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ABSTRACT

Cancer stem cells (CSCs) are a promising target for cancer therapy, particularly for
metastatic lung cancers, but how CSCs are regulated is largely unknown. We identify two
proteins, SLUG (encoded by SNAI2 gene) and SOX9, that are associated with advanced stage
lung cancers and are implicated in the regulation of CSCs. Inhibition of either SLUG or
SOX9 sufficiently inhibits CSCs in human lung cancer cells and attenuates experimental lung
metastasis in a xenograft mouse model. Correlation between SLUG and SOX9 levels was
observed remarkably, we therefore sought to explore their mechanistic relationship and
regulation. SLUG, beyond its known function as an epithelial-mesenchymal transition

transcription factor, was found to aet-upstream—efregulate SOX9 and-by controlling its

stabilityeentributinge-to-itsstabiization via a post-translational modification process. SLUG

interacts directly with SOX9 and prevents it from ubiquitin-mediated proteasomal
degradation. SLUG expression and binding are necessary for SOX9 promotion of lung CSCs
and metastasis in a mouse model. Together, our findings provide a novel mechanistic insight
into the regulation of CSCs via SLUG-SOX9 regulatory axis, which represents a potential

novel target for CSC therapy that may overcome cancer chemoresistance and relapse.

Keywords: Cancer stem cells; lung cancer metastasis; SLUG; SOX9; ubiquitination



INTRODUCTION

Lung cancer is the leading cause of cancer death that kills more than one million people
worldwide each year.' The poor survival rate of patients is largely attributed to diagnosis at
late stages with local or advanced metastasis at distant organs.”> While recent chemotherapy
and radiotherapy have improved palliation, the treatment outcomes remain poor, as
metastasis is largely incurable. In the past decade, subpopulations of cancer stem cells (CSCs;
also known as tumor-initiating cells) have been reported in many solid tumors including
breast, prostate, colon and lung* ® which appear to both initiate the bulk of tumors and drive
their progression through continuous rounds of self-renewal.*”® CSCs can acquire apoptosis
resistance and increased cell migratory and invasive properties, a prerequisite for tumor
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metastasis.” The presence of CSCs in primary tumors is strongly correlated with an

increased incidence of metastasis and poor survival of patients,'' "

suggesting them to be
promising target for cancer therapy. Here we compared lung CSCs with their non-CSC
counterpart and investigated the regulatory mechanisms that determine their metastatic
behavior.

As epithelial-mesenchymal transition (EMT), a trans-differentiation process by which
cells undergo a morphological change into a more mesenchymal phenotype, is common
occurrence in metastasis of lung and other tumors,'*'> we profiled EMT and identified SLUG
(encoded by SNAI2 gene) as significantly upregulated in the tested lung CSCs. SLUG is a
member of Snail family with a unique conserve motif near the zinc fingers that is absent in
other members.'® A high expression of SNAI2 is found in highly invasive lung cancer cells
and tumor specimens, and is associated with poor survival and cancer relapse.'”'® We further
observed here that SLUG is not required for EMT activation in lung cancer cells, leading us

to the discovery of other pathways that may contribute to the aggressive phenotypes of lung

CSCs.



CSCs and normal stem cells share many common characteristics, e.g. self-renewal
and differentiation. Correlations between the regulatory pathways critical for normal
developmental process and tumor progression have long been hypothesized and are being
recognized.”**' Sex-determining region Y (SRY)-boxes (SOX) family is known to play a
pivotal role in the regulation of embryonic development and its members have been used as
pluripotent stem cell markers.”> SOX9, in particular, is expressed in lung epithelium and
mesenchyme, and is critical in tracheal differentiation and formation.” Upregulation of
SOX9 has been reported in lung adenocarcinoma, supporting its clinical significance in lung
cancer.”* We demonstrate here the high-level SOX9 in correlation with high-level SLUG in
lung CSCs and advanced stage lung cancers. Thus, we further investigated: (a) the roles of
SLUG and SOX9 in lung CSCs and metastasis; (b) the SLUG and SOXO9 relationship; and (c)
their regulatory mechanisms. Our findings could be important in understanding CSCs and
lung metastasis and may have clinical utility for targeted therapy of lung and other cancers

whose etiology are dependent on SLUG-SOX9 dysregulation.

RESULTS
CSC phenotypes in human cancer cells
CSCs could self-renew and generate differentiated progeny that constitute the majority of

2526 T determine whether CSCs could be defined in human non-small cell

cells in tumors.
lung cancer (NSCLC) cell lines, we performed tumor sphere formation assays under CSC-
selective conditions in H460 and A549 cells. Indeed, both NSCLC cell lines formed large
floating spheres under such detachment and serum-starvation conditions (Supplementary
Figure S1A). We isolated and characterized cells bearing CSC properties based on their side

population (SP) phenotype, a common feature of CSCs.>* Cells were stained with Hoechst

33342 and SP cells which disappear in the presence of fumitremorgin ¢ (FTC), a specific



inhibitor of multidrug resistance ABCG2 transporter, were identified by FACS. NSCLC cells
contained a distinct fraction of SP cells ranging from approximately 6% (A549) to 11%
(H460) (Figure la and Supplementary Figure S1B). We verified that the SP cells from
NSCLC H460 cells possessed CSC-like properties compared to their non-SP (NSP)
counterpart, as assessed by tumor sphere formation, chemoresistance, and cell migration and
invasion assays in vitro and tumor formation in vivo (Supplementary Figure S1C-F).

To investigate the potential role of EMT in CSC regulation, we profiled EMT in the
SP and NSP cells derived from NSCLC H460 cells by Western blotting. The results revealed
a high level of mesenchymal markers (e.g. SLUG and VIM) and a low level of epithelial
markers (CDH1 and CLDNI1) in the SP cells as compared to NSP cells (Figure 1b),
indicating activation of the EMT program in CSC population. The dominant overexpression
of SLUG was observed in the SP cells with a > 5-fold increase relative to NSP cells.
Additionally, the expression of ABCG2 transporter was strikingly higher in the SP cells
compared to NSP cells, thus confirming the SP analysis and sorting by FACS.

To determine whether SLUG is a key transcription factor controlling EMT (EMT-TF)
in NSCLC cells, SLUG expression was inhibited by RNA interference using shRNA against
SNAI2 (shSNAI2 or shSLUG) and its effect on EMT was examined by analyzing the
mesenchymal marker VIM and epithelial marker CDH1. Surprisingly, knockdown of SLUG
not only failed to neither suppress the mesenchymal marker nor repress the epithelial marker,
but rather upregulated or downregulated it (Figure Ic), suggesting that SLUG level is not

critical for EMT in this tested cell system.

Effect of SLUG and SOX9 on CSC regulation

The inability of SLUG knockdown to inhibit EMT, despite the suggested role of EMT in
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cancer metastasis, points out that pathways other than EMT may contribute to the



aggressive phenotypes of NSCLC cells. We hypothesized that SOX9, a cooperating factor of
SLUG in mammary stem cells (MaSCs),”” may be involved, thus we performed an expression
analysis of SOX9 and SLUG in human clinical specimens from advanced stage (stage III)
lung cancer and matched normal lung tissues using Western blotting. A high level of both
proteins was observed in the majority of advanced lung cancer tissues (T) compared to
matched normal lung tissues (N) (Figure 1d) as well as in lung CSCs (Figure le). To our
knowledge, this is the first demonstration of SLUG and SOX9 co-upregulation in advanced
stage lung cancer and CSCs.

To test whether SLUG and SOX9 are functionally linked to lung CSCs, which are
believed to drive tumor progression and metastasis,”® NSCLC H460 cells expressing a high
endogenous level of SLUG and SOX9 were stably transduced with shRNA lentiviral particles
against SNAI2 (shSNAI2), SOX9 (shSOX9) or control (CON; shCON), and their effects on
CSCs were determined using tumor sphere formation and SP assays. Figure 1e and f shows
that both shSNAI2 and shSOX9 cells exhibited significantly less tumor sphere formation and
SP fraction than shCON cells, indicating the involvement of SLUG and SOX9 in CSC

regulation.

SLUG and SOX?9 act as regulators of lung metastasis

CSCs are critical for dissemination of tumor cells in the circulation to seed metastases at
distant sites.'”*® Having demonstrated the role of SLUG and SOX9 in CSCs, we further
examined the involvement of SLUG and SOX9 in metastasis using a xenograft mouse model.
shSNAI2, shSOX9 and shCON H460 cells were genetically labeled with LUC?2 and injected
into NOD/SCID gamma (NSG) mice via tail vein at the dose of 1x10° cells/mouse. Tumor
growth was monitored weekly by measuring the luciferase activity associated with the

growing cells using IVIS® bioluminescence imaging. The results showed that at 4 weeks



post-injection, the tumor luminescence was strikingly lower in mice bearing shSNAI2 and
shSOX9 cells relative to shCON cells, consistent with the observations of the reduced
number of experimental lung metastases and lung volume (Figure 2a and Supplementary
Figure 5253). For quantitative comparison, tumor luminescence signals were normalized to
their initial signals at the time of inoculation (week 0) and relative to shCON cells. Figure 2b
shows that the tumor growth was substantially lower in mice bearing shSNAI2 and shSOX9
cells than that of shCON cells at 3 and 4 weeks post-injection, indicating the critical role of

SLUG and SOXO9 in lung tumor growth and metastasis.

SLUG aetsupstreamregulates-ef SOX9 in NSCLC cells

Immunohistochemistry of mouse lung tissues revealed the high levels of SLUG and SOX9 in
experimental metastases, consistent with the findings in human clinical specimens (Figure
3a). Such observations and the similar effects of SLUG and SOX9 on lung CSCs and
metastasis suggest their potential linkage and shared mechanisms. A correlation plot of
SLUG and SOX9 expression generated from normal and tumor clinical specimens reveals
their positive correlation with a correlation coefficient of 0.75 (Figure 3b). To experimentally
determine their functional linkage, we tested whether knockdown of SLUG affects SOX9
expression in shSNAI2 and shCON cells. Figure 3¢ shows that knockdown of SLUG in
NSCLC H460 cells resulted in a parallel decrease in SOX9 expression as compared to control
cells. In contrast, knockdown of SOX9 had minimal effect on SLUG expression, suggesting
that SLUG aets-upstream-ofregulates SOX9. To substantiate the effect of SLUG on SOXO9,
we similarly knocked down SLUG in NSCLC A549 cells and compared its effect on SOX9
expression with nonsilencing control. The results showed that knockdown of SLUG in A549
cells similarly suppressed the expression of SOX9, substantiating the regulatory role of

SLUG on SOX9 in NSCLC cells.



Direct interaction between SLUG and SOX9 was evaluated using
immunoprecipitation, immunoblotting and immunocytochemistry techniques. First, cell
lysates from shSNAI2 and shCON H460 and A549 cells were prepared and
immunoprecipitated with anti-SOX9 antibody. The resulting immune complexes were then
analyzed for SLUG-SOXO9 interaction using anti-SLUG antibody. Figure 3d shows a high
basal level of SLUG-SOX9 complex in the shCON cells as compared to SLUG-knockdown
cells, suggesting SLUG and SOX9 protein binding interaction. To investigate the possible
binding of SLUG, which is an EMT transcription factor, to SOX9 gene promoter, chromatin
immunoprecipitation (ChIP) assay was performed in shSNAI2, shCON and SLUG-
overexpressing shCON cells. The results of this study demonstrated that SLUG does not bind
to SOX9 promoter (Figure 3e).

Next, immunofluorescence studies were performed to confirm the SLUG and SOX9
protein binding and to evaluate their intracellular localization. A high degree of
colocalization of SLUG and SOX9 was observed in the cytoplasm of control cells. A
corresponding increase and decrease in the degree of colocalization were observed in SLUG-
overexpressing and knockdown cells, respectively (Figure 3f). To confirm SLUG-SOX9
interaction in situ, in-cell co-immunoprecipitation experiments were performed using
Duolink proximity ligation assay (PLA). Briefly, cells were fixed and incubated with anti-
SLUG and SOX9 antibodies, followed by the addition of plus and minus PLA probes with
attached short DNA strands. Two DNA strands in a close proximity were ligased, amplified
and visualized by confocal microscopy. Figure 3g shows that the in-cell SLUG-SOX9
complex (red fluorescence) was highest in the SLUG-overexpressing cells, followed by
control and SLUG-knockdown cells, respectively. This finding is consistent with the
conventional immunofluorescence study and confirms the direct interaction between SLUG

and SOXO in the tested cell systems.



SLUG inhibits SOX9 ubiquitination and degradation
Protein-protein interactions are known to influence protein stability and function.”>' We
further investigated the effect of SLUG binding on SOXO9 stability. Proteasomal degradation
is a major cellular process that controls protein turnover.”>>> To determine whether SOX9
stability is controlled by proteasomal degradation, NSCLC H460 cells were treated with
MG132 for proteasome inhibition. The increase in SOX9 expression by MG132 treatment
suggested proteasomal degradation as an important mechanism of SOX9 regulation (Figure
4a). In addition, we performed quantitative real-time PCR and confirmed that SLUG binding
had no significant effect on SOX9 transcription (Figure 4b).

Ubiquitination is a post-translational modification (PTM) that triggers proteasomal

degradation.’**’

In NSCLC H460 cells, polyubiquitination of SOX9 gradually increased as
early as 2 hours and peaked at approximately 3 hours (Figure 4c). To test whether SLUG
might regulate SOX9 through ubiquitination, SLUG-knockdown and nonsilencing control
NSCLC H460 and A549 cells were compared for SOX9 ubiquitination. Figure 4d shows that
knockdown of SLUG resulted in an increase in SOX9 ubiquitination in both cell lines. Such
increase could promote proteasomal degradation and thus decreased the expression of SOX9
protein as shown in Figure 3c. To substantiate this finding, SOX9 protein half-life was
further analyzed in SLUG knockdown and control cells by cycloheximide-chase assay.
shSNAI2 and shCON H460 cells were treated with cycloheximide to inhibit new protein
synthesis and SOX9 expression was determined at various times by Western blotting. SOX9
expression-time profile was plotted from non-saturated blots and SOX9 half-life was
calculated from the plot. The results showed that SOX9 protein degraded much faster in the

shSNAI2 cells than in shCON cells as indicated by its half-life of approximately 2.5 and 4.5

hours, respectively (Figure 4e, fop). In addition, overexpression of SLUG in the knockdown



(shSNAI2/SNAI2) and control (shCON/SNAI2) cells prolonged the SOX9 half-life to
approximately 3.5 and 5.5 hours (Figure 4e, middle), and increased its expression (data not
shown), indicating that SOX9 protein stability is a key determinant of its expression.

To validate the role of SLUG in SOXO9 stabilization, ShISNAI2 and shCON cells were
transfected with SOX9 plasmid and analyzed for SOX9 half-life. A substantially lower level
of SOX9 was observed in the shSNAI2/SOX9 cells compared to shCON/SOX9 cells (Figure
4e, bottom), indicating its inability to retain SOX9 expression after overexpression. SOX9
half-life was approximately 6.5 and 3 hours in the sShCON/SOX9 and shSNAI2/SOX9 cells,
respectively. Altogether, these results substantiate the critical role of SLUG in SOX9

stabilization.

SLUG is critical for SOX9-mediated lung CSCs and metastasis

Having demonstrated the role of SOX9 in lung CSCs and experimental metastasis (Figure 1
and 2) and the requirement of SLUG in SOXO9 stability (Figure 4), we further tested if SLUG
is required for SOX9-mediated lung CSCs and metastasis. LUC2-labeled shCON or shSNAI2
H460 cells were transfected with SOX9 or GFP plasmid and evaluated for tumor formation in
vitro and in vivo. Figure 5b shows a much higher rate of tumor growth and experimental lung
metastases in mice bearing shCON/SOX9 cells compared to sShCON/GFP cells. In contrast,
tumor growth in mice bearing shSNAI2/SOXO9 cells was comparable to that in mice bearing
shSNAI2/GFP cells, in agreement with the in vitro tumor sphere results (Figure 5a),
indicating the inability of SOX9 to promote lung CSCs and metastasis in the absence of
SLUG. A similar finding was observed when LUC2-labeled A549 cells were used instead of
the H460 cells (data not shown). Taken together, our results strongly support the critical role

of SLUG in SOXO stability and tumorigenic function.
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DISCUSSION

Post-translational modifications (PTMs) contribute to the regulation of protein expression
and function and have ubiquitous roles in controlling various types of cancer.’®’ We
examined the relationship between SLUG and SOX9, which are upregulated in advanced
stage lung carcinoma and CSCs, and found that SLUG regulates SOX9 stability as well as
tumorigenic and metastatic activities through the PTM of SOX9 ubiquitination. These
findings indicate a novel role of SLUG, beyond its known function as an EMT-TF, and its
importance in lung carcinoma.

A few studies have suggested the unique functions of SLUG that differ from other
EMT-TFs, e.g. it is more relevant to breast CSC regulation than SNAIL (encoded by SNA/I
gene).”® In MaSCs, SLUG and EMT program alone is not sufficient to create fully functional
MaSCs from differentiated luminal cells — it needs to work in concert with SOX9.*’ In this
study, we observed the high levels of SLUG and SOXO in clinical samples of aggressive lung
carcinoma and demonstrated their requirement in lung CSCs and metastasis (Figures 1 and
2). We showed that knockdown of SLUG and SOX9 repressed CSCs, in agreement with the
previous report implicating their role in breast tumor initiation,”” and inhibited experimental
metastasis, which is likely due to their effect on CSCs and not on the EMT process since
EMT remained activated after SLUG knockdown (Figure 1).

SOX9 is a known regulator of cell proliferation and differentiation during lung

- 23,39
morphogenesis.”™

In lung carcinoma, SOX9 has been shown to ihibit-promote cell growth
possibly through the alteration of cell cycle regulators CDK4 and p21.** Additionally, we
demonstrated herein the requirement of SOX9 in the maintenance of lung CSCs. Relatively
little is known about the regulation of SOX9. We showed that SOX9 expression is regulated

primarily through ubiquitin-proteasomal degradation and that SLUG post-translationally

inhibits this process in NSCLC cells (Figure 4). The half-life of SOX9 protein is significantly
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shortened in the absence of SLUG and prolonged in its presence. In prostate cancer cells,
SLUG was shown to regulate the ubiquitin-proteasomal degradation of some other proteins
such as cyclin D1.*° To our knowledge, this is the first demonstration of the upstream
regulatory role of SLUG on SOX9, in addition to serving as its cooperating partner.

Using correlation and immunoprecipitation analyses, we found that SLUG binds to
SOX9 in the cytoplasm of NSCLC cells and the extent of this binding is inversely
proportional to SOX9 ubiquitination and stability (Figures 3). Although SLUG and SOX9 are
widely known as transcription factors that reside in the nucleus, increasing evidence suggests

41-44
F

the significance of their cytosolic expression in cancer progression and metastasis. or

example, cytoplasmic SOX9 was observed in invasive and metastatic breast carcinomas and

4344 1t has been shown that

was linked to indefinite proliferation of breast cancer cells.
covalent attachment of ubiquitin to a target protein, which generates a polyubiquitin chain to
guide proteasomal degradation, depends largely on protein conformation.* Thus, it is likely
that the binding of SOX9 by SLUG alters its confirmation, which interferes with its
ubiquitination and subsequent degradation by the proteasomes. This stabilization process is
consistent with the previous report showing an increase in protein stability by protein-protein
interaction and inhibition of protein ubiquitination.’’ Thus, the high-level coexpression of
SLUG and SOXO9 in clinical samples of aggressive lung carcinoma might be attributable to
their binding interaction and increased stability. It is worth noting that other mechanisms of
lung cancer metastasis are likely involved as the lack of SLUG and SOX9 was observed in
some clinical samples of aggressive tumors, e.g. case #15 and 49.

In conclusion, the evidence presented here demonstrated the significance of SLUG-
SOX9 axis in regulating lung CSCs and metastasis. It established the essential role of SLUG

in regulating SOX9 stability and subsequent functions in NSCLC cells whereby disruption of

the SLUG-SOX9 complex could lead to SOX9 ubiquitination and proteasomal degradation.
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Our novel findings, as schematically summarized in Figure 6, could aid in the understanding
of lung cancer progression and metastasis. Because of its important role in lung CSCs, the
SLUG-SOX9 regulatory axis could be a promising therapeutic target for advanced and

recurrent lung cancers.

MATERIALS AND METHODS

Cell culture

NSCLC H460 and A549 cells were obtained from ATCC (Manassas, VA) and cultured in
RPMI 1640 medium containing 10% fetal bovine serum (FBS), while human normal
bronchial epithelial BEAS-2B (BC) cells were from ATCC and cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 5% FBS. All cells were supplemented
with 2 mM L-glutamine and 100 U/mL penicillin and 100 pg/mL streptomycin and were

maintained in a humidified atmosphere of 5% CO, environment at 37 °C.

Tumor sphere assay
Tumor sphere assay was performed under non-adherent and serum-free conditions as

25,46 . :
" Briefly, cells were suspended in

previously described as stem cell-selective conditions.
0.8% methylcellulose-based medium (Stem Cell Technologies, Vancouver, Canada)
supplemented with 20 ng/mL epidermal growth factor (BD Biosciences, Franklin Lakes, NJ),
basic fibroblast growth factor and 4 mg/mL insulin (Sigma-Aldrich, St Louis, MO) and

lated at 5x10° cells in ultralow adherent 24-well plates (Corning, Corning, NY). Cells were
p

cultured for two or three weeks and visualized under a light microscope.

Side population analysis and isolation
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Cells were labeled with 5 pg/mL Hoechst 33342 in DMEM-F12 medium containing 2% FBS
in the presence or absence of 25 pM ABCG2 inhibitor fumitremorgin C (FTC; EMD
Biosciences, San Diego, CA) at 37 °C for 90 minutes. SP analysis and sorting were
performed using BD FACSAria cell sorter (BD Biosciences) using UV laser and Hoechst
Blue (450/20) and Red (675 LP) filters. SP fraction was calculated based on the

disappearance of SP cells in the presence of FTC.

Human normal and lung cancer tissue protein lysates
Protein lysates of human lung cancer, including large cell carcinoma (#14-16 and 20-22),
squamous cell carcinoma (#31 and 33) and adenocarcinoma (#49), and matched normal lung

tissues were obtained from Protein Biotechnologies (Ramona, CA).

Inhibition of SLUG by RNA interference

Lentiviral transduction particles carrying short hairpin RNA (shRNA) sequence against
human SNAI2 and control non-target sequence (Sigma-Aldrich;
NM_003068/TRCN0000284362 and TRCNO0000015389 and SHCO002V) were used to
knockdown SLUG expression in H460 and A549 cells, according to the manufacturer’s
protocol. Briefly, cells were incubated with lentiviral particles in the presence of
hexadimethrine bromide (8 pg/mL) for 36 hours. Infected cells were allowed to recover for
48 hours and were cultured for 28 days with puromycin-containing medium (1 pg/mL). The
stable knockdown cells were identified by Western blotting using anti-SLUG antibody (Cell
Signaling Technology, Beverly, MA; 9585) and were cultured in puromycin-free RPMI 1640

medium.

Lentivirus production and inhibition of SOX9 by RNA interference
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Lentiviral plasmids carrying shRNA sequence against human SOX9 were obtained from
Addgene (Cambridge, MA; plasmid 40644)*” and Santa Cruz Biotechnology (Dallas, TX; sc-
36533-SH) and shSOX9 lentivirus production was performed using HEK293T packaging
cells (ATCC) in conjugation with pPCMV.dR8.2 dvpr lentiviral packaging and pCMV-VSV-G
envelope plasmids (Addgene, plasmids 8454 and 8455)." H460 and A549 cells were
incubated with shSOX9 viral particles in the presence of hexadimethrine bromide for 36
hours. The transfected cells were analyzed prior to use by Western blotting using anti-SOX9

antibody (Millipore, Billerica, MA; AB5535).

Overexpression plasmid and transfection

H460 and A549 cells were transfected with SNAI2 (Addgene, plasmid 31698),"® SOX9
(Origene, Rockville, MD) or GFP (Invitrogen, Carlsbad, MA) plasmid by nucleofection using
Nucleofector” (Amexa Biosystems, Cologne, Germany), according to the manufacturer’s
instructions, using the device program T020 and X001, respectively. The transfected cells
were allowed to recover for 48 hours before each experiment and were cultured for 28 days
with G418-containing medium (800 pg/mL). The stable transfectants were identified by

Western blotting for SLUG or SOX9 and were cultured in G418-free RPMI 1640 medium.

Western blot analysis

After specific treatments, the cells were incubated in a commercial lysis buffer (Cell
Signaling Technology) and a protease inhibitor mixture (Roche Molecular Biochemicals,
Indianapolis, IN) at 4 °C for 20 minutes. Protein content was analyzed using the Pierce™
BCA protein assay (Pierce Biotechnology, Rockford, IL) and 50 pg proteins were resolved

under denaturing conditions by SDS-PAGE as described previously.’'
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Cycloheximide-chase assay

A monolayer of cells was treated with cycloheximide (10 pg/mL) to inhibit new protein
synthesis for various times (0-8 hours) to follow the degradation of SOX9 protein by Western
blot analysis. SOX9 expression profile was plotted and SOX9 half-life was calculated from

the unsaturated plot using GraphPad Prism software (La Jolla, CA).

Xenograft mouse model

Animal care and experimental procedures described in this study were performed in
accordance with the Guidelines for Animal Experiments at West Virginia University (WVU)
with the approval of the Institutional Animal Care and Use Committee (IACUC #12-0502).
1x10° Luc2-labeled cells were injected into male NOD/SCID gamma mice (NSG, strain
NOD.Cg-Prkdc* 112rg™V/SzJ, aged 6-8 weeks; Jackson Laboratory, Bar Harbor, ME) via
tail vein and mice were inspected daily for any signs of distress. Tumor growth of LUC2-
labeled cells was monitored at the time of inoculation (week 0) and on a weekly basis by
using in vivo IVIS® imaging (PerkinElmer, Waltham, MA). At the end of experiments, mice

were euthanized and the lungs were dissected and further analyzed for tumor histopathology.

Tumor histopathology

Isolated lung tissues from tumor-bearing mice were formalin-fixed and paraffin-embedded.
The specimens were cut into 5-pum sections and stained with hematoxylin and eosin (H&E) to
define the tumor morphology and cellular structure within the lungs. All tissue sectioning and

H&E staining were performed at the WVU Pathology Laboratory for Translational Medicine.

Immunoprecipitation

16



Cell lysates (100 pg protein) were immunoprecipitated using Dynabeads® magnetic beads
(Invitrogen). Briefly, the beads were conjugated with anti-SOX9 antibody (AB5535) for 10
minutes at room temperature, followed by a BS3 crosslinking step as per manufacturer’s
protocol. The conjugated beads were then resuspended with cell lysates for 30 minutes at
room temperature. The immune complexes were washed four times and resuspended in 2x
Laemmli sample buffer. They were then separated by SDS-PAGE and analyzed for
ubiquitination or interaction using anti-ubiquitin (Santa Cruz; FL-76) or anti-SLUG (9585)

antibody.

Immunofluorescence

Cells were seeded on rat type I collagen-coated coverslips (5 pg/cm?), fixed with 3.7%
paraformaldehyde, incubated in 50 mM glycine, and permeabilized and blocked with 0.5%
saponin, 1.5% bovine serum albumin and normal goat serum. SLUG and SOX9 were
immunostained with anti-SLUG (Santa Cruz Biotechnology; sc-10437 X) and anti-SOX9
(AB5535) antibodies, followed by Alexa Fluor 488- and 546-conjugated antibodies,
phalloidin (Invitrogen) and ProLong® Gold Antifade Mountant with DAPI (Life
Technologies). Cells were visualized with a Zeiss LSM 510 confocal on an Axiolmager Z1

microscope (Carl Zeiss, Jena, Germany).

In-cell coimmunoprecipitation

In-cell coimmunoprecipitation was performed using Duolink® in situ assay following the
manufacturer’s instructions. Briefly, cells were blocked and incubated with anti-SLUG
(mouse) and anti-SOX9 (rabbit) antibodies for 2 hours at room temperature, followed by an
incubation with anti-rabbit plus and anti-mouse minus PLA® probes for 60 minutes at 37 °C.

Ligase was added and incubated for 30 minutes at 37 °C. Fluorescence signal was then

17



amplified by the addition of polymerase for 100 minutes at 37 °C. The in-cell complexes

were visualized with a confocal microscopy.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using Zymo-Spin™ ChIP kit (Zymo
Research, Irvine, CA), according to the manufacturer’s protocol. Briefly, cells were collected
and formaldehyde cross-linked. Chromatin was then mechanically sheared using sonication,
followed by immunoprecipitation with ChIP-grade anti-SLUG (sc-10437 X) antibody. Total
and immunoprecipitated chromatin were reverse cross-linked and recovered using column
purification. The amount of total and ChIP DNA was determined using quantitative real-time
PCR, using SYBR® Select Master Mix (Applied Biosystems, Grand Island, NY) and the

ChIP primers for human SOX9 promoter.*’

Statistical analysis
The data represent means = SD from three or more independent experiments as indicated to

ensure adequate power (> 80%). Statistical analysis was performed by two-sided Student’s #-

test at a significance level of P <0.05.
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FIGURE LEGENDS

Figure 1. Lung CSCs and clinical lung carcinoma exhibit high levels of SLUG and
SOX9. (a) Analysis of side population (SP) in human lung carcinoma H460 cells in the
presence or absence of fumitremorgin C (FTC) using FACS. SP cells (box) were determined
by their disappearance in the presence of FTC and were shown as percentage of the pool
population. CSCs were isolated based on SP phenotype and their aggressive features were
validated in vitro and in vivo as shown in Supplementary Figure S1. (b) Analysis of EMT
markers and ABCG2 transporter in human normal lung epithelial BEAS-2B (BC) cells and
SP (CSC) and NSP (non-CSC) H460 cells using Western blotting. Immunoblot signals from
three-independent experiments (one of which is shown here) were quantified by
densitometry, revealing a dominant overexpression of SLUG in SP cells. (¢) Western blot
analysis of SLUG, VIM and CDH1 in SLUG knockdown (shSNAI2) and control (shCON)
H460 cells. (d) Protein expression of SLUG and SOX9 in clinical lung cancer and matched
normal lung tissues. Blots were reprobed with anti-p-actin (ACTB) antibody to confirm equal

loading of the samples. Quantitative analysis of SLUG and SOX9 levels (Supplementary

Figure S2) revealed a strikingly difference between normal (N) and tumor (T) tissues at the
significance level in two-sided Student’s #-test of P < 0.03 and P < 0.003, respectively. (e
and f) SLUG and SOX9 knockdown and overexpression experiments were performed using
H460 cells treated with lentiviral particles carrying shSNAI2, shSOX9 or shCON and
nucleofection of GFP, SNAI2 or SOX9 overexpression plasmids, as described under
“Materials and methods”. Analysis of (e) tumor sphere formation and (f) SP in various clones
of H460 cells. Scale bar = 200 pm. Data are mean = S.D. (n =4). *P < 0.05 vs. shCON cells;

two-sided Student’s #-test.
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Figure 2. Inhibition of SLUG and SOX9 suppresses experimental lung cancer
metastasis in vivo. LUC2-labeled shSNAI2, shSOX9 or shCON H460 cells were injected
into NSG mice via tail vein at the dose of 1x10° cells/mouse. (a) Representative
bioluminescence of mice taken at the time of inoculation (week 0) and at 3 and 4 weeks post-
injection (top) and H&E micrographs of lung tissues (bottom). Scale bar = 100 pm. (b)
Quantitative analysis of bioluminescence signals over time. Tumor luminescence signals
were normalized to their initial signals at week 0 and relative to shCON cells. Data are mean

+S.D. (n=3 or5). *P <0.05 vs. shCON cells; two-sided Student’s z-test.

Figure 3. SLUG aets—upstreamregulates of SOX9 in NSCLC cells. (a)
Immunohistochemistry analysis of SLUG and SOX9 in isolated lungs from mice bearing
shSNAI2, shSOX9 and shCON cells. Scale bar = 200 pm. (b) Correlation analysis of the
protein expression of SLUG and SOXO9 in clinical lung tumor (red triangle) and matched
normal (blue square) samples. (¢) Western blot analysis of SLUG and SOX9 expression in
shSNAI2, shSOX9 and shCon H460 and A549 cells. (d) shSNAI2 and shCON cell lysates
were prepared, immunoprecipitated with control IgG or anti-SOX9 antibody, and probed with
anti-SLUG antibody. Immunoblots were performed on cell lysates used as input for
immunoprecipitation (IP) using anti-B-actin (ACTB) antibody to confirm equal loading of the
samples. (e) Chromatin IP (ChIP) analysis of SLUG binding on SOX9 promoter. Sheared
chromatin was immunoprecipitated using ChIP-grade anti-SLUG antibody or IgG control,
and ChIP DNA was quantified by real-time PCR with primers specific to human SOX9

promoter (see Supplementary Table S1 for primer sequences). Data are mean + S.D. (n = 3).

(f) SLUG overexpressing or knockdown H460 cells were seeded onto type I collagen-coated
slides. The cells were immunostained for SLUG (red), SOX9 (blue) and examined under a

confocal fluorescence microscope. Colocalization of SLUG and SOX9 is shown in the
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merged display (purple). Images were taken pairwise with the same instrumental setting.
Scale bar = 50 um. (g) In-cell co-IP using proximity ligation (Duolink™) assay as described
under “Materials and methods”. Cells were similarly seeded onto type I collagen-coated
slides and in-cell SLUG-SOX9 interaction (red) was determined using the Duolink® assay.

Scale bar = 50 pm.

Figure 4. SLUG inhibits SOX9 ubiquitination and prolongs its stability. (a) H460 cells
were treated with proteasome inhibitor MG132 (25-100 puM) for 24 hours and SOX9
expression was determined by Western blotting. (b) Quantitative real-time PCR of SOX9
mRNA expression in SLUG overexpressing or knockdown H460 cells. (¢) H460 cells were
treated with MG132 (50 uM) to prevent proteasomal degradation of SOX9 and cell lysates
were prepared and immunoprecipitated using control IgG or anti-SOX9 antibody. The
immune complexes were analyzed for ubiquitin at various times (0-3 hours) by Western
blotting. Immunoblots were performed on cell lysates used as IP input using anti-B-actin
(ACTB) antibody to confirm equal loading of the samples. (d) Analysis of SOX9
ubiquitination (Poly Ub SOX9) in shSNAI2 and shCON H460 and A549 cells in the presence
or absence of MG132 at 3 hours, in which ubiquitination was found to be maximal. Equal
amounts of protein were loaded in each lane. Data are mean + S.D. (n = 3). *P < 0.05 vs.
shCON cells in the presence of MG132; two-sided Student’s f-test. (e) Various clones of
H460 cells, including shCON, shSNAI2, shCON/SNAI2, shSNAI2/SNAI2, shCON/SOX9
and shSNAI2/SOX9 cells were treated with protein translation inhibitor cycloheximide
(CHX; 10 pg/mL) for various times to follow the degradation of SOX9 protein. Cell lysates
were prepared and SOX9 expression was determined by Western blotting. Representative

immunoblots of SOX9 and loading control B-actin (ACTB) are shown (see also

Supplementary Figure S4). SOX9 expression time profile was plotted and SOX9 half-life was
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calculated and shown. Data are mean £ S.D (n = 3). *P < 0.05 vs. shCON cells; two-sided
Student’s #-test. No significant differences were observed when compared between shSNAI2

and shSNAI2/SOX9 cells.

Figure 5. SLUG is required in SOX9-mediated lung CSC in vitro and metastasis in vivo.
(a) LUC2-labeled shCON or shSNAI2 H460 cells were transfected with SOX9 or GFP
control plasmid and were analyzed for tumor sphere formation. Scale bar = 300 um. (b,c)
LUC2-labeled shCON or shSNAI2 H460 cells were transfected with SOX9 or GFP plasmid
and injected into NSG mice via tail vein at the dose of 1x10° cells/mouse. (b) Representative
bioluminescence of mice taken at the time of inoculation (week 0) and at 2 and 3 weeks post-
injection (top) and H&E micrographs of lung tissues (botfom). Scale bar = 200 pum. (c)
Normalization of tumor signals at various times to their initial signal at week 0 and relative to
shCON/GFP or shSNAI2/GFP cells. Data are mean = S.D. (n = 3 or 4). *P < 0.05 vs.

shCON/GFP or shSNAI2/GFP cells; two-sided Student’s z-test.

Figure 6. A schematic working model for the function of SLUG-SOX9 axis in CSC and
metastasis regulation. In metastatic tumor cells, increased SLUG expression stabilizes
SOX9 through their binding interaction, which inhibits SOX9 ubiquitination and proteasomal
degradation. SOX9 stabilization promotes the expansion of CSCs and subsequent cancer

metastasis.
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