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ABSTRACT

High expression of cancer stem cell (CSC) markers is related to poor prognosis
of patients with hepatocellular carcinoma (HCC). However, the expression of these
markers in patient-derived xenograft (PDX) models and the relationship of the
expression levels of these markers between HCC patients and their PDX models at
subsequent low passages are unclear. To investigate the prognostic impact of putative
CSC markers in patients with HCC and in related PDX models, the expression of CD133,
CD90, CDh44, ALDH1, CK7, CK19, OCT4, SOX2, vimentin, nestin, CD13 and EpCam
were assessed by quantitative reverse transcription-PCR (qRT-PCR) and then were
validated using immunohistochemistry in tumor or peritumoral tissues from patients
and tumor tissues from PDX models. Cumulative survival analysis of the patients and
animals was conducted using the Kaplan-Meier method and the log-rank test. Only
the expression levels of CD133 and CD44 were higher in tumor tissues than in the
peritumoral tissues of HCC patients by qRT-PCR. High consistency of the prognostic
value of the expression of CD133/CD44 was observed in HCC patients and the PDX
models. High expression levels of CD133 and CD44 were positively related to the
poor prognosis of HCC patients and to that in the PDX models. PDX HCC models in the
present study have been suggested to be predictive of disease outcome, which could
shed light on personalized medicine and the mechanisms of CSC marker expression
on prognosis.

INTRODUCTION

Accumulating evidence has shown that cancer
cells might be hierarchically organized, similar to tissue-
specific stem cells [1]. Further, a subset of cancer cells
possesses stem cell properties, which are called cancer
stem cells (CSCs), might be responsible for long-

term renewal potential and maintenance [2—4]. More
importantly, CSCs could survive after surgical treatment
and chemotherapy due to their quiescent status [5] or
high-efficiency detoxifying [6]. Hepatocellular carcinoma
(HCC) remains one of the most prevalent cancer types in
past decades despite great advances in novel therapies and
the development of anti-cancer drugs [7]. The incidence
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and mortality rates, along with the recurrence rate, have
been increasing, both in China [8, 9] and in other countries
worldwide [7, 10].

CSC markers have been identified in several
types of cancers for CSC isolation and characterization.
Considering that different CSC markers have
demonstrated different behaviors on CSCs, such as
stemness maintenance and epithelial-mesenchymal
transition (EMT) [11], we chose twelve markers: CD133,
CD90, CD44, ALDHI1, CK7, CK19, OCT4, SOX2,
vimentin, nestin, CD13 and EpCam. These markers
have remarkable features. CD133 was exhibited by
proliferative cells in multiple organs and was identified
as a CSC marker in many types of tumors [12]; CD90
is a glycosylphosphatidylinositol-anchored glycoprotein
expressed in many types of CSCs [13]; CD44, which
evolved into multiple signaling transductions as a cell
surface molecule, has been used as a CSC marker [14];
aldehyde dehydrogenase-1 (ALDH-1) is highly expressed
in various tumorigenic cells and has shown great potential
as a CSC marker for the isolation and identification of CSC
cells from multiple types of tumors [15, 16]; cytokeratin
7 and 19 (CK7 and CK19) are components of the cancer
cell cytoskeleton and are responsible for prediction of
the early recurrence and prognosis [17, 18]; octamer-
binding transcription factor 4 (OCT4) and SOX2, are key
transcription factors that regulate pluripotency [19, 20];
vimentin and nestin are EMT-related markers with the
ability to develop into multiple cell lineages [21, 22];
CD13 is a novel liver CSC marker and a candidate
therapeutic target [23]; and epithelial cell adhesion
molecule (EpCam), also called CD326, could serve as an
early biomarker and novel prognostic marker of HCC [24].
However, these markers are expressed not only in tumor
tissues but also in the peritumoral/stromal tissues [25, 26].
Therefore, it is necessary to detect the expression levels of
these markers in the tumor area and the peritumoral area of
the same tissue, which could provide new understanding
of the putative CSCs within the microenvironment, as well
as the peritumoral-supportive cells.

Patient-derived xenograft (PDX) models are
established by the transfer of fresh tumors from surgery
into immunodeficient mice on the subcutaneous side.
When the tumors grew too large for the first generation
mice, we passaged the tumors over to the next generation
of mice. This type of model has been attracted increasing
attention due to its advantages, such as maintenance of
the cellular complexity and architecture for the donor,
which mimics the tumor microenvironment at subsequent
low generations [27]. These models could overcome the
obstacles in the studies of CSCs [2] and could facilitate
the application of personalized medicine.

The purpose of the present study was first to
investigate the mRNA expression of CD133, CD90, CD44,
ALDH 1, CK7, CK19, OCT4, SOX2, vimentin, nestin,
CD13 and EpCam in tumor and peritumoral tissues from

HCC patients and then to validate the protein expression of
these markers with significant differences in mRNA levels
in the tumor and peritumoral tissues of HCC patients. In
PDX models, tissues were grouped by the expression
levels of the original clinical HCC tissues, and the mRNA
expression of these CSC markers was subsequently tested
in newly grown tumor tissues in mice to explore prognostic
role of these markers both in HCC patients and in the HCC
PDX models to elucidate the relationship between them.
Using quantitative reverse transcription-PCR (qQRT-PCR)
and immunohistochemistry staining in 74 primary HCC
patients with full demographic/clinicopathological data
and follow-up, we analyzed the effects of these markers
on the survival time of the patients, and then we validated
these results in the PDX models using the same methods.

RESULTS

The mRNA expression of CSC-related markers
in HCC tissues

The relative expression of CD133, CD90, CD44,
ALDHI1, CK7, CK19, OCT4, SOX2, vimentin, nestin,
CDI13 and EpCam from 74 tumor tissues and the
peritumoral tissues was detected and analyzed.

We observed that the expression of 10 of 12 CSC-
related markers (CD90, ALDHI1, CK7, CK19, OCT4,
SOX2, vimentin, nestin, CD13 and EpCam) was not
significantly different between the tumor tissues and
peritumoral tissues. However, the expression of CD133
and CD44 had statistically significant differences between
the two groups (p = 0.010 and p < 0.001, respectively).
The results are shown in Figure 1.

Protein expression of CD133 and CD44 in the
tumor and peritumoral tissues of HCC patients

The expression of CD133 and CD44 in tumor and
peritumoral tissues was detected by IHC. The respective
expression of CD133 and CD44 is shown in Figure 2. The
histological sections of the same tissue after HE staining are
displayed in Supplementary Figure S1. After scoring, we
found that 55.41% of CD44 cases and 58.11% of CD133
cases were highly expressed. We also found CD133 and
CD44 simultaneously in 27 of the 74 cases (36.49%) that
had medium/high co-expression. Detailed quantification of
the samples stained by the scoring system and the IHC scores
for CD44 and CD133 is shown in Supplementary Figure S2.

Prognostic significance of CSC markers
(CD133 and CD44) and clinicopathological
characteristics

Over the 7-year follow-up, the mean survival time of
the HCC patients with low CD44 expression was 73.20 +
4.17 months, while that in HCC patients with high CD44
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expression was 44.84 + 5.20 months by survival analysis. Regarding the expression of CDI133, we found

There was a statistically significant difference between the that the mean survival time of HCC patients in the low
two groups (p < 0.001). The results are shown in Figure 3A. expression group was 68.42 £ 3.55 months, compared
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Figure 1: The mRNA expression levels of 12 putative CSC-related markers in tumor tissues and peritumoral tissues
of patients with HCC.
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with 54.36 + 5.30 months in the high expression group.
The statistical difference was also significant between the
two groups (p = 0.007), as shown in Figure 3B.

Due to co-expression of CD133 and CD44 in some
cases, we divided these HCC patients into four groups—
CD44°%/CD133"", CD44%/CD133hih CD44hieh/CD 133w
and CD44"¢"/CD133"e"—to analyze the prognostic effects
of these two factors. The mean survival times of these
four groups were 72.29 + 3.44 months, 67.53 + 6.30
months, 48.55 = 5.93 months and 40.71 + 6.51 months,
respectively. Significant differences were significant
among these four groups (p = 0.001). The results are
shown in Figure 3C.

In contrast, we analyzed the association of CD133-
and CD44-expression with demographic data and
clinicopathological features in HCC patients (see Table 1).
Only liver cirrhosis had effects on the expression of
CD133 (p <0.01).

The mRNA expression of CSC-related markers
in cancer tissues of PDX models

After establishing the patient-derived tumor
xenograft models successfully, we detected the relative
mRNA expression of the 12 CSC-related markers in the
tumor tissues from the models. Based on the protein
expression of CD133 and CD44 in the clinical tumor
samples, the patient-derived tumor xenograft models
were divided into four groups: high CD133 expression,
low CD133 expression, high CD44 expression and low
CD44 expression groups.

As shown in Figure 4, the relative mRNA
expression of the 12 CSC-related markers (CD133,
CD90, CD44, ALDHI1, CK7, CK19, OCT4, SOX2,
vimentin, nestin, CD13 and EpCam) in these four
groups was heterogencous. However, there were
statistically significant differences in the CD133 and

Figure 2: Expression of markers CD133 and CD44 in tumors using HE staining (left panel) and IHC (right panel) from
patients. Representative case 1 HE staining (A) and its high expression of CD133 (B) vs case 2 HE staining (C) and its low expression of
CD133 (D); Representative case 3 HE staining (E) and its high expression of CD44 (F) vs case 4 HE staining (G) and its low expression of

CD44 (H). Original magnification for all pictures is 400x.
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Table 1: Associations of the expression of CD133 and CD44 with the demographic data and
clinicopathological characteristics in HCC patients

CD133 expression CD44 expression
Variables Cases - P values - P values
Low High Low High

Age, years
<352 38 15 23 0.084 19 19 0.337
>52 36 16 20 14 22

Sex
Male 64 24 40 1.000 27 37 0.502
Female 10 7 3 6 4

HBsAg
Negative 11 10 1 0.444 4 7 0.294
Positive 63 21 42 29 34

HBeAg
Negative 58 19 39 0.471 27 31 0.979
Positive 16 12 4 6 10

Liver cirrhosis
No 13 7 6 0.006 7 6 0.460
Yes 61 24 37 26 35

Tumor

differentiation 1.000 0.552
I-I 55 26 29 23 32
-1v 19 5 14 10 9

Tumor stage 0.519 0.945
I 44 32 12 20 24
-1v 30 23 7 12 18

Tumor size 0.305 0.066
>5cm 8 6 2 2 6
<5cm 66 49 17 30 36

Tumor number 0.960 0.404
1-2 71 52 19 31 40
>3 3 3 0 1 2

AFP! (ng/ml) 0.368 0.176
<40 48 28 20 24 24
>40 26 3 23 9 17

ALT? (UN) 0.301 0.243
<75 32 12 20 10 22
>75 42 19 23 21 21

Child-Pugh 1.000 1.000
A 70 27 43 31 39
B 4 4 0 2 2

'AFP, a-fetoprotein.
2ALT, alanine aminotransferase.
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CD44 relative mRNA expression levels among these
four groups (p = 0.001 and p < 0.01, respectively).

The other ten mRNA

expressions of the CSC-related

markers in this study had no statistically significant

differences among the groups.
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Protein expression of CD133 and CD44 in cancer
tissues from PDX models

Protein expression of CD133 and CD44 in the
cancer tissues of the PDX models was in concordance with
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Figure 3: Kaplan-Meier survival curves showing survival time differences in patients with (A) high or low CD44
expression, (B) high or low CD133 expression and (C) co-expression of CD133 and CD44 using immunohistochemistry

staining.
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that in the clinical tumor tissue samples using IHC assay.
In the PDX models established from the clinical tissues
with high expression of the proteins CD133 and CD44, we
observed that high expression of CD133 and CD44 was
inherited (Figure SA, 5B, 5E and 5F). Correspondingly,
low expression of CD133 and CD44 is illustrated in Figure
5C, 5D and Figure 5G, 5H in the tumor tissues from the
PDX models, which were established using clinical tissues
with low expression of the CD133 and CD44 proteins.
Histological sections of each model are presented in
Supplementary Figure S3 after HE staining.

In the re-growth-screening process of the tumor
cells in immune-deficient mice, it seemed that there was
little influence on the expression of some proteins, which
could be viewed as good inheritance of this type of model
by the clinical tumor samples.

Prognostic value of CD133 and CD44 in PDX
models

Before we evaluated the prognostic effects of
the expression of CD133 and CD44 in PDX models,
we first analyzed the tumor growth of different groups.
We observed that the tumors in the CD133 and CD44
high expression groups grew faster than those in their
corresponding low expression groups (p < 0.05 and
p <0.01, respectively) (Figure 6A). At the end point of the
experiment, we weighed the tumor weight of each group,
and similar results were observed (as shown in Figure 6B).

In the CD44 high/low expression groups of the
PDX models, the mean survival time of the high CD44
expression group (n = 18) was 78.67 + 0.71 days after
implantation. In the low CD44 expression group
(n = 6), the mean survival time was 80.83 + 0.15 days
after implantation. There was a statistically significant
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difference between the two groups (p < 0.05). The
percentage survival of each group is shown in Figure 6C.

Similar results were found in the CD133 groups. The
mean survival time of the high CD133 expression group
was 79.78 + 0.46 days after implantation, but that in the
low CD133 expression group was 80.83 + 0.15 days after
implantation. The statistical difference was significant
between these two groups (p < 0.05). The results are
shown in Figure 6D.

In addition to the co-expression of CD133 and CD44
in clinical tumor samples, the co-expression of CD133 and
CD44 was also observed in the tumor samples from the PDX
models. Based on the co-expression levels of CD133 and
CD44, we divided the PDX models into four groups—CD44
low/CD133 low, CD44 low/CD133high, CD44 high/CD133
low and CD44 high/CD133high—to analyze the prognostic
effects of these two factors. The percentage survival of
these four groups is shown in Figure 6E. The mean survival
times of these four groups were 80.86 + 0.13 days, 78.56
+ 0.79 days, 79.91 £+ 0.64 days and 79.24 + 0.54 days
after implantation, respectively. The statistical difference
was significant among these four groups (p < 0.05).
At the same time, the similar body weight fluctuations
between groups can be seen in Figure 6F in the same
breeding environment. IHC scores for CD133 and CD44
in the PDX models are shown in Supplementary Table S2.

DISCUSSION

Patient-derived xenograft (PDX) models have been
widely applied in translational research and have shown
more predictive behavior for clinical outcomes. Precise
identification of cancer stem cell (CSC) populations could
help to characterize the subtypes of cancer patients and
could contribute to personalized therapies.
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Figure 4: The mRNA expression level of 12 putative CSC-related markers in the tumor tissues from the HCC PDX

models.
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In the present study, we first evaluated the mRNA
expression of 12 CSC-related markers and found the
significant differences in the mRNA expression of CD133
and CD44 between clinical HCC tumor tissues and their
peritumoral tissues. Then, we tested the protein expression
of CD133 and CD44 in clinical HCC tumor tissues and

observed that higher expression of each marker (3 or
more using IHC scoring system) had a poorer impact on
the survival time of patients. Subsequently, we validated
these findings in PDX models and found that the tumors
established from the clinical HCC tissues with high
expression of CD133 and CD44 grew faster than those

Figure 5: Expression of markers CD133 and CD44 in tumors using HE staining (left panel) and IHC (right panel) from
PDX models. Representative HE staining (A) and its expression of CD133 (B) from the CD133 high expression group vs HE staining (C)
and its expression of CD133 (D) from the CD133 low expression group; Representative HE staining (E) and its expression of CD44 from
the CD44 high expression group (F) vs HE staining (G) and its expression of CD44 (H) from the CD44 low expression group. Original

magnification for all pictures is 400x.
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established from clinical HCC tissues with low expression
of CD133 and CD44. The differences were still statistically
significant, although there were not large differences in the
mean survival time, which might have had their special
characteristics regarding the tumor growth of the PDX
models. At the same time, the analysis of the survival
time of the tumor-bearing mice was consistent with that
observed in the clinical patients with the same expression
status of these markers.

CD133, a transmembrane glycoprotein, was found
in human hematopoietic stem/progenitor cells and
was initially considered as a hematopoietic stem cell-
specific surface marker. However, subsequent research
demonstrated that CD133 was expressed not only in neural
stem cells and epidermal stem cells but also in CSCs
[28, 29]. Many previous works described that increased

expression of CD133 from tumor tissues was correlated
with poor prognosis in colorectal cancer [30], ovarian
cancer [31], non-small cell lung cancer [32], gastric
cancer [33], cholangiocarcinoma [34], and pancreatic
cancer [35], in agreement with the results in HCC of this
study. CD44 is widely expressed on the cell surface as
an adhesion glycoprotein. It also has been studied as a
marker of CSCs. Many early works also found that high
expression of CD44 from many types of tumor tissues had
a worse impact on survival time in patients [36—40]. In
contrast, these CSC markers are not always dependable
for the whole process of tumor development [2]. Some
markers might be lost in the development of the tumors,
such as sonic hedgehog (Shh). Shh was expressed on
stem cells in the basal urothelium and formed aggressive
colonies in situ. Subsequently, invasive tumors were
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Figure 6: Tumor growth, tumor weight, Kaplan-Meier survival curves and the body weight changes of mice in PDX
models. (A) CD44 illustrated the tumor growth in different groups of PDX models and (B) showed the tumor weight at the end point.
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generated, but Shh expression was lost within this lesion
[41]. Therefore, in this study, we validated the expression
of these two markers in PDX models. Further, expression
of these markers was observed in the tumors from PDX
models consistent with that in the patients. At the same
time, we also analyzed that the prognostic values of the
co-expression of these two markers in survival time. More
shortened survival time was observed in the group with
double high expression of CD133/CD44, as well as in the
tumor-bearing animals.

Although the average survival time between the
high expression groups and low expression groups was
close, we could still determine the trends in survival time
in two groups by combining the tumor growth rate and the
tumor weight at the end of the study. Furthermore, there
remained significant differences in these three parameters
between the groups.

Regarding demographic data, such as sex and age,
we did not find correlations with the expression of CD133/
CD44. Although hepatitis B virus (HBV) infection is an
important cause of HCC, we did not observe an effect
of HBV on the expression of CD133/CD44 using two
hepatitis B surface antigens, HBsAg and HBeAg, as
indicators in the present study, indicating the non-viral
origin of HCC with high expression of these markers
[42]. Regarding the clinicopathological characteristics,
we observed that liver cirrhosis had effects on CD133
expression (p = 0.006) but no effect on CD44 expression
in these HCC patients. CD133 expression could be more
sensitive than CD44 expression to the composition
changes in the process of HCC with liver cirrhosis,
which might cause this difference in expression. Tumor
differentiation and tumor stage are the basic indicators
for evaluating tumor growth and the prognosis of patients
[43]. AFP and ALT are also very widely used tumor
markers in HCC diagnosis and management. The results of
the present study indicated that there was no effect of HCC
differentiation, tumor stage, tumor size, tumor number or
AFP/ALT levels on CD133/CD44 expression.

Owing to the great heterogeneity of HCC, the
combination of several markers can significantly increase
the predictive power [44, 45]. We also observed shorter
survival time in the group with co-expression of CD133/
CD44, both in patients and in the PDX models. The mean
tumor weight at the end point also showed that the tumors
with high expression of CD133 or CD44 grew faster
than those with corresponding low expression of CD133
and CD44. Therefore, the co-expression of several CSC
markers might be more predictive of the prognosis of
patients at high expression.

In this study, we observed that the mRNA expression
of CD133 and CD44 among 12 CSC markers in the tumor
tissues of HCC patients was significantly different from
that in peritumoral tissues. We also found that the protein
expression of CDI133 and CD44 was heterogeneous
and that their protein expression levels were positively

correlated with the survival time of patients. Regarding
the other ten CSC markers, we did not detect their protein
expression. That no difference was found in mRNA levels
does not indicate that there was no difference in the protein
level. In this regard, we could discuss this topic in future
studies or review previous reports [11, 46, 47]. We focused
on the CSC markers found in the mRNA levels to analyze
whether these markers play a key role in prognostic
prediction for HCC patients. Conversely, we applied
PDX models to validate these intriguing findings. This
application could compensate for the limitations of our
study, such as the loss of information on local recurrence,
distant metastasis and post-operative treatment. Our results
showed high consistency with this combined system of
patients and PDX models. Our findings indicated that
high expression of CSC markers, CD133 and CD44, was
predictive of poor clinical outcome, while the application
of PDX models also had predictive effects on clinical
outcomes, as well as in the guidance of personalized
medicine.

MATERIALS AND METHODS

Patients and tissue samples

Seventy-four patients (64 men and 10 woman)
with the mean age of 45.2 + 16.6 years old (range, 28—
72 years) who underwent surgical resection of primary
HCC at Anhui Medical University from 2007 to 2013
were recruited with written informed consent before they
participated in this study. Ethical approval for the present
study was obtained from the ethics committee of Anhui
Medical University.

Fresh tumor specimens and their peritumoral tissues
(at a distance of at least 30 mm from the tumor edge) were
obtained immediately after surgery from all of the patients,
according to protocols approved by the ethics committee
of Anhui Medical University. All of the data were analyzed
anonymously throughout the study. Once the specimens
arrived in the lab, each specimen was divided into three
parts: the first part was maintained in RNAlater (Life
Technology, USA) for qRT-PCR analysis; the second part
was fixed with formalin and then embedded in paraffin
for TMA analysis; and the third part was used to establish
the PDX models. Other important clinical data, including
clinicopathological characteristics, from each patient
were obtained from their medical records at the same
time, and they are summarized in Table 1. Follow-up was
terminated on 30 June 2013. Cumulative overall survival
was evaluated from the surgery to the last observation.

Real-time qRT-PCR analysis

To investigate the mRNA levels of CSC-related
genes, total RNA from the cancer tissues of HCC
patients and PDX models was reverse transcribed
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using a SuperScript III RT reagent Kit (Invitrogen Life
Technologies, Carlsbad, CA, USA). Quantitative real-time
PCR was performed using SYBR Green I Master (Roche
Diagnostics, Germany) on a LightCycler 480 instrument
(Roche Diagnostics, Germany).

Gene expression levels were calculated based
on the following equation: 2 “*“'[ACt = Ct (Target)-Ct
(GAPDH)]. All of the samples were measured in duplicate.
The conditions for qRT-PCR were as follows: 5 min at
94°C and then 50 cycles of 94°C for 30 s, 59°C for 30 s,
and 72°C for 1 min. Supplementary Table S1 shows the
details of the primers.

Immunohistochemistry (IHC) staining and
evaluation

Slides 4 pm in thickness were prepared by a
Leica RM2265 rotary microtome (Germany). After
deparaffinization in xylene and rehydration in graded
alcohols, slides were placed in a 1% (w/v) zinc sulfate
antigen retrieval solution and boiled for 30 min in a
microwave for antigen retrieval. Following incubation with
3% H,0, to quench the endogenous peroxidase, the slides
were blocked in 5% BSA for 2 h at room temperature,
and then incubation with the primary antibodies CD133
(1:200, BD) and CD44 (1:200, BD) was performed in
a moist chamber overnight at 4°C. After being washed
twice in PBS, the slides were then incubated for 1 h in
the corresponding HRP-conjugated secondary antibody
(1:10,000) diluted in 1% BSA. Eventually, the slides were
developed with 2, 3-diaminobenzidine tetrahydrochloride
for 10 min and were counterstained with hematoxylin for
30 s. The slides were then washed, dehydrated in graded
alcohol, and mounted with neutralized gummi.

The expression of these markers was scored based
on intensity and percentage of positively stained cells.
For the intensity evaluation, a 4-score scale was applied:
0, negative staining; 1 +, weak; 2 +, moderate; and 3 +,
strong intensity. The percentage of positive cells was
evaluated according to the following criteria: Score 0
(no stained or < 10% stained cells), Score 1 (11-50%
stained cells), Score 2 (51-80% stained cells), and Score
3 (> 80% stained cells). The expression patterns were
independently evaluated by two pathologists blinded to
the clinical outcomes. Therefore, the valid range of scores
was 0-6 from the combined density and intensity analyses.
For statistical analysis, the scores were further classified
into three groups: negative/low expression (0-2), medium
expression (3—4) and high expression (5-6) of staining.

Animals

Eight-week-old female NOD/SCID mice (Beijing
Vital River, China) were used for the implantation of the
clinical tumor samples. They were housed and maintained
in a specific pathogen-free (SPF) facility under standard

laboratory conditions (25 + 2°C, 12:12 h light-dark cycle)
and received food and water ad libitum. The experiments
were conducted in accordance with the ethics committee
on animal experimentation and the animal welfare
regulations of Anhui Medical University, and the protocol
of this study was also approved by ethics committee of
Anhui Medical University.

PDX model establishment

Five female, eight-week-old NOD/SCID mice
were used for the implantation of the each of the
clinical tumor samples within 8 hours after the surgery.
Briefly, approximately 1 mm?® of clinical HCC tissue
was transplanted into immunodeficient mice on the
subcutaneous side, and they propagated in the mice
directly. When the tumors grew up to a proper size, the
newly grown tumor, at approximately the same volume,
was transplanted to next generation. The surplus of the
newly grown tumors was cryo-preserved for implantation
after thawing at 37°C.

Subsequently, eight PDX models were chosen from
our model list established from 2007 to 2013, including
three CD133-positive cases and one CD133-negative case,
in addition to three CD44-positive cases and one CD44-
negative case. The generation of mice transplanted with
clinical tumor tissues was regarded as FO. They were
transferred to next generation as F1, and the measurement
of the expression of CSC-related markers was conducted
in F2.

Tumor growth, assessed using Vernier calipers, and
the mouse body weights were measured twice per week.
The tumor volume was calculated using the formula V =
width? x length x 0.52. Survival studies were conducted
according to the ethical guidelines in which the humane
endpoint was the criterion to sacrifice each mouse.

Statistical analysis

Statistical analysis was performed using SPSS
software (version 10.0for Windows). The y? test, Fisher’s
exact probability and one-way ANOVA were used to
determine the differences between the groups. The
threshold for statistical significance was p < 0.05. All of
the survival analyses were performed using the Kaplan-
Meier method and the log-rank test.

ACKNOWLEDGMENTS AND FUNDING

We thank all of the surgeons, researchers and
donors who were involved in the present study. We
would like to acknowledge the support of the National
Natural Science Foundation of China, grant No.
81372577(H.W), New Century Excellent Talents in
University, Ministry of Education, China (H.W, No.
NCET-13-0644), the Wanjiang Scholars Program of

www.impactjournals.com/oncotarget

47441

Oncotarget



Anhui Province, China (H.W), the Grants for Scientific
Research of BSKY (No. XJ201111, Q.H.Z) from Anhui
Medical University, the Foundation for Young Talents in
College of Anhui Province (No. 2012SQRL072, Q.H.Z),
and the Doctoral Fund of the Ministry of Education of
China (No. 20123420120012, Q.H.Z). We also would
like to thank Dr. Keyang Chen (School of Public Health,
Anhui Medical University) for the critical reading of the
manuscript.

CONFLICTS OF INTEREST

The authors have declared that no conflicts interests

exist.

REFERENCES

10.

11.

. Valent P, Bonnet D, De Maria R, Lapidot T, Copland M,

Melo JV, Chomienne C, Ishikawa F, Schuringa JJ, Stassi G,
Huntly B, Herrmann H, Soulier J, et al. Cancer stem cell
definitions and terminology: the devil is in the details.
Nature reviews Cancer. 2012; 12:767-775.

Medema JP. Cancer stem cells: the challenges ahead. Nature
cell biology. 2013; 15:338-344.

Visvader JE, Lindeman GJ. Cancer stem cells in solid
tumours: accumulating evidence and unresolved questions.
Nature reviews Cancer. 2008; 8:755-768.

Dang HT, Budhu A, Wang XW. The origin of cancer stem
cells. Journal of hepatology. 2014; 60:1304—1305.

Barnes DJ, Melo JV. Primitive, quiescent and difficult
to kill: the role of non-proliferating stem cells in chronic
myeloid leukemia. Cell cycle. 2006; 5:2862-2866.

Zhou BB, Zhang H, Damelin M, Geles KG, Grindley JC,
Dirks
opportunities for anticancer drug discovery. Nature reviews
Drug discovery. 2009; 8:806—823.

Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA
Cancer J Clin. 2014; 64:9-29.

PB. Tumour-initiating cells: challenges and

. Zhang S, Zheng R, Zeng H, Chen W. The incidence

differences among sex, geographical areas and mean age
of diagnosis for liver cancer in China, 19892008 [Article
in Chinese]. Zhonghua yu fang yi xue za zhi . 2014; 48:
355-360.

Wei KR, Yu X, Zheng RS, Peng XB, Zhang SW, Ji MF,
Liang ZH, Ou ZX, Chen WQ. Incidence and mortality of
liver cancer in China, 2010. Chinese journal of cancer.
2014; 33:388-394.

DeSantis CE, Lin CC, Mariotto AB, Siegel RL, Stein KD,
Kramer JL, Alteri R, Robbins AS, Jemal A. Cancer
treatment and survivorship statistics, 2014. CA Cancer J
Clin. 2014; 64:252-271.

Kim H, Choi GH, Na DC, Ahn EY, Kim GI, Lee JE,
Cho JY, Yoo JE, Choi JS, Park YN. Human hepatocellular
carcinomas with “Stemness”-related marker expression:

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

keratin 19 expression and a poor prognosis. Hepatology.
2011; 54:1707-1717.

Ma S. Biology, clinical implications of CD133(+) liver
cancer stem cells. Experimental cell research. 2013;
319:126-132.

Yang ZF, Ho DW, Ng MN, Lau CK, Yu WC, Ngai P,
Chu PW, Lam CT, Poon RT, Fan ST. Significance of CD90+
cancer stem cells in human liver cancer. Cancer cell. 2008;
13:153-166.

Williams K, Motiani K, Giridhar PV, Kasper S. CD44
integrates signaling in normal stem cell, cancer stem cell
and (pre)metastatic niches. Experimental biology and
medicine. 2013; 238:324-338.

Douville J, Beaulieu R, Balicki D. ALDHI as a functional
marker of cancer stem and progenitor cells. Stem cells and
development. 2009; 18:17-25.

Wu A, Luo W, Zhang Q, Yang Z, Zhang G, Li S, Yao K.
Aldehyde dehydrogenase 1, a functional marker for
identifying cancer stem cells in human nasopharyngeal
carcinoma. Cancer letters. 2013; 330:181-189.

Liu M, Mor G, Cheng H, Xiang X, Hui P, Rutherford T,
Yin G, Rimm DL, Holmberg J, Alvero A, Silasi DA.
High frequency of putative ovarian cancer stem cells
with CD44/CK19 coexpression
decreased progression-free intervals in patients with

is associated with
recurrent epithelial ovarian cancer. Reprod Sci. 2013; 20:
605-615.

Zhuang PY, Zhang JB, Zhu XD, Zhang W, Wu WZ, Tan Y,
Hou J, Tang ZY, Qin LX, Sun HC. Two pathologic types of
hepatocellular carcinoma with lymph node metastasis with
distinct prognosis on the basis of CK19 expression in tumor.
Cancer. 2008; 112:2740-2748.

Bourguignon LY, Wong G, Earle C, Chen L. Hyaluronan-
CD44v3 interaction with Oct4-Sox2-Nanog promotes miR-
302 expression leading to self-renewal, clonal formation,
and cisplatin resistance in cancer stem cells from head and
neck squamous cell carcinoma. The Journal of biological
chemistry. 2012; 287:32800-32824.

Kumar SM, Liu S, Lu H, Zhang H, Zhang PJ, Gimotty PA,
Guerra M, Guo W, Xu X. Acquired cancer stem cell
phenotypes through Oct4-mediated dedifferentiation.
Oncogene. 2012; 31:4898-4911.

Fu CH, Lin RJ, Yu J, Chang WW, Liao GS, Chang WY,
Tseng LM, Tsai YF, Yu JC, Yu AL. A novel oncogenic role
of inositol phosphatase SHIP2 in ER-negative breast cancer
stem cells: involvement of JNK/vimentin activation. Stem
Cells. 2014; 32:2048-2060.

Matsuda Y, Kure S, Ishiwata T. Nestin and other putative
cancer stem cell markers in pancreatic cancer. Medical
molecular morphology. 2012; 45:59—-65.

Inagaki Y, Tang W, Zhang L, Du G, Xu W, Kokudo N.
Novel aminopeptidase N (APN/CD13) inhibitor 24F can
suppress invasion of hepatocellular carcinoma cells as well
as angiogenesis. Bioscience trends. 2010; 4:56—60.

WWW

.impactjournals.com/oncotarget

47442

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yamashita T, Forgues M, Wang W, Kim JW, Ye Q,
Jia H, Budhu A, Zanetti KA, Chen Y, Qin LX, Tang ZY,
Wang XW. EpCAM and alpha-fetoprotein expression
defines novel prognostic subtypes of hepatocellular
carcinoma. Cancer research. 2008; 68:1451-1461.

Heerma van Voss MR, van der Groep P, Bart J, van der
Wall E, van Diest PJ. Expression of the stem cell marker
ALDHI1 in BRCAI related breast cancer. Cell Oncol
(Dordr). 2011; 34:3-10.

Oliva J, French BA, Qing X, French SW. The identification
of stem cells in human liver diseases and hepatocellular
carcinoma. Experimental and molecular pathology. 2010;
88:331-340.

Williams SA, Anderson WC, Santaguida MT, Dylla SJ.
Patient-derived xenografts, the cancer stem cell paradigm,
and cancer pathobiology in the 21st century. Laboratory
investigation; a journal of technical methods and pathology.
2013; 93:970-982.

Florek M, Haase M, Marzesco AM, Freund D, Ehninger G,
Huttner WB, Corbeil D. Prominin-1/CD133, a neural and
hematopoietic stem cell marker, is expressed in adult human
differentiated cells and certain types of kidney cancer. Cell
and tissue research. 2005; 319:15-26.

Charruyer A, Strachan LR, Yue L, Toth AS, Cecchini G,
Mancianti ML, Ghadially R. CD133 is a marker for long-
term repopulating murine epidermal stem cells. The Journal
of investigative dermatology. 2012; 132:2522-2533.

Kim ST, Sohn I, Do IG, Jang J, Kim SH, Jung IH, Park JO,
Park YS, Talasaz A, Lee J, Kim HC. Transcriptome
Analysis of CD133-positive Stem Cells and Prognostic
Value of Survivin in Colorectal Cancer. Cancer genomics
& proteomics. 2014; 11:259-266.

Zhang J, Guo X, Chang DY, Rosen DG, Mercado-Uribe I,
Liu J. CD133 expression associated with poor prognosis in
ovarian cancer. Modern pathology. 2012; 25:456-464.

Wang W, Chen Y, Deng J, Zhou J, Zhou Y, Wang S. The
prognostic value of CD133 expression in non-small cell
lung cancer: a meta-analysis. Tumour biology. 2014;
35:9769-9775.

Ishigami S, Ueno S, Arigami T, Uchikado Y, Setoyama T,
Arima H, Kita Y, Kurahara H, Okumura H, Matsumoto M,
Kijima Y, Natsugoe S. Prognostic impact of CDI133
expression in gastric carcinoma. Anticancer research. 2010;
30:2453-2457.

Fan L, He F, Liu H, Zhu J, Liu Y, Yin Z, Wang L, Guo Y,
Wang Z, Yan Q, Huang G. CD133: a potential indicator for
differentiation and prognosis of human cholangiocarcinoma.
BMC cancer. 2011; 11:320.

Chen K, Li Z, Jiang P, Zhang X, Zhang Y, Jiang Y, He Y,
Li X. Co-expression of CD133, CD44v6 and human tissue
factor is associated with metastasis and poor prognosis in
pancreatic carcinoma. Oncology reports. 2014; 32:755-763.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jiang H, Zhao W, Shao W. Prognostic value of CD44 and
CDA44v6 expression in patients with non-small cell lung
cancer: meta-analysis. Tumour biology. 2014; 35:7383-7389.

Tulsyan S, Agarwal G, Lal P, Agrawal S, Mittal RD,
Mittal B. CD44 gene polymorphisms in breast cancer risk
and prognosis: a study in North Indian population. PloS
one. 2013; 8:¢71073.

Adamczyk A, Niemiec JA, Ambicka A, Mucha-Malecka A,
Mitus J, Rys J. CD44/CD24 as potential prognostic markers
in node-positive invasive ductal breast cancer patients
treated with adjuvant chemotherapy. Journal of molecular
histology. 2014; 45:35-45.

Doventas A, Bilici A, Demirell F, Ersoy G, Turna H,
Doventas Y. Prognostic significance of CD44 and c-erb-B2
protein overexpression in patients with gastric cancer.
Hepato-gastroenterology. 2012; 59:2196-2201.

Galizia G, Gemei M, Del Vecchio L, Zamboli A, Di Noto R,
Mirabelli P, Salvatore F, Castellano P, Orditura M, De Vita F,
Pinto M, Pignatelli C, Lieto E. Combined CD133/CD44
expression as a prognostic indicator of disease-free survival in
patients with colorectal cancer. Arch Surg. 2012; 147:18-24.
Shin K, Lim A, Odegaard JI, Honeycutt JD, Kawano S,
Hsieh MH, Beachy PA. Cellular origin of bladder neoplasia
and tissue dynamics of its progression to invasive
carcinoma. Nature cell biology. 2014; 16:469-478.

Yeh CT, Kuo CJ, Lai MW, Chen TC, Lin CY, Yeh TS,
Lee WC. CD133-positive hepatocellular carcinoma in an
area endemic for hepatitis B virus infection. BMC cancer.
2009; 9:324.

Han DH, Choi GH, Kim KS, Choi JS, Park YN, Kim SU,
Park JY, Ahn SH, Han KH. Prognostic significance
of the worst grade in hepatocellular carcinoma with
heterogeneous histologic grades of differentiation. Journal
of gastroenterology and hepatology. 2013; 28:1384—1390.
Sabet MN, Rakhshan A, Erfani E, Madjd Z. Co-Expression
of Putative Cancer Stem Cell Markers, CD133 and Nestin,
in Skin Tumors. Asian Pacific journal of cancer prevention.
2014; 15:8161-8169.

Gandara DR, Lara PN, Jr., Mack PC. Patient-Derived
Xenografts for Investigation of Acquired Resistance in
Oncogene-Driven Cancers: Building a Better Mousetrap.
Journal of clinical oncology. 2015; 33:2839-2840.

Yang XR, Xu'Y, Yu B, Zhou J, Qiu SJ, Shi GM, Zhang BH,
Wu WZ, Shi YH, Wu B, Yang GH, Ji Y, Fan J. High
expression levels of putative hepatic stem/progenitor cell
biomarkers related to tumour angiogenesis and poor prognosis
of hepatocellular carcinoma. Gut. 2010; 59:953-962.
Yamashita T, Honda M, Nakamoto Y, Baba M, Nio K,
Hara Y, Zeng SS, Hayashi T, Kondo M, Takatori H,
Mizukoshi E, Ikeda H, Zen Y, et al. Discrete nature of
EpCAM-+, CD90+ cancer stem cells in human hepatocellular
carcinoma. Hepatology. 2013; 57:1484-1497.

WWW

.impactjournals.com/oncotarget

47443

Oncotarget



