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ABSTRACT

The aim of the study was to create a patient-derived xenograft (PDX) model of human colorectal cancer and to
determine its histologic and molecular characteristics, such as the status of KRAS, NRAS, and BRAF genes and the
presence of microsatellite instability.

Materials and methods. First generation xenograft models in vivo were created using tumors from patients with
colorectal cancer (n = 4) and immunodeficient Balb/c Nude mice (n = 20); second, third, and fourth generation
models were created in the same mouse line (n =3 for each generation). A caliper was used to measure subcutaneous
xenografts; their size was calculated by the ellipsoid formula. Cryopreservation involved immersing the samples
in a freezing medium (80% RPMI 1640, 10% fetal bovine serum, 10% dimethyl sulfoxide (DMSO)) and storing
them at —80 °C. The histologic analysis was performed according to the standard technique (preparation of paraffin
blocks and staining of microsections with hematoxylin and eosin). Mutations in the KRAS, NRAS, and BRAF genes
were determined by direct Sanger sequencing; microsatellite instability was determined by the fragment analysis at
five loci: Bat-25, Bat-26, NR21, NR24, and NR27.

Results. Stable, transplantable xenografts of colorectal cancer were obtained from two out of four patients. The
average waiting time from the implantation to the growth of the first generation xenograft was 28 days. The latency
phase after cryopreservation was comparable to that at the creation of the first generation PDX model. The model
reproduced the histotype, grade and mutational status of the KRAS, NRAS, and BRAF genes, as well as microsatellite
instability of the donor tumor.

Conclusion. The developed model of human colorectal cancer was characterized in terms of growth dynamics,
cryopreservation tolerance, and histologic and molecular genetic parameters.
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Pa3paboTka n xapakrepucrtmka KCeHOTPaHCNIaHTaTOB, NOJTYYeHHbIX
OT NALMEHTOB C KOJIOPEKTa/IbHbIM PaKOM, AJIA TeCTUPOBaHMNA HOBbIX
dapmakonornyecknx cyocraHuymmn

FNoHuyaposa A.C., KonecHukos E.H., Eropos I'.10., Makcumos A.1O., LLleBuyeHko A.H.,
Henomusawas E.M., F'BanguH [.10., Kyp6aHosa J1.3., XogakoBa [1.B., Kut C.0,,
Kanmakum O.10., CHexxko A.B.

Hayuonanvhoiii meouyunckuii ucciedosamenvexuil yeump (HMHUL]) onxonocuu
Poccus, 344037, o. Pocmog-na-/{ony, yn. 14-s Jlunus, 63

PE3IOME

Heaw. Co3nanne MO/EIN KCCHOTPAHCIUIAHTATA, MOJYYSHHOI0 OT MalMeHTa ¢ KoJopekTatbHbM pakoM (KPP), u
oIpeJiesIeHUE €€ I’UCTOI0INYECKUX U MOJICKYJIIPHBIX XapaKTePUCTUK, TAKMX Kak cTaTyc reHoB KRAS, NRAS BRAF
1 HAIMYHE MUKPOCATEIIUTHOW HECTaOUIIbHOCTH.

Martepuajabl U MeTOAbL. /I CO3MaHMS TIEPBOTO IOKOJEHMS MOJENIH i1 Vivo HWCIONB30BATH OIYXOIH OT
nanuenToB ¢ KPP (n = 4) u ummyHomeduutHbIx Memreit muann Balb/c Nude (n = 20), s co3maHust BTopo-
TO, TPETHETO U YETBEPTOTO ITOKOJICHUS — MBIIIEH 3TOH ke JMHNH (n = 3 I KaXXIOro IokoseHus ). Vzmepenus
TIOJKO’KHBIX KCEHOTPAHCIUIAHTATOB BBITOJIHSIIN TAHTSHIIMPKYJIEM, UX pa3Mepsl BEMIHCIsuH 1o gopmyie [lpexa
Jutst amunconaa. KprokoHcepBanuio BEIMONHSIIN IyTeM MOTPY)KEHHST 00pasIoB B MHUKC JUIsi KPHOKOHCEPBAIIUI
(80% RPMI 1640, 10% ¢erambHOi ObIubeii CHIBOPOTKH, 10% mumermincymbdokcnaa) u xpanenus ux Ha —80 °C.
I'mcronormueckoe MCCieI0BaHNE BBITIOJIHSUIN COTJIACHO CTAHAAPTHOM MeToanKe (IPUrOTOBJIECHNE MapaMHOBBIX
OJIOKOB M OKpAIIMBaHHE MUKPOCPE30B '€éMATOKCHIMHOM M 303MHOM). Myranuu B reHax KRAS, NRAS n BRAF
OIIPEEISIIN METOJOM IIPSIMOTO CeKBEHHpOBaHUS 10 CHHrepy, MHKPOCATEUIUTHYIO HECTAOMIFHOCTh — METOIOM
(parMeHTapHOTO aHaJM3a MO TSTH JIoKycaM: Bat-25, Bat-26, NR21, NR24, NR27.

Pe3yabTaThl. CTabunbsHbIE EpeBUBaeMble KceHOTpaHcIIaHTaThl KPP momyuens! oT AByX ManueHToOB U3 YEThIPEX.
Cpennee BpeMsl OKHIAHUS MEXKAYy MMIUIAHTAIMEH W POCTOM TPAHCIUIAHTATa MEPBOTO MOKOJIEHHUS COCTABUIIO
28 cyr. JlatentHas (aza mociie KpHOKOHCEpBaUUU OblIa COMOCTaBMMA C JIATEHTHOW (ha30i MpM CO3AaHUM IIEp-
BOTO TOKOJIEHUs TMaIrMeHTonono0Hoi monenu. [lokazaHo, 4To B MOJENM BOCHPOU3BEJECHBI THCTOTHUII, CTETICHb
TG PepeHINPOBKH U MYTallMOHHBIN cTaTyc reHOB KRAS, NRAS, BRAF u MUKpOCaTTEIUTHAs HECTAaOMIBHOCTh
JIOHOPCKOM OITyXOJIH.

3aximoyenne. Co3nannas mojenb KPP yenoBeka oxapakrepu3oBaHa ¢ y4eTOM JMHAMUKHU POCTA, CIIOCOOHOCTH
HEePEHOCHTh KPHOKOHCEPBALIMIO, THCTONIOTHYECKUX U MOJICKYJISIPHO-T€HETHUECKUX ITapaMeTpOB.

KiroueBble c10Ba: KCCHOTPAHCIUIAHTAT, KOJIOPEKTAIBHBIN pak, Mozenu in vivo, PDX mozens, Balb/c Nude

Kondaukt unrepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C ITyONMKanuel HaCTOSIIEH CTaThH.

Hcroynuk ¢puHaHCHPOBAHUSA. ABTOPBI 3asIBISIOT 00 OTCYTCTBUH (DMHAHCHUPOBAHMUSL.

CooTBeTcTBHE NMPUHIMIAM 3THKHU. Bce ManueHThl moamucand WHPOPMUPOBAHHOE COTJIACHE HAa yd4acTHE B
nccnenoBanuu. VccnenoBanue 0g00peHO JOKAIbHBIM 3THYeCKHM KoMuTeTroM HUMII oHKOMOTHH.

[ nurupoBanusi: 'onuaposa A.C., Konecuukos E.H., Eropos I'.1O., MakcumoB A.1O., llleBuenko A.H., He-
nomusmas E.M., I'sanaun [1.1O., Kypbanosa JI1.3., Xonaxosa /[.B., Kut C.O., Kaiimakun O.1O., Cuexko A.B.
Pa3paboTka 1 XapaKTeprCTHKa KCeHOTPAHCIUIAHTATOB, MTOJYYEHHBIX OT MAIIUEHTOB C KOJIOPEKTAILHBIM PAKOM, JUTs
TECTUPOBAHUS HOBBIX (hapMaKOJIOTHUECKUX CyOCTaHUui. Broaemens cubupckoti meduyunsl. 2022;21(4):37-43.
https://doi.org/10.20538/1682-0363-2022-4-37-43.

INTRODUCTION can be reduced by its early detection and an optimal
treatment regimen in management of patients with

Colorectal cancer (CRC) is one the most common advanced disease.
cancers worldwide. It is characterized by high The treatment strategy for CRC depends on the
lethality at advanced stages [1]. Mortality from CRC stage and site of the tumor, as well as on its molecular
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characteristics [2]. To date, treatment of patients
with CRC involves surgical resection combined with
standard adjuvant chemotherapy, and neoadjuvant
radiochemotherapy is recommended for patients with
locally advanced rectal cancer [2, 3]. A combination
of chemotherapy with new targeted drugs, such as
epidermal growth factor receptor (EGFR) inhibitors,
and immunotherapy improves the median survival
of patients [4]. Patients with wild-type KRAS genes
in tumors have been found to respond favorably
to targeted therapies, including anti-EGFR or anti-
VEGFR drugs, while patients with high microsatellite
instability in tumors (MSI-high tumors) benefit more
from immunotherapy [5].

Despite advances in CRC treatment, the search
for new anticancer drugs continues around the
world. Early stages of development of potentially
useful pharmacological substances involve the
use of cancer cell line panels as a tool to study the
biological mechanisms of action and test the activity
of new compounds in vitro. However, cell lines fail to
reproduce heterogeneity of human tumors both in vitro
and in vivo. On the contrary, patient-derived xenograft
(PDX) models better reflect the existing molecular
heterogeneity of human cancers and, therefore, are
considered more suitable for drug efficacy studies [6].

The use of PDX models as a platform for
assessing therapeutic responses in preclinical studies
requires standardization of these models, which is
especially important for assessments at the molecular
level [7].

Therefore, the aim of this study was to create
a PDX model of human CRC and to determine its
molecular characteristics, such as the status of KRAS,
NRAS, BRAF, and MSI genes.

MATERIALS AND METHODS

The study included immunodeficient Balb/c Nude
mice (29 female mice aged 5-6 weeks) obtained from
the SPF-vivarium of the Institute of Cytology and
Genetics, SB of RAS (Novosibirsk). The animals
were kept in the SPF vivarium at the National Medical
Research Center for Oncology. The animals were
housed in the IVC system (Tecniplast, Italy) in a
room with controlled climate parameters (temperature
21-26 °C, air humidity 50-60%). The animals had
free access to food and water which were exposed to
autoclave sterilization. All manipulations involving
animals were performed in compliance with the
Guidelines for the Use of Laboratory Animals.

Subcutaneous PDX models of human CRC were
created using tumor samples obtained during surgery
from patients receiving treatment at the Department of
Abdominal Cancer No.1, National Medical Research
Center for Oncology, from February to April 2020.
All patients signed an informed consent to the use of
biological material.

Subcutaneous PDX models were obtained by
implanting a fragment of the donor tumor with a
size of 3 x 3 x 3 mm under the skin of the right thigh
in recipient animals (n = 5 for a sample obtained
from one patient). Mice of the same line were used
for the second, third, and fourth generation models
(n = 3 for each generation). Implantation was
performed under injectable anesthesia with Xyla
(20 mg / kg) and Zoletil-100 (50 mg / kg). The animals
were euthanized by cervical dislocation.

Subcutaneous xenografts were measured by a
caliper (Griff, Russia), and their size was calculated
by the ellipsoid formula: V'=a x b x ¢ x n/ 6, where
V' is the tumor volume (mm3), and a, b, and ¢ are
measurements of the ellipsoid in three planes (mm).

Isolated tumor nodules were divided into 3 x
3 x 3 mm fragments, placed in a freezing medium
(80% RPMI 1640, 10% fetal bovine serum, 10%
dimethyl sulfoxide (DMSQ)), and then stored in the
freezer at —80 °C. Frozen samples were thawed in a
37 °C water bath. Then the samples were placed in
a container with the RPMI 1640 medium. After the
thawing, the tumor fragments were implanted.

The fragments of donor tumors and xenografts were
fixed in 10% formalin for 24 h and then embedded in
paraffin. Then the histologic analysis was performed
according to the standard technique: paraffin blocks
were prepared, and the microsections were stained
with hematoxylin and eosin.

Genomic DNA was isolated from PDX using the
QIAamp DNA Mini Kit (Qiagen, Germany) and the
QIAcube Connect automated nucleic acid purification
system (Qiagen, Germany). Mutations in exons 2, 3,
and 4 in the KRAS and NRAS genes and BRAF V600
mutations were identified by direct Sanger sequencing
(AB3500 Genetic Analyzer, Life Technologies,
USA). Microsatellite instability was determined by
the fragment analysis (AB3500 Genetic Analyzer,
Life Technologies, USA) at five loci: Bat-25, Bat-26,
NR21, NR24, and NR27.

RESULTS

Tumor samples for the PDX model of human CRC
were obtained from four patients during surgery for
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colon tumors (sigmoid / transverse colon resection).
Freshly resected tumor fragments from each patient
were transported from the operating unit to the SPF
vivarium in a sterile container with the RPMI 1640
medium and implanted into immunodeficient Balb/c

Nude mice (n =5 for a sample taken from one patient)
within an hour.

Table 1 presents the characteristics of patients and
the corresponding assessment of xenotransplantation
results.

Table 1
Clinical characteristics of patients and assessment of the results of tumor xenotransplantation into immunodeficient Balb/c Nude mice
Procedure . . TNM . Implantation Latency phase
number Sampling method Tumor site stage Histology results duration. days
PDX-1 Surgical resection | Transverse colon | T, N, M, Moderately dlﬂerentlated 2/5 25 (20-30)
wle adenocarcinoma
PDX-2 Surgical resection | Sigmoid colon | T,N M/ Moderately dlﬁerentlated 3/5 31 (24-45)
adenocarcinoma
PDX-3 Surgical resection | Sigmoid colon T,NM, Moderately dlﬁerentlated 0/5 —
adenocarcinoma
PDX-4 Surgical resection | Sigmoid colon | T,N M/ Moderately dlﬂerentlated 0/5 —
adenocarcinoma

Stable, transplantable PDX models of CRC were
obtained from two out of four patients. The average
waiting time from the implantation to the growth of
the first generation PDX (P1) was 28 days (the range
0f20—45 days). Engraftment and growth rate of freshly
implanted tumor fragments varied (Fig. 1).
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Fig. 1. Growth dynamics of the first generation PDX-1 model
(P

If xenotransplantation did not result in the growth
of subcutaneous tumor nodules within 60 days, the
procedure was regarded as unsatisfactory, and the
corresponding observations (PDX-3 and PDX-4)
were stopped. Two successfully implanted PDX
models (PDX-1 and PDX-2) were serially passaged to
generate second (P2, n = 3) and third generation (P3,
n =3) models.

To assess the effect of cryopreservation on
engraftment and growth rate, subcutaneous tumor
nodules of the third generation PDX-1 were isolated,
fragmented, cryopreserved according to the standard

40

procedure, and stored at —80 °C. After recovery
of PDX-1 from cryopreservation, two of the three
samples showed linear growth forming the fourth
generation (P4) (Fig. 2).
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Fig. 2. Growth dynamics of PDX-1 thawed after
cryopreservation, fourth generation (P4)

The latency phase of the fourth generation PDX-
1 (P4) after cryopreservation was slightly longer than
that of the first generation (P1).

The histologic characteristics of the primary tumor
were preserved during serial passage, and they were
reproduced in the fourth generation PDX-1 after
cryopreservation. The preparations were described
as moderately differentiated adenocarcinoma (G2).
The tumor showed necrotic foci with pronounced
infiltrative growth and areas with high mitotic activity.
Slight lymphocytic infiltration was determined in the
preparations obtained from the donor tumor material

(Fig. 3).
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Fig. 3. Histologic samples of the patient tumor and corresponding PDX models: @ — patient tumor; b — first generation PDX model;
¢ — fourth generation PDX model (after cryopreservation). Staining with hematoxylin and eosin, X400

Molecular and genetic tests showed no mutations
in exons 2, 3, and 4 in the KRAS and NRAS genes and
no BRAF V600 mutations. Microsatellite stability was
also determined both in the sample of the donor tumor
material and in the corresponding third (P3) and fourth
generation (P4) PDX models.

DISCUSSION

In this study, we performed four subcutaneous
implantations of tumor fragments from patients
with CRC into immunodeficient Balb/c Nude mice,
resulting in two stable, transplantable PDX-derived
cell lines, which complied with earlier published
engraftment-characterizing  parameters [7, 8]
Successful engraftment of tumor fragments in a
PDX model is not universal for all types of tumors;
however, according to the literature, PDX models of
human CRC have relatively high engraftment rates
ranging from 50 to 70% [7-9].

A. Katsiampoura et al. (2017) demonstrated that
surgically obtained samples had higher engraftment
rates compared with biopsy samples, about 70 and
35%, respectively [8]. In this regard, we chose a
surgical tumor sampling method to create PDX
models. In addition, a small size of biopsy samples
complicates the choice of the implantation site and
creation of a series of xenografts with simultaneous
sample duplication for biobanking [10, 11]. The growth
dynamics of PDX models after cryopreservation
(P4) showed that the duration of a latency phase was
generally comparable to that during the creation of the
first generation PDX model (P1).

We demonstrated the ability of PDX to reproduce
the morphological features of the disease, namely
the histotype and grade of the tumor. In addition, the
study of sequentially created generations P1, P2, P3,
and P4 allowed to conclude that PDX passaging did
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not significantly affect the ability to reproduce the
histological subtype, at least at early stages of PDX
creation, which is consistent with the literature data
[7]. Some researchers demonstrated in larger-scale
studies that differentiation of donor tumor cells did
not affect the establishment of the PDX cell line [8].

PDX models can reproduce both morphological
characteristics of tumors and molecular and genetic
heterogeneity which is a fundamental feature of the
human disease [12]. We noted in this study that wild-
type KRAS, NRAS, and BRAF genes were preserved
in serial passaging, and microsatellite stability was
established in samples of the third generation PDX
model (P3), which complied with the molecular and
genetic characteristics of the donor tumor. This makes
the resulting model suitable for testing both new
pharmacological substances with a cytotoxic effect
and monoclonal antibody drugs.

Other studies have found that clinically significant
genetic mutations (KRAS, BRAF, and PIK3CA) do
not affect the development of a PDX model, but the
authors believe that three genes are not enough to
fully reproduce the diversity of CRC biology. On
the contrary, M. Cybulska et al. (2018) in a large-
scale study on the stratification of PDX models of
human CRC investigated transcriptomic and mutation
profiles of primary tumors and xenografts derived
from them using a panel of 409 cancer-associated
genes. The differences were found in both genetic
and transcriptomic profiles of donor tumors and PDX
models, which might result from subclonal evolution
at an early stage of PDX model development or
technical errors. In this regard, the authors concluded
that standardization of the PDX model requires
taking into account more stable parameters, such as
the presence of targets and a response to standard
anticancer therapy [7].
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CONCLUSION

To overcome certain shortcomings associated with
drug testing on traditional tumor models, we attempted
to develop and standardize PDX models of human
CRC to reproduce a wide range of biological and
clinical properties of human tumors. One of the PDX
models obtained during the study was characterized
in terms of growth dynamics, cryopreservation
tolerance, histologic parameters, and molecular and
genetic criteria for choosing a treatment strategy.
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