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INTRODUCTION 
 

Colorectal cancer (CRC) is one of the most common 

malignant tumors in humans, accounting for ~10% of 

all cancer incidences and 9.4% of all cancer-related 

mortalities worldwide [1, 2]. The stage at diagnosis is 

the most important survival predictor; the 5-year 

relative survival rate ranges from 90%, for patients 

diagnosed with localized disease (stage I), to 14% for 

those with late-stage disease (stage IV) [3]. The liver is 

the most common metastatic organ in CRC. 

Approximately 20–25% of patients with CRC have liver 

metastases at the time of initial diagnosis, whereas 50% 

of postoperative CRC patients develop liver metastases 

[3–5]. Although radical surgical resection is an effective 

treatment for CRC liver metastases (CLM), less than 

20% of patients are eligible for resection of such 

metastases, and all patients inevitably experience CLM 

recurrence [6]. Currently, systemic treatment for 

metastatic CRC relies primarily on the combination of 

chemotherapy with 5-fluorouracil (5-Fu), oxaliplatin, or 
irinotecan, in combination with targeted agents, such as 

cetuximab (for left-sided CRCs with wild-type 

KRAS/NRAS) and bevacizumab [7]. However, the 
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ABSTRACT 
 

Proper preclinical models for the research of colorectal cancer (CRC) and CRC liver metastases (CLM) are a 
clear and unmet need. Patient-derived organoids have recently emerged as a robust preclinical model, but 
are not available to all scientific researchers. Here, we present paired 3D organoid cell lines of CWH22 (CRC-
derived) and CLM22 (CLM-derived) with sound background information and the short tandem repeats are 
identical to those of the normal tissue. Morphological and immunohistochemical staining, along with whole-
exome sequencing (WES), confirmed that the organoids exhibited the same differentiation, molecular 
expression, and mutation status as the corresponding tumor tissue. Both organoids possessed mutated 
APC/KRAS/SMAD4/CDKN1B/KMT2C genes and wild-type TP53 and PIK3CA; stably secreted the tumor 
markers CEA and CA19-9, and possessed sound proliferation rates in vitro, as well as subcutaneous 
tumorigenicity and liver metastatic abilities in vivo. IC50 assays confirmed that both cell lines were sensitive 
to 5-fluorouracil, oxaliplatin, SN-38, and sotorasib. WES and karyotype analyses revealed the genomic 
instability status as chromosome instability. The corresponding adherent cultured CWH22-2D/CLM22-2D cells 
were established and compared with commonly used CRC cell lines from the ATCC. Both organoids are 
publicly available to all researchers and will be useful tools for specific human CRC/CLM studies both in vitro 
and in vivo. 
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overall survival of patients with CLM has not improved 

much in recent years. One major hurdle in the 

development of novel treatment regimens for 

CRC/CLM is the challenge of translating scientific 

findings from bench to bedside, mainly because most 

research models poorly replicate the heterogeneous 

behavior of CRC/CLM and, consequently, many drugs 

that perform well in CRC models fail in clinical trials. 

 

Cell lines are attractive models for the study of 

malignant diseases. Currently, CRC/CLM cultures, 

especially publicly available cell lines, such as 2D 

cultured cell lines distributed by the American Type 

Culture Collection (ATCC; https://www.atcc.org), are 

useful tools for studying CRC formation and metastasis, 

developing new anti-tumor strategies, and identifying 

molecular markers in response to drugs. Although these 

cell lines have been widely used for decades and are 

publicly recognized, they have several drawbacks. For 

instance, in vitro subculture imposes selection pressure 

on cell lines, which can result in genetic drift over time 

[8]. Moreover, long-term cultures present a risk of 

cross-contamination with other cell lines [8, 9]. Thus, 

short tandem repeat (STR) authentication of already 

available cell lines and experiments with primary cell 

cultures are required to ensure the reliability of 

experimental results. 

 

Since clonal heterogeneity is a characteristic of most 

human cancers [10], research models that fully 

reproduce the heterogeneity of primary tumors will be 

useful research tools. Patient-derived tumor organoids 

are cultures of tumor cells that capture the heterogeneity 

of morphological and genetic features of the original 

tumor and can be derived from individual patients with 

a high success rate and unlimited expansion potential 

[11–13]. Accumulating evidence has demonstrated that 

CRC/CLM-derived organoids can be used not only for 

exploring tumor biological characteristics, but also as 

preclinical models for predicting treatment responses 

[12, 14–17]. Organoids derived from paired CRC/CLM 

lesions have been reported in several articles [15, 18, 

19]; however, their biological and molecular 

characteristics have not been fully explored for each 

patient, and they have not been widely used by all 

researchers. 

 

Throughout this study, we presented paired CRC/CLM-

derived organoids, named CWH22 (CRC-derived) and 

CLM22 (CLM-derived) organoid cell lines, which are 

suitable for common 3D organoid cultures with minimal 

additions to advanced Dulbecco’s modified Eagle 

medium (DMEM)/F12. Both organoid lines were 

subcultured more than 50 times and cryopreserved at 

different early passage stages. We also presented their 

biological characteristics, including proliferation rate, 

karyotype analysis, IC50 values for different drugs, and 

whole-exome sequencing (WES) data, as well as the 

pathological and histological characteristics of the 

original tumor and the subcutaneous/liver metastasis 

xenografts of these two cell lines in nude mice. 

Moreover, 2D adherent cultures of CWH22 (CWH22-

2D) and CLM22 (CLM22-2D) cells were also 

established and cultured in high-glucose DMEM 

supplemented with 10% fetal bovine serum. The 

advantages of CWH22 and CLM22 organoid cell lines, 

as well as CWH22-2D and CLM22-2D cell lines, 

compared to traditional adherent cell lines from the 

ATCC were also demonstrated. 

 

Since the earliest passages of CWH22 and CLM22 

organoid cell lines, as well as CWH22-2D and CLM22-

2D cell lines, were preserved at the China Center for 

Type Culture Collection, Wuhan, China (CCTCC), and 

are available to all researchers, they will contribute to 

the diversity of CRC cell lines, the exploration of the 

molecular mechanisms, and facilitate the screening and 

evaluation of anti-tumor drugs in CRC/CLM studies, 

rendering preclinical research more reliable. 

 

RESULTS 
 

Establishment of CWH22/CLM22 3D organoids 

 

The experimental design of the procedure is 

summarized in Figure 1. The occupied lesions in the left 

liver lobe and ascending colon are presented in 

Supplementary Figure 1A, 1B, respectively. H&E and 

IHC staining indicated moderately differentiated 

adenocarcinomas with tubular structures of colorectal 

epithelial origin of colorectal epithelial origin 

(cytokeratin 20 (CK20)- and CDX2-positive) with  

wild-type p53, high proliferation rates (Ki67), and 

microsatellite stability (MSS; normal expression of 

MLH1, PMS2, MSH2, and MSH6 proteins; 

Supplementary Figure 1C). The treatment strategies and 

the response records are presented in Supplementary 

Figure 1D, 1F. 

 

During culture, both CRC- and CLM-derived organoids, 

namely CWH22 and CLM22, proliferated and 

differentiated well. The gross appearance of the CRC 

and CLM tissues, as well as bright-field images of the 

organoids, are presented in Figure 2A. H&E staining 

and IHC staining revealed morphological (e.g., thin- 

and thick-walled cystic structures) and protein 

expression similarities between CWH22/CLM22 

organoids and the corresponding tumor tissues (Figure 

2A, 2B; Supplementary Figure 1C). Both CWH22 and 

CLM22 organoids circumvented replicative senescence, 

acquired the ability to sustain unlimited proliferation in 

culture (passaged more than 50 times), and were 
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cryopreserved at different early passage stages. Two 

movie recordings (Supplementary Videos 1 and 2) show 

the bright-field morphologies of CWH22 and CLM22 

ten days after recovery, with continuous zoom at 

different focal surfaces, demonstrating that these 

organoids can withstand freezing, storage, and thawing. 

 

Proliferation, morphological stability, and 

identification of CWH22/CLM22 organoid cells 

 

Proliferation and tumorigenicity are basic features of 

primary and organoid cell lines, making them popular 

models in cancer research. CWH22 and CLM22 

organoids grow rather slowly during the first five days, 

owing to the intentionally low number of cells initially 

seeded into each well; this was done to provide more 3D 

space in the BME for organoid growth and 

differentiation (Figure 2C). Subsequently, the organoids 

grew rapidly, and the total cell viability on the 14th day 

was 40 times greater than that on the first day. 

Moreover, the proliferation rates of this paired organoids 

(CWH22 and CLM22) did not differ (Figure 2D). 

 

Apart from the proliferation conditions in the 3D culture 

system, stable organoid morphology was also main-

tained over long periods. Luminal and glandular 

epithelioid folds were evident at different passages (P2, 

P5, P10, and P20) in both CWH22 and CLM22 

organoids, which maintained the structural hetero-

geneity well (Figure 2E). Immunofluorescence staining 

of the differentiated structures in CWH22 and CLM22 

organoids was performed in the 20th generation, 

revealing that both organoids were positive for CK20, 

which is normally expressed in luminal cells of the 

colonic mucosa, and Ki67, a proliferation marker 

(Figure 2E). 

 

Since CWH22 and CLM22 meet the conditions of being 

cell lines and possess good tumorigenicity (see the 

following sections), the 4th generation of these organoid 

cell lines were deposited at the CCTCC (No. C202218 

and C202219) after testing negative for bacterial and 

mycoplasma contamination. The STR authentications of 

21 locations (including the nine ATCC-required loci) 

from these two organoid cell lines and the corresponding 

normal mucosa tissue were assessed by the CCTCC, and 

a complete match was observed (Table 1). Ample 

evidence shows that cross-contamination or phenotypic 

drift of cells in culture can generate irreproducible or 

misleading data, and many scientific journals require 

 

 
 

Figure 1. Overview of the procedure. Tissues from primary colorectal cancer and liver metastases were obtained and then divided into 

three parts: two parts were placed in liquid nitrogen and 4% paraformaldehyde, separately, for molecular and histopathological 
examinations, and the other part was immediately placed on ice and transported to the laboratory for tumor cell isolation and organoid 
culture. Whole-exome sequencing and histopathological analysis were conducted to determine the concordance between the tumor 
organoids and corresponding tumors. The organoids were subjected to STR, karyotype analysis, in vitro drug sensitivity tests, and in vivo 
animal model construction. 
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Figure 2. CWH22 and CLM22 organoids maintain histological and proliferative characteristics of the corresponding tumors.  

(A) H&E staining of the tumor organoids showing the resemblance of the organoids to the lumens and tubular structures of the primary 
tumor. IHC staining demonstrated consistent positive expression of CK20 and CDX2 in the organoids and corresponding tumors (scale bars, 
100 µm). (B) IHC staining of CWH22 and CLM22 organoids demonstrating the consistent expression of p53, Ki67, MLH1, PMS2, MSH2, 
MSH6, and Villin, with the expression in CRC and CLM tissues (Supplementary Figure 1C). Scale bars, 100 µm. (C) Representative time 
course of CWH22 and CLM22 organoid growth for 14 days (scale bars, 500 µm) and local field amplification (scale bars, 200 µm). (D) 
Analysis of the proliferation rates of CWH22 and CLM22 organoids over time using 3D cell viability tests. (E) Bright-field images showing the 
morphology of CWH22 and CLM22 organoids at the 2nd, 5th, 10th, and 20th passages (P2, P5, P10, and P20, respectively; scale bars, 
500 µm), and the expression of CK20 and Ki67 in representative differentiated organoids from CWH22 and CLM22 (scale bars, 50 µm). 
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Table 1. Information regarding 21 short-tandem repeat (STR) loci of the organoids and corresponding patient 
tissue. 

STR loci Normal tissue CWH22 CLM22 

D19S433 13,16 13,16 13,16 

D5S818 8,10 8,10 8,10 

D21S11 30,30 30,30 30,30 

D18S51 13,15 13,15 13,15 

D6S1043 13,18 13,18 13,18 

AMEL X, X X, X X, X 

D3S1358 15,16 15,16 15,16 

D13S317 8,12 8,12 8,12 

D7S820 8,10 8,10 8,10 

D16S539 9,12 9,12 9,12 

CSF1PO 11,12 11,12 11,12 

Penta D 10,13 10,13 10,13 

D2S441 11,11 11,11 11,11 

vWA 17,17 17,17 17,17 

D8S1179 13,13 13,13 13,13 

TPOX 8,11 8,11 8,11 

Penta E 16,17 16,17 16,17 

TH01 9,9 9,9 9,9 

D12S391 20,24 20,24 20,24 

D2S1338 23,27 23,27 23,27 

FGA 19,23 19,23 19,23 

 

cell identification based on DNA analysis of samples 

and cell lines used [20, 21]. The STR profile of this case 

differed from that of all cell lines available in different 

cell banks (http://cellresource.cn/str/default.aspx). 

 

WES of CWH22/CLM22 organoids and 

corresponding tissues 

 

Organoids derived from cancer patients recapitulate the 

genomic profiles of the corresponding tumors, including 

DNA copy number variations and mutations [12, 22, 

23]. Thus, genomic DNA was isolated, and WES was 

performed on the two organoid cell lines, the 

corresponding normal mucosa, CRC, and CLM tissues 

(Figure 3A–3C). The organoids retained the somatic 

mutational spectrum observed in the patient’s tumors, 

and these were among the top mutated genes of CRC 

with liver metastases [24] (https://www.cbioportal.org/ 

study/summary?id=crc_msk_2017; Figure 3A). Like 

those in the original tumors, CWH22 and CLM22 

organoids harbored mutations in pathways important 

for CRC initiation and progression, including the 

WNT (APC mutation), RAS-MAPK (KRAS mutation), 
and TGF-β (SMAD4 mutation) pathways, as well as 

KMT2C and CDKN1B mutations (Figure 3A). Thus, 

the CWH22 and CLM22 organoid cell lines are 

representative of APC, KRAS, SMAD4, CDKN1B, and 

KMT2C quintuple-mutated CRC cell lines with wild-

type TP53 and PIK3CA (Table 2). The organoids 

retained most somatic variants present in the 

corresponding original tissue (CWH22 vs. CRC tissue: 

93.56%; CLM22 vs. CLM tissue: 92.74%; Figure 3B). 

Furthermore, the original copy number alterations at the 

genome-wide level were recapitulated in CWH22 and 

CLM22 organoids (Figure 3C). These data 

demonstrated that the CWH22 and CLM22 organoid 

lines are highly consistent with the corresponding tumor 

tissues at the genomic level. 

 

Karyotyping of CWH22/CLM22 organoids 

 

According to WES results and analysis system of BGI, 

the tumor mutation burden (TMB, Mut/Mb)/ 

microsatellite instability (MSI) sensor results for 

CWH22, CRC, CLM22, and CLM samples were 

119.85/0.57, 106.85/0.1, 146.53/0.52, and 166.78/0.16, 

respectively, indicating the absence of MSI in all 

samples (MSI score threshold, 3.5). Combined with the 

normal expression levels of MLH1, PMS2, MSH2, and 

MSH6 proteins in tumor tissues and organoids 
(Supplementary Figure 1C and Figure 2B), MSS was 

confirmed in CWH22 and CLM22 organoids. Since 

MSI and chromosomal instability (CIN) are frequent 

events in cancer that result in the accumulation of 
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oncogenes and inactivation of tumor suppressor genes 

[25–28], facilitating tumorigenesis and progression, 

organoid cells from the fifth passage were separately 

harvested for G-banding karyotype analysis. The 

chromosomal numbers ranged from 47 to 54 in CWH22 

organoid cells and from 48 to 52 in CLM22 organoid 

 

 
 

Figure 3. Whole-exome sequencing (WES) and chromosome karyotype analysis of CWH22 and CLM22 organoids. (A) 

Overview of somatic mutations found in CRC/CLM tissues and CWH22/CLM22 organoids. (B) Histogram showing the concordance 
(percentage) of SNVs between CWH22/CLM22 organoids and corresponding CRC/CLM tissues. (C) The ordinate represents the multiple 
copy variations, the black line represents the multiple total copy number variations, and the red line represents the multiple minor copy 
number variations. When the value of the black line is >2, the copy number increases; when it is <2, the copy number decreases. (D, E) 
Chromosome karyotype pairing from one representative karyotype analysis and the chromosome numbers of 20 different metaphase cells 
of (D) CWH22 and (E) CLM22. 

4401



www.aging-us.com 7 AGING 

Table 2. List of certain specific mutant genes based on whole-exome sequencing (WES) of organoid cells. 

Gene Location Mutation type Transcript 
Mutation Frequency 

CWH22 CLM22 

APC 5q22.2 Frame Shift NM_000038.5:p.Tyr935fs/c.2805_2806delCA 0.427 0.527 

APC 5q22.2 Frame Shift NM_000038.5:p.Phe1491fs/c.4473delT 0.382 0.566 

KRAS 12p12.1 Missense NM_033360.3:p.Gly12Cys/c.34G>T 0.607 0.662 

SMAD4 18q21.2 Missense p.Gln3158His/c.9474G>T 0.987 0.985 

CDKN1B 12p13.1 Frame Shift NM_004064.4:p.Ser110fs/c.323_329dupATGTCAG 0.666 0.66 

SOX9 17q24.3 Nonsense NM_000346.3:p.Glu28*/c.82G>T 0.507 0.512 

KMT2C 7q36.1 Missense NM_170606.2:p.Gln3158His/c.9474G>T 0.374 0.313 

*Refers to the last changed amino acid. 

 

cells while counting 20 karyotypes (Figure 3D, 3E). 

Chromosome karyotype pairing revealed that extra 

copies of different chromosomes were rather common, 

especially chromosomes 12 and 13 (Figure 3D, 3E), 

which are also stably presented in the copy number 

variation (CNV) at the genome-wide level (Figure 3C). 

Thus, from these data, we conclude that CIN was the 

main cause of genomic instability in these two 

organoids. 

 

KRAS mutation, a common phenomenon in cancer, is 

found in ~40% of CRCs [29]. As this gene is located on 

the short arm of chromosome 12 (12p12.1, Table 2), 

both CNV (Figure 3C), and karyotype analyses of 

CWH22 and CLM22 (Figure 3D, 3E) suggested that 

three copies of chromosome 12 are common in these 

two organoids. Therefore, each organoid most likely has 

three copies of the KRAS gene. Moreover, the 

percentages of these two organoids with KRAS G12C 

mutations, as indicated by WES, were 60.7% and 66.2% 

respectively (Table 2); we speculate that KRAS G12C 

mutation is heterozygous and most likely to be 

mutation-positive on two chromosomes and wild-type 

on the third chromosome. 

 

Drug response of CWH22 and CLM22 organoids 

 

Since metastasis is a key contributor to CRC-associated 

deaths and effective therapies are lacking, the 

exploration of treatment strategies is of great 

importance to improve patient outcomes [30]. The use 

of genomics to guide cancer therapies was promoted 

after the widespread use of genetic testing. However, 

this approach has been less successful than anticipated, 

and less than 7% of patients in 2018 were estimated to 

benefit from such precision oncology [31]. Organoids 

have been demonstrated to be effective tools for 

predicting CRC responses to different treatments in 

clinical practice [12, 15, 17, 18, 32]; thus, we selected 

several compounds to determine the sensitivity of 

CWH22 and CLM22 organoids to these drugs. 

5-Fu, oxaliplatin, SN-38, regorafenib, etoposide (VP-

16), and sotorasib are common drugs used for CRC 

treatment and preclinical study. The dose-response 

curves and IC50 values of CWH22 and CLM22 

organoids exposed to the selected drugs, as shown in 

Figure 4A, were consistent with previous reports 

indicating no significant difference in the drug 

sensitivity of CRC and paired LM organoids from the 

same patient for certain drugs [15, 18]. The IC50 values 

of 5-Fu, oxaliplatin and SN-38 for CWH22/CLM22 

organoids were 3.3/3.78 μM, 15.47/18.38 μM and 

7.54/10.67 nM respectively, indicating that 

CWH22/CLM22 organoids were more sensitive to 

these drugs than LoVo, SW620, T84, and SW480 

cells, according to the data from the Genomics of  

Drug Sensitivity in Cancer database (GDSC; 

https://www.cancerrxgene.org/; 10–415 μM for 5-Fu; 

28–35 μM for oxaliplatin; 0.0139–39 μM for SN-38). 

Next, we conducted combined treatment with 5-Fu + 

oxaliplatin (FO, 1:1) according to the patient’s 

treatment regimen. Pictures of CWH22, CLM22, and 

another resistant organoid CRC16-Org (pre-

experimental results indicating original resistance to 5-

Fu and oxaliplatin) exposed to three concentrations of 

FO (2 μM, 5 μM, and 10 μM) are shown in Figure 4B. 

Further analysis revealed higher sensitivity of CWH22 

and CLM22 organoids to FO treatment compared to 

CRC16-Org (Figure 4C; the organoid cell viability 

decreased by 60.96 ± 3.26%, 60.75 ± 4.74%, and 13.58 

± 5.99%, respectively, upon treatment with 5 μM FO). 

Clinically, the shrinkage of liver metastatic lesions 

demonstrated apparent sensitivity to the first eight 

cycles of the mFOLFOX + bevacizumab treatment 

strategy; the coronal image records of the liver during 

the treatment are presented in Figure 4D. 

 

Sotorasib was the first FDA-approved drug targeting 

KRAS mutations (G12C) in cancer. We determined the 

IC50 values following sotorasib treatment for CWH22, 

CLM22, two organoids harboring KRAS G12D 

mutations (CRC1-Org and CRC16-Org), and one 
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organoid with wild-type RAS (CRC27-Org). The IC50 

values were 12.07 μM, 10.95 μM, 28.31 μM, 31.37 μM, 

and 21.49 μM for CWH22, CLM22, CRC1-Org, 

CRC16-Org, and CRC27-Org, respectively (Figures 4A 

and 5A). Representative bright-field images of KRAS 

G12D- and G12C-mutated organoids exposed to 10 μM 

and 20 μM sotorasib are presented in Figure 5B. Based 

on the in vitro cell viability data, the organoids 

harboring KRAS G12C mutations (CWH22 and 

CLM22) were more sensitive to sotorasib than were 

those harboring KRAS G12D mutations (CRC1-Org, 

CRC16-Org) or the wild-type RAS (CRC27-Org; 

Figure 5C). Moreover, a KRAS G12D inhibitor 

(MRTX1133) and a pan-KRAS inhibitor (BI-2865) were 

used to treat all these five organoids, and the dose-

response curves and IC50 values are presented in Figure 

5D, 5E. As expected, KRAS G12C-mutated (CWH22, 

CLM22) and unmutated (CWH27-Org) organoids were 

 

 
 

Figure 4. Drug treatment sensitivities of CWH22 and CLM22 organoids to traditional chemotherapies. (A) Dose-response 

curves of CWH22 and CLM22 organoids exposed to increasing concentrations of 5-fluorouracil, oxaliplatin, SN-38, regorafenib, VP-16, and 
sotorasib, and the half maximal inhibitory concentrations (IC50) of each drug. (B) Representative images of CWH22 and CLM22 organoids 
exposed to three concentrations of 5-Fu and oxaliplatin (2 µM, 5 µM, and 10 µM; scale bars, 200 µm). (C) Quantitative analysis of CWH22, 
CLM22, and CRC16-Org cell viability following exposure to different concentrations of FO combined treatment (2 µM, 5 µM, and 10 µM; n = 
3; data represented as the mean ± SD, **p < 0.01). (D) Preoperative and postoperative MRI coronal images of liver lesions during the first 
eight cycles treatment with mFOLFOX + bevacizumab strategies (scale bars, 5 cm). 
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less sensitive to MRTX1133 than were KRAS G12D-

mutated organoids (CRC1-Org and CRC16-Org); 

however, their sensitivity seemed to be unrelated to the 

KRAS mutation status when treated with BI-2865. 

Basic information of CRC1-Org, CRC16-Org, and 

CRC27-Org is presented in Supplementary Table 1. 

 

Tumorigenicity and liver metastatic ability of 

CWH22 and CLM22 in vivo 

 

To evaluate the potential of CWH22 and CLM22 

organoid cells to grow in vivo, these cells were cultured 

and then injected subcutaneously as organoid structures 

into nude mice. Images of tumor-bearing mice on day 

28 postinjection are presented in Figure 6A, confirming 

the tumorigenicity of the two organoid cell lines. Then, 

the organoid cells were transduced with lentivirus 

supernatants to express luciferase; the organoids stably 

expressing luciferase were marked as CWH22-luci  

and CLM22-luci (Figure 6B). Further, the splenic 

injected liver metastasis models with CWH22-luci and 

CLM22-luci organoid cells confirmed sound liver 

metastatic ability of these two organoids, as all injected 

mice exhibited liver metastases (Figure 6C–6F). 

 

 
 

Figure 5. Drug treatment sensitivities of different organoids to KRAS G12C, KRAS G12D and pan-KRAS inhibitors. (A) Dose-

response curves of KRAS G12D-mutated organoids (CRC1-Org and CRC16-Org) and RAS-unmutated organoid (CRC27-Org) exposed to 
increasing concentrations of sotorasib (a KRAS G12C inhibitor), and the corresponding IC50 values. (B) Representative images of CWH22, 
CLM22, CRC1-Org, and CRC16-Org organoids exposed to sotorasib at concentrations of 10 µM and 20 µM (scale bars, 200 µm). (C) 
Quantitative analysis of the viability of CWH22, CLM22, CRC1-Org, CRC16-Org and CRC27-Org (with different KRAS mutation backgrounds) 
following exposure to 10 µM and 20 µM sotorasib (n = 3, data represented as the mean ± SD, **p < 0.01). (D, E) Dose-response curves and 
IC50 values for (D) the KRAS G12D inhibitor (MRTX1133) and (E) the pan-KRAS inhibitor (BI-2865) for organoids with different KRAS mutation 
statuses. 
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Interestingly, the metastatic ability of CWH22 and 

CLM22 did not significantly differ based on analyses of 

the percentage of tumor-bearing liver weight to body 

weight (p = 0.611; Figure 6E) and number of liver 

metastases (p = 0.685; Figure 6F). Furthermore, H&E 

and IHC staining of the xenografts demonstrated that 

 

 
 

Figure 6. Tumorigenicity of CWH22 and CLM22 organoids in vivo. (A) Images of nude mice bearing CWH22 and CLM22 subcutaneous 

xenografts (scale bars, 2 cm). (B) Luciferase activity tests of CWH22-luci and CLM22-luci (CWH22 and CLM22 with no luciferase expression were 
tested as control). (C) Representative bioluminescence images of mice with liver metastases 42 days after splenic injection. (D) Representative 
pictures of livers with metastatic lesions (on day 45) harvested from mice receiving splenic injections of CWH22 and CLM22 organoid cells (scale 
bars, 1 cm). (E) Quantitative analysis of the percentage of tumor-bearing liver weight to body weight following splenic injection (n = 5; data 
represented as the mean ± SD). (F) Quantitative analysis of the metastatic nodule numbers per mouse following splenic injection (n = 5; data 
represented as the mean ± SD). (G) H&E morphology and IHC stains of tumor tissues from nude mice in A and B, as well as the normal mucosa 
and tumor tissues of the patient. Representative images of the expression of CK20, CDX2, Ki67, and p53 are shown (scale bars, 100 µm). 
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Table 3. Tumor marker detection of the patient and the organoid culture medium. 

 

Before 

surgery  

(Patient 

serum) 

After 

surgery 

(Patient 

serum) 

Out of  

control  

(November, 

2022; 

Patient 

Serum) 

CM* 

CWH22  

CM  

(about  

1 × 105  

cells)# 

CLM22  

CM 

 (about  

1 × 105  

cells)# 

CWH22  

CM  

(about  

5 × 105  

cells)# 

CLM22  

CM 

(about  

5 × 105  

cells)# 

CEA (≤5 ng/mL) 132↑ 47.05↑ 165.46↑ <0.5 51.8 ± 3.47↑ 61.65 ± 5.17↑ 588.87 ± 8.93↑ 594.76 ± 8.82↑ 

CA19-9 (≤34 U/mL) 729↑ 151.6↑ 2468↑ <0.6 66.08 ± 6.2↑ 84.44 ± 10.6↑ 630.93 ± 2.16↑ 641.29 ± 17.34↑ 

CA72-4 (<6.9 U/mL) 3.63 1.62 20.55↑ 1.57 2.07 ± 0.13 2.09 ± 0.06 51.69 ± 3.15↑ 55.56 ± 5.69↑ 

*CM, culture medium; and the total volume of CM is 500 uL per collection. #Cultured for 72 h before collecting the CM, and there are no significant 
differences between the ability of CWH22 and CLM22 organoids to secrete these tumor markers (p > 0.05, independent-samples T test). 

 

the subcutaneous tumors and transplanted liver 

metastases induced by CWH22 and CLM22 organoids 

preserved the moderately differentiated status and the 

molecular expression status of the corresponding tumor 

tissues from the patient (Figure 6G). Taken together, 

these results demonstrated the tumorigenicity and 

metastatic ability of CWH22 and CLM22 organoids, 

indicating that the 3D culture system in vitro sustained 

the malignant manifestation and expression status of the 

corresponding tumors. 

 

3D organoids maintain tumor marker expression 

 

Although not every CRC case is associated with 

increased levels of serum tumor markers (CEA, CA19-

9, and CA72-4), the patient from whom CWH22 and 

CLM22 organoid cell lines were derived had 

abnormally elevated preoperative CEA and CA19-9 

levels (132 ng/mL and 729 U/mL, respectively), which 

significantly decreased postoperatively (47.05 ng/mL 

and 151.6 U/mL, respectively). The serum CEA levels 

of the patient varied with the treatment response and 

disease progression during the entire treatment period 

until November 2022 (Supplementary Figure 1D, 1F), 

as did the trend of CA19-9 levels, consistent with a 

previous study showing that CEA and CA19-9 levels 

are clinically relevant for predicting outcomes in 

patients with metastatic CRC [33]. 

 

CEA secretion is an intrinsic feature of some colorectal 

cancer cell lines, such as LoVo, HCT116, HT-29, T84 

[34–36]. To test whether CWH22 and CLM22 

organoids maintain the secretion of CEA, as well as 

CA19-9 and CA72-4, the culture media (incubated for 

72 h) were collected on day9 (approximately 1 × 105 

cells per well on day 7) and on day15 (approximately 

5 × 105 cells per well on day 12) of the 20th passage of 

CWH22 and CLM22 organoids to assess the levels of 

these markers; the data are presented in Table 3 

(cultured media were collected after incubation with 

organoids for 72 h), indicating that these two organoid 

cell lines maintained the expression and secretion 

characteristics of the original tumors, and that there 

were no significant differences in the secretion capacity 

of these tumor markers (CEA, CA19-9 or CA72-4) 

between CWH22 and CLM22 organoids. 

 

Characteristics of adherent CWH22-2D and 

CLM22-2D cells 

 

CWH22-2D and CLM22-2D adherent cultured cell lines 

were successfully established from the xenografts derived 

from CWH22 and CLM22 organoids, after 2 months 

culture. The bright-field images and the positive 

immunofluorescent staining of CK20 and CDX2 in 

CWH22-2D/CLM22-2D cells are presented in Figure 

7A. Next, subcutaneous tumor formation assay 

confirmed xenografts derived from CWH22-2D and 

CLM22-2D cells grew slower than those derived from 

CWH22 and CLM22 organoids in nude mice (Figure 7B, 

p < 0.01), and splenic injected liver metastasis formation 

assays confirmed that CWH22-2D and CLM22-2D cells 

were not that appropriate to generate liver metastasis 

models when compared with organoid-derived metastasis 

models (Figure 6G), as only one mouse tested positive in 

each group (Figure 7C). H&E staining of CWH22-2D- 

and CLM22-2D-derived liver metastasis xenografts also 

displayed a moderately differentiated status (Figure 7D) 

compared to that of the original tumors, which suggested 

that differentiation status is an intrinsic property of 

established cell lines and had no relationship with culture 

status (2D or 3D) in this study during early use. 

 

Comparison of CWH22-2D/CLM22-2D with 

traditional adherent 2D cultured cell lines 

 

Cell lines are important tools for studying tumor 

pathogenesis, therapies, and drug resistance mechanisms. 

Their properties in relation to primary tumor 

characteristics and tumorigenicity in animals indicate 

their feasibility for research application. Since most 

CRCs operated on at Tongji Hospital were moderately or 

moderately to highly differentiated adenocarcinomas, the 

xenografts formed in immunodeficient mice should 

reproduce these features to make the models more 

convincing for further studies. 
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First, CCK8 assays were conducted to compare the 

proliferation rates of CWH22-2D, CLM22-2D, LoVo, 

and SW480 cells, indicated slower growth rates of 

CWH22-2D and CLM22-2D cells (about 15-fold in 

the 14 days of culture) compared to that of LoVo and 

SW480 cells (proliferated about 15-fold in 8–10 days; 

Figure 8A). Since all these four cell lines possessed 

well tumorigenicity, we next induced subcutaneous 

tumor formation in nude mice with LoVo and SW480 

cells, and H&E staining exhibited low differentiation 

status without any tubular or adenoid structures of the 

xenografts compared with those in the CWH22-

2D/CLM22-2D-derived xenografts (Figure 8B). One 

previous report also presented the same morpho-

logical manifestation of the xenografts derived from 

SW480 in an immunodeficient mouse [37]. Although 

LoVo cells inoculated into nude mice produced tumor 

masses with glandular structures 4 decades ago [38], 

the tumor masses in our study demonstrated the 

dedifferentiated status of these cells (Figure 8B). 

Moreover, studies involving H&E and IHC staining of 

tumor xenografts of other 2D cultured CRC cell lines 

(from ATCC, such as HCT116, HT-29, Caco-2, and 

RKO) were searched, and we found that these cell-

derived tumors in nude mice presented no evident 

glandular or adenoid epithelial arrangements in 

morphology [39–41]. For comparison, H&E staining 

of subcutaneous tumors derived from two moderately 

differentiated organoids (CRC16-Org and CLM15-

Org) and two poorly differentiated organoids (CRC1-

Org and CLM23-Org) are also presented (Figure 8B). 

Although both CRC1-Org- and CLM23-Org-derived 

subcutaneous tumors were poorly differentiated, the 

mucinous lakes and dedifferentiated glandular cavities 

were preserved, whereas LoVo- and SW480-derived 

xenografts did not preserve any morphological 

features associated with the colorectal epithelium 

(Figure 8B). 

 

 
 

Figure 7. Tumorigenicity of adherent CWH22-2D and CLM22-2D cells. (A) Bright-field images of CWH22-2D/CLM22-2D cells (left 
panel); and immunofluorescent staining images of CK20 and CDX2 (middle and right panels) from CWH22-2D/CLM22-2D cells. Scale bars, 
50 µm. (B) Subcutaneous tumor growth curves were plotted according to the monitored tumor size every seven days for 35 days. The 
tumors were derived from CWH22-2D/CLM22-2D cells and CWH22/CLM22 organoids. (C) Bioluminescence imaging of mice with liver 
metastases 42 days after splenic injection of CWH22-2D and CLM22-2D cells, and livers with metastatic lesions harvested from mice 
receiving splenic injections of CWH22-2D and CLM22-2D cells. (D) Representative image of the entire liver lobe with metastases, and focal 
magnification. Scale bars, 100 µm. 
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Since 3D culture can directly reveal morphology, we 

conducted 3D organoid cultures with LoVo, SW480, 

CWH22-2D/CLM22-2D (the 10th generation) cells, and 

compared with other two moderately differentiated 

organoids (CRC16-Org, CLM15-Org) and two poorly 

differentiated organoids (CRC1-Org and CLM23-Org). 

As indicated, only loose spheroid structures were 

observed in the bright-field and H&E images of LoVo 

and SW480 cells, demonstrating a completely 

dedifferentiated status in these two cell lines compared 

to other structures (Figure 8C). Thus, both 2D and 3D 

primary cultures could maintain the differentiation 

status of the original tumors in our study. 

 

Moreover, the characteristics of several commonly used 

CRC cell lines from the ATCC and the cell lines 

established in our laboratory are presented in Table 4, 

illustrating the origin of these cells, MSH/CIN, CEA 

secretion, and mutation status of some driver genes. 

This approach will facilitate the selection and in-depth 

understanding of these cell lines to different researchers. 

DISCUSSION 
 

Cancer cell lines are invaluable biomedical research 

tools and of great importance for the molecular biology 

and treatment studies. Effective therapies and 

preclinical research models for notorious metastatic 

CRC are lacking. In this study, in vitro 3D cultured 

models and in vivo liver metastatic xenografts models 

from CWH22 and CLM22 organoids (as well as from 

CWH22-2D/CLM22-2D) may become advanced 

preclinical models for mechanistic studies, predicting 

patient response to different therapies, and developing 

new treatment strategies. 

 

Genomic instability is a hallmark of human cancer that 

increases the probability of oncogenic events by 

creating a heterogeneous cell population with an 

enhanced ability to adapt and evolve. MSI and CIN are 

the two major alternative genomic instability 

mechanisms for colorectal carcinogenesis and are 

detected in approximately 15% and 65–70% of all 

 

 
 

Figure 8. Differences between CWH22-2D/CLM22-2D and traditional adherent 2D cultured cell lines (LoVo and SW480). (A) 

Analysis of proliferation rates with CCK-8 in CWH22-2D, CLM22-2D, LoVo, and SW480 cells. (B) The differentiation characteristics of 
subcutaneous neoplasia in nude mice derived from LoVo and SW480 (ATCC), and CWH22 and CLM22 from our culture. Two moderately 
differentiated (CRC16-Org, CLM15-Org), and two poorly differentiated (CRC1-Org, CLM23-Org) organoid-derived subcutaneous neoplastic 
tissues were used for comparison. (C) Bright-field images and H&E staining of the structures derived from the cells (LoVo, SW480, CRC1-
Org, CLM23-Org, CWH22-2D, CLM22-2D, CRC16-Org, and CLM15-Org) cultured in the same 3D culture system. Scale bars, 100 µm. 
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Table 4. Background information of different CRC cell lines. 

Cell 

line 
Patient Disease 

Derived 

from 

Earliest 

publication 

MSS/

MSI/C

IN 

CEA 

secretion 

Chrom

osome 

modal 

no. 

Mutations* 

References 

APC BRAF KRAS SMAD4 TGFBR2 PIK3CA TP53 Others 

CWH2

2/CWH

22-2D 

56-year-

old 

female; 

Asian 

Right 

colon 

carcinoma 

Primary 

tumor 
2023 

MSH/

CIN 
585 ng/3d 50 Frameshift 

Wild 

type 
G12C Q3158D Wild type Wild type 

Wild 

type 

CDKN1B: 

Frameshift 
—— 

CLM22

/CLM2

2-2D 

56-year-

old 

female; 

Asian 

Right 

colon 

carcinoma 

Liver 

metastases 
2023 

MSH/

CIN 
604 ng/3d 49 Frameshift 

Wild 

type 
G12C Q3158D Wild type Wild type 

Wild 

type 

CDKN1B: 

Frameshift 
—— 

HT-29 

44-year-

old 

female; 

Caucasian 

Colon 

carcinoma 

Primary 

tumor 
1972 

MSS/C

IN  
130 ng/24 h 69 

 E853G;  

T1556N and 

Frameshift 

V600E 
Wild 

type 
 Q311G —— P499T R273H —— [42–45] 

LoVo 

56-year-

old male; 

Caucasian  

Colon 

carcinoma 

Left 

supraclavicu

larregion 

metastases 

1976 MSI  80 ng/3d  49 

R2816Q; 

R1114G; 

Frameshift 

V600E 
G13D, 

A14V 
—— Frameshift Wild type 

Wild 

type 

SMAD2: 

A292V; 

FBXW7: 

R505C 

[38, 43, 46] 

Caco-2 
 

Caucasian 

Colon 

carcinoma  

Primary 

tumor 
1979 

MSS/C

IN  
—— 

aneupl

oid 
Q1367G 

Wild 

type 

Wild 

type 
D351H —— Wild type E204 

CTNNB1:

G245A 
[43, 47, 48] 

SW480 

50-year-

old male; 

Caucasian 

Colon 

carcinoma 

Primary 

tumor 
1979 

MSS/C

IN  
21 ng/21d 55 Q1338G 

Wild 

type 
G12V —— —— Wild type 

R273H, 

P309S 
—— [43, 49, 50] 

SW620 

51-year-

old male; 

Caucasian 

Colon 

carcinoma 

Lymph node 

metastasis 
1979 

MSS/C

IN  
11 ng/21d 54 Q1338G 

Wild 

type 
G12V —— —— Wild type 

R273H, 

P309S 
—— [43, 49, 50] 

T84 
72-year-

old male 

Colon 

carcinoma 

Lung 

metastasis 

tissue 

generated 

subcutaneou

s xenograft 

in nude mice  

1980 
MSS/C

IN  
—— 

aneupl

oid 

L1488F and 

Frameshift 
—— G13D K340N —— E542K 

Splice 

acceptor 

mutation 

—— [51–53] 

HCT11

6 

48-year-

old male; 

Caucasian 

Right 

colon 

carcinoma 

Primary 

tumor 
1981 MSI 76 ng/3d  —— Wild type 

Wild 

type 
G13D —— Frameshift H1047R 

Wild 

type 

CTNNB1: 

codon 

deletion; 

CDKN2A: 

Frameshift 

[35, 43] 

RKO —— 
Colon 

carcinoma 

Primary 

tumor 
1988 MSI  —— —— Wild type 

Wild 

type 

Wild 

type 
—— 

L452P; 

K128S and 

Frameshift 

H1047R 
Wild 

type 
—— [43, 54, 55] 

*These mutations are collected from Cellosaurus-Cell line encyclopedia (https://www.cellosaurus.org/). 

 

CRCs, respectively [28, 56]. Several studies have 

suggested that MSI confers a better prognosis in CRC, 

whereas CIN is associated with a worse prognosis [56]. 

In the present study, CIN was the primary cause  

of genomic instability in CWH22/CLM22 and cor-

responding tumors. In clinical practice, the patient was 

first sensitive to the eight cycles of treatment with 

mFOLFOX + bevacizumab; however, the patient became 

resistant to subsequent capecitabine, mFOLFIRI + 

bevacizumab, and mXELIRI + bevacizumab treatments 

one year later (Supplementary Figure 1D–1F), and died 

with an overall survival of 27 months, confirming the 

poor prognosis in this metastatic case with CIN. 

 
KRAS mutations are found in ~40% of CRCs, with 

KRAS G12C mutation occurring in 1–3% of CRCs 

[29]. A phase I trial demonstrated that sotorasib 

provided clinical benefit for KRAS G12C-mutated non-

small cell lung cancers with an objective response rate 

of 32.2%, compared to only 7.1% for CRC, in patients 

with advanced solid tumors [57]. According to a phase 

II clinical trial, the objective response rate was 9.7%, 

the disease control rate was 82.3%, and progression-

free survival was four months, indicating modest 

sotorasib benefits in CRC patients [29, 58]. According 

to our in vitro experiments, CWH22 and CLM22 

harboring KRAS G12C mutations exhibited a more 

favorable response to sotorasib than did those 

organoids harboring KRAS G12D mutations or 

wild-type RAS (CRC1-Org, CRC16-Org, and CRC27-

Org; Figure 5C); however, sotorasib appeared to be 

less effective than 5-Fu, possibly due to the 
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heterozygosity of KRAS G12C mutations in CWH22 

and CLM22. Since previous clinical trials have 

presented that acquired resistance to KRAS G12C 

inhibition is associated with acquired KRAS alterations 

and resistance bypass mechanisms [59, 60], 

appropriate combined treatment strategies with 

sotorasib warrant further exploration. Thus, 

CWH22/CLM22 cells will be useful preclinical 

models for further research and represent the subgroup 

of CRC patients (1–3%) with KRAS G12C mutations. 

 

In addition, CWH22 and CLM22 organoids appeared to 

respond poorly to both the KRAS G12D inhibitor 

(MTRX1123) and the pan-KRAS inhibitor (BI-2865), 

while CRC1-Org was sensitive to both inhibitors 

(Figure 5D, 5E). On the contrary, although CRC16-Org 

possessed the same KRAS mutation status as CRC1-

Org, it was intrinsically resistant to these targeted 

inhibitors (Figure 5D, 5E). Thus, we speculate that one 

single mutation could not fully determine the sensitivity 

of a certain corresponding targeted therapy due to the 

heterogeneity of different cases. Moreover, several 

previous studies about genomics to guide cancer 

therapies demonstrated that less than 7% of patients 

were estimated to benefit from such precision oncology 

in 2018 [31]. Thus, drug testing on the patient’s tumor-

derived organoids offers a complementary and effective 

approach and might deserve wide application in 

personalized treatments [61]. 

 

Despite growing insights into CRC biology and many 

therapeutic improvements, preclinical models for CRC 

and metastatic CRC in vivo are still indispensable for 

the development of new treatment approaches. The 

animal models for CRC based on injection of common 

widely used 2D CRC cell lines lack genetic diversity 

and proper differentiation due to decades of use, as 

presented in our research (Figure 8B) and other studies 

[39–41]. Genetically engineered mouse models exhibit 

CRC pathogenesis dependent on the altered molecular 

pathways, but lack metastasis and tumor heterogeneity, 

and are largely restricted to the small intestine [62, 

63]. In contrast, organoid-derived mouse models 

maintained the differentiation status and metastatic 

ability of the original tumors (Figure 6C, 6G), 

representing the most reliable models for preclinical 

studies. 

 

Although encouraged by the known characteristics of 

these two organoids, we are aware of several 

limitations to our research. First, though liver 

metastasis models have been established, these are not 

orthotopic liver metastatic models, which require 
longer modeling cycles (more than 120 days, and 

metastatic rates <20% in pre-experiment tests). Thus, 

the spleen-injected liver metastatic model was the 

preferred modeling selection. Second, all animal 

models used were established in immunodeficient 

mice, which are unsuitable for immunology-related 

studies in vivo; humanized mice could be proper 

models for tumor organoid-related immune studies in 

vivo [64]. Third, considering that both CWH22 and 

CLM22 organoids exhibited strong metastatic ability 

in vivo (Figure 6C–6F), the study of the difference 

between these two organoids is not suitable for the 

study of metastatic mechanisms, unless compared to 

other nonmetastatic organoids. While considering the 

difference presented in Figures 6C and 7C, the 

different metastatic rates between CWH22/CLM22 

organoid cells and CWH22-2D/CLM22-2D cells in 
vivo are possibly due to the difference in stem cell 

abundance, as serum-free culture medium sustains 

greater numbers of stem cells. Furthermore, although 

CWH22 and CLM22 came from the primary and 

metastatic lesions of the same CRC patient, none of 

the tests in this study showed any differences between 

them, which could be presented in epigenetic or 

otherwise, pending further research. Beyond these 

limitations, due to the degradation of tissue RNAs 

during sample collection and preservation, it was not 

possible to conduct RNA analysis among tumor tissues 

and organoids. 

 

Since APC, KRAS, SMAD4, and CDKN1B are 

\commonly mutated genes in CRC and mCRC, and 

KMT2C mutations have been associated with metastasis 

and poor survival in patients with lung cancer [65, 66], 

CWH22 and CLM22 are representative CRC cell lines 

with mutated APC/KRAS/SMAD4/CDKN1B/KMT2C 

genes and wild-type TP53 and PIK3CA. They 

contribute to the diversity of CRC cell lines, and to the 

exploration of the molecular mechanisms underlying 

CRC pathogenesis and metastasis, facilitating the 

screening and evaluation of antitumor drugs in 

CRC/CLM studies, and rendering preclinical research 

more reliable. 

 

3D organoid culture, despite the high cost, can better 

maintain the morphology and differentiation status of 

the corresponding tumor in vitro (Figure 2), as well as 

the metastatic ability in vivo (Figures 6C and 7C); the 

cost of 2D culture is comparably more acceptable than 

that of other methods, but selection pressure is exerted 

on cells during culture and passage due to the large 

difference from the growth environment in vivo. At 

early passages, 2D cultured cells can maintain the 

differentiation status when injected into immuno-

deficient mice (Figure 8); however, long-term cultured 

2D cell lines present to be homogenous, lose intratumor 
heterogeneity, and exhibit low genetic diversity due to 

high passage and selective pressure [67]. Therefore, 

regardless of the cost, 3D organoids are better than early 
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passaged 2D adherent cell lines, and then the 

traditionally long-term passaged 2D cell lines. 
 

In summary, we report paired organoids 

(CWH22/CLM22) and the corresponding adherent cell 

lines (CWH22-2D/CLM22-2D) with sound background 

information and potential applications. By comparison 

with other CRC cell lines (Table 4), researchers who are 

interested in CRC, metastatic CRC, and the corres-

ponding treatments could obtain these cell lines from 

the CCTCC (No. C202218, C202219; WDPP011, 

WDPP010) or from our laboratory upon reasonable 

request. 

 

MATERIALS AND METHODS 
 

Clinical history and patient characteristics 
 

In this study, the presented paired organoids were 

established from the tumor tissues of a patient with 

CRC and synchronous liver metastasis. Both the 

organoids and the corresponding tumor tissues were 

subjected to WES and histopathological analysis to 

determine the concordance between tumor organoids 

and corresponding tumors, and organoids were used for 

further study. Figure 1 presents an overview of the 

procedures. 
 

The tissue donor, a 65-year-old woman, was admitted to 

the Hepatic Surgery Centre of Tongji Hospital in 

January 2021 with a two-week history of weakness after 

the discovery of a liver-occupying lesion during a 

physical examination. Computed tomography (CT) and 

magnetic resonance imaging (MRI) scans of the liver 

revealed an 89 × 65 mm lesion in the left liver lobe 

(Supplementary Figure 1A). Routine blood examination 

showed moderate anemia (hemoglobin level, 74 g/L). A 

colonoscopy revealed a space-occupying lesion in the 

right colon (Supplementary Figure 1B). Laparoscopic 

resections of the lesions from the right colon and left 

liver lobe were performed. The histological diagnosis 

revealed moderately differentiated right colon invasive 

adenocarcinoma with liver metastasis at stage IV A 

(T3N1cM1a; Supplementary Figure 1C). Several small 

liver metastases occurred during the recovery from the 

surgery, and on day 45 after surgery, the patient started 

treatments with mFOLFOX + bevacizumab. The small 

metastatic lesions shrank and were stable during the 

eight treatment cycles. Thereafter, capecitabine and 

bevacizumab were used as maintenance treatments, and 

the lesion appeared stable for an additional seven 

months. However, the disease relapsed 14 months later, 

and became uncontrollable in November 2022. The 
entire treatment strategies until November 2022 and 

treatment responses are presented in Supplementary 

Figure 1D. Supplementary Figure 1E, 1F present the 

treatment response of the liver lesions (MRI images) 

and changes in the serum carcinoembryonic antigen 

(CEA) concentration during the treatment. 

 

Tissue sampling 

 

Samples were obtained from the Hepatic Surgery Centre, 

Tongji Hospital, Huazhong University of Science and 

Technology (Wuhan, China). The collected CRC and 

CLM samples were immediately divided into three parts. 

One part was immersed in DMEM, transported on ice to 

the laboratory for tumor cell isolation, and cultured 

within 1–3 h. The remaining parts were placed in liquid 

nitrogen and 4% paraformaldehyde (Sigma-Aldrich, 

P6148) immediately after collection for molecular and 

histopathological examinations. 
 

Tumor cell isolation and 3D organoid culture 

 

For the derivation of paired tumoroids, freshly resected 

CRC or CLM samples were processed as previously 

reported [22]. The surface mucus and necrotic tissue of 

the tumor sample were removed before washing with 

ice-cold phosphate-buffered saline (PBS), and the tissue 

was soaked in active iodine for 1 min. Subsequently, the 

samples were rinsed thrice with PBS, penicillin/ 

streptomycin, and PBS successively for each step. Then, 

the tissue (~0.5 cm3) was cut into 0.5 mm pieces, 

digested in 50% TrypLE™ Express (Gibco, 

12605028)/50% DMEM at 25°C for 15 min (the 

suspension was mixed thoroughly at 7 and 14 min), and 

neutralized with the same volume of Ca2+-containing 

Hanks’ balanced salt solution (HBSS). The cell 

suspension was allowed to settle for 3–5 min, after 

which the supernatant was collected, centrifuged 

(500 × g), and washed twice using centrifugation at 

different speeds (140 × g and 200 × g) to remove cell 

debris and collect tumor cells. The pellet was then 

washed twice in advanced DMEM/F12, and cells were 

counted and mixed with growth factor-reduced BME 

(RD, 3533). In a prewarmed 24-well plate, 8,000–

10,000 cells were seeded per well with 30 µL BME. 

After BME solidification following incubation at 37°C 

for 20–30 min, 600 µL of tumoroid-specific culture 

medium (Table 5) was added, and the plate was 

incubated at 37°C with 5% CO2. The medium was 

completely refreshed every 3–5 days. 

 

During the first two passages, only half of the medium 

was changed each time. Organoids were passaged when 

they reached diameters of 100–700 μm. After washing 

with PBS, both the organoids and BME fractions were 

mechanically pipetted using 250 μL TrypLE™ Express 
per well. Organoids were digested into single cells 

within 10–14 min. Following neutralization with the 

same volume of Ca2+-containing HBSS, the cells were 
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Table 5. Overview of the culture medium components. 

Reagent Source Cat. No. Concentration 

Advanced DMEM/F12 Gibco 12634010 – 

B27 Gibco 12587010 1 × 

HEPES buffer Gibco 15630106 10 mM 

GlutMAX Gibco 35050-61 1 × 

N-Acetyl-L-Cysteine Sigma A7250-50G 1 mM 

Nicotinamide Sigma N0636-100G 4 mM 

Prostaglandin E2 Tocris 2296-10 1 µM 

Gastrin I human Sigma G9145-5MG 10 nM 

FGF-b Peprotech 100-18B-1000 20 ng/mL 

FGF-10 Peprotech 100-18B-1000 20 ng/mL 

Y27632 Stemcell 72302 1 µM* 

*Only used in the first two days of each passage. 

 

washed with DMEM, counted, seeded at 8000 cells/30 

µL BME, overlaid with organoid-specific culture 

medium, and cultured as described above.  

 

After subsequent passages, all stably passaged 

organoids were viably frozen as single cells in culture 

medium with 10% dimethyl sulfoxide and stored at 

−80°C, and cryovials were transferred to a nitrogen tank 

the next day—for long-term storage. Organoid cultures 

were checked monthly for mycoplasma contamination 

using a MycoBlue Mycoplasma Detector Kit (Vazyme, 

D101-01/02, China). The organoid cell lines derived 

from the resected CRC and CLM tissues were named 

CWH22 and CLM22, respectively. Both were cultured 

and passaged using the same protocols. 

 

Immunohistochemistry and immunofluorescence 

assays 

 

Tissues from the patient and tumor-burdened nude mice 

were embedded in paraffin. All hematoxylin and eosin 

(H&E) and immunohistochemistry (IHC) staining 

procedures, and subsequent histological diagnoses were 

performed in the Pathology Department of Tongji 

Hospital, as previously reported [68]. The antibodies 

used for IHC were as follows: CDX2 (Cat. No. ZA-

0520 R), CK20 (Cat. No. ZA-0574 R), MLH1 (Cat. No. 

ZM-0154), PMS2 (Cat. No. ZA-0542 R), MSH2 (Cat. 

No. ZA-0622 R), MSH6 (Cat. No. ZA-0541 R), Her-2 

(Cat. No. ZA-0641 R), Ki67 (Cat. No. ZM-0166), p53 

(Cat. No. ZM-0408), and Villin (Cat. No. ZA-0575 R; 

all from ZSGB-BIO). 

 

The cultured organoids (usually 4–6 wells) were 

harvested and fixed in 4% paraformaldehyde overnight, 

then, wrapped in Histogel (Epredia, USA, HG-4000-

012), dehydrated, and embedded in paraffin blocks. 

H&E and IHC were performed on the organoids as 

indicated above for tumor tissues. For immuno-

fluorescence staining, Ki67 (CST 9449) and CK20 

(Abcam, ab76126) were detected at the same time  

for CWH22 and CLM22 organoids. Images of 

immunofluorescence staining were obtained using 

confocal laser-scanning microscopy on a Nikon Digital 

ECLIPSE C1 system (Nikon Corporation, Japan). 

 

Authentication of CWH22/CLM22 organoids 

 

For authentication, DNA from CWH22 and CLM22 

organoid cells and normal mucosa tissue from the 

patient were isolated using an AxyPrep Multisource 

Genomic DNA Miniprep Kit (Axygen, Corning, Inc., 

USA), and 21 STR loci were examined and 

compared with the corresponding STR profile of the 

normal tissue at the CCTCC. After bacterial and 

mycoplasma contamination tests were confirmed to 

be negative, the CWH22 and CLM22 organoid cell 

lines were deposited at the CCTCC (No. C202218, 

C202219). 

 

WES analysis of organoids and tumor tissues 
 

CWH22 and CLM22 organoids were harvested for 

DNA extraction after being cultured for 12 days. DNA 

from cultured organoids and liquid nitrogen-frozen 

tissues (normal mucosa, CRC, and LM) of the 

corresponding patient was extracted using a Zymo 

Quick-DNA Microprep kit (Zymo Research, USA 

#D2030) according to the manufacturer’s protocol. 

Library construction and whole-exome capture of 

genomic DNA were performed using the SureSelectXT 

Human All Exon V6 (Agilent, USA) and MGIEasy 

Exome Universal Library Prep Set-V1.0. The captured 

DNA was sequenced using a MGISEQ 2000 platform 

(BGI-Shenzhen, China) with 150 bp paired-end 

sequencing. A total of >0.4 μg DNA per sample was 
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used as input. The effective sequencing depth was 

above 100× (10 G) per sample. The human genome data 

of Hg19 from the UCSC Genome Browser 

(http://genome.ucsc.edu/) was used as a reference, and 

common mutated genes in CRC and LM associated with 

CRC were analyzed for each sample. 

 

Chromosome karyotype analysis 

 

Metaphase chromosome preparations were conducted 

by treating organoids in the exponential growth phase 

(usually at 7–10 days) with 0.6 µg/mL colchicine for 5 

h. Then, enzymatic dissociation was performed with 

TrypLE™ Express to disperse the organoids into single 

cell suspensions. The suspension was centrifuged at 

1,000 × g for 6 min. Preheated 0.075 mM KCl 

hypotonic solution was added and incubated for 15 

min at 37°C, then fixed with 3:1 methanol-acetic acid 

(v: v; 1 min). Subsequently, the pellets were fixed 

twice at room temperature for 10 min, and 500 μL 

stationary liquid was added to resuspend and collect 

the cells. Afterward, cell droplets were spotted on 

clean, precooled microscope glass slides. The slides 

were immediately heated over an alcohol lamp for 1 s 

to allow the chromosomes to spread out. Chromosome 

specimens were stained with Giemsa (#BA4219,  

Baso Diagnostics, China) for 10 min at 25–28°C 

according to the manufacturer’s instructions, and the 

chromosomes of M phase cells were counted using an 

oil immersion lens (100×) under a microscope (Nikon, 

Tokyo, Japan). Karyotypes were determined by 

arranging all the photographed metaphases. The 

chromosomes were classified according to the 

International System for Human Cytogenetic Nomen-

clature [69]. 

 

Organoid proliferation assay 

 

When the organoids (CWH22 and CLM22) entered the 

logarithmic growth phase between days 9–11 of each 

passage, they were mechanically and enzymatically 

dissociated into single cells by incubation in TrypLE™ 

Express for 10–14 min and resuspended in BME at a 

concentration of 3 × 105/mL separately on ice. To assess 

proliferation, the suspensions were seeded onto pre-

warmed 96-well plates (Greiner Bio-one, 655090) in 

triplicate at 3 × 103 cells per well (10 µL/well) on days 1, 

4, 7, 10, and 14 and maintained in complete culture 

medium (100 µL/well) for 14 days. Quantification of cell 

viability was performed by replacing the culture medium 

with 50 µL of CellTiter-Glo 3D (#G9681, Promega, 

USA) mixed with 50 µL of culture medium on an Infinite 

200 PRO plate reader (Tecan Life Sciences) according to 
the manufacturer’s instructions. Organoid proliferation 

rates were determined, and graphs were drawn using 

GraphPad Prism 8 (GraphPad Software, Inc.). 

2D-cultured cell proliferation tests 

 

The establishment of CWH22-2D and CLM22-2D was 

done from the subcutaneous tumors derived from 3D 

organoids CWH22 and CLM22. The tissues were 

digested into single cells and clusters as presented 

above and then seeded in culture plates with high-

glucose DMEM containing 10% FBS. When cultured 

for about 2 months and passaged more than 4 times, the 

growth rates and cellular morphology became stable, 

allowing further analysis. 

 

Cells (LoVo, SW480, CWH22-2D and CLM22-2D) 

were seeded onto 96-well plates at 4 × 103 cells per well 

in 100 µL suspensions in triplicate per day and 

maintained in complete culture medium. The cell 

proliferation rate was measured using the Cell Counting 

Kit-8 assay (CCK-8; Cat. No. KJ800; Dojindo 

Laboratories, Kumamoto, Japan) according to the 

manufacturer’s instructions as previously reported [68]. 

 

Tumor marker detection 

 

Clinically, serum tumor markers (CEA, CA19-9, and 

CA72-4) were detected before and after surgery, and the 

CEA and CA19-9 levels of the patient (from whom 

CWH22 and CLM22 were derived) were abnormal. The 

culture medium of the CRC/CLM-derived organoids at 

passage 20 (incubated for 3 days, 500 µL) was collected 

for tumor marker detection. All measurements were 

conducted in the Laboratory Medicine of Tongji 

Hospital under the same conditions. 

 

IC50 tests 

 

In the present study, 5-fluorouracil (5-Fu; Cat. No. HY-

90006), oxaliplatin (Cat. No. HY-17371), SN-38 (Cat. 

No. HY-13704; an active metabolite of irinotecan), VP-

16 (Cat. No. HY-13629), regorafenib (Cat. No. HY-

10331), and sotorasib (Cat. No. HY-114277) were 

selected for drug sensitivity tests (all purchased  

from MedChemExpress, USA). We chose 9–12 

different concentrations of each drug to test, based on 

the results of preliminary experiments. Organoids were 

mechanically and enzymatically dissociated into single 

cells, resuspended in BME at 3 × 105/mL, and seeded at 

10 μL per well in prewarmed 96-well plates (Greiner 

Bio-one, 655090). The cells were maintained in 

complete culture medium (100 µL/well) as described 

above. Organoids were considered ready for IC50 tests 

when they reached 100 μm in diameter, at which point 

the culture medium was replaced with media containing 

different drug concentrations. Those organoids were 
exposed to various drugs for six days, and the culture 

medium was changed on the third day. Subsequently, 

cell viability was assessed using the CellTiter-Glo 3D 
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Cell viability assay (#G9683, Promega, USA), as 

presented above. Dose-response curves were plotted, and 

the IC50 values were calculated using GraphPad Prism 8. 

 

MRTX1133 (a KRAS G12D inhibitor; Cat. No. HY-

134813), BI-2865 (a pan-KRAS inhibitor; Cat. No. HY-

153724), and sotorasib (a KRAS G12C inhibitor) were 

also introduced into the media containing the 

CWH22/CLM22 organoids (KRAS G12C mutated), 

CRC1-Org/CRC16-Org (KRAS G12D mutated), and 

CRC27-Org (wild-type RAS) to draw dose-response 

curves, calculate IC50 values, and determine the 

sensitivity of KRAS targeted therapies in vitro. 

 

Construction of organoids stably expressing 

luciferase 

 

The luciferase gene was cloned into the pLVX-IRES-Neo 

plasmid using XhoI/EcoRI restriction sites to produce a 

luciferase-carrying lentivirus. Lentivirus supernatant was 

collected as previously reported [70]. To establish 

organoids stably expressing luciferase (CWH22-luci and 

CLM22-luci), single-cell suspensions of the CWH22 and 

CLM22 organoid cells (the second generation) were 

seeded on the surface of presolidified BME in 96-well 

plates (30 µL diluted BME, 5000 cells/well, 10 

wells/organoid line). Approximately 48–72 h later, the 

lentivirus supernatant was used to transduce each 

organoid (nine wells for transduction, one well for 

selection control); 5 µg/mL polybrene was added to 

improve the transfection efficiency and was replaced 

with organoid culture medium after 12 h. At 48 h post-

transduction, the culture medium was replaced with 

selection medium containing 500 μg/mL G418 for at 

least seven days to kill any cells that were not transfected. 

Once the cells in the control well died thoroughly, and 

the luciferase-expressing cells were grown into organoid 

structures 100 μm in diameter, the organoids were 

harvested and enzymatically dissociated into single cells 

using TrypLE™ Express for 10–14 min. Cells were 

subsequently passaged as described above. On the 10th 

day from the first passage post-transfection, one well of 

each organoid (CWH22-luci and CLM22-luci) was 

harvested and tested separately for luciferase activity on a 

Gloma 20/20 luminometer (Promega, USA) with 20 μL 

Vivo GloTM Luciferin reagent (10 mg/mL, Promega, 

P1403, USA), un-transfected organoids (CWH22-con 

and CLM22-con) were also harvested for control test. 

 

Determination of tumorigenicity 

 

A total of 20 BALB/c athymic nude mice were housed 

under specific pathogen-free conditions in a tempera-
ture- and humidity-controlled environment (room 

temperature, 20–26°C; humidity, 40–60%; 12-h light/dark 

cycle; free access to food and water). First, CWH22 and 

CLM22 organoids (the third generation) were harvested 

with BME and injected subcutaneously into the right hip 

of each mouse (1.5 × 106 cells/mouse, five mice/organoid) 

to test tumorigenicity. On day 28, the mice were tested for 

the tumor–burdened status, and the subcutaneous tumors 

were subjected to histopathological analysis. 

 

Next, the liver metastatic capacities of CWH22 and 

CLM22 organoids were tested in vivo. Ten female mice 

were divided into two groups, with five mice per 

organoid. Single-cell suspensions containing 1 × 106 

cells (CWH22-luci, CLM22-luci, total fifth generation) 

were injected into each anesthetized mouse spleen as 

described previously [71]. At the onset of weight loss, 

bioluminescence imaging indicated definite liver 

metastases in each mouse. On day 45, the mice were 

euthanized with an overdose of intraperitoneal 

pentobarbital sodium, and metastatic livers were 

harvested, measured, fixed in 4% paraformaldehyde 

overnight at 25–28°C, and embedded in paraffin. 

 

The procedures for detecting the tumorigenicity and 

metastatic ability of CWH22-2D and CLM22-2D cells 

were the same as those described above for 3D 

organoids (1.5 × 106 cells/mouse for subcutaneous 

injection, 1 × 106 cells/mouse for spleen injection). 

 

Statistical analysis 

 

Statistical analyses were performed using SPSS 19 and 

GraphPad Prism 8. Independent sample t-test and 

one-way analysis of variance were used as appropriate. 

A p-value < 0.05 was considered to indicate statistical 

significance. 

 

Availability of data and materials 

 

The datasets used and analyzed in the current study are 

available from the corresponding author upon 

reasonable request. The WES dataset generated and 

analyzed in the present study is available in the NCBI 

repository (https://www.ncbi.nlm.nih.gov/bioproject/ 

PRJNA902102). All the authors had access to the study 

data and reviewed and approved the final manuscript. 
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3D: 3-dimensional; 5-Fu: 5-fluorouracil; CCTCC: the 

China Center for Type Culture Collection; CDX2: caudal-

related homeobox transcription factor 2; CEA: 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figure 
 

 
 

Supplementary Figure 1. Clinical features of the patient from whom CWH22 and CLM22 organoids were derived.  (A) CT 

(venous phase) and MRI (T2-weighted) scans of lesions on the left lobe of the liver (scale bars, 5 cm). (B) Image of the space-occupying 
lesion in the ascending colon under colonoscopy. (C) H&E and IHC staining used for histological diagnosis. Scale bars, 100 µm. (D) Timeline 
of treatments administered to the patient and treatment response records (PD: progressive disease; PR: partial response; CR: complete 
response). (E) Representative MR images of the liver at different treatment response time points. (F) Serum CEA levels during the 
treatment period from January 2021 to November 2022, reflecting the treatment response. 
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Supplementary Table 
 

Supplementary Table 1. Basic information of KRAS unmutated and G12D mutated organoids. 

Org Diagnosis Stage MSI/MSS KRAS APC SMAD4 Tp53 PIK3CA 

CRC1-Org Sigmoid colon cancer IIA MSI Missense Nonsense Wild-type Missense Missense 

CRC16-Org 

Ascending colon carcinoma, 

Liver Metaseases,  

Peritoneum metastases 

IVB MSS Missense Wild-type Wild-type Missense Missense 

CRC27-Org 
Sigmoid colon cancer,  

Liver metastases 
IVA MSS Wild-type Missense Wild-type Missense Wild-type 
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Supplementary Videos 
 

Please browse Full Text version to see the data of Supplementary Videos 1 and 2. 

 

Supplementary Video 1. Continuous zoom at different focal planes showing the morphologies of CWH22 organoids ten 
days after recovery using a bright-field microscope. 

 

Supplementary Video 2. Continuous zoom at different focal planes showing the morphologies of CLM22 organoids ten days 
after recovery using a bright-field microscope. 
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