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Abstract: Colorectal cancer (CRC) is a challenging disease, with a high mortality rate and limited effective
treatment options, particularly for late-stage disease. Patient-derived xenografts (PDXs) have emerged
as an informative, renewable experimental resource to model CRC architecture and biology. Here,
we describe the generation of a biobank of CRC PDXs from stage I to stage IV patients. We demonstrate
that PDXs within our biobank recapitulate the histopathological and mutation features of the original
patient tumor. In addition, we demonstrate the utility of this resource in pre-clinical chemotherapy and
targeted treatment studies, highlighting the translational potential of PDX models in the identification
of new therapies that will improve the overall survival of CRC patients.

Keywords: colon cancer; chemotherapy; model; patient-derived; xenograft

1. Introduction

Colorectal cancer (CRC) is the most common gastrointestinal malignancy and accounts for approximately
10% of cancer-associated mortality worldwide [1]. The clinical management of CRC depends on the
stage of disease. Early stage disease often undergoes surgical resection [2]. After histological review of
the resected tumor, an assessment of the lymph node involvement, perineural invasion, lymphovascular
invasion, and resected margins is made, and subsequent recommendations for adjuvant therapy
determined [2]. If diagnosed early, intervention is aimed at achieving cure of the disease. However,
when diagnosed at late stages, there are few effective treatment options available, with most provided
with palliative intent. With poor outcomes for patients with late stage disease, new models are actively
being developed to enable pre-clinical studies.

Traditional pre-clinical models of CRC, including cell-lines or cell-line-derived xenografts, have been
instrumental in our evolving understanding of tumor development and determining the efficacy and the
mechanism of action of new therapeutic agents [3–5]. However, the usefulness of cell lines is hampered by
clonal selection and genetic drift with models often interrogated in 2D conditions [6–9]. Misidentification
and carry-over contamination of cell-lines has also been problematic [10–12]. To overcome these limitations
and improve the accurate representation of human cancers in pre-clinical studies, patient-derived xenograft
(PDX) models have emerged as a superior alternative.
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PDX models were first described more than 40 years ago [13–15]. PDXs are generated by transplantation
of fresh patient primary or metastatic tumor specimens into immunocompromised mice, bypassing the
pitfall of ex vivo adaptation of monolayer cultures [16]. PDX tumors have been shown to retain the
tissue architecture of the original human tumors from which they were derived, a feature often lost in
cell line xenografts [16]. Given these advantages, PDX models have been established for a wide range
of human epithelial cancers, including breast [17–21], pancreatic [22–25], lung [26–29], ovarian [30–35],
and CRC [36–40]. The histopathological features, gene expression profiles, copy number variation,
and chromosomal stability of PDX tumors are widely reported to be comparable with the original
patient tumor during early passages [38,39]. Moreover, PDXs have been suggested to represent the
genetic profiles of primary tumors more closely than patient-derived organoids [37]. Accordingly, PDX
models have been successfully used for predicting drug sensitivity patterns of primary tumors [41].

In CRC, 5-FU (fluorouracil)-based chemotherapies are the standard-of-care for stage III and
high-risk stage II patients in the adjuvant setting as well as for the treatment of advanced metastatic
disease [42,43]. Patients who recur after completing 5-FU-based therapy may be classified as 5-FU
resistant, while tumors progressing during the course of 5-FU based therapy may be classified as
5-FU refractory [44]. Unfortunately, the overall response rate of 5-FU in advanced CRC is limited to
10–15% [45], although this can be improved in combination with other cytotoxic agents [46] including
oxaliplatin or irinotecan, in the first line setting albeit with increased toxicity [45,46]. Since resistance
to 5-FU remains a major cause of failure of chemotherapy [47], model systems to better understand
patient response to 5-FU are required.

Here, we describe the generation and characterization of a CRC PDX biobank derived from
chemotherapy-naive stage I to stage IV tumors obtained following surgical resections, providing
a platform for understanding treatment resistance, identification of new treatment opportunities,
or treatment combinations for CRC patients.

2. Results

2.1. Establishment of Patient-Derived Xenografts

Surgically resected normal colon and adjacent CRC tissue were collected from four hospitals in
Melbourne, Australia (Figure S1A). In total, 33 primary chemotherapy-naïve patient-derived tumor
samples were collected between 2015 and 2017 and transplanted subcutaneously into NOD scid
IL2R gamma null (NSG) mice (Figure 1A). Adjacent tissue was processed for histological analysis,
and additional tissue was snap frozen or cryopreserved as part of our biobank (Figure 1A). The majority
(66.7%) of tumors collected were stage I/II, and the remainder (24.2%) were stage III/IV (Figure 1B) [48].
Two adenomas and one neuroendocrine tumor were also collected (Figure 1B).

PDX engraftment was deemed successful if transplanted tumors started growing within a six-month
timeframe. Of the 33 primary tumors that were transplanted, 22 PDX lines were successfully generated
with an overall engraftment success rate of 66.7% (22/33; Figure 1C,D). The patient- derived tumors
that did not successfully engraft did not contain visible tumors cells as assessed by histopathology
(PDX3, PDX32, PDX39 and PDX17; Figure S1B). Other tissues comprised large areas of stroma (PDX8,
PDX9, PDX12, PDX13, PDX23, PDX33, and PDX40), which may have impacted engraftment success if
predominantly stromal cells were implanted (Figure S1B).
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Figure 1. Establishment of colorectal cancer (CRC) patient-derived xenografts. (A) Schematic representation
of the generation of a CRC biobank; (B) the stage of the tumors implanted into mice; (C) the engraftment
success rate (22/33); and (D) the proportion of successful patient-derived xenografts (PDX) tumor
engraftments that maintained only epithelial tumors (14/22; includes two adenomas), compared to
lymphocytic tumors (4/22; includes one neuroendocrine tumor) or both (4/22). All epithelial tumors
were included in the biobank.

2.1.1. The Patient-Derived Xenografts Are Representative of Diverse Patient Populations

The established PDXs reflected the diversity of CRC patient clinical features, including age, gender,
primary tumor location, presence of metastases at the time of diagnosis, and the differentiation state of
the tumor (Table S1). PDXs were successfully derived from patients aged 18 to 86 years (median =

66 years), with the majority of patients between 50 and 80 years of age [49]. Included in our patient
cohort were 14 females and 19 males, with a slightly higher incidence in males commonly reported for
CRC [1]. The adenocarcinomas were histopathologically described as well-differentiated tumors (1/30;
3%), moderately differentiated (26/30; 87%), or poorly differentiated (3/30; 10%; Table S1; Table S2).
The majority of primary adenocarcinomas were T3/T4 (23/30; 77%), and the remaining were T1/T2
(7/30; 23%) [50,51]. According to the primary lymph node status (pN), most patients did not present
with metastasis (22/30; 73%), although a small proportion (8/30; 27%) did have evidence of metastasis
to at least one lymph node.

2.1.2. The CRC Patient-Derived Xenografts Successfully Underwent Serial Transplantation

Serial transplantation was performed for all 22 of the successfully engrafted PDXs (Figure 2A).
For 10 of these PDXs, this was successfully performed for six serial passages, with the initial baseline
passage denoted as passage 0 (P0; Figure 2B–E). In addition, PDX28 and PDX37 (Figure S2A) were
passaged four times, and PDX1, PDX15, and PDX27 were passaged six times (Figure S2A). PDX2,
the neuroendocrine tumor, was passaged five times. PDX16 could not be maintained during serial
transplantation, which was likely due to the xenograft tumor being cystic and thus difficult to sample
viable tumor tissue from; as a result, it was terminated at P2 (Figure S2B). A further two of the PDXs
(PDX10 and PDX34), which were adenomas, were serially transplanted for two and six passages
respectively (Figure S2C).
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Figure 2. Histological characterization of CRC patient-derived xenografts. (A) Schematic 
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Figure 2. Histological characterization of CRC patient-derived xenografts. (A) Schematic representation
of the passaging of PDXs; (B–E) representative Haematoxylin & Eosin (H&E) images of xenograft
tumors from each passage. Each of the PDX lines are separated by stage: (B) Stage I, (C) Stage II,
(D) Stage III, and (E) Stage IV. Scale bar for B–D is 100 µm and applies to all images.

2.1.3. The Patient-Derived Xenografts Maintained the Histological Features of the Patient Tumor

Most PDX tumors maintained similar histological features as the parental tumors (Figure 2B–E).
However, the stromal compartment of the PDX tumors appeared decreased in volume compared to
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original patient tumors. However, the organization of epithelial and stromal cells relative to each other
was recapitulated in the PDX tumors. This is consistent with previous reports that the epithelial cells
that are of human origin can instruct the murine stromal cells to organize spatially in order to support
human cancer cell growth [52].

2.1.4. A Lymphocytic Phenotype Emerged for a Sub-Set of the Patient-Derived Xenografts

Upon histological evaluation of P0 PDX tumors, three PDX lines (PDX2 (neuroendocrine), PDX4,
and PDX19) did not resemble the original tumors from which they were derived (Figure 3A). Instead
of human epithelial cells, identified by pan-cytokeratin, the PDX tumors contained human leukocytes,
indicated by CD45 positive cells (Figure 3B). In particular, these xenograft tumors were populated by
mononuclear cells, ranging from small lymphocytes to large atypical lymphoid cells with pleomorphic
nuclei and abundant basophilic cytoplasm, consistent with lymphoma.Cancers 2020, 12, x 6 of 20 
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Figure 3. Histological characterization of leukocytic infiltrates in CRC patient-derived xenografts.
(A) Schematic representation of the histological review of PDXs; (B) representative H&E, pan-cytokeratin,
and human CD45 immunohistochemistry images of P0 PDX tumors from the indicated PDX line;
(C) representative H&E and CD45 immunohistochemistry images of metastatic tumors; scale bar for
B-C is 100 µm and applies to all images.
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Upon autopsy of the mice harboring these PDX lines, it was further observed that the human
lymphoid cells were also present in the axillary lymph nodes, kidney, spleen, lungs, and liver (Figure 3C).
There was no evidence of distant metastases observed in PDX tumors of histologically confirmed
epithelial adenocarcinomas at P0, or at any other passage.

Lineage tracking and histological review of left-hand side (LHS) and right-hand side (RHS)
xenograft tumors from the twenty-two PDX lines revealed that four PDX lines (PDX1, PDX15, PDX27,
and PDX37) had a mixture of lymphoid features in some tumors and epithelial cell content in other
tumors (Figure S3A). For these mixed lineage PDX lines, after each passage and histological verification,
only the epithelial tumors lines were maintained (Figure S3B). In one of the PDX lines, PDX22, it was
observed that a lymphocytic tumor developed on one flank and an adenocarcinoma on the other
(Figure S3C). Upon serial transplantation of the tumor that was identified as an adenocarcinoma, it
gave rise to a lymphocytic tumor, and as a result, this line was classified as lymphocytic and terminated.
In general, the lymphocytic tumors grew faster than the epithelial tumors (Figure S3D). Each of the
lymphoid PDX lineages were destroyed, and the epithelial lineages were annotated and separated
from the main PDX biobank; however, they remain included in the “successful engraftment” rate of
the PDX library. These observations result in a PDX library of 16 adenocarcinomas, 2 adenomas (18/33),
resulting in an overall 55% success.

2.2. Characterization of Patient-Derived Xenografts

2.2.1. Human Stromal Cells Do Not Engraft with Patient Tumor Tissue

For the PDX lines that successfully engrafted, the components of the tumor stroma were examined
to determine if other human cells beyond epithelial cells successful transferred with the patient tumor.
For all successful PDX lines, no human CD45 positive leukocytes were present after the first passage
(Figure 4A–D). Pan-cytokeratin, a marker of epithelial cells, was expressed by all xenograft tumors
confirming successful tumor cell growth, with similar expression levels maintained throughout serial
passages (Figure 4A–D). Similar to the loss of immune cells, no human fibroblasts were detected after
the first passage of each PDX, with the stromal compartment within the PDX tumors confirmed to be
derived from murine fibroblasts (Figure S4A–D), suggesting that human epithelial cells direct murine
stromal organization.

2.2.2. Genetic Signatures Are Retained in PDX Tumors during Early Serial Passages

To determine if PDX tumors were genetically representative of the patient tumors from which
they were derived, we undertook sequencing using the Accel-Amplicon 56G Oncology Panel. To this
end, we compared the genetic profile of two PDX tumors (from P3) to the original patient tumor tissue,
and matched patient normal tissue (Figure S5A). Overall, the mutations found in the PDX tumors
were consistent with those in the parental tumors, and additional mutations were not observed in the
serially transplanted tumors.

As we had anticipated, in all of the tumor tissues, APC was altered, consistent with this being one
of the first acquired mutations in CRC [53,54]. In PDX15, the APC alteration was likely germline, as it
was also present in the normal tissue (Figure S5B). Alternatively, the normal tissue may have contained
early lesions that were not apparent at the time of surgical resection. Similarly, in all of the tumor
tissue, P53 was altered, consistent with this being another commonly mutated gene in CRC [53,54].
However, TP53 was also altered in the normal tissue from these patients (Figure S5B).



Cancers 2020, 12, 2340 7 of 19

Cancers 2020, 12, x 7 of 20 

 

 

Figure 4. Immunohistochemical characterization of leukocytic infiltrates in CRC patient-derived 

xenografts. Representative human CD45 and pan-cytokeratin immunohistochemistry images of the 

patient tumor and indicated passages from the PDX lines from (A) stage I; (B) stage II; (C) stage III; 

and (D) stage IV tumors; scale bar for A-D is 100 µm and applies to all images. 

Figure 4. Immunohistochemical characterization of leukocytic infiltrates in CRC patient-derived
xenografts. Representative human CD45 and pan-cytokeratin immunohistochemistry images of the
patient tumor and indicated passages from the PDX lines from (A) stage I; (B) stage II; (C) stage III; and
(D) stage IV tumors; scale bar for A-D is 100 µm and applies to all images.
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FGFR1 was also altered in the patient normal, tumor, and PDX tumor tissue for both PDX15 and
PDX36. Fibroblast growth factor receptor (FGFR) 1, which encodes for FGFR1 is generally reported to
be overexpressed in CRC [55] and promotes cell proliferation, cell survival, and angiogenesis, resulting
in tumor development [56]. Glutamate metabotropic receptor 1 (GRM1) and retinoblastoma 1 (RB1)
were additional alterations found in PDX15, for the patient normal, tumor, and PDX tumor tissue
(Figure S5B). GRM1 has primarily been implicated in neurodegenerative malignancies but has been
reported to promote tumorigenesis [57]; however, few reports exist for GRM1 involvement in CRC.
On the other hand, the loss of RB1, a tumor suppressor gene, is common in many cancers [58].

In PDX36, additional alterations found in the PDX tumors were ABCA12, HNF1A, KDR, KIT,
and KRAS (Figure S5B). Frameshift mutations were identified in ATP-binding cassette subfamily
member 12 (ABCA12), a member of the ABC transporter family and hepatocyte nuclear factor 1-alpha
(HNF1A), a gene important for epithelial cell growth and cell lineage differentiation. Kinase insert
domain receptor (KDR, also known as vascular endothelial growth factor receptor 2) is the main
mediator of VEGF signaling that promotes tumor angiogenesis [58]. It has been reported to be rarely
mutated in CRC [54]. KIT, a member of the receptor tyrosine kinase family, is generally associated
with increased proliferation, metastasis, and poor prognosis in CRC [59]. Unlike the usual mutations
in KRAS occurring in codons 12, 13, or 61, an inactivating mutation was identified in codon 117.

2.2.3. Serial Passaging Increased the Successful Growth of Individual Tumors

There was considerable variability between the ‘’take rate” of an individual piece of tumor tissue
at P0, which ranged from 16% to 100%. We have defined the ‘’take rate” as the successful growth of
an original or serially passaged PDX tumor. However, we observed that variability in the ‘’take rate”
decreased following serial transplantation. Analysis of the latency of PDX tumors, defined as the time
required for a tumor to be palpable, showed that most tumors were palpable in less than 100 days,
with decreases in tumor latency with increasing passage (Figure S6A–C). The growth rate, defined
as the time required for an individual PDX tumor to reach 1cm3, also varied considerably between
PDX lines (Figure 5A–C). Additionally, there was variability within the same passage of some PDX
lines, and within the different passages of all PDX lines. This variability in growth pattern was not
associated with the stage of the parental tumor, or other patient clinical features (Table S2). Since the
PDX tumors displayed variable tumor latency and growth kinetics, the proliferation, indicated by Ki67
positive cells, was examined. However, no obvious differences in Ki67 positive cells were observed
between the parental tumors and their associated PDX tumors (Figure S7A–D).

2.3. Therapeutic Treatment of Patient-Derived Xenografts

2.3.1. Patient-Derived Xenograft Response to Chemotherapy Reflects the Patient Response

5-FU-based adjuvant chemotherapy has been used to treat CRC for several decades [45,46,60].
In order to determine if PDXs could be used to model patient response to chemotherapy, three
chemotherapy-naive PDX lines (PDX1, PDX14, and PDX26) underwent 5-FU treatment (Figure 6A).
We observed a trend towards increased latency after each passage, consistent with previous reports that
breast PDX tumors exhibited shorter latency after undergoing sequential treatment with 5-FU, cisplatin,
olaparib, and lurbinectedin, suggestive of adaptation to the chemotherapy agents [61]. In order to
assess the impact of 5-FU treatment on tumor growth, the percent tumor volume change relative to
the volume at the start of treatment was measured for each passage. In all instances, 5-FU treated
PDX tumors grew more slowly than untreated PDX tumors (Figure 6B). The patient from which PDX1
was derived received FOLFOX (5-FU and oxaliplatin) as a first line treatment, and a different second
line treatment due to minimal treatment response, which is reflected in the minor response to 5-FU
observed for the chemotherapy naive PDX. The patient from which PDX14 was derived did not receive
a 5-FU-based treatment, while the patient from PDX26 responded to a combination of 5-FU, oxaliplatin,
and leucovorin post-surgery, consistent with the PDX response to 5-FU.
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Figure 5. Patient-derived xenograft tumor growth. Passages are indicated in different colored symbols,
with P0 (red), P1 (blue), P2 (green), P3 (purple), P4 (orange), and P5 (black). Each line represents an
individual tumor. Data are presented for at least two mice per passage, with two tumors per mouse. PDX
lines are grouped based on the stage of the parental tumor (A) stage I; (B) stage II; and (C) stage III/IV.
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2.3.2. Patient-Derived Xenografts Can Be Utilized to Test Response to Targeted Therapies

Monoclonal antibodies that target the epidermal growth factor receptor (EGFR) are an approved
targeted therapy for chemotherapy refractory CRC patients that do not harbor mutations in KRAS [62,63].
We treated the chemotherapy-naive PDX15, which was KRAS wild-type, with cetuximab as a monotherapy,
and observed a reduction in tumor burden (Figure 6C), consistent with the predicted patient outcome
based on clinical criteria for cetuximab treatment. The patient from which this PDX was derived did not
receive treatment after surgery. Taken together, these results highlight the potential for our PDX biobank
to inform pre-clinical therapeutic studies.Cancers 2020, 12, x 11 of 20 
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Figure 6. Treatment of patient-derived xenografts. (A) Schematic representation of treatment protocols;
(B) tumor volume following treatment with 10 m/kg 5-FU for PDX1 or 15 mg/kg for PDX14 and PDX26;
and (C) tumor volume following treatment with cetuximab 20 mg/kg. Data are represented as mean ±
SEM with at least two mice per passage, with two tumors per mouse.

3. Discussion

Historically, human CRC cell lines have been used in vitro and in vivo for pre-clinical drug trials;
however, cell lines only partially recapitulate the molecular diversity, genetic signature, and heterogeneity
of CRC tumors [3,64]. PDX models have been reported to more accurately reflect the patient tumors
from which they were derived in terms of morphology, tissue architecture, and mutational stability [65].
PDX models are now considered to provide a superior experimental model system of pre-clinical drug
responses [66–68]. Here, we describe the generation of a PDX biobank from stage I-IV chemotherapy-naive
CRC tumors.



Cancers 2020, 12, 2340 11 of 19

The overall success rate of our PDX biobank is comparable to other studies (58.5% [36]; 60% [37]; and
63.5% [38]), although there is considerable variability in reported success rates (87% [39], and 87.5% [40]).
Multiple factors may contribute to these discrepancies, including the under reporting of lymphocytic
transformation as a PDX failure. In our PDX library, 8 of the 22 PDXs (36%) developed a lymphocytic
phenotype, in line with previous reports of the development of Epstein Barr virus (EBV)-associated
B-cell tumors in 52% (11/21) of PDXs [69]. While our lymphocytic PDXs were positive for human
CD45+, we have not confirmed whether they were B or T-cells. The formation of lymphocytic PDX
tumors after implantation has been reported for gastric, breast, ovarian, and lung biobanks [70–72],
including metastatic lymphocytic lesions [72]. Previous studies also report a strong association between
aggressive CRC tumors from patients with metastatic tumors, lymph node metastasis, and poor
differentiation and PDX success [38,40]; however, we found no correlation between PDX success and
TNM staging of the primary tumor. Our study supports the notion that variations in tissue bulk,
technical challenges of tissue collection, and tumor initiating cell content within transplanted samples
likely contribute to variability in PDX success rates [73,74].

Like other CRC PDXs, our CRC PDXs were found to harbor wild type KRAS, which is not
common in traditional CRC cell lines, which will be highly advantageous for pre-clinical studies in
cetuximab resistance, for example [38,75,76]. The ability of human tumor cells in PDX models to
adapt to their murine host environment is a characteristic shared across numerous tumor types [77].
Conflicting results have been reported with respect to when the human stroma is replaced by mouse
stroma. Some studies suggest that murine stroma replaces the human stroma immediately after tumor
implantation [38,78–80], consistent with our observations. These studies demonstrated that human
stromal cells were incapable of proliferating, determined by the absence of proliferating cell nuclear
antigen (PCNA) immunostaining [78,79,81]. However, other studies suggest that when human CRC
tumor cell suspensions were injected subcutaneously, instead of tumor fragments, that the human
stromal cells were still present in P1 [80] and P2 [82]. However, murine stromal cells have been reported
as early as P0, the initial transplant, with the increase in murine stroma proportional to the tumor
mass [52]. The interaction of human tumor cells with the surrounding stromal cells is important for
the retention of the tissue architecture of the parental tumor after implantation [83], and may impact
treatment response if murine signals can feedback onto tumor cells.

Our study highlights that CRC PDXs are a robust model system that resembles the parental tumor
from which it was derived. We have utilized this biobank to demonstrate that the growth of tumors
was reduced after 5-FU treatment, suggesting that perhaps slow-growing tumor clones were selected
for, as previously observed in ovarian cancer PDXs [84,85]. Our PDX biobank could also be utilized
to model intratumor heterogeneity and clonal selection in future studies, which commonly occur in
CRC [86–88] and may influence chemotherapy response. Similar to other studies, our CRC PDX tumors
match patient response to 5-FU [37,38,89–91], and can be utilized to understand response to targeted
therapies, like cetuximab, an anti-EGFR antibody [37]. As such, this PDX biobank will unquestionably
contribute to the pre-clinical characterization of numerous new therapeutics, and combinations thereof.

4. Materials and Methods

4.1. Establishment of Patient-Derived Xenografts

4.1.1. Human Tissue Collection

Tumor and adjacent non-tumor tissue were obtained from 33 deidentified treatment naïve
patients who underwent surgical tumor resections at the Royal Melbourne Hospital, Box Hill Hospital,
the Austin Hospital, or Peter MacCallum Cancer Centre in Melbourne Australia, between February
2015 and May 2017. Written consent from each patient was obtained by the Victorian Cancer Biobank
(VCB), in accordance with protocols approved by the Human Research Ethics Committee (HREC) at
the Walter and Eliza Hall Institute of Medical Research (WEHI; HREC approval #14/15).
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Information on the tumor type and staging was provided by the treating hospitals’ pathology
department. Additional deidentified patient details including patient age, gender, tumor site, histologic
grade, TNM classification, and differentiation grade were provided by the VCB (project #14019).

4.1.2. Tissue Processing

Fresh tumor and adjacent normal tissue were collected in separate tubes containing transfer media
(RPMI; Thermo Fisher Scientific, Waltham, MA, USA containing 10% (v/v) faetal bovine serum (FBS);
Sigma-Aldrich, St. Louis, MO, USA, F9423) and delivered to the laboratory on ice. Tissue was cut
into multiple 2 × 2 millimeter (mm) fragments. Two normal and two tumor fragments were snap
frozen and archived. One normal and one tumor fragment were fixed in 10% neutral-buffered formalin
(Australian Biostain, Victoria, Australia, ACFG) at room temperature (RT) for histopathological analyses.
Two normal and two tumor fragments were transplanted into individual mice. The remaining tumor
fragments were cryopreserved in 90% (v/v) FBS (Sigma, F9423) containing 10% (v/v) dimethyl sulfoxide
(DMSO; Sigma, D2650).

4.1.3. Engraftment of Human Colorectal Cancer Tissue

NOD scid IL2R gamma null (NSG) mice were bred and maintained in a specific pathogen free (SPF)
animal facility at WEHI, and all procedures were approved by the WEHI Animal Ethics Committee
(AEC approval #2014.017, #2017.033). Prior to engraftment, the tumor tissue was washed twice in
cold, sterile Dulbecco’s phosphate buffered saline (PBS; Gibco, Waltham, MA, USA 14190250) solution.
The recipient NSG mice were anaesthetized through isoflurane inhalation. The dorsal side of the upper
flank of the mouse was cleaned with 80% (v/v) ethanol, and the fur was parted to make a small 5 mm
incision in the skin with a pair of sterile surgical scissors. A small 2 × 2 mm tumor fragment was
placed subcutaneously (s.c.) under the skin on contralateral flanks, and the open wounds were closed
using surgical wound clips (Clay Adams, Victoria, Australia, 427631), which were removed 10 days
after the surgery. Prior to the procedure, the mice received a s.c. injection of the analgesic, Carprofen
(10 mg/kg bodyweight: Sigma-Aldrich, St. Louis, MO, USA SML1713). For each patient, tumor tissue
was transplanted into at least 3 mice.

4.1.4. Monitoring of Patient-Derived Xenograft Tumor Growth

Tumor growth was monitored once a week by recording the digital caliper measurement of the
length diameter (l) and width diameter (w) of the tumor in mm for up to 6 months. The tumor volume
was calculated using the following formula:

pi
2
(l X w)2

1000
(1)

in Microsoft Excel (Microsoft). When the tumor volume reached 1 cm3, animals were ethically euthanized,
and the tumors excised for serial transplantation. If no tumor growth was visible in that timeframe,
the PDX was deemed unsuccessful.

4.1.5. Therapeutic Treatment of Patient-Derived Xenografts

PDX tumors were resected from passage (P) 1 and transplanted subcutaneously into six-week
old NSG mice to generate a cohort termed P2. Once the P2 tumors reached 0.15–0.25 cm3, mice were
randomly allocated to treatment groups receiving either vehicle (PBS) or 5-FU (Sigma-Aldrich, St. Louis,
MO, USA F6627) by intraperitoneal (i.p.) injection for five consecutive days followed by two days of
recovery. For mice that received cetuximab, treatments were given by i.p. twice weekly, at 20 mg/kg.
The therapeutic treatment continued for 28 days, with tumor volume measured and presented as a
percent change from the starting volume.
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4.2. Histological and Immunohistochemical Analysis

4.2.1. Tissue Fixation and Embedding

Following fixation in neutral-buffered formalin for approximately 24 hours at RT, tissue was
embedded in paraffin, and 3 µm thick sections transferred onto superfrost slides (Trajan Scientific
Australia Pty Ltd, Victoria, Australia, TJ471042202) for Haematoxylin & Eosin (H&E) staining or
immunohistochemical analysis.

4.2.2. Histopathological Analysis of Patient-Derived Xenograft Lines

The morphology of the original patient tumor was compared to different passages of their
corresponding PDX lines by a certified clinical pathologist (Dr. Michael Christie; The Royal Melbourne
Hospital, RMH) based on percent tumor area, level of infiltration, and percent necrotic area.

4.2.3. Immunohistochemistry

Paraffin sections were dewaxed in xylene and rehydrated in a gradient series of ethanol. Heat-induced
antigen retrieval was performed by incubating slides in either citrate buffer (10 mM, pH 6; Thermo Fisher
Scientific, Waltham, MA, USA AP-9003-500) or Tris-EDTA-Tween 20 buffer (pH 9, 10× buffer) in a pressure
cooker for 15 minutes. After cooling to RT, slides were washed in MQ-H2O followed by a 20-minute
incubation in 3% (v/v) hydrogen peroxide (Thermo Fisher Scientific, BSPA5.500) to inactivate endogenous
peroxidases. Slides were rinsed in MQ-H2O followed by a wash in Tris-buffered saline with 0.1% (v/v)
Tween 20 (TBS-T). Sections were circled with a hydrophobic pen (Thermo Fisher Scientific, 008899) and
incubated with 5% (v/v) normal goat serum (Southern Biotech, Birmingham, AL, USA, 0060-01) in a
humidified chamber for 1 hour at RT to block for nonspecific antigens. Following blocking, the sections
were then incubated with the appropriate primary antibodies (Cytokeratin (Abcam, Cambridge, UK,
Ab27988); CD45 (Cell Signaling, Danvers, MA, USA, 13917S); Ki67 (Abcam, Ab15580); Vimentin (Leica
Biosystems, Victoria, Australia, NCL-L-VIM-V9); Vimentin (Abcam, Cambridge, UK, Ab92547)) diluted in
blocking buffer in a humidified chamber overnight at 4 ◦C. The following day, slides were washed in TBS-T
for 10 minutes followed by incubation, either in biotinylated secondary antibody or HRP-conjugated
secondary antibody (Dako. Santa Clara, CA, USA, P0447 or P0448) in a humidified chamber for 1 hour at
RT. The slides were then washed in TBS-T. For biotinylated secondary antibodies, slides were further
incubated in streptavidin-HRP conjugate (Vector Laboratories, Burlingame, CA, USA, PK6101) for 30
minutes at RT in a humidified chamber. The slides were washed in TBS-T, and 3, 3’-Diaminobenzidine
(DAB; Agilent, Santa Clara, CA, USA, K346811-2) substrate was added. Slides were then counterstained
with Haematoxylin and coverslipped.

4.2.4. Imaging

All images were taken using an Olympus BX43 light microscope with an Olympus DP72 camera
using CellSens standard software and saved in TIF format.

4.3. Statistical Analysis

All graphs and statistical analysis were generated using GraphPad Prism 8 software. Unless otherwise
stated, data are presented as mean ± SEM. Pairwise comparisons were performed using unpaired t-tests,
and multiple comparisons were performed using ordinary one-way ANOVA with Tukey’s test. p-values
less than 0.05 were considered to be statistically significant, with *, **, ***, and **** indicating p < 0.05,
p < 0.01, p < 0.001, and p < 0.0001, respectively.

5. Conclusions

We have successfully established and characterized a biobank of CRC PDXs that can be utilized to
identify new treatment opportunities.



Cancers 2020, 12, 2340 14 of 19

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/9/2340/s1,
Figure S1. Multiple hospital sites contributed tissue for the generation of PDXs, Figure S2. Histological characterization
of CRC patient-derived xenografts, Figure S3. Identification of lymphocytic tumors, Figure S4. Immunohistochemical
characterization of fibroblast infiltrates in CRC patient-derived xenografts, Figure S5. Genetic characterization of
PDX tissue, Figure S6. Patient-derived xenograft tumor latency, Figure S7. Immunohistochemical characterization
of proliferation in CRC patient-derived xenografts, Table S1. Characteristics of the patients from with PDXs were
derived, Table S2. Summary of the PDX success rates in the context of patient characteristics.

Author Contributions: S.M.A. performed all experiments, interpreted the data, and wrote the manuscript. A.P.,
M.C.U.B. and B.L. performed experiments. D.M. and M.C. analyzed data. O.M.S. supervised the study. T.L.P.
performed experiments, supervised the study and wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This project was funded by the Victorian Cancer Agency (MCRF16009 to T.L.P.) with additional support
from Cancer Therapeutics (CTX to T.L.P. and O.M.S.), and the National Health and Medical Research Council
(NHMRC) of Australia (project 1080498 to TLP, project 1079362 and fellowship 1136119 to O.M.S.), a WEHI Dyson
Bequest Centenary Fellowship (T.L.P.). We gratefully acknowledge infrastructure support from the NHMRC
IRIISS and the Victorian State Government Operational Infrastructure Support Program.

Acknowledgments: We thank Dannielle Cooper for exceptional technical support. We would also like to thank
the WEHI bioservices facility and histology facility for excellent technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J.
Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

2. Benson, A.B.; Venook, A.P.; Al-Hawary, M.M.; Cederquist, L.; Chen, Y.J.; Ciombor, K.K.; Cohen, S.;
Cooper, H.S.; Deming, D.; Engstrom, P.F.; et al. NCCN Guidelines Insights: Colon Cancer, Version 2.2018.
J. Natl. Compr. Cancer Netw. 2018, 16, 359–369. [CrossRef] [PubMed]

3. Wilding, J.L.; Bodmer, W.F. Cancer cell lines for drug discovery and development. Cancer Res. 2014, 74,
2377–2384. [CrossRef] [PubMed]

4. Ghandi, M.; Huang, F.W.; Jane-Valbuena, J.; Kryukov, G.V.; Lo, C.C.; McDonald, E.R., III; Barretina, J.;
Gelfand, E.T.; Bielski, C.M.; Li, H.; et al. Next-generation characterization of the Cancer Cell Line Encyclopedia.
Nature 2019, 569, 503–508. [CrossRef]

5. Iorio, F.; Knijnenburg, T.A.; Vis, D.J.; Bignell, G.R.; Menden, M.P.; Schubert, M.; Aben, N.; Goncalves, E.;
Barthorpe, S.; Lightfoot, H.; et al. A Landscape of Pharmacogenomic Interactions in Cancer. Cell 2016, 166,
740–754. [CrossRef]

6. Hennessey, P.T.; Ochs, M.F.; Mydlarz, W.W.; Hsueh, W.; Cope, L.; Yu, W.; Califano, J.A. Promoter methylation
in head and neck squamous cell carcinoma cell lines is significantly different than methylation in primary
tumors and xenografts. PLoS ONE 2011, 6. [CrossRef]

7. Hogenesch, H.; Nikitin, A.Y. Challenges in pre-clinical testing of anti-cancer drugs in cell culture and in
animal models. J. Control. Release 2012, 164, 183–186. [CrossRef]

8. Houshdaran, S.; Hawley, S.; Palmer, C.; Campan, M.; Olsen, M.N.; Ventura, A.P.; Knudsen, B.S.; Drescher, C.W.;
Urban, N.D.; Brown, P.O.; et al. DNA methylation profiles of ovarian epithelial carcinoma tumors and cell
lines. PLoS ONE 2010, 5. [CrossRef]

9. Lin, T.J.; Beal, K.M.; DeGruttola, H.S.; Brennan, S.; Marzilli, L.A.; Anderson, K. Utilization of sequence
variants as biomarkers to analyze population dynamics in cloned cell lines. Biotechnol. Bioeng. 2017, 114,
1744–1752. [CrossRef]

10. Horbach, S.; Halffman, W. The ghosts of HeLa: How cell line misidentification contaminates the scientific
literature. PLoS ONE 2017, 12, e0186281. [CrossRef]

11. Otto, R.; Sers, C.; Leser, U. Robust in-silico identification of cancer cell lines based on next generation
sequencing. Oncotarget 2017, 8, 34310–34320. [CrossRef] [PubMed]

12. Vaughan, L.; Glanzel, W.; Korch, C.; Capes-Davis, A. Widespread Use of Misidentified Cell Line KB (HeLa):
Incorrect Attribution and Its Impact Revealed through Mining the Scientific Literature. Cancer Res. 2017, 77,
2784–2788. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6694/12/9/2340/s1
http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.6004/jnccn.2018.0021
http://www.ncbi.nlm.nih.gov/pubmed/29632055
http://dx.doi.org/10.1158/0008-5472.CAN-13-2971
http://www.ncbi.nlm.nih.gov/pubmed/24717177
http://dx.doi.org/10.1038/s41586-019-1186-3
http://dx.doi.org/10.1016/j.cell.2016.06.017
http://dx.doi.org/10.1371/journal.pone.0020584
http://dx.doi.org/10.1016/j.jconrel.2012.02.031
http://dx.doi.org/10.1371/journal.pone.0009359
http://dx.doi.org/10.1002/bit.26298
http://dx.doi.org/10.1371/journal.pone.0186281
http://dx.doi.org/10.18632/oncotarget.16110
http://www.ncbi.nlm.nih.gov/pubmed/28415721
http://dx.doi.org/10.1158/0008-5472.CAN-16-2258
http://www.ncbi.nlm.nih.gov/pubmed/28455420


Cancers 2020, 12, 2340 15 of 19

13. Pickard, R.G.; Cobb, L.M.; Steel, G.G. The growth kinetics of xenografts of human colorectal tumours in
immune deprived mice. Br. J. Cancer 1975, 31, 36–45. [CrossRef] [PubMed]

14. Houghton, J.A.; Taylor, D.M. Maintenance of biological and biochemical characteristics of human colorectal
tumours during serial passage in immune-deprived mice. Br. J. Cancer 1978, 37, 199–212. [CrossRef] [PubMed]

15. Fiebig, H.H.; Schuchhardt, C.; Henss, H.; Fiedler, L.; Lohr, G.W. Comparison of tumor response in nude mice
and in the patients. Behring Inst. Mitt. 1984, 343–352.

16. Byrne, A.T.; Alferez, D.G.; Amant, F.; Annibali, D.; Arribas, J.; Biankin, A.V.; Bruna, A.; Budinska, E.;
Caldas, C.; Chang, D.K.; et al. Interrogating open issues in cancer precision medicine with patient-derived
xenografts. Nat. Rev. Cancer 2017, 17, 254–268. [CrossRef]

17. Du Manoir, S.; Orsetti, B.; Bras-Goncalves, R.; Nguyen, T.T.; Lasorsa, L.; Boissiere, F.; Massemin, B.;
Colombo, P.E.; Bibeau, F.; Jacot, W.; et al. Breast tumor PDXs are genetically plastic and correspond to a
subset of aggressive cancers prone to relapse. Mol. Oncol. 2014, 8, 431–443. [CrossRef]

18. Goncalves, A.; Bertucci, F.; Guille, A.; Garnier, S.; Adelaide, J.; Carbuccia, N.; Cabaud, O.; Finetti, P.;
Brunelle, S.; Piana, G.; et al. Targeted NGS, array-CGH, and patient-derived tumor xenografts for precision
medicine in advanced breast cancer: A single-center prospective study. Oncotarget 2016, 7, 79414–79427.
[CrossRef]

19. Ni, J.; Ramkissoon, S.H.; Xie, S.Z.; Goel, S.; Stover, D.G.; Guo, H.B.; Luu, V.; Marco, E.; Ramkissoon, L.A.;
Kang, Y.J.; et al. Combination inhibition of PI3K and mTORC1 yields durable remissions in mice bearing
orthotopic patient-derived xenografts of HER2-positive breast cancer brain metastases. Nat. Med. 2016, 22,
723–726. [CrossRef]

20. Ionkina, A.A.; Tentler, J.J.; Kim, J.; Capasso, A.; Pitts, T.M.; Ryall, K.A.; Howison, R.R.; Kabos, P.; Sartorius, C.A.;
Tan, A.C.; et al. Efficacy and Molecular Mechanisms of Differentiated Response to the Aurora and Angiogenic
Kinase Inhibitor ENMD-2076 in Preclinical Models of p53-Mutated Triple-Negative Breast Cancer. Front.
Oncol. 2017, 7. [CrossRef]

21. Yu, J.; Qin, B.; Moyer, A.M.; Sinnwell, J.P.; Thompson, K.J.; Copland, J.A.; Marlow, L.A.; Miller, J.L.; Yin, P.;
Gao, B.W.; et al. Establishing and characterizing patient-derived xenografts using pre-chemotherapy
percutaneous biopsy and post-chemotherapy surgical samples from a prospective neoadjuvant breast cancer
study. Breast Cancer Res. 2017, 19. [CrossRef] [PubMed]

22. Jung, J.; Lee, H.C.; Seol, H.S.; Choi, Y.S.; Kim, E.; Lee, E.J.; Rhee, J.K.; Singh, S.R.; Jun, E.S.; Han, B.; et al.
Generation and molecular characterization of pancreatic cancer patient-derived xenografts reveals their
heterologous nature. Oncotarget 2016, 7, 62533–62546. [CrossRef]

23. Rios Perez, M.V.; Fleming, J.B. Patient-derived xenograft model of pancreatic cancer. In Patient Derived Tumor
Xenograft Models: Promise, Potential and Practice; Academic Press: Cambridge, MA, USA, 2016; pp. 229–241.
[CrossRef]

24. Rajeshkumar, N.V.; Yabuuchi, S.; Pai, S.G.; De Oliveira, E.; Kamphorst, J.J.; Rabinowitz, J.D.; Tejero, H.;
Al-Shahrour, F.; Hidalgo, M.; Maitra, A.; et al. Treatment of pancreatic cancer patient–derived xenograft panel
with metabolic inhibitors reveals efficacy of phenformin. Clin. Cancer Res. 2017, 23, 5639–5647. [CrossRef]

25. Xu, W.; Yang, X.W.; Zhao, Z.Y.; Dong, B.; Guan, X.Y.; Tian, X.Y.; Qian, H.G.; Hao, C.Y. Establishment of
pancreatic cancer patient-derived xenograft models and comparison of the differences among the generations.
Am. J. Transl. Res. 2019, 11, 3128–3139. [PubMed]

26. Moro, M.; Bertolini, G.; Caserini, R.; Borzi, C.; Boeri, M.; Fabbri, A.; Leone, G.; Gasparini, P.; Galeone, C.;
Pelosi, G.; et al. Establishment of patient derived xenografts as functional testing of lung cancer aggressiveness.
Sci. Rep. 2017, 7, 6689. [CrossRef]

27. Drapkin, B.J.; George, J.; Christensen, C.L.; Mino-Kenudson, M.; Dries, R.; Sundaresan, T.; Phat, S.; Myers, D.T.;
Zhong, J.; Igo, P.; et al. Genomic and functional fidelity of small cell lung cancer patient-derived xenografts.
Cancer Discov. 2018, 8, 600–615. [CrossRef]

28. Jiang, Y.; Zhao, J.; Zhang, Y.; Li, K.; Li, T.; Chen, X.; Zhao, S.; Zhao, S.; Liu, K.; Dong, Z. Establishment of lung
cancer patient-derived xenograft models and primary cell lines for lung cancer study. J. Transl. Med. 2018, 16.
[CrossRef] [PubMed]

29. Kang, H.N.; Choi, J.W.; Shim, H.S.; Kim, J.; Kim, D.J.; Lee, C.Y.; Hong, M.H.; Park, S.Y.; Park, A.Y.; Shin, E.J.;
et al. Establishment of a platform of non-small-cell lung cancer patient-derived xenografts with clinical and
genomic annotation. Lung Cancer 2018, 124, 168–178. [CrossRef]

http://dx.doi.org/10.1038/bjc.1975.5
http://www.ncbi.nlm.nih.gov/pubmed/1156507
http://dx.doi.org/10.1038/bjc.1978.28
http://www.ncbi.nlm.nih.gov/pubmed/629858
http://dx.doi.org/10.1038/nrc.2016.140
http://dx.doi.org/10.1016/j.molonc.2013.11.010
http://dx.doi.org/10.18632/oncotarget.12714
http://dx.doi.org/10.1038/nm.4120
http://dx.doi.org/10.3389/fonc.2017.00094
http://dx.doi.org/10.1186/s13058-017-0920-8
http://www.ncbi.nlm.nih.gov/pubmed/29212525
http://dx.doi.org/10.18632/oncotarget.11530
http://dx.doi.org/10.1016/B978-0-12-804010-2.00017-5
http://dx.doi.org/10.1158/1078-0432.CCR-17-1115
http://www.ncbi.nlm.nih.gov/pubmed/31217882
http://dx.doi.org/10.1038/s41598-017-06912-7
http://dx.doi.org/10.1158/2159-8290.CD-17-0935
http://dx.doi.org/10.1186/s12967-018-1516-5
http://www.ncbi.nlm.nih.gov/pubmed/29788985
http://dx.doi.org/10.1016/j.lungcan.2018.08.008


Cancers 2020, 12, 2340 16 of 19

30. Dobbin, Z.C.; Katre, A.A.; Steg, A.D.; Erickson, B.K.; Shah, M.M.; Alvarez, R.D.; Conner, M.G.; Schneider, D.;
Chen, D.; Landen, C.N. Using heterogeneity of the patient-derived xenograft model to identify the
chemoresistant population in ovarian cancer. Oncotarget 2014, 5, 8750–8764. [CrossRef]

31. Topp, M.D.; Hartley, L.; Cook, M.; Heong, V.; Boehm, E.; McShane, L.; Pyman, J.; McNally, O.; Ananda, S.;
Harrell, M.; et al. Molecular correlates of platinum response in human high-grade serous ovarian cancer
patient-derived xenografts. Mol. Oncol. 2014, 8, 656–668. [CrossRef]

32. Heo, E.J.; Cho, Y.J.; Cho, W.C.; Hong, J.E.; Jeon, H.K.; Oh, D.Y.; Choi, Y.L.; Song, S.Y.; Choi, J.J.; Bae, D.S.; et al.
Patient-derived xenograft models of epithelial ovarian cancer for preclinical studies. Cancer Res. Treat. 2017,
49, 915–926. [CrossRef]

33. Liu, J.F.; Palakurthi, S.; Zeng, Q.; Zhou, S.; Ivanova, E.; Huang, W.; Zervantonakis, I.K.; Selfors, L.M.; Shen, Y.;
Pritchard, C.C.; et al. Establishment of patient-derived tumor xenograft models of epithelial ovarian cancer
for preclinical evaluation of novel therapeutics. Clin. Cancer Res. 2017, 23, 1263–1273. [CrossRef] [PubMed]

34. Ricci, F.; Fratelli, M.; Guffanti, F.; Porcu, L.; Spriano, F.; Dell’Anna, T.; Fruscio, R.; Damia, G. Patient-derived
ovarian cancer xenografts re-growing after a cisplatinum treatment are less responsive to a second drug
re-challenge: A new experimental setting to study response to therapy. Oncotarget 2017, 8, 7441–7451.
[CrossRef] [PubMed]

35. Eoh, K.J.; Chung, Y.S.; Lee, S.H.; Park, S.A.; Kim, H.J.; Yang, W.; Lee, I.O.; Lee, J.Y.; Cho, H.; Chay, D.B.; et al.
Comparison of clinical features and outcomes in epithelial ovarian cancer according to tumorigenicity in
patient-derived xenograft models. Cancer Res. Treat. 2018, 50, 956–963. [CrossRef] [PubMed]

36. Guan, Z.; Chen, X.; Jiang, X.; Li, Z.; Yu, X.; Jin, K.; Cao, J.; Teng, L. Establishing a patient-derived colorectal
cancer xenograft model for translational research. Int. J. Clin. Exp. Med. 2016, 9, 21346–21357.

37. Schutte, M.; Risch, T.; Abdavi-Azar, N.; Boehnke, K.; Schumacher, D.; Keil, M.; Yildiriman, R.; Jandrasits, C.;
Borodina, T.; Amstislavskiy, V.; et al. Molecular dissection of colorectal cancer in pre-clinical models identifies
biomarkers predicting sensitivity to EGFR inhibitors. Nat. Commun. 2017, 8, 14262. [CrossRef]

38. Julien, S.; Merino-Trigo, A.; Lacroix, L.; Pocard, M.; Goeŕé, D.; Mariani, P.; Landron, S.; Bigot, L.; Nemati, F.;
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