significance. The genes are listed in Supplementary Table S4. 545

Processes 2021 [70,71] gene set collections. The highest scoring signaling pathwaysin 546
TROP2high cells according to the MsigDB Hallmark 2020 gene sets included EMT, KRAS 547
signaling, TNF-a signaling via NF-kB, and intereleukin (IL) 2/STATS5 signaling (Figure 548
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3B). Corresponding genes involved in EMT and extracellular matrix reorganization that 549
were upregulated in TROP2-positive cells were laminin subunit alpha 3 and gamma 2 550
(LAMAS3 and LAMC2), filamin A (FLNA), dystonin (DST), C-X-C motif chemokine ligand 551
1 (CXCL1), vascular endothelial growth factor A (VEGFA), osteopontin (SPP1), plasmino- 552
gen activator-like urokinase receptor (PLAUR), disintegrin and metalloproteinase 19 553
(ADAM19), and matrilysin [(also known as matrix metalloproteinase 7 (MMP7)] (Supple- 554

mentary Table S4). 555
3.4. Trop2 expression marks a subset of tumor cells in two mouse models of intestinal 556
tumorigenesis 557

To analyze Trop2 expression in mouse tumor tissues we employed ApcM* mice. In 558
the genome of these mice [originally designated as mice with multiple intestinal neoplasia 559
(Min)], one allele of tumor suppressor Apc is inactivated by mutation. Incidental inactiva- 560
tion of the second functional allele of this gene in the intestinal epithelium results in non- 561
physiological activation of the Wnt signaling pathway, which is associated with develop- 562
ment of intestinal tumors [43]. The mouse strain is commonly used to study intestinal 563
tumorigenesis associated with hyperactivation of the Wnt pathway [72]. We observed a 564
clear, albeit scattered, Trop2 protein positivity in tumors in the small and large intestine. 565
In contrast, staining in healthy tissue was negligible (Supplementary Figure S5A). Quan- 566
titative RT-PCR profiling confirmed high Trop2 mRNA levels in tumors derived from dif- 567
ferent parts of the small intestine and colon. In addition, a slight increase in Trop2 expres- 568
sion was observed in the middle and distal part of the healthy small intestine compared 569
with the proximal small intestine segment and colon (Supplementary Figure S5B). 570

To monitor Trop2 expression in early neoplastic intestinal lesions, we used the con- 571
ditional (cKO) allele of the Apc gene [41]. We knocked out the gene first in all intestinal 572
epithelial cells by crossing Apcek0/k0 mice with the Villin-CreERT2 mouse strain [42], and 573
then in intestinal epithelium stem cells (IESCs) by using the Lgr5-CreERT2-EGFP strain 574
[45]. Histological analysis of Apck9/ k0 Villin-CreERT2 mice performed seven days after 575
tamoxifen administration, i.e. Apc inactivation, revealed hyperplastic epithelium with 576
Trop2 positivity mainly on the villi. In (micro)adenomas that formed in ApckO/KO Lgr5- 577
CreERT2-EGFP mice three weeks after Apc gene inactivation, we also observed that some 578
areas of the tumors produced Trop2 (Figure 4A). To investigate the properties of Trop2- 579
producing tumor cells, we used two (additional) mouse strains. First, we used Ki67-RFP 580
mice that produce a Ki67-RFP fusion protein from the endogenous Ki67 locus [44]. After 581
crossing with Apcek0/kO Villin-CreERT2 mice and administration of tamoxifen, early neo- 582
plastic lesions develop in the intestine of these animals. As most tumor cells divide, the 583
cells of these lesions produce the proliferation marker Ki67 and are simultaneously la- 584
beled by the red fluorescence of RFP protein (Figure 4B, left part of the diagram). In the 585
case of the second strain, we used the so-called reporter allele R26-tdTomato, which has an 586
integrated gene encoding a tandem dimer (td) of red fluorescent protein Tomato in the 587
Rosa26 locus. Although this locus is transcriptionally active in all mouse cells, the 588
tdTomato protein is not translated because of the insertion of a transcription blocker up- 589
stream of the translation initiation codon of the tdTomato gene, which prevents transcrip- 590
tion of tdTomato mRNA. Transcription (and production of the tdTomato protein) then oc- 591
curs only in cells in which the blocker has been "excised" by Cre recombinase [46]. Cre- 592
mediated recombination in a second mouse strain, R26-tdTomato ApcKO/k0 [gr5-EGFP- 593
CreERT?2, results in knockout of the Apc gene in IESCs, accompanied by production of the 594
red fluorescent protein tdTomato in growing adenomas (Figure 4B, right part of the dia- 595
gram). Stereoscopic microscopy images of lesions that developed in the midportion of the 596
small intestine of Ki67-RFP Apck0/k0 Villin-CreERT2 and R26-tdTomato ApceKO/KO [gr5- 597
EGFP-CreERT2 mice 7 days and 6 weeks after tamoxifen administration, respectively, are 598
shown in Figure 4C (left panels). Interestingly, immunofluorescence staining of the 599
marker for proliferating cells, PCNA, showed that only a minority of proliferating tumor 600
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cells produced Trop2 (Figure 4C, right panels). First, we isolated RFP-positive proliferat-
ing cells from the hyperproliferative epithelium of Ki67-RFP Apcek0/<KO VillinCreERT2 mice
7 days after Cre-mediated recombination and sorted them according to Trop2 expression.
To verify correct cell sorting, we also isolated a fraction of nonproliferative, i.e. REP-neg-
ative, cells that contained mainly differentiated Apc wild-type (WT) epithelial cells. Simi-
larly, we used R26-tdTomato Apck0/eKO [or5-EGFP-CreERT2 mice 6 weeks after Apc inacti-
vation to isolate tdTomato*Trop2+ and tdTomato*Trop2- tumor cells and additionally a
tdTomato-negative cell fraction that presumably contained differentiated Apc WT small
intestinal epithelial cells (Figure 4D). Expression profiling of the isolated cell populations
was then performed.
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Figure 4. Analysis of Trop2 expression in two mouse models of intestinal tumorigenesis. (A) Im-
munohistochemical detection of Trop2 in the indicated mouse strains 7 (upper image) or 21 (bottom
image) days after tamoxifen administration. Specimens were counterstained by hematoxylin; scale
bar: 100 um. (B) Schematic diagram of the experimental setup for tumor cell isolation. The middle
part of the diagram shows a crypt with the dividing cells (these cells produce the Ki67-RFP fusion
protein) and stem cells expressing EGFP and CreERT2 recombinase; cells containing active (nuclear)
Cre recombinase (after tamoxifen administration) are labeled by yellow arrowheads. The left and
right parts of the diagram depict neoplastic intestinal lesions (marked by red fluorescence) that de-
veloped after Apcinactivation with the indicated Cre driver. (C) Stereomicroscopic images of native
RFP/tdTomato fluorescence (left) and immunodetection of PCNA- and Trop2-positive (white ar-
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rowheads; right) cells in the middle part of the small intestine 7 days (top image) and 6 weeks (bot- 621
tom image) after Apc inactivation. The specimens were counterstained with 4',6-diamidine-2'-phe- 622
nylindole dihydrochloride (DAPI; nuclear blue florescent signal). (D) Sorting of cell populations 623
used for expression profiling. Scale bars: 2 mm (left panel) and 100 pm (middle panel). 624

Comparison of the expression profile of Trop2*Ki67-RFP* and Trop-Ki67-RFP+ cells 625
with cells that did not produce the Ki67-RFP fusion protein revealed that genes that are 626
highly overproduced in "red" cells have functional relationships with various stages of the 627
cell cycle, such as DNA replication and mitosis. Moreover, tdTomato-positive cells in the 628
adenomas of R26-tdTomato ApcKO/KO Lor5-EGFP-CreERT2 showed significant upregula- 629
tion of Wnt target genes compared with tdTomato-negative cells [73-76], and see also the 630
webpage https://web.stanford.edu/group/nusselab/cgi-bin/wnt/target_genes). In addi- 631
tion, the cells labeled with Ki67-RFP showed significantly decreased expression of IESC 632
marker olfactomedin 4 (Olfm4). This indicated that the Ki67-RFP- cell population predom- 633
inantly contained tumor cells and was not “contaminated” by healthy epithelial crypt cells 634
(Supplementary Tables S5 and S6). Subsequent analysis showed that there was a signifi- 635
cant difference (the significance criterion: (llogz FC| > 1; adjusted p-value < 0.05) in the 636
expression of a total of 2944 genes between Trop* and Trop- tumor cells; 240 genes were 637
identified in both experiments (Figure 5A, Supplementary Table S7). We then performed 638
GSEA of the genes whose expression was elevated in Trop2-producing cells using the 639
online tool Enrichr. As with the human samples, we used either the MSigDB Hallmark 640
2020 gene set or the GO Biological Processes 2021 gene set. Analysis based on the In 641
MSigDB Hallmark 2020 database showed that mainly genes related to EMT were enriched 642
in Trop* tumor cells obtained from both mouse models (Figure 5B). Surprisingly, a dataset = 643
related to the coagulation process scored second in Trop-positive cells obtained from ad- 644
enomas and third in Trop* cells present in hyperplastic lesions. On closer analysis, we 645
found that this was due to increased expression of several extracellular and intracellular 646
proteases involved in the coagulation cascade, among others (Supplementary Table S7). 647

648
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Figure 5. Analysis of gene expression profiles of Trop2* tumor cells isolated from Apc-deficient ne-
oplasia developed in two mouse models of Apc gene inactivation. (A) Venn diagram indicating the
number of genes differentially expressed in Trop2-positive cells (compared to Trop2-negative cells)
isolated from the hyperplastic epithelium of Ki67-RFP Apck9 K0 ViilinCreERT2 mice or microadeno-
mas of Rosa26-tdTomato ApceKO'™KO Lgr5-EGFP-CreERT2 mice 7 days or 6 weeks after Apcinactivation,
respectively. Significance criterion: |log2 FC| > 1; adjusted p-value < 0.01. The genes are listed in
Supplementary Tables S5, S6, and S7. Differentially expressed genes were further analyzed using
the MSigDB Hallmark 2020 (B) and GO Biological Processes 2021 (C) gene set collections. The ad-
justed p-value (calculated from Fisher's exact test) was assigned to each category; five top categories
with the adjusted p-value < 0.01 are shown. Note that the statistical significance was not reached for
the overlap gene set using when the GO Biological Processes 2021 database was used. The coloring
and length of the columns corresponds to the significance of each column in the graph - the longer
column and lighter color indicate higher significance. (D) Immunodetection of Trop2 and vimentin
in microadenomas that developed in Apc®KO’kO [or5-EGFP-CreERT2 mice 6 weeks after Apc inacti-
vation; magnified image of the inset is on the right. Arrowheads point to Trop2-positive epithelial
cells with accumulated vimentin. Specimens were counterstained with DAPI; scale bar: 50 pm.

In addition, genes involved in TNF-a signaling via NF-xB were enriched in Trop2-
positive cells in both tumor models. Additional datasets included hypoxia, active KRAS
and IL2/6-STAT/5/3 signaling; apoptosis and myogenesis were also indicated (Figure 5B).
In the GO Biological Processes 2021 database the genes falling into categories ‘Extracellu-
lar matrix/structure organization” and ‘Regulation of cell proliferation” were the most sig-
nificantly enriched in Trop2+ cells obtained from hyperplastic lesions or adenomas, re-
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spectively. Moreover, genes (over)expressed in Trop2* cells represented the processes re- 672
lated to cell migration and positive regulation of cell motility (Trop2+ cells from hyper- 673
plastic lesions) or positive regulation of cell proliferation, cell motility, ameboidal type of 674
cell migrations, and cell to cell adhesion (Trop2* cells from adenomas; Figure 5C). Vi- 675
mentin is an intermediate filament involved in cell migration, motility, and adhesion. In 676
solid cancers, vimentin controls EMT [77]. Given the results of our bulk RNA-seq experi- 677
ment showing that Trop2-positive cells in tumors exhibit an EMT signature, we colocal- 678
ized Trop2 and vimentin in transformed intestinal epithelial cells (Figure 5D). We identi- 679
fied annexin A1 (ANXA1I) and A-kinase anchoring protein 12 (AKAP12) as genes enriched 680
in both mouse and human TROP2-positive/high cells (Supplementary Tables 54 and 57). 681

3.5. TROP?2 expression level in human colon organoids derived from healthy epithelium depends 682
on Wnt pathway activity 683

We then examined the expression of TROP2 in organoids derived from human 684
CRCs; the healthy tissue adjacent to the tumor was used to establish cultures of "healthy" 685
organoids. Initially, organoids were cultured in standard ENR medium containing EGF, 686
noggin, and RSPO1 without the addition of a Wnt ligand. This medium does not support 687
long-term growth of healthy organoids, but the established organoids survive in culture 688
for about two weeks. However, the ENR medium is suitable for growth of tumor organ- 689
oids for which stimulation of division and growth by the exogenous Wnt ligand is not 690
required [78]. To increase the stimulation of the Wnt pathway, the next-generation surro- 691
gate Wnt ligand (WntSur) was added to the ENR medium at increasing concentrations. 692
Organoid lines derived from tumor and healthy tissues of three patients were analyzed. 693
In the healthy organoids, TROP2 expression levels were quite similar and increased with 694
stimulation of the Wnt pathway. The same trend was observed for the Wnt target genes 695
and vimentin. In contrast, increasing stimulation of the Wnt pathway resulted in de- 696
creased expression of differentiated cell markers, alkaline phosphatase (ALPI) and sucrase 697
isomaltase (SIM), as well as of epithelial cell marker E-cadherin. In tumor organoids, the 698
situation was different. The level of TROP2 gene expression in organoids obtained from 699
tumor tissue differed markedly from patient to patient, and enhanced stimulation of the 700
Wnt pathway had no effect on this expression, as confirmed by immunofluorescence de- 701
tection of TROP2 in tumor organoids cultured in ENR medium without addition and with 702
addition of the WntSur ligand. Expression of the other genes tested was also unaffected 703
by enhanced activation of the Wnt pathway (Figure 6A). Previous work suggests that 704
Trop2 is expressed in the intestinal epithelium under certain conditions, particularly dur- 705
ing embryonic gut development and in the recovery phase after tissue damage [21,22]. It 706
is known that under these conditions, cell growth and tissue regeneration are driven by 707
the YAP-tafazzin (TAZ)-driven transcriptional program [22,79-81]. The transcriptional ac- 708
tivity of YAP and TAZ is controlled by the Hippo signaling pathway. The Hippo signaling 709
pathway was originally discovered in Drosophila melanogaster as a system for regulating 710
organ size; however, its core components are evolutionarily conserved [82,83]. When the 711
Hippo signaling pathway is inactive, the YAP and TAZ mediators are translocated to the 712
nucleus, where they interact with members of the TEAD transcription factor family and 713
activate transcription of various proproliferative and anti-apoptotic genes [84]. We per- 714
formed analysis of the expression of (putative) target genes of YAP/TAZ signaling. Inad- 715
dition, we analyzed the localization of YAP in organoid cells. The results of gqRT-PCR 716
analysis confirmed significant differences between the expression profiles of tumor or- 717
ganoids. 718

719
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Figure 6. Hyperactivation of the Wnt pathway stimulates TROP2 in healthy colon organoids. (A) 720
Left, qRT-PCR analysis of expression levels of the indicated genes in human healthy colon organoids 721
(Healthy) and organoids derived from human CRC. The organoids were cultured either in standard ~ 722
organoid medium (ENR), or in ENR medium supplemented with next-generation surrogate Wnt 723
ligand (WntSur) at final concentration 0.05 nM, 0.1 nM, and 0.5 nM (WntSur 0.05, WntSur 0.1, and 724
WntSur 0.5, respectively). RNA samples isolated from three healthy and three tumor organoid cul- 725
tures were analyzed (each in technical triplicate; the average value of each triplicate is represented 726
by a grey or red dot, respectively). The diagram shows ACt counts, i.e., the cycle threshold (Ct) value 727
of the gene of interest minus the Ct-value of housekeeping gene -ACTIN (the lower is the ACt 728
value, the higher is gene expression); black lines indicate the mean value for three biological repli- 729
cates; *p <0.05; **p <0.01; **p <0.001. Wnt/B-catenin target genes: axis inhibition protein 2 (AXIN2), 730
achaete-scute complex homolog 2 (ASCL2), leucine rich repeat containing G protein-coupled recep- 731
tor 5 (LGRb5); differentiation markers: alkaline phosphatase (ALPI), sucrase-isomaltase (SIM); and 732
genes related to the EMT status: E-cadherin, vimentin. Right, fluorescent microscopy images of 733
TROP2 (membranous green fluorescent signal) in tumor organoids derived from human CRC; or- 734
ganoids having intermediate levels of TROP2 mRNA (ACt value * 13, see the very left diagram) 735
were used for the staining. The organoids were cultured either in the ENR medium alone or in the = 736
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ENR medium containing 0.5 nM WntSur (WENR). Note that the TROP2 protein expression is inde- 737
pendent of the presence of WntSur in the culture medium. The specimen was counterstained with 738
DAPI. Left images show three-dimensional (3D) projection of the whole organoid; right images 739
show one image layer; representative pictures are shown. Scale bar: 10 pum. (B) Left, quantitative 740
RT-PCR analysis of expression levels of the YAP/TAZ signaling target genes. The experimental 741
setup is identical as in panel (A); ANKRD1, ankyrin repeat domain 1; ANXA1, annexin Al; CTGF, 742
connective tissue growth factor; CTSE, cathepsin E; CYR61, cysteine-rich angiogenic inducer 61; 743
E2F1, E2F transcription factor 1; SCA1/LY6a, stem cells antigen-1/lymphocyte antigen 6; TEAD2, 744
TEA domain transcription factor 2. Right, fluorescent microscopy images of TROP2 (membranous 745
green fluorescent signal) and YAP (nuclear red florescent signal) protein localization in a healthy 746
human colon organoid. The organoids were cultured in the WENR medium containing 0.5 nM 747
WntSur. The specimen was counterstained with DAPI. Setting of the left image is described in panel ~ 748
(A); right image shows maximal intensity projection of six adjacent layers; the enlarged image is 749
shown in the inset. Scale bar: 25 um. 750

In healthy organoids, six of the eight potential target genes of the YAP/TAZ pathway 751
tested responded in a significant manner by an increase in expression to increasing con- 752
centrations of WntSur ligand. The CTSE gene showed no response, and for the ANXA1 753
gene, we observed a decrease in expression. Interestingly, immunofluorescence detection 754
of the YAP protein in organoids obtained from healthy colon epithelium and grown at 755
high WntSur concentration showed nuclear positivity of the YAP protein in most cells 756
(Figure 6B). 757

3.6. The TROP2 promoter is activated by transcriptional regulator YAP 758

Next, we tested the possibility of direct regulation of the TROP2 promoter by 759
YAP/TAZ. At the same time, we considered that TROP2 expression is (co)regulated by 760
Wnt/(-catenin signaling. According to the canonical mode of action, YAP/TAZ activate 761
transcription of target genes in complex with a transcription factor from the TEAD protein 762
family [62,85]. We performed an in silico search for binding motifs for both TEAD and 763
TCF/LEF transcription factors in the 2.7-kbp region upstream of the TROP2 gene tran- 764
scription start site using the freeware tool CiiiDER [58]. We localized five TEAD binding 765
sites and three TCF/LEF binding sites (Figure 7A). We also cloned the promoter region 766
containing all the detected binding sites into a luciferase reporter vector and performed a = 767
series of luciferase assays. In HEK293 cells, we tested the response of the TROP2 promoter 768
region to stimulation of the canonical Wnt pathway by Wnt3a-conditioned media and in- 769
hibition of GSK3 kinase by BIO. We also measured the promoter response in HEK293 cells 770
to transient expression of transcriptionally active nonphosphorylated [3-catenin S45A or 771
YAP variant S127A. Luciferase assays using the synthetic SuperTopflash (STF) 772
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Figure 7. The human TROP2 promoter harbors multiple binding sites for transcription factors TEAD 775
and TCF/LEF and is activated by YAP. (A) A graphical schema of the human TROP2 locus showing 776
the regulatory/promoter region harboring the TEAD and TCF/LEF binding sites (red and blue bars 777
indicate the relative positions of the above consensus binding sequences within the promoter re- 778
gion) detected by the CiiDER in silico analysis tool. A sequence labeled "promoter” was cloned into 779
the firefly luciferase reporter for functional analysis, ORF represents the open reading frame region 780
of the TROP?2 single-exon gene. The positions of the selected restriction endonuclease sites are also 781
indicated. (B) Luciferase assay in HEK293 cells transfected with the pGL4.26 reporter vector con- 782
taining the TROP2 promoter region or the Wnt/B-catenin-responsive SuperTopFlash reporter (STF) 783
or the empty pGL4.26 vector. To stimulate the Wnt pathway, transfected cells were treated with 784
increasing concentrations of Wnt3A-conditioned medium (mixed with standard culture medium as 785
indicated) or with GSK3 inhibitor BIO; "ctrl" indicates cells without Wnt3a or BIO treatment. (C) 786
Luciferase assay in HEK293 cells co-transfected with the indicated reporters and constructs express- 787
ing mutant variants of B-catenin (545A) or YAP (S5127A); "ctr]l" indicates cells transfected with the 788
reporter and an empty expression vector. Luciferase reporter assays after knockdown of B-catenin, 789
YAP, and/or TAZ in DLD1 (D) and SW480 (E) cells. Cells were transfected with the reporter plasmid 790
along with siRNA(s) as indicated. All experiments were performed in triplicate; firefly luciferase 791
levels were normalized to Renilla luciferase levels. Results are expressed as relative luciferase units ~ 792
(RLU). Quantitative RT-PCR analysis of DLD1 (F) and SW480 (G) cells after knockout of B-catenin, 793
YAP, and/or TAZ. Cells were treated with siRNAs as indicated; results were normalized to TBP 794
mRNA levels. The experiment was performed in triplicate, and results are shown as relative expres- 795
sion compared with a sample treated with a nonsilencing siRNA. Error bars in all graphs indicate 796
SDs; *p <0.05; *p <0.01; **p < 0.001. 797

No response of the TROP2 promoter to exogenous stimulation by Wnt3a CM was 798
detected. Hyperactivation of the Wnt pathway by GSK3 inhibitor BIO or by expression of 799
stable oncogenic B-catenin variant 545 only moderately increased the TROP2 promoter 800
activity (Figure 7B). However, in cells expressing S127A YAP, a significant increase in lu- 801
ciferase activity (driven by the TROP2 promoter) was observed (Figure 7C). In addition, 802
we used APC-deficient DLD1 and SW480 cells to perform siRNA-mediated knockdown 803
of B-catenin (encoded by the CTNNB gene), YAP, and TAZ, followed by luciferase assay. 804
Interestingly, knockdown of CTNNB mRNA increased luciferase expression of the TROP2 805
promoter, whereas YAP or simultaneous knockdown of YAP and TAZ decreased TROP2 806
promoter activity in DLD1 and more significantly in SW480 cells (Figure 7D and 7E). 807
Moreover, gRT-PCR analysis clearly showed that TROP2 expression was reduced after 808
knockdown of YAP or TAZ or both mRNAs simultaneously; the functionality of the ex- 809
periment was confirmed by reduced expression of the target gene of YAP/TAZ signaling 810
CYRG61. Similar to the reporter experiments, knockdown of B-catenin increased TROP2 811
expression. Expression of the control gene for Wnt/B-catenin signaling, AXIN2, was sig- 812
nificantly reduced after knockdown of the mRNA encoding B-catenin (Figure 7F and 7G). 813
This would indicate a possible interference between YAP and B-catenin in CRC cells. 814
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Cells with active transcription of YAP/TAZ target genes are characterized by YAP
speckles localized in the nucleus, which presumably represent the active fraction of the
YAP protein [86]. Interestingly, using immunofluorescence staining, we observed sparse
spots of nuclear staining of YAP in WT intestinal crypts and we did not see the YAP signal
in differentiated WT cells on the villi. However, there were clearly visible YAP speckles
in the nuclei of cells in Trop2-positive areas of the epithelium. This was most pronounced
in transformed cells that formed clusters of cells with high Trop2 membrane positivity in
adenomas and at the tips of hyperplastic villi (Figure 8). We next investigated whether
colocalization of TROP2 and YAP also occurs in human tumors by analyzing selected CRC
cases (Figure 9). In contrast to TROP2 immunostaining, cytoplasmic and scattered nuclear
expression of YAP was detected in the majority of samples examined. In some cases, nu-
clear YAP positivity colocalized with strong membranous TROP2 staining (Figure 9A and
9B). In other cases, the overlap was observed only in limited areas of the tumor, including
neoplastic cells forming the invasive margin in lymph node metastases (Figure 9C and
9D). However, we also observed heterogeneous nuclear YAP positivity that was not fol-
lowed by detectable TROP2 expression (Figure 9E and 9F).

Figure 8. Inmunodetection of Trop2 and YAP in the small intestine of the indicated mouse strains
6 weeks (top images) and 7 days (bottom images) after Apc inactivation. Images in insets are mag-
nified on the right; samples were counterstained with DAPI. Arrowheads in the magnified images
(1) and (2) indicate nuclei in WT crypts that are sparsely positive for YAP, whereas healthy epithe-
lium on the villus is predominantly YAP negative (3). White arrows mark areas of transformed ep-
ithelium at the villus edge of the crypt (4), in adenomas (5), or at the villus tip (6) with Trop2 expres-
sion and YAP nuclear localization; scale bar: 50 um.
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Figure 9. Inmunohistochemical detection of TROP2 and YAP in CRCs shows considerable hetero- 839
geneity, with YAP showing stronger expression. Serial sections of primary CRC (A, B) and lymph 840
node (C, D) and liver metastases (E, F) were stained for TROP2 and YAP. Positive staining of intra- 841
hepatic cholangiocytes (black arrows in E and F) was used as an internal control; original magnifi- 842
cation 200 x. 843

3.7. TROP2 deficiency increases the migratory ability of CRC cells 844

To investigate the cellular processes associated with TROP2, we disrupted the TROP2 845
gene in human DLD1 and SW480 CRC cells using the CRISPR/Cas9 system. Inactivation 846
of the TROP2 locus was verified by sequencing genomic DNA and immunoblotting the 847
TROP2 protein (Supplementary Figure S6A). TROP2-deficient (KO) cells were viable and 848
showed no difference in proliferation rate compared with TROP2-proficient control cells 849
(Supplementary Figure S6B, left). To examine proliferation in vivo, we subcutaneously in- 850
jected immunodeficient NSG mice with SW480 TROP2 KO and TROP2 WT cells. We ob- 851
served a trend toward smaller tumors in TROP2 KO cell clones, although not statistically 852
significant (Supplementary Figure S6B, right). Next, we performed a "wound healing as- 853
say" to determine whether TROP2 had an effect on cell migration. The assay showed in- 854
creased migration of SW480 KO cells compared to WT cells, but no difference in migration 855
was observed between DLD1 KO and WT cells (Supplementary Figure S6C). To validate 856
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the results of the assay (obtained in SW480 cells), we reintroduced TROP2 into SW480 KO
cells. Cells from SW480 KO clones #3 and #4 were transduced with a lentiviral construct
that allowed DOX-inducible re-expression of TROP2. Restoration of TROP2 protein pro-
duction after DOX treatment in the obtained "iTROP2" cells was verified by Western blot-
ting (Figure 10A). Seven individual iTROP2 clones were subsequently used for the wound
healing experiment. Cells were cultured with or without DOX, and the percentage of
healed areas after 24 and 48 hours was compared. Consistent with previous results,
iTROP2 cells cultured without DOX showed increased migration compared with cells
treated with DOX, i.e., re-expression of TROP2 reduced cell migration (Figure 10B).

A iTROP2 subclones derived from TROP2 KO clone #3 iTROP2 subclones derived from
kDa TROP2 KO clone #4
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Figure 10. A wound healing assay in SW480 iTROP2 cells with doxycycline (DOX)-inducible re-
expression of TROP2. (A) Western blot analysis of iTROP2 subclones generated from KO cell clones
#3 and #4. Arrow indicates the putative TROP2 C-terminal fragment; Vinculin, loading control. (B)
Left, an example of the wound healing assay; shown are representative images of scratched areas
immediately after application of the "wound" and 24 and 48 hours later. The top images show the
results obtained with the parental SW480 cells and TROP2 KO clone #4. The lower images show the
assay with the iTROP2 #4/5 subclone cultured with or without DOX. Right, a graph showing the
percentage of "healed" area 24 and 48 hours after wound formation. The experiment was performed
with seven iTROP2 clones derived from KO clone #3; six positions were photographed for each
clone and time point. Each dot represents one measurement, bars indicate the average, error bars
represent SDs ; ¥, p < 0.05; **, p < 0.01.

4. Discussion

Transmembrane glycoprotein TROP2, identified as a surface marker for invasive
trophoblast cells, is overproduced in many tumor types. TROP2 positivity in tumors is
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associated with increased proliferation, migration, and invasiveness of tumor cells, which ~ 880
is associated with a poorer prognosis [87]. In this study, we demonstrated that TROP2 881
gene expression increases in preneoplastic stages of adenomas with low-grade dysplasia 882
and that this expression was observed in 88% of all CRC cases. Trerotola and colleagues 883
have previously described increased expression of TROP2 in dysplastic intestinal epithe- 884
lium compared to normal intestinal mucosa, in which TROP2 is undetectable by immuno- 885
histochemistry [88]. In our study, we confirmed this increased expression of TROP2 in 886
adenomas with low- and high-grade dysplasia and additionally observed increased ex- 887
pression of TROP2 in the epithelium of hyperplastic polyps. When comparing the TROP2 888
expression profile in tumor samples from patients, we observed an apparent discrepancy 889
between the relatively small increase in TROP2 mRNA expression in LGD, HGD, and 8%
CRC tumors and the relatively strong positivity of TROP2 protein/antigen staining in the 891
same tumor type (Figure 1). We suggest that this discrepancy is due to the relative stability =~ 892
of TROP2 protein observed in some cell lines derived from CRC [89]. It should also be 893
noted that the antibody used for detection recognizes the intracellular portion of TROP2, 894
including the C-terminal fragment. Therefore, staining of TROP2 in tumor samples is not 895
affected by cleavage of the extracellular domain, which is frequently detected in tumor 89
cells [25]. Further data demonstrating that TROP2 is upregulated in the early stages of 897
tumorigenesis were provided by Riera and colleagues in a study using mouse models of 898
gastric tumorigenesis and human biopsy samples, which showed that TROP2 is a poten- 899
tial biomarker for the transition from gastric metaplasia to dysplasia and adenocarcinoma 900
of the stomach [90]. The role of Trop2 in the earliest stages of tumorigenesis has also been 901
described in the prostate, where it triggers hyperplasia via Wnt/B-catenin signaling [14]. 902

High TROP2 gene expression, as determined by a combined immunohistochemical 903
score of 9-12 points, was detected in approximately one quarter of the CRC samples ana- 904
lyzed and represents an independent negative prognostic factor. This is consistent with 905
previous data on the prognostic role of TROP2 in CRC patients. Ohmachi and colleagues 906
demonstrated that TROP2 mRNA expression was significantly increased compared with 907
healthy intestinal tissue; in more than one-third of cases (74 CRC cases were analyzed in 908
total), high expression of TROP2 also correlated with liver metastases and poor prognosis 909
[91]. Using immunohistochemical detection of a tissue microarray of 620 CRC samples, 910
Fang and colleagues showed that positivity of TROP2 correlated with liver metastases, 911
tumor recurrence, and poor prognosis [92]. Finally, in a cohort of 80 colorectal tumors, 912
Guerra and colleagues showed that TROP2 protein positivity was correlated with lymph 913
node metastasis. In a second cohort of 53 CRC patients with up to 400 months of follow- 914
up, the same authors showed that high expression of TROP2 was associated with poor 915
prognosis for overall survival [93]. In our cohort of 292 patients with 10-year survival, we 916
found a significant association of high TROP2 protein production not only with metastatic = 917
lymph node involvement, but also with poor differentiation (grade 3) and mucinous and 918
signet ring tumor morphology. This was supported by an inverse correlation with differ- 919
entiation markers CK20 and SATB2. In addition, we observed a positive correlation be- 920
tween high TROP2 expression and CK7, which tends to be upregulated in cancers with 921
increased migration, invasion, and metastatic ability [94] and with PD-L1 expression 922
(21%) on tumor cells, which is associated with induced immune tolerance and poorer 923
prognosis [95,96]. In our previous study, using a DNA microarray-based expression 924
screen, we identified Trop2 as a gene whose expression is significantly increased in the 925
small intestinal epithelium of mice after knockout of tumor suppressor gene Apc [47]. To 926
determine the site of expression and the molecular mechanisms that trigger increased 927
TROP2 expression in early stages of intestinal neoplasia, in the present study we analyzed 928
murine intestinal tumors induced by conditional inactivation of Apc. The gene was inac- 929
tivated either throughout the epithelium or in IESCs. Interestingly, similar to the expres- 930
sion of the Msx1 gene, which is also activated in intestinal tumors after Apc loss, the ex- 931
pression of the Trop2 gene is not uniform in tumors, but its production is restricted to 932
specific tumor cells [47]. Depending on the Cre driver used, Trop2-positive cells are found 933
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in villi (Cre driver: Villin-CreERT2) or in specific regions of microadenomas (Cre driver: 934
Lgr5-EGFP-IRES-CreERT?2). This suggests that even very early neoplastic lesions contain 935
heterogeneous tumor cells. 936

We used RNA sequencing to determine the expression profile of TROP2-positive 937
cells. This profile includes a group of genes mainly involved in EMT, regulation of migra- 938
tion, invasiveness, and reorganization of the extracellular matrix. These genes encode the 939
extracellular matrix proteins LAMA3 and LAMC2, which have been detected in invasive 940
colon cancer cells and are regulated by transforming growth factor beta 1 and hepatocyte 941
growth factor produced in the tumor microenvironment [97]. Another EMT marker/pro- 942
moter, Sppl, is highly expressed in liver metastases [98] and promotes tumor cell migra- 943
tion and invasion [99]; PLAUR is responsible for the binding and conversion of plasmin- 944
ogen to active plasmin and subsequent degradation of the extracellular matrix, which in 945
turn promotes invasion and metastasis [100]. Finally, matrilysin is a matrix metallopepti- 946
dase that can degrade extracellular matrix components such as laminins, fibronectin, col- 947
lagens, and proteoglycans and promote tumor cell invasion and metastatic spread [101]. 948

To confirm these results, we also determined the expression profile of TROP2-high 949
cells isolated from human tumor samples. A group of genes involved in EMT, cell-sub- 950
strate interaction, and extracellular matrix remodeling were also more highly expressed 951
in cells with high TROP2 production than in tumor cells with low TROP2 production. Two 952
genes, ANXAT and AKAP12, were enriched in both mouse and human TROP2-producing 953
tumor cells. Annexin Al is a calcium-dependent phospholipid-binding protein that plays 954
a variety of roles in the immune system and cancer [102]. In several cancer types, ANXA1 955
is involved in processes regulating increased invasiveness and EMT [103,104]. In CRC, 956
ANXAL1 is associated with invasion and lymph node metastasis [105]. AKAP12 is a scaf- 957
fold protein that plays a tumor suppressive role in most cancers [106], but could also exert 958
context-dependent protumorigenic functions. In melanoma cells under hypoxic condi- 959
tions, it may promote cell migration and metastasis through PKA-mediated phosphory- 960
lation [107]. 961

The results of studies investigating the role of TROP2 in EMT are inconclusive. Nu- 962
merous findings show that upregulation of TROP2 is associated with EMT induction in 963
various tumor cell types, as evidenced mainly by decreased E-cadherin levels and in- 964
creased vimentin expression [108-111], while some authors reported the opposite effect 965
[112]. Further analysis showed that TROP2 expression correlated with E-cadherin in 966
breast and prostate cancer cell lines, and ZEB1 acted as a direct suppressor of TROP2. Loss 967
of TROP2 was not accompanied by altered expression of epithelial or mesenchymal mark- 968
ers, but was sufficient to abrogate the metastatic ability. Restoration of TROP2 expression 969
was accompanied by partial transition from mesenchyme to epithelium, with a decrease 970
in ZEB1 [113]. Our observations agree well with the work of Guerra and colleagues that 971
E-cadherin expression is maintained in TROP2-positive cancer cells and that the expres- 972
sion of transcriptional master regulators that induce EMT does not change significantly 973
[93]. While the authors did not report upregulation of vimentin in colon cancer cells grow- 974
ing as xenografts in mice but in the stroma, we observed epithelial induction of vimentin 975
in TROP2-positive cells even at early stages of colon tumorigenesis. Furthermore, they 976
described that E-cadherin can be proteolytically cleaved by TROP-2-associated ADAM10, 977
resulting in decreased cell-cell adhesion, cytoskeletal and p-catenin binding, and in- 978
creased [-catenin nuclear pool. Surprisingly, when transfectants with WT TROP2 were 979
compared with the truncated variant lacking the cytoplasmic tail, the ability to metasta- 980
size was actually greater for TROP2 lacking the cytoplasmic tail, which would reduce the 981
importance of the direct interaction of the cleaved intracellular TROP2 fragment with - 982
catenin for tumor progression. However, the intact cytoplasmic tail of TROP2 appears to 983
be essential for proliferation in response to signaling via ERK, NF-kB and cyclin D1 [11]. 984

We then focused on the mechanism by which TROP2 gene expression is "turned on." 985
First, we analyzed the role of Wnt/B-catenin signaling. Somewhat surprisingly, the results 986
of luciferase assays show that the promoter region of the TROP2 gene is probably not 987
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activated by the exogenous Wnt3a ligand, but rather by BIO or by stable $-catenin protein 988
The latter two methods aberrantly activate Wnt signaling at the level of the B-catenin de- 989
struction complex. In contrast, the TROP2 promoter was activated by transcriptional co- 990
activator YAP. The link between Wnt and Hippo signaling pathways has been previously 991
described at multiple levels [114]. Notably, the transcription factors YAP/TAZ are in- 992
volved in the p-catenin destruction complex and modulate the transcriptional program of = 993
the Wnt pathway. In addition, the transcriptional coactivator YAP is regulated by 3- 994
catenin/TCF4 complexes [115]. Interestingly, silencing of B-catenin further enhanced YAP- 995
dependent transcriptional activation, indicating a possible interference between B-catenin 996
and YAP. We can only speculate about the nature of this interference. Because in most 997
lineages derived from CRC a number of genes are regulated by YAP-B-catenin-T-box 5 998
(TBX5) complexes [116], there is a possibility that a decrease in B-catenin levels increases 999
the amount of free YAP protein in the cell, which in turn leads to increased expression of 1000
genes regulated by this transcriptional regulator in complex with TEAD factors. Another 1001
possibility is transcriptional (co)regulation of TROP2 by B-catenin and YAP or other tran- 1002
scription factors. Reduction of p-catenin protein levels by RNA interference could allow 1003
the regulatory regions of the TROP2 gene to be occupied more efficiently by these factors, 1004
and if they are more potent transcriptional activators than B-catenin-TCF/LEF complexes, 1005
there could be an increase in TROP2 gene transcription. Immunohistochemical staining of ~ 1006
neoplastic lesions in mice showed relatively good agreement between TROP2 production 1007
and positivity for nuclear, i.e., transcriptionally active, YAP. However, it should be noted 1008
here that because of the relatively weak YAP signal localized in nuclear speckles, it was 1009
not possible to accurately determine the extent of overlap between YAP and TROP2 ex- 1010
pression. In human adenocarcinomas, the situation was even more unclear, mainly be- 1011
cause of the different intensity of staining and distribution of YAP between the nucleus 1012
and cytoplasm. In any case, it is evident that other/additional mechanisms are probably 1013
involved in the regulation of TROP2 expression in advanced human tumors. 1014
The question is which signal activates YAP/TAZ signaling or which signal turns off 1015
the Hippo pathway, resulting in the transfer of YAP/TAZ regulators to the nucleus. The 1016
Trop2 gene expression is specific for epithelia regenerating after injury, and transcriptional 1017
coactivator YAP is critical for regeneration. Injury and associated tissue reorganization 1018
appear to cause nuclear localization of YAP and subsequent expression of YAP-regulated 1019
genes [117]. In a recent paper, Guillermin and colleagues demonstrated a positive (feed 1020
forward) relationship between Wnt/B-catenin signaling and YAP in organoid cells [81]. 1021
Briefly, the Wnt signaling pathway activates transcription of DNA-binding proteins 1022
TEAD (namely TEAD2/4) and YAP, which activate expression of target genes of the het- 1023
erocomplex YAP-TEAD in appropriately (externally) stimulated cells. In addition, several 1024
studies suggest that activation of YAP/TAZ signaling in intestinal organoids can be in- 1025
duced by specific culture conditions, in particular, by prolonged cultivation of organoids 1026
in Matrigel or using collagen or other mechanically stiff matrices [117-119]. The analysis 1027
of organoids led to the following conclusions. Organoids derived from tumors are so het- 1028
erogeneous that it is difficult to draw a conclusion from comparing the expression of a 1029
few selected genes. In organoids derived from healthy tissue, we consistently observed 1030
increased expression of target genes of the Wnt pathway and TROP2. The expression was 1031
dependent on the degree of stimulation of Wnt signaling. The situation was less clear for 1032
the potential target genes of the YAP/TAZ signaling, but this can be explained by the fact 1033
that these target genes were identified in a different cellular context, i.e. in organoids de- 1034
rived from embryonic intestinal tissue or in organoids growing under conditions mimick- 1035
ing damaged intestine. The group of target genes of YAP/TAZ regulators in "healthy" or- 1036
ganoids is much less characterized in contrast to the Wnt pathway. However, it should be 1037
noted here that for six of the eight genes tested, i.e. potential target genes of YAP /TAZ 1038
signaling, we found a positive correlation between their expression levels and Wnt sig- 1039
naling activity. Another possible interpretation for the increased expression of TROP2 af- 1040
ter enhanced stimulation of the Wnt pathway is that this stimulation increases the total 1041
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percentage of IESCs in organoids. However, because TROP2 expression is undetectable in 1042
healthy intestinal stem cells, this possibility seems unlikely. 1043

Another point of discussion is whether TROP2 can be considered "only" a marker for 1044
cancer cells in a specific epigenetic state (whether this is the result of extracellular stimuli 1045
or internal cellular settings) or whether this protein has a specific functional significance 1046
for the cell. The effects of knockdown/knockout of TROP2 on cancer cell behavior are con- 1047
troversial. While most studies have reported increased proliferation and migration in 1048
TROP2-positive tumor cells, others have observed the opposite effect. This may be be- 1049
cause the function of TROP?2 is largely dependent on the cell type and the context of cell- 1050
substrate interaction. Trop2 has been described as a marker of aggressive neuroendocrine 1051
differentiation in castration-resistant prostate cancer and is associated with increased pro- 1052
liferation, migration, invasiveness, and metastasis [120]. In thyroid cancer, TROP2 posi- 1053
tivity has also been associated with increased migration and invasiveness [121]. Another 1054
work has shown that phosphorylation at serine 322 PKC leads to increased migration 1055
through translocation of claudin-7 without affecting proliferation of colon cancer cells 1056
[122]. In prostate cancer cells, expression of TROP2 leads to increased migration through 1057
decreased binding to extracellular matrix component fibronectin via relocalization of in- 1058
tegrin a5p1 and talin from focal adhesions to the anterior peripheral region [123]. Others 1059
have observed that silencing of TROP2 leads to increased migration of breast adenocarci- 1060
noma cells MDA-MB -231 [113]. TROP2 has also been described as a tumor suppressor in 1061
cervical cancer cells, and a decrease in TROP2 expression resulted in increased prolifera- 1062
tion, migration, invasiveness, and metastasis [124]. Similar observations were made fol- 1063
lowing a decrease in TROP2 expression in cholangiocarcinoma cells, resulting in increased 1064
proliferation and migration of the cells, but without affecting their invasive behavior [125]. 1065
In our analysis of TROP2 KO SW480 cells, we observed increased migration after loss of 1066
TROP2, but no significant effect on the change in cell proliferation in vitro. Although a 1067
trend toward formation of smaller xenograft tumors was observed in vivo, this difference 1068
did not reach statistical significance. Because the TROP2-deficient cells were of clonal 1069
origin, we hypothesized that differences in the behavior of these clones (cells) compared 1070
with the original cells might depend not only on the presence (or absence) of TROP2, but 1071
also on different types of "clonal” differences, either genetic or epigenetic. This was indeed 1072
evident when comparing the migration properties of the KO clone #4 and TROP2-induci- 1073
ble cells generated from this clone, e.g. iTROP cells #4/5, which, when cultured without 1074
DOX (without TROP2 induction), showed lower migration than the "original" TROP2-de- 1075
ficient cells (Figure 10B). However, we assume that the above clonal differences were elim- 1076
inated when comparing cells with inducible expression. In such an experiment, TROP2 1077
expression was the only variable, and this consideration motivated us to make iTROP2 1078
cells and analyze them before and after TROP2 induction. Figure 10B shows that the effect 1079
of TROP2 induction had a statistically significant but relatively small effect on cell migra- 1080
tion. This fact might be related to the fact that the lentiviral system used for induction by 1081
DOX allowed relatively lower production of TROP2 compared with the parental cells, in 1082
which the expression of this protein is massive (Figure 10A).We tested the invasiveness of = 1083
TROP2 KO cells using Matrigel drops and collagen spheroids and found a trend toward 1084
slightly increased invasiveness of TROP2-positive cell clones, but the results were not re- 1085
producible (data not shown). It should also be mentioned here that Trop2-deficient mice 1086
are viable and have no obvious developmental defects. However, Trop2/ keratinocytes 1087
transformed with the Hras oncogene preferentially underwent EMT, showed increased 1088
proliferative and migratory capacity, and formed tumors with spindle cell histology [112]. 1089
Finally, when analyzing the function of TROP2, we should not forget its possible redun- 1090
dancy with the EPCAM paralog [27]. 1091

Epithelial-mesenchymal transition and reverse mesenchymal-epithelial transition 1092
(MET) are thought to be essential processes that are critical for the ability of cancer cells 1093
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to invade surrounding tissues and blood vessels and form distant metastases. Recently, 1094
however, it has been demonstrated that cells that are in a hybrid epithelial/mesenchymal 1095
(E/M) state, as opposed to fully mesenchymal cells, have an increased potential to form 1096
metastases. This state has been shown to provide the greatest capacity for tumor for- 1097
mation [126]. Moreover, invasiveness in CRC is mostly mediated by cell clusters rather 1098
than isolated cells [127]. It seems that the simultaneous presence of epithelial marker E- 1099
cadherin and upregulation of mesenchymal proteins (vimentin, fibronectin) may indicate 1100
a hybrid E/M state of TROP2-positive cells. Further studies are needed to determine 1101
whether TROP2 is a marker for cells that have undergone partial/hybrid EMT or whether 1102
and possibly what role it plays in tumor cell invasiveness and migration. 1103

Do our results suggest the possibility of using surface expression of TROP2 for tar- 1104
geted treatment of CRC? Honestly, it's hard to say. If we consider the possibility that 1105
TROP2-producing tumor cells have active YAP signaling and that this signaling is im- 1106
portant for tumor progression, the answer would be yes. In contrast to the relatively high 1107
response rates to treatment of metastatic TNBC (33.3%) and urothelial carcinoma (28.9%) 1108
in the third line of treatment, the response rate to the TROP2-specific sacituzumab 1109
govitecan antibody conjugated to irinotecan analog SN-38 (trade name TRODELVY) was 1110
only 3.2% (95% CI: 0.1-16.7) in the phase 1/2 IMMU-132-01 basket trial involving 31 unse- 1111
lected patients with CRC [128]. This low response rate can be explained by the fact that 1112
the vast majority of CRC patients have already been pretreated with irinotecan in previous 1113
lines of treatment. It is likely that the response to treatment would have been significantly 1114
better if sacituzumab govitecan had been used in the subgroup with high TROP2 protein 1115
expression in the early stages of treatment or if the anti-TROP2 antibody had been conju- 1116

gated with another drug. 1117
1118
5. Conclusions 1119

In this study, we have shown that TROP2 expression is increased in the early stages 1120
of neoplastic transformation of the intestinal epithelium in humans and mice, and that 1121
high TROP2 expression is present in approximately one quarter of the analyzed CRC 1122
cases. In CRC cases with high TROP2 protein positivity, this represents an independent 1123
negative prognostic factor and correlates significantly with lymph node metastasis and 1124
poor tumor cell differentiation. Based on these observations, we believe that targeted anti- 1125
TROP2 therapy may be a promising approach, especially for the subset of CRC with high 1126
TROP2 levels. Whole-genome analysis of mRNA profiles revealed functionally similar 1127
groups of genes associated with TROP2 expression on the cell surface when comparing 1128
cells from neoplastic intestinal lesions in mice or cells from human CRC samples. These 1129
genes are associated with EMT, migration/invasiveness, and extracellular matrix interac- 1130
tion/remodeling. Functional analysis of TROP2-deficient CRC cells showed a slightly in- 1131
creased migratory capacity in vitro compared with WT cells. The absence of TROP2 had 1132
no effect on cell proliferation in vitro. Furthermore, we demonstrated that ectopic expres- 1133
sion of transcriptional coactivator YAP activates the TROP2 promoter in the luciferase 1134
reporter assay. The possible regulation of TROP2 expression by the active YAP signaling 1135
was verified by knockdown of YAP in CRC cells. 1136

Supplementary Materials: The following supporting information can be downloaded at: 1137
www.mdpi.com/xxx/s1, Figure S1: Tissue microarray analysis of TROP2 expression in patients with 1138
CRC; Figure S2: Kaplan-Meier survival data for groups with low (score 0-4), intermediate (score 6- 1139
8), and high (score 9-12) TROP2 expression; Figure S3: Bar graphs of univariate logistic regression 1140
show a positive significant correlation of high TROP2 expression with high grading and lymphnode 1141
metastasis; Figure S4: Principal component analysis (PCA) based on the 500 most variably expressed =~ 1142
genes between TROP2Meh and TROP2°" human colon tumor cells; Figure S5: Trop2 protein and 1143
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mRNA are increased in small intestine and colon tumors of ApcMin/ mice; Figure S6: TROP2-defi- 1144
cient SW480 cells show increased migration; Table S1: Patients and histopathological characteristics ~ 1145
of clinical samples; Table S2: Oligonucleotides and primers used in the study; Table S3: Patient char- 1146
acteristics and correlation of TROP2 expression scores with clinicopathological parameters in CRC 1147
patients; Table S4: Differentially expressed genes in Trop2hish compared to Trop2'°¥ tumor cells; Ta- 1148
ble S5: Differentially expressed genes in two populations of RFP-positive, i.e. proliferating cells 1149
sorted for Trop2 expression, and in a population of RFP-negative, i.e. differentiated cells sorted from 1150
hyperplastic epithelium 7 days after Apc inactivation; Table S6: Differentially expressed genes in 1151
two populations of tdTomato-positive tumor cells sorted for Trop2 expression and in a population 1152
of tdTomato-negative (differentiated) cells obtained from microroadenomas 6 weeks after Apc in- 1153
activation; Table S7: Overlap of differentially expressed genes in Trop2*RFP/tdTomato* vs Trop2- 1154
RFP/tdTomato* neoplastic cells obtained in hyperplastic epithelium and adenomas 7 days and 6 1155
weeks after Apc inactivation, respectively. 1156
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