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SUMMARY: 43 
Portal vein injection of colorectal cancer (CRC) organoids generates stroma-rich liver metastasis. 44 
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This mouse model of CRC hepatic metastasis represents a useful tool to study tumor-stroma 45 
interactions and develop novel stroma-directed therapeutics such as adeno-associated virus-46 
mediated gene therapies. 47 
 48 
ABSTRACT: 49 
Hepatic metastasis of colorectal cancer (CRC) is a leading cause of cancer-related death. Cancer-50 
associated fibroblasts (CAFs), a major component of the tumor microenvironment, play a crucial 51 
role in metastatic CRC progression and predict poor patient prognosis. However, there is a lack 52 
of satisfactory mouse models to study the crosstalk between metastatic cancer cells and CAFs. 53 
Here, we present a method to investigate how liver metastasis progression is regulated by the 54 
metastatic niche and possibly could be restrained by stroma-directed therapy. Portal vein 55 
injection of CRC organoids generated a desmoplastic reaction, which faithfully recapitulated the 56 
fibroblast-rich histology of human CRC liver metastases. This model was tissue-specific with a 57 
higher tumor burden in the liver when compared to an intra-splenic injection model, simplifying 58 
mouse survival analyses. By injecting luciferase-expressing tumor organoids, tumor growth 59 
kinetics could be monitored by in vivo imaging. Moreover, this preclinical model provides a useful 60 
platform to assess the efficacy of therapeutics targeting the tumor mesenchyme. We describe 61 
methods to examine whether adeno-associated virus-mediated delivery of a tumor-inhibiting 62 
stromal gene to hepatocytes could remodel the tumor microenvironment and improve mouse 63 
survival. This approach enables the development and assessment of novel therapeutic strategies 64 
to inhibit hepatic metastasis of CRC. 65 
 66 
INTRODUCTION: 67 
Colorectal cancer (CRC) is a major cause of cancer mortality worldwide1. More than half of the 68 
CRC patients develop hepatic metastasis that occurs through the portal vein dissemination1. 69 
Currently, there are no effective therapeutics that can cure advanced liver metastasis, and most 70 
patients succumb to metastatic disease. 71 
 72 
The metastatic niche or tumor microenvironment plays a key role in engraftment and growth of 73 
disseminated CRC cells2. Cancer-associated fibroblasts (CAFs), a prominent component of the 74 
tumor microenvironment, promote or restrain cancer progression through secreting growth 75 
factors, remodeling the extracellular matrix (ECM), and modulating immune landscapes and 76 
angiogenesis3–5. CAFs also confer resistance to chemotherapies and immunotherapies3. 77 
Moreover, CAFs regulate initiation and progression of CRC liver metastasis and predict prognosis 78 
in patients with CRC3,6–8. Thus, CAF-related factors could be exploited for the development of 79 
therapeutic strategies to inhibit CRC liver metastasis. However, the lack of satisfactory mouse 80 
models to study the metastatic tumor stroma has been a major obstacle to developing stroma-81 
targeted therapies. 82 
 83 
Currently, animal models to study CRC liver metastasis include primary CRC models that 84 
spontaneously develop hepatic metastasis and cancer cell transplantation models into the liver. 85 
Primary CRC mouse models, such as genetically engineered mouse models and colonic injection 86 
of cancer cells, rarely show metastasis to the liver9–12. Moreover, even if a liver metastasis is 87 
observed, these models show long latency from the primary tumor induction to metastasis, and 88 



 

 

potentially die of primary tumor burden12. To efficiently generate CRC liver metastases, cultured 89 
CRC cells are transplanted into the liver using three injection approaches: intra-splenic injection, 90 
direct intra-parenchymal injection into the liver, and portal vein injection. Intra-splenically 91 
injected cancer cells spread into the splenic vein, the portal vein, and ultimately to the liver13,14. 92 
However, the intra-splenic injection yields a lower tumor take ratio compared with other 93 
transplantation models15,16. With intra-splenic injection, surgical removal of the spleen is 94 
performed to avoid cancer growth in the spleen, which can potentially compromise immune cell 95 
maturation17. Furthermore, intra-splenic injection can also result in unintended tumor growth in 96 
the spleen and abdominal cavity18, complicating liver metastasis analyses. Direct intra-97 
parenchymal injection into the liver efficiently induces hepatic metastasis16,19,20. Nonetheless, 98 
this approach does not fully recapitulate a biological step of liver metastasis that naturally occurs 99 
through portal vein dissemination. Using direct injection into the liver, entry of cancer cells into 100 
a non-portal, but systemic circulation can also result in multiple large lung metastases16. Although 101 
a majority of patients with CRC liver metastasis show multiple tumor nodules in the liver21, direct 102 
injection into a specific liver lobe generates a single tumor mass19,20. Portal vein injection or 103 
mesenteric vein injection, though technically challenging, allows efficient delivery of tumor cells 104 
into the liver in a manner that recapitulates the growth patterns seen in patients17. This strategy 105 
can minimize the possibility of secondary-site metastases and enables rapid growth of cancer 106 
cells in the liver, simplifying mouse survival analyses. 107 
 108 
Historically, colorectal cancer cell lines such as mouse MC-38, human HT-29, and SW-620 were 109 
used to generate mouse models of hepatic metastasis22,23. However, these colorectal cancer cell 110 
lines do not induce a desmoplastic stromal reaction. Low stromal content in the tumors makes it 111 
difficult to investigate the biological roles of cancer-associated fibroblasts. Recent advances in 112 
CRC organoids and their transplantation have offered useful platforms to assess vital roles of the 113 
stroma in cancer progression24. Liver transplantation of CRC organoids generates a fibroblast-rich 114 
tumor microenvironment and has provided novel insights into stromal research6,25. Currently, 115 
portal or mesenteric vein injection of organoids has become a gold standard approach to 116 
generate CRC liver metastasis6,25–28. Nonetheless, to our knowledge, no previous papers have 117 
described detailed methods for the portal vein injection of colorectal tumoroids. Here, we 118 
present a methodology for using portal vein injection of CRC organoids to develop novel adeno-119 
associated virus (AAV)-mediated stroma-directed therapy. 120 
 121 
Hepatocytes are an important constituent of the metastatic tumor microenvironment in the liver 122 
and play a critical role in metastatic cancer progression29. Inspired by the success of AAV gene 123 
therapy approaches to induce protein expression in hepatocytes in non-neoplastic patients30,31, 124 
we investigated a similar approach but aimed at modifying the liver tumor microenvironment in 125 
CRC25. As such, we also describe herein the tail vein injection of AAV8 to induce expression of 126 
anti-tumorigenic proteins to modify the liver tumor microenvironment. The AAV8 serotype, 127 
designated by the choice of viral capsid protein during virus production, leads to high 128 
transduction efficiency specifically of hepatocytes (i.e., targeted gene expression in the liver 129 
tumor microenvironment)32. We have previously shown that Islr (immunoglobulin superfamily 130 
containing leucine-rich repeat) is a CAF-specific gene that induces bone morphogenetic protein 131 
(BMP) signaling, reduces CRC tumoroid growth, and promotes Lgr5+ intestinal stem cell 132 



 

 

differentiation25. We tested whether AAV8-mediated overexpression of the cancer-restraining 133 
stromal gene, Islr, in hepatocytes could attenuate hepatic metastasis progression by performing 134 
portal vein injection of CRC tumoroids in AAV8-Islr-treated mice. 135 
 136 
In this paper, we first describe the tail vein injection procedure of liver tropic AAV. Then, we 137 
describe a method for tumoroid cell preparation and portal vein injection into the AAV-treated 138 
mice. Finally, we present approaches to monitor metastatic tumor progression to assess the 139 
efficacy of stroma-directed therapeutics. 140 
 141 
PROTOCOL: 142 
All animal procedures in this article were reviewed and approved by the South Australian Health 143 
and Medical Research Institute Animal Ethics Committee (Approval number, SAM322). 144 
 145 
1. Tail vein injection of adeno-associated virus 146 
 147 
NOTE: Adeno-associated virus (AAV) should be handled as a biohazard under Biosafety Level 1 148 
guidelines. Please refer to the published protocol for AAV preparation, purification, and 149 
titration33. Hepatocyte-tropic AAV, AAV834, encoding the cytomegalovirus (CMV) promoter-Islr 150 
gene, was used in this study25. To induce AAV-mediated overexpression, AAV dosing might 151 
require optimization depending on the promoter activity, gene, and mouse weight. 152 
 153 
1.1. Dilute AAV vector into 150 µL aliquots containing 1.0 x 1011 viral genomes, using sterile 154 
phosphate-buffered saline (PBS) and keep it on ice. Personal protective equipment should be 155 
worn to handle the AAV. 156 
 157 
NOTE: Repeated freeze and thaw cycle decreases virus titer and should be avoided. The stock 158 
viral solution should be stored in a -80 °C freezer. 159 
 160 
1.2. Turn on a heat box (animal warming chamber) to preheat to 35 °C. 161 
 162 
1.3. Hold a mouse and apply a topical anesthesia cream to the whole length of the tail at least 163 
15 min prior to the tail vein injection. 164 
 165 
NOTE: This is an optional step and might not be necessary if it is not required by the animal ethics 166 
committee of the institute. Follow the protocol approved by the local animal ethics committee. 167 
In this experiment25, a Rosa26-Cas9 mouse was used for AAV injection and subsequent portal 168 
vein injection of CRC organoids. Given that tumoroids used in this study were derived from a 169 
Rosa26-Cas9 mouse (C57BL/6 x 129 genetic background), this mouse strain was also used as 170 
immunocompetent, syngeneic recipients of the tumor transplant. Male and female Rosa26-Cas9 171 
mice (6- to 24-week-old) were used. 172 
 173 
1.4. Place the mouse into the heat box. Leave the mouse for up to 15 min to warm and dilate 174 
the tail veins. 175 
 176 



 

 

1.5. Gently secure the mouse in a rodent restrainer. Place the tail under a heat lamp to ensure 177 
full dilation of tail veins. 178 
 179 
1.6. Draw up 150 µL of diluted AAV (prepared in step 1.1) into a low dead space sterile syringe 180 
with a 27–30 G needle. 181 
 182 
1.7. Move the heat lamp and identify the lateral tail vein located on the sides of the tail. Put 183 
slight tension on the tail with the fingers so that the tail becomes straight. 184 
 185 
1.8. Slowly insert 2–3 mm of the needle, bevel up, into the vein. The needle should be almost 186 
parallel to the tail (up to 15˚ from the tail). 187 
 188 
NOTE: Blood influx into the syringe might be observed if the needle is successfully located into 189 
the vein. 190 
 191 
1.9. Inject slowly. If a resistance is felt or skin swelling is observed, remove the needle and re-192 
insert above the first site or to the other lateral vein. 193 
 194 
1.10. Wait for about 5 s after the completion of the injection, and then slowly remove the 195 
needle. Immediately apply gentle pressure to the injection site with a clean gauze or paper towel 196 
until bleeding stops. 197 
 198 
1.11. Gently release the mouse into its cage. Monitor the animal to ensure bleeding has 199 
stopped. 200 
 201 
NOTE: Gene overexpression in the liver can be assessed 1 to 2 weeks after AAV tail vein injection. 202 
This can be confirmed, for example, by RNA in situ hybridization (ISH), immunohistochemistry 203 
(IHC), western blotting, or quantitative real-time polymerase chain reaction (qRT-PCR; Figure 204 
1A,B). In a previously published study25, AAV8-Islr was used to overexpress mouse Islr gene in 205 
hepatocytes and the overexpression was detected by RNA ISH (Figure 1A,B). 206 
 207 
2. Cell preparation for colorectal cancer organoids 208 
 209 
NOTE: CRC organoids used for this experiment solely contain epithelial cells. Culture and 210 
generation of CRC organoids has been previously described25,35. In short, normal colonic 211 
epithelial cells were isolated from the colon of a Rosa26-Cas9 mouse using a crypt isolation buffer 212 
(5 mM EDTA (ethylenediaminetetraacetate) in ice-cold PBS), and then embedded in basement 213 
membrane matrix medium, and cultured in organoid growth medium as described in reference35. 214 
Then, Apc and Trp53 mutations were introduced to the colonic epithelial cells by overexpressing 215 
single-guide RNAs that target Apc and Trp53 using lentivirus expression protocol. Single organoid 216 
clones were handpicked25. ApcΔ/Δ and Trp53Δ/Δ colon cancer organoids (AP tumoroids), were 217 
injected as 5.0 x 105 single cells in 100 µL of PBS with 10 µM Y-27632 into the portal vein per 218 
mouse, with organoid culture and single-cell preparation described below. 219 
 220 



 

 

2.1. Culture the CRC organoids in the basement membrane matrix medium domes in a 24-well 221 
plate or 10 cm dish 3–5 days before the portal vein injection to obtain 50–400 µm diameter 222 
organoids. 223 
 224 
2.2. Prepare sufficient amount of cell detachment solution by adding Y-27632 to 10 µM 225 
concentration, enough to digest the number of organoids being cultured for the injection. Pre-226 
warm in a 37 °C water bath. 227 
 228 
NOTE: The cell detachment solution used in this protocol is a recombinant cell-dissociation 229 
enzyme mix and is used as a substitute for trypsin in organoid culture (see Table of Materials). It 230 
reduces cellular damage caused by cell dissociation compared to trypsin36. Y-27632 is a Rho 231 
kinase inhibitor and inhibits dissociation-induced cell death, thereby increasing single-cell 232 
survival37. 233 
 234 
2.2.1. For injection into up to five mice, prepare two tubes containing 40 mL of the cell 235 
detachment solution to digest 10–24 x 50 µL of basement membrane matrix domes with each 236 
dome containing approximately 300 organoids (50–400 µm diameter), i.e., each mouse is 237 
injected with 2–4.8 domes of organoids (equivalent to about 600–1440 organoids). The number 238 
of organoids necessary to obtain sufficient cell number is dependent on the organoid line, and 239 
thus should be optimized. 240 
 241 
NOTE: The second 40 mL tube enables a repeat digestion with fresh cell detachment solution to 242 
obtain dissociated single cells. 243 
 244 
2.3. Carefully aspirate the organoid medium from each well. 245 
 246 
2.4. Add 1 mL of ice-cold PBS to each well in a 24-well plate. If a 10 cm dish is used, add 10 mL 247 
of ice-cold PBS to the dish. 248 
 249 
2.5. Scratch off the basement membrane matrix medium using a P1000 pipette tip. Transfer 250 
the PBS/medium slurry to a 15 mL centrifuge tube. 251 
 252 
2.6. Rinse each well with the same amount of PBS to collect basement membrane matrix 253 
fragments and add to the 15 mL tube(s). 254 
 255 
2.7. Incubate for 5 min on ice. This incubation helps dissolve the basement membrane matrix 256 
medium. 257 
 258 
2.8. Centrifuge the tube at 400 x g for 5 min at 4 °C. 259 
 260 
2.9. Aspirate the supernatant ensuring not to disturb the pelleted medium and cells. 261 
 262 



 

 

2.10. Add 5 mL of pre-warmed cell detachment solution prepared in step 2.2 to the pellet, 263 
resuspend the pellet 10 times, and transfer it back into a 50 mL tube containing fresh, pre-264 
warmed cell detachment solution. 265 
 266 
2.11. Place the tube in the 37 °C water bath. Incubate for 5 min. 267 
 268 
2.12. Centrifuge the tube at 400 x g for 3 min at 4 °C. 269 
 270 
2.13. Repeat steps 2.9–2.11. 271 
 272 
NOTE: Repeated enzymatic digestion allows for the efficient cell dissociation into single cells. 273 
 274 
2.14. Check whether the organoids are dissociated into single cells by pipetting 100 µL into a 275 
96-well plate and observing under a microscope. If many organoids show cell clumps consisting 276 
of more than four cells, longer incubation with the cell detachment solution and physical 277 
dissociation by trituration with a 10 mL pipette may be necessary. 278 
 279 
2.15. Once most cells are single cells, add 4 mL of fetal bovine serum (FBS) into the 40 mL cell 280 
suspension to stop the digestion. Rinse a 40 µm cell strainer with 5 mL PBS. 281 
 282 
2.16. Pass the cell suspension through the cell strainer into a 50 mL collection tube to remove 283 
any cell clumps. 284 
 285 
2.17. Centrifuge the tube at 400 x g for 5 min at 4 °C. 286 
 287 
2.18. Aspirate the supernatant. Add 10 mL of cold PBS to the cell pellet and transfer it to a 15 288 
mL centrifuge tube. 289 
 290 
2.19. Centrifuge the tube at 400 x g for 5 min at 4 °C. 291 
 292 
2.20. Aspirate the supernatant. Resuspend the pellet in 500 µL cold PBS with 10 µM Y-27632. 293 
Count the cells. 294 
 295 
2.21. Adjust the cell concentration to 5.0 x 105 single cells/100 µL, using PBS with 10 µM Y-296 
27632. Place the tube on ice until portal vein injection is performed. 297 
 298 
NOTE: It is recommended to inject dissociated cells within 4 h of dissociation. 299 
 300 
3. Portal vein injection of CRC organoids 301 
 302 
NOTE: All surgical instruments and surgical gauzes must be autoclaved or sterilized before 303 
surgery. This protocol is modified from a previous protocol17. In this experiment25, portal vein 304 
injection was performed using Rosa26-Cas9 mice treated with AAV-mRuby2 or AAV-Islr in step 1. 305 
 306 



 

 

3.1. Prepare an aseptic surgical area using sterile drapes on a heating pad. 307 
 308 
3.2. Prepare surgical instruments (scissors and forceps), surgical and hemostatic sponge, 4-0 309 
polyglactin suture, cotton buds, skin staplers, stapler applicator, saline, buprenorphine, and 33 G 310 
needle attached to a Hamilton syringe. Cut the hemostatic sponge into 1.0 cm x 1.0 cm pieces. 311 
 312 
3.3. Adjust the position of the light source to illuminate the surgical area. 313 
 314 
3.4. Inject 0.1 mg/kg body weight of buprenorphine subcutaneously to a mouse for surgical 315 
pain management. 316 
 317 
3.5. Anesthetize the mouse with isoflurane in an anesthesia chamber. Isoflurane 318 
concentration for induction and maintenance are usually 5% and 2.5%, respectively. Check for 319 
the absence of a reaction to toe pinch before commencing the next procedure. 320 
 321 
3.6. Shave the middle to the upper abdomen of the mouse with an electric shaver. Shaving 322 
should be performed in an area distant from the aseptic surgical area to avoid hair contaminating 323 
the site. 324 
 325 
3.7. Wipe the shaved area with 70% Isopropyl alcohol wipes to remove hair from the site. 326 
 327 
3.8. Place the mouse in the surgical area on a heating pad in a supine position with 328 
maintenance isoflurane anesthesia. Place a surgical drape with a hole over the abdomen of the 329 
mouse. 330 
 331 
3.9. Lift the abdominal skin with forceps and make a 2–3 cm skin incision at the midline with 332 
scissors, cutting the skin only (not underlying peritoneum). The incision should range from the 333 
mid-abdomen to the xiphoid process of the sternum. The incision should not go above the lower 334 
end of the xiphoid process. 335 
 336 
3.10. Fully lift the peritoneal wall with forceps and make a similar 2–3 cm incision to the 337 
peritoneum with scissors. Avoid cutting the intestine and the diaphragm. 338 
 339 
3.11. Soak the surgical gauze with warm saline and place it on the left side of the incision (on 340 
the left side of the mouse’s body; to the surgeon’s right). 341 
 342 
3.12. Gently pull the internal organs (small and large intestines) out using a cotton bud soaked 343 
with saline. Place the intestines on the gauze soaked with saline. 344 
 345 
NOTE: The mouse’s left-side intestines (i.e., intestines on the surgeon’s right) should be pulled 346 
out first, and then the mouse’s right-side intestines (i.e., intestines on the surgeon’s left) can be 347 
pulled out. 348 
 349 
3.13. Adjust the position of the intestines to visualize the portal vein. Cover the intestines with 350 



 

 

additional wet gauze to keep the intestines moist. 351 
 352 
3.14. Gently pull the intestine to the left side with the wet gauze and apply gentle tension to 353 
the left. This facilitates visualization of the portal vein (Figure 2A). 354 
 355 
NOTE: If visualization of the portal vein is difficult, gently adjusting the position of the stomach 356 
with a wet cotton bud might help the visualization. 357 
 358 
3.15. Gently pipette tumoroid suspension several times to obtain a homogenous cell 359 
suspension. Slowly draw up 100 µL of the cell suspension into a Hamilton syringe attached to a 360 
33 G needle. Avoid air bubbles. 361 
 362 
3.16. Slowly insert the needle, bevel up, into the portal vein. The insertion depth along the 363 
needle should be 3–4 mm, with the needle angle almost parallel to the portal vein. 364 
 365 
NOTE: Injection should be performed into the well-visualized part of the portal vein (usually up 366 
to 2 cm away from the hepatic hilum). Avoid movement of the needle after it is fully inserted into 367 
the portal vein. 368 
 369 
3.17. Inject tumor cells for 30 s. The injection should be slowly performed to prevent occlusion 370 
of the portal vein. If the injection is successful, the color of the liver temporarily changes from 371 
red to white. 372 
 373 
3.18. Remove the needle slowly. Immediately apply gentle pressure to the injection site with a 374 
dry cotton bud and wait for 5 min. 375 
 376 
3.19. Remove the cotton bud and simultaneously apply a hemostatic sponge to the injection 377 
site. Hold hemostatic sponge with a cotton bud or forceps and apply gentle pressure for 5 more 378 
min. 379 
 380 
3.20. Remove the pressure to the hemostatic sponge and confirm that there is no bleeding 381 
from the injection site. 382 
 383 
NOTE: The bio-absorbable hemostatic sponge does not need to be removed. Trying to remove 384 
the gauze could cause re-bleeding from the injection site. 385 
 386 
3.21. If bleeding occurs, immediately perform pressure hemostasis with a cotton bud for about 387 
10 min. Then, apply an additional hemostatic sponge for a further 5 min. 388 
 389 
NOTE: If uncontrollable blood loss is observed, the mouse should be euthanized according to the 390 
protocol approved by the animal ethics committee of the institute. 391 
 392 
3.22. Remove the surgical gauzes on the intestines. Using a syringe filled with 5 mL saline, squirt 393 
saline to the intestines to prevent organ adhesion. 394 



 

 

 395 
NOTE: Do not apply saline to the portal vein injection site. This could cause re-bleeding. 396 
 397 
3.23. Gently place the intestines back inside the abdominal cavity. 398 
 399 
3.24. Suture the peritoneum using 4-0 polyglactin sutures. 400 
 401 
3.25. Lift up both sides of the skin with forceps. Apply skin staplers to close the skin incision. Be 402 
careful not to staple the intestine. 403 
 404 
3.26. Turn off the isoflurane but keep the oxygen flow running. Carefully monitor the mouse. 405 
When the mouse awakens, place the mouse in an empty cage on a heating pad. The mouse 406 
typically awakens within 5 min. 407 
 408 
3.27. Carefully monitor the mouse recovery for more than 10 min. 409 
 410 
3.28. Subcutaneously inject 0.1 mg/kg buprenorphine to the mouse 4 h after the surgery. 411 
 412 
3.29. Inject 0.1 mg/kg buprenorphine to the mouse at the end of the day for the subsequent 2 413 
days. 414 
 415 
3.30. Carefully monitor the mice daily for a week after surgery. Check sutures and wound 416 
healing. 417 
 418 
3.31. 7–10 days after the surgery, remove skin staplers using a stapler remover. 419 
 420 
4. Assessment of tumor growth kinetics by in vivo bioluminescent imaging 421 
 422 
NOTE: If Firefly-expressing tumoroids are used for injection, metastatic tumor progression can 423 
be monitored weekly by in vivo imaging as described38,39. Luciferase expressed by cancer cells 424 
could elicit immune responses against the cancer cells and limit tumor growth40. Thus, caution is 425 
warranted in analyzing immune phenotypes and cancer progression in a mouse model using 426 
luciferase-expressing tumor cells. 427 
 428 
4.1. Prepare a 30 mg/mL solution of D-luciferin using sterile PBS. Protect it from light. D-429 
luciferin should be stored in aliquots at -20 °C until use. 430 
 431 
4.2. Shave the abdomen and thorax with an electronic shaver. This can be done up to 1 day 432 
before in vivo imaging. 433 
 434 
4.3. Inject 150 mg/kg body weight of D-luciferin intraperitoneally into mice (i.e., if the mouse 435 
body weight is 30 g, inject 150 µL of the D-luciferin solution). 436 
 437 
4.4. Place the mice in an anesthesia chamber and anesthetize them. Use 5% of isoflurane for 438 



 

 

induction and 2%–3% for maintenance. 439 
 440 
4.5. 10 min later, place the mice in a lateral position (right side up). Acquire bioluminescence 441 
images using an in vivo imaging system (IVIS) as described previously38,39. 442 
 443 
NOTE: Mice are more stable in a lateral position compared to the supine position. Therefore, a 444 
lateral position is preferable to obtain a luminescence image from a consistent focal plane. 445 
 446 
4.6. Place the mice in an empty cage and monitor their recovery. 447 
 448 
4.7. Define regions of interest on the upper abdomen using Living Image Software as 449 
described38. Quantify total flux as a surrogate for tumor cell number. 450 
 451 
5. Survival analysis and tissue collection 452 
 453 
5.1. Monitor mice carefully for clinical symptoms of metastases such as a distended abdomen. 454 
 455 
5.2. Euthanize a mouse by CO2 inhalation once it reaches humane endpoints. 456 
 457 
NOTE: Use a study endpoint approved by the animal ethics committee of the institute. To 458 
determine a humane endpoint, a clinical record sheet was used; scores were calculated by one 459 
point being given for the presence of each of the following observations: weight loss > 15%, 460 
hunched posture, ruffled coat, dehydration, decreased movement, distended abdomen, or facial 461 
grimace. Once a score of 3 was reached, the mice were humanely euthanized. 462 
 463 
5.3. Immediately following euthanasia, perform transcardial perfusion fixation with 30–50 mL 464 
of 10% formalin in a fume hood, as described41. Make several small incisions (up to 1 cm each) 465 
with scissors into the normal part of the liver before perfusion to generate outlets for blood and 466 
formalin. Upon perfusion, the liver color will change from red to brown. 467 
 468 
NOTE: If micrometastases in macroscopically normal liver areas are a subject of study, we 469 
recommend researchers to not cut the liver, but to snip the superior vena cava instead. However, 470 
when we have used this method, fixation of the liver seems poorer when compared with cutting 471 
the liver. Especially if RNA in situ hybridization (ISH) is planned to be performed on liver sections, 472 
we recommend making incisions into the liver before intra-cardiac injection of formalin, as 473 
described above. This enables sufficient fixation of the liver tissue, resulting in preservation of 474 
RNA integrity for ISH. 475 
 476 
5.4. Place the liver and lung tissues into 10% formalin and fixate overnight. Replace the 477 
formalin with 70% ethanol, followed by paraffin-embedding. 478 
 479 
5.5. Perform hematoxylin and eosin staining to histologically evaluate tumor area. Perform 480 
immunohistochemistry for stromal markers of interest. Perform Picro-Sirus Red staining to 481 
evaluate collagen-positive areas. 482 



 

 

NOTE: The ImageJ software42 can be used to quantify immunohistochemistry and Picro-Sirius Res 483 
staining data. A color deconvolution function and the MRI fibrosis tool can be used to evaluate 484 
3,3’-Diaminobenzidine (DAB)-positive areas and Picro-Sirius red-positive areas, respectively. 485 
 486 
REPRESENTATIVE RESULTS: 487 
To induce AAV-mediated overexpression of a tumor-restraining stromal gene, Islr4,25,43,44, in 488 
hepatocytes, we intravenously injected Islr-encoding AAV8. 1.0 x 1011 viral genomes (vg) of AAV8-489 
Islr, or as a control, AAV8-mRuby2, was injected into the adult mouse tail vein (Figure 1A). Two 490 
weeks after the tail vein injection, livers were harvested to validate the overexpression of Islr in 491 
hepatocytes. We performed RNAscope in situ hybridization45 and confirmed that 3,3’-492 
Diaminobenzidine (DAB)+ signals were observed throughout the liver (Figure 1B). No DAB+ signals 493 
were detected in the liver from an AAV8-mRuby2-treated mouse. 494 
 495 
We practiced the portal vein injection procedure by injecting India ink (1:1000 dilution in PBS). 496 
After making an incision into the upper abdomen, the intestines were gently taken out from the 497 
abdominal space to allow visualization of the portal vein (Figure 2A). Portal vein injection of India 498 
ink delivered the ink throughout the liver, but not to the lung (Figure 2B). If the ink is mistakenly 499 
injected into other vessels such as the inferior vena cava (IVC) or abdominal aorta, systemic 500 
circulation of the ink alters the lung color to black. India ink also helps identify the amount of 501 
leakage from the portal vein, which indicates pancreatic or peritoneal dissemination. 502 
 503 
Two weeks after the tail vein injection of AAV-mRuby2, ApcΔ/Δ and Trp53Δ/Δ colon cancer 504 
organoids (AP tumoroids) were dissociated to single cells and injected into the mouse portal vein 505 
(Figure 3A). To confirm metastatic tumor growth and evaluate histology, we collected the livers 506 
3–4 weeks after the portal vein injection (i.e., at a timed point rather than at a humane endpoint), 507 
before prominent necrosis confounds histopathological analyses. Macroscopically, the portal 508 
vein injection of tumoroids resulted in multiple white tumor nodules in the liver (Figure 3B). We 509 
found that intra-splenic injection of the same cell number of tumoroids did not generate a large 510 
metastatic tumor mass. This suggests that the portal vein injection approach more efficiently 511 
induced liver metastases compared to the intra-splenic injection model. Hematoxylin and eosin 512 
staining of the CRC hepatic metastases induced by the portal vein injection demonstrated 513 
histopathology of moderately differentiated tubular adenocarcinoma accompanied with a 514 
desmoplastic stromal reaction and necrosis (Figure 3C). This stroma-rich histology faithfully 515 
recapitulated that of human CRC liver metastases (Figure 3C), making this model suitable for 516 
translational research investigating the metastatic tumor stroma. Moreover, 517 
immunohistochemistry for alpha-smooth muscle actin (αSMA), a well-established marker for 518 
CAFs, showed that about 7% of tumor areas were αSMA-positive, confirming the presence of 519 
CAFs in this mouse model (Figure 3D,E). Picro-Sirius red staining that stains collagen46 520 
demonstrated abundant ECM in the tumor mesenchyme with approximately 13% of tumor areas 521 
positive for collagen (Figure 3D,E). Immunohistochemistry for EPCAM, an epithelial lineage 522 
marker, revealed that the metastatic CRC showed tumor budding (a single tumor cell or a cell 523 
cluster of up to four tumor cells) that is a characteristic of poor prognosis colorectal cancer47 524 
(Figure 3F). Ki67 labeling index in the metastatic CRC was approximately 80%, indicating that 525 
most tumor cells are mitotically active (Figure 3G,H). 526 



 

 

 527 
We performed mouse survival and tumor growth kinetics analyses in this preclinical model. The 528 
mice in our first pilot cohort showed a median survival of 57 days after tumoroid injection into 529 
the portal vein (N = 4 mice; Figure 4A). This was later replicated in larger control AAV8-mRuby2-530 
injected groups25. At humane endpoint (as shown in NOTE, step 5.2), 3 out of 4 mice in the pilot 531 
group demonstrated ascites, which is also observed in patients with advanced liver metastasis48. 532 
To assess the tumor growth, in vivo imaging system (IVIS) was used to measure tumoroid-derived 533 
luminescence (Figure 4B,C). The bioluminescence signals were observed within the upper 534 
abdomen, suggesting liver-specific tumor growth (Figure 4B). If IVIS signals are observed in the 535 
lower abdomen, this indicates peritoneal dissemination or secondary metastases to abdominal 536 
organs. The weekly in vivo imaging allowed for a longitudinal assessment of tumor growth in each 537 
mouse (Figure 4C), making it easier to monitor a therapeutic effect in our subsequent larger study. 538 
The tumor take rate was 100% (4/4 mice) as assessed by IVIS signals. In this experiment, no 539 
macroscopically apparent lung metastasis was observed at the time of tissue collection (0/4 mice). 540 
 541 
Finally, we investigated whether AAV-mediated hepatocyte-directed delivery of a cancer-542 
restraining CAF gene, Islr4,25, could inhibit CRC hepatic metastasis growth in this preclinical mouse 543 
model. Notably, AAV8-Islr-treated mice showed improved mouse survival and decreased IVIS 544 
signals from tumors (Figure 5A–C)25. Immunohistochemistry for phosphorylated Smad1/5/8 545 
demonstrated that hepatocyte overexpression of ISLR, a BMP signaling potentiator, augmented 546 
BMP signaling in metastatic tumors (Figure 5D). Treatment with AAV8-Islr decreased the number 547 
of Ki67+ proliferating cells in the CRC hepatic metastasis (Figure 5E). For full description of the 548 
results, refer to Kobayashi et al., Gastroenterology, 202125. Our collective data indicate that 549 
AAV8-mediated delivery of a tumor-inhibitory gene to hepatocytes, a vital constituent of the liver 550 
metastatic tumor stroma29, could be an effective preventive/therapeutic approach for CRC liver 551 
metastases (Figure 5F). 552 
 553 
FIGURE AND TABLE LEGENDS: 554 
 555 
Figure 1: Tail vein-administered AAV8-Islr generates Islr overexpression in the liver. (A) 556 
Experimental scheme showing the tail vein injection of AAV8, followed by portal vein injection of 557 
colorectal cancer (CRC) organoids. ISH, in situ hybridization; IHC, immunohistochemistry; qRT-558 
PCR, quantitative real-time polymerase chain reaction. (B) Representative pictures. RNA in situ 559 
hybridization for Islr was performed using livers from AAV8-Islr or AAV8-mRuby2-treated mice. 560 
The livers were collected 2 weeks after tail vein injection. Scale bars, 50 µm. 561 
 562 
Figure 2: Portal vein injection of India ink results in its delivery to the liver, but not the lung. 563 
(A) Representative pictures showing anatomy of the upper abdomen after laparotomy. Note that, 564 
for visualization of the portal vein, the intestines are taken outside the abdominal cavity. The 565 
right-hand side picture shows an anatomical annotation of each organ and vessel. The yellow 566 
arrow denotes the injection site. IVC, Inferior vena cava. (B) Representative pictures of the liver 567 
and lung following portal vein injection of India ink. The yellow arrowheads indicate vessels 568 
stained with the India ink. Scale bars, 1 cm. 569 
 570 



 

 

Figure 3: Portal vein injection of colorectal cancer organoids generates stroma-rich liver 571 
metastases. (A) Experimental scheme showing portal vein injection of ApcΔ/Δ and Trp53Δ/Δ colon 572 
cancer organoids (AP tumoroids). Scale bar, 200 µm. T, tumoroids. (B) Representative 573 
macroscopic pictures of the livers that were collected 3–4 weeks after portal vein injection (left) 574 
or intra-splenic injection (right). 5.0 x 105 single cells from AP tumoroids were injected into the 575 
portal vein or spleen. Intra-splenic injection was performed as described13. White nodules 576 
indicate tumors. T, Tumor; N, Normal liver. (C) Representative hematoxylin and eosin (H&E) 577 
staining pictures of the CRC liver metastases from the portal vein injection mouse model (left and 578 
middle) and human (right). T, Tumor; N, Normal liver; S, Stroma; Nec, Necrosis. The yellow dotted 579 
line indicates a border between the tumor and normal liver (left). (D and E) 580 
Immunohistochemistry (IHC) for alpha-smooth muscle actin (αSMA; left) and Picro-Sirius red 581 
staining (right). (D) Representative pictures. (E) Quantification of αSMA-positive areas (left) and 582 
Picro-Sirius red-positive areas (right). N = 4 mice, 5 HPFs (High Power Fields; 400x)/mouse. (F) 583 
Representative picture showing immunohistochemistry for EPCAM, an epithelial cell marker. The 584 
green dotted lines denote tumor budding. (G and H) Immunohistochemistry for Ki67, a cell 585 
proliferation marker. (G) Representative picture. (H) Percentage of Ki67+ cells in total epithelial 586 
cells. Epithelial cells were visualized by hematoxylin counterstaining. N = 4 mice, 5 HPFs/mouse. 587 
In (B)-(H), all mouse liver tissues were collected 3–4 weeks after injection of AP tumoroids. Mean 588 
± S.E.M. Each dot represents an average value of 5 HPFs from a mouse (E and H). Scale bars 589 
represent 1 cm (B), 1 mm (C; left), 100 µm (C; middle and right), and 50 µm (D, F, and G). Note 590 
that the study with human tissues was approved by the Ethics Committee of Nagoya University 591 
Graduate School of Medicine (2017-0127). 592 
 593 
Figure 4: Survival analysis and tumor growth kinetic analysis by in vivo imaging. (A) Kaplan-594 
Meier survival curves. N = 4 mice. (B,C) In vivo imaging system (IVIS) was used to evaluate tumor 595 
growth kinetics. (B) A representative picture. The area in the red box was used for quantification. 596 
(C) Growth kinetics. Luciferase signals from each mouse are shown. N = 4 mice. 597 
 598 
Figure 5: AAV8-mediated gene delivery of Islr to hepatocytes increases BMP signaling, reduces 599 
tumor proliferation, and improves mouse survival in a portal vein injection model of CRC liver 600 
metastasis. (A) Kaplan-Meier survival curve. Two weeks after tail vein injection of AAV-Islr or 601 
AAV-mRuby2, portal vein injection of CRC tumoroids was performed. (B and C) Tumoroid-derived 602 
luciferase signals were evaluated using IVIS. (B) Representative picture. (C) Quantification of IVIS 603 
signals. N = 5 (AAV-mRuby2) and 8 (AAV-Islr) mice. Mean ± S.E.M. (D) Representative pictures. 604 
Immunohistochemistry (IHC) for phosphorylated Smad1/5/8 (pSmad1/5/8). Smad1/5/8 is a 605 
downstream molecule of bone morphogenetic protein (BMP) signaling that is phosphorylated 606 
upon BMP signaling activation49. N = 4 mice each. (E) Representative pictures. 607 
Immunohistochemistry for Ki67. N = 4 mice each. (F) Graphical summary. AAV-mediated 608 
hepatocyte-directed gene delivery of a cancer-restraining stromal gene might serve as a 609 
therapeutic strategy to inhibit CRC metastagenesis. AAV8-mediated overexpression of Islr in 610 
hepatocytes remodeled the metastatic niche by augmenting BMP signaling and limited CRC 611 
metastasis progression. For detailed information, refer to Kobayashi et al., Gastroenterology, 612 
202125. Log-rank test (A), and two-way repeated-measures ANOVA (analysis of variance) with 613 
post-hoc Sidak’s multiple comparison test at Week 3 (C). Scale bars, 50 µm. Figure 5A–C has been 614 



 

 

reprinted from Gastroenterology, Vol 160(4), Kobayashi et al., The Balance of Stromal BMP 615 
Signaling Mediated by GREM1 and ISLR Drives Colorectal Carcinogenesis, Pages 1224-1239.e30, 616 
Copyright (2021), with permission from Elsevier. 617 
 618 
DISCUSSION: 619 
In this study, we have shown that portal vein injection of mouse CRC organoids reproducibly 620 
generates fibroblast-rich liver metastases that mimic histological features of human CRC hepatic 621 
metastases. Furthermore, when combined with stroma-directed therapeutics such as AAV8-622 
mediated gene therapy, this preclinical model serves as a useful tool to assess therapeutic effects 623 
on mouse survival and tumor growth. 624 
 625 
There are, at least, two critical steps in the protocol. Firstly, it is important to prepare a single-626 
cell suspension of tumoroids by fully trypsinizing the organoids and using a mesh filter to remove 627 
cell clumps. Incomplete dissociation of tumoroids results in large cell aggregations, injection of 628 
which can occlude the portal vein. This causes infarction of the liver and animal death22. Secondly, 629 
during portal vein injection, it is imperative to minimize bleeding from the portal vein. The needle 630 
should be properly inserted into the portal vein. To avoid puncture of the other side of the portal 631 
vein, the angle of the inserted needle should be kept almost parallel to the portal vein. To prevent 632 
tearing of the portal vein during injection, the needle should not be moved once it is fully inserted 633 
into the portal vein. Immediately after removing the needle from the portal vein, it is vital to 634 
apply pressure to the injection site with a cotton bud for at least 5 min. 635 
 636 
The cell number for injection needs to be modified according to the recipient mouse (e.g., 637 
immunocompetent vs. immunodeficient mouse) and tumorigenicity of the organoid line. In our 638 
experiments, injection of 5.0 x 105 single cells in 100 µL suspension was sufficient to generate 639 
liver metastases in immunocompetent mice. Increasing the cell number could enhance the risk 640 
of embolism in the portal vein and death of animals14, and thus should be carefully considered. 641 
Given that previous papers used 5 x 104 to 5 x 105 cells in 100 µL for tumoroid injection into the 642 
portal or mesenteric vein25–28, we consider that this cell number range would be a good starting 643 
point for optimization. 644 
 645 
One limitation of the portal vein injection approach is that it does not fully recapitulate the entire 646 
cascade of CRC metastagenesis. Hepatic metastasis of cancer requires five major steps: (1) cancer 647 
cell invasion at the primary site, (2) intravasation into the vessel, (3) cell survival in the portal 648 
circulation, (4) extravasation from the portal vein to the liver parenchyma, and (5) colonization 649 
in the metastatic niche50. The portal vein injection model only permits investigation of steps (3)–650 
(5). To gain insights into the other metastatic processes, it is necessary to utilize other models 651 
such as in vitro models and/or a Notch1-mutant primary CRC mouse model that frequently 652 
metastasizes to the liver51. 653 
 654 
The significance of the portal vein injection method with respect to the existing methods includes 655 
liver-specific growth and higher tumor burden. Peritoneal dissemination in other injection 656 
models and primary tumor growth in primary CRC models can confound analysis of liver 657 
metastasis progression. In contrast, our portal vein approach rapidly generates liver-specific 658 



 

 

tumors, simplifying survival and tumor growth analyses. 659 
 660 
One major advantage of organoid transplantation over cell line injection is that portal vein 661 
injection of tumoroids generated the fibroblast-rich tumor microenvironment that phenocopies 662 
a desmoplastic feature of human metastatic CRC. Organoid culture conditions recapitulate 663 
features of the tumor microenvironment and support intestinal stem cell populations, including 664 
embedding cells in a rich and complex 3D ECM with a defined combination of growth factors24,52. 665 
This results in tumor cell propagation in a manner that preserves the genetic landscape of the 666 
source tumor52,53. In contrast, traditional 2D culture of tumor cell lines is associated with clonal 667 
selection and aberrant genomic/transcriptomic alterations that do not faithfully reflect 668 
characteristics of the original cancers54. We speculate that the relatively harsh culture conditions 669 
for 2D culture of cancer cell lines force cells to adapt to lack of ECM/growth factor signals that 670 
may then result in stroma-poor tumors in vivo, as the cells no longer require stroma-derived 671 
signals for survival. 672 
 673 
By combining the organoid portal vein injection model with AAV8-mediated gene therapy, we 674 
found that delivery of a cancer-inhibitory payload to hepatocytes before cancer cell colonization 675 
in the liver could modify the (pre-)metastatic niche to inhibit CRC metastasis growth25. 676 
Encouragingly, clinical trials have demonstrated that AAV-mediated in vivo gene transfer to the 677 
liver induces long-term expression of a transgene and could be an effective and safe modality to 678 
treat non-neoplastic genetic diseases30,31,55. In the future, harnessing hepatocytes to prevent liver 679 
metastases through the AAV approach might have potential clinical value in cancer patients at 680 
high risk of metastases. 681 
 682 
In summary, our paper shows that CRC organoid transplantation via the portal vein generates 683 
fibroblast-rich liver metastases, which can be exploited for the development of therapeutic 684 
strategies targeting the stroma. By coupling the portal vein injection with stroma-directed 685 
therapy such as AAV-mediated gene delivery, one may identify novel stromal targets to restrain 686 
CRC metastasis progression. 687 
 688 
ACKNOWLEDGMENTS: 689 
This study was supported by grants from the National Health and Medical Research Council 690 
(APP1156391 to D.L.W., S.L.W.) (APP1081852 to D.L.W., APP1140236 to S.L.W., APP1099283 to 691 
D.L.W.,); Cancer Council SA Beat Cancer Project on behalf of its donors and the State Government 692 
of South Australia through the Department of Health (MCF0418 to S.L.W., D.L.W.); a Grant-in-Aid 693 
for Scientific Research (B) (20H03467 to M.T.) commissioned by the Ministry of Education, 694 
Culture, Sports, Science and Technology of Japan; AMED-CREST (Japan Agency for Medical 695 
Research and Development, Core Research for Evolutional Science and Technology 696 
(19gm0810007h0104 and 19gm1210008s0101 to A.E.); the Project for Cancer Research and 697 
Therapeutic Evolution (P-CREATE) from AMED (19cm0106332h0002 to A.E.); Japan Society for 698 
the Promotion of Science Overseas Challenge Program for Young Researchers (to H.K.), Takeda 699 
Science Foundation Fellowship (to H.K.), Greaton International Ph.D. Scholarship (to H.K.), Lions 700 
Medical Research Foundation Scholarship (to K.G.). 701 
 702 



 

 

We thank Dr. Leszek Lisowski at Vector and Genome Engineering Facility (VGEF), Children’s 703 
Medical Research Institute (CMRI) (NSW, AUSTRALIA) for producing recombinant AAV vectors. 704 
 705 
DISCLOSURES: 706 
The authors declare no conflicts of interest. 707 
 708 
REFERENCES: 709 
1. Zarour, L. R. et al. Colorectal cancer liver metastasis: Evolving paradigms and future 710 
directions. Cell and Molecular Gastroenterology and Hepatology. 3 (2), 163–173 (2017). 711 
2. Peinado, H. et al. Pre-metastatic niches: organ-specific homes for metastases. Nature 712 
Reviews. Cancer. 17 (5), 302–317 (2017). 713 
3. Kobayashi, H. et al. Cancer-associated fibroblasts in gastrointestinal cancer. Nature 714 
Reviews. Gastroenterology & Hepatology. 16 (5), 282–295 (2019). 715 
4. Mizutani, Y. et al. Meflin-positive cancer-associated fibroblasts inhibit pancreatic 716 
carcinogenesis. Cancer Research. 79 (20), 5367–5381 (2019). 717 
5. Gieniec, K. A., Butler, L. M., Worthley, D. L., Woods, S. L. Cancer-associated fibroblasts-718 
heroes or villains? British Journal of Cancer. 121 (4), 293–302 (2019). 719 
6. Tauriello, D. V. F. et al. TGFbeta drives immune evasion in genetically reconstituted colon 720 
cancer metastasis. Nature. 554 (7693), 538–543 (2018). 721 
7. Calon, A. et al. Dependency of colorectal cancer on a TGF-beta-driven program in stromal 722 
cells for metastasis initiation. Cancer Cell. 22 (5), 571–584 (2012). 723 
8. Shen, Y. et al. Reduction of liver metastasis stiffness improves response to cevacizumab 724 
in metastatic colorectal cancer. Cancer Cell. 37 (6), 800–817 e807 (2020). 725 
9. Romano, G., Chagani, S., Kwong, L. N. The path to metastatic mouse models of colorectal 726 
cancer. Oncogene. 37 (19), 2481–2489 (2018). 727 
10. Roper, J. et al. In vivo genome editing and organoid transplantation models of colorectal 728 
cancer and metastasis. Nature Biotechnology. 35 (6), 569–576 (2017). 729 
11. Lannagan, T. R. M. et al. Genetic editing of colonic organoids provides a molecularly 730 
distinct and orthotopic preclinical model of serrated carcinogenesis. Gut. 68 (4), 684–692 (2019). 731 
12. Lannagan, T. R., Jackstadt, R., Leedham, S. J., Sansom, O. J. Advances in colon cancer 732 
research: in vitro and animal models. Current Opinion in Genetics & Development. 66, 50–56 733 
(2021). 734 
13. Soares, K. C. et al. A preclinical murine model of hepatic metastases. Journal of Visualized 735 
Experiments: JoVE. (91), 51677 (2014). 736 
14. Yazdani, H. O., Tohme, S. Murine model of metastatic liver tumors in the setting of 737 
ischemia reperfusion injury. Journal of Visualized Experiments: JoVE. (150), e59748 (2019). 738 
15. Frampas, E. et al. The intraportal injection model for liver metastasis: advantages of 739 
associated bioluminescence to assess tumor growth and influences on tumor uptake of 740 
radiolabeled anti-carcinoembryonic antigen antibody. Nuclear Medicine Communications. 32 (2), 741 
147–154 (2011). 742 
16. O'Rourke, K. P. et al. Transplantation of engineered organoids enables rapid generation 743 
of metastatic mouse models of colorectal cancer. Nature Biotechnology. 35 (6), 577–582 (2017). 744 
17. Goddard, E. T., Fischer, J., Schedin, P. A portal vein injection model to study liver 745 
metastasis of breast cancer. Journal of Visualized Experiments: JoVE. (118,) 54903 (2016). 746 



 

 

18. Lee, W. Y., Hong, H. K., Ham, S. K., Kim, C. I., Cho, Y. B. Comparison of colorectal cancer in 747 
differentially established liver metastasis models. Anticancer Research. 34 (7), 3321–3328 (2014). 748 
19. Kollmar, O., Schilling, M. K., Menger, M. D. Experimental liver metastasis: standards for 749 
local cell implantation to study isolated tumor growth in mice. Clinical & Experimental 750 
Metastasis. 21 (5), 453–460 (2004). 751 
20. McVeigh, L. E. et al. Development of orthotopic tumour models using ultrasound-guided 752 
intrahepatic injection. Scientific Reports. 9 (1), 9904 (2019). 753 
21. Engstrand, J., Nilsson, H., Stromberg, C., Jonas, E., Freedman, J. Colorectal cancer liver 754 
metastases - a population-based study on incidence, management and survival. BMC Cancer. 18 755 
(1), 78 (2018). 756 
22. Thalheimer, A. et al. The intraportal injection model: a practical animal model for hepatic 757 
metastases and tumor cell dissemination in human colon cancer. BMC Cancer. 9, 29 (2009). 758 
23. Limani, P. et al. Selective portal vein injection for the design of syngeneic models of liver 759 
malignancy. American Journal of Physiology Gastrointestinal and Liver Physiology. 310 (9), G682–760 
688 (2016). 761 
24. Lau, H. C. H., Kranenburg, O., Xiao, H., Yu, J. Organoid models of gastrointestinal cancers 762 
in basic and translational research. Nature Reviews. Gastroenterology & Hepatology. 17 (4), 203–763 
222 (2020). 764 
25. Kobayashi, H. et al. The balance of stromal BMP signaling mediated by GREM1 and ISLR 765 
drives colorectal carcinogenesis. Gastroenterology. 160 (4), 1224–1239 e1230 (2021). 766 
26. Fumagalli, A. et al. Genetic dissection of colorectal cancer progression by orthotopic 767 
transplantation of engineered cancer organoids. Proceedings of the National Academy of 768 
Sciences of the United States of America. 114 (12), E2357–E2364 (2017). 769 
27. Fumagalli, A. et al. Plasticity of Lgr5-Negative Cancer Cells Drives Metastasis in Colorectal 770 
Cancer. Cell Stem Cell. 26 (4), 569–578 e567 (2020). 771 
28. de Sousa e Melo, F. et al. A distinct role for Lgr5(+) stem cells in primary and metastatic 772 
colon cancer. Nature. 543 (7647), 676–680 (2017). 773 
29. Lee, J. W. et al. Hepatocytes direct the formation of a pro-metastatic niche in the liver. 774 
Nature. 567 (7747), 249–252 (2019). 775 
30. Dunbar, C. E. et al. Gene therapy comes of age. Science. 359 (6372) eaan4672 (2018). 776 
31. George, L. A. et al. Hemophilia B gene therapy with a high-specific-activity factor IX 777 
variant. The New England Journal of Medicine. 377 (23), 2215–2227 (2017). 778 
32. Colella, P., Ronzitti, G., Mingozzi, F. Emerging issues in AAV-mediated in vivo gene 779 
therapy. Molecular Therapy. Methods & Clinical Development. 8, 87–104 (2018). 780 
33. Fripont, S., Marneffe, C., Marino, M., Rincon, M. Y., Holt, M. G. Production, purification, 781 
and quality control for adeno-associated virus-based vectors. Journal of Visualized Experiments: 782 
JoVE. (143), e58960 (2019). 783 
34. Sands, M. S. AAV-mediated liver-directed gene therapy. Methods in Molecular Biology. 784 
807, 141–157 (2011). 785 
35. O'Rourke, K. P., Ackerman, S., Dow, L. E., Lowe, S. W. Isolation, culture, and maintenance 786 
of mouse intestinal stem cells. Bio-protocol. 6 (4) e1733 (2016). 787 
36. Ellerstrom, C., Strehl, R., Noaksson, K., Hyllner, J., Semb, H. Facilitated expansion of 788 
human embryonic stem cells by single-cell enzymatic dissociation. Stem Cells. 25 (7), 1690–1696 789 
(2007). 790 



 

 

37. Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures in vitro without a 791 
mesenchymal niche. Nature. 459 (7244), 262–265 (2009). 792 
38. Oshima, G. et al. Advanced animal model of colorectal metastasis in liver: Imaging 793 
techniques and properties of metastatic clones. Journal of Visualized Experiments: JoVE. (117) 794 
e54657, (2016). 795 
39. Anker, J. F., Mok, H., Naseem, A. F., Thumbikat, P., Abdulkadir, S. A. A bioluminescent and 796 
fluorescent orthotopic syngeneic murine model of androgen-dependent and castration-resistant 797 
prostate cancer. Journal of Visualized Experiments: JoVE. (133), e57301 (2018). 798 
40. Baklaushev, V. P. et al. Luciferase expression allows bioluminescence imaging but imposes 799 
limitations on the orthotopic mouse (4T1) model of breast cancer. Scientific Reports. 7 (1), 7715 800 
(2017). 801 
41. Gage, G. J., Kipke, D. R., Shain, W. Whole animal perfusion fixation for rodents. Journal of 802 
Visualized Experiments: JoVE. (65), e3564 (2012). 803 
42. Schneider, C. A., Rasband, W. S., Eliceiri, K. W. NIH Image to ImageJ: 25 years of image 804 
analysis. Nature Methods. 9 (7), 671–675 (2012). 805 
43. Hara, A. et al. Roles of the mesenchymal stromal/stem cell marker meflin in cardiac tissue 806 
repair and the development of diastolic dysfunction. Circulation Research. 125 (4), 414–430 807 
(2019). 808 
44. Hara, A. et al. Meflin defines mesenchymal stem cells and/or their early progenitors with 809 
multilineage differentiation capacity. Genes to Cells. 26 (7), 495–512 (2021). 810 
45. Wang, H. et al. RNAscope for in situ detection of transcriptionally active human 811 
papillomavirus in head and neck squamous cell carcinoma. Journal of Visualized Experiments: 812 
JoVE. (85), e51426 (2014). 813 
46. Lattouf, R. et al. Picrosirius red staining: a useful tool to appraise collagen networks in 814 
normal and pathological tissues. The Journal of Histochemistry and Cytochemistry. 62 (10), 751–815 
758 (2014). 816 
47. Lugli, A. et al. Recommendations for reporting tumor budding in colorectal cancer based 817 
on the International Tumor Budding Consensus Conference (ITBCC) 2016. Modern Pathology. 30 818 
(9), 1299–1311 (2017). 819 
48. Sangisetty, S. L., Miner, T. J. Malignant ascites: A review of prognostic factors, 820 
pathophysiology and therapeutic measures. World Journal of Gastrointest Surgery. 4 (4), 87–95 821 
(2012). 822 
49. Jung, B., Staudacher, J. J., Beauchamp, D. Transforming growth factor beta superfamily 823 
signaling in development of colorectal cancer. Gastroenterology. 152 (1), 36–52 (2017). 824 
50. Hapach, L. A., Mosier, J. A., Wang, W., Reinhart-King, C. A. Engineered models to parse 825 
apart the metastatic cascade. NPJ Precision Oncology. 3, 20 (2019). 826 
51. Jackstadt, R. et al. Epithelial NOTCH signaling rewires the tumor microenvironment of 827 
colorectal cancer to drive poor-prognosis subtypes and metastasis. Cancer Cell. 36 (3), 319–336 828 
e317 (2019). 829 
52. Lo, Y.-H., Karlsson, K., Kuo, C. J. Applications of organoids for cancer biology and precision 830 
medicine. Nature Cancer. 1 (8), 761–773 (2020). 831 
53. van de Wetering, M. et al. Prospective derivation of a living organoid biobank of colorectal 832 
cancer patients. Cell. 161 (4), 933–945 (2015). 833 
54. Ben-David, U. et al. Genetic and transcriptional evolution alters cancer cell line drug 834 



 

 

response. Nature. 560 (7718), 325–330 (2018). 835 
55. Kattenhorn, L. M. et al. Adeno-associated virus gene therapy for liver disease. Human 836 
Gene Therapy. 27 (12), 947–961 (2016). 837 
 838 



Kobayashi et al., Figure 1.

A

B
Islr (ISH; RNAscope) 

Normal liver, 2 weeks after tail vein injection

Tail vein injection

Portal vein injection
of CRC organoids

Validation of
gene delivery to the liver

(e.g. ISH, IHC, Western blotting, qRT-PCR)

Time 
(Weeks) -2 0

AAV8-Islr
AAV8-mRuby2

Survival analysis
Histological analysis
In vivo imaging

AAV8-mRuby2 AAV8-Islr

Figure 1 Click here to access/download;Figure;Figure 1, R2, Kobayashi
et al.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1346131&guid=8eee1998-fe72-4523-aef1-085c1af7e674&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1346131&guid=8eee1998-fe72-4523-aef1-085c1af7e674&scheme=1


Kobayashi et al., Figure 2.

A

B

Laparotomy and visualization of the portal vein

Liver

Pancreas

Skin

Portal vein

IV
C

Pancreas

Intestine

Aorta

Injection

G
auze

Intestine

Portal vein injection of India ink

Liver Lung

Figure 2 Click here to access/download;Figure;Figure 2, R2, Kobayashi
et al.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1346132&guid=80bd0a27-06aa-46d8-b989-b8d3470c880d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1346132&guid=80bd0a27-06aa-46d8-b989-b8d3470c880d&scheme=1


Kobayashi et al., Figure 3.

A

B

C

N
T

Liver, Injection of AP tumoroids
Portal vein injection Intra-splenic injection

Liver metastasis, Portal vein injection of AP tumoroids Human CRC liver metastasis

AP tumoroids

Stroma 

Recipient mouse

Portal vein injection

Dissociation 
to single cells

S S

Nec

H&E staining

F G H
Liver metastasis, 

Portal vein injection of AP tumoroids
Ki67 (IHC)EPCAM (IHC)

Liver metastasis, 
Portal vein injection of AP tumoroids

0

20

40

60

80

100

Ki
67

la
be

lin
g

in
de

x
(%

)
Nec

D E

0

5

10

15

20

Po
si

tiv
e

ar
ea

s
(%

)αSMA (IHC) Picro-Sirius red staining
Liver metastasis, Portal vein injection of AP tumoroids

αS
MA

Picr
o-S

iriu
s 

red
 

T
N

N

T

T

T

Figure 3 Click here to access/download;Figure;Figure 3, R2, Kobayashi
et al.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1346133&guid=3073cf45-8d59-4b9c-8937-331c70449ca7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1346133&guid=3073cf45-8d59-4b9c-8937-331c70449ca7&scheme=1


Kobayashi et al., Figure 4.

A

B C
IVIS (6weeks after injection)

0 20 40 60 80
0

50

100

Days after portal vein injection

Pe
rc

en
t s

ur
vi

va
l

1 2 3 4 5 6 7 8 9
106

107

108

109

1010

1011

1012

Week after portal vein injection

To
ta

lf
lu

x
(p

ho
to

ns
/s

ec
)

Radiance
8 x 109642

Figure 4 Click here to access/download;Figure;Figure 4, R2, Kobayashi
et al.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1346134&guid=6c494a2b-ce68-40c2-a142-f3f0b60ce047&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1346134&guid=6c494a2b-ce68-40c2-a142-f3f0b60ce047&scheme=1


Kobayashi et al., Figure 5.

D E

Tumor microenvironment in CRC hepatic metastasis

AAV8-Islr
(Hepatocyte-specific overexpression 
of a cancer-restraining stromal  gene)

Hepatocyte
(Metastatic niche in the liver )

ISLR

Inhibiting tumor growth

BMP signaling

+

CAF

Colon cancer cell

F

pSmad1/5/8 (IHC), Liver metastasis
AAV-mRuby2 AAV-Islr

Ki67 (IHC), Liver metastasis
AAV-mRuby2 AAV-Islr

BMP signaling

Days after tumoroid injection

AAV-mRuby2 (N =18)
AAV-Islr (N = 13)

0 20 40 60 80 100 120 140
0

50

100

Pe
rc

en
ts

ur
vi

va
l

P = .0019

A

P = .0032

To
ta

l f
lu

x 
(p

ho
to

ns
/s

ec
)

AAV-mRuby2
AAV-Islr 

Weeks after
tumoroid injection

B C

Pinteraction = .0305AAV-
mRuby2

AAV-
Islr

Week3 IVIS

Radiance

1.5
x 109

1.0 0.5

1 2 3
107

108

109

1010

1011

Figure 5 Click here to access/download;Figure;Figure 5, R2, Kobayashi
et al.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1346135&guid=7597ac0c-3c39-4490-938b-0801ab2ff329&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1346135&guid=7597ac0c-3c39-4490-938b-0801ab2ff329&scheme=1


  

Table of Materials

Click here to access/download
Table of Materials

Table of Materials, R2, Kobayashi et al, JOVE.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1346136&guid=7a0e6172-3726-441e-bf1c-4269fdae3cd2&scheme=1


1 
 

Note to Editors 

  We are grateful to the editors for their comments. As indicated in our responses below, we have 

taken all of these into account in the revised version of our manuscript.  

 

  We would like to adopt a hybrid filming/production option where, after the manuscript acceptance, 

we will film ourselves based on a script that the JOVE team will provide. (We are outside the JOVE 

videographer network.) 

 

Editorial comments: 

1. The editor has formatted the manuscript to match the JoVE style. Please retain and use the attached 

file for revision. 

  We have retained and used the file for revision. We have used the “Track Changes” function, 

Microsoft Word software, to denote changes made from the previous version.  

 

2. Please address specific comments marked in the manuscript. 

  We have now addressed all comments marked in the manuscript. Please see our revised Word 

document. 

 

3. You are allowed to reuse the figures/tables as long as you obtain the reprint permission from the 

original publication. 

  We have now obtained the reprint permission from Elsevier, the publisher for the original figure, and 

incorporated the data in New Figure 5A-C. The permission document has been uploaded to the Editorial 

Manager. As written below, we have appropriately acknowledged the source information in the format 

specified by Elsevier (General Terms 3. Acknowledgement; Page 2, Reprint permission document 

uploaded to the Editorial Manager). 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Responses to
editors, R2, Kobayashi et al.docx

https://www.editorialmanager.com/jove/download.aspx?id=1346137&guid=5643f7ae-61fe-4e7f-8f33-aa1d454f877f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1346137&guid=5643f7ae-61fe-4e7f-8f33-aa1d454f877f&scheme=1


2 
 

  “Figure 5A-C has been reprinted from Gastroenterology, Vol 160(4), Kobayashi et al., The Balance of 

Stromal BMP Signaling Mediated by GREM1 and ISLR Drives Colorectal Carcinogenesis, Pages 1224-

1239.e30, Copyright (2021), with permission from Elsevier.” (Lines 635-637) 

 

4. Please include results as asked by the reviewers to support the claims or reduce the scope of the 

manuscript. 

    Reviewers 1 and 2 asked for the results showing that our stroma-directed therapy could decrease 

colorectal cancer metastasis progression (Comment 2, Reviewer 1; Comments 1 and 2, Reviewer 2). In 

the first round of the revision, we had added representative results demonstrating that AAV8-Islr 

treatment augmented bone morphogenetic protein (BMP) signaling and decreased Ki67 labeling index in 

our portal vein injection model. However, we had not added mouse survival data and tumor growth 

kinetics analyzed by in vivo imaging system, assuming that we were not allowed to reuse the data from 

our previous publication (Kobayashi et al., Gastroenterology, 2021). In this revision, we have now added 

these data to reinforce our finding that AAV-mediated stroma-directed therapy could attenuate metastatic 

tumor growth and improve mouse survival (New Figure 5A-C). We have added the following sentence to 

Representative Results, the revised manuscript (Lines 558 and 559).  

  “Notably, AAV8-Islr-treated mice showed improved mouse survival and decreased IVIS signals from 

tumors (Figure 5A-C).” 

 

   As we have incorporated mouse survival data in New Figure 5A, we have now modified the Abstract 

sentence as follows. This addresses Comment 2, Reviewer 2, where he/she pointed out that mouse 

survival data had not been shown in our original manuscript.  

  “We describe methods to examine whether adeno-associated virus-mediated delivery of a tumor-

inhibiting stromal gene to hepatocytes could remodel the tumor microenvironment and improve mouse 

survival attenuate tumor cell proliferation.” 
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5. The title should directly reflect the protocol to be shown in the video. 

  As AAV injection will not be included in the video, we have removed the phrase “Adeno-Associated 

Virus” from the title. The title has now been changed from “Combining an Organoid Transplant Mouse 

Model of Liver Metastasis and Adeno-Associated Virus to Investigate Stroma-Directed Therapy 

for Colon Cancer” to “Portal Vein Injection of Colorectal Cancer Organoids to Study the Liver 

Metastasis Stroma.” 
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