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Abstract

Cultures of primary tumors are very useful as a personalized screening system for effective
therapeutic options. We here describe an effective method of reproducing human primary colon
tumors through primary culture and a mouse xenograft model. A total of 199 primary colon tumor
cultures were successfully established under optimized conditions to enrich for tumor cells and to
expand it for long-term storage in liquid nitrogen. To examine whether these stored cultures
retained original tumor properties, fifty primary cultures were xenografted into NOD-SCID
mouse. Histological and tumor marker analysis of four representative tumor xenografts revealed
that all of the xenograft retained its primary tumor characteristics. Oncomap analysis further
showed no change in the major mutations in the xenografts, confirming that our method faithfully
reproduced human colon tumors. A drug sensitivity assay revealed that two of the primary cultures
were hypersensitive to oxaliplatin rather than 5-FU, which was used in the patients, suggesting it
as an effective therapeutic option. We thus present an effective, reproducible preclinical model for
testing various personalized therapeutic options in colon cancer patients.
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Introduction

Colorectal cancer (CRC) is the third most frequent malignancy and the fourth leading cause
of deaths from cancer worldwide [1]. Despite significant advances in treatments, CRC the
second leading cause of cancer related death in the United States [2]. New and improved
generation chemotherapeutic agents and molecular targeted agents for CRC have emerged in
recent years [3-8, and reviewed in 9]. Although affected patients diagnosed with early stage
disease have high cure rates, relapses (or recurrences) occur that result in a poor five-year
survival rate in these cases. To improve treatment strategies and the prognosis for CRC
patients, the development of personalized cancer therapies are necessary. Increasing
evidences have shown that the responses of particular tumors to selected drugs can be
predicted by the molecular signatures of the cancer [10,11]. This suggests that personalized
and targeted treatments are likely to be developed in the future [12,13]. However, to achieve
this goal, the effectiveness of the targeting agents needs to be tested first using a preclinical
model. In this regard, there are currently no efficient preclinical evaluation systems for
cancer drugs that could function as a routine test for individualized therapy regimens [14].

In vitro evaluation systems, such as immortalized cancer cell lines, have typically been used
in the past for cancer therapeutics. Although /n vitroimmortalized cancer cell lines have the
advantage of being robust and tractable, they have some significant and notable limitations,
including the fact that their phenotypic and molecular characteristics are readily altered by
environmental factors. One hypothesis in this regard is that cells change their characteristics
to survive under culture conditions, and cells with a high capacity for survival adaptation
will be selected during passage in culture, leading to a predominance of cells that exhibit
very different characteristics from the original tumor [15,16].

To overcome these limitations of /n vitro evaluation systems, patient-derived xenograft
(PDX) models have been developed and used to test cancer therapeutics as they are suitable
for the assessment of chemosensitivity and consequently for the selection of the most
effective regimen for an individual cancer patient [17-26]. Fresh patient tumors have been
directly inoculated into non-obese diabetic-severely combined immune deficient (NOD-
SCID) mice so that they can be amplified into a larger tumor mass. Although this protocol is
generally accepted as a very efficient in vivo system for preclinical trials of anti-cancer
therapeutics that preserves patient integrity, it also has limitations when specimens are too
small. Moreover, primary cells are not then available for further /n vitro assessment. To
address these limitations, we have developed a new PDX model as a preclinical /in vivo
evaluation system. We used stably stored primary cancer cells originating from colon cancer
patients to produce a mouse xenograft. Pathological and genetic characterizations of the
tumors from PDX mice and patients were performed. We found that the xenograft tumors
and primary cells exhibited the same characteristics at both the morphological and genetic
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level as the originating patient tumors, indicating the feasibility of our method for in vitro
and /n vivo preclinical trials of new drugs. To our knowledge, this is the first description of a
xenograft model established via stably stored primary cultures derived from a patient’s colon
tumor.

Materials and methods

Patients and colon specimens

Experiments were performed after receiving patient informed consent and approval from the
Institutional Review Board and Animal Care Committee of the Asan Medical Center.
Human colon samples were excised from four patients during surgery and were obtained
through the Asan Bio Resource Center. These tissues were fixed in cold 2% formaldehyde
for 4 h and embedded in paraffin at 56 °C. The paraffin embedded (PE) blocks were cut at a
4 um thickness, and these sections were stained with hematoxylin and eosin (H&E).
Pathologic diagnoses and gradings were performed by two pathologists in accordance with
the WHO colon cancer classification system [27].

2.2. Primary cell culture from human colon cancer tissue

2.3.

Prior to formalin fixation of patient colon specimens, a small piece of tumor tissue was
removed and cultured to establish primary cancer cell lines. Briefly, tumor tissues were
minced with a scissor and subsequently digested using 1 mg/mL of type IV collagenase
(Sigma Chemical Co., St. Louis, MO) in DMEM/F12 for 90 min at 37 °C. After incubation,
tissues were washed with medium containing 10% fetal bovine serum (Sigma Chemical
Co.,). We used two culture methods as follows: (A) to favor the adhesion and growth of
epithelial tumor cells, Renal Epithelial cell Basal Media (REBM; Lonza, Walkersville, MD)
containing human epidermal growth factor (REGF), hydrocortisone, epinephrine, insulin,
transferrin, GA-1000, FBS and a Triiodothyronine-Single Quots Kit were used to culture
primary colon cancer cells plated on collagen type 1 dishes in a humidified incubator at 37
°C under a 5% CO, atmosphere; and (B) in coated matrigel, we used based REBM (without
FBS) with 1 X N2, 1 X B27, 10 uM Rock inhibitor and 10 uM gastrin as colon primary cell
culture media. Successfully isolated and cultured cells were then harvested and stored in
liquid nitrogen at each passage.

In vivo tumor generation in NOD-SCID mouse

All four primary cultured cell lines recovered from the liquid nitrogen stocks were implanted
in 6-8 week-old NOD/SCID mice (Charles River Laboratories, Wilmington, MA). Briefly,
108 patient-derived primary cancer cells were suspended in 100 pl of Matrigel (BD
Biosciences, San Jose, CA), and injected into the subcutaneous layer on the backs of NOD/
SCID mice. After 2-3 months, when the tumor size reached above 1 cm?, the mice were
anesthetized via an intra-peritoneal injection of a 40 mg/kg Zoletil (Virbac, Virbac
laboratories BP 27-06511 Carros, France) — 5 mg/kg Rumpum (Bayer Korea, South Korea)
mixture, and the tumors were surgically removed.
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2.4. Assessment of morphology and immunophenotype

2.5. Tumor

Morphology comparisons between the original and engrafted tumors were performed by two
pathologists. On H&E staining, the pathologic type, differentiation grading, and
architectures of the tumors were evaluated. For immunophenotypic comparisons between the
original and xenograft tumors, immunohistochemical staining of formalin-fixed paraffin-
embedded tissue sections was performed using an automated staining device (Benchmark
XT; Ventana Medical Systems, Tucson, AZ). Briefly, 4 um thick whole tissue sections were
transferred onto poly-L-lysine coated adhesive slides and dried at 74 °C for 30 min. After
epitope retrieval by heating for 1 h in ethylene diaminetetra-acetic acid (pH 8.0) in the
autostainer, the samples were incubated with various antibodies including anti-cytokeratin 7
(CKT) (1:400 dilution; DAKO, Glostrup, Denmark) and anti-CK 20 (1:200 dilution; DAKO)
as markers of the epithelium; anti-epidermal growth factor receptor (EGFR) (1:100 dilution;
Zymed, Carlsbad, CA); anti-MLH1 (1:100 dilution, Novocastra, Newcastle, UK); anti-TP53
(1:1500 dilution, DAKO, Glostrup, Denmark); anti-MSH-2 (1:200 dilution, Pharmingen,
NJ) and anti-carcinoembryonic antigen (CEA) (1:200; Novocastra, Newcastle, UK) as
adenocarcinoma markers. The sections were subsequently incubated with secondary
antibodies, and then visualized using an ultraView Universal DAB Detection kit (MVentana
Medical Systems). Nuclei were counterstained with Harris hematoxylin.

genotyping by comparison of gene mutation profiles

DNA samples from original tumor tissues, primary cancer cells, and xenograft tumors were
obtained from paraffin embedded blocks after a histopathology review. Cancer gene
mutation profiling was performed using the “OncoMap system”, a mass spectrometry based
genotyping panel. OncoMap includes 440 sites in 41 tumor-related genes, such as KRAS,
TP53, STK11, EGFR, and BRAF[28] and is used at the Asan Medical Center for tumor
genotype determination.

3. Results

3.1. Colon cancer patient profiles

To establish colon primary cultures from tumors, tissue biopsies were treated as shown in
Fig. 1A. We have now established 199 primary tumor cultures from 276 patients and
representative images of four of these cultures are shown in Fig. 1B-E. The profiles of the
four patients (three males) with the corresponding original tumors are summarized in Table
1. We further analyzed the four tumors as these four gave successful and faster xenografts.
The ages of these patients ranged from 23 to 79. Pathologically two out of the three male
tumors were adenocarcinomas, whereas the remaining male and the female tumor were
mucinous adenocarcinomas. Histologically, three out of these four tumors were positive for
p53 or MSH2 and all were positive for the known markers of colon cancer, MLH1 and CEA
(carcinoembryonic antigen).

3.2. Comparative histological analysis of original tumors and mouse xenografts

Out of our panel of 199 primary colon cancer cultures, we tested 50 as xenografts and eight
xenografts were successfully established. In these eight cases, we observed tumors at 3—4
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months after the injection of 108 cells into NOD-SCID mice. Histological analysis was
performed to examine whether these xenografts retained the characteristics of its original
tumor. The tumor tissues were probed with antibodies against CK7, CK20, CEA and EGFR
to assess their histological similarity with the primary tumor. Fig. 2 shows representative
pictures of the four primary tumors and corresponding xenografts. H&E staining revealed
similarities in terms of the basic cellularity and morphology of these pairs. In case 1, low
levels of CK7 and EGFR were detected in both the primary tumor and xenograft, whereas
the CK20 level was decreased in xenograft. This pattern was also observed in cases 3 and 4,
but the CK20 level was comparable in both tumors. In contrast, case 2 showed strong CK?7,
CK20 and CEA signals in both of the primary tumors and xenografts. These results
demonstrate that our primary culture derived xenografts faithfully reproduce the original
human colon tumors from which they were derived.

3.3. Mutation profile analysis of primary tumors and corresponding xenografts

Based on our histological results, we evaluated whether our xenografts retained the
molecular characteristics of the original tumor. We used the OncoMap system that analyzes
460 mutations in 41 cancer genes (Supplementary Table 1). Surprisingly, we found from this
mutation analysis with OncoMap that our xenografts retained or even harbored enriched
major mutations of the primary tumor in all cases (Table 2). In contrast, the corresponding
primary cultures contained either a portion only of the major mutations or none of the
mutations of the primary colon tumor. For example, the R175H mutation of Tp53 in case 1
was present in 50% of the original tumor, was substantially reduced in frequency in the
primary culture (10.1%), but was evident in 100% of cells in the xenograft. This suggests
culturing in conditioned media triggers a considerable amount of cancer cell selection.

3.4. Optimization of primary culture conditions

Even though our xenografts showed a histology and molecular profile that were similar to
the original tumor, our data suggest that the primary cultures do not retain these
characteristics. To identify the optimal conditions for primary cultures so that the major
mutations of their primary tumors are preserved, we tested six different culture conditions
(denoted A to F; Table 3). The growth media used for these different protocols are
summarized below (culture condition A was used for the experiment shown in Figs. 1 and 2
and Table 2):

1 The addition of 0.5% fetal bovine serum (FBS) or supplement including 1 x N2,
1 x B27, 5 ng/ul Rock inhibitor and gastrin (N2, B27, Rock inhibitor and gastrin
constitute the basic growth medium for cancer stem cell cultures).

2. Coating of culture dishes with collagen isolated from rat-tail (C, D) or matrigel
(E, F).

We observed superior, two-dimensional cell attachment for conditions A-D (with an
exception in case 2, that showed a different cell morphology), as shown in Fig. 3. In
contrast, cultures grown on matrigel (E and F) produced spiky or ball like structures, which
were quite distinct from the attached cells obtained under conditions A-D. It appears from
this that the matrigel supports anchorage independent cell growth, which can generate three-
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dimensional structures. Interestingly, we found that condition E was optimal for primary
culture retention of the major mutations found in the primary tumor (Table 4). For example,
the R175H mutation of Tp53 in case 1 was present in 51% of cells in primary tumor but
decreased to 10.1% of the primary culture population (Table 4). Under culture condition E
however, this mutation was maintained at 30.1% in primary culture populations. This
suggested that anchorage independent cultures with supplements including N2, B27 and
gastrin might be the optimal conditions to grow primary tumor cells that retain original
tumor molecular characteristics.

3.5. Drug sensitivity assay of primary cultures

We next investigated the feasibility of using established primary cultures in personalized
therapeutic strategies. To this goal, we questioned whether the stably stored primary culture
reflects the chemosensitivity of the patients where the cultures were derived from. The four
primary cultures assessed in our analysis were treated with two cancer drugs and cell
proliferation was measured by MTT assay. The results are shown in Fig. 4. In the case 3,
where the patients responded to 5-FU well (panel C), we found the primary culture also
showed hypersensitivity to 5-FU. In contrast, for the case 2 where the patient responded to a
combinatory chemotherapy (domperidon tab, 10 mg; cozaar tab, 50 mg; and phazyme tab,
95 mg, panel B) did not show such sensitivity to 5-FU, suggesting that the primary culture
can reflect selective chemosensitivity of the corresponding patient. Interestingly, for the case
1 (panel A, no chemotherapy), case 3 (panel C, chemotherapy with 5-FU) and case 4 (panel
D, chemotherapy with 5-FU and Eloxactin), we found better anti-proliferative effect of
oxaliplatin than 5-FU, suggesting this drug might have therapeutic potential to these
patients.

4. Discussion

The development of a PDX model provides better tool for personalized cancer research [29—
34] than the well-known cancer cell lines that have been widely used. This is because PDX
cells often retain the cellular heterogeneity and molecular characteristics of the primary
cancer. With these advantages, the use of a PDX system to screen a number of cancer drugs
offers an attractive preclinical study model. The direct transplantation of colon tumor tissues
into immunocompromised mice has been performed previously with a couple of limitations
[35,36]. First, bacterial contamination of the colon cancer xenograft, often results in septic
shock in the recipient mouse. Second, substantial amounts of tissue are needed and any
transplantation failures will lead to the loss of primary tissue that is impossible to regenerate
or replace. Hence, the generation of xenografts using cultured primary cells is desirable.
However, as primary cultures can be passaged for only a short time, a serial xenograft is
required to maintain the human primary tumor.

We established a PDX model of colon cancer using frozen stocks of primary tumor cultures.
We achieved a 70% success rate in establishing these primary cultures. Although the
subsequent PDX success rate was only 20%, the four primary cultures we tested in this
study produced tumors under mouse xenograft conditions that conserved the histological
features of the primary tumor. As the primary cultures were successfully maintained and

Cancer Lett. Author manuscript; available in PMC 2020 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seol et al.

Page 7

expanded, we had sufficient material to use as the need arose. Moreover, the Oncomap
analysis revealed that the primary tumor mutation profiles were retained or even enriched in
all of the xenografts, providing molecular evidence for the suitability of our strategy. In
contrast, when the same analysis was done with the primary cultures, 3 out of 4 showed a
reduction or loss of primary tumor mutations. This finding suggests that the tumorigenic
sub-population of cells was substantially lost during primary culturing and then enriched by
unknown selective pressure during /in vivo xenograft growth. Hence, we evaluated several
culture conditions to optimize the retention of tumor characteristics in primary explants and
found that matrigel and culture supplements including N2, B27, Rock inhibitor and gastrin
enabled these primary cultures to better retain the major mutations of the original tumor.
However, we found also that this culture condition is not suitable for a drug sensitivity assay
because it is too expensive and technically difficult for routine use.

The drug sensitivity assay shown in Fig. 4 provides two useful insights. The first is that
oxaliplatin had better anti-proliferative activity than 5-FU, suggesting its use as an
alternative therapeutic option. The second however was that, the combination of 5-FU and
oxaliplatin did not show any synergistic effect. This implies that these two drugs affect the
same signaling pathway or related targets. Future studies in this regard will need to focus on
the screening of other cancer drugs that might exert synergistic effects [37,38] with
preexisting therapeutic agents.

In summary, we demonstrated here an effective method of reproducing human primary colon
tumors through stably stored primary cultures and mouse xenograft model. The usefulness
of the stable storage of the primary culture would be in two folds. First, there is no need to
keep the xenograft that is costly and labor intensive as our data showed stably stored primary
culture retain unaltered histological and molecular characteristics. Second, when there is a
new drug appear, the stored culture (in addition to the fresh primary culture available from
other patients) can be used to examine the feasibility of new drug for each case of patients
and figure out which patient can benefit from the drug. This strategy will be a good example
of a personalized medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Esg'][ablishment of primary cultures from colon tumors with a high success rate. (A)
Schematic view of primary colon cultures from patient specimens. Fresh tumor specimens
was minced with scissors and subsequently digested with collagenase. Primary cells were
cultured under the conditions shown in Table 3. (B-E) Representative images of four
primary cultures from colon tumors are shown. (B-E) Cases 14, respectively. More
information is listed in Table 1. These cells were cultured in REBM (see the Materials and
Methods) for 10 days with 3 passages. Pictures were taken at a 100x original magnification.
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Fig. 2.
Histological analysis of colon tumors from the original patients and derived mouse

xenografts. The histology of representative primary tumors (Patient) and corresponding
xenograft tumors (Xenograft) was determined using H&E staining. (A-D) Cases 1-4,
respectively. In addition to H&E staining, immunohistological staining was performed using
antibodies against CK7, CK20, EGFR5 and CEA. Pictures were taken at a 200x original
magnification; scale bar, 200 um.
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Fig. 3.

M?erhological differences between primary cultures established under various conditions.
To optimize the culture conditions to retain the major mutations found in primary cultures, 6
combinations (a—f) of culture matrix and media supplements were tested. (A-D) Cases 1-4,
respectively. Each of primary colon culture was cultured for 7 days. Pictures were taken at a
100x% original magnification.
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Drug sensitivity assay of the primary cultures revealing possible alternative therapeutic
options. (A-D) Cases 1-4, respectively. Each of the primary cultures was treated with either
5-FU or oxaliplatin or a combination of both at various doses as indicated on the x-axis. The
cell proliferation rate was measured by MTT assay at one or 3 days after drug treatment.
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Table 3:

Culture conditions tested for primary colon cancer cells.

Culturetype Media Supplement Culturedish
A REBM  Basal media Collagen coated dish by BD
B (-FBS)
C (-FBS) Isolated collagen coated dish from rat tail
1% N2
1xB27
+Rock inhibitor
+Gastrin
D (-FBS)
E -FBS Matrigel by BD
1% N2
1xB27
+Rock inhibitor
+Gastrin
F (-FBS)
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