








SOX1 inhibits lung cancer angiogenesis

Figure 2. Representative immunohistochemical staining of SOX1 and CD34 in NSCLC. Correlation of SOX1 levels
with MVD was determined by quantifying CD34-positive microvessels in NSCLC sections. Scale bar = 100 ym. Mag-

nification, x 100 by light microscopy.

Table 1. SOX1 downregulated genes in A-1 cells identified by

microarray

Clinical evidence of SOX1 involve-
ment in tumor angiogenesis of

Symbol Gene name

WISP2  WNT1 inducible signaling pathway protein 2

CARS Cysteinyl-tRNA synthetase

TM4SF1 Transmembrane 4 L six family member 1
IGFBP1 Insulin like growth factor binding protein 1
STC2 Stanniocalcin 2

CLDN1 Claudin 1

Fold change NSCLC
0.532 To evaluate the involvement of
0.432 SOX1 in tumor angiogenesis of
0.478 NSCLC, clinically, immunohistoch-
0.09 emical staining for CD34 was used
0.545 in 30 human NSCLC tissue sam-
0.765 ples, calculating the number of

cells developed palpable tumors. There were
no significant differences between A-1/S0X1
and A-1/Vector cells in cell proliferation rate, as
A-1/SOX1 cells showed no growth advantage
over A-1/Vector cells. However, it was found
that ectopic expression of SOX1 inhibited tu-
mor blood vessel formation, as indicated by
reduced CD34 staining compared with tumors
established by A-1/Vector cells (Figure 1A).
These results suggest that overexpression of
SOX1 in NSCLC inhibits tumor cell angioge-
nesis. To further determine the role of SOX1
in NSCLC tumor cell angiogenesis, condition
medium of A-1/SOX1 and A-1/Vector cells was
collected and tube formation assays were per-
formed. As a result, the culture medium of
A-1/SOX1 cells significantly inhibited capillary
tube formation of HUVECs (Figure 1B).
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CD34-positive microvessels in the

tumor area. Correlation between
SOX1 levels and MVD was analyzed. Immuno-
histochemical staining showed that mean MVD
was inversely associated with SOX1 levels
(Figure 2). These results imply that SOX1 was
involved in tumor angiogenesis of NSCLC.

Identification of SOX1 target genes in NSCLC
cells

To investigate mechanisms by which SOX1
overexpression inhibits angiogenesis, A-1/
SOX1 and A-1/Vector cells were compared
using Affymetrix gene chips. In total, 171 differ-
ent genes were significantly upregulated (>
2-fold increase, p < 0.05) and 86 were signifi-
cantly downregulated (< -2 fold decrease, p <
0.05). A survey of the current literature indi-
cated that many of the downregulated genes
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Figure 3. SOX1 directly represses the transcription of IGFBP1. A. IGFBP1 mRNA levels were examined after SOX1
overexpression in A-1 and A549. B. Luciferase assay was carried out to assess the effects of increasing amount of
SOX1 on the luciferase activity of pGL3-IGFBP1 plasmid in 293T cells (*p < 0.05). C. IGFBP1 elevates metastatic
potential of NSCLC cells in vivo by counteracting the function of SOX1. Representative gross view of the lungs with
metastatic nodules of different groups (left). The amount of the pulmonary metastatic lesions was counted in indi-
vidual group (right). D. X-ray and IHC images of bone lesions invaded by NSCLC cells from a representative mouse
in each group. Arrows indicate osteolytic bone lesions in x-ray.

have been linked to cancer (Table 1). Compar-
ed with A-1/Vector cells, genes for WNT1 in-
ducible signaling pathway protein 2 (WISP2),
cysteinyl-tRNA synthetase (CARS), transmem-
brane 4 L six family member 1 (TM4SF1), insu-
lin like growth factor binding protein 1 (IGFBP1),
stanniocalcin 2 (STC2), and claudin 1 (CLDN21)
were downregulated in A-1/SOX1 cells. Based
on biological function and involvement in can-
cer angiogenesis, three proteins having the
highest scores (TM4SF1, IGFBP1, and STC2)
were selected for further investigation [14-16].
The results of this microarray were validated
by measuring mRNA levels of selected genes
using qRT-PCR to confirm that SOX1 decreas-
es expression of selected genes. Respective
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MRNA expression of TM4SF1, IGFBP1, and
STC2 in A-1/Vector cells was 0.47, 0.10, and
0.78 times that in A-1/SOX1 cells.

SOX1 activates IGFBP1 promoter and decreas-
es IGFBP1 transcription

The most highly downregulated gene, IGFBP1
(insulin like growth factor binding protein-1),
was decreased-10-fold by SOX1 in the microar-
ray. qRT-PCR confirmed that SOX1 decreased
IGFBP1 mRNA in A-1 and A549 cells (Figure
3A). To further confirm that downregulation of
IGFBP1 by SOX1 occurred at the transcription
level, this study cloned the 2.0-kb region
upstream of IGFBP1 gene into the luciferase
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Figure 4. SOX1 inhibits angiogenesis via IGFBP1/MIF pathways in NSCLC. A. Capillary tube formation assays of
HUVECs with the culture medium of the A549/S0X1 and A549/S0OX1 + IGFBP1 cells. IGFBP1 overexpression coun-
teracts SOX1-inhibited angiogenesis in A549 cells (*p < 0.05). B. rhIGFBP1 simulation antagonized the effects on
the abilities of capillary tube formation of HUVECs induced by SOX1 upregulation in A-1/SOX1 and A549/S0X1 cells
(*p < 0.05). C. Cells were left untreated or treated with rhIGFBP1 for 12 hours and lysates applied to antibody array.
Upregulated proteins were highlighted. Representative images from the two independent experiments are shown.
D. Protein levels of MIF in the supernatant of A-1 and A549 cells were measured by ELISA. All results are from three
independent experiments (*p < 0.05). E. MIF antibody antagonized the effects on the abilities of capillary tube
formation of HUVECs induced by IGFBP1 simulation in A-1 and A549 cells (*p < 0.05).

reporter vector pGL3, testing the effects of
SOX1 on this promoter’s activity by luciferase
assay. As shown in Figure 3B, SOX1 substan-
tially repressed the promoter activity of IGFBP1
gene. The function of IGFBP1 in lung cancer
remains largely unknown. To further test com-
bined biologic effects of SOX1 and IGFBP1,
A549/S0X1 + IGFBP1 cells stably overexpress-
ing IGFBP1 were established using A549/S0X1
cells. Retrovirus particles, containing either IG-
FBP1 or empty vector, were produced in 293T
producer cells. A549 cells were transduced
with supernatants and selected with puromycin
for 10 days. A549/SOX1 + IGFBP1 cells were
established by collecting puromycin-resistant
cells and confirmed by RT-PCR. Because SOX1
inhibits cell invasion but has no effect on cell
proliferation, the invasion ability of IGFBP1 was
directly tested, in vivo. To investigate the com-
prehensive function of SOX1 and IGFBP1, in
vivo, A549 cells of different groups were in-
jected intravenously into nude mice (five to six
mice each group) via tail veins. All mice were
euthanized for gross inspection and pathology
inspection 10 weeks afterwards. Diagnoses
of metastatic nodules were confirmed by H&E
staining. In this model, overexpression of IGF-
BP1 counteracted the metastasis-inhibiting
effects of SOX1 (Figure 3C). Notably, higher
incidence of bone metastasis was observed in
IGFBP1 overexpressing group compared to
control group, determined by x-ray and histo-
logical analysis. It was found that bone metas-
tasis occurred in A549/S0OX1 + IGFBP1 cell-
injected mice but not in A549/S0X1 cell-inject-
ed mice, by x-ray (3/6 vs 0/6, Figure 3D). This
result indicates that IGFBP1 also plays an
important role in the process of bone coloniza-
tion during the secondary spread of human
NSCLC cells, in vivo.

SOX1 inhibits angiogenesis via IGFBP1/MIF
pathways in NSCLC

The above data indicates an important role of
SOX1 in tumor angiogenesis of NSCLC, in vitro

9329

and in vivo, prompting this present study to
investigate underlying molecular mechanisms.
To further determine the roles of SOX1 and
IGFBP1 in NSCLC tumor cell angiogenesis, the
condition medium of A549/S0OX1 and A549/
SOX1 + IGFBP1 cells were collected and tube
formation assays were performed. As a result,
the culture medium of A549/S0X1 + IGFBP1
cells significantly promoted capillary tube for-
mation of HUVECs (Figure 4A). It has been
reported that IGFBP1 is a key mediator of
MCSF (macrophage colony-stimulating factor)-
induced angiogenesis. Therefore, whether over-
expressed IGFBP1 contributes to tumor angio-
genesis in NSCLC was investigated. To prove
the hypothesis, experiments were carried out
using supernatant from A-1/SOX1 and A549/
SOX1 cells with IGFBP1 (250 ng/mL). This stu-
dy found that inhibition of angiogenesis by
SOX1 was reversed by subsequent treatment
with IGFBP1 (Figure 4B). Many tumor-derived
soluble factors are involved in the complex
regulation of tumor angiogenesis. To deter-
mine which soluble factors mediated IGFBP1-
induced tumor angiogenesis, secreted factors
affected by IGFBP1 were analyzed using anti-
body arrays (R&D System, #ARYOO5B). A549
cells were cultured, with or without rhIGFBP1,
for 48 hours before collecting the cell culture
supernatant for antibody array analyses. As
shown in Figure 4A, increased levels of MIF
were detected in culture supernatant of A-1
cells treated with IGFBP1 compared with the
addition of PBS negative control (Figure 4C).
To confirm these findings, protein levels of MIF
in supernatant were tested using enzyme-
linked immunosorbent assay. It was found that
protein levels of MIF in supernatant of A-1 and
A549 cells were induced by the addition of
rhIGFBP1 (Figure 4D). This study compared the
angiogenesis ability of supernatant derived
from rhlGFBP1-stimulated NSCLC cells, with
or without pretreatment with MIF antibodies.
Adding an MIF anti-body substantially inhibited
the ability of supernatant, from NSCLC cells
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treated with rhIGFBP1, to induce tube forma-
tion compared with the addition of IgG control
antibodies (Figure 4E).

Discussion

Formation of new blood vessels is crucial for
solid tumor growth and metastasis. Higher
tumor microvessel density is associated with
shorter survival in patients with lung cancer.
Tumor cells actively release pro-angiogenic fac-
tors, such as vascular endothelial growth fac-
tor, to promote endothelial cell proliferation,
survival, and migration for formation of new
blood vessels. Lung cancer is the leading cause
of cancer mortality worldwide. It accounts for
over a million deaths, annually, and still has
poor prognosis. In previous work, it was found
that SOX1 silencing enhanced the cisplatin-
mediated autophagy in NSCLC and promoter
methylation of SOX1 was induced by long-term
cisplatin treatment.

This present study found that ectopic expres-
sion of SOX1 could inhibit angiogenesis in both
in vitro and in vivo conditions. Downregulated
levels of SOX1 expression were inversely asso-
ciated with MVD. It was found that overexpres-
sion of SOX1 in lung cancer cells inhibited
expression of several genes, including CARS,
TM4SF1, IGFBP1, CLDN1, STC2, and PDIA1,
exhibiting mitogenic and pro-angiogenic activi-
ties. In addition, qRT-PCR analysis was per-
formed with results showing that endogenous
expression levels of CARS, TM4SF1, IGFBP1,
CLDN1, STC2, and PDIAL in A-1/SOX1 cells
were all significantly reduced at the mRNA
level. Among them, IGFBP1 was the most highly
downregulated gene. IGFBP1 has been identi-
fied as a novel mediator of angiogenesis. Thus,
IGFBP1 should be selected as a candidate tar-
get for further analyses.

To confirm IGFBP1 being targeted by SOX1,
luciferase reporter containing the 2.0-kb region
upstream of IGFBP1 gene was constructed.
Luciferase activity assay showed that expres-
sion of the IGFBP1 reporter was significantly
reduced by co-transfection with SOX1-overex-
pressing plasmid. It was also found that IGF-
BP1 upregulation counteracted SOX1-inhibited
metastasis in vivo. Next, whether overexpre-
ssed IGFBP1 contributes to tumor angiogene-
sis in NSCLC was investigated. Agreeing with
previous findings showing that IGFBP1 is a
potent pro-angiogenic factor, this study showed
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that inhibition of angiogenesis by SOX1 was
reversed by subsequent treatment with IGF-
BP1. To determine which soluble factors me-
diated IGFBP1-induced tumor angiogenesis,
secreted factors affected by IGFBP1 were
examined using antibody arrays. rhiIGFBP1
transfection caused an increase in MIF levels
in culture media of NSCLC cells. MIF has been
identified as a target of IGFBP1. Secreted
IGFBP1 not only promotes endothelial tube
formation, in a paracrine manner, but also acts
as an autocrine growth factor to increase
expression of MIF. Kamimura et al. first show-
ed that MIF expression in primary lung adeno-
carcinoma was related to patient prognosis
[17]. Patients with hepatocellular carcinoma
(HCC), having high expression levels of MIF, had
a poor prognosis and MIF became an inde-
pendent predictor of DFS. MIF is a proinflam-
matory cytokine shown to promote angiogene-
sis in several cancers, including bladder can-
cer, breast cancer, CRC, prostate cancer, and
HCC [18-21]. It has been reported that exoge-
nous MIF stimulates both VEGF and IL-8 ex-
pression in neuroblastoma cell lines, in a
dose-dependent manner, and MIF-induced in-
creases in these promoters of angiogenesis
could be abrogated by the addition of a MIF
monoclonal antibody [22]. Results of the pres-
ent study showed that IGFBP1-induced MIF
contributed to IGFBPZ1-induced angiogenesis
in NSCLC. These findings agree with previous
studies showing that MIF acts as a pro-angio-
genic factor in NSCLC cells.

Taken together, these findings suggest that
overexpression of SOX1 inhibits angiogenesis
by direct regulation of IGFBP1/MIF pathways in
NSCLC. The present data offers promising evi-
dence that IGFBP1 may function as a pro-
angiogenic factor in human NSCLC by promot-
ing tumor angiogenesis via regulating MIF.
Considering that anti-angiogenesis therapy is
an important strategy of cancer treatment,
SOX1 might be a novel therapeutic target for
NSCLC.

Acknowledgements
This research was supported by the National

Natural Science Foundation of China (Grant No.
81501991).

Disclosure of conflict of interest

None.

Int J Clin Exp Med 2018;11(9):9323-9332



SOX1 inhibits lung cancer angiogenesis

Address correspondence to: Jiansheng Li, The
Collaborative Innovation Center for Respiratory
Diseases Diagnostics, Treatment and New Drug
Research and Development, Zhengzhou, Henan
Province, China; Henan Key Laboratory of Chinese
Medicine for Respiratory Disease, Henan University
of Chinese Medicine, Zhengzhou, Henan Province,
China. Tel: +86-371-66297032; E-mail: lijiansh-
engtcm@163.com

References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

Lesage J, Suarez-Carmona M, Neyrinck-Leglan-
tier D, Grelet S, Blacher S, Hunziker W, Birem-
baut P, Noél A, Nawrocki-Raby B, Gilles C,
Polette M. Zonula occludens-1/NF-kappaB/
CXCL8: a new regulatory axis for tumor angio-
genesis. FASEB J 2017; 31:1 678-1688.

Li BT, Barnes TA, Chan DL, Naidoo J, Lee A,
Khasraw M, Marx GM, Kris MG, Clarke SJ, Dril-
on A, Rudin CM, Pavlakis N. The addition of
anti-angiogenic tyrosine kinase inhibitors to
chemotherapy for patients with advanced non-
small-cell lung cancers: a meta-analysis of ran-
domized trials. Lung Cancer 2016; 102: 21-27.
Zhang L, Liu Z, Yang K, Kong C, Liu C, Chen H,
Huang J, Qian F. Tumor progression of non-
small cell lung cancer controlled by albumin
and micellar nanoparticles of itraconazole, a
multitarget angiogenesis inhibitor. Mol Pharm
2017; 14: 4705-4713.

Bennouna J, Falchero L, Schott R, Bonnetain F,
Coudert M, Ben Hadj Yahia B, Chouaid C. Beva-
cizumab in combination with platinum-based
chemotherapy in patients with advanced non-
squamous non-small cell lung cancer with or
without brain metastases: A French Cohort
Study (EOLE). Oncology 2018; 94: 55-64.
Choudhary S, Hegde P, Pruitt JR, Sielecki TM,
Choudhary D, Scarpato K, Degraff DJ, Pilbeam
CC, Taylor JA 3rd. Macrophage migratory inhib-
itory factor promotes bladder cancer progres-
sion via increasing proliferation and angiogen-
esis. Carcinogenesis 2013; 34: 2891-9.
Hagemann T, Robinson SC, Thompson RG,
Charles K, Kulbe H, Balkwill FR. Ovarian can-
cer cell-derived migration inhibitory factor
enhances tumor growth, progression, and an-
giogenesis. Mol Cancer Ther 2007; 6: 1993-
2002.

Kim JC, Ha YJ, Tak KH, Roh SA, Kim CW, Kim
TW, Kim SK, Kim SY, Cho DH, Kim YS. Complex
behavior of ALDH1A1 and IGFBP1 in liver me-
tastasis from a colorectal cancer. PLoS One
2016; 11: e0155160.

Nijaguna MB, Patil V, Urbach S, Shwetha SD,
Sravani K, Hegde AS, Chandramouli BA,
Arivazhagan A, Marin P, Santosh V, Somasun-

9331

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

daram K. Glioblastoma-derived macrophage
colony-stimulating factor (MCSF) induces mi-
croglial release of insulin-like growth factor-
binding protein 1 (IGFBP1) to promote angio-
genesis. J Biol Chem 2015; 290: 23401-15.
ChenY, Cui Z, Xiao Z, Hu M, Jiang C, Lin Y, Chen
Y. PAX1 and SOX1 methylation as an initial
screening method for cervical cancer: a meta-
analysis of individual studies in Asians. Ann
Transl Med 2016; 4: 365.

Song L, Liu D, He J, Wang X, Dai Z, Zhao Y,
Kang H, Wang B. SOX1 inhibits breast cancer
cell growth and invasion through suppressing
the Wnt/beta-catenin signaling pathway. AP-
MIS 2016; 124: 547-55.

Tsao CM, Yan MD, Shih YL, Yu PN, Kuo CC, Lin
WG, Li HJ, Lin YW. SOX1 functions as a tumor
suppressor by antagonizing the WNT/beta-
catenin signaling pathway in hepatocellular
carcinoma. Hepatology 2012; 56: 2277-87.

Li N, Li X, Li S, Zhou S, Zhou Q. Cisplatin-in-
duced downregulation of SOX1 increases drug
resistance by activating autophagy in non-
small cell lung cancer cell. Biochem Biophys
Res Commun 2013; 439: 187-90.

Li N, Li S. Epigenetic inactivation of SOX1 pro-
motes cell migration in lung cancer. Tumour
Biol 2015; 36: 4603-10.

Shih SC, Zukauskas A, Li D, Liu G, Ang LH,
Nagy JA, Brown LF, Dvorak HF. The L6 protein
TMA4SF1 is critical for endothelial cell function
and tumor angiogenesis. Cancer Res 2009;
69: 3272-7.

Lin Cl, Merley A, Sciuto TE, Li D, Dvorak AM,
Melero-Martin JM, Dvorak HF, Jaminet SC.
TMA4SF1: a new vascular therapeutic target in
cancer. Angiogenesis 2014; 17: 897-907.
Miyazaki S, Kikuchi H, lino I, Uehara T, Setogu-
chi T, Fujita T, Hiramatsu Y, Ohta M, Kamiya K,
Kitagawa K, Kitagawa M, Baba S, Konno H.
Anti-VEGF antibody therapy induces tumor hy-
poxia and stanniocalcin 2 expression and po-
tentiates growth of human colon cancer xeno-
grafts. Int J Cancer 2014; 135: 295-307.
Kamimura A, Kamachi M, Nishihira J, Ogura S,
Isobe H, Dosaka-Akita H, Ogata A, Shindoh M,
Ohbuchi T, Kawakami Y. Intracellular distribu-
tion of macrophage migration inhibitory factor
predicts the prognosis of patients with adeno-
carcinoma of the lung. Cancer 2000; 89: 334-
41.

Hussain F, Freissmuth M, Voélkel D, Thiele M,
Douillard P, Antoine G, Thurner P, Ehrlich H,
Schwarz HP, Scheiflinger F, Kerschbaumer RJ.
Human anti-macrophage migration inhibitory
factor antibodies inhibit growth of human pros-
tate cancer cells in vitro and in vivo. Mol Can-
cer Ther 2013; 12: 1223-34.

Int J Clin Exp Med 2018;11(9):9323-9332


mailto:lijianshengtcm@163.com
mailto:lijianshengtcm@163.com

[19]

[20]

SOX1 inhibits lung cancer angiogenesis

Hu CT, Guo LL, Feng N, Zhang L, Zhou N, Ma
LL, Shen L, Tong GH, Yan QW, Zhu SJ, Bian XW,
Lai MD, Deng YJ, Ding YQ. MIF, secreted by
human hepatic sinusoidal endothelial cells,
promotes chemotaxis and outgrowth of co-
lorectal cancer in liver prometastasis. Oncotar-
get 2015; 6: 22410-23.

Xu X, Wang B, Ye C, Yao C, Lin Y, Huang X,
Zhang Y, Wang S. Overexpression of macro-
phage migration inhibitory factor induces an-
giogenesis in human breast cancer. Cancer
Lett 2008; 261: 147-57.

9332

[21]

[22]

Chesney JA, Mitchell RA. 25 years on: a retro-
spective on migration inhibitory factor in tumor
angiogenesis. Mol Med 2015; 21 Suppl 1:
$19-24.

RenY, Chan HM, Li Z, Lin C, Nicholls J, Chen CF,
Lee PY, Lui V, Bacher M, Tam PK. Upregulation
of macrophage migration inhibitory factor con-
tributes to induced N-Myc expression by the
activation of ERK signaling pathway and in-
creased expression of interleukin-8 and VEGF
in neuroblastoma. Oncogene 2004; 23: 4146-
54.

Int J Clin Exp Med 2018;11(9):9323-9332



