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Abstract

NKX2-1 is a lung epithelial lineage transcription factor that promotes differentiation and
suppresses malignant progression of lung adenocarcinoma. However, Nkx2-1 targets that limit
tumor growth and progression remain incompletely understood. Here, we identify direct Nkx2-1
targets whose expression correlates with NKX2-1 activity in human lung adenocarcinoma. We
further investigate selenium binding protein 1 (Selenbpl), an Nkx2-1 effector that limits
phenotypes associated with lung cancer growth and metastasis. Using loss- and gain-of-function
approaches, we show that Nkx2-1 is required and sufficient for Sefenbplexpression in lung
adenocarcinoma cells. Interestingly, Selenbp1 knockdown also reduced Nkx2-1 expression and
Selenbp1 stabilized Nkx2-1 protein levels in a heterologous system, suggesting that these genes
function in a positive feedback loop. Selenbpl inhibits clonal growth and migration and suppresses
growth of metastases in an /n vivo transplant model. CRISPR/Cas9-mediated deletion of
Selenbpialso enhanced primary tumor growth in autochthonous lung adenocarcinoma mouse
models. Collectively, our data are consistent with Selenbpl being a direct target of Nkx2-1, which
inhibits lung adenocarcinoma growth in vivo.
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Introduction

Lineage-specific transcription factors have emerged as key regulators of cancer growth,
progression, and metastasis (1-7). Transcription factors related to Drosophila NK2 are key
regulators of organ development and homeostasis (8,9). In lung adenocarcinoma, several
transcription factors have been identified that influence tumorigenesis and metastatic ability,
including the NK2-related homeobox transcription factor Nkx2-1(3,6,7,10-12). In human
lung adenocarcinoma and in genetically engineered mouse models, Nkx2-1 expression is
generally high in well-differentiated tumors but is down-regulated in highly-proliferative
poorly-differentiated tumor areas (10,12,13). Gain- and loss-of-function experiments suggest
that Nkx2-1 limits tumor growth and metastatic ability (10,12-14). Targeted inactivation of
Nkx2-1 in normal lung epithelial cells and early neoplasias increases proliferation (13).
Thus, Nkx2-1 is a key regulator of multiple cancer-associated phenotypes.

Despite the experimental and clinical data underscoring the importance of NKX2-1 in lung
adenocarcinoma, few direct NKX2-1 targets that control these phenotypes have been
identified and verified through functional studies. Myosin binding protein H and occludin
are both direct NKX2-1 targets that reduce motility and metastatic ability (15,16). However,
additional work is required to understand the subsets of NKX2-1 targets that are critical for
inhibiting tumor growth and progression /n vivo.

Through a global analysis of putative direct Nkx2-1 target genes, we identified Selenium
binding protein 1 (Selenbpl/Shpl) as an effector of the tumor growth suppressive effect of
Nkx2-1 in lung adenocarcinoma. Selenbpl is highly expressed in several adult tissues,
including the lung (17-20), and reduced SELENBP1 expression is associated with poor
patient outcome in many human cancer types (18,19,21-25). We demonstrate that Selenbpl
inhibits lung adenocarcinoma growth and migration and provide evidence that Selenbpl and
Nkx2-1 may exist in a positive feedback loop. These results suggest that Selenbpl is an
important suppressor of lung tumor growth and progression.

Material and Methods

Human gene expression analysis

Human lung adenocarcinoma TCGA mRNA expression data (26) was downloaded from
cBioPortal, and correlations were plotted using cBioPortal (27,28). Correlations from the
Directors Challenge human lung adenocarcinoma microarray expression data were plotted
using Microsoft Excel (29). Analysis of lung adenocarcinoma survival in KMPlotter (30)
indicated that high SELENBPI (Probe: 214422 s _at) predicts outcomes most significantly
in the lung adenocarcinoma subset of patients (Figure 1h). Data was split on the median.

ChlP-seq analysis

The ChlP-seq datasets were generated previously (13). ChIP-seq peaks with a peak
significance above 1076 were associated with genes using GREAT analysis (31). Peaks were
assigned to genes if they were located 20,000 base pairs upstream and 1000 base pairs
downstream of the TSS.
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Cell lines, lentiviral gene knock-down, and retroviral gene expression

The 394T4, 368T1, and 389T2 cell lines was generated from lung tumors in a lung
adenocarcinoma-bearing KrastSL-G12D/# p53flox/flox mouse and have been described, and
394T4 TdTomato cell line was generated by transducing the cell lines with MSCV retrovirus
containing tdTomato (12,32,33). 389T2.TdTom and 389T2.CFP cell lines were generated by
transducing the cell lines with MSCYV retrovirus containing tdTomato or CFP fluorescent
proteins. Lentiviral vectors were used to knockdown Nkx2-1 in mouse cell lines with a
previously verified ShRNA(12). Two hairpins (Sigma Aldrich) were validated for
knockdown of Sefenbpl in mouse cell lines (TRCN0000101186, TRCN0000101188), and
human cell lines (TRCN0000005702, TRCN0000005703). The murine stem cell virus
retroviral (MSCV) expression system was used to re-express Nkx2-1, and the fluorescent
proteins tdTomato and CFP. Max Diehn’s laboratory kindly shared the human lung cancer
cell line H441. Transfection of MSCV retroviral plasmids was used to express GFP, Nkx2-1
and Selenbpl in 293T cells. No Mycoplasma testing was performed on the cell lines, and
cells were used for experiments within 3-5 days of thawing.

Histologic preparation and IHC

Tissues were fixed in 4% formalin overnight and transferred to 70% ethanol until paraffin
embedding. IHC was performed on 4y,m section with the ABC Vectastain Kit (\Vector
Laboratories) using the Cadenza system followed by hematoxylin counterstaining. The
following primary antibodies were used Nkx2-1 (Abcam: ab76013), Selenbpl (Abcam:
ab90135), GFP (Cell Signaling: 2956), RFP (Rockland: 600401379), BrdU (BD
Pharmingen; 555627). Sections were developed with DAB and counterstained with
hematoxylin. For /n vivo BrdU labeling, mice were injected intraperitoneally with 50 mg/kg
of BrdU 24 hours before analysis. The number of BrdU positive cancer cells was quantifed
by IHC and direct counting, taking into account the morphologic feature of cancer cells and
excluding areas directly adjacent to necrotic areas. The lung cancer tissue microarray TMA
LC20815, containing 208 human patient cores (85 lung adenocarcinoma) was obtained from
US Biomax, Inc., and stained for NKX2-1 and SELENBP1 using IHC.

Low density plating

3x103 cells were seeded per 10 cm plate. Mouse cell lines were allowed to grow for one
week before quantification.

Low density plating quantification

ImageJ was used to analyze colony number. Each image was changed to 8-bit greyscale,
then the threshold was adjusted to 180 pixels. Under the process menu, the image was
changed to binary, and then converted to mask. The area for counting was circled with
freehand selections. The particles were analyzed with a size limit of 150 pixels to infinity.

RNA-seq analysis

RNA-seq data generated previously from a Kras©2P,p53-deficient, td Tomato-expressing
(KPT) tumors (33). This data was aligned with genes identified from ChlIP-seq data using a
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python script, and genes with a log, fold-change larger than —2 (genes that are
downregulated in metastasis) were identified.

Quantitative PCR

gqRT-PCR was performed using Sybr green according to standard protocols. Samples were
run in triplicate and normalized to GAPDH. The following primers were used to assess RNA
levels:

Mouse Nkx2-1:Forward 5’ gatggtacggcgccaacccag 3’ and Reverse 5’ actcatattcatgccgctcge
3’

Mouse Sfipb. Forward 5’ aaccccacacctctgagaac 3’ and Reverse 5’gtgcaggctgaggcttgt 3’

Mouse Selenbpl: Forward 5’ tcttcaaagatggcttcaacc 3’ and Reverse 5’ ctgccagtcccacacaaata
3’?

Mouse Gapdh.: Forward 5’ cagcctcgtcecgtagac 3’ and Reverse 5’ cattgctgacaatcttgagtga 3’
Human NKX2-1. Forward 5’ aggacaccatgaggaacag 3’ and Reverse 5’ cccatgaagcgggagat 3’
Human SELENBPI1. Forward 5’ cagcgcttctacaagaacga and Reverse 5’ tgatcaggcectggceattt 3’

Human ACT/N: Forward 5; ccttgcacatgccggag 3” and Reverse 5 gcacagagcctcgectt 3’

Western blotting

For western blotting, denatured protein samples were run on a 4-12% Bis-Tris (NuPage) and
transferred onto PVDF membrane. Membranes were immunoblotted using primary
antibodies. The following antibodies were used to assess protein levels:

Selenbpl: Abcam: ab90135
Nkx2-1: Abcam: ab76013 (EP1584Y)

Primary antibody incubations were followed by secondary HRP-conjugated anti-mouse
(Santa Cruz Biotechnology, sc-2005) and anti-rabbit (Santa Cruz Biotechnology, sc-2004)
antibodies, and membranes were developed with ECL 2 Western Blotting Substrate
(P180196, ThermoScientific Pierce).

BrdU cell culture assay

To assess proliferation 10° cells were plated in each well of a 6 well plate. Twelve hours
later, the subconfluent cells were labelled with 10uM BrdU for 2 hours, followed by anti-
BrdU staining using the BD APC flow kit according the manufacturer’s instructions.

Migration assay

For migrations assays, cells were plated in triplicate in 10 cm plates, overnight such that
confluency was reached the next day. A 200 pl pipette tip was used to initiate the scratch.
The gap was monitored over time and the gap measurement/analysis was quantified using
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ImageJ. Migration assays were also performed in the presence of mitomycin C by seeding 1
million cells in each well of a 6 well plate overnight. Two hours prior to the scratch assay 5
ug/ml of mitomycin C was added to the media. A 200 pl pipette tip was used to initiate the
scratch. The gap was monitored over time and the gap measurement/analysis was quantified
using ImageJ.

Presto blue assay

Proliferation was assessed using PrestoBlue Cell Viability Reagent (A13261, Invitrogen),
with 2x103 cells seeded per well of a 96 well plate.

Cell transplantation and analysis

Six-week-old male B6129SF1/J mice (Jax stock #101043) of similar weights were used for
the transplantation experiments. For intravenous transplantation, 1x10° cells were injected
into the lateral tail vein (in 200 ul PBS) of B6129SF1/J recipient mice. Mice were analysed
3 weeks after transplantation. For analyses, lungs were examined under a fluorescent
dissecting microscope for tdTomatoPsitive tumor number, and then fixed for IHC. Tumor
area relative to total lung area was quantified using ImageJ on hematoxylin and eosin
(H&E)-stained sections.

Mouse Strains and tumor induction

KrastSL-G12D/*  poglSL-tdTomato 7 7LSL-Cas9 and p53710X have been previously described
(31,48,78,79). The Lenti-U6sgRNA/PGK-Cre vector was generated as previously
described(34). Lenti-U6sgSelenbpl#1/PGK-Cre was co-transfected with packaging vectors
(delta8.2 and VSV-G) into 293T cells using TransIT-LT1 (Mirius Bio). The supernatant was
collected at 48 and 72 hours, ultracentrifuged at 25,000 rpm for 90 minutes, and resuspended
in PBS. Tumors were initiated by intratracheal transduction of mice with Lenti-
U6sgSelenbp1#1/PGK-Cre, and tumors were allowed to develop for four months. Two
hundred thousand viral particles were injected into K7 and K7;Cas9mice, and Twenty-five
thousand particles were injected into KP7 and KPT,Cas9 mice. Mice were analyzed by
examining the lungs, pleural cavity, liver, kidneys, and spleen under a fluorescent
microscope for tumors. Lung tissue was fixed for IHC staining. The Stanford Institute of
Medicine Animal Care and Use Committee approved all animal studies and procedures.

Tracking indels by Decomposition (TIDE analysis)

Cutting efficiency was calculated using the free online webtool (35).

Results

Selenbpl is an Nkx2-1 target in lung adenocarcinoma

To identify candidate Nkx2-1-regulated genes in lung adenocarcinoma, we integrated
datasets from human lung adenocarcinoma and a defined mouse lung cancer model. To
uncover genes that are likely to be directly regulated by Nkx2-1, we analyzed an Nkx2-1
ChlP-seq dataset generated from oncogenic Kras®12P-driven murine lung tumors (13). We
next determined how well the expression of these putative direct Nkx2-1 target genes
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correlate with NKX2-1 expression in human lung adenocarcinoma (27,28,36). This analysis
uncovered several canonical Nkx2-1 target genes including surfactant protein B (Sftpb) and
Nkx2-1 itself, as well as several potentially novel Nkx2-1 target genes (Figure 1a).
Consistent with the Nkx2-1 ChlP-seq data from mouse tumors, NKX2-1 also bound regions
near NAPSA, NPCZ2, and SELENBPI in a human lung adenocarcinoma cell line (H441;
ChlP-seq data from (37); (Supplemental Figure 1a)). To initially assess the function of
Napsa, Npc2, and Selenbpl in lung adenocarcinoma cells, we used multiple small hairpin
RNA s to stably knockdown each gene in an Nkx2-1P% lung adenocarcinoma cell line
derived from the genetically-engineered KrastSL-G12D p53flox/flox (ip) mouse model
(Supplementary Figure 1b—d)(12,38). Selenbp1 knockdown elicited the most dramatic
increase in clonal growth ability when the cells were plated in low-density conditions
(Supplemental Figure 1e,f). This data, in combination with the correlation between
SELENBPI and NKX2-1in human lung adenocarcinoma, focused our additional validation
and mechanistic experiments on this novel Nkx2-1-regulated gene.

Analysis of multiple human lung adenocarcinoma gene expression datasets confirmed that
SEL ENBPI expression correlates with NKX2-1 expression, as well as with the expression
of the NKX2-1 target SF7PB (Figure 1b—d, and Supplemental Figure 2a).
Immunohistochemistry (IHC) on human lung adenocarcinomas uncovered a general
correlation between NKX2-1 and SELENBP1 protein expression (Figure 1e,f, and
Supplemental Figure 2b). Low SELENBP1 expression occurred in Nkx2-1P% tumors,
however NKX2-1low/negative t;mors were almost always SELENBP1!ow/negative (Fiqyrele—f,
and Supplemental Figure 2b). Higher expression of NKX2-1 in lung adenocarcinoma
correlates with better patient outcome (39,40) and we confirmed that higher expression of
SELENBPI was also significantly associated with better patient outcome (Figure 1g).

To further investigate the regulation of Sefenbpl by Nkx2-1, we examined the Nkx2-1 ChIP-
seq peaks upstream of Selenbp (Figure 1h)(13). One small Nkx2-1-bound peak was located
in the promoter region of Sefenbpl, while three larger peaks were identified further
upstream of Selenbpl (Figure 1h). We next examined the histone modifications associated
with these regions. The Nkx2-1 bound region at the promoter of Sefenbpl was associated
with H3K4me3 (a marker of active genes)(41) and H3K27ac (a marker of activity at
promoters and enhancers)(42), while the putative enhancer regions were bound by
H3K4mel (a marker of enhancers and promoters) and H3K27ac (a marker of enhancers)
(43). H3K27me3 (a marker of Polycomb-mediated gene repression (44,45)) was absent from
both the promoter and putative enhancer regions (Figure 1h). Collectively, this suggests that
Nkx2-1 likely regulates the expression of Selenbp1 through both its enhancer and promoter
regions. Foxal/Foxa2 also bound the promoter and enhancer regions suggesting co-
regulation of Selenbp1 by Nkx2-1 and a Foxa transcription factor (Figure 1h)(46-50). The
pattern of chromatin marks around other known Nkx2-1 targets, including Sfipband Nkx2-1
itself were consistent with the co-ordinate regulation of a large number of genes by these
factors (Supplemental Figure 2b,c)(13,51-53).

We recently characterized the global gene expression changes that occur in neoplastic cells
during tumor progression and metastasis in a Kras®12P-driven, p53-deficient lung
adenocarcinoma mouse model (33). As anticipated, the expression of AMkx2-1 and canonical
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Nkx2-1 target genes correlated with the expression Selenbpl. In fact, Selenbp1 was more
than 7-fold lower in pleural disseminated tumor cells and metastases than primary non-
metastatic tumors (Supplemental Figure 3 and 4a). Immunohistochemistry for Nkx2-1 and
Selenbpl on primary tumors and metastases from
KrasLSL—GIZD/+I.IO53ﬂ0X/ﬂ0XI-R25LSL—m’Tomata (KPT)mice confirmed that Nkx2- 1 low/negative
areas were most often Selenbp1'ow/negative Thjs js consistent with the lower expression of
SELENBP1 protein in poorly differentiated human lung adenocarcinomas (Figure 2a,b)(18).
The early stage lung tumors that develop in p53-proficient Kras-SL-G120/# poglSL-tdTomato
(KT) mice are almost exclusively Nkx2-1P% and were most often Selenbp1P°S
(Supplemental Figure 4b,c).

The Nkx2-1-bound regions upstream of Selenbp1 are closest to the Selenbpl transcriptional
start site, but these enhancer regions could nonetheless regulate the expression of other
nearby genes (Supplemental Figure 3c). Unlike Selenbp (Figure 2c), the expression of
other genes in proximity of the NKX2-1 bound enhancer regions did not correlate with the
expression of Nkx2-1 or Sftpb in cancer cells from different stages of metastatic progression
from K7and KPT mice (Supplemental Figure 3a and 4d). The other genes within the same
region as SELENBPI also did not correlate with NKX2-1 expression in human lung
adenocarcinoma (Figure 1b—d, Supplemental Figure 3c).

Collectively, these data document a clear correlation between the expression of the
transcription factor Nkx2-1 and Selenbpl in lung cancer, which is consistent with our initial
identification of Nkx2-1 bound regions proximal to Selenbpl.

Nkx2-1is required for Selenbpl expression in lung adenocarcinoma cells

In cell lines generated from the KPlung cancer mouse model, Sefenbpl correlated with
Nkx2-1and Sfipb expression (Supplemental Figure 4e,f). Selenbpl expression was high in
Nkx2-1P% cell lines generated from non-metastatic primary tumors (Tponmet) and low in
Nkx2-1negative ce| [ines generated from metastatic primary tumors (Tyet) and metastases
(Met)(12)(Figure 2d). To determine whether Nkx2-1 is sufficient and/or required for
Selenbp1 expression, we performed gain- and loss-of function experiments with these mouse
lung adenocarcinoma cell lines. We stably knocked-down Nkx2-1 using previously validated
small hairpin RNAsS, in two cell lines derived from non-metastatic primary tumors from the
KP mouse model (Tnonmet; 394T4 and 368T1)(12). We confirmed knockdown of Nkx2-1 at
the RNA and protein levels (Figure 2e,g,h and Supplemental Figure 5a). Down regulation of
the canonical Nkx2-1 target gene Sfipb confirmed reduced Nkx2-1 activity in the shVkx2-1
ThonMet Cell lines (Supplemental Figure 5b,c). In both Tyonmet cell lines, Nkx2-1 knock-
down greatly reduced SefenbpI mRNA and protein (Figure 2f, g, h and Supplemental Figure
5d). To determine whether Nkx2-1 is sufficient to drive Selenbp1 expression, we
overexpressed NVkx2-1in a cell line derived from a metastatic primary tumor (Tyet; 389T2)
(Figure 2i, j, and k, and Supplemental Figure 5e)(12). Overexpression of Nkx2-1 in these
cells induced expression of Selenbp1, as well as the expression of the canonical Nkx2-1
target Sftob (Figure 2i, j, and k, and Supplemental Figure 5e).

To investigate whether Nkx2-1 is required for SELENBP1 expression in human cell lines,
we examined SELENBPI expression in a published gene expression dataset from a human

Mol Cancer Res. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caswell et al.

Page 8

lung adenocarcinoma cell line (H441) with and without Nkx2-1 knockdown (37). Nkx2-1
knockdown resulted in a 4-fold decrease in Nkx2-1 expression and a ~2-fold decrease in
SEL ENBPI expression (Supplemental 5f-g). SFTPB expression was also ~2-fold lower in
Nkx2-1 knockdown H441 cells (Supplemental Figure 5h)(37). These data suggest that
Nkx2-1 regulates the expression of Selenbp1l in lung adenocarcinoma.

Selenbpl inhibits clonal growth and migration

To assess the molecular and cellular phenotypes controlled by Selenbpl, we knocked down
Selenbp1 with two independent ShRNAS in the Tponmet Cell lines and confirmed Selenbpl
knockdown at the RNA and protein levels (Figure 3a,b, and Supplemental Figure 5i,j).
Using these knockdown cell lines, we performed a series of assays to investigate the
function of Selenbpl on proliferation and cell migration. Se/enbp knockdown had little if
any effect on cell growth under standard culture conditions (Figure 3c and Supplemental
Figure 5k—-0). In contrast, when plated at low-density, Selenbp? knockdown cells formed
significantly larger and considerably more numerous colonies than shGFP control cells
(Figure 3d-f).

Several studies have suggested that Nkx2-1 can inhibit migratory ability (7,15,37,54). We
used a 2D migration assay to determine whether Nkx2-1 controls the migratory ability of
lung adenocarcinoma cells in culture. Nkx2-1 knockdown increased the migratory ability of
Tronmet Cells, while doxycycline-regulatable induction of Nkx2-1 in a Tpget line decreased
migratory ability (Figure 3g,h and Supplemental Figure 6a-d). Both cell-intrinsic and
secreted factors can influence migration; therefore, we determined whether the effect of
Nkx2-1 knockdown on migration was cell autonomous. By performing migration assays
with differentially labeled co-cultured control Tpet and Tpjet.Nkx2-1 expressing cells, we
found that re-expression of Nkx2-1 reduced migration even in the presence of control cells,
consistent with its effect being cell autonomous (Supplemental Figure 6a—d).

Given the effect of Nkx2-1 on migration, we examined whether Selenbpl also regulates
migration in vitro. Selenbp1 knockdown significantly increased migratory ability of Tnonmet
cells (Figure 3g,h). To rule out that the increased migration of these cells was due to the
slight increase in proliferation, we performed additional migration assays in the presence of
proliferation inhibitor mitomycin C (Supplemental Figure 6e,f). The migration ability of
Selenbp1 knockdown cells was still significantly higher than control cells, confirming that
the effect of Selenbp1 on migration is independent of cellular proliferation (Supplemental
Figure 6¢,f).

Selenbpl suppresses tumor growth in vivo

To investigate the importance of Selenbpl in tumor growth and metastasis /in vivo, we
intravenously transplanted Tnonmet Sefenbpl knockdown and control cells into syngeneic
recipient mice (Figure 4a—e). Selenbp1 knockdown significantly increased the total tumor
burden as assessed by lung weight and percent tumor area (Figure 4a—e). While Selenbpl
knockdown did not significantly alter tumor number, the tumors that formed were larger
suggesting that Selenbp1 inhibits tumor growth (Figure 4c,d,e).
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Selenbpl increases Nkx2-1 protein level

In the course of our experiments on the Sefenbpl knockdown cells, we unexpectedly found
that knockdown of Sefenbpl resulted in reduced Nkx2-1 expression at both the RNA and
protein levels (Figure 5a—d). Given that Nkx2-1 regulates its own mRNA expression, these
results could reflect an effect of Selenbpl on either Nkx2-1 gene expression or Nkx2-1
protein level. To determine whether Selenbpl can influence Nkx2-1 protein levels in a
heterologous system, we expressed Nkx2-1 with and without exogenous Selenbpl in 293T
cells. Both Nkx2-1 and Selenbpl cDNAs were expressed using the 5’ long terminal repeat
from the murine stem cell PCMV virus which drives high level constitutive expression.
Nkx2-1 protein was consistently higher in the presence of co-expressed Selenbpl suggesting
Selenbpl may stabilize Nkx2-1 protein (Figure 5e and Supplemental Figure 7a,b). We also
examined Nkx2-1 protein expression in the tumors that formed after intravenous injection of
control Tnonmet 2nd Sefenbpl knockdown cells. Compared to tumors from control cells,
many more of the tumors that formed from shSelenbp1 cells were Nkx2-1"¢9 (Figure 5f),
This further supports the importance of Selenbpl in maintaining Nkx2-1 expression.

To determine if this feedback loop exists in human lung adenocarcinoma, we stably knocked
down SELENBPI with two separate ShRNAs in a human lung adenocarcinoma cell line
(H441). SELENBPI knockdown resulted in a significant decrease in Nkx2-1 mRNA and
protein expression (Figure 5g,h,i). This supports the possibility of a positive feedback loop
between SELENBP1 and Nkx2-1 in lung adenocarcinoma which could contribute to the
downregulation of Nkx2-1 during tumor progression.

Selenbpl suppresses primary tumor growth

To determine whether Selenbp1l affects tumor growth /n vivo, we used somatic CRISPR/
Cas9-mediated genome editing to inactivate Sefenbpl in Kras®2P-driven autochthonous
lung tumors (34,55). We designed and validated an sgRNA targeting exon 2 of Selenbpl. We
generated a lentiviral vector encoding this sgRNA and Cre-recombinase (Lenti-sgSelenbpl/
Cre). We initiated tumors with Lenti-sgSelenbp1/Crein
KrastSL-G12D/* -p gL SL-tdTomato .7 1L SL-Cas9 (K T-Cas9) and control KT mice. Four months
after tumor initiation, K7,Cas9 mice had greater total tumor burden than control K7 mice, as
measured by lung weight and percent tumor area (Figure 6a—c). Lenti-sgSelenbpl/Cre-
initiated tumors in K7,;Cas9 mice had indels at the expected site in SelenbpI (Supplemental
Figure 8a). A higher proportion of lung tumors in K7;Cas9 mice were Selenbp1n€9,
compared with K7 lung tumors (Supplemental Figure 8b). K7,;Cas9 mice had a higher
proportion of Selenbp1™®9;Nkx2-1"%9 Jung tumors, and a lower number of
Selenbp1P%;Nkx2-1P% lung tumors compared with K7 mice (Supplemental Figure 8c).

To investigate whether Selentp1 deficiency could also increase the growth of KrasG12D-
driven p53-deficient tumors /in vivo, we initiated tumors with Lenti-sgSelenbpl/Crein
KrastSL-G12D /4 p53fl x/flox - o6l SL-tdTomato, 17 7L.SL-Cas9 (KpT:Cas9) and control KPT
mice. Inactivation of Sefenbpl in KPT,Cas9mice resulted in significantly larger tumors as
measured by lung weight and percent tumor area as compared to control KP7 mice (Figure
6d—f). Lenti-sgSelenbpll Cre-initiated tumors in KP7;Cas9mice had indels at the expected
site in Selenbpl and a higher proportion of lung tumors in KPT,;Cas9 mice were Selenbp1n€d
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(Supplementary Figure 8a, d). The expression of Nkx2-1 and Selenbpl, quantified by
immunohistochemistry, significantly correlated in KP7,;Cas9 lung tumors with a higher
number of tumors being either Nkx2-1P%;Selenbp1P° or Nkx2-1"€9;Selenbp1m®d
(Supplemental Figure 8e). Inactivation of Selenbpl also increased the number of
Hmga2Positive: Nkx2-1negative:Selenbp1Medative greas in KP7;Cas9mice versus KPT mice
(Supplemental Figure 8f). High expression of Hmga2 is a marker of poorly differentiated
metastatic lung adenocarcinoma (32), and the increased number of Hmga2Psitive regions in
KPT,;Cas9 mice suggests that Selenbpl inactivation may lead not only to increased tumor
growth but also to increased tumor progression.

DISCUSSION

These studies were initiated to gain additional insight into the function of the Nkx2-1
transcription factor in lung cancer. Our analysis uncovered Selenbpl as a tumor suppressive
Nkx2-1 target gene. Cell culture assays, transplant experiments, and the analysis of
autochthonous mouse models of lung cancer collectively indicate that Selenbpl suppresses
tumor growth /in vivo.

Selenbp1l has been identified as a potentially important factor in several different cancer
types (17-19,21,56). Our data suggest that Selenbpl inhibits migration of lung
adenocarcinoma cells in culture, which is consistent with its effect on colorectal cancer and
hepatocellular carcinoma cell lines (Figure 3g, h, and Supplemental Figure 6e,f) (18,52). In
lung cancer, Selenbp1 also reduced clonal growth, while in prostate cancer Selenbpl inhibits
anchorage-independent growth (57). Finally, using transplant models and CRISPR/Cas9-
mediated inactivation in autochthonous mouse models of lung cancer, we show that
Selenbpl suppresses cancer growth /n vivo. Functional evidence suggests that SELENBP1
inhibits growth in colorectal cancer and hepatocellular carcinoma and that overexpression of
SELENBP1 enhances cisplatin sensitivity of esophageal adenocarcinoma (17,56,58,59). The
capacity of Selenbpl to change multiple phenotypes across numerous cancer types suggests
that Selenbpl plays a broad role in cancer growth and progression. While Selenbpl
expression is mechanistically linked to Nkx2-1 in lung cancer, different factors must control
Selenbpl expression in other cancer types.

The molecular functions of Selenbpl in cancer are relatively poorly understood. Selenbp1 is
expressed widely across many adult tissues and is an alpha-beta protein with several loop
regions and one cysteine residue (Cys57)(19). In human liver, breast, and colorectal cancer
cell lines, Selenbpl inhibits glutathione peroxidase 1 (GPX1) enzymatic activity and
decreased GPX1 activity correlates with decreased invasiveness (58,60). In prostate cancer
cells, Selenbp1l binds to deubiquitinating factors, potentially playing a role in the regulation
of ubiquitin-mediated protein degradation. However, whether ubiquitination is decreased or
increased with Selenbpl binding remains unclear (57,61). Most recently, Selenbpl was
identified as a novel human methanethiol oxidase that, when mutated, causes extraoral
halitosis (62). Our findings suggest that Selenbpl may play an important role in stabilizing
Nkx2-1 protein. Whether the effect of Selenbpl on Nkx2-1 protein levels represents a direct
biochemical link between these proteins remains unknown. In the shRNA studies in this
manuscript both Nkx2-1 and Selenbpl inhibit clonal growth and migration (Figure 3). These
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data suggest that either the knockdown of Nkx2-1 inhibits these phenotypes through a
signaling cascade mediated by the feedback loop between Selenbpl and Nkx2-1, or that
other factors downstream of Selenbpl induce the phenotypes observed. In human lung
adenocarcinomas some of Nkx2-1 positive tumors have low Selenbpl expression, indicating
that Nkx2-1 maybe necessary but not sufficient for endogenous expression of Selenbpl.
Understanding the connection between Nkx2-1 and Selenbpl will be an important area of
future study.

Selenium itself has been investigated for nearly half a century as a cancer therapeutic(63—
67). Selenium containing proteins include: proteins with nonspecifically incorporated
selenium, specific selenium binding proteins (like Selenbpl), and selenocysteine-containing
proteins (68). Interestingly, in a mouse model of familial adenomatous polyposis (Apc™n),
treatment with an organoselenium compound significantly decreased the development of
small intestine and colon tumors (69). In a transgenic mouse model of liver cancer, both
selenium deficiency and selenium supplementation suppressed carcinogenesis, suggesting
that there may be an ideal level of selenium, and both too much or too little can be anti-
tumorigenic. In lung cancer, several studies have examined the role of selenium as a
chemopreventative agent (65,70). A recent clinical trial and meta-analysis concluded that
selenium supplementation does not decrease lung cancer incidence in an unselected
population, but significantly decreases incidence among patients with low baseline selenium
(71,72).

Understanding the regulation of Nkx2-1 remains an important question as it serves dual
functionality as both an oncogene in some human lung adenocarcinomas and a suppressor of
cancer progression in others (3,5,10,12,73). Thus, within these different contexts, a better
understanding of the regulators of Nkx2-1 expression could uncover strategies to down-
regulate oncogenic Nkx2-1 or increase Nkx2-1 expression to limit tumor growth and
progression. Despite its importance in lung cancer and known ability to regulate its own
expression, other pathways that control Nkx2-1 expression in lung cancer are not well
understood (44,45,69). Several other transcription factors bind to the promoter of Nkx2-1in
lung epithelial cells; however, whether these factors also contribute to the regulation of
Nkx2-1 in lung cancer has not been well characterized (6,53,74-76). Our knock-down data
suggest that Selenbpl may positively regulate Nkx2-1. Other factors also act as regulators of
Nkx2-1 expression, emphasizing the importance of Nkx2-1 function in development and
cancer(77-78). However, Selenbpl inactivation /n vivo appears insufficient to lead to the
loss of Nkx2-1 in lung adenomas and early stage lung adenocarcinomas /n7 vivo, suggesting
that Selenbpl downregulation likely contributes to Nkx2-1 downregulation only within
certain cellular contexts. Rescue experiments examining how Selenbpl re-expression in
Selenbpl knockdown cell lines would be beneficial in a deeper understanding of how
Selenbpl impacts the tumor suppressive phenotypes uncovered in this manuscript.
Additionally, defined mutant forms of Selenbpl, expressed in knockdown cell lines would
provide additional insight into the function of Selenbpl and into its mechanism of tumor
suppression.

Kras®12D-driven Nkx2-1 heterozygous lung tumors in mice can progress to become Nkx2-1-
negative mucinous adenocarcinomas, consistent with the development of mucinous lung
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adenocarcinoma in KrastSL-G12D/* :Nx2-1flox/flox mice (13,14,79). Inactivation of Selenbpl
by somatic CRISPR/Cas9 genome editing in Kras®2P-driven mouse models, did not induce
mucinous adenocarcinoma over the timeframe of our studies. In K7,;Cas9 mice with Lenti-
sgSelenbpll Cre-initiated tumors, more than half of Selenbp1™®9 tumors were also
Nkx2-1"€9, However, the presence of Selenbp1™®9 Nkx2-1P% tumors suggests that loss of
Selenbp1 alone is not sufficient to lead to complete loss of Nkx2-1 in vivo.

Our data suggest that Nkx2-1-driven expression of Selenbpl inhibits tumor growth and
progression of lung tumors. Selenbpl may play an important role across cancer types, and
future work on the molecular mechanism by which Selenbp1 alters cellular phenotypes
associated with tumor growth and metastases will lead to an improved understanding of the
mediators of tumor progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: SELENBP1 isan Nkx2-1 target that is co-ordinately expressed with Nkx2-1in human

lung cancer

a. Selenbplhas multiple proximal Nkx2-1 ChlIP-seq peaks and SELENBPI expression
correlates with Nkx2-1 expression in human lung adenocarcinoma. Each dot represents a
ChlP-seq peak associated with a particular gene.

b, c. SELENBPI expression correlates with Nkx2-1 expression (b), and the expression of
the Nkx2-1 target gene surfactant protein b (SF7PB)(€) in human lung adenocarcinoma.
Each dot represents a tumor.

d. SELENBPI expression correlates with SFTPB expression in human lung
adenocarcinoma. Each dot represents a tumor.
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e. Representative immunohistochemical staining of an Nkx2-1P0sitive gnd an Nkx2-1nedativea
human lung adenocarcinoma. Scale bar = 100 pm.

f. SELENBP1 and Nkx2-1 protein levels scored as low/negative (low/neg) or positive (pos)
from human lung adenocarcinoma TMA. The relationship between SELENBP1 and Nkx2-1
is statistically significant (calculated using a 2x2 contingency table). * P < 0.05.

0. Lung adenocarcinoma patient outcome stratified by SELENBPI expression. Analysis of
720 patients from GEO (Affymetrix microarrays), EGA, and TCGA (Szasz etal., 2016). P-
value and hazard ratio are indicated.

h. ChlP-seq data for Nkx2-1, Foxal/Foxa2, and histone marks around Sefenbp in murine
lung tumors.
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Figure 2: Selenbpl and Nkx2-1 expression correlatesin murinelung tumorsand Nkx2-1is
required and sufficient for Selenbpl expression

a. Immunohistochemical staining for Nkx2-1 and Selenbpl on lung tumors from
Kra&L-SL-G12D/# 5 3flox/flox - 26 L SL-tdTomato (ikpT) mice. H&E staining illustrates less
differentiated areas with low Nkx2-1 and Selenbpl expression. Scale bar = 50 um.

b. Correlation between Nkx2-1 and Selenbpl expression scored as low/negative (low/neg) or
positive (pos) in KPT lung tumors quantified by immunohistochemistry. **’* P <0.0001

c. Correlation between Nkx2-1 and Selenbpl expression in tumors from
KraSLSL-GJZD/+R25LSL-m’Tomal‘U(KT) and KPT mice.
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d. Selenbpl expression is significantly lower in cell lines derived from metastatic primary
lung tumors and métastasés from KPmice. * P <0.05, ** P <0.01

ef. Stable knockdown of Nkx2-1 reduces Nkx2-1 (e) and Selenbpl (f) expression in a
Thonmet Cell line (394T4). Normalized expression relative to shGFP and Gapadh. gRT-PCR
mean +/— SD of triplicate wells. *** P <0.001, ** P <0.01.

g,h. Western blot for Nkx2-1 and Selenbpl in cell lines (394T4 and 368T1) with stable
knockdown of NVkx2-1. Hsp90 shows loading.

i,j. Re-expression of Nkx2-1 in a Tponmet Cell line (389T2) increases Nkx2-1 and Selenbpl
expression. Expression relative to Gapadh and normalized to control (Puro) vector. gRT-PCR
Mean +/- SD of triplicate wells. ”** P <0.0001.

k. Western blot for Nkx2-1 and Selenbpl in 389T2 cells re-expressing Nkx2-1. Hsp90
shows loading.
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Figure 3: Nkx2-1 and itstarget Selenbplinhibit clonal growth and migratory ability
a. shRNA-mediated knockdown of Selenbp1 using two hairpins significantly reduces

Selenbpl expression in a Tponmet Cell line (394T4). Normalized expression relative to
shGFP and Gapdh. qRT-PCR mean +/- SD of triplicate wells. ****< 0 0001.

b. Western blot demonstrating stable knockdown of Selenbpl 394T4 cells. Hsp90 shows
loading.

¢. BrdU incorporation is not significantly increased by stable knockdown of Nkx2-1 or
Selenbpl in 394T4 cells. Representative of 4 independent experiments.

d. Representative images of low density colony formation of 394T4 cells with stable
knockdown of Nkx2-1 or Selenbpl. Scale bar =1 cm.

e.f. Colony number (e) and size (f) formed by 394T4 cells is significantly increased with
stable knockdown of Nkx2-1 or Selenbpl. ** P < 0.01, *** P <0.001. Representative of 3
independent experiments.
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0. Representative images of scratch assays using the 394T4 cells with knockdown of Nkx2-1
and Sefenbpl at 0 and 12 hours after scratching. Scale bar =5 mm.

h. The Thonmet Cell line (394T4) migrates significantly faster with knockdown of Nkx2-1 or
Selenbpl. Mean +/- SD of triplicate wells.* P < 0.05, *** P<0.001.
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Figure 4: Selenbpl functions as an anti-metastatic factor
a. Knockdown of Sefenbplin an intravenously injected Tnonmet Cell line (394T4), results in

significantly increased lung weight three weeks post-Injection. Each dot represents a mouse,
and the bar is the mean. *** P <0.001,****P <0.0001

b. Increased total tumor mass of a Tronmet, Cell line (394T4), with Selenbp1 knockdown is
shown by tdTomato fluorescent and H&E images. Fluorescent images, scale bar =5 mm,
H&E images, scale bar = Imm.
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¢. Knockdown of Selenbpl in a Tronmet cell line (394T4), intravenously injected, results in a
slight but not significant increase in tumor number. Each dot represents a mouse, and the bar
is the mean. NS = not significant.

d. Knockdown of Selenbplin a Tnonmet Cell line (394T4), intravenously injected, induces
significantly larger tumors than control cells. Each dot represents a tumor, and the bar is the
mean. *** P <0.0001

e. Tumor area is significantly higher after intravenous injection of a Tngnmet Cell line
(394T4) compared to control cells. Each dot represents a mouse, and the bar is the mean. **
P <0.01
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a,b. Knockdown of Selenbp1 in the Tronmet Cell line (394T4) significantly reduces Nkx2-1
mRNA (a) and protein (b) expression. Normalized gene expression relative to Gapah. qRT-
PCR mean +/- SD of triplicate wells. Hsp90 shows loading.****P <0.0001.

¢,d. Knockdown of Sefenbpl in the Tponmet Cell line (368T1) significantly reduces Nkx2-1
MRNA (c) and protein (d) expression. Normalized gene expression relative to Gapah. qRT-
PCR mean +/- SD of triplicate wells. Hsp90 shows loading * P <0.05, ** P <0.01.
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e. Transient transfection of Selenbpl increases the level of exogenous Nkx2-1 protein in 293
cells. HSP90 shows loading

f.Quantification of immunohistochemistry for Nkx2-1 expression in shGFP and shSelenbpl
lung tumors (from Figure 4). A higher percentage of Selenbpl knockdown tumors are
Nkx2-1"€9 compared with control shGFP tumors Data from 3 mice from each group is
shown.

g,h. shRNA knockdown of SELENBPI using two hairpins results in loss of SELENBPI (f)
and Nkx2-1 (g) expression in the human lung adenocarcinoma cell line H441. Normalized
expression relative to ACT/N gRT-PCR Mean +/- SD of triplicate wells.* P <0.05, ** P
<0.01, *** P <0.001, **** P<0 0001

i.In the human lung adenocarcinoma cell line H441 SELENBPI knockdown using two
hairpins decreases SELENBP1 and Nkx2-1 protein levels. HSP90 shows loading.
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Figure 6: Selenbpl suppresseslung tumor growth.
a,b. CRISPR/Cas9-mediated targeting of Selenbplin K7;Cas9mice increases tumor burden.

Representative fluorescence dissecting scope and H&E images (a) and lung weight (b) of
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KTand KT:Cas9with Lenti-sgSelenbp1/Cre initiated tumors 4 months after initiation. Each
dot represents a mouse, and the bar is the mean. Normal lung weight is indicated with a
dashed line. * P <0.05. Fluorescent images scale bar =5 mm, H&E images scale bar = 1

mm.

c. KT;Cas9mice with Lenti-sgSelenbp1/Cre initiated tumors have greater tumor burden than
KT mice. Each dot represents a mouse and the bar is the mean. ** P <0.01.

Mol Cancer Res. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Caswell et al.

Page 28

d,e. CRISPR/Cas9-mediated targeting of Selenbplin KPT;Cas9 mice increases tumor
burden. Representative fluorescence dissecting scope and H&E images (d) and lung weight
(e) of KPTand KPT,Cas9with Lenti-sgSelenbpll/ Cre initiated tumors 4 months after
initiation. Each dot represents a mouse, and the bar is the mean. Normal lung weight is
indicated with a dashed line. ** P <0.01. Fluorescent images scale bar = 5 mm, H&E images
scale bar = 1Imm.

f. KPT;Cas9mice with Lenti-sgSelenbp1l Cre initiated tumors have greater tumor burden
than KPT mice. Each dot represents a mouse and the bar is the mean. * P <0.05
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