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ZBTB18 restricts chromatin accessibility and prevents
transcriptional adaptations that drive metastasis
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Metastases arise from rare cancer cells that successfully adapt to the diverse microenvironments encountered
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during dissemination through the bloodstream and colonization of distant tissues. How cancer cells acquire the
ability to appropriately respond to microenvironmental stimuli remains largely unexplored. Here, we report an
epigenetic pliancy mechanism that allows cancer cells to successfully metastasize. We find that a decline in the
activity of the transcriptional repressor ZBTB18 defines metastasis-competent cancer cells in mouse models.
Restoration of ZBTB18 activity reduces chromatin accessibility at the promoters of genes that drive metastasis,
such as Tgfbr2, and this prevents TGFB1 pathway activation and consequently reduces cell migration and inva-
sion. Besides repressing the expression of metastatic genes, ZBTB18 also induces widespread chromatin closing,
a global epigenetic adaptation previously linked to reduced phenotypic flexibility. Thus, ZBTB18 is a potent
chromatin regulator, and the loss of its activity enhances chromatin accessibility and transcriptional adaptations

that promote the phenotypic changes required for metastasis.

INTRODUCTION
Metastasis is the leading cause of cancer-related mortality, but the
mechanisms responsible for cancer cell dissemination and disease
recurrence are incompletely understood. Metastasis occurs when
malignant cancer cells succeed in completing all the steps of the
metastatic cascade: invasion of the tissues surrounding the
primary tumor, transit through the bloodstream, arrest and survival
in distant organs, and metastatic outgrowth (I, 2). Despite the ag-
gressive nature of metastatic cancers, only very few of the cancer
cells shed by a primary tumor ultimately form clinically relevant
metastases in distant tissues (1-3). This is due to the inability of
the vast majority of cancer cells to survive the immunological chal-
lenges and mechanical stresses associated with systemic dissemina-
tion through the circulation and the hurdles of invading, surviving,
and growing into the parenchyma of distant organs (1-3).
Because the phenotypic traits that facilitate a specific step of the
metastatic cascade (e.g., invasion) differ from those needed for
other steps (e.g., proliferation), classical models postulate that
overt metastases originate from rare tumor cells that initially had
or acquired en route a high degree of phenotypic plasticity (2, 4).
In particular, it has been proposed that highly metastatic tumor
cells respond to microenvironmental signals [such as WNT (Wing-
less/Integrated) proteins, transforming growth factor— (TGFp)
ligands, and inflammatory cytokines] and transiently acquire stem
cell-like properties associated with increased phenotypic flexibility
(2, 4-6). Furthermore, some highly metastatic tumor cells are
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capable of shuttling between opposite cell differentiation states
(e.g., epithelial versus mesenchymal phenotypes), and this adapt-
ability confers them the capacity to proliferate or migrate depending
on the metastatic step and associated microenvironment (2, 4, 6).
However, it remains poorly defined how tumor cells achieve the
state of pliancy that allows them to respond to diverse microenvi-
ronmental cues and to surmount the challenges encountered during
metastatic dissemination.

Epigenetic alterations play key roles in enabling cell plasticity
during cell differentiation and tumorigenesis. Alterations such as
aberrant promoter and enhancer activity, as well as widespread
changes in heterochromatin have also been implicated in metastasis
of various cancer types (7—14). These changes are characterized by
DNA hypomethylation and by the gain of activating and loss of re-
pressive histone marks, which can result from a reduction in PRC2
(polycomb repressive complex 2)-mediated gene silencing (9, 12).
For example, in breast cancer cells, the presence of a poised (biva-
lent) chromatin conformation at the promoter of the transcription
factor ZEBI (zinc finger E-box binding homeobox 1) enables tumor
cells to respond to TGFp1 and to transition to a stem cell-like phe-
notype (15).

Compared to differentiated cells, undifferentiated stem cells
display a more open chromatin state that facilitates transcriptional
responses to environmental stimuli and promotes phenotypic flex-
ibility (16). Enhanced chromatin accessibility at the promoter of
specific transcription factors has also been associated with metasta-
sis (8). Moreover, recent studies have indicated that global reorga-
nization of chromatin conformation contributes to small cell lung
cancer (SCLC) metastasis (17). In particular, Nfib copy number am-
plification drives a permanent widespread increase in chromatin ac-
cessibility that facilitates metastasis in a subset of SCLCs (17).
However, it remains unknown whether similar changes in chroma-
tin accessibility also drive metastasis in other cancer types. Further-
more, the factors responsible for restricting chromatin accessibility
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and the mechanisms by which they might be overridden during me-
tastasis remain incompletely understood.

By using an orthotopic breast cancer model that recapitulates the
entire metastatic cascade in immunocompetent mice, here, we show
that loss of activity of the transcriptional repressor ZBTB18 (zinc
finger and BTB domain containing 18; RP58/ZFN238) characteriz-
es metastasis-derived tumor cells that retain a higher ability to me-
tastasize. Restoration of ZBTB18 activity via its overexpression leads
to a reduction in chromatin accessibility at the promoters of genes
associated with metastasis. In particular, we find that ZBTB18 over-
expression considerably limits chromatin accessibility at the Tgfb
receptor 2 (Tgfbr2) promoter, thereby preventing TGFp1 signaling
and consequently inhibiting downstream cell motility and
metastasis.

In addition to repressing target genes associated with metastasis,
we find that ZBTB18 overexpression also induces widespread chro-
matin closing. Thus, we propose that loss of ZBTB18 activity en-
hances global chromatin accessibility in tumor cells and that this
facilitates transcriptional adaptations that promote the phenotypic
changes required for metastasis.

RESULTS
Breast cancer cells isolated from distinct lung metastases
that originated from the same primary tumor display
drastically different metastatic competence
Comparison of the gene expression profiles of cancer cells isolated
from metastases and from their matched primary tumors is an ap-
proach that has been successfully used to identify candidate drivers
of metastasis (18, 19). However, only few such pairs of metastases
and parental primary tumors have been developed in immunocom-
petent mouse models, hindering the possibility to identify drivers of
metastasis in the physiological context of an intact immune system.
To address this gap and establish new models of tumor-metas-
tasis pairs in immunocompetent mice, we have generated novel
breast cancer cell lines from distinct lung metastases that originated
from the same primary tumor. To this end, poorly metastatic E0771
cells [luminal B (ERa~, ERB", PR*, and ErbB2") breast cancer cell
line (20) derived from a spontaneous mammary adenocarcinoma
that arose in a C57BL/6 mouse (21)] were stably transduced with
copGFP (copepod green florescent protein) (E0771GFP cells) and
implanted into the fourth mammary fat pad of a C57BL/6 female.
One month later, two distinct spontaneous lung metastases were
isolated, expanded in culture, and fluorescence-activated cell
sorting (FACS)-sorted based on green fluorescent protein (GFP)
expression, yielding the MI11GFP and MI2GFP cell lines
(Fig. 1A). When reimplanted orthotopically into mice, these two
cell lines gave rise to tumors that grew significantly faster than pa-
rental E0771GFP tumors, as indicated by higher tumor masses 28
days after tumor implantation (Fig. 1B). Furthermore, quantitation
of lung metastatic foci revealed that mice bearing M11GFP primary
tumors developed significantly more metastases than mice inoculat-
ed with either parental E0771GFP or M12GEFP cells (Fig. 1C). Thus,
although M12GFP cells give rise to bigger tumors than E0771GFP
or M11GFP cells, they are not more metastatic than parental
E0771GFP cells. In contrast, M11GFP cells are more metastatic
than both E0771GFP and M12GFP cells (Fig. 1C), even when the
number of metastases in each mouse is normalized by the
primary tumor mass (Fig. 1D). The increased ability to seed lung
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metastases of M11GFP in comparison to E0771GFP or M12GFP
cells was confirmed in an experimental metastasis model based
on the tail vein injection of cancer cells: M11GFP cells yielded ap-
proximately four times more lung metastases than M12GFP or
E0771GFP cells (Fig. 1E). Consistent with their enhanced metastatic
competence, M11GFP cells migrated more efficiently in vitro than
E0771GFP or M12GFP cells (Fig. 1F), while all three cell lines dis-
played similar proliferation rates (Fig. 1G). Together, via in vivo se-
lection from a parental cell line, we have here generated a novel
breast cancer cell line with increased metastatic potential
(M11GFP cells) and another with enhanced in vivo tumor growth
(M12GFP) but limited metastatic potential. Together with their
common parental line, these two cell lines provide an attractive
model system to delineate gene expression/phenotypic programs
that are differentially modulated in metastatic tumor cells with
highversuslow ability to further metastasize.

Target genes of the transcriptional repressor ZBTB18 are
up-regulated in breast cancer cells with high metastatic
competence
RNA sequencing (RNA-seq) was performed to delineate the gene
expression changes that underlie the different metastatic behavior
of E0771GFP, M11GFP, and M12GFP cells. Principal components
analysis (PCA) indicated that these three related cell lines each
display distinct gene expression programs (principal component
1), with principal component 2 demonstrating the difference in
gene expression between highly metastatic M11GFP cells and
poorly metastatic M12GFP and E0771GFP cells (Fig. 2A and fig.
S1A). Furthermore, the expression of 242 genes is significantly
modulated [|log,(fold change)| > 0.5, P < 0.05] in M11GFP cells
in comparison to both E0771GFP and M12GFP cells (Fig. 2B and
fig. S1B), suggesting that these genes might play a role in metastasis.

To pinpoint potential signaling pathways globally driving these
gene expression changes and responsible for the enhanced metastat-
ic potential of M11GFP cells, we examined whether genes up-reg-
ulated in M11GFP cells share any transcription factor binding sites
in their promoter. Gene set enrichment analysis (GSEA) using Mo-
lecular Signatures Database (MSigDB) transcription factor target
prediction (C3 TFT gene sets) identified 13 transcription factors as-
sociated with target genes up-regulated in M11GFP cells when com-
pared to related but less metastatic M12GFP and E0771GFP cells
(Fig. 2C and table S1). Because M12GFP have a similar metastatic
behavior as E0771GFP cells (Fig. 1), any transcription factor up-reg-
ulated in M12GFP versus E0771GFP was excluded from the list of
putative transcription factors that drive metastasis (Fig. 2C).

Among differentially regulated candidates, target genes of the
transcriptional repressor ZBTB18 (RP58/ZNF238) were the most
significantly up-regulated in M11GFP in comparison to the two
other related cell lines with lower metastatic potential (Fig. 2D
and table S1). ZBTB18 is a transcriptional repressor that plays a
crucial role in brain development, neuronal differentiation, and
myogenesis (22-25). In mouse gliomas and colon cancer, loss of
Zbtb18 expression via epigenetic silencing has been implicated in
tumor progression, and restoration of its expression has been
shown to limit tumor growth (24, 26, 27). However, whether
ZBTB18 plays a functional role in cancer metastasis
remains unknown.

On the basis of the observed increase in ZBTB18 target gene ex-
pression in highly metastatic cells, we hypothesized that loss of
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Fig. 1. Breast cancer cells isolated from distinct lung metastases that originated from the same primary tumor display drastically different metastatic com-
petence. (A) Scheme of the experimental approach used to generate the M11GFP and M12GFP cell lines. (B) Primary tumor mass, 28 days after orthotopic inoculation of
10% E0771GFP, M11GFP, and M12GFP cells into the fourth mammary fat pad of C57BL/6 female mice (E0771GFP, n = 10 mice; M11GFP and M12GFP, n = 8 mice per group).
(€) Number of spontaneous lung metastases in mice from (B). (D) Number of spontaneous lung metastases normalized by tumor mass in mice from (B). (E) Number of
lung metastases in C57BL/6 female mice 14 days after tail vein injection of 5 x 10° EO771GFP, M11GFP, or M12GFP cells (n = 5 mice per group). (F) Migration of EO771GFP,
M11GFP, and M12GFP cells through Transwell inserts (n = 6 biological replicates). (G) Proliferation rate of EO771GFP, M11GFP, and M12GFP cells (n = 3 independent

*xx

experiments done in quadruplicate). RLU, relative luminescence units. (B to G) Means + SEM, one-way ANOVA, followed by Tukey's posttest. “P < 0.01 and “"P < 0.001.

ZBTBI18 repressor activity enhances metastasis. ZBTB18 inhibition
could occur via a reduction in ZBTB18 expression levels and/or ac-
tivity. However, no changes were detected in ZBTB18 expression at
both the mRNA and protein levels in M11GFP versus E0771GFP
cells (Fig. 2, E and F). Furthermore, there are no mutations in the
protein coding sequence of Zbtb18 in these cell lines (table S2). To-
gether, these results thus suggest that ZBTB18 activity (rather than
its expression) is repressed in M11GFP cells. Similarly, no difference
in ZBTB18 expression was found when comparing the highly met-
astatic 4T1 breast cancer cell line to the poorly metastatic 67NR cell
line (Fig. 2, E and F), two well-studied cell lines isolated from the
same spontaneous breast tumor that developed in a BALB/c
mouse (28). However, increased expression of some of the most
strongly enriched ZBTBI18 target genes (Tgfbr2, Ntnl, Nuakl, and
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LtbpI) was seen when comparing M11GFP to E0771GFP and 4T1
to 67NR cells (Fig. 2, G and H). Together, these data suggest that the
activity of the transcriptional repressor ZBTB18 is inhibited in
MI11GFP and 4T1 cells, thereby allowing expression of its target
genes in these highly metastatic cells.

A well-known mechanism that modulates the activity of certain
transcription factors consists in their cytoplasmic-to-nuclear shut-
tling, which results in their inactivation when retained in the cyto-
plasm and their activation upon translocation to the nucleus (29).
On this basis, we next tested whether cytoplasmic-to-nuclear shut-
tling differentially regulates ZBTB18 activity in cancer cells with dis-
tinct metastatic potential. Western blot analysis of nuclear fractions
and whole-cell lysates (Fig. 2I) and immunofluorescence staining
(Fig. 2J and fig. S2A) revealed that a lower proportion of ZBTB18
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Fig. 2. Target genes of the tran-
scriptional repressor ZBTB18 are
up-regulated in breast cancer
cells with high metastatic com-
petence. (A) PCA of RNA-seq data
indicates that EO771GFP, M11GFP,
and M12GFP have distinct gene ex-
pression patterns (n = 3 biological
replicates per cell line). (B) Differ-
ential gene expression for M11GFP
versus M12GFP and M11GFP versus
E0771GFP. Only genes with signifi-
cant differential expression

(P < 0.05) for both comparisons are
shown. (C) Numbers of transcription
factors with increased target gene
expression (P < 0.05) when com-
paring RNA-seq data obtained from
E0771GFP, M11GFP, and M12GFP
cell lines, as determined using GSEA
analysis with the MSigDB C3 TFT
(transcription factor target) collec-
tion. Genes with an FPKM of >1
were included in this analysis. (D)
GSEA enrichment plot for ZBTB18
target gene expression in M11GFP
cells compared with EO771GFP cells
(left) and M12GFP cells (right). NES,
normalized enrichment score. (E)
Relative Zbtb18 mRNA levels in
E0771GFP versus M11GFP (left;n=3
biological replicates) and 67NR
versus 4T1 (right; n = 4 biological
replicates) cells, as determined by
RT-gPCR. (F) ZBTB18 protein levels,
detected by immunoblotting.
GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) was used as
loading control. Two biological
replicates are shown. Right: Relative
ZBTB18 expression levels calculated
after normalization with GAPDH

(n = 4 biological replicates). (G and
H) Relative expression levels of se-
lected ZBTB18 target genes in
E0771GFP and M11GFP (G) (n =3
biological replicates) or 67NR and
4T1 (H) (n = 4 biological replicates)
cells, as determined by RT-gPCR. (I)
ZBTB18 protein expression levels, in
whole-cell lysates and nuclear frac-
tions, detected by immunoblotting.
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Immunofluorescence staining for ZBTB18 in E0771GFP and M11GFP cells. Cell nuclei are stained with DAPI (4',6-diamidino-2-phenylindole). Scale bar, 50 um. (E to H)
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Means + SEM, unpaired two-sided t test. "P > 0.05, "P < 0.05, P < 0.01, and ""P < 0.001.

localizes to the nucleus of highly metastatic M11GFP cancer cells in
comparison to poorly metastatic EO771GFP cells. Thus, exclusion
from nuclei is a mechanism that impedes ZBTB18 interaction
with DNA, and this process may underlie the increased metastatic

behavior of cancer cells.

As M11GFP cells are derived from E0771GFP cells, we next
sought to determine the level of heterogeneity of ZBTB18
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subcellular localization

E0771GFP single cells.

in the E0771GFP cell population. To this

end, we derived clonal populations from 55 FACS-sorted

Immunofluorescence staining of these

clonal populations revealed that ZBTB18 is predominantly

nuclear in most (52 of 55, ~95%) E0771GFP clones, whereas rare

clones (3 of 55, ~5%) show enrichment of ZBTB18 in their cyto-
plasm (fig. S2B). Furthermore, all cells derived from a given
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single-cell display the same intracellular localization of ZBTB18
(fig. S2B). Thus, although these results do not exclude the possibil-
ity that changes in ZBTB18 subcellular localization might be trig-
gered during cancer progression and completion of the metastasis
cascade in vivo, they raise the possibility that M11GFP cells origi-
nate from a rare E0771GFP cell with predominantly cytoplasmic
ZBTB18. Together, these data indicate that a reduction in nuclear
ZBTBI18 levels that occurs independently from mutations or gene
expression changes characterizes highly metastatic M11GFP cells.

Lower levels of nuclear ZBTB18 associate with more
aggressive human breast cancers

We next sought to determine whether ZBTB18 protein levels and
subcellular localization are altered in tumors from patients with
breast cancer. Consistent with our data with murine models, bioin-
formatics analyses of publicly available datasets revealed that there is
no significant difference in ZBTB18 mRNA levels between breast
cancers and normal breast tissues (Fig. 3A). Furthermore, no differ-
ence in ZBTB18 mRNA levels in primary breast tumors were seen
when comparing patients stratified according to distant metastasis
status (Fig. 3B), lymph node metastasis status (Fig. 3C), or tumor
stage (Fig. 3D). Comparison of samples obtained from distant me-
tastases versus primary tumors also did not reveal any major differ-
ences in ZBTBI8 expression levels (Fig. 3E). Furthermore,
mutations in the protein coding sequence of ZBTBI8 were very
rare among patients with breast cancer. Mutations in ZBTBI18
were found in only 3 of 1084 (0.28%) of the breast tumors analyzed
(tables S3 and S4), indicating that loss-of-function mutations or re-
ductions in ZBTB18 expression levels are not likely to drive disease
progression in patients with breast cancer. Mutations in ZBTB18
were also very rare in other cancer types, with only 108 of 10,967
(0.98%) of the tumors analyzed harboring a mutation in ZBTB18
(tables S3 and S4). In addition, except for glioblastoma, where
ZBTBI18 expression is known to be repressed by promoter hyperme-
thylation (26), no major differences in ZBTBI8 expression were
noted when comparing tumors to normal tissues (fig. S3A) or
when comparing metastatic to nonmetastatic cancers (fig. S3B).
Thus, together, these data indicate that, in breast cancer and in
many other cancer types, ZBTBI8 gene expression is not signifi-
cantly altered during cancer progression.

To determine the subcellular localization of ZBTB18 in samples
from patients with breast cancer, immunofluorescence staining was
performed on tissue arrays, which included normal breast tissues
(from patients with breast cancer), primary breast tumors from pa-
tients with different lymph node metastasis statuses (NO to N3 ac-
cording to the TNM Staging System), and samples from lymph
node metastases. No significant differences in average ZBTB18
protein levels were noted across the different groups (Fig. 3, F and
G). However, while ZBTB18 is generally expressed at similar levels
in both the cytoplasm and nucleus in normal breast tissues and
primary tumors from patients with no evidence of lymph node me-
tastases (NO), it is more frequently enriched in the cytoplasm versus
the nucleus in primary tumors from patients with metastases to
multiple lymph nodes (N3) and in samples from lymph node me-
tastases (Fig. 3, F and H). Similar results were also obtained with a
second independent breast cancer tissue array where a depletion of
nuclear ZBTB18 and concomitant enrichment in the cytoplasm was
more frequently seen in invasive ductal carcinoma and lymph node
metastases than in ductal carcinoma in situ and normal breast
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tissues (from patients with cancer; fig. S3, C to E). Overall, these
data suggest that exclusion of ZBTB18 from the nucleus and its
translocation to the cytoplasm associate with more aggressive and
metastatic breast cancers in the clinic. As exclusion from nuclei is
a mechanism that impedes ZBTB18 interaction with DNA, this
process may underlie the increased metastatic behavior of
cancer cells.

ZBTB18 inhibits breast cancer cell migration and metastasis
To investigate whether ZBTB18 is an inhibitor of breast cancer me-
tastasis, we established M11GFP and E0771GFP cell lines with
stable overexpression of ZBTB18 (overexpressed ZBTB18 localizes
to both the cytoplasm and nucleus; fig. S4, A to C) and inoculated
them orthotopically into the fourth mammary fat pad of C57BL/6
females. These experiments revealed that ZBTB18 overexpression in
M11GFP cells does not affect breast tumor growth (Fig. 4A) but in-
hibits spontaneous lung metastasis (Fig. 4B). Overexpression of
ZBTB18 in poorly metastatic EO771GFP cells further inhibited me-
tastasis (Fig. 4, C and D), indicating that although metastasis is
more limited in this model, it can also be blocked by ZBTB18 over-
expression. Furthermore, following tail vein injection into synge-
neic mice, E0771GFP and M11GFP tumor cells that stably
overexpress ZBTB18 yielded fewer lung metastasis compared to
control cells expressing an empty vector (EV) (Fig. 4E). A similar
inhibition of metastasis was also observed upon overexpression of
ZBTBI18in 4T1, 67NR, Ep5, and Ep5ExTu breast cancer cells and in
MC38GEFP colon carcinoma cells, further confirming the antimeta-
static capacity of ZBTBI18 across many cancer models (Fig. 4E and
tig. S4, D to H).

Consistent with these observations, overexpression of ZBTB18
inhibited in vitro cell migration (Fig. 4F and fig. S4I) and invasion
through collagen I (Fig. 4G) in cancer cell lines, whereas cell prolif-
eration was not affected (Fig. 4H and fig. S4]). Furthermore, de-
creased collective invasion of tumor cells was observed when
ZBTB18-overexpressing cells were grown as spheroids in a type I
collagen:Matrigel three-dimensional matrix (fig. S4K). Together,
these results demonstrate that ZBTB18 overexpression inhibits
tumor cell motility and metastasis.

The predominantly cytoplasmic localization of ZBTB18 in
lymph node metastases from patients with breast cancer (Fig. 3F)
and in the highly metastatic M11GFP cells (Fig. 2, I and J) suggests
that ZBTB18 localization to the nucleus might be necessary for its
antimetastatic function. To test this hypothesis, we generated
MI11GFP cells with stable overexpression of ZBTB18 constructs
with either nuclear localization (ZBTB18-Nucl) or nuclear exclu-
sion (ZBTB18-Cyto) signals (fig. S4L). Overexpression of
ZBTB18-Nucl in M11GFP cells inhibited lung metastasis in vivo
(Fig. 4I) and tumor cell migration in vitro (Fig. 4]), while cell pro-
liferation remained unaffected (Fig. 4K). In contrast, ZBTB18-Cyto
overexpression affected neither metastasis, migration, nor prolifer-
ation (Fig. 4, I to K). Together, these results indicate that localiza-
tion of ZBTB18 to the nucleus is necessary for its antimetastatic
function. Conversely, they also support the hypothesis that inhibi-
tion of ZBTB18 activity would promote metastasis.

To test directly whether inhibition of ZBTB18 function would be
sufficient to enhance metastasis, we next performed loss-of-func-
tion experiments by knocking out Zbtb18 in the poorly metastatic
E0771GFP cell line via the CRISPR-Cas9 technology (fig. S4M).
Knockout of Zbtbl8 resulted in increased lung metastasis
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carcinoma, stratified according to their
lymph node metastasis status (TNM
Staging System; NO, n = 536; N1, n = 417;
N2, n = 132; N3, n = 83). (D) ZBTB18 gene
expression levels in primary tumors from
patients with breast invasive carcinoma,
stratified according to tumor stages (stage
1,n=203; stage 2,n =693; stage 3,n = 277;
stage 4, n = 22). (E) ZBTB18 gene expression
levels in primary tumors and metastases
from patients with breast carcinoma
(primary tumor, n = 868; metastasis,

n = 140). (F) Representative immunostain-
ing for ZBTB18 in samples from patients
with breast cancer, stratified according to
lymph node metastasis status. DAPI stain-
ing delineates cell nuclei. Scale bar, 50 um.
(G) Average ZBTB18 staining intensity in
tissue array samples from (F) (normal
breast,n=7;NO,n=9;N1orN2,n=18;N3,
n =7; lymph node metastasis, n = 10).

P > 0.05 for all comparisons. (H) Relative
ZBTB18 subcellular localization in tissue
array samples from (F) (normal breast, n=7;
NO,n=9;N10rN2,n=18;N3,n=7; lymph
node metastasis, n = 10). (A to E) Median
and upper and lower quartiles are indicat-
ed by dashed lines. (G and H) Means + SEM.
(A, B, and E) Mann-Whitney test (C, D, G,
and H) and Kruskal-Wallis test, followed by
Dunn'’s posttest. No significant difference
in ZBTB18 expression [|log,(fold

change)| > 1, P < 0.05] was found for any of
the comparisons of the groups in (A) to (E).

e

"sp > 0.05, "P < 0.05, and P < 0.001.
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(Fig. 4L) and cell invasion (Fig. 4M) but did not affect cell prolifer-
ation (Fig. 4N). Thus, knockout of ZBTB18 promotes metastasis,
whereas overexpression of nuclear ZBTB18 inhibits this process.
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ZBTB18 induces a global decrease in chromatin
accessibility and represses prometastatic gene expression
programs

To decipher the molecular mechanism by which ZBTB18 suppress-
es breast cancer metastasis, we next performed RNA-seq of
E0771GFP cells that stably overexpress ZBTB18 and compared
them to control E0771GFP cells that express an EV (Fig. 5A).

6 of 20



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 4. ZBTB18 inhibits metastasis A M11GFP B M11GFP C EQ771GFP D EQ771GFP
and suppresses tumor cell migration 5E‘ 20009 i @ 1507 (:,E* 5004 i @ 20
and invasion. (A and C) Tumor growth £ = 7BTB18OE 8 . E 400 = zBTBI8OE 8
following orthotopic injection of 10° 2 1500 % . 2 % 154
cells [M11GFP in (A) and EO771GFP in § g) . —§ 300 S, *
(O) overexpressing ZBTB18 (ZBTB180E) 5 0% 5 5 500 5™ -
or an EV into the fourth mammary fat 2 o 501 E 2
. = 5004 o > o 54

pad of C57BL/6 mice (n = 5 per group). g £ * g 100+ €
(B and D) Number of spontaneous lung & o4 2 o 3 £ ody 2 o
metastases in mice from (A) and (C), re- 0510 15 20 25 30 S & 0510 15 20 25 30 2
spectively, 30 or 28 days after tumor cell Time (days) «@'3’ Time (days) &’3’
inoculation. (E) Number of lung metas- % 0
tases 14 days after tail vein injection of B go7716Fp  m11GFP 67NR 4T1 F eorricrr  miticFP 67NR 4T1
E0771GFP (10° per C57BL/6 mouse, » 100- 60 o 350+ 501 , 120- 120 120~ 120
n =5 mice/group), M11GFP (2.5 x 10° 8 ol $ 3004« , i = o oy o o
per C57BL/6 mouse, n = 7 per group), 8 250- . 5 et
67NR (10° per BALB/c mouse, n = 7 per £ g0 66 30- 2\;, SO ek 807 - 801 804
group), or 4T1 (2.5 x 10° per BALB/c §’ 1504 i g 607 60 60+ 60
mouse, n = 8 per group) cells overex- 5 by 1004 . = * B 407 40+ 404 40+
pressing ZBTB18 (ZBTB18OE) or an EV. £ 204 i 10+ . g 20 204 204 204
(F) Migration of EO771GFP, M11GFP, 3 od o o = od od od o
67NR, and 4T1 cells overexpressing A N\ N ¢ N\ & N\ N\ N\
ZBTB18 (ZBTB18OE) or an EV through © Q;%\‘bo Q/’\Q&O (‘:\Q,\%O Q:&\‘bo (‘/’&\‘bo iQ;%o
Transwell inserts (n = 3 biological repli- 1‘,5\ ® ® ® ® ® ®
cates). (G) Invasion of cells from (F)
through collagen I-coated Transwell G EQ771GFP  M11GFP 67NR 4T1 H E0771GFP M11GFP 67NR 4T1
inserts (n = 3 biological replicates). (H) . 0] . 1209 1209 120+ 159 15 % ]
Proliferation of cells from (F) (n = 3 in- @ 100- *% 1004 100+ 100+

. : k] *k *k 34
dependent experiments done in qua- < 80 80 80 80 & 1.0 1.0 1.0
druplicate). (I) Number of lung %’ 604 sod | #%% oo $ cod ‘% 5]
metastases 14 days after tail vein injec- S o | |
tion of 5 x 10° M11GFP cells overex- % 9 407 407 407 08 0® 0s 1
pressing ZBTB18 constructs with either 2 209 207 20+ 207
nuclear localization (ZBTB18-Nucl) or 0- 0- 0- 0- 0.0+——"T1 00+—7—T—7 00+—TT7 O+—T—T
nuclear exclusion (ZBTB18-Cyto) signals & %o(" ¢ %(" ¢ ,bo“’ & %OQ/ O_ 244872 9 2448712 9 2448712 9 204482
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mice/group). (J) Migration of cells from * v v T BV e ZBIBIS0E
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triplicate). (N) Proliferation of cells from a0 e~ EV o v o v - Ctrl gRNAs
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done in quadruplicate). Means + SEM; (A
to H, L, and M) unpaired two-sided t test;

*xx

-e- ZBTB18-Cyto

(I to K) one-way ANOVA and Tukey's posttest. "*P > 0.05, "P < 0.05, ""P < 0.01, and ""P < 0.001.

This revealed that ZBTB18 overexpression induces the up-regula-
tion of 252 genes [log,(fold change) > 1, false discovery rate
(FDR) < 0.05], whereas 450 genes are significantly down-regulated
[log,(fold change) < —1, FDR < 0.05; Fig. 5A]. This enrichment for
down-regulated gene expression is consistent with the transcrip-
tional repressor role of ZBTB18. Moreover, ATAC-seq (assay for
transposase-accessible chromatin using sequencing) analyses of
the same cell lines revealed that ZBTB18 overexpression induces

Wang et al., Sci. Adv. 9, eabq3951 (2023) 6 January 2023

changes in global DNA accessibility of 18,131 regions, with 6,349
regions showing increased accessibility and 11,782 showing de-
creased accessibility [[log,(fold change)| > 1, FDR < 0.05; Fig. 5, B
and C]. These widespread changes are highly reproducible and
biased toward an increase in closed chromatin conformation, with
12.7% of all regions adopting a newly closed conformation [log,.
(fold change) < —1, FDR < 0.05] and 6.8% adopting a more open
conformation [log,(fold change) > 1, FDR < 0.05; Fig. 5, B and C
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Fig. 5. ZBTB18 induces a global decrease in chromatin accessibility and represses prometastatic gene expression programs. (A) RNA-seq of EO771GFP cells stably
overexpressing ZBTB18 (ZBTB180E) compared to E0771GFP cells stably expressing an EV (n = 3 biological replicates). (B) Chromatin accessibility in cell lines from (A),
determined by ATAC-seq (n = 3 biological replicates). (C) Heatmap centered at ATAC-seq nucleosome-free peak summits for differentially accessible regions in data from
(B). Plots are from three biological replicates. (D) Correlation plot of genes and peaks modulated by >2-fold in both the RNA-seq and ATAC-seq datasets [from (A) and (B)].
(E and F) GSEA enrichment plot for ZBTB18 target gene expression in the RNA-seq data from (A) and the ATAC-seq data from (B). (G) Venn diagram for ZBTB18 target
genes identified by RNA-seq (E) and ATAC-seq (F). (H) Pathways and biological processes (from the GSEA MSigDB Hallmark collection) that are enriched in genes down-
regulated by >2-fold (P < 0.05) in RNA-seq and ATAC-seq data from (A) and (B). (I) ZBTB18 target gene signature. List of the 15 ZBTB18 target genes most significantly
down-regulated in both the RNA-seq and ATAC-seq datasets. Total rank metric score is the sum of the rank metric scores from the GSEA analyses shown in (E) and (F). (J)
Probability of distant metastasis-free survival for patients with breast cancer, stratified according to the mean expression levels of genes in the ZBTB18 target gene
signature. (K and L) Probability of progression-free survival for patients with gastric (K) or ovarian (L) cancer, stratified according to the mean expression levels of
genes in the ZBTB18 target gene signature. (J to L) Cutoff values were determined using the auto select best cutoff function in Kaplan-Meier plotter [(J),
cutoff = 1449, range = 339 to 3979; (K), cutoff = 1360, range = 218 to 3475; (L), cutoff = 1651, range = 333 to 3527]. HR, hazard ratio and 95% confidence intervals.
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and fig. S5, A to D]. As a comparison, global changes of an equiv-
alent magnitude (although not biased toward chromatin closing)
were reported when comparing basal and luminal A breast cancer
subtypes (fig. S5E) (30, 31). The changes in chromatin accessibility
induced by ZBTB18 are also greater than those seen when compar-
ing CD4 and CD8 T lymphocytes but smaller than those found
when comparing B and T lymphocytes (fig. S5E) (32). Moreover,
while ZBTB18 modulates accessibility at 19.5% of all chromatin
regions (12.7% newly closed + 6.8% newly open), acute depletion
of CTCF (CCCTC-binding factor), a master regulator of global
three-dimensional chromatin architecture, affects 12.8% of all
regions (6.7% newly closed + 6.1% newly open) in an acute lympho-
blastic leukemia cell line (fig. S5E) (33).

ZBTB18 overexpression preferentially modulates chromatin ac-
cessibility at gene-distal regions while also affecting regions proxi-
mal to transcription start sites (TSSs; fig. S5F). Consistent with these
observations, motif enrichment analysis revealed a significant en-
richment for ZBTB18 binding motifs in regions with reduced acces-
sibility in cells overexpressing ZBTB18 (table S5). Moreover, 257
transcription factor binding motifs are enriched [log2(fold
change) > 0.5, FDR < 0.001] in regions with decreased accessibility,
whereas only 56 motifs are enriched in regions with increased ac-
cessibility (tables S5 and S6), further indicating that ZBTBI18-
induced chromatin closing prevents access to many transcription
factor binding sites. Thus, these data suggest that ZBTB18 inhibits
gene expression by restricting DNA accessibility on a global scale,
including at the enhancers and promoters of specific target genes.
Examination of genes modulated by more than twofold in both
RNA-seq and ATAC-seq reveals that 81% of the down-regulated
genes (160 of 197) also adopt a less accessible DNA conformation
(Fig. 5D and fig. S5G). As expected, GSEA analyses (with MSigDB
C3 TFT gene sets) confirmed that ZBTB18 target genes are signifi-
cantly down-regulated and less accessible in cells that overexpress
ZBTBI18, based on RNA-seq (Fig. 5E and table S7) and ATAC-seq
datasets (Fig. 5F and table S8). The majority of genes predicted to
have a ZBTB18 binding site in their promoter are transcriptionally
down-regulated upon ZBTB18 overexpression (Fig. 5E) and display
decreased chromatin accessibility in their promoter region (Fig. 5F).
Furthermore, ZBTB18-regulated genes found with RNA-seq and
ATAC-seq analyses significantly overlap (Fig. 5G), further suggest-
ing that impairment of chromatin accessibility is a key mechanism
by which ZBTB18 inhibits expression of its target genes.

Many of the genes suppressed by ZBTB18 overexpression are
functionally clustered in biological processes and signaling path-
ways previously reported to play prominent roles in metastasis,
such as inflammation, epithelial-to-mesenchymal transition, and
nuclear factor kB signaling (Fig. 5H) (34-36). Furthermore, high
expression of a ZBTB18 target gene signature consisting of the 15
genes most significantly repressed by ZBTB18 (Fig. 5I) correlates
with shorter distant metastasis-free survival for patients with
breast cancer (Fig. 5] and fig. S6, A to D). In addition, high expres-
sion of this ZBTB18 target gene signature also correlates with faster
disease progression for patients with ovarian (Fig. 5K) or gastric
(Fig. 5L) cancers. Correlations were significant when using either
the mean, the geometric mean, or the sum of z scores of the expres-
sion levels of genes in the ZBTB18 target gene signature to stratify
patients (fig. S6, E to J).

Our data indicate that ZBTB18 mRNA levels remain unchanged
when comparing poorly and highly metastatic cell lines (Fig. 2E)
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and during tumor progression in humans (based on group averages;
Fig. 3, A to E). However, given the wide distribution of ZBTBI8
gene expression levels among patients with cancer (Fig. 3, A to E)
and the antimetastatic role played by ZBTB18, individual patients
with lower expression levels of ZBTBI8 in their tumors might
have a poorer prognosis. To test this hypothesis, we examined the
correlation of ZBTB18 expression levels with progression-free sur-
vival. These analyses revealed that high expression of ZBTBI8 cor-
relates with slower disease progression for patients with breast
cancer or gastric cancer (fig. S7). However, the magnitude of the
absolute hazard ratios (JHR|) obtained when using ZBTBI18
mRNA as biomarker is smaller than those obtained when using
the ZBTB18 target gene signature (Fig. 5, ] to L, and fig. S7). Fur-
thermore, no correlation is seen between ZBTB18 mRNA levels and
progression-free survival for ovarian cancer patients (fig. S7, B and
E). Thus, consistent with a posttranscriptional regulation of
ZBTB18 activity in aggressive cancers, the ZBTB18 target gene sig-
nature performs better than ZBTB18 expression levels for stratifying
patients according to the probability of progression-free survival.
Together, these data suggest that ZBTB18-induced chromatin
closing prevents the expression of genes associated with metastasis
and that loss of ZBTB18 activity may underlie high metastatic ca-
pacity also in humans.

ZBTB18 directly binds to the promoter region of Tgfbr2 and
inhibits TGFB1-induced signaling and cell motility
We next explored the functional involvement of ZBTB18 target
genes in metastasis. Closer analysis of the ZBTB18 target genes
identified by GSEA revealed that Tgfbr2, a gene encoding a receptor
responsible TGFp signal transduction, is one of the genes most sig-
nificantly down-regulated by ZBTB18 overexpression (Fig. 5I) and
that it harbors a profound loss of chromatin accessibility at its pro-
moter (Fig. 6A). Consistent with these data, decreased TGFBR2
mRNA and protein levels were observed in E0771GFP, M11GFP,
67NR, and 4T1 cells that overexpress ZBTB18, in comparison to
control cells transduced with an EV (Fig. 6, B and C).
Furthermore, chromatin immunoprecipitation (ChIP)—quanti-
tative polymerase chain reaction (QPCR) analyses indicated that,
in E0771GFP and M11GFP cells, ZBTB18 directly binds to two pu-
tative binding sites present in the Tgfbr2 promoter region (Fig. 6, D
and E). These analyses also revealed that ZBTB18 is more markedly
associated to the Tgfbr2 promoter in poorly metastatic E0771GFP
cells than in highly metastatic M11GFP cells (Fig. 6E), consistent
with diminished ZBTB18 repressor activity in aggressive tumor
cells. Furthermore, transient transfection of ZBTB18 represses the
activity of the Tgfbr2 promoter, as determined by luciferase reporter
assays (Fig. 6F). However, when ZBTB18 binding sites in the Tgfbr2
promoter are mutated, Tgfbr2 promoter activity remains unaffected
by ZBTB18 overexpression (Fig. 6F). Repression of Tgfbr2 promoter
activity is dependent on ZBTB18 localization to the nucleus, as
transfection of ZBTB18 flanked by nuclear localization signals
(ZBTB18-Nucl) inhibits Tgfbr2 promoter activity, whereas
ZBTB18 harboring a nuclear exclusion signal (ZBTB18-Cyto)
does not (Fig. 6G and fig. S8A). Thus, ZBTB18 directly interacts
with the promoter of Tgfbr2 to control its expression. Given that
TGEp signaling via TGFBR2 is required for efficient migration of
E0771GFP, M11GFP, 67NR, and 4T1 tumor cells (fig. S8, B and
C), our findings suggest that ZBTB18 might modulate the ability
of tumor cells to respond to TGFp signaling and to metastasize.
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Fig. 6. ZBTB18 directly binds to the Tgfbr2 promoter
region and inhibits TGFB1-induced signaling and
cell motility. (A) Chromatin accessibility peaks in the
Tgfbr2 and Gapdh (control) promoters (n = 3 biological
replicates). (B) Tgfbr2 mRNA levels in EO771GFP,
M11GFP, 67NR, and 4T1 cells overexpressing ZBTB18
(ZBTB18OE) or an EV (n = 3 biological replicates). (C)
TGFBR2 protein levels in cells from (B), normalized to
GAPDH. (D) Putative ZBTB18 binding sites in the Tgfbr2
promoter, predicted using JASPAR2016 with 80%
threshold; (E) ChIP-qPCR with anti-ZBTB18 antibodies
and IgG controls. ZBTB18 binding to the Tgfbr2 pro-
moter in EO771GFP versus M11GFP cells is presented as
% enrichment of input (n =4 independent experiments).
(F) Luciferase activity of wild-type and mutant Tgfbr2
promoters (lacking ZBTB18 binding sites) in ZBTB18-
overexpressing (ZBTB180E) and control (EV) cells (n =9,
from three independent experiments). (G) Luciferase
activity of wild-type Tgfbr2 promoter in EV controls and
in cells overexpressing wild-type (ZBTB18OE), nuclear-
localized (ZBTB18-Nucl), and nuclear-excluded (ZBTB18-
Cyto) ZBTB18 (n = 8, from four independent experi-
ments). (H) Cells overexpressing ZBTB18 (ZBTB180OE),
ZBTB18-Nucl, ZBTB18-Cyto, or EV controls treated with
TGFB1 (2 ng/ml) for 1 hour. Phosphorylated SMAD2 (p-
SMAD2) is normalized to total SMAD2/3. (I) TGFB1-
induced invasion of ZBTB180E and EV cells treated with
TGFB1 (2 ng/ml) for 16 hours compared to vehicle-
treated controls (n = 3 biological replicates). (J)
E0771GFP cells with Zbtb18 knockout (ZBTB18KO;

Cas9 + ZBTB18 gRNAs) and controls (Cas9 + Ctrl gRNAs)
treated with TGF(1 (2 ng/ml) for 1 hour; p-SMAD?2 is
normalized to total SMAD2/3. (K) TGFB1-induced inva-
sion of E0771GFP cells with Zbtb18 knockout
(ZBTB18KO) and controls treated with TGFB1 (2 ng/ml)
for 16 hours versus vehicle controls (n = 6, from two
independent experiments). (B, E to G, |, and K)

Means + SEM. (B, |, and K) unpaired two-sided t test; (E
and F) two-way ANOVA with Tukey's posttest; (G) one-
way ANOVA with Tukey's posttest; "P > 0.05, "P < 0.05,
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“P < 0.01, and ""P < 0.001.
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In accordance with this hypothesis, treatment with TGFp1 led to
a stronger induction of SMAD2 phosphorylation in M11GFP cells
than in EO771GFP cells (fig. S8D). In addition, Tgfbr2 repression by
ZBTB18 led to a reduction in TGFP1-induced signaling, as indicat-
ed by the marked decrease in SMAD2 phosphorylation in tumor
cells overexpressing ZBTB18 or ZBTB18-Nucl (Fig. 6H). Further-
more, whereas treatment of control E0771GFP, M11GFP, 67NR,
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and 4T1 tumor cells (expressing an EV) with TGFB1 enhanced
their migration and invasion through collagen lattices, these
effects were blocked in ZBTB18 overexpressing cells (Fig. 61 and
fig. S8E). Conversely, CRISPR-Cas9—mediated Zbtb18 knockout en-
hanced TGFp1-mediated SMAD2/3 phosphorylation and TGFp1-
induced tumor cell invasion (Fig. 6, ] and K). Together, these
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results indicate that ZBTB18 inhibits TGFp1-dependent tumor cell
invasion and migration.

Forced expression of TGFBR2 in tumor cells expressing
ZBTB18 enhances cell motility, promotes metastasis, and
reenables prometastatic TGFB1 signaling

To further delineate whether down-regulation of Tgfbr2 contributes
to the effect of ZBTB18 on metastasis, rescue experiments were
done. For these studies, a doxycycline-inducible Tgfbr2 construct
was introduced into cell lines that stably express ZBTB18 (fig. S9).
Reintroduction of TGFBR2 in ZBTB18-expressing cells rescued
SMAD2 phosphorylation in response to TGFP1 treatment
(Fig. 7A), increased in vitro tumor cell migration and invasion
(Fig. 7, B and C), and promoted in vivo metastasis to the lungs
(Fig. 7D). Together, these results indicate that Tgfbr2 down-regula-
tion is a key effector of the antimetastatic function of ZBTB18. Fur-
thermore, consistent with these data, a significant inverse
correlation was found between TGFB1- and ZBTB18-induced
gene expression signatures in E0771GFP cells (Fig. 7E). Specifically,
69.9% of the genes significantly modulated by both TGFf1 treat-
ment and ZBTB18 overexpression displayed an inverse correlation,
thus further demonstrating the antagonistic effect of ZBTB18 on
TGFp1 signaling.

Next, we investigated whether ZBTB18 exerts its influence on
TGFp1-regulated genes mainly via its repression of Tgfbr2 expres-
sion or, alternatively, via its capacity to alter chromatin accessibility
at the promoter of these genes. For these studies, we analyzed the
effect of ZBTB18 overexpression on chromatin accessibility at the
promoter of TGFp1-regulated genes [|log,(fold change)| > 1].
This analysis revealed that, although 27 of 89 (30%) of TGFf1-mod-
ulated genes display changes in chromatin accessibility upon
ZBTB18 overexpression, the magnitude of changes in TGFp1-
induced gene expression and ZBTB18-induced chromatin accessi-
bility do not significantly correlate (Fig. 7F). Together, these find-
ings indicate that ZBTBI8 regulates TGFP1l-induced gene
expression primarily via its modulation of Tgfbr2 expression
rather than through changes in the accessibility of TGFp1 target
gene promoters. Nonetheless, increased chromatin accessibility
due to loss of ZBTB18 activity likely also contributes to other prom-
etastatic gene expression changes that might synergize with in-
creased TGFBR2-mediated signaling.

In summary, this study reveals that inhibition of ZBTB18 activity
in tumor cells promotes metastasis by increasing chromatin acces-
sibility and by enabling prometastatic TGFB1-TGFBR2—-driven
changes. This gene expression program and global chromatin re-
modeling confer cancer cells the phenotypic adaptations needed
to complete the metastatic cascade.

DISCUSSION
Metastasis is an inefficient and challenging process with a very high
rate of failure. To successfully metastasize, tumor cells must be able
to adapt to the specific challenges and demands of each step of the
metastatic cascade. However, the molecular mechanisms that enable
the remarkable cellular plasticity needed for efficient metastasis
remain incompletely understood.

By using a model that recapitulates the entire metastatic cascade
in an intact immune environment, we find that loss of activity of the
transcriptional repressor ZBTB18 confers cancer cells the capacity
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to complete the metastatic cascade and form overt lung metastases.
While total ZBTB18 protein levels remain unchanged, a reduction
in nuclear ZBTB18 levels, accompanied by up-regulation of its
target genes, is seen in highly metastatic breast cancer cells in com-
parison to less aggressive cells. Furthermore, we show that restora-
tion of ZBTB18 activity via its overexpression inhibits tumor cell
invasion and metastasis, without affecting tumor growth. Metastasis
and cell motility are inhibited when ZBTB18 overexpression is lo-
calized to the cell nucleus but not when it is largely restricted to the
cytoplasm, suggesting that nuclear localization of ZBTB18 is neces-
sary for its antimetastatic effect. Conversely, we find that knockout
of ZBTB18 enhances metastasis and motility of poorly metastatic
cancer cells, further supporting the notion that loss of ZBTB18 ac-
tivity facilitates metastasis. Furthermore, as the antimetastatic effect
of ZBTB18 overexpression is observed in both highly and poorly
metastatic breast cancer models, our data suggest that ZBTB18 ac-
tivity might be partially repressed also in poorly metastatic tumor
cell populations. In this scenario, interventions aiming at enhancing
the activity of ZBTB18 might limit the progression not only of
highly metastatic cancers but also of less aggressive (but still meta-
static) cancers. Lower ZBTB18 activity triggers expression programs
associated with inflammation, epithelial-to-mesenchymal transi-
tion, and tumor cell motility and invasion. These transcriptional
changes facilitate the completion of many steps of the metastatic
cascade such as invasion of surrounding tissues, intravasation,
and extravasation into the parenchyma of distant tissues (I, 37,
38). In accordance with these observations, low levels of nuclear
ZBTB18 accompanied by its higher cytoplasmic localization are
more frequently seen in aggressive primary tumors and lymph
node metastasis samples from patients with breast cancer than in
earlier-stage tumors or normal tissues. Furthermore, high expres-
sion of a ZBTBI18 target gene signature correlates with shorter
distant metastasis-free or progression-free survival for patients
with breast, ovarian, or gastric cancers, suggesting that inhibition
of ZBTBI18 activity may underlie high metastatic capacity also
in humans.

Consistent with its transcriptional repressor function, we find
that the effect of ZBTB18 on gene expression is strongly biased
toward inhibition and that the majority of genes inhibited by
ZBTB18 also display a loss of chromatin accessibility at their pro-
moter. Our ATAC-seq analyses also revealed that ZBTB18 overex-
pression induces a widespread decrease in chromatin accessibility,
as a substantial proportion [12.7% by log,(fold change) < -1,
FDR < 0.05] of all regions accessible in control cells are repressed
in ZBTB18-overexpressing cells. In contrast, a lower fraction
[6.8% by log,(fold change) > 1, FDR < 0.05] of chromatin regions
show increased accessibility, indicating that the effect of ZBTBI18 is
biased toward the induction of chromatin closing. To put these
findings in perspective, global changes of a similar magnitude (al-
though not biased toward chromatin closing) were reported when
comparing basal and luminal A breast cancer subtypes (30, 31). The
changes in chromatin accessibility induced by ZBTBI18 are also
greater than those seen when comparing CD4 and CD8 T lympho-
cytes but smaller than those found when comparing B and T lym-
phocytes (32). Moreover, while we find that ZBTB18 modulates
accessibility at 19.5% of all chromatin regions (12.7% newly
closed + 6.8% newly open), acute depletion of CTCF, a master reg-
ulator of global three-dimensional chromatin architecture, was pre-
viously reported to affect 12.8% of all regions (6.7% newly closed +
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Fig. 7. TGFBR2 overexpression
rescues ZBTB18-mediated inhibition
of cell migration and metastasis. (A)
p-SMAD2 and total SMAD2/3 levels
detected by immunoblotting in cell
lines stably overexpressing ZBTB18
(OE), ZBTB18 + doxycycline-inducible
TGFBR2 (OE/iTgfbr2) or an EV. TGFBR2
was induced with doxycycline (1 pg/
ml), and cells were treated with TGFpB1
(2 ng/ml) or vehicle. p-SMAD2 expres-
sion levels relative to EV + TGFp1

(1 hour) (calculated after normalization
with total SMAD2/3) are shown. (B and
C) TGFp1-induced migration (B) and
invasion (C) through Transwell inserts
of cell lines overexpressing ZBTB18 and
doxycycline-inducible TGFBR2 (OE/
iTgfbr2). TGFBR2 expression was
induced with doxycycline (1 pg/ml;
DOX+; see fig. S9), and cells were
treated with TGFB1 (2 ng/ml) or
vehicle. Data are shown relative to
vehicle-treated control groups (n = 3
biological replicates). (D) Number of
lung metastases in C57BL/6 mice 14
days after tail vein injection of 10°
E0771GFP or M11GFP cells stably
overexpressing ZBTB18 + inducible
TGFBR2 (OE/iTgfbr2). TGFBR2 expres-
sion was induced via daily intraperito-
neal injection of doxycycline (5 mg/kg
body weight) starting 24 hours after
tumor cell inoculation (EO771GFP,n =8
mice per group; M11GFP, n = 5 mice
per group). (E) Correlation plot of
transcripts significantly modulated
(FDR < 0.05) in EO771GFP cells upon
ZBTB18 overexpression (y axis) and
upon reexpression of TGFBR2 and
treatment with TGFB1 (x axis) (n =3
biological replicates). Pearson correla-
tion = —0.450, P < 10~34, (F) Correlation
plot of ZBTB18-induced modulation of
chromatin accessibility (ATAC-seq data;
x axis) and of TGFB1-modulated tran-
scripts with |log,(fold change)| > 1
(TGFB1-induced gene expression sig-
nature; y axis) (n = 3 biological repli-
cates). Pearson correlation = —0.097,
P =0.206. (B to D) Means + SEM, un-
paired two-sided t test. "P < 0.05,

wxx

P <0.01, and “P < 0.001.

6.1% newly open) in an acute lymphoblastic leukemia cell line (33).
We thus propose that ZBTB18 overexpression triggers a substantial
decrease in chromatin accessibility that is similar in magnitude to
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the chromatin remodeling that occurs during some cell differentia-

tion programs. Furthermore, consistent with a role for ZBTB18 in
reducing chromatin accessibility, it has been previously reported
that, in neuronal cells, almost all ZBTB18 is localized to condensed
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chromatin regions (39) where it actively represses stem/progenitor
cell programs during brain development, thereby allowing neuronal
differentiation (40).

Although the association of specific chromatin accessibility
states with metastatic competence remains largely unexplored, it
has been previously reported that cells isolated from liver metastases
of an SCLC mouse model harbor a more open chromatin state than
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cells from primary tumors (17). Together with our data, this sug-
gests that a more open chromatin state promotes metastasis. In
the SCLC model, increased chromatin accessibility and enhanced
metastasis are induced by Nfib overexpression, which results from
copy number amplification (17). Because Nfib overexpression stems
from a genetic alteration, this implies that the change in chromatin
accessibility that it induces is predetermined and irreversible. In
contrast, our data indicate that reduction of ZBTB18 nuclear local-
ization and activity, but not in its expression, characterize highly
metastatic breast cancer cells. This raises the possibility that
ZBTB18-dependent chromatin remodeling might occur in a
dynamic and reversible manner and thereby contribute to the ac-
quisition of transient states associated with more invasive pheno-
types (4, 41). However, whether ZBTB18 subcellular localization
is irreversible in a given tumor cell or whether it evolves during
cancer metastasis remains to be explored.

Our data also pinpoint Tgfbr2 as a key gene that is up-regulated
in highly metastatic cell lines and directly inhibited by ZBTB18-
induced chromatin closing. In addition, we find that ZBTB18 di-
rectly binds to the Tgfbr2 promoter in poorly metastatic cells but
less so in highly metastatic cells, indicating that Tgfbr2 expression
is directly regulated by ZBTB18. TGFBR2 is the cell surface receptor
responsible for mediating TGFp signaling, which has been shown to
play a dichotomous and context-dependent role in cancer progres-
sion. While TGEFp triggers cytostatic signals that can limit early
tumor growth, it also promotes cancer metastasis via other process-
es (42, 43). These mechanisms include the enhancement of the mi-
gratory and invasive properties of tumor cells, the induction of
epithelial-mesenchymal transition, the gain of stem-like properties,
and the promotion of immune evasion (42, 43). In accordance with
a prometastatic role of TGFp signaling, treatment with TGFp
induced invasion and migration of all cell lines used in this study.
However, ZBTB18 overexpression and consequent loss of TGFBR2
led to the inhibition of TGFB/SMAD signaling and prevented the
induction of tumor cell migration and invasion by TGFp1. Forced
expression of TGFBR2 in tumor cells expressing ZBTB18 reenables
TGEFp1-induced cell motility and promotes metastasis. Thus, inhi-
bition of the TGFp1 pathway is one of the key mechanisms by which
ZBTBI18 exerts its antimetastatic effect. Furthermore, this suggests
that ZBTB18 loss and consequent up-regulation of TGFBR2 enable
cells to readily respond to proinvasive TGFB1 present in primary
tumors or provided at the site of extravasation, as a result of plate-
let-tumor cell interactions (36). Along these lines, in patient-derived
xenograft models of breast cancer, Tgfbr2 was identified as one of
the genes most highly up-regulated in early metastatic lesions in
comparison to primary tumors or overt metastases (5), suggesting
that it may play a key role during the establishment of metastases
and that its expression levels are subject to modulation during met-
astatic progression.

ZBTB18 widely affects chromatin accessibility and therefore
likely impedes metastasis by repressing many prometastatic genes.
On this basis, future experiments should identify additional prom-
etastatic genes that are repressed by ZBTB18 and test their possible
interactions with TGFp signaling. Together, these studies would
provide further insight into the molecular mechanisms of
ZBTB18-mediated repression of cancer metastasis.

In conclusion, our study uncovers ZBTBI18 as a factor that
induces widespread chromatin closing and that suppresses breast
cancer invasion and metastasis at least in part via the repression
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of TGFP1-driven prometastatic gene expression changes. We thus
propose a model whereby the loss of ZBTBI18 activity empowers
tumor cells to respond to specific prometastatic environmental cues.

MATERIALS AND METHODS

Experimental design

The objectives of this study were to generate new models of sponta-
neous breast cancer metastasis that are syngeneic to immunocom-
petent C57BL/6 mice and to use these models to delineate gene
expression and phenotypic programs that are differentially modu-
lated in tumor cells with high versus low metastatic ability. RNA-seq
and bioinformatics analyses of two new metastasis-derived cell lines
and of their parental cell line indicated that the loss of activity of the
transcriptional repressor ZBTB18 characterizes tumor cells that
have a higher ability to metastasize. The mechanism of action of
ZBTB18 and its impact on breast cancer metastasis was then as-
sessed in six breast cancer models [E0771GFP, M11GFP (developed
in this study), 67NR, 4T1, Ep5, and Ep5ExTu cell lines] and one
colon cancer mode (MC38GFP) using syngeneic mouse models
of spontaneous and experimental metastasis; RNA-seq; ATAC-
seq; reverse transcription qQPCR (RT-qPCR); immunoblotting;
ChIP-qPCR; promoter activity reporter assays; and cell prolifera-
tion, migration, and invasion assays. We also examined the expres-
sion levels and subcellular localization of ZBTB18 in primary
tumors and lymph node metastasis samples from patients with
breast cancer and determined the correlation of a ZBTB18 target
gene signature with distant metastasis-free survival for patients
with breast, ovarian, or gastric cancers.

Mice

C57BL/6] (RRID:IMSR_JAX:000664) female mice were purchased
from the Jackson Laboratory, and BALB/cAnNTac (RRID:IMSR_-
TAC:balb) female mice were purchased from Taconic Biosciences.
NSG (NOD.Cg-Prkdc*4I12rg™Wil/Sz]; RRID:IMSR_JAX:005557)
mice were from the Jackson Laboratory and maintained at St. Jude
Children's Research Hospital. Experiments were started when the
mice were 7 to 8 weeks old. Mice were housed and handled in ac-
cordance with approved St. Jude Children’s Research Hospital Insti-
tutional Animal Care and Use Committee protocols.

Cell culture

E0771 breast cancer cells (CH3 BioSystems; RRID:CVCL_GR23)
and its derivative cell lines (E0771GFP, M11GFP, and M12GFP)
were maintained in RPMI 1640 (Thermo Fisher Scientific) supple-
mented with 10% calf serum with iron (HyClone) and 1% penicil-
lin-streptomycin. 67NR (from F. Miller, Karmanos Cancer
Institute; RRID:CVCL_9723) and 4T1 [American Type Culture
Collection (ATCC), catalog no. CRL-2539; RRID:CVCL_0125]
breast cancer cells were grown in RPMI 1640 supplemented with
10% fetal bovine serum (HyClone) and 1% penicillin-streptomycin
at 37°C and 5% CO,. 293FT cells (ATCC, catalog no.PTA-5077;
RRID:CVCL_6911), Ep5, and Ep5ExTu breast cancer cells (44,
45), and MC38GFP colon cancer cells (46, 47) were cultivated in
Dulbecco’s modified Eagle’s medium, 10% fetal bovine serum,
and 1% penicillin-streptomycin. Cells were used at passage 4 to
15 after thawing and were mycoplasma negative, as tested with
the MycoAlert Mycoplasma Detection Kit (Lonza).
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For some experiments, cells were treated with doxycycline (1 pg/
ml; Sigma-Aldrich, #9891), recombinant TGFf1 (2 ng/ml; R&D
Systems, #240-B), anti-TGFp1 blocking antibody (6 pg/ml; R&D
Systems, #MAB240; RRID:AB_358119), mouse immunoglobulin
G1 (IgG1) isotype control (6 pg/ml; R&D Systems, #MAB002;
RRID:AB_357344), or 10 uM TGFBRI1 inhibitor SB431542
(Cayman Chemical, #13031), as indicated in the figure legends.

Establishment of EO771GFP, M11GFP, and M12GFP

cell lines

To establish the E0771GFP cell line, E0771 cells were stably trans-
duced with a GFP-expressing lentiviral vector (pCDH-EF1-MCS-
T2A-copGFP vector; System Biosciences) as described previously
(48). GFP* cells were then FACS-sorted, expanded in tissue
culture, and inoculated (10° cells) into the fourth mammary fat
pad of a C57BL/6] female. After 28 days, the mouse was euthanized,
and two distinct GFP" lung metastatic foci were dissected under a
fluorescence stereomicroscope (Zeiss). Recovered tissue was then
dissociated and digested with collagenase I at 37°C for 45 min.
The cell suspensions were then filtered through a 70-pm cell strainer
and plated in 10-cm dishes containing RPMI 1640 supplemented
with 10% calf serum with iron and 1% penicillin-streptomycin.
Tumor cells were then expanded in tissue culture, FACS-sorted
on the basis of GFP expression, and maintained as the M11GFP
and M12GFP cell lines.

Establishment of cell lines with stable expression of ZBTB18
constructs and inducible TGFBR2 or with CRISPR-Cas9-
mediated knockout of Zbtb18

A Zbtb18 expression construct (ZBTB18OE) was produced by sub-
cloning Zbtb18 cDNA flanked by Xba I and Bam HI restriction sites
(gBlocks; IDT) into the pCDH-CMV-MCS-EF1-Puro lentiviral
vector (EV; System Biosciences). To generate a ZBTB18 construct
that localizes preferentially to the nucleus (ZBTB18-Nucl), a c-
Myc nuclear localization signal [PAAKRVKLD (49)] was added at
the 5' end and an SV40 large T antigen nuclear localization signal
[PKKKRKYV (50)] was added at the 3’ end of the ZBTB18 protein
coding sequence by PCR cloning. Alternatively, a nuclear export se-
quence [SELQNKLEELDLDSYK (51)] was added at the 3" end of
ZBTBI18 to generate a construct that localizes preferentially to the
cytoplasm (ZBTB18-Cyto; see table S9 for primers). ZBTB18 con-
structs were then subcloned into the pPCDH-CMV-MSC-EF1-Puro
lentiviral vector as above.

For CRISPR-Cas9—mediated Zbtb18 knockout, E0771GFP cells
were first transduced with the LentiCas9-Blast vector (gift from
F. Zhang; Addgene, plasmid no. 52962) and selected with blasticidin
to establish the E0771GFP-Cas9 stable cell line. E0771GFP-Cas9
cells were then further transduced with a pool of three control
guide RNA (gRNA) or a pool of five Zbtb18-targeting gRNA viral
vectors with puromycin resistance gene expression (lentiGuide-
Puro vector; a gift from F. Zhang; Addgene, plasmid no. 52963;
see table S10 for gRNA sequences). This approach, also used for
pooled screens (52), yields high cleavage efficiency and thus does
not require clonal selection of targeted cells.

For the inducible Tgfbr2 construct, Tgfbr2 was cut out from the
pCMV-mTgfbr2-GFPSpark plasmid (Sino Biological) with the Nhe
I'and Bam HI restriction enzymes and then subcloned into the Xba I
and Bam HI restriction sites of the pCW-Cas9-Blast vector (a gift
from M. Babu; Addgene, plasmid no. 83481).
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Packaging of the vectors described above was obtained by co-
transfecting 293FT cells with 1.3 ug of transfer vector and 0.67 pug
of pCAG-kGP1-1R, 0.22 pg of pCAG-VSV-G, and 0.22 pg of
pCAG4-RTR2 or 1 pg of pCMV-dR8.9 and 1 pg of pCAG-VSV-G
helper plasmids using TransIT-293 reagent (Mirus) in Opti-MEM I
(Thermo Fisher Scientific). Forty-eight hours after transfection,
conditioned medium from 293FT cells was collected, filtered
through a 0.45-pm filter, and applied to tumor cells with Polybrene
(4 pg/ml; Sigma-Aldrich). The tumor cells were then selected with
puromycin or blasticidin (5 pg/ml; Gibco) beginning 24 hours after
transduction.

Mouse models of metastasis

To analyze tumor progression and spontaneous metastasis, breast
cancer cells resuspended in 200 pl of Hanks' balanced salt solution
(HBSS) were inoculated orthotopically into the fourth (inguinal)
mammary fat pad of syngeneic female mice (see the figure
legends for the number of cells inoculated). Tumor growth in the
orthotopic site was monitored by measuring individual tumors
every 2 to 3 days with calipers and calculating the tumor volume
[tumor volume (mm?) = (length x width?)/2]. Twenty-eight or
thirty days after inoculation, mice were euthanized with CO,.
Primary breast tumors were then resected and weighed. Lungs
were collected and fixed in HBSS and 4% formaldehyde for 30
min. For tumor cell lines expressing GFP, metastatic foci at the
surface of lungs were counted under a fluorescence EVOS micro-
scope (Thermo Fisher Scientific). For tumor cell lines without
GFP expression, lungs were fixed in 4% formaldehyde for 24
hours, sectioned, stained with hematoxylin and eosin (H&E), and
imaged. The number of metastases per animal was determined by
counting metastatic foci in five H&E-stained lung sections
per mouse.

For the experimental metastasis models, tumor cells resuspend-
ed in 100 pl of HBSS were inoculated into syngeneic female mice via
tail-vein injection. After 14 days, mice were euthanized, lungs were
resected, and metastases were quantified as described above for
spontaneous metastasis. For experiments with tumor cells stably
overexpressing ZBTB18 and doxycycline-inducible TGFBR2 (OE/
iTgfbr2), TGFBR2 expression was induced via daily intraperitoneal
injection of doxycycline (5 mg/kg body weight) starting 24 hours
after tumor cell inoculation.

Proliferation assay

The number of viable cells was determined using the CellTiter-Glo
Luminescent Cell Viability Assay Kit (Promega) following the man-
ufacturer’s protocol. Luminescence was detected with an Infinite
M200Pro plate reader and the i-control 1.10 software (Tecan).

Migration and invasion assay

Transwell migration was performed using the HTS FluoroBlok 96-
well Multiwell System plates (Corning). A total of 1.25 x 10* cells
per well in serum-free medium were seeded in the upper insert
with 8-um pores. Medium plus 5% serum was used as chemoattrac-
tant in the lower chamber. Twenty-four hours later, cells that had
migrated to the bottom chamber were stained with Calcein AM
(4 pg/ml in HBSS) for 1 hour and imaged using an Olympus
IX70 fluorescence inverted microscope and the DP Manager soft-
ware (version 33.1.222, Olympus). Migrated cells in each image
were analyzed with the Analyze Particle tool in the Fiji software.
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Transwell invasion was performed as for the migration assay
using FluoroBlok Transwell inserts precoated with collagen type I
(PureCol, Advanced BioMatrix) at 37°C for 3 hours before
cell seeding.

Spheroid invasion assay

Spheroid invasion was performed as described (53). Briefly, 40
drops of single-cell suspension (20 pl per drop containing 750
cells) were seeded onto the lid of a 10-cm dish and incubated invert-
ed over a culture dish containing 5 ml of phosphate-buffered saline
(PBS) for 72 hours to generate spheroids. The spheroids were then
collected and resuspended in 200 pl of 1:1, serum-free medium:Ma-
trigel (Corning) and seeded into a precoated 24-well plate in qua-
druplicate. The culture was polymerized at 37°C for 30 min;
conditioned medium (1 ml) was added, and spheroids were incu-
bated overnight. The invasion of spheroids was imaged with an
EVOS microscope and analyzed as the total area of invasion
outside the initial spheroid area using the Fiji software.

RNA-seq and data analysis

Total RNA was isolated from cell lysates using the RNeasy Plus Mini
Kit (QIAGEN), and RNA-seq analysis was performed as previously
described (48). Alternatively, raw sequencing reads in fastq format
were quality-filtered with Trim Galore tool [F. Krueger (2012);
www.bioinformatics.babraham.ac.uk/projects/trim_galore/] and
mapped to the mouse genome reference (GRCm38) with STAR
(54). Reads per gene were quantified with the RSEM (RNA-seq by
Expectation Maximization) software (55), and the limma-voom ap-
proach (56, 57) was used to calculate differential gene expression
statistics, using only level 1 and 2 protein-coding genes. Moreover,
only the genes with more than 10 read counts per mean library size
(in million) in at least the minimum group sample size were kept.
PCA mapping was performed using log,(FPKM) (fragments per
kilo base per million mapped reads) values in Partek Genomic
Suite 6.6 (www.partek.com/partek-genomics-suite/).

ATAC-seq and data analysis

ATAC-seq libraries were prepared as previously described (58, 59).
Briefly, transposition was performed using the Nextera DNA
Library Prep Kit (Illumina, #20034197) with nuclei from 5 x 10*
cells. After purification with a DNA Clean & Concentrator-5 kit
(Zymo Research, #D4013), the libraries were amplified by PCR
using the NEBNext HiFi 2x PCR Master Mix (NEB, #M0541S).
PCR fragments were purified with the QTAGEN MinElute PCR Pu-
rification Kit, and the library concentration and quality were deter-
mined with an Agilent High Sensitivity DNA Kit and Bioanalyzer,
respectively. ATAC-seq libraries were sequenced with an Illumina
HiSeq Platform with 100-base pair (bp) paired-end reads in tripli-
cate. Next, sequenced reads were processed with Trim Galore tool
(v0.4.4); potential adapters were removed, and the 3’ ends of reads
were quality-trimmed with Cutadapt (DOI:10.14806/¢j.17.1.200)
using the quality cutoff of Q20. The first 15 bp of each read were
clipped to avoid GC (guanine-cytosine) bias. Reads were then
mapped to the mouse reference genome (GRCm38) with bwa
sampe v0.7.17-r1198 (60); duplicated reads were identified with
the bamsormadup tool from biobambam?2 (v2.0.87, DOI: 10.1186/
1751-0473-9-13), and properly paired and uniquely mapped reads
were extracted in BAM format with samtools v1.2 (61). Then, using
bedtools v2.24.0 (62), nucleosome-free fragments (defined as
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fragments <100 bp) were extracted, and MACS2 tool
v2.1.1.20160309 (63) was used to call peaks in narrow format with
--extsize 200 ---nomodel -q 0.05 flags (high-confidence peaks). Sep-
arately, ATAC-seq peaks were also called using more relaxed crite-
ria, setting the -q flag to 0.5, which are here referred to as low-
confidence peaks. Last, the reproducible high-confidence peaks
between the biological replicates from the same condition were
identified as those that, for the same genomic region, either had
high- or low-confidence peaks called in all other biological repli-
cates. Reproducible peaks from each condition were then merged
into one collection of reproducible peaks.

To identify differentially accessible regions between experimen-
tal groups, the nucleosome-free fragments for each reproducible
peak were calculated with intersect command from pybedtools
v0.8.1 (62, 64). Next, the number of raw reads mapping per peak
was converted to FPKM unit and trimmed mean of M-values
from edgeR (65). The limma-voom approach (56, 57) was used to
assess the significance of differential peak accessibility.

The same approach was used to reanalyze publicly available
ATAC-seq datasets from The Cancer Genome Atlas (TCGA) collec-
tion of primary human tumors (basal versus luminal A breast
cancer) (31), GSE74912 (CD4 versus CD8 T lymphocytes and B
versus T lymphocytes) (32), and GSE153237 (control versus
CTCF depletion) (33). Given the high number of basal and
luminal A breast cancer samples in the TCGA collection and the
higher variability within these two groups, a more relaxed criteria
were used to determine reproducible peaks: Reproducible high-con-
fidence peaks between the biological replicates from the same con-
dition were identified as those that, for the same genomic region,
either had high- or low-confidence peaks called in at least 50% of
the remaining samples.

Correlation between RNA-seq and ATAC-seq data

To determine the correlation between RNA-seq and ATAC-seq
data, differentially accessible ATAC-seq peaks were first annotated
with genes if located within 2 kb from the TSS. Therefore, if a gene
was annotated with multiple peaks, it might be displayed multiple
times. Next, to generate Fig. 5D, the data points were filtered, and
only points with [log,(fold change)| > 1 in both ATAC-seq and
RNA-seq datasets were retained. Kernel density estimation
(https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.
gaussian_kde.html) was applied to visually emphasize the areas
with the highest concentration of the data points. For Fig. 7F, the
filtering of points by the threshold of [log,(fold change)| > 1 was
only conducted at the level of the RNA-seq data. For Fig. 7E, differ-
ential gene expression data from the two RNA-seq experiments
were matched by gene name. Only genes with statistically significant
differential gene expression (FDR < 0.05) were included in subse-
quent analyses. A scatter plot displaying the log,(fold change)
values of those genes and the corresponding kernel density estima-
tion was generated. For all analyses, the Pearson correlation coeffi-
cient was calculated.

Gene set enrichment analysis

The enrichment of transcription factor target genes was determined
using the GSEA software (66, 67) and the MSigDB C3 TFT molec-
ular signature database collection, which contains targets of regula-
tion by specific transcription factors (www.gsea-msigdb.org/gsea/
msigdb/genesets.jsp?collection=TFT). In addition, the MSigDB H
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(Hallmark; www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?
collection=H) database collection was interrogated to determine
the pathways and biological processes enriched in E0771GFP,
MI11GFP, M12GFP, or ZBTB18-overexpressing cells. GSEA with
RNA-seq data was based on FPKM values from each sample. For
GSEA with ATAC-seq data, peaks were associated with a gene if
located within 2 kb of its TSS. If a gene was associated with more
than one ATAC-seq peak, the average FPKM value from all the
peaks was used to represent the chromatin state of the gene. Gene
set collections, which represent human genes, were converted to
mouse orthologs on the basis of the reference human-mouse ho-
mology from the Mouse Genome Database (www.informatics.jax.
org/downloads/reports/ HOM_MouseHumanSequence.rpt) (68)
using in-house scripts. GSEA was conducted with parameters set
to -permute gene_set -nperm 10000 -set_min 10 -set_max 10000
-metric Signal2Noise -rnd_seed 149 -collapse No_collapse -scor-
ing_scheme weighted -norm meandiv.

Motif enrichment analysis

Motif enrichment analysis was conducted using Homer (69), with
parameters “-bits -local 2 -size given” and a collection of default
Homer motifs, enlarged by the transcription factor binding
motifs download from the TRANSFAC database (70). The analysis
was first run for the regions with significantly increased chromatin
accessibility upon ZBTB18 overexpression [log2(fold change) > 1,
FDR < 0.05], using the regions with decreased accessibility
[log2(fold change) < —1, FDR < 0.05] as the background (-bg
flag) for motif enrichment search. The same analysis was repeated
in the opposite direction to determine the motifs enriched among
the regions showing decreased accessibility, compared to the
regions showing increased accessibility.

Reverse transcription quantitative polymerase chain
reaction

Total RNA was isolated using the RNeasy Mini Kit (QIAGEN) and
reverse-transcribed with the iScript cDNA Synthesis Kit (Bio-Rad)
following the manufacturer's procedures. RT-qPCR was performed
using the iQ SYBR Green Supermix (Bio-Rad) with the primers re-
ported in table S11. Data were normalized to 18S ribosomal RNA or
Gapdh expression. Relative mRNA levels were calculated using the
CFX Manager Software version 3.1 (Bio-Rad) and the comparative
CT method.

Immunoblotting

Cell lysates were prepared in radioimmunoprecipitation assay
buffer (25 mM tris-HCI, 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, and 0.1% SDS) supplemented with cOmplete
Protease Inhibitor Cocktail (Roche) and protease/phosphatase in-
hibitors (Cell Signaling Technology). Nuclear extracts were pre-
pared as described (71). Briefly, 4 x 10° cells were lysed in 450 pl
of LB1 buffer [50 mM Hepes-KOH (pH 7.5), 140 mM NaCl, 1
mM EDTA, 10% (v/v) glycerol, 0.5% (v/v) IGEPAL CA-630,
0.25% (v/v) Triton X-100, and protease inhibitors] at 4°C for
10 min. One hundred microliters of the lysate was removed as
“whole-cell lysate.” The remaining lysate was centrifuged at 2000g
for 5 min at 4°C, and the supernatant was aliquoted as “cytosolic
fraction.” The pellet was washed once with 900 pl of LB2 buffer
[10 mM tris-HCI (pH 8.0), 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, and protease inhibitors]. The pellet was resuspended in
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250 ul of LB3 buffer [10 mM tris-HCI (pH 8.0), 100 mM NaCl, 1
mM EDTA, 0.5 mM EGTA, 0.1% (w/v) sodium deoxycholate, 0.5%
(v/v) N-lauroylsarcosine, and protease inhibitors] as “nuclear
extract.” To shear the chromatin DNA, nuclear extracts and
whole-cell lysates were sonicated with a Sonic Dismembrator
Model 500 (Fisher Scientific) at 15% output for 15 s and four
pulses in an ice water bath. Immunoblot was performed as de-
scribed previously (48). The primary antibodies used were anti-
ZBTB18 (ZNF238; Proteintech, #12714-1-AP; RRID:AB_2218388;
Atlas Antibodies, HPA074019), anti—glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Millipore, #MAB374;
RRID:AB_2107445), anti-histone H2B (H2B; Cell Signaling Tech-
nology, #12364;; RRID:AB_2714167), anti~phospho-Smad2 (Cell
Signaling Technology, #3108, RRID:AB_490941), anti-Smad2/3
(Cell Signaling Technology, #8685; RRID:AB_10889933), and
anti-TGFBR2 ~ (Cell  Signaling  Technology,  #79424;
RRID:AB_2799933). The secondary antibodies were horseradish
peroxidase—conjugated anti-rabbit (#7074; RRID:AB_2099233) or
anti-mouse (#7076; RRID:AB_330924) IgG (Cell Signaling
Technology).

Immunofluorescence staining

Paraffin-embedded breast cancer tissue arrays (Cooperative Human
Tissue Network, CHTN_BrCaProg2 and Novus Biologicals,
#NBP2-30212) were deparaffinized in xylene and rehydrated in
100, 95, and 70% ethanol. Antigen retrieval was carried out in am-
monium tris-EDTA buffer (pH 9) at 95°C for 20 min. The slides
were then incubated in PBS for 5 min, blocked in blocking buffer
(5% bovine serum albumin, 0.2% Triton X-100, and 15% donkey
serum in HBSS) for 30 min, and incubated with anti-ZBTB18
(1:50; Proteintech, #12714-1-AP; RRID:AB_2218388) overnight at
4°C. The slides were then washed 3 x 5 min in wash buffer (HBSS
and 0.3% Triton X-100) and incubated with goat anti-rabbit IgG
(H+L)—Alexa Fluor 568 secondary antibody (Thermo Fisher Scien-
tific) for 30 min. The slides were washed three times in wash buffer,
followed by a brief wash in water, dried, and mounted using VEC-
TASHIELD Antifade Mounting Medium with 4',6-diamidino-2-
phenylindole (DAPI; Vector Laboratories). The slides were
scanned at 20x with an Axioscan Z.1 slide scanner (Zeiss).
ZBTB18 intensity scores (0, no staining; 1, medium staining inten-
sity; and 2, high staining intensity) were independently assigned to
ZBTB18 expression levels in the nucleus and in the cytoplasm by an
investigator blinded to experimental conditions. A total intensity
score was obtained by adding the nuclear and cytoplasmic scores.
The percentage of nuclear expression was calculated using
(nuclear intensity score/total intensity score) x 100. The percentage
of cytoplasmic expression was calculated using (cytoplasmic inten-
sity score/total intensity score) x 100.

For immunofluorescence of clonal populations derived from the
E0771GFP cell line, single cells were first sorted at one cell per well
in 96-well plates using a BD FACSAria fusion flow cytometer. The
presence of a single cell/well was confirmed visually, and cells were
expanded to ~70% confluency. Cells were then trypsinized, plated in
eight-well p-slides (ibidi), and grown in regular culture medium for
2 days. Immunofluorescence staining and imaging of ZBTB18 were
then performed as described above.
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ChIP assay

Tumor cells grown to ~85% confluence in 15-cm dishes were fixed
for 10 min with 1% formaldehyde, and chromatin was prepared by
sonication-mediated shearing. The ChIP assay was performed using
the ChIP-IT Express Kit (Active Motif) with anti-ZBTB18
(ZNF238; Proteintech, #12714-1-AP; RRID:AB_2218388) and
rabbit IgG (PeproTech, #500-P00; RRID:AB_2722620) following
the manufacturer’s instructions. To determine the enrichment of
ZBTBI18 at the Tgfbr2 promoter, RT-qPCR was performed using
the iQ SYBR Green Supermix (Bio-Rad) with primers for the two
putative ZBTB18 binding sites, predicted using JASPAR2016
(http://jaspar2016.genereg.net) with 80% threshold (Fig. 6D and
table S11). A standard curve was generated with 10-fold dilutions
of immunoprecipitated chromatin to test the efficiency of the
primers. The enrichment of ZBTB18 and negative control IgG at
the Tgfbr2 promoter is reported as a percentage of the input.

Luciferase reporter assay

The mouse Tgfbr2 promoter (702 bp, from —650 to +52 relative to
the transcription start site) was amplified from genomic DNA of
E0771GFP cells by PCR using Q5 Hot Start High-Fidelity 2X
Master Mix (NEB). The Tgfbr2 promoter fragment was cloned
into the Kpn I and Hind III restriction sites of the pGL3-Basic
firefly luciferase reporter vector (Promega). A mutant Tgfbr2 pro-
moter where putative ZBTB18 binding sites (5'-[AC]JACATCTGI[G-
T][AC]-3') are substituted with two Sma I binding sites (5'-CCC
GGGCCCGGG-3') was generated by cloning a gBlock into the
Kpn I and Hind III restriction sites of the pGL3-Basic firefly lucif-
erase reporter vector. 293FT cells were plated in 96-well plates at 10*
cells per well. After 24 hours, cells were cotransfected with 75 ng of
luciferase reporter plasmid (pGL3-Basic, pGL3-Tgfbr2 promoter,
or pGL3-mutant Tgfbr2 promoter); 75 ng of expression plasmid
ZBTB18OE, ZBTB18-Nucl, ZBTB18-Cyto, or empty expression
vector (EV); and 50 ng of pRL-TK Renilla luciferase vector (to nor-
malize for transfection efficiency; Promega) using TransIT-293
reagent in Opti-MEM 1. After 24 hours, luciferase activity was mea-
sured using the Dual-Glo Luciferase Assay System (Promega).
Firefly luciferase values were normalized to Renilla luciferase
values and protein content and reported relative to the EV
condition.

Mining of publicly available datasets

We derived a ZBTB18 target gene signature consisting of the 15
genes most significantly repressed by ZBTB18, based on the sum
of the rank metric scores from GSEA of RNA-seq and ATAC-seq
data for E0771GFP-ZBTB18OE versus E0771GFP-EV (see Fig. 51
for the list of genes). Kaplan-Meier plotter (www.kmplot.com/
analysis/) (72-75) was then used to determine the correlation of
the ZBTB18 target gene signature expression levels with distant me-
tastasis-free survival of patients with breast cancer. We interrogated
the data from all patients or only the data from patients with basal,
HER2*(human epidermal growth factor receptor 2-positive),
luminal A, or luminal B breast cancer subtypes (Prediction Analysis
of Microarray 50 subtypes). For gastric and ovarian cancers, the
correlation of the ZBTB18 target gene signature expression levels
with progression-free survival was determined. For analyses with
Kaplan-Meier plotter, plots were generated on the basis of the
mean expression of the 15 genes included in the ZBTB18 target
gene signature. Cutoff values were determined using the “auto
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select best cutoff” function, which computes all possible cutoff
values between the lower and upper quartiles and identifies the
cutoff value with the most significant log-rank test (76). In addition,
the same datasets were reanalyzed with Cutoff Finder (https://
molpathoheidelberg.shinyapps.io/CutoffFinder_v1/) (77) using
the mean, geometric mean, or sum of z scores of the 15 genes in-
cluded in the ZBTBI18 target gene signature as biomarkers. Cutoff
values were determined by two different methods: The first method
(significance of correlation method), which is similar to the auto
select best cutoff function described above, generates Kaplan-
Meier plots for each possible cutoff value in the dataset. The
optimal cutoff is then defined as the value with the most significant
(log-rank test) split (77). In the second method [receiver operating
character (ROC) curve method], the cutoff value is determined on
the basis of the minimal Euclidean distance on the ROC curve of the
biomarker point to the left top edge of the diagram (0,1) and thereby
identifies the cutoff where the sum of sensitivity and specificity is
maximized, independently of patient outcome data (77). Hazard
ratios and 95% confidence intervals were also calculated.

To determine ZBTB18 gene expression levels in patients with
cancer and adjacent normal tissues, we mined the GSE62944
dataset, which includes RNA-seq data for 9,264 tumor samples
and 741 normal samples across 24 cancer types from TCGA.
Only solid tumor types with TPM (transcripts per million) data
available for at least three samples for both the normal and tumor
samples were analyzed. Log,(TPM + 1) was plotted. ZBTB18 gene
expression in breast cancers with different distant metastasis status-
es, lymph node metastasis statuses, or tumor grades were deter-
mined by mining the publicly available Mixed Breast (2022-v32)
RNA-seq dataset with the R2 Genomics Analysis and Visualization
Platform (https://hgserverl.amc.nl/cgi-bin/r2/main.cgi). The fol-
lowing datasets were also analyzed with R2: Tumor Breast Metastat-
ic-Sinn-1108-MAS5.0-ul33a [GSE124648 (microarray data)] to
compare ZBTBI8 expression levels in metastases versus primary
tumors and RNA-seq datasets from TCGA to compare ZBTB18 ex-
pression levels in metastatic versus nonmetastatic cancers.

Analysis of genetic alterations in the protein coding
sequence of ZBTB18

The cBioPortal for Cancer Genomics (http://cbioportal.org) (78,
79) was used to identify mutations in ZBTB18 among 10,967
samples from patients with cancer. Data were from the 32 studies
included in the publicly available TCGA Pan-Cancer Atlas. For
analysis of ZBTB18 mutations in E0771GFP and M11GFP cells,
genomic DNA sequences were visualized using National Center
for Biotechnology Information (NCBI) Genome Workbench and
aligned to the mouse RefSeq RNA database (NCBI) by BLAST.

Statistical analysis

Statistics were performed with R studio (version 1.1.453) or with
GraphPad Prism (version 8.4.3). Data were analyzed by two-sided
unpaired Student's ¢ test to compare the means of two independent
groups and by one-way analysis of variance (ANOVA) and Tukey's
posttest to compare the means of more than two independent
groups. Two-way ANOVA was used to compare the mean differenc-
es between groups split on two independent variables. If data were
not normally distributed, then the Mann-Whitney test was used to
compare the means of two independent groups and the Kruskal-
Wallis test followed by Dunn'’s posttest was used to compare the
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means of more than two independent groups. Differences among
treatments or groups were considered significant at P < 0.05

("P < 0.05; “P < 0.01;

ok

P < 0.001; and not significant, "P > 0.05).
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