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Abstract

Soft tissue sarcoma (STS) is a highly malignant tumor with limited targeted therapies. A novel anaplastic lymphoma kinase
(ALK) transcript, ALK, was identified recently and could be targeted by ALK inhibitors in melanoma. However, the
clinical and functional role of aberrant ALK”™ expression in STS remains unknown. Here we demonstrate that as a new ALK
transcript, ALK*™" is frequently found in STS. ALK*™ expression correlates with a lower probability of progression-free
survival in STS patients. Compared with the other ALK isoforms, ALK expresses not only in the cytoplasm, but also in
the nucleus of sarcoma cells. Functionally, overexpression of ALK*™ promoted cancer stem cell (CSC)-like properties in
sarcoma cells by promoting sphere formation and upregulating the expression of stem cell markers. Moreover, the ALK
inhibitors not only suppressed the oncogenic functions of ALK*™ but also attenuated ALK*™-induced CSC-like properties
by reducing the expression of stem cell markers such as c-Myc, ABCG2, BMII, and OCT4 both in vitro and in vivo.
Furthermore, ALK”™ interacted with c-Myc and increased the binding of c-Myc to the ABCG2 promoter, resulting in the
induction of stem cell-like properties. Together, these findings indicate that ALK*™ may be a potential prognostic marker
and therapeutic target for STS patients harboring such ALK aberrations.

Introduction

Soft tissue sarcoma (STS) is a solid malignant tumor
accounts for ~1% of adult cancers [1]. STS treatment fail-
ures mainly result from local recurrence and distant
metastasis [2, 3], but the option of therapeutic agents for

These authors contributed equally: Bu-Shu Xu, Huo-Ying Chen

Supplementary information The online version of this article (https://
doi.org/10.1038/s41388-019-0973-5) contains supplementary
material, which is available to authorized users.

P4 Xing Zhang
zhangxing @sysucc.org.cn

Melanoma and Sarcoma Medical Oncology Unit, State Key
Laboratory of Oncology in South China, Collaborative Innovation
Center for Cancer Medicine, Sun Yat-sen University Cancer
Center, 651 Dongfeng Road East, Guangzhou 510060, China

Department of Laboratory Medicine, The Second Affiliated
Hospital of Guilin Medical University, Guilin 541100, China

State Key Laboratory of Oncology in South China, Collaborative
Innovation Center for Cancer Medicine, Sun Yat-sen University
Cancer Center, 651 Dongfeng Road East, Guangzhou 510060,
China

Published online: 28 August 2019

advanced STS limits. Although new drugs such as pazo-
panib [4], trabectedin [5], eribulin [6], and olaratumab [7]
have been approved for the treatment of advanced STS in
recent years, the clinical effects are less than satisfaction,
which restrict their applications [8]. Therefore, further
efforts on discovering new therapeutic targets for STS
personalized treatments become urgently necessary.
Aberrations in the oncogene anaplastic lymphoma kinase
(ALK) have emerged as potentially relevant biomarkers and
therapeutic targets in several solid and hematologic tumors
[9]. The most common ALK aberrations includes the TPM3-
ALK [10], EMIA4-ALK [11], and NPM-ALK [12] transloca-
tions and the F1747L [13] mutation. Although some clues
revealed that a few ALK aberrations might be present in
several STS subtypes and result in poor prognosis [14-20],
they have not been confirmed in most of the STS subtypes
yet and the clinical and functional role of ALK in STS
remains uncertain. Therefore, further investigation is
required to uncover more possible ALK aberrations in STS.
Recently, a novel transcript of ALK was identified in
melanoma. This transcript consists primarily of the intra-
cellular tyrosine kinase domain and, as it initiates from a
de novo alternative transcriptional initiation (ATI) site in
ALK intron 19, was accordingly named ALK*™ [21].
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ALK is expressed in ~11% of melanomas and spor-
adically in other cancer types, but is not expressed in
normal tissues [21, 22]. Whether ALKA™' expressed in STS
has not been reported before and ALK™ currently could
not be detected by routine tests designed for the known
ALK fusion genes or mutations. As ALK*™-driven tumors
are sensitive to ALK inhibitors [21], detection of ALKAT
in STS represents a therapeutic opportunity for patients
harboring such tumors. In addition, the identification of
this type of ALK aberration is an important step in
understanding the pathology of STS.

Therefore, the purpose of the current study was to
examine the presence of ALK*™ in STS and to clarify its
functional role. We found that ALK"™ was present in STS
and that ALK*™ expression correlated with a poor prog-
nosis. Furthermore, we demonstrated that ALK not only
contributed to tumorigenesis but also promoted cancer stem
cell (CSC)-like properties by interacting with c-Myc and
increasing the binding of c-Myc to the ABCG2 promoter in
STS. Our findings suggest that ALK kinase inhibitors may
become a treatment option for patients with ALK“™-driven
sarcomas.

Results

ALKAT is present in STS and correlates with a poor
prognosis

To evaluate the clinical influence of ALK*™ in STS, we
examined the presence of ALK®™ in fresh STS biopsy
specimens by real-time PCR assays with sequence-specific
probes and two primers constructed for ALK intron 19 and
exons 20-29. We found that ALK*™ occurred in 31.6%
(12/38) of many different histologic subtypes of STS.
Furthermore, we analyzed the clinical significance of
ALK*™ in 38 STS patients with available clinical follow-up
data and found a correlation between the presence of
ALK and clinicopathologic features, including tumor
grade (P=0.010) and tumor size (P =0.036) (Table 1).
Furthermore, patients with ALK*™ mRNA expression
demonstrated a significantly lower probability of
progression-free survival (PFS) (P <0.05, Fig. 1a). These
results indicate that the ALK*™ isoform exists in STS
patients and that ALK*™ may be a novel prognostic bio-
marker for STS patients.

We also examined endogenous mRNA and protein
expression of ALK™ in various sarcoma cell lines,
including HT1080, U2197, and SK-LMS-1 cell lines.
However, we found that in these sarcoma cell lines, the
expression level of either mRNA (data not shown) or
protein (Fig. 1b) of ALK*™ and wild-type ALK is
undetectable.
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Table 1 Correlation of ALK*™ expression and patient features of STS

Characteristic ALK*™-positive  ALK“T-negative P
N=12) (N=26)

Age 0.553

<60 3 (25.0%) 9 (34.6%)

=60 9 (75.0%) 17 (65.4%)

Sex 0.126

Female 3 (25.0%) 11 (42.3%)

Male 9 (75.0%) 15 (57.7%)

Tumor grade 0.010

Gl +G2 4 (33.3%) 20 (76.9%)

G3 8 (66.7%) 6 (23.1%)

Tumor size 0.036

<Scm 3 (25.0%) 16 (61.2%)

>5cm 9 (75.0%) 10 (38.8%)

Tumor site 0.510

Trunk & extremity 8 (66.7%) 12 (46.2%)

Head/neck & 4 (33.3%) 14 (53.8%)

intra-abdominal

Tumor depth

Superficial 5 (41.7%) 8 (44.4%)

Deep 7 (58.3%) 18 (56.6%)

AJCC stage 0.106

I-+1I 5 (41.7%) 18 (69.2%)

+1v 7 (58.3%) 8 (30.8%)

N number, AJCC American Joint Committee on Cancer

ALKA™ localizes to both the cytoplasm and the
nucleus in STS

We examined an additional cohort of 142 paraffin-
embedded sarcoma specimens for ALK expression by
immunohistochemistry (IHC) and we found 20 cases that
were ALK labeled in this cohort (Supplementary Table 1).
In 11 cases, the ALK staining pattern was predominantly
cytoplasmic, but nuclear staining was also observed (Fig.
1c). As previously reported [21], ALKA™ expressed in both
the nucleus and the cytoplasm, whereas wild-type ALK and
the other ALK isoforms mainly expressed in the cytoplasm
and/or at the cell membrane. Nuclear localization was a
typical biomarker of ALK*™. The identification of ALK
nuclear staining observed here further confirmed that
ALKA™ expressed in STS. To further address the expres-
sion pattern of ALK*", we stably transduced HT1080 cell
lines with ALK*T, negative control (NC) (empty vector),
wild-type ALK, or NPM-ALK. Using immunofluorescence,
we found that ALKA™ expressed in both the nucleus and the
cytoplasm, whereas wild-type ALK and NPM-ALK were
mainly present in the cytoplasm and/or at the cell membrane
(Fig. 1d). These observations suggest that the nuclear and
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Fig. 1 Expression and prognostic significance of ALK™! in soft tissue
sarcomas. a Prognostic significance of ALKAT' mRNA expression. The
expression of ALK*™! in soft tissue sarcoma (STS) biopsy specimens
was detected using real-time PCR. Kaplan—-Meier and log-rank ana-
lyses for progression-free survival (PFS) of STS patients (n = 38) with
available clinical follow-up data identified two subgroups of patients
with significantly different probabilities of PFS (P <0.05). b Western
blotting analysis of the protein expression of exogenous ALKA™ and

cytoplasmic ALKAT' expression may have a different
function from the other ALK isoforms.

ALKA".expressing sarcoma cells exhibited stronger
CSC-like properties

ALK kinase plays an important role in the growth and pro-
liferation of tumor cells [9]. To establish the differences in
ALK function as compared with the other ALK isoforms, we
first examined the growth and proliferation of stably trans-
duced sarcoma cells by MTT and colony formation assays,
including HT1080, U2197, and SK-LMS-1. Our results
showed that these ALK"™-expressing sarcoma cells grew faster
and produced more colonies than the empty vector-infected
cells. However, the growth and proliferation of ALK*-infec-
ted cells was similar to that of the wild-type ALK- and NPM-
ALK-infected cells (Supplementary Fig. 1a, b). The observed
oncogenic properties of ALK*™" are consistent with a previous
report [21]. These results indicate that in comparison to the
wild-type ALK and NPM-ALK, the functional differences of
ALK™™ are not related to cells growth and proliferation.
Multiple genetic alterations that control cell proliferation
and differentiation lead to abnormal proliferation and

Vector

ALKAT ALK"T  NPM-ALK

ALKYT in human sarcoma cell lines. Results shown are representative
of three independent experiments. ¢ Immunohistochemical staining for
ALK in STS tissues. Both nuclear and cytoplasmic ALK labeling is
observed in Leiomyosarcoma (LS, case 3), and synovial sarcoma (SS,
case 5) tissues at high magnification, which is indicated by rectangles
at x400 and x200 magnification. d Immunofluorescent staining of
ALK in HT1080 cells expressing the indicated ALK isoforms or
vector. Original magnification: x600

malignant transformation of cancer cells with stem cell-like
properties [23, 24]. To determine whether ALK*™ has any
effect on CSC-like properties, we performed a sphere for-
mation assay using empty vector-, wild-type ALK-, NPM-
ALK-, or ALKA™-overexpressing sarcoma cells. As shown
in Fig. 2a, b, HT1080 and U2197 cells expressing ALK*™!
formed more and larger spheres than cells expressing the
empty vector, wild-type ALK, or NPM-ALK. We examined
the mRNA expression levels of stem cell markers, including
¢-Myc, ABCG2, BMI1, OCT4, CD44, and CD133, by real-
time PCR. Our results showed that overexpression of
ALK*™ upregulated mRNA expression levels of these stem
cell markers in primary spheres (Fig. 2c, d).

As reported, CSCs play an important role in resistance to
cancer therapy [25]. We further investigated that ALK T-
expressing sarcoma cells formed more colonies after treatment
with 0.5 uM Cisplatin (DDP) or irradiation with 3 or 6 Gy
than controls (Supplementary Fig. 1c, 1d), suggesting that the
ALK*™ isoform confers distinct radioresistant phenotype.

Taken together, these results suggest that ALK
enhances CSC-like properties, which might result in the
resistance of sarcoma cells to both radiotherapy and
chemotherapy.

SPRINGER NATURE
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Fig. 2 CSC-like properties induced by ALKA™ in both HT1080 and
U2197 cells. a, b Primary sphere formation of HT1080 and U2197
cells expressing the indicated ALK isoforms or vector. Magnification:
x100. The numbers of spheres formed by these cells are shown in the
right panel; n =3 wells per group. ¢, d Real-time PCR detection of
stem cell markers in primary sphere cells. Gene expression was

ALKA"-expressing primary sphere sarcoma cells
showed a greater capacity for subcultured sphere
formation

We further evaluated the capacity for subcultured sphere
formation of sarcoma primary sphere cells expressing ALK
or empty vector. As shown in Fig. 3a, b, cells dissociated
from the ALK*™-expressing HT1080 and U2197 sphere
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normalized to the geometric mean of the housekeeping gene f-actin.
Data are shown as mean = SD. *P <0.05, **P < 0.01, ***P < 0.001 vs.
Vector group using one-way ANOVA analysis followed by Bonferroni
post hoc test. Results shown are representative of three independent
experiments

primary, secondary, or third generation cells were shown to
be capable of repeatedly forming spheres, while the empty
vector groups were gradually lost the capacity. Meanwhile,
the subcultured ~ALK“T-expressing HT1080  and
U2197 sphere cells retained high c-Myc, ABCG2, BMII,
OCT4, CD44, and CDI133 expression (Fig. 3c, d). These
results indicate that subcultured sphere cells expressing
ALK*™ maintain strong CSC-like characteristics.
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Fig. 3 CSC-like properties maintained by ALK in both HT1080 and
U2197 subcultured sphere cells. a Subculture sphere formation of
HT1080 and U2197 cells expressing ALKA™ or vector. Magnification:
x100. Cells were dissociated from the primary or secondary spheres
using 0.02% EDTA and subcultured for new sphere formation. G1
indicates the primary generation, G2 indicates the second generation,
and G3 indicates the third generation. n =4 wells per group. b The

ALK inhibitors suppressed the expression of stem
cell markers enhancing by ALKA™

ALK*™ has been reported to be sensitive to ALK inhibitors
[21]. Here, we used crizotinib as well as ceritinib to treat
ALK*M.expressing HT1080 cells and found that they
inhibited growth and colony formation in ALK*™-expres-
sing HT1080 cells (Fig. 4a, b). These ALK inhibitors also
declined the phosphorylation of ALKA™ and the down-
stream effectors AKT and mTOR in a concentration-

numbers of subcultured spheres are shown; n =3 wells per group.
¢, d Real-time PCR detection of stem cell marker expression in related
subcultured sphere cells. Gene expression was normalized to the
geometric mean of the housekeeping gene f-actin. Data are shown as
mean = SD. *P<0.05, **P<0.01, ***P<0.001 vs. Vector group
using two-tailed Student’s z-test. Results shown are representative of
two independent experiments

dependent manner (Fig. 4c), whereas they did not affect this
signal pathway in vector-transfected HT1080 cells (Sup-
plementary Fig. 2d). To determine whether ALK inhibitors
impair the CSC-like properties of ALK“T-expressing
HT1080 cells, we examined the protein expression levels of
stem cell markers, including c-Myc, ABCG2, BMII1, and
OCT4, in HT1080 cells overexpressing ALK following
crizotinib or ceritinib treatment. Expression of these stem
cell markers was reduced in ALKATI-expressing HT1080
cells treated with crizotinib or ceritinib (Fig. 4d), even after

SPRINGER NATURE
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Fig. 4 Inhibitory effect of ALK inhibitors on HT1080 cells expressing
ALKAT! a The growth curves of HT1080 cells stably expressing
ALK™™ or vector based on the MTT assay; cells were cultured for
5 days post treatment with 1 uM of crizotinib or ceritinib or vehicle
(DMSO); n=5 wells per group. An asterisk refers to differences
between DMSO and crizotinib or ceritinib treatment. Data are shown
as mean = SD. ***¥*P < (.0001 by one-way ANOVA analysis followed
by Bonferroni post hoc test. b Representative images of colonies
formed by HT1080 cells stably expressing ALK*™" or vector. Cells
were cultured for 7-10 days post treatment with an IC,s concentration
of crizotinib or ceritinib; n =3 wells per group. ¢ Representative

the prolonged treatments (Fig. 4e). Meanwhile, similar
inhibitory effects showed on ALK*T-expressing U2197 and
SK-LMS-1 cells (Supplementary Fig. 2).

Moreover, to evaluate the therapeutic effect of ALK inhi-
bitor on ALK*Tinduced tumorigenesis in vivo, we trans-
planted HT1080 cells overexpressing ALK or vector into
BALB/c nude mice and then treated the mice with crizotinib.
Xenografts of HT1080 cells stably expressing ALK™ dis-
played faster growth rates and heavier weights than those of
HT1080 xenografts expressing empty vector (Fig. 5a, b).
Crizotinib treatment induced the regression of ALK*T-driven
HT1080 xenografts. Furthermore, the mRNA expression
levels of c-Myc, ABCG2, BMI1, OCT4, CD44, and SOX2 in

SPRINGER NATURE
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western blotting images of ALK*™ phosphorylation and downstream
AKT, mTOR, and ERK expression in ALK“M-expressing HT1080
cells treated with the indicated concentration of crizotinib or ceritinib
for 3h. d Representative western blotting for stem cell markers in
HT1080 cells stably expressing ALK™". Cells expressing ALK*™" were
treated with the indicated concentration of crizotinib or ceritinib for
24h. e Representative western blotting for stem cell markers in
HT1080 cells stably expressing ALK, Cells expressing ALKA™ were
treated with the indicated concentration of crizotinib or ceritinib for 48
and 72h. Results shown are representative of three independent
experiments

the ALK*™driven HT 1080 xenografts were higher than those
in vector-driven HT1080 xenografts. The expression of these
stem cell markers was significantly decreased after crizotinib
treatment (Fig. 5c). In addition, we detected the expression of
c-Myc in explanted xenografts by IHC and confirmed that c-
Myc labeling in the ALK*™-driven HT1080 cells xenografts
was stronger than the labeling in the vector-driven HT1080
xenografts. In addition, this labeling was significantly reduced
after crizotinib treatment (Fig. 5d).

To summarize, these findings suggest that ALK inhibi-
tors suppress ALKATl-driven tumorigenesis as well as the
expression of ALK“™.induced stem cell markers both
in vitro and in vivo.
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Fig. 5 Inhibitory effect of crizotinib on HT1080 xenografts expressing
ALK*™. The tumor growth curve (a) and weight (b) of nude mice
implanted with HT1080 cells stably expressing ALKAT or empty
vector were orally gavaged once a day with crizotinib (100 mg/kg
per day) or vehicle (1 x PBS, 200 uL per day) for 7 days; n =4 mice
per group. ¢ Real-time PCR detection of stem cell markers in HT1080
xenografts expressing ALKA™ or empty vector after crizotinib treat-
ment. All mice were killed four days after drug withdrawal and
xenografts were explanted and preserved for RNA extraction, reverse
transcription, and real-time PCR detection; n = 4 mice per group. Data
are shown as mean+SD. *P<0.05, **P<0.01, ***P<0.001 vs.

ALKA™ interacted with ¢-Myc and promoted the
binding of c-Myc to the ABCG2 promoter

Considering the data above, we speculated that stronger stem
cell-like properties induced by ALK*™ may due to the nuclear
expression of ALKATL 1t is possible that ALKA™ is trans-
ferred into the nucleus and interacts with transcription factors
such as c-Myc, ABCG2, or BMII. Each of these transcription
factors are also stem cell biomarkers and are highly expressed
in ALK*™.expressing HT1080 cells. As c-Myc has been
reported to be an important gene related to chemosensitivity
and radioresistance in sarcomas [26, 27], we then examined

Vector group; hash refers to differences between PBS and crizotinib
treatment, P < 0.05, ¥P < 0.01, ¥ P < 0.001 vs. ALKA™! group treated
with PBS by one-way ANOVA analysis followed by Bonferroni post
hoc test (a) or two-tailed Student’s t-test (b, ¢). Results shown are
representative of three independens experiments. d Immunohisto-
chemical staining for c-Myc in HT1080 xenografts expressing ALK
or empty vector after crizotinib treatment. Xenografts were explanted
and fixed overnight in 4% paraformaldehyde, washed, embedded in
paraffin, and sectioned for c-Myc immunohistochemical staining.
Magnification: x200; bar: 100 um

the possibility of an interaction between ALKA™ and c-Myc.
First, we detected the co-localization of ALKA™ and c-Myc in
ALK*™_expressing HT1080 cells and found that ALK was
co-expressed with c-Myc in the nuclei of HT1080 cells
(Fig. 6a). The co-localization of ALK*™ and c-Myc was then
confirmed by immunofluorescence in 293 T cells expressing
ALK*".Flag and c-Myc-HA plasmids (Fig. 6b). To investi-
gate whether ALK™ interacts with c-Myc, we performed co-
immunoprecipitation in 293 T cells expressing ALKATLF lag
and c-Myc-HA plasmids (or ALK™'-Flag and c-Myc-HA
plasmids as a control). There was a significant interaction
between ALK*™ and cMyc in ALK*M-expressing
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Fig. 6 The interaction between AL and c-Myc promoted the
binding of c-Myc to ABCG2 promoter. a Immunofluorescent staining
of ALK (red) and c-Myc (green) in HT1080 cells stably expressing
ALKA™ Nuclei were stained with DAPI (blue). Rabbit and mouse IgG
served as negative controls. Original magnification: x600. b Immu-
nofluorescent staining of ALKAT (red) and c-Myc (green) in
293 T cells transiently transfected with ALKA™ and c-Myc or ALKV
and c-Myc plasmids. Nuclei were stained with DAPI (blue). Rabbit
and mouse IgG served as negative controls. Original magnification:
x600. ¢ Detection of the interaction of ALKA™ with c-Myc via
immunoprecipitation with an anti-Flag antibody (left panel) or anti-c-
Myc antibody (right panel) in 293 T cells transiently transfected with

293 T cells (Fig. 6¢). The interaction between ALKA™ and c-
Myc was then confirmed via reverse co-immunoprecipitation
assays (Fig. 6c, right panel). We next investigated whether the
interaction between ALKA™ and c-Myc affects the stem cell-
related transcriptional regulation of c-Myc. We performed
Chromatin immunoprecipitation (ChIP) assays to examine the
interaction of c-Myc with the promoters of stem cell markers
in HT1080 cells overexpressing either ALKA™ or wild-type
ALK. As a result, we found that ALKA™ induced significantly
greater binding of c-Myc to the ABCG2 promoter (Fig. 6d).
Hence, these results suggest that ALK*™ is transferred into
the nucleus and interacts with c-Myc, promoting the binding
of c-Myc to the ABCG2 promoter and resulting in stronger
stem cell-like properties.

Discussion

ALK kinase activation through overexpression or translo-
cation correlates with advanced clinical stage and poor
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ALK*™ and ¢-Myc or ALK™T and c-Myc plasmids. Immunoprecipita-
tion with rabbit IgG served as a negative control. Representative
western blotting images are shown for ALK, c-Myc, and B-actin
protein expression. The input served as a positive control. d Binding of
c-Myc to the ABCG2 promoter was enhanced by ALK™. ChIP assays
were performed using an antibody against c-Myc in HT1080 cells
stably expressing ALK*™ or ALKVT and real-time PCR was used to
quantify the levels of amplified DNA. Rabbit IgG served as a negative
control; Data are shown as mean + SD. *P < 0.05 and **P <0.01 using
two-tailed Student’s #-test. Results shown are representative of three
independent experiments

prognosis in several tumor types [28, 29]. Sporadic cases
show that STS patients carrying ALK fusion genes such as
RANBP2-ALK or TPM3-ALK benefit from treatment with
ALK inhibitors [16, 18]. We also found that ALK*™ occurs
frequently in multiple types of sarcomas and its expression
was associated with advanced tumor grade and a sig-
nificantly lower probability of PFS, suggesting that the new
ALK transcript may be a novel prognostic predictor for STS
patients and thus worth further investigation.

ALK*™ was first identified by RNA sequencing [21].
Here, we used a real-time PCR assay with specific probe
and primers to detect ALK*™ expression and found that
ALK*™ mRNA expressed higher (31.58%) in multiple types
of STS as compared with melanomas (~11%) [21], which
may partly due to the sensitivity and specificity of the
detection method. Moreover, we confirmed that ALKAT!
expressed both in the nucleus and cytoplasm in vitro, which
was consistent with a previous report [21]. Although the
occurrence rate of ALK*™ in STS should be confirmed in a
larger sarcoma cohort using a more sensitive and specific
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method, our findings indicate that ALK*™ is present in and
may play an important role in the development of STS.

ALK kinase activation usually stimulates multiple
oncogenic signaling pathways, resulting in the growth and
survival of tumor cells [9]. However, compared with wild-
type ALK and NPM- ALK, ALK*™ not only contributes to
tumor cell growth and proliferation but also promotes CSC-
like properties in sarcoma cells. CSCs are considered to be
responsible for recurrence, metastasis, and resistance to
chemotherapy and radiotherapy in some cancers [30-33].
CSCs are proposed to originate from a transformed stem
cell or committed cell with genetic alterations that provide
unlimited proliferation [23, 24, 34]. In fact, some genetic
variations that might result in malignant cell proliferation
have been identified in various types of tumors, including
STS [35, 36]. The links between ALK aberrations and CSC
biology have not yet been reported. Here, we provide the
first evidence that ALK*™ promotes CSC-like properties in
sarcoma cell lines by enhancing sphere formation and
upregulating the expression of stem cell markers (including
c-Myc, ABCG2, BMII, and CD44), which also induced
chemoresistance and radioresistance. Furthermore, cells
dissociated from the ALK“™-expressing sarcoma sphere
primary cells were shown to be capable of repeatedly
forming spheres. The capacity for subcultured sphere for-
mation has been demonstrated in a population of CD1337"
HT1080 cells [37]. Taken together, our results suggest that
ALK™ might play a significant role in carcinogenesis by
enhancing CSC-like properties.

Crizotinib can inhibit ALK*™-induced proliferation and
tumorigenesis [21]. Here, we demonstrated that ALK inhibi-
tors not only suppressed the proliferation and tumorigenesis
of ALK*™ expressing sarcoma cells but also declined the
phosphorylation of ALKA™ and the downstream effectors.
Furthermore, we exhibited that ALK inhibitors down-
regulated the expression of stem cell markers such as c-Myc,
ABCG2, BMI1, and CD44 both in vitro and in vivo. The
AKT/mTOR signaling pathway could modulate the expres-
sion of stem cell markers [38, 39] and the suppression of stem
cell markers expression by ALK inhibitors may decline its
downstream pathway activation. In addition, it has been
reported that the identified ALK translocations and the
mutation can induce the overexpression of ALK protein and
the activation of downstream PI3K/AKT, MAPK, and
STATS3/5 signaling pathways, resulting in a malignant phe-
notype and the proliferation and survival of tumor cells [9].
Our studies demonstrated the different downstream pathway
that ALK*™" activated.

The transcription factor c-Myc is a key regulator involved
in sustaining CSC properties [40-42]. There is evidence that
c-Myc maintains transformed phenotypes and induces radio-
resistance by suppressing radiation-induced apoptosis and
DNA damage, promoting radiation-induced DNA repair in

embryonal rhabdomyosarcoma cell lines [27]. c-Myc can also
induce chemoresistance through transcriptional regulation of
ABC transporter family genes, especially ABCG?2 [43, 44]. In
this study, we found that ALKA™ was co-expressed with c-
Myc in HT1080 cells; ALKA™ interacted with c-Myc and
promoted the binding of c-Myc to the ABCG2 promoter.
Combined with the findings that ALK*™-expressing HT1080
cells possess stronger radioresistant and chemoresistant abil-
ities than controls and that overexpression of ALK*™ resulted
in the upregulation of c-Myc and ABCG?2, it is easy to deduce
that the CSC-like properties induced by ALK*™ might result
from the interaction of ALKA™ and c-Myc and the following
downstream transcriptional events. Other mechanisms of
induction of CSC-like properties by ALK*™ require further
investigation.

In summary, we demonstrated that the new ALK transcript
ALK*™ occurs frequently in STS and ALK™ expression is
associated with a poor prognosis. Furthermore, we provided
the first evidence that ALK™™ promotes CSC-like properties
in sarcoma cells, at least in part via interactions with c-Myc
that promotes the binding of c-Myc to the ABCG2 promoter.
These findings implicate ALK*™ as a potential prognostic
biomarker and therapeutic target for STS.

Materials and methods
Patients and specimens

All clinical samples were collected from Sun Yat-sen Uni-
versity Cancer Center, Guangzhou, China. A total of
38 sarcoma biopsy specimens were collected between
August 2012 and January 2016 for real-time PCR assays.
Clinical follow-up was available for these cases. A total of
142 paraffin-embedded sarcoma specimens were collected
for IHC analyses between 2000 and January 2010.

Antibodies

Primary antibodies against Flag (#F1804, Sigma-Aldrich,
USA), HA (#sc-805, Santa Cruz Biotechnology, USA),
Myc #OP10, Millipore, USA), p-actin (#66009-1-1g,
Proteintech Group Inc., USA), phospho-ALK-Tyr1604
(#3341, Cell Signaling, USA), phospho-AKT1-Ser473
(#4060, Cell Signaling, USA), phospho-ERK1/2 -Thr202/
Tyr204 (#4376, Cell Signaling, USA); phospho-mTOR-
Ser2448 (#5536 s, Cell Signaling, USA), ALK (#3633, Cell
Signaling, USA), AKT (#KC-5A01, Kangcheng Biotech.,
China), ERK1/2 (#KC-5E01, Kangcheng Biotech., China),
mTOR (#2983 s, Cell Signaling, USA), ABCG2 (#ab3380,
Abcam, UK), OCT4 (#2750 s, Cell Signaling, USA), c-Myc
(#9402 s, Cell Signaling, USA; #ab32072, Abcam, UK),
BMI1 (#2933, Cell Signaling, USA), and normal mouse/
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rabbit IgG (R&D Systems, USA) were obtained accord-
ingly. Secondary antibodies include HRP-conjugated goat-
anti-mouse/rabbit antibodies (Fisher Scientific, USA) and
fluorescein-conjugated goat-anti-mouse/rabbit antibodies
(Molecular Probes, USA).

Cell culture

The human fibrosarcoma cell line (HT1080), human
undifferentiated pleomorphic sarcoma cell line (U2197),
and human leiomyosarcoma cell line (SK-LMS-1), as well
as 293 T cells were cultured using DMEM (Gibco, USA)
supplemented with 10% fetal bovine serum (FBS) (Gibco,
USA) in a humidified incubator containing 5% CO2 at
37 °C. Cell line authentication was performed (Microread
Co., Beijing, China) and tested for mycoplasma
contamination.

Plasmids construction

ALK was amplified from STS tissue cDNA as descried
previously [21], and then subcloned into a pBabe-puro
vector (Invitrogen, USA) by ClonExpress II One Step
Cloning Kit (#C112-02, Vazyme, China). The full-length
ALK (ALK™T) and NPM-ALK plasmids were kindly pro-
vided by Dr Deng Xianming. Plasmids were subcloned into
pBabe-puro vectors and confirmed by direct sequencing.
For co-immunoprecipitation, ALK*"-Flag and ALK "-Flag
were subcloned into a pcDNA3.1 (4) vector (Invitrogen,
USA). C-Myc-HA was amplified from HT1080 cDNA and
then also subcloned into a pcDNA3.1(4) vector
(Invitrogen, USA).

Establishment of stable cell lines

Retrovirus was produced in 293 T cells according to the
manufacturer’s instructions. The virus-containing super-
natant was harvested 48 h after transfection and used for
transduction in the presence of polybrene (8 mg/ml,
Sigma-Aldrich, USA). HT1080, U2197, and SK-LMS-1
cells expressing ALKA™, ALKVT, NPM-ALK, or empty
vector were selected with puromycin (Sigma-Aldrich,
USA) for 7-10 days after infection with retrovirus for
48 h. After selection, the generation of ALKATT ALKW™T,
NPM-ALK, and empty vector-expressing stable cell lines
was verified, and the resulting cells were cultured in fresh
medium.

Quantitative real-time PCR analysis
Total RNA was extracted from sarcoma biopsy specimens

and various cell lines using TRIZOL reagent (Sigma-
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Aldrich, USA). First-strand cDNA was synthesized from
1 ug of total RNA using Superscript III Reverse Tran-
scriptase (Invitrogen, USA). The presence of ALK™ in
sarcoma biopsies was detected using a Tagman Gene
Expression Assay (Applied Biosystems, USA) on an LC480
Real-Time PCR system (Roche, Switzerland). The ampli-
fication of ALK™™ was further confirmed by direct
sequencing. The following sequence-specific probe and two
primers constructed for ALK intron 19 and exons 20-29
were used:

ALK*M_probe: 5'-FAM-CATGTTGCAGCTGACCA-3'-
MGB

ALK*"forward: 5'-GAGATCCAGGGAGGCTTCCT-3’

ALK*M.reverse:  5-GCCCAGACCCCGAATGAG-3'
ALK*™ quantifications were performed simultaneously with
PCR amplified standards using tenfold serial dilutions of the
ALK*™ plasmid and no-template controls.

Regarding the detection of stem cell markers, real-time
PCR was performed with iQTM SYBR Green Supermix
(Bio-Rad, USA) according to the manufacturer’s instruc-
tions. The primers of stem cell markers are listed in Sup-
plementary Table 2. Expression data were normalized to the
geometric mean of the housekeeping gene f-actin and cal-
culated as 2~ A“cT,

Sphere formation assay

Three hundred stably transduced sarcoma cells were cul-
tured in FBS-free DMEM/F12 medium (Invitrogen, USA)
supplemented with B-27 (1 mL/50 mL of medium, Invitro-
gen, USA), human recombinant EGF (20 ng/mL, Invitro-
gen, USA), and bFGF (20 ng/mL, Invitrogen, USA) on
ultra-low attachment 24-well plates for 14 days; the media
were changed every 3 days. The capacity for subcultured
sphere formation was also investigated by repeated dis-
sociation using 0.02% EDTA followed by subculture in the
same conditions on ultra-low attachment 24-well plates.
Sphere formation cells were then collected and used for
real-time PCR assays.

IHC assay

IHC was performed on archival formalin-fixed paraffin-
embedded tumor specimens with the anti-ALK or anti-c-
Myc (#ab32072, Abcam, UK) antibodies using a Dako
REAL™ EnVision™ Detection System according to the
manufacturer’s instructions (Agilent, Denmark). Images
were observed under x200 and x400 magnifications using a
motorized microscope (Olympus Inc., Japan). Semi-
quantitative analysis was used to score the staining inten-
sity as follows: 0, negative staining; 1+, weak staining; 2+,
moderate staining; and 34-, strong staining.
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Immunofluorescence staining

Stable HT'1080 cell lines were grown on coverslips (Costar,
Cambridge, MA) in 24-well plates and cultured for 24 h to
allow the cells to reach confluence. The cells were then
fixed with 4% paraformaldehyde (PFA) in 1 x PBS (pH 7.4)
at room temperature for 15 min and blocked for 1 h with 3%
BSA and 0.1% Triton X-100 in 1 x PBS at room tempera-
ture. After blocking, cells were incubated with a primary
ALK mAb (Cell Signaling Technology, 1:200 dilution)
overnight at 4 °C. To assess the co-localization of ALK with
c-Myc, the cells were incubated with a primary rabbit anti-
ALK mAb and a primary mouse anti-Myc mAb (#OP10,
Millipore, USA, 1:100 dilution) overnight at 4 °C. Subse-
quently, cells were incubated with the indicated fluorescein-
conjugated secondary antibodies (Invitrogen, 1:1000 dilu-
tion) at 37 °C for 1 h. Then, slides were mounted in DAPI
for nuclear staining, and fluorescence images were obtained
using a confocal laser-scanning microscope in the sequen-
tial scan mode (FV-100, Olympus Inc., Japan).

Co-immunoprecipitation

ALK*"Flag, ALKV -Flag, and c-Myc-HA plasmids were
transiently transfected into 293 T cells using Lipofectamine
3000 transfection reagent (Invitrogen, USA). After 24 h,
cells were collected and resuspended in IP buffer (Beyotime
Institute Biotech, China) and lysed by ultrasonication on
ice. After incubation and centrifugation, 100 pLL supernatant
was used as input and 500 L. was used for immunopreci-
pitation using the following antibodies: 30 uL of ANTI-
FLAG® M2 Affinity Agarose Gel (Sigma-Aldrich, USA),
anti-c-Myc antibody (#9402 s, Cell Signaling, USA), and
normal rabbit IgG control. We used 30 uL of Pierce™
protein A/G Agarose (Thermo Scientific, USA) for immu-
noprecipitation. The immunoprecipitated material was
eluted in 4 x SDS loading buffer for immunoblotting.

Western blotting

ALK expressing or pBabe empty vector-carrying stable
sarcoma cells were seeded in 12-well plates and treated with
various concentrations of crizotinib (Sigma-Aldrich, USA)
or ceritinib (Selleck, USA) for 3 h (to determine the phos-
phorylation levels of both ALK and its downstream effec-
tors) and for 24 h, 48 h or 72 h (to detect the expression of
stem cell markers). Total protein was harvested, separated
by SDS-PAGE, and electrophoretically transferred to PVDF
membranes (Pall, Port Washington, NY, USA). The mem-
branes were blocked in 5% nonfat dry milk as necessary,
followed by incubation with the corresponding primary
antibodies at 4 °C overnight. After washing with TBST (1 x
TBS +0.1% Tween-20), the membranes were incubated

with HRP-conjugated secondary antibodies for 45 min at
room temperature. After three washes, immunoblots were
visualized via enhanced chemiluminescence (Amersham,
UK). B-actin was used as a protein loading control.

MTT assay

Cells were seeded in 96-well plates at 1000 cells/well and
incubated overnight. Each sample was examined in at least
five replicates. Cells were incubated with 0.2% MTT
(5 mg/mL) for 4h at 37 °C. Then, 100 uL. of DMSO was
added to each well to dissolve the crystals and cells were
counted every day by measuring absorbance at 490 nm. For
the half-maximal inhibitory concentration (ICsy) value
determination, cells were treated on day 2 with various
concentrations of crizotinib or ceritinib for 48 h. The ICs,
was calculated based on a survival curve.

Colony formation assay

To investigate the growth, cells were seeded in six-well
plates at 200 cells/well and incubated in the media which
was replaced every 2-3 days. And for the drug effects, cells
were seeded in six-well plates at 1000 cells/well and incu-
bated overnight, then treated with an IC,5-IC5y concentra-
tion of crizotinib or ceritinib. Two days after chemical
treatment, the media were replaced with fresh media. Seven
to ten days later, the cells were fixed with methanol for
10 min and stained with 0.5% crystal violet for 15 min.
Triplicate wells were set up for each condition.

In vivo tumorigenicity and drug studies

Specific pathogen-free (SPF), 4-6-week-old, female BALB/c
nude mice (n = 16) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China)
and maintained in an SPF facility. Mice were given a sub-
cutaneous injection of 200 uL of a viable cell suspension
mixture (1 x 10° cells) containing 75% cell suspension and
25% Matrigel (Corning, USA). When the tumors reached an
average size of 100-150 mm3, mice were randomized into
vehicle or treatment groups (four mice per group). Mice were
orally gavaged once a day with crizotinib (100 mg/kg
per day) or vehicle (PBS, 200 uL per day) for 7 days (days
8—14). Tumor dimensions were measured with calipers every
2 days, without blinding, and volumes were calculated using
the following formula: tumor volume = (D x d2)/2, where D
and d refer to the long and short tumor diameter, respectively.
All mice were killed 4 days after drug withdrawal and tumors
were explanted and weighed. Tumors were then either pre-
served for RNA extraction or fixed for IHC. Mouse experi-
ments were performed once. All animal studies were
approved by the Institutional Research Medical Ethics
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Committee of Sun Yat-Sen University Cancer Center. Ethical
approval was given by the Institutional Research Medical
Ethics Committee of Sun Yat-Sen University Cancer Center.

ChIP assay

ChIP assays were performed using a Pierce Magnetic ChIP
kit (Thermo Scientific, USA) according to the manu-
facturer’s instructions. Briefly, cells were cross-linked with
1% formaldehyde and then harvested for cell lysis and
MNase digestion. Equal amounts of an anti-c-Myc antibody
(#9402 s, Cell Signaling, USA) and normal rabbit IgG were
added, and the mixture was rotated overnight at 4 °C.
Subsequently, Protein A/G magnetic beads were added, and
the mixture was rotated for 2h at 4 °C. After washing the
beads, the precipitated immunocomplexes were eluted, and
DNA was recovered using the DNA Clean-Up Column
provided with the kit. Purified DNA was employed for real-
time PCR. The primers used for qPCR in the ChIP assay
were as follows:

ABCG?2-Promoter-forward:
5'-AGGCGGGAGTGTTTGGCTTGT-3’

ABCG2-Promoter-reverse:
5'-CCTGCGACCCGGCTGAAA-3’

ABCG2-NC-Promoter-forward:
5-TAAATGCCAGTATCCCACTCAG-3’

ABCG2-NC-Promoter-reverse:
5'-CATCATCATAGGAAAGCGAAGC-3’

The site of c-Myc binding to the ABCG2 promoter was
predicted using the QIAGEN website (Available online:
http://saweb2.sabiosciences.com/chipgpcrsearch.php?app
= gene). Primers designed ~8000 bp upstream of the pre-
dicted ABCG?2 promoter site were used for the NC.

Statistical analysis

All of the statistical analyses were performed using SPSS
standard version 16.0 (SPSS Inc., Chicago, USA) and
GraphPad Prism version 5.0 (GraphPad Software, San
Diego, CA, USA). One-way analysis of variance (ANOVA)
was used to compare differences between groups. A two-
tailed Student’s r-test was used when only two testing
groups were analyzed. The associations between ALK™™
mRNA expression and specific clinical characteristics were
analyzed by Pearson’s chi-squared test or Fisher’s exact
test. Disease-specific survival analysis was performed by
Kaplan—Meier and Log-rank test. All data have been tested
for normal distribution and equal variance. P-values <0.05
were considered statistically significant.
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