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Simple Summary: Advances have been made in the study of NSCLC tumors using in vivo models,
such as patient-derived xenografts (PDXs). However, the number of PDX models that can represent
the heterogeneity of NSCLC between different individuals is still limited. We successfully established
nine PDX mice, from which lung adenocarcinoma tumors bearing the KRAS-G12C mutation were
the most frequently grafted. We show that the most aggressive tumors have a greater implantation
capacity, and the success of their implantation is indicative of a poor prognosis. By using H-score to
quantify cell proliferation and mesenchymal markers, we show that PDX tumors evolved towards
a more proliferative and mesenchymal phenotype associated with higher protein levels of Ki67,
vimentin, and ezrin, suggesting that the evaluation of their combined expression could be used as a
prognostic marker to study disease progression. These PDX models provide a valuable platform for
NSCLC translational research.

Abstract: Non-small-cell lung cancer (NSCLC) is the leading cause of cancer death worldwide.
The high mortality is very often a consequence of its late diagnosis when the cancer is already locally
advanced or has disseminated. Advances in the study of NSCLC tumors have been achieved by using
in vivo models, such as patient-derived xenografts. Apart from drug screening, this approach may
also be useful for study of the biology of the tumors. In the present study, surgically resected primary
lung cancer samples (n = 33) were implanted in immunodeficient mice, and nine were engrafted
successfully, including seven adenocarcinomas, one squamous-cell carcinoma, and one large-cell
carcinoma. ADC tumors bearing the KRAS-G12C mutation were the most frequently engrafted
in our PDX collection. Protein expression of vimentin, ezrin, and Ki67 were evaluated in NSCLC
primary tumors and during serial transplantation by immunohistochemistry, using H-score. Our
data indicated a more suitable environment for solid adenocarcinoma, compared to other lung tumor
subtypes, to grow and preserve its architecture in mice, and a correlation between higher vimentin
and ezrin expression in solid adenocarcinomas. A correlation between high vimentin expression and
lung adenocarcinoma tumors bearing KRAS-G12C mutation was also observed. In addition, tumor
evolution towards more proliferative and mesenchymal phenotypes was already observed in early
PDX tumor passages. These PDX models provide a valuable platform for biomarker discovery and
drug screening against tumor growth and EMT for lung cancer translational research.

Cancers 2021, 13, 2980. https://doi.org/10.3390/cancers13122980 https://www.mdpi.com/journal/cancers

https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-7090-7818
https://orcid.org/0000-0003-1110-1758
https://orcid.org/0000-0002-7772-9030
https://orcid.org/0000-0002-4239-4189
https://orcid.org/0000-0003-4931-1494
https://doi.org/10.3390/cancers13122980
https://doi.org/10.3390/cancers13122980
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13122980
https://www.mdpi.com/journal/cancers
http://www.mdpi.com/2072-6694/13/12/2980?type=check_update&version=3


Cancers 2021, 13, 2980 2 of 24

Keywords: PDX; IHC; Ki67; vimentin; ezrin; proliferation; EMT; NSCLC

1. Introduction

Non-small-cell lung cancer (NSCLC) encompasses 80–85% of all lung cancer cases
worldwide [1], being the most lethal (18.4%) of all cancer types, and with the highest
incidence (about 2 million cases per year) [2]. According to the histology, NSCLC is
classified in three subtypes—namely, adenocarcinoma (ADC or LUAD), squamous-cell
carcinoma of the lung (SCC or LUSC), and large-cell carcinoma (LCC) [3,4]—with ADC
and SCC being the most prevalent. Diagnosis of lung cancer at the earliest stage is strongly
associated with higher survival rates, but only 16% of lung cancer cases are diagnosed at an
early stage. The five-year survival rate for cases detected when the disease is still localized
is 57%. However, when the disease has spread to other organs, the five-year survival
rate decreases to 5% [5]. Recurrence rates vary from 35% to 55% among patients with
primary stage tumors [6]. After the apparent success of initial therapy, the development of
secondary tumors frequently leads to a fatal relapse. Substantial progress has been made
in recent years in identifying biomarkers to select ADC patients who may benefit from
targeted molecular therapy with, for instance, EGFR tyrosine kinase domain inhibitors,
or the ALK receptor tyrosine kinase inhibitor [7]. Despite progress in the use of targeted
therapies, the optimism arising from their application has been tempered by inconsistent
responses to these therapies and the emergence of drug resistance in many patients [4].
Progress in SCC treatments has been modest, and targeted therapy in this disease has not
yet been proven successful [8,9].

A better understanding of the primary tumor biology would help the design of more
effective therapeutic strategies. In this sense, in vivo experimental models have been devel-
oped that allow the functional study of the patient’s ex vivo tumor [10–12]. These in vivo
models are key tools in cancer research not only for understanding tumor biology, but also
for biomarker and drug discovery validation, with mice as the main and longest used model.
Patient-derived xenografts (PDXs) from NSCLC (NSCLC-PDX) consist of the implantation
of a patient’s tumor cells/fragments into an immunodeficient mouse, and are currently used
for lung cancer research, with advantages such as the modeling of the original cancer’s struc-
ture, and for signaling and genetic studies throughout more than 10 passages [10]. These
features suggest the potential of PDXs for therapeutic screening, a handicap of traditional
in vitro cancer models [13,14]. However, some drawbacks of PDXs—such as lower success of
implantation (30–40%), considerable time demands (2–10 months), economic costs, limited
statistical data, and high-throughput potential—must be considered altogether [15]. Beyond
drug screening assays, PDXs may also be used to study oncogenic signaling pathways and
cancer progression and evolution, together with the molecular mechanisms involved [16].
Among the molecular mechanisms, epithelial–mesenchymal transition (EMT) is a relevant
process in pathological conditions such as cancer [17], especially in primary tumor dissociation
and tumor cell intravasation [18,19]. Currently, EMT is considered a partial process with
intermediate states and phenotypic plasticity, even with different levels of EMT within the
same tumor [20–22]. Several reports suggest that EMT is relevant in metastasis [23,24], and it
requires its reversal—mesenchymal–epithelial transition (MET)—for complete colonization
in distant organs [25]. EMT is also associated with other characteristics of advanced tumors,
such as pluripotency [26,27], the presence of cancer stem cells (CSCs) [28], and chemoresis-
tance [21,22,29,30]. The transcriptional program of EMT is better described than its morpho-
logical manifestation [31]. At the morphological level, four main changes occur during EMT:
(1) a decrease in intercellular junctions; (2) a loss of apical-basal polarity, and the appearance of
front-rear polarity; (3) a reduction in the expression of epithelial markers, and an increase in the
expression of mesenchymal markers; and (4) a reorganization of the actin cytoskeleton, with
prominence of stress fibers, for motility purposes [18,32–34]. A canonical mesenchymal marker
is vimentin, which is expressed in intermediate filaments (IF) in mesenchymal cells/states, and
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is linked to the aforementioned cytoskeleton changes. During cancer development, the increase
in vimentin protein expression is usually associated with the progression, aggressiveness, and
invasive capacities of the disease [35]. Another protein involved in cytoskeleton reorganiza-
tion during EMT and cancer progression is ezrin, which is involved in cytoskeleton–plasma
membrane–extracellular matrix mechanical signaling [36,37]. Ezrin has been shown to regulate
EMT [38], local invasion, and metastasis in lung cancer [39].

In the present study, we established PDXs from surgically resected NSCLC tumors.
We performed tissue microarray and compared the protein expression of cell prolifer-
ation, EMT and lung tumor markers in the primary tumor and normal adjacent tissue
with the corresponding PDX, using immunohistochemistry. Additionally, we evaluated
phenotypical tumor evolution using the PDX model in successive passages.

2. Results
2.1. Generation of PDXs from Surgically Resected Lung Cancer Tumors

The main clinicopathological characteristics of all lung cancer cases (n = 33) are
presented in Table 1. The average age of participant patients was 68.3 years, and the
median age was 71 years (range 42–87); 73% were males; 85% had ADC (28 out of 33 cases),
with acinar, mucinous, and solid ADC being the most prevalent subtypes; and 73% were
smokers (24 out of 33 cases). Most of the patients (73%) were diagnosed in early stages of
the disease (14 cases in stage I, 10 cases in stage II) (Figure 1). The median follow-up was
37.4 months, the average follow-up was 32.15 months (range: 0.6–53.37), and 13 (39.4%)
relapsed or died during the follow-up period. Kaplan-Meier survival analysis of different
clinicopathological characteristics (Supplementary Figure S1) suggest that male patients
and smokers have poorer survival rates compared to the rest of the patients. Regarding
histology, patients with ADC had better outcomes.

We implanted 33 samples of lung cancer primary tumors (32 NSCLCs and 1 small-cell
lung cancer (SCLC)) in mice to generate PDXs, and 9 (8 NSCLCs and 1 SCLC) out of 33
(27.3%) were engrafted successfully (Table 1, Figure 1). This rate is like other NSCLC
PDX collections reported in the literature [40,41]. Supplementary Figure S2 describes the
workflow we followed to generate the PDX collection from primary lung cancer tumors.

Tumors that established a PDX are also indicated. ADC: adenocarcinoma; SCC:
squamous-cell carcinoma; LCC: large-cell lung carcinoma; NEU: neuroendocrine carcinoma;
SCLC: small-cell lung cancer; MIA: minimally invasive adenocarcinoma of the lung; PC:
pulmonary pleomorphic carcinoma; EGFR: epidermal growth factor receptor; ALK: ALK
Receptor Tyrosine Kinase; PDX: patient-derived xenograft.

The focus on the generation of patient-derived xenografts (PDXs) as an in vivo model
for the prognosis and evolution of patients with NSCLC implies the inclusion of PDX
generation as an independent variable compared to the other clinicopathological features
of the patients. In this sense, when clinicopathological variables were compared with
the primary tumor engraftment success in mice, we observed that engraftment could be
generated regardless of different clinicopathological variables (Table 2). However, the size
of sample biopsies could be a parameter to consider for the success of the implant, since in
our study samples from intermediate-sized biopsies (25–100 mm3) had more capacity to
engraft than smaller ones (<25 mm3).

Most samples of this study were NSCLC (32 out of 33), and most of those were ADC
(28/32). From the whole collection, seven ADCs, one SCC, and one small cell lung cancer
(SCLC) were successfully engrafted in mice. Cumulative incidence diagrams and hazard ratio
analyses (logrank tests) showed that no significant differences were observed in the capacity
of primary tumor engraftment according to histology, age, sex, or tumor stage (Figure 2).
However, the survival of patients whose surgical samples had in vivo tumorigenic potential
and developed PDXs was reduced (4 patients out of 9; 44.4%) compared to the samples without
engraftment capacity in mice (16 patients out of 24; 66.7%), indicating a positive correlation
between the progression and aggressiveness of the disease and its tumorigenic capacity and
ability to engraft in mice (hazard ratio: 7.11; p-value: 0.0002 ***; Figure 2A, B).
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Table 1. Clinicopathological characteristics of the patients.

PDX: patient-derived xenograft; ADC: adenocarcinoma; SCC: squamous-cell carcinoma; LCC: large-cell lung carcinoma; SCLC: small-cell
lung cancer; MIA: minimally invasive adenocarcinoma of the lung; PC: pulmonary pleomorphic carcinoma.

Figure 1. Clinicopathological characteristics of patients. ADC, smokers or ex-smokers, and males
are more represented in our study. ADC: adenocarcinoma; SCC: squamous-cell carcinoma; LCC:
large-cell lung carcinoma; NEU: neuroendocrine carcinoma; SCLC: small-cell lung cancer; UND:
undifferentiated tumor; PC: pulmonary pleomorphic carcinoma; PDX: patient-derived xenograft.
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Table 2. PDX formation success according to different clinicopathological variables of the patients (n = 33).
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Figure 2. Cumulative incidence of the PDX grafting success according to clinicopathological variables.
(A) Cumulative incidence curves showing engrafting PDX fractions throughout the follow-up period,
related to each patient’s clinicopathological characteristics; (B) log-rank test results (Mantel-Cox)
correlating PDX implantation success and the different clinicopathological characteristics. Hazard
ratios, confidence intervals (95%), and p-values are shown. PDX: patient-derived xenograft; ADC:
adenocarcinoma; CI: confidence interval.
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Analysis of genetic alterations by massive sequencing of primary tumor biopsies that
were successfully engrafted (Table 3) identified the oncogenic KRAS mutation p.G12C
in ADC samples LF05, LF09, and LF15, associating these mutations with successful PDX
engraftment and aggressive disease. LF15 also harbored a pathogenic mutation in ERBB2
(p.V842I), not described in lungs, but detected in gastric cancers, breast cancers, and col-
orectal adenocarcinomas [42]. Sample LF29 carried a germline mutation in MET (p.T1010I),
which some authors associate with familial lung cancer [43], and other authors report that
its pathogenicity is inconclusive [44–46]. LF01 carried a mutation in ERBB4 (p.L713F);
however, this amino acid change is not described as oncogenic, according to COSMIC [47].
Mutations in ERBB2 (p.I767M) and MYC (p.N26S) were detected in sample LF20. The
p.I767M mutation in ERBB2 has not been described as oncogenic, but has been studied
in breast cancer, and appeared sensitive to conventional anti-ERBB2 drugs [48,49]. On
the other hand, the p.N26S mutation in MYC is oncogenic; it has been identified in lym-
phomas [50] and prostate cancer [51] as well as lung cancer [52].

Table 3. Somatic mutation in surgically resected tumors that generated PDXs.

Sample
Number Patien Code Genetic Alterations (Oncomine™ Focus Assay)

#1 LF01 ERBB4 c.2139G>T; p.L713F 9% allele frequency

#4 LF05 KRAS c.34G>T; p.G12C 67% allele frequency

#8 LF09 KRAS c.34G>T; p.G12C 7% allele frequency

#12 LF15 KRAS c.34G>T; p.G12C
ERBB2 c.2524G>A; p.V842I

32% allele frequency
4% allele frequency

#17 LF20 ERBB2 c.2301C>G; p.I767M
MYC c.77A>G; p.N26S

74% allele frequency
58% allele frequency

#26 LF29 MET c.3029 C>T; p.T1010I 29% allele frequency
Samples from resected tumors that generated PDX were analyzed by massive sequencing with the Oncomine
Focus Assay. The table shows the identified mutations.

2.2. Tumor Median Latency Time Change with Increased Passage in Mice

To study the growth characteristics of successfully implanted NSCLC tumors in mice,
PDX tumors were passaged four times sequentially in mice, in addition to the original
xenograft. Growth rate is often considered to be an aggressiveness, malignancy, and/or
cancer status indicator when transplanting tumors into animal models, such as mice [53].
We analyzed the growth rate and latency time (the time when tumor growth is starting
to be appreciated) of the eight NSCLC samples engrafted successfully in mice during
four sequential passages. Figure 3A and Figure S4 show the median latency time (MLT)
and growth curves from all PDX passages per sample. We observed that, on average,
the growth rate of PDX tumors was similar, but median latency time (MLT) was reduced
during passages. The growth of X0 tumors from seven out of eight implanted samples
exhibited a MLT of 50.14 days (SD: 25.95 days). The other X0 tumor, an ADC sample (LF19),
had a longer latency time of the X0 passage (321 days). In five out of seven ADC samples,
including LF19 (LF01, LF05, LF19, LF20, and LF29), the passage with the longest latency
time compared to successive passages was the first one (X0), suggesting that since this
graft corresponds to a primary tumor section it would take more time for adaptation to the
murine environment. The median latency times of the next passages were considerably
shorter compared to the X0 (X1: 31.25 days ± 16.21; X2: 25.5 days ± 14.47; X3: 26.5 days
± 11.86; and X4: 21.63 days ± 9.67) and indicated the increased tumorigenic capability of
NSCLC cells. Moreover, sample LF19 considerably reduced the latency time in the next
passages (from 321 days in X0 to 32 in X1, 28 days in X2, 21 days in X3, and 18 days in X4).
Sample LF21, which was an SCC, exhibited the shortest latency time in X0 (18 days). Low
MLTs for lung SCC tumors have also been reported by other authors [54,55].
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Focusing on the ADC subtypes, solid ADC (LF05, LF15, and LF29) showed a shorter
MLT (28.53 days ± 18.36) through all the passages compared to acinar ADC (LF01, LF20)
samples (41.8 days ± 24.26). This also correlates with the capability of solid tumors to
adapt to the murine environment compared to other non-solid architectures, such as acinar
ADC. However, LF19, an acinar-type tumor, behaved differently, as described above, with
a very long initial latency time that grew shorter in successive passages. The mucinous
lepidic ADC sample (LF09) and the SCC sample (LF21) showed MLTs for all passages of
23.4 and 25.6 days, respectively, more similar than solid ADC tumors.

The MLT data were contrasted with Friedman test statistics, showing significant
differences between the MLTs of all patient samples (Friedman statistic: 20.07; p-value:
0.0054 **, Figure 3B) and all passages (Friedman statistic: 12; p-value: 0.0174*, Figure
3B). When removing LF19 because of its long MLT in X0 (321 days), differences between
passages were not significant (Friedman statistic: 8.89; p-value: 0.0640, Supplementary
Figure S3), but among patients they were still significant (Friedman statistic: 18.54; p-value:
0.005 **, Supplementary Figure S3).
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Figure 3. PDX tumor growth curves and median latency times. (A) Growth curves of PDX tumors of
passages X0 to X4 from each sample are represented as volume (mm3) per time (days). The primary
tumor implantation in mice is X0 and the last PDX tumor passage is X4; (B) Friedman test statistics
of MLT data. (Left panel) Friedman test statistics of MLT data for all patient samples. (Right panel)
Friedman test statistics of MLT data for all passages.
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2.3. Solid ADC Histological Characteristics Are Better Preserved across Patient-Derived
Xenograft Passages

Previous studies showed that PDXs from NSCLC conserve morphological and molec-
ular features from their corresponding primary tumors [54–57]. Conversely, other authors
have noted that, in NSCLC PDX models, less than 60% of the PDXs preserve the traits of
the original tumor [58]. To study the evolution of the PDX tumors in vivo and describe the
tumor histology within the different passages, we performed tissue microarrays (TMAs)
from primary lung tumor tissue, adjacent normal lung tissue, and PDX tumor tissue from
passages X0 to X2. We employed hematoxylin and eosin (H&E) stain, and keratin 7 (CK7),
keratin 20 (CK20), and thyroid transcription factor-1 (TTF-1) antibodies to determine the
staining patterns of the lung tumors. CK7 is expressed in lung and breast epithelium, while
CK20 usually marks the gastrointestinal epithelium. On the other hand, TTF-1 is expressed
in type II pneumocytes and club cells, and consequently is often expressed in lung ADC
(>70%) [59,60].

The CK7+/CK20-/TTF-1+ staining pattern was observed and preserved throughout
the passages (X0 to X2) in solid ADC samples LF05 (Supplementary Figure S5C) and LF15
(Figure 4A, Supplementary Figure S5G). Another solid but poorly differentiated ADC
sample (LF29) preserved the original expression of the primary tumor until passage X1,
and lost TTF-1 expression in passage X2 (Supplementary Figure S5O). The expression
of CK7 in the solid ADC tumors increased in successive passages, as did the number of
expressing cells.

The pattern of acinar and lepidic samples showed more variability through the pas-
sages. Acinar ADC LF20 maintained the CK7+/CK20−/TTF-1+ staining pattern through-
out all passages (Figure 4B, Supplementary Figure S5K), while acinar ADC sample LF19
preserved the original expression of the primary tumor until passage X1 but lost CK7
and TTF-1 expression in passage X2 (Supplementary Figure S5I), and sample LF01 lost
CK7 expression (Supplementary Figure S5A). Sample LF09 (mucinous, mainly lepidic
ADC) expressed CK7 at the primary tumor, but lost its expression in successive passages,
including the first passage (X0), although it maintained TTF-1 expression in all the passages
(Supplementary Figure S5E).

Taking this into account, we observed that PDX tumors from differentiated solid
ADC preserved the primary tumor histology better throughout the different passages
and showed signs of dedifferentiation by increasing the expression of CK7 positive cells.
Furthermore, solid ADC architecture was well preserved throughout the passages, while
other types—such as acinar or lepidic—lost the expression of subtype descriptive markers
in successive passages. We also observed the loss of almost all the stroma and immune
cells in passage X2 (in some cases this loss was already noticeable in X1), in agreement with
the observation of other authors [55,61,62], which is a limitation of this in vivo model.

An SCC sample (LF21) that also engrafted successfully in a mouse showed positive ex-
pression of CK7 and negative expression of TTF-1—which is characteristic of SCC—throughout
the X0, X1, and X2 passages (Figure 4C, Supplementary Figure S5M).

All these results suggest that depending on the subtype of NSCLC there are limitations
to maintaining the characteristics of the primary tumor in PDXs. In agreement with
other authors [10,55], these limitations include differences in expression preservation,
macrostructure, latency times, and aggressiveness of the primary tumor. Likewise, the
success of the implantation of the primary tumor is due to the adaptability of the carcinoma
cells, while other features that participate in the tumor microenvironment (TME) lose
prominence in this in vivo model.
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Figure 4. Representative images of surgically resected tumor and patient-derived xenograft (PDX)
tissues on H&E and CK7, CK20, and TTF-1 staining of three different NSCLC tumors. Adjacent
lung tissue (Lt), primary tumor (PT), and three PDX passages (X0–X2) are shown. All images are
at 5× magnification.

2.4. Vimentin and Ezrin Protein Expression Changes during PDX Passages

Having observed that successful sequential propagation of tumor PDXs correlated
with shorter times to tumor engraftment and reduced MLTs, we analyzed the expression of
protein markers associated with cell invasion and metastatic features (ezrin and vimentin),
and cell proliferation (Ki67) by immunohistochemistry.

Vimentin is a canonical mesenchymal marker and may indicate differentiation and/or
EMT status [63]; it is associated with cell migration and increased metastatic potential [64,65].
Ezrin is an actin-related protein that connects the cytoskeleton to the plasma membrane and
is linked with local invasions [66] and metastasis [67]. Ki67 is a nuclear protein involved in
cell proliferation regulation that has also been associated with tumor aggressiveness and poor
prognosis [68–70].

We used H-score, also called histoscore [71–74]—a semiquantitative IHC analysis—to
evaluate the expression of these proteins as described in the Materials and Methods section.
This analysis considers the staining intensity along with the positive cells, and the value can
vary from 0 to 300 [71]. A table and a bar chart including all H-scores from all PDXs at each
passage for Ki67, vimentin, and ezrin expression are shown in Supplementary Table S1 and
Supplementary Figures S6 and S7. The results showed that vimentin and ezrin proteins
were highly expressed in the cytoplasm of most samples, while Ki67 was expressed in
the nucleus (Supplementary Figure S5B,D,F,H,J,L,N,P). It has been described that while in
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normal tissue ezrin is correlated with a membranous expression, its cytoplasmic presence
increases in cancer [75], and this is consistent with our results.

In general, the H-score showed that vimentin, ezrin and Ki67 expression remained
stable in all of the samples. However, we observed that LF21 and LF29 tumors (Supplemen-
tary Figure S7) lost vimentin expression in successive passages. This coincides with the
fact that the vimentin-expressing cells in their corresponding primary tumor were mostly
stromal cells. While losing the original stroma of the tumor in successive passages, the
vimentin staining was also lost.

Taking into consideration all the patients and passages, H-scores of protein expression
showed considerable heterogeneity between samples (Figure 5A). However, correlation ma-
trix analysis showed a tendency of positive correlation between ezrin and Ki67 (Spearman’s
coefficient (Sc): 0.279), and between vimentin and Ki67 (Sc: 0.275) (Figure 5B). Differences
between the expression of proteins of interest and clinicopathological features were also
studied through comparison tests. Significance was observed in the mean expression of
vimentin in different samples and KRAS status, with more vimentin staining on average in
samples carrying the KRAS-G12C mutation (Mann-Whitney test (MW) p-value: 0.0357 *)
(Figure 5C). As with other authors, in this case we considered the median H-score as the
cutoff value for dichotomizing the variable [73].

Then, we carried out analysis by comparing the two ADC subtypes better represented
in our collection: acinar ADC (LF01, LF19, and LF20) and solid ADC (LF05, LF15, and
LF29). Carcinomas are tumors of epithelial origin that often do not express vimentin
because of their acute epithelial status. In agreement with this, we observed that the
acinar ADC LF01 primary tumor expressed vimentin in the stroma fibers, but not in the
tumor cells (Supplementary Figure S5B). However, in subsequent passages vimentin was
expressed in all the tumor cells, more intensely and without specific subcellular localization.
A similar pattern was observed for acinar ADC samples LF19 and LF20, which showed
low expression in the X0 passage but high expression and extension of vimentin in X1 and
X2 passages (Supplementary Figure S5J,L). This result is consistent with the fact that PDX
tumors often dedifferentiate throughout the passages and undergo EMT at some level [76].

Additionally, analysis per pair of protein expression between the acinar ADC samples
(LF01, LF19, and LF20) and all the cohort data (Figure 6B) showed a significant correlation
between ezrin and Ki67 (Figure 6C). Further analysis would indicate whether, in this
subtype of ADC, the signaling involving these proteins is different.

On the other hand, solid ADC (LF05, LF15, and LF29) showed variable expression of
vimentin. For this comparison, we only considered results from LF05 and LF15, as they
were solid differentiated carcinomas, while LF29 was an undifferentiated tumor with a
distinct phenotype. For instance, LF05 and LF15 (Supplementary Figure S5D,H) expressed
vimentin in tumor cells other than stroma, while LF29 (Supplementary Figure S5P), which
was poorly differentiated, only expressed it in the stroma of the primary tumor. LF29 PDX
tumors, therefore, were like acinar LF19 and LF20 PDX tumors, compared to other solid
ADC tumors. This might be due to their originally poor differentiation state.

In general, ezrin expression followed a similar pattern to vimentin throughout the
passages, but with a more selective expression pattern according to the type of primary
tumor. Specifically, the expression of ezrin was associated with epithelial cells (i.e., carci-
noma cells), compared to the mesenchymal expression of vimentin (i.e., stroma cells/fibers).
Solid ADC samples (LF05, LF15, and LF29) showed an increase in ezrin expression, in
terms of intensity and number of cells throughout the passages (Supplementary Figure
S5D,H,P). A similar pattern was observed for the acinar ADC tumor LF19. However, the
expression of ezrin in acinar ADC samples LF01 and LF20 decreased in successive passages.
In addition, subcellular location pattern changes were observed in LF19 and LF20. In these
samples, the localization of ezrin in the primary tumor was in the cell membrane, and
changed to the cytoplasm in passage X2, suggesting an enrichment of more aggressive
cancer cells.



Cancers 2021, 13, 2980 13 of 24

Figure 5. Expression of vimentin, ezrin, and Ki67 proteins in the PDX tumors. H-score analysis was used to compare the
expression of proteins involved in EMT (vimentin, ezrin) and cell proliferation (Ki67) between PDX tumors. (A) Box and
whisker plots for the H-scores of every protein in the primary tumor and the X0 to X2 passages of all PDX tumors from
the 8-PDX-NSCLC collection. (B) Correlation matrix obtained from applying Spearman’s rank correlation coefficient to all
the H-scores (n = 32 per protein) by pairs of proteins. (C) Mann–Whitney test (MW) comparison of vimentin, ezrin, and
Ki67 expression with KRAS mutational status. WT: wild type; mutant: KRAS p.G12C. Coefficients are shown inside every
comparison square. *: p-value < 0.05.

In contrast with acinar ADC, patients with differentiated solid ADC (LF05, LF15)
showed higher expression values for vimentin, and slightly higher for ezrin (Figure 6C):
vimentin (mean: 217.4; median: 237.1; SD: ±34.37); ezrin (mean: 128.3; median: 128.4;
SD: ±31.01). These results suggest a possible correlation between the expression of these
two proteins and the solid ADC subtype of NSCLC. This observation is reinforced by the
fact that the correlation analysis showed high positive and significant correlation between
vimentin and ezrin (Sc: 0.905; p-value: 0.005 **) (Figure 6D). Thus, PDX tumor cells may
acquire more mesenchymal and invasive capacities through the successive passages. In
addition, these PDX samples were derived from primary tumors that carried a driver
mutation in KRAS (Table 3). Therefore, the acquisition of a more aggressive phenotype
in successive passages may depend in the oncogenic KRAS signaling and may reflect the
evolution of the disease in the patient.

In the unique SCC sample in the cohort (LF21), vimentin expression was lost after
the X0 passage, whereas ezrin expression increased through the passages (Supplementary
Figure S5N). Finally, a mucinous lepidic ADC (LF09) showed an increase in vimentin and
ezrin expressions in the X2 passage (Supplementary Figure S5F).

2.5. Ki67 Expression in the PDX Is Associated with KRAS Mutation and Survival, and with Solid
ADC Implantation Success

Immunohistochemistry of Ki67 showed that its expression increased between the X0
and X2 passages in LF05 and LF15 PDX tumors (Figure 7A). These PDXs derived from
differentiated and solid adenocarcinoma primary tumors containing a KRAS-G12C driver
mutation (Table 3). NSCLC tumors with KRAS mutations show high proliferation and
high Ki67 expression, with KRAS mutations in stage I lung ADC being associated with
higher risk of recurrence compared to lower expressers without mutations [77]. Thus, the
increased expression of Ki67 in successive passages in LF05 and LF15 PDXs suggests
evolution of the tumors to higher aggressiveness (Figure 7A, B). This is also consistent with



Cancers 2021, 13, 2980 14 of 24

the increase in the number of cancer cells during successive passages in the PDX models,
as the cells are more adapted to the murine environment during each passage [10,78].
In addition, selective pressure, as we have also observed, also benefits solid patterns [41].

Figure 6. H-scores of vimentin, ezrin, and Ki67 protein expression in ADC. (A) Comparison of H-
scores from the indicated proteins in acinar ADC patients (LF01, LF19, and LF20). The graph shows
box and whisker plots for the H-scores of every protein. (B) Correlation matrix obtained by applying
Spearman’s rank correlation coefficient to all of the H-scores (n = 12 per protein) of acinar ADC
patients by pairs of proteins. (C) Comparison of H-scores from the indicated proteins in differentiated
solid ADC patients (LF05, LF15). The graph shows box and whisker plots for the H-scores of every
protein. (D) Correlation matrix obtained by applying Spearman’s rank correlation coefficient to all of
the H-scores (n = 12 per protein) of solid ADC patients by pairs of proteins. Coefficients are shown
inside every comparison square. *: p-value < 0.05; **: p-value < 0.005; ADC: adenocarcinoma.

Figure 7. Correlation of Ki67 expression throughout the PDX passages. (A) Immunohistochemistry
of Ki67 in samples LF05 and LF15 throughout passages X0–X2. All images at 20× magnification. (B)
Ki67 mean H-scores of primary tumors and PDX passages of indicated samples.
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Ki67 expression was higher when comparing LF05 and LF15 (mean: 90.50; SD: ±1.33)
with the whole cohort (mean: 74.54; SD: ±14.78). Notably, PDX tumors derived from
sample LF09—a lepidic ADC subtype and, therefore, linked to the non-aggressive lung
cancer subtype—carried a KRAS oncogenic mutation and preserved the expression of Ki67
through the different passages, thus featuring enhanced aggressiveness (Supplementary
Figure S5F).

Survival analyses using the median expression of vimentin, ezrin, and Ki67 proteins as
a cutoff showed a tendency of poor prognosis for patients with tumors that expressed high
ezrin and Ki67 protein levels (Figure 8). These proteins individually have been employed
as markers of poor prognosis in several types of cancer. Our data suggest that it would be
interesting to evaluate their combined expression levels in further studies to analyze their
prognostic significance.

Figure 8. Overall survival curve (Kaplan–Meier) in relation to Ki67, vimentin, and ezrin median
immunoexpression. Survival fraction (expressed in %) throughout the follow-up time is shown,
related to every patient whose tumors formed PDXs (high and low expressions were obtained using
the median H-scores of every corresponding protein as a cutoff).

3. Discussion

The use of animal models for the study of cancer is essential in biomedical research,
being especially useful in pathogenic analysis and in the design and preclinical validation
of new therapies. Among these models, patient-derived xenografts (PDXs) have been
especially employed as avatars of the patients with cancer, to predict therapy responses
and prognosis in an almost-real-time manner [55,61]. The amplification of the patient
tumor tissue in several mice for subsequent rapid analysis at different times allows a
better understanding of the molecular changes that would drive metastasis and resistance
to therapies. Therefore, this model can be used as an in vivo system for the testing of
compounds’ anti-tumor efficacy, to guide the design of a personalized treatment, or for the
identification of biomarkers. However, while it is assumed that PDXs are robust in terms
of maintaining heterogeneity, genetics, and the structure of the original tumor [78–81],
some authors remark that the tumor undergoes genetic and phenotypical evolution during
passages in mice which can be divergent to the patient’s tumor’s evolution [82,83].

In the present study, we established 9 PDXs (7 ADCs, 1 SCC, and 1 SCLC) in NSG
immunodeficient mice from 33 lung cancer patients and analyzed engraftment efficiency
and tumor evolution by semiquantitative immunohistochemistry H-score analysis of tu-
mors during 3 successive passages in mice. The percentage of grafting (27.3%) was in
concordance with others reported in literature [40,41]. The clinical-pathological variables,
except for the size of the tumor biopsy, did not affect the primary tumor’s engraftment
success in mice. This study used a relatively small sample size, with limited statistical
power; thus, future studies with larger numbers of patients would be needed to further
assess the applicability of these results.

The overall survival of the nine patients providing PDX samples was lower compared
to the rest of the patients (Supplementary Figure S1). Thus, a relationship between the
success of heterotopic implantation in mice and the aggressiveness of the primary tumor
was observed. This was reinforced by the fact that the genetic study of the primary
tumors that were successfully implanted showed that they carried oncogenic mutations.
Interestingly, of the seven successfully implanted ADC tumors, three contained a KRAS-
G12C mutation, suggesting that aggressive tumors are those that preferentially generate
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grafted models. In lung ADC, KRAS mutation is found in about 32% of the cases and,
of these, the KRAS-G12C mutation is the predominant, occurring in 46% of the cases.
Remarkably, this KRAS-G12C mutation was the most frequently detected in our PDX
collection. As great efforts are being directed towards obtaining inhibitors against this
mutation [84], our PDX models may be useful to test their effect on tumor growth and
predict a therapeutic response that could be translated to the clinic for patients to benefit
from targeted adjuvant therapy.

We performed successive PDX passages and analyzed tumor architecture and histo-
logical patterns. In general, main histological appearances were like those of the parental
tumors. However, original stromal components and immune cells were lost after several
passages, suggesting that for the analysis of the interactions of the tumor microenvironment
and the immune responses, the PDX models are limited. In addition, we observed that,
in general, the tumor latency time in the first passage was longer than in the rest of the
passages, where the tumors grew faster, indicating a tumor evolution towards greater
aggressiveness during PDX passages in mice.

Apart from the patients’ clinical-pathological variables and the survival analyses to
correlate them with the patients’ prognoses, the success in the engraftment of the tumors
in mice can show intrinsic characteristics of the primary tumors and the tumor evolution
in the PDXs. Thus, we analyzed the histological characteristics of the tumors by using a
combination of markers that, in clinics, serve as diagnostic tools for the NSCLC subtype:
hematoxylin and eosin stain in combination with CK7, CK20, and TTF-1. We also analyzed
the expression of the canonical proliferation marker Ki67, and the EMT markers vimentin
and ezrin [66]. Increasing evidence supports the role of EMT in the progression of many
cancers, including NSCLC [85]. Both Ki67 [69] and vimentin [63,86] are linked to poor
patient outcomes. Vimentin is an intermediate filament protein that mediates EMT and
promotes cell motility [32]. Ezrin is involved in tumor invasion and metastasis [39,87].
It has been shown to play a role in TGF-β1-induced EMT in NSCLC cell lines [38] and is
also associated with poor prognosis in patients with NSCLC [88,89]. We evaluated the
expression of these markers in the PDX tumors during successive passages (X0–X2).

Consistent with other authors [41,54,55], our results showed that solid adenocarcino-
mas (ADC) are more suited to generate PDX models compared to other NSCLC subtypes
(e. g.: acinar ADC), since the histochemical characteristics of the primary tumor are
better preserved. In this sense, the solid ADC samples LF05 and LF15 preserved the
CK7+/CK20−/TTF-1+ signatures throughout the PDX passages. The median latency
times of solid ADC were shorter compared to acinar ADC PDX tumors. Acinar samples
(LF01 and LF19) lost the expression of CK7 while increasing the expression of vimentin.
The exchange of CK7 for vimentin could be associated with EMT by the fact that vimentin
gives carcinoma cells more flexibility to change cell shape and, thus, better adapt for migra-
tion [90]. A lepidic ADC sample (LF09) lost the expression of CK7 and CK20 during the
passages while preserving the expression of vimentin and Ki67. Interestingly, this tumor
had a KRAS-G12C mutation, thus reinforcing the notion that aggressive primary tumors
graft preferentially and suggesting tumor evolution during the passages.

Some characteristics of the primary tumor, such as differentiation and EMT status,
can affect tumor evolution in successive passages in PDXs. In addition, these oncogenic
processes could have different impacts on tumor evolution depending on the cancer
subtype [91,92]. When evaluating vimentin and ezrin expression we observed a correlation
between the expression of both proteins in our samples, except for sample LF21. In this
sample, vimentin expression was observed in the stroma of the primary tumor. Since the
stroma was lost in successive passages, vimentin expression was also lost. Interestingly,
the expression of both vimentin and ezrin proteins was enhanced in samples derived from
KRAS-G12C mutant tumors. KRAS oncogenic mutation is linked to poor prognosis due to
an increase in cell proliferation, invasion, and EMT [93]. While vimentin and KRAS have
been studied as interlocutors in lung ADC [94], no association have been yet established
between KRAS driver mutations and ezrin. However, it has been shown that the activity
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of several signaling pathways—such as EGFR, Src, Akt-PI3K, and PKA—affects ezrin
expression and, in addition, that ezrin regulates these signaling pathways [95]. Moreover,
high ezrin expression has been associated with BRAF mutation in colorectal cancer [96].
Ezrin acts as a linker protein to transduce mechanical signals from the membrane to the
cytoskeleton and promotes cell migration and invasion. Modification of ezrin proteins, such
as phosphorylation, enhances Ezrin–EGFR interaction and drug resistance to erlotinib [97].
In addition, S-nitrosylation of ezrin has been shown to mediate non-small-cell lung cancer
invasion and metastasis [87,89]. Thus, it is an attractive target to inhibit cancer progression
and to overcome drug resistance in NSCLC.

The PDX tumors derived from KRAS-mutated samples also correlated with more
proliferative phenotypes (progressive increase of Ki67 and shorter median latency times).
This proliferative phenotype was also observed when ezrin was highly expressed, and pro-
gressively increased its expression and localization in the cytoplasm between the X0 and
X2 passages.

4. Materials and Methods
4.1. Patient Selection and Sample Collection

Patients from La Fe University and Polytechnic Hospital (Valencia, Spain) were in-
cluded in this study from October 2016 to June 2018. A total of 33 samples were collected
during that time, from patients who underwent surgery according to the following criteria:
resectable, non-pretreated, and lung cancer histological diagnosis. The samples were ob-
tained from surgical specimens at the time of resection and examined by the pathologist.
The necrotic tissue was removed, and the samples were transported to the laboratory
in tubes filled with culture media (Dulbecco’s Modified Eagle’s Medium (DMEM-F12).
Patients’ follow-ups for the purposes of this research were carried out until February 2021.
Samples were collected with a sterile procedure and put in basic medium (DMEM-F12,
Penicillin/Streptomycin 1%) until their arrival at the Centro de Investigación Príncipe
Felipe (CIPF, Valencia, Spain), where they were processed. In every case, a lung cancer
biopsy (from 25 to 100 mm3 size) and a normal lung-adjacent biopsy were collected for
comparison purposes.

4.2. Biopsy Processing

Primary tumor and normal adjacent lung samples were processed in parallel. First, spec-
imens were washed with cold PBS and minced into small portions (≈5 mm3). One portion
was preserved in a sterile microtube and frozen at −80 ◦C (to preserve RNA integrity until
gene expression analysis). Another portion was preserved in 4% paraformaldehyde at 4 ◦C,
and the next day washed with PBS. This was performed for fixation and subsequent immuno-
histochemical analysis. The last portion was preserved on ice and immediately implanted in a
mouse. The rest was minced into smaller portions (≈1 mm3) and enzymatically disaggregated
for establishing primary cultures for further studies.

4.3. Mutation Analysis

The oncogenic characterization of the molecular subtypes of NSCLC was performed
by massive sequencing using the Oncomine Focus Assay panel (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) on the Personal Genome Machine ™ platform (PGM ™;
Life Technologies, Carlsbad, USA) at the Molecular Biology Unit (University and Poly-
technic La Fe Hospital, Spain)—an ISO 15,189 accredited laboratory. This panel allows the
detection of mutations in 35 oncogenes (AKT1, ALK, AR, BRAF, CDK4, CTNNB1, DDR2,
EGFR, ERBB2, ERBB3, ERBB4, ESR1, FGFR2, FGFR3, GNA11, GNAQ, HRAS, IDH1, IDH2,
JAK1, JAK2, JAK3, KIT, KRAS, MAP2K1, MAP2K2, MET, MTOR, NRAS, PDGFRA, PIK3CA,
RAF1, RET, ROS1, and SMO), the variation in the number of copies in 19 genes (ALK, AR,
BRAF, CCND1, CDK4, CDK6, EGFR, ERBB2, FGFR1, FGFR2, FGFR3, FGFR4, KIT, KRAS,
MET, MYC, MYCN, PDGFRA, and PIK3CA), and the presence of fusion transcripts in 23
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genes (ABL1, AKT3, ALK, AXL, BRAF, ERG, ETV1, ETV4, ETV5, EGFR, ERBB2, FGFR1,
FGFR2, FGFR3, MET, NTKR1, NTKR2, NTKR3, PDGFRA, PPARG, RAF1, RET, and ROS1).

The average coverage of the panel is >1200x, the average uniformity is 95%, and the
percentage of average readings in the sequences of interest (on target) is 97%. The search
for variants was performed by alignment to the hg19 human reference genome using the
Variant Caller algorithm. Non-pathogenic variants were filtered with the Ion Reporter
software, excluding intronic variants, synonymous variants, and polymorphic variants
(MAF, or minority allele frequency ≥0.01, and/or including dbSNP). Additionally, all
the identified variants were reviewed in parallel using the Integrative Genomics Viewer
program (IGV v.2.4; http://software.broadinstitute.org/software/igv/, accessed on 14
June 2021) and consulting different databases’ (COSMIC, TCGA, Pubmed) and programs’
predictions in silico (Polyphen, Provean, Sift, SNPS & GO).

4.4. Mice and Patient-Derived Xenografts

To develop xenografts in mice as in vivo lung cancer models, a small portion of the
minced tumor biopsy was implanted subcutaneously.

NOD SCID gamma (NSG) immunodeficient mice (NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ,
Charles River, Wilmington, Massachusetts, USA) were transplanted subcutaneously, after
a single dose of pain reliever (Buprenorphine hydrochloride, 0.6 mg/kg,), before surgery.
Then, isoflurane was used as anesthetic (initial dose of 5% and a maintenance dose of 2.5%),
and an incision about 2–3 mm was made in the caudal dorsal skin for implantation of a
5-mm3 portion of the tumor biopsy. The wound was sealed with a topical skin adhesive
(Histoacryl, Braun, Melsungen, Germany). Afterwards, tumor volume (TV) was measured
with a caliper every 3–4 days using the formula: TV (mm3) = d2 × D/2, where d and D
are the shortest and the longest diameters, respectively. Animals were terminated (carbon
dioxide) when tumor xenografts were 1500 mm3 or more. All animals that did not show
tumor growth after 8 months of implantation were euthanized with carbon dioxide. To con-
firm mouse death, cessation of heartbeat and respiration, pale mucous membranes, and
absence of reflexes were evaluated.

Portions of the PDX tumors were stored for histological (immunohistochemical) anal-
yses and cryopreserved for further studies. Two portions (≈5 mm3) of the PDX tumors
were used for transplantation in two new mice to establish subsequent PDX models, un-
til the third passage was performed (X0-X2). The necrotic tissues were removed before
implantation. All the PDX tumors were successfully implanted.

4.5. Immunohistochemistry Analyses

Fixed samples from primary tumor biopsies and PDXs (with 4% paraformaldehyde)
were subjected to immunohistochemical analyses. For high-throughput screening of sam-
ples (8 patients, 5 samples each) and markers (1 stain and 7 proteins), we developed a
paraffin tissue microarray (TMA) system, based on the construction of a paraffin block (re-
cipient) for whole analyses using the MTA-1 Manual Tissue Arrayer (Beecher Instruments,
Estigen, Estonia), where traditional paraffin-embedded tissue blocks acted as donors. A 1-
mm needle was utilized, and the TMA protocol was performed as described in previous
works [98]. Together with the hematoxylin and eosin stain (H&E, Automated H&E Staining,
Dako CoverStainer, Agilent, Santa Clara, California, USA), the proteins analyzed with the
TMA and the respective antibodies were as follows: keratin 7 (IR61961-2, Agilent), keratin
20 (IR77761-2, Agilent), and thyroid transcription factor-1 (TTF-1, IR05661-2, Agilent) were
used as a descriptive panel for lung adenocarcinomas; Ki67 (IR62661-2, Agilent) was used
for detecting active proliferative cells; vimentin was used for epithelial–mesenchymal
transition (EMT, ab8978, Abcam, United Kingdom) in tumors; and ezrin was used for local
invasion and metastasis potential (MA5-13862, ThermoFisher Scientific, United States).
Imaging of H&E stain and immunohistochemistry marking was performed using a PAN-
NORAMIC 250 Flash III Scanner (3DHISTECH, Budapest, Hungary). All images were
digitally captured with the Panoramic Viewer/Case Viewer software (3DHISTECH), and
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semiquantitative analyses of Ki67, vimentin, and ezrin expression were performed using
the Fiji open-source image processing program (ImageJ software, USA). H-scores, or his-
toscores, were obtained using a color deconvolution plugin (and with 20× magnification
images), using the IHC Profiler Plugin developed by Varghese et al. [74]. For every TMA
image—i.e., for every protein, patient, and passage—the H-score was calculated by apply-
ing the following formula [71–73]: (1 × % low-positive cells 1+) + (2 × % positive cells 2+)
+ (3 × % high-positive cells 3+).

4.6. Statistical Analyses

Survival analysis was performed by using the Mantel-Cox (logrank) test, and sur-
vival curves were estimated by the Kaplan-Meier method. Cumulative incidence curves
for clinicopathological variables were also compared by logrank test. Regarding tumor
growth in mice and variability between different median latency times (across passages
and patients), these were evaluated by Friedman test, as not all samples passed normality
tests. H-scores were analyzed by Spearman’s rank correlation coefficient, and correlation
matrices were built, when the relationships between proteins were evaluated; and by the
Mann-Whitney test when protein expression was compared with clinicopathological cate-
gorical and dichotomized variables, such as mutations, survival, age, stage, and histology.
Other tests that were performed but did not show statistical significance in several types
of comparison, were the Kruskal-Wallis, ANOVA, and Wilcoxon tests. These tests and
analyses were developed using the scientific graphing and statistics software GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA).

5. Conclusions

In conclusion, we successfully established nine PDXs of lung cancer patients, of
which ADC tumors bearing the KRAS-G12C mutation were the most frequently engrafted.
Our data indicate that the most aggressive tumors have a greater implantation capacity
in mice and, therefore, the success of implantation in mice may be indicative of a poor
prognosis. On the other hand, tumors in the PDXs—being in a different microenvironment,
losing the stroma and the immune cells—can evolve during successive passages, and suffer
a selective pressure towards more proliferative and mesenchymal cells, associated with
higher levels of vimentin, ezrin, and Ki67 protein expression. Therefore, preclinical studies
on PDXs may be performed preferentially in early passages, where the characteristics of the
primary tumor and tumor microenvironment are still maintained. The high expression of
vimentin, ezrin, and Ki67 proteins in tumors suggests greater aggressiveness and, therefore,
the evaluation of their expression could be used in combination as a prognosis marker
for the study of disease progression status. Moreover, Ki67, ezrin, and vimentin may
serve as potential therapeutic targets in cancer. Thus, it is expected that identification of
specific antisense nucleotides or small molecules to inhibit the activity of these proteins
would lead to the discovery of antiproliferative and antimetastatic drugs [67,99,100]. This
PDX collection provides a valuable platform for biomarker discovery and drug testing for
preclinical studies.
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.3390/cancers13122980/s1: Figure S1: Survival curves according to the clinicopathological character-
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test statistics of MLT data; Figure S4: PDX tumor growth curves and median latency times; Figure
S5: Tissue microarray panels with the immunohistochemical analyses per patient; Figure S6: Bar
charts of H-Scores of Vimentin, Ezrin and Ki67 protein expression from the indicated primary tumor
and PDX tumors during passages X0 to X2. Figure S7: H-score graphs of vimentin, ezrin, and Ki67
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