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MOLECULAR BIOLOGY

S100A8/S100A9 cytokine acts as a transcriptional
coactivator during breast cellular transformation

Ruisheng Song and Kevin Struhl*

Cytokines are extracellular proteins that convey messages between cells by interacting with cognate receptors at
the cell surface and triggering signaling pathways that alter gene expression and other phenotypes in an auto-
crine or paracrine manner. Here, we show that the calcium-dependent cytokines ST00A8 and S100A9 are recruited
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to numerous promoters and enhancers in a model of breast cellular transformation. This recruitment is associated
with multiple DNA sequence motifs recognized by DNA binding transcription factors that are linked to transcrip-
tional activation and are important for transformation. The cytokines interact with these transcription factors in
nuclear extracts, and they activate transcription when artificially recruited to a target promoter. Nuclear-specific
expression of ST00A8/A9 promotes oncogenic transcription and leads to enhanced breast transformation
phenotype. These results suggest that, in addition to its classical cytokine function, ST00A8/A9 can act as a tran-

scriptional coactivator.

INTRODUCTION

Cytokines are a large and diverse group of small proteins that are
important in many biological processes, such as immune responses,
inflammation, and cancer. By conveying messages between cells by
interacting with their cognate receptors at the cell surface, cytokines
are a critical aspect of autocrine, paracrine, and endocrine signaling.
Upon cytokine binding, some surface receptors activate the Janus
kinase-signal transducer and activator of transcription (JAK-STAT)
signaling pathway to regulate gene transcription (I). Alternatively,
cytokine receptors cross-talk with other signaling macrodomains at
the plasma membrane to regulate their posttranslational modifica-
tions (e.g., phosphorylation and ubiquitination) and activate addi-
tional signaling pathways [e.g., phosphatidylinositol 3-kinase (PI
3-kinase), nuclear factor kB (NF-«xB), and mitogen-activated pro-
tein kinase (MAPK)] (2).

In addition to this extracellular role, many cytokines can also be
found in the nucleus, and a functional role for the nuclear cytokine
has been established in some cases (3-7). Conversely, the chromatin-
associated protein HMGBI is released from chromatin in dying
cells, whereupon it acts in a cytokine-like manner (8). For two cyto-
kines, chromatin immunoprecipitation (ChIP) experiments on a
single locus suggest that they can associate with a specific genomic
region (5, 6). However, cytokine association with genomic regions
has not been investigated on a genome-wide scale, and hence, little
is known about how it might be recruited and how it affects tran-
scription and biological phenotype.

Proinflammatory cytokines S100A8 and S100A9 (11 and 14 kDa,
respectively) are calcium-binding proteins that form homodimeric,
heterodimeric, and higher-order complexes that are essential for their
biological activities (9-11). Up-regulation of S100A8/A9 occurs in
various human cancer types including breast cancer, and both pro-
teins are actively involved in tumor growth, metastasis, angiogene-
sis, and immune evasion in mouse models (12). Within the tumor
microenvironment of breast cancer, SI00A8 and S100A9 have both
autocrine and paracrine functions. Extracellular SI00A8/A9 released
by cancer cells interacts with surface receptors including Toll-like
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receptor 4 (TLR4) and RAGE (Receptor for Advanced Glycation End
products) (13, 14), thereby promoting directed chemotaxis of myeloid
cells and inducing proinflammatory responses and/or immune sup-
pression by activation of JAK-STAT, NF-«kB, and MAPK pathways
(12, 15, 16). S100A8 and S100A9 are also abundant in the cytosol,
where they help control cytoskeleton rearrangement and activate path-
ways involved in reactive oxygen or nitrogen species (15, 17). In a
mouse model of psoriasis, SI00A9 was reported in the nucleus with a
direct contribution to expression of the C3 gene (5). However, the roles
of S100A8/A9 and other cytokines in the nucleus are poorly understood.

Here, we show that SI00A8/A9 is recruited to numerous pro-
moters and enhancers in a model of breast cellular transformation.
This recruitment is associated with multiple DNA sequence motifs
recognized by DNA binding transcription factors, and it is linked to
transcriptional activation. Nuclear-specific expression of SI00A8/
A9 increases oncogenic transcription and leads to enhanced breast
transformation phenotype. These results suggest that, in addition to
its classical cytokine functions, SI00A8/A9 can act as a transcrip-
tional coactivator.

RESULTS

S100A8/A9 is important for breast cellular transformation,
and its overexpression is associated with certain forms

of breast cancer

Our inducible model of breast cellular transformation is based on a
derivative of the nontransformed cell line MCF-10A that expresses
ER-Src, a fusion between the v-Src oncoprotein and the ligand-binding
domain of estrogen receptor (18, 19). Treatment of these cells with
tamoxifen activates v-Src and triggers an epigenetic switch between
nontransformed and transformed cells that is mediated by inflam-
matory regulatory network controlled by the joint action of NF-kB,
STATS3, and activating protein 1 (AP-1) transcription factors (19-22).
On the basis of ribosome profiling experiments (23), many cytokine
genes are induced upon transformation, with SI00A8/A9 being near
the most dominant and most up-regulated (Fig. 1A). H3K27 acetyl-
ation (H3K27ac) profiles (21) indicate that the SI00A8/A9 gene locus
is associated with a transformation-regulated super-enhancer (Fig. 1B),
a cluster of enhancers that activate genes defining cell identity (24, 25).
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Fig. 1. ST00A8/A9 is important for breast cellular transformation. (A) Ribosome-associated RNA levels in nontransformed [ethanol (EtOH)-treated] and transformed
[tamoxifen (TAM)-treated] cells. Differentially expressed genes are colored blue; cytokine genes that are differentially expressed are colored red. The inset shows morphology
of cells during TAM-induced transformation. (B) Super-enhancer identification in nontransformed (top) and transformed (bottom) cells, with ranks of enhancers associated
with ST00A8/A9 shown in the parentheses. Insets show H3K27ac chromatin immunoprecipitation-sequencing (ChIP-seq) signal at the STO0A8/A9 genomic region with en-
hancer or super-enhancer regions marked. (C) Western blot (left) and soft agar assay (right) with transformed cells transfected with negative control (NCi), ST00A8, or ST00A9
siRNA. Data are means + SEM; n = 6; ***P < 0.001 compared with negative control treatment; t test. TPR, Translocated Promoter Region, Nuclear Basket Region. (D) Soft agar
assay with cells induced by TAM together with indicated antibody treatment. Data are means + SEM; n = 4; ***P < 0.001 compared with immunoglobulin G (IgG) treatment;
t test. (E) RNA expression of ST00A8 and S100A9 in PAM50-defined molecular subtypes of breast cancer. Wilcoxon rank sum test P values are shown. A total of 950 clinical
breast samples from 840 patients in The Cancer Genome Atlas database were used in this analysis. RPKM, reads per kilobase of transcript per million mapped reads; RPM,
reads per million; LDHA, lactate dehydrogenase A; RSEM, RNA-Seq by Expectation-Maximization.

Small interfering RNA (siRNA)-mediated knockdown (Fig. 1C) or
antibody-mediated inhibition (Fig. 1D) of SI00A8 and/or S100A9
efficiently blocks colony formation in soft agar, indicating that these
cytokines are critical for transformation in our model. Last, tran-

types that have poor clinical outcomes and underexpressed in the
two luminal subtypes (Fig. 1E).

Nuclear-localized ST00A8/A9 increases

scriptional analysis of PAM50 (Prediction Analysis of Microarray
50)-defined molecular subtypes (26) of clinical breast cancer tissues
from 840 patients (27) indicates that, compared with normal tissue,
S100A8/A9 is overexpressed in basal-like and Her2-enriched sub-
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transformation efficiency

Although S100A8 and S100A9 are secreted cytokines, cell fraction-
ation experiments show that they are also observed in the nucleus,
unlike their cognate receptors TLR4 and RAGE (Fig. 2A), suggesting
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Fig. 2. Nuclear S100A8/A9 and breast transformation. (A) Western blots of cytosolic (C) and nuclear (N) fractions in nontransformed and transformed cells. LDHA and
histone 2B (H2B) are used as subcellular compartment markers. (B) Confocal imaging of ST00A8 and S100A9 immunofluorescence costaining in a transformed cell.
(€) S100A8 and S100A9 immunobhistology from clinical samples of breast cancer (top) and skin cancer (bottom). Representative nuclear localizations of ST00A8 or ST00A9
are marked by arrows. Scale bar, 50 um. Data are obtained from The Human Protein Atlas database. (D) Bright-field and GFP fluorescence imaging demonstrate
nuclear-specific expression of the indicated derivatives in nontransformed and transformed cells. Scale bar, 50 um. (E) Western blots of whole-cell lysates show expression
of nuclear localization signal (NLS)-GFP-S100A8 (top) and NLS-GFP-S100A9 (bottom). IB, immunoblot. (F) Representative colony formation (top) and quantification
(bottom) of soft agar assay with EtOH- or TAM-treated cells expressing indicated protein. Data are means + SEM; n = 6; ***P < 0.001 compared with corresponding
NLS-GFP group; t test. IB, Inmunoblot.

that nuclear SI00A8/A9 might have a function that is independent  skin cancer tissues from patients (Fig. 2C), thereby providing clini-
of the surface receptors. Immunofluorescence imaging of endoge-  cal relevance of the observation in the ER-Src cellular model.

nous S100A8 and S100A9 with confocal microscopy shows well- To examine the function of nuclear SI00A8/A9 in transformation,
overlapping signals, suggesting colocalization in the nucleus (Fig. 2B). ~ we constitutively expressed derivatives of these proteins that con-
Nuclear localization of SI00A8/A9 is also observed in breast and tain a nuclear localization sequence and green fluorescent protein
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(GFP) (for visualization). These hybrid proteins localize to the nu-  These results indicate that nuclear SI00A8/A9 plays a role in breast
cleus (Fig. 2D), and they are expressed at levels comparable to those  cell transformation.

of the endogenous proteins upon tamoxifen induction (Fig. 2E). Nu-

clear expression of SI00A8 or SI00A9 leads to a subtle transforma- S100A8 and S100A9 target sites in the human genome

tion phenotype even in the absence of tamoxifen, and it enhances  To investigate the role of nuclear SI00A8/A9, we performed ChIP-
transformation efficiency in the presence of tamoxifen (Fig. 2F).  sequencing (ChIP-seq) using stable cell lines expressing Flag-tagged
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Fig. 3. Genome-wide chromatin binding of ST00A8 and S100A9. (A) Western blots of the indicated endogenous and ectopic proteins in whole-cell lysates of EtOH- or
TAM-treated cells. (B) Western blots of Flag-tagged S100A8 (top) or ST00A9 (bottom) in cytosolic and nuclear fraction under EtOH or TAM treatment. LDHA and snRNP70
are used as subcellular compartment markers. snRNP70, Small Nuclear Ribonucleoprotein U1 subunit 70. (C) Coimmunoprecipitation of Flag-tagged S100A8 with endog-
enous ST100A9in nuclear extract under EtOH or TAM treatment. HSC70 (Heat Shock Cognate 71 kDa protein) is used as a negative control; LDHA is used as a marker for
the cytosolic compartment. (D) Venn diagrams show peak overlap of S100A8 and $100A9 binding in EtOH or TAM treatment. P < 2.2 x 107'® for any of the peak overlap
enrichment; Fisher's exact test. (E) Relationship of ST00A8 and S100A9 binding levels for the union of all peak regions of ST00A8 or S100A9. (F) Combined S100A8 and
S100A9 binding levels EtOH or TAM conditions. Peaks with statistically significant up- or down-regulation are colored red or blue, respectively. The inset shows the distri-
bution of fold enrichment values for all ST00A8/A9 peaks. (G) Binding profiles (average, left) and heatmaps (right) for ST00A8 or ST00A9 in EtOH- or TAM-treated condition
around the summits of the union of all peak regions for ST00A8 or ST00A9. Replicate-pooled binding data are shown. Heatmaps are sorted by ST00A9 ChIP signal in TAM
treatment. FDR, false discovery rate; bp, base pairs.
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proteins at comparable levels of endogenous proteins in the absence
of tamoxifen (Fig. 3A). The nuclear levels of the Flag-tagged proteins
are strongly induced during transformation (Fig. 3B). We suspect
that this apparent regulation of nuclear translocation of the Flag-
tagged proteins reflects interactions with endogenous S100A8/A9,
which is highly induced during transformation. In this regard, in
nuclear extracts, SI00A8-Flag interacts with endogenous S100A9 in
a manner that is increased upon transformation increased upon trans-
formation (Fig. 3C).

As S100A8 and S100A9 lack conventional DNA binding do-
mains and hence are unlikely to bind DNA on their own, we used a
dual-cross-linking approach that involves protein-protein cross-
linking followed by traditional formaldehyde-mediated protein-
DNA cross-linking (28, 29). We performed ChIP-seq analysis in
cells expressing Flag-tagged S100A8 or SI00A9 in nontransformed
and transformed conditions and obtained highly reproducible bind-
ing profiles (fig. S1). As expected from the increased nuclear protein
levels upon tamoxifen induction, the number of binding sites
(Fig. 3D) increases markedly during transformation, with nearly all
the sites in nontransformed condition being observed during trans-
formation. By combining S100A8 and S100A9 ChIP signals, we iden-
tified ~30,000 target sites, with extremely high correlation (R = 0.88)
between S100A8 and S100A9 binding levels (Fig. 3E). Binding levels
at essentially all sites are increased upon transformation, and the peak
summits are coincident (Fig. 3, F and G). Thus, S100A8 and S100A9
specifically associate with common genomic regions, presumably by
being recruited by specific DNA binding proteins. These results do
not distinguish between homomeric SI00A8 or SI00A9 complexes
and heteromeric S100A8/A9 complexes.

S100A8/A9 binding sites are associated with active
chromatin regions and polymerase Il transcription

We classified S100A8/A9 peaks with respect to different types of reg-
ulatory regions as defined by histone modifications patterns (21, 30).
Specifically, 30% are located in promoter regions, 45% in enhancer
regions, 6% in repressed regions, and 19% map to otherwise unchar-
acterized regions (Fig. 4A). When compared with the 212,423 de-
oxyribonuclease I (DNase I) hypersensitive sites identified in this
transformation model (21), S100A8/A9 sites are strongly overrep-
resented in promoter and enhancer regions but depleted in
repressed regions (P < 2.2 x 107'°, Fisher’s exact test; Fig. 4B). Fur-
thermore, the level of SI00A8/A9 binding is positively correlated
with the levels of DNase I hypersensitivity (accessible chromatin),
H3K27ac (active histone mark), and the transcriptional amplifier
MYC (Fig. 4B and fig. S2A) at both promoter and enhancer regions,
and the correlations increase mildly upon transformation. In con-
trast, the level of SI00A8/A9 binding at repressed genomic regions
is not or negatively correlated with the level of repressive histone
modifications H3K9me3 and H3K27me3 (fig. S2B). These observa-
tions indicate that S100A8/A9 binding is associated with transcrip-
tional activation.

To address the role of SI00A8/A9 in transcription, we assigned
peaks to neighboring genes and then subdivided them into genes
with peaks only at promoters, only at enhancers, and at both pro-
moters and enhancers (fig. S3A). Polymerase II (Pol II) occupancy
at all these three groups of genes is higher in the transformed con-
dition as compared with the nontransformed condition (Fig. 4C).
Genes with S1I00A8/A9 sites in both promoter and enhancer regions
show the strongest Pol II signals, particularly at coding regions, in-
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dicative of increased transcription (Fig. 4C). In contrast, genes with
S100A8/A9 sites in enhancers only have considerably lower Pol II
occupancy levels. In addition, there is modest correlation (0.24 to
0.34) between S100A8/A9 binding and Pol II occupancy at coding
regions for all three categories and at the promoter, and minimal
correlation to the pausing index (fig. S3B). Last, SI00A8/A9 binding
sites are located just upstream of the transcriptional start site and
paused Pol II (Fig. 4D). These observations strongly suggest that
nuclear SI00A8/A9 is a transcriptional coactivator.

Relationship of ST00A8/A9 binding to gene induction during
transformation and to human cancer genes

We analyzed the relationship between S100A8/A9 binding and gene
expression upon transformation by comparing RNA expression
levels of genes whose regulatory regions are bound by SI00A8/A9
with those that are unbound. In both nontransformed and trans-
formed conditions, the SI00A8/A9 bound genes are expressed at
higher levels than the unbound genes (Fig. 5A). In addition, the fold
induction upon transformation is higher in S100A8/A9-bound
genes than in the unbound genes (Fig. 5A). For genes differentially
regulated upon transformation, 67% are up-regulated for the SI00A8/A9
bound genes, whereas only 43% are up-regulated for the unbound
genes (P= 4.4 x 10! by Fisher’s exact test; Fig. 5B). Thus, SI00A8/A9
binding is preferentially associated with induction of genes during
transformation.

S100A8/A9-bound target genes are enriched in functions linked
to signaling (phosphorylation, acetylation, and glycoprotein), pro-
tein binding, mRNA processing, cytokine secretion, cell adhesion,
and cell cycle (fig. S4). In addition, we addressed the relationship
between S100A8/A9 target genes and human cancer gene annota-
tions from UniProt (31), Network of Cancer Genes (32), Tumor
Suppressor Gene database (33), ONGene (34), and Tumor Associ-
ated Gene database (35). We collected 808 oncogenes (ONGs),
1247 tumor suppressor genes (TSGs), and 244 cancer genes anno-
tated as both ONGs and tumor suppressors (OncoTSGs). Among
15,796 SI00A8/A9 target genes, 10% are human cancer genes with
533 ONGs, 843 TSGs, and 170 OncoTSGs (Fig. 5, C and D). Nota-
bly, 67% of annotated cancer genes are associated with SI00A8/A9
target genes, in comparison to only 55% of noncancer genes, which
is highly significant (P < 2.2 x 107'%; Fisher’s exact test) with con-
tributions from ONG (P = 2 x 107%), TSG (P = 2 x 10™'%), and
OncoTSG enrichment (P = 6 x 107°%). The distinction between
cancer and noncancer genes is also observed when considering
S100A8/A9 target sites showing the highest level of inducible bind-
ing upon transformation (Fig. 5, C and D). At target genes where
S100A8/A9 binds at both the enhancer and promoter, ONGs have
the higher level of transcriptional activity than other classes of
genes (Fig. 5E).

To examine the function of nuclear S100A8/A9, we measured the
expression of ONG, TSG, and OncoTSG genes (six genes for each
class), whose promoters and enhancers are bound by SI00A8/A9 in
cells expressing SI00A8 or S100A9 derivatives with a nuclear local-
ization signal (NLS) (fig. S5). When considered as a class, the ONGs
show increased expression upon ectopic expression of either SI00A8
or S100A9, either in the presence or absence of tamoxifen (Fig. 5F).
In contrast, this effect is smaller or not detectable on the TSGs and
not detected on the OncoTSGs or control genes. Together, these
observations preferentially link S100A8/A9 binding with expres-
sion of ONGs.
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TSS along with box plots indicating the distance between pairwise combinations.

Motif enrichment of transcription factors and chromatin A9 binding sites in promoter, enhancer, and repressed regions. We
association of STO0A8/A9 identified ETS (Erythroblast Transformation Specific), KLF (Kruppel-
As S100A8/A9 does not have intrinsic DNA binding activity, they  Like Factor)/SP1 (Specificity Protein 1), THAP11 (THAP domain
are presumably recruited to genomic sites by association with spe-  Containing 11), AP-1, CREB (cyclic adenosine monophosphate re-
cific DNA binding transcription factors. To identify these tran-  sponse element-binding protein), and ZBTB33 (Zinc finger and BTB
scription factors, we performed de novo motif searches in S100A8/ domain containing 33), motifs enriched in promoter peaks; AP-1,
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Fig.5.S100A8/A9 binding and cancer gene transcription. (A) Box plots on the Ieft show expression levels of genes associated with (coral; 7679 genes) or without (gray;
2627 genes) S100A8/A9 binding sites in EtOH- or TAM-treated cells. Box plot on the right shows the fold change (TAM:EtOH) of the same classes of genes. Higher expres-
sion levels in both conditions and higher fold induction during transformation are associated with S1T00A8/A9-bound sites (Wilcoxon rank sum test P values indicated).
(B) Percentage of genes differentially expressed (at least twofold) during transformation that are up-regulated (UP; pink) or down-regulated (DN; blue) and are associated
with sites that are bound or unbound by S100A8/A9. Fisher's exact test P value is indicated for the distribution comparison. (C) Gene counts and percentage of noncancer
genes (NonCancer), oncogenes (ONG), TSGs, and genes annotated as both oncogenes and TSGs (OncoTSG) in hg19 refGene collection (refGene), all ST00A8/A9 target genes
(A8A9.ALL), and genes with strongly up-regulated S100A8/A9 peaks in TAM treatment (A8A9.UP). (D) Gene counts and percentage of cancer (left) and noncancer (right) genes
from indicated gene collections. (E) Meta-gene average profiles of Pol Il binding from 1 kb upstream of TSS and 2 kb downstream of TES at indicated groups of S100A8/
A9 target genes in EtOH- and TAM-treated cells. Gene counts are shown in the parentheses. (F) Induction ratio (fold change relative to the mRNA level in EtOH-treated
cells expressing NLS-GFP) of the indicated classes of genes (average of six cancer genes/class or two control genes) in cells expressing the indicated proteins. Data are
means + SEM; ns, not significant; *P < 0.05 compared with corresponding NLS-GFP group; Wilcoxon signed rank test. Asterisks (*) for increase were colored red or other-
wise colored blue. RT-qPCR, reverse transcription quantitative polymerase chain reaction.
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Fig. 6. Motif enrichment and S100A8/A9 chromatin binding. (A) De novo identified DNA motifs at STO0A8/A9 sites at the indicated classes of genomic regions highly
matched to known motifs. The de novo motif search was performed for STO0A8/A9 sites against DNase | hypersensitive sites lacking ST00A8/A9 association (S100A8/
A9-null sites) in the same class of chromatin regions. Hypergeometric P values for motif enrichments are shown. (B) Distributions of de novo discovered motif density at
+200 bp of the indicated peak summits of indicated classes of chromatin regions. (C) TAM-induced fold changes of ST00A8/A9 chromatin binding at ST00A8/A9 sites with
or without indicated motifs (alone or in combination) in promoter regions. *P < 0.05, **P < 1x 107, **P < 1x 107'%, and ****P <22 x 107" compared with S100A8/A9
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CTCEF (CCCTC-binding Factor), CEBP (CCAAT/Enhancer-Binding
Protein), and STAT3 motifs enriched in enhancer peaks; and CTCF
motif enriched in repressed peaks (Fig. 6A). Using sequence motifs
for these factors, we then compared the probability of motifs in the
set of S1I00A8/A9 binding regions with control regions from pro-
moter, enhancer, and repressed DNase I hypersensitive sites lacking
S100A8/A9 association (S100A8/A9-null sites; Fig. 6B). All these
motifs are strongly enriched at S100A8/A9-bound regions as
compared with control regions, except for the AP-1 motif at pro-
moters that is only weakly enriched. Furthermore, the maximal mo-
tif densities map closely to the SI00A8/A9 peak summits (Fig. 6B
and fig. S6), consistent with the idea that SI00A8/A9 is recruited
(directly or indirectly) to target sites by the transcription factor(s)
recognizing the motif.

For each motif or selected combination of motifs located within
50 base pairs (bp) of the SI00A8/A9 peak summits, we determined
the fold change of SI00A8/A9 binding at that site during transfor-
mation (tamoxifen:ethanol ratio). At promoters, fold increases in
S100A8/A9 binding observed at sites with ETS, KLF/SP1, THAP11,
CREB, or ZBTB33 motif alone or in combination are subtle, al-
though statistically significant when compared against target sites
lacking any of the listed motifs (Fig. 6C). However, at enhancer re-
gions, fold increases of S100A8/A9 binding are more pronounced,
particularly at motifs for transcriptional activators AP-1, CEBP, or
STATS3, alone or in combination (Fig. 6D). In contrast, the motif for
the CTCF insulator protein, alone or in combination with tran-
scriptional activators in either enhancer or repressed peaks, is asso-
ciated with reduced binding of S100A8/A9 during transformation
or counteraction of the positive effects from the activator motifs
(Fig. 6E). These results are in line with the transcriptional coactiva-
tor role of SI00A8/A9, and the connection to AP-1 and STAT3 is
noteworthy given that these proteins are critical for transformation
in this cellular transformation model (20-22).
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Fig. 7. ST00A8/A9 interacts with transcription factors and activates transcrip-
tion upon artificial recruitment. (A) Western blot of S1T00A9-Flag immunoprecip-
itates of the indicated proteins in nuclear extracts from cells treated with EtOH
(E) or TAM (T); lactate dehydrogenase (LDHA) is used as a cytoplasmic marker.
(B) Transcriptional activity (normalized luciferase levels) in MCF7 cells electro-
porated with the indicated Gal4 DNA binding domain (DBD) protein derivative and
the reporter construct containing five tandem repeats of the Gal4 binding site up-
stream of the core Drosophila HSP70Bb TATA-box promoter. Data are means + SEM;
n=4;***P<0.001 compared with the Gal4DBD group; t test.
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S100A8/A9 interacts with transcription factors in nuclear
extracts and activates transcription upon artificial
recruitment to a target promoter

To examine more directly whether SI00A8/A9 behaves like a coact-
ivator, we first performed coimmunoprecipitation experiments in
nuclear extracts from which nucleic acids were degraded. As expected
from the motifs enriched among S100A8/A9 target sites, SI00A9-
Flag immunoprecipitates FOS, STAT3, C/EBPB, and CTCF, but not
SNAII (Fig. 7A). In accord with genomic binding levels (Fig. 6,
D and E), the interactions of SI00A9-Flag with FOS (and to a lesser
extent, STAT3 and C/EBP) increases in transformed cells, whereas
the interaction with CTCF decreases. Thus, SI00A9 physically asso-
ciates with multiple transcription factors, although these coimmuno-
precipitation experiments do not address whether the interactions
are direct or involve intermediary factors.

To examine whether S100A8/A9 has an autonomous transcrip-
tional activation function, we fused the individual full-length pro-
teins to the DNA binding domain of the yeast Gal4 proteins. When
compared with the Gal4 DNA binding domain alone, the resulting
fusion proteins confer about threefold higher levels of transcription
from a Gal4-based reporter construct (Fig. 7B). These observations,
together with the genomic binding profiles, indicate that SI00A8/
A9 acts as a transcriptional coactivator.

DISCUSSION

S100A8/A9 can act as a transcriptional coactivator

Cytokines are secreted molecules that bind and activate cell surface
receptors, thereby transducing extracellular signals to effector pro-
teins that regulate gene expression and other biological events.
Many cytokines are also found in the nucleus and can be associated
with chromatin, but the nuclear functions of cytokines are poorly
understood. In two cases, SI00A9 and interleukin-33, ChIP analysis
of an individual gene has suggested that these cytokines could asso-
ciate with a specific genomic region. Here, we show that SI00A8/A9
associates specifically with numerous genomic regions even though
the cognate receptors are absent from the nucleus. We provide evi-
dence that SI00A8/A9 functions as a transcriptional coactivator
and show that nuclear-localized SI00A8/A9 increases transforma-
tion efficiency.

Multiple lines of evidence support the conclusion that S100A8/
A9 can act as a transcriptional coactivator. First, SI00A8/A9 bind-
ing sites occur primarily in promoters and enhancers, and binding
is associated with active chromatin regions and Pol II transcription.
Second, most DNA sequence motifs associated with S100A8/A9 bind-
ing are recognized by transcriptional activator proteins, with the
level of binding being increased at motifs of activators and decreased
at motifs of CTCF, an insulator protein associated with repression.
Third, in nuclear extracts, SI00A9 coimmunoprecipitates and, hence,
interacts (directly or indirectly) with proteins that recognize the mo-
tifs enriched among genomic sites bound by S100A8/A9. Fourth,
nuclear-specific expression of SI00A8/A9 increases transcription of
many genes tested, with a preference for ONGs. Fifth, SI00A8 and
S100A9 can stimulate transcription from a reporter construct when
artificially recruited by a heterologous DNA binding domain.

There are several possible mechanisms, not mutually exclusive,
by which S100A8/A9 could function as a transcriptional coactivator
upon recruitment to specific genomic sites. The artificial recruit-
ment experiment (Fig. 7B) suggests that these proteins contain a
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transcriptional activation domain that directly stimulates transcrip-
tion of the target gene. SI00A8/A9 could also bind to a region of the
recruiting protein that inhibits transcriptional activity, thereby increas-
ing the activating potential of the recruiting protein. In a related
manner, SI00A8/A9 could cause a conformational change in the re-
cruiting protein that increases its activation function. Last, these
cytokines could mediate their effects through interactions with other
recruited coactivators and/or other DNA binding transcription factors
that functionally interact with factors bound to the enriched motifs.
These potential mechanisms are not mutually exclusive.

Nuclear S100A8/A9 is important for cellular transformation
S100A8/A9 is up-regulated and functionally important in many forms
of human cancer (12, 36, 37), and it is required for transformation
in our model of breast cellular transformation. It is generally assumed
that the oncogenic roles of the S100A8/A9 cytokines reflect their
function in extracellular signaling.

Our results strongly suggest that SI00A8/A9 in the nucleus also
plays a functional role in cellular transformation. First, SI00A8/A9
target sites are preferentially associated with annotated cancer genes.
Second, at target genes where S100A8/A9 binds at both the enhancer
and promoter regions, ONGs have higher transcriptional activity than
noncancer genes and other classes of cancer genes. Third, SI00A8/A9
target sites are enriched for motifs of transcription factors important
for transformation. AP-1 factors and STATS3 are particularly im-
portant for transformation in our model (20-22), and loss of ETS,
KLF/SP1, THAP11, CREB, ZBTB33, or CEBP inhibits transforma-
tion or tumor growth in other cellular or animal models (21, 38-43).
Conversely, S100A8/A9 binding decreases at CTCF motifs during
transformation, and CTCF haploinsufficiency in mice leads to
increased cancer incidence (44). Fourth and most important, nuclear-
specific expression of SI00A8/A9 preferably promotes ONG tran-
scription and enhances transformation efficiency. Although not
directly proven, we suspect that the transcriptional coactivator
function of SI00A8/A9 provides the basis for how nuclear S100A8/
A9 affects transformation.

Although the nuclear function of S100A8/A9 is important for
transformation, antibodies against these proteins in the medium
causes decreased transformation. These added antibodies are extra-
cellular and unlikely to enter the nucleus, suggesting that the classic
cytokine function of SI00A8/A9 is also important for transforma-
tion. Thus, we suggest the SI00A8/A9 plays a role in transformation
both as a classic cytokine that stimulates signaling pathways and as
a transcriptional coactivator in the nucleus. In this regard, SI00A8/A9
resembles B-catenin, a dual-function protein that acts as transcrip-
tional coactivator in the nucleus and as a subunit of the cadherin
complex involved in cell-cell adhesion (45).

MATERIALS AND METHODS

Antibodies and primer pairs for quantitative polymerase
chain reaction analysis

The information for these reagents is described in table S1.

Cell culture

MCF-10A cells expressing ER-Src (MCF-10A-ER-Src cells) were
grown in DMEM/F-12 (Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12) with 5% charcoal-stripped fetal bovine serum (Sigma-
Aldrich) and supplements as previously described (19). To induce

Song and Struhl, Sci. Adv. 2021; 7 : eabe5357 1 January 2021

transformation, cells were treated with 1 uM 4-hydroxy-tamoxifen
(Sigma-Aldrich) or ethanol as vehicle control for 24 hours. Hu-
man embryonic kidney (HEK) 293T and MCEF7 cells were grown
in DMEM with 10% fetal bovine serum (Sigma-Aldrich). For the soft
agar assay, cells (2.5 x 10*) were washed with phosphate-buffered
saline (PBS) and treated with trypsin. The trypsinized single cells
were resuspended in the upper agar phase (growth medium con-
taining final 0.4% agar, freshly prepared at 37°C), which was lay-
ered onto the lower agar phase (growth medium containing 1.0%
agar). The solidified agar was covered with growth medium, which
was changed every 3 days. Colonies (>0.01 mm?) were counted with
Image] after 30 days.

Cloning and expression of ST00A8/A9 derivatives
For S100A8-Flag or S100A9-Flag, C-terminal 1x Flag-tagged S100A8
or S100A9 open reading frame was cloned from the cDNA library
of MCF-10A-ER-Src cells and then were subcloned into pLHCX
retroviral vector (Clontech, #631511). For NLS-GFP, GFP with trip-
licated NLS (sequence copied from Invitrogen’s pCMV/myc/nuc) at
both the N- and C-terminal sides was cloned from pEGFP-NI1 (pro-
vided by R. Pomerantz from Temple University School of Medicine)
using ultramer primers and then was subcloned into pLHCX. For
NLS-GFP-A8 or NLS-GFP-A9, S100A8 or S100A9 open reading frame
was subcloned to the C-terminal side of NLS-GFP in pLHCX.
Retrovirus was produced by transfection of corresponding ret-
roviral vector in HEK293T cells carrying pCL-Ampho (provided by
V. Sukhatme). Retroviral supernatant from HEK293T cells was col-
lected at 48 and 72 hours after transfection, filtered through 0.45-um
filter, and used to infect exponentially growing target cells in the
presence of polybrene (8 ug/ml; Millipore). Cells were passaged after
72 hours of infection, after which drug selection was performed with
hygromycin B (500 pg/ml; Santa Cruz Biotechnology). For nuclear-
specific expression of S100A8 or S100A9, cells expressing NLS-GFP,
NLS-GFP-A8, or NLS-GFP-A9 were further selected by a cell sort-
ing flow cytometer (SH800Z, Sony) based on GFP signals, and GFP
levels for all groups of cells were kept similar on average during
the selection.

Gal4-based luciferase reporter analysis

Gal4 DNA binding domain (DBD)-based constructs were generated
by replacing the NLS-GFP region of NLS-GFP, NLS-GFP-S100AS8,
or NLS-GFP-S100A9 with Gal4DBD cloned from pCAG-GBP1-
10gly-Gal4DBD (plasmid #49438, Addgene). For the Gal4-based re-
porter assays, Gal4-based constructs (1 ug), pUAS-luc2 (1 pg; plasmid
#24343, Addgene), and pCMV-RL (100 ng; catalog #E2261, Promega)
were electroporated together into human breast MCF7 cells by the
4D-Nucleofector System with the SE Cell Line 4D-Nucleofector
X Kit (Lonza). Forty-eight hours after the electroporation, Firefly
and Renilla luciferase activities were measured with the Dual-Glo
Luciferase Assay System (Promega). Luciferase activity is calculated
as Firefly normalized by Renilla.

Protein analysis

Cells were lysed in 1x radioimmunoprecipitation assay (RIPA) buf-
fer (Cell Signaling Technology) supplemented with protease inhibitor
cocktail (Sigma-Aldrich), followed by brief sonication, and the ly-
sate was cleared by centrifugation at 20,000g for 10 min. For cytosol/
nuclear fractionation, cells were incubated in buffer A (10 mM
Hepes-KOH at pH 7.5, 50 mM NaCl, 500 mM sucrose, 0.1 mM
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EDTA, 1.5 mM MgCl,, and protease inhibitor cocktail) for 15 min,
followed by mixture with Triton X-100 (0.5% at final) for 1 min,
and the cytosol fraction was cleared by centrifugation at 16,000¢ for
5 min. The nuclear pellet was briefly washed in buffer B (15 mM
Hepes-KOH at pH 7.5, 60 mM KCl, 15 mM NacCl, 0.32 mM sucrose,
and protease inhibitor cocktail), dissolved in 1x RIPA buffer, and
briefly sonicated, and the nuclear fraction was cleared by centrifu-
gation at 20,000g for 10 min.

For coimmunoprecipitation, the nuclear pellet from cells ex-
pressing S100A8-Flag was dissolved in buffer C (50 mM tris-HCl at
pH 8.0, 420 mM NaCl, 1.5 mM MgCl,, 0.4% NP-40, 25% glycerol,
and protease inhibitor cocktail) for 1 hour, diluted to 100 mM NaCl
strength with buffer D (50 mM tris-HCl at pH 8.0, 0 mM NaCl, 1.5 mM
MgCl,, 0.4% NP-40, 25% glycerol, and protease inhibitor cocktail),
and treated overnight with Benzonase (Millipore), and the nu-
clear extract was cleared by centrifugation at 20,000¢ for 10 min.
Coimmunoprecipitation and Western blot analyses were performed
as previously described (46).

For imaging analysis, cells were fixed with 4% paraformaldehyde
in PBS, and immunofluorescence staining was performed with rabbit
anti-S100A9 and mouse anti-S100A8, followed by treatment with
anti-rabbit immunoglobulin G (IgG)-fluorescein isothiocyanate
and anti-mouse IgG-Texas Red. Clinical immunohistology data of
S100A9 and S100A8 were obtained from The Human Protein Atlas
database (47); for breast cancer, SI00A9 staining data were from
PatientID_2091, and S100A8 staining data were from PatientID_2392;
for skin cancer, SI00A9 staining data were from PatientID_2166,
and S100A8 staining data were from PatientID_2150.

RNA interference

siRNAs of negative control, SI00A8 (HSC.RNAI.N002964.12.3), and
S100A9 (HSC.RNAIL.N002965.12.1) were obtained from Integrated
DNA Technologies. siRNA-mediated knockdown was performed as
previously described (48). After 3 days of siRNA transfection, cells
were tested for tamoxifen-induced transformation.

RNA analysis

RNA was extracted with QIAzol (QIAGEN) and precipitated with
isopropanol. cDNA was generated from 3.5 ug of total RNA tem-
plate using oligo(dT),o and SuperScript III (Invitrogen). Analysis of
relative RNA expression was performed by quantitative polymerase
chain reaction in real time. The relative RNA levels of indicated genes
were normalized to the average RNA level of two control genes
rRNA18S and FAMS50A in the same samples. Data presented were
obtained from four independent experiments.

Analysis of ribosome profiling and RNA sequencing data

Ribosome profiling and RNA sequencing (RNA-seq) experiments
were described previously (23). For ribosome profiling, adapter se-
quence at the 3’ end and first nucleotide at the 5" end of each FASTQ
read were trimmed. Trimmed reads were mapped to human ribo-
somal (rRNA) reference sequences (NR_003285.2, NR_003286.1,
NR_003287.1, and NR_023363.1) with Bowtie (49). rRNA-unmapped
reads were aligned to hgl9 refGene and genome sequence with To-
pHat (50). Only uniquely mapped reads were used for further anal-
ysis. Ribosome occupancy was used to measure gene expression and
was calculated as reads per kilobase of transcript per million mapped
reads (RPKM) in defined regions of gene open reading frames
(ORFs), which excluded 15 codons downstream of start codons and
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5 codons upstream stop codons as well as the coding regions that
overlapped with upstream ORFs we annotated previously (23) to im-
prove accuracy of the measurement. For RNA-seq, sequencing reads
were mapped with the same procedure as described in ribosome
profiling. RNA expression levels of genes were calculated as RPKM.
For reliable measurement of RNA levels and fold changes, at least
five raw reads for each transcript were required.

Chromatin immunoprecipitation-sequencing

Cells expressing S100A8-Flag, S100A9-Flag, or untagged protein
were grown in the presence or absence of tamoxifen, washed once
with room temperature PBS, and then fixed with protein-protein
cross-linking solution [1.5 mM ethylene glycol-bis (EGS), 1.5 mM
disuccinimidyl glutarate (DSG), and 1.5 mM disuccinimidyl suberate
(DSS) in PBS] for 45 min at room temperature. Then, protein-DNA
cross-linking with 1% formaldehyde (methanol free) was performed
for 15 min at room temperature, and the reaction was quenched
by 125 mM glycine. For Pol II ChIP, standard formaldehyde cross-
linking was performed. After fixation, nuclei were isolated and dis-
solved in sonication buffer (10 mM tris-HCI at pH 8.0, 100 mM
NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate,
0.5% N-lauroylsarcosine, and protease inhibitor cocktail) for sonica-
tion and subsequent immunoprecipitation (Flag antibody was used
for negative control or SI00A8 or S100A9 ChIP; Pol II antibody,
8WG16, was used for Pol IT ChIP). The sheared chromatin fragments
were enriched around 200 to 300 bp. For ChIP and corresponding
chromatin input samples, DNA was isolated and used to prepare
libraries, which were sequenced on Illumina NextSeq 500 or HiSeq
2000. Other ChIP-seq (H3K4me3, H3K4mel, H3K9me3, H3K27me3,
H3K27ac, and MYC) and DNase sequencing (DNase-seq) experi-
ments mentioned in this study were performed in transformed or
nontransformed cells as previously described (21, 51).

Analysis of ChIP-seq data

Sequencing FASTQ reads were aligned to the hgl9 human reference
genome with Bowtie2 (52) with the following restrictions “--very-
sensitive --score-min L,-0.6,-0.15” for mapping sensitivity and ac-
curacy. Only uniquely mapped reads, and in the case of paired-end
sequenced data, only uniquely mapped sequence pairs that were
aligned concordantly, were used for subsequent analyses. In S100A8
or SI00A9 ChIP-seq data, confident peaks were defined as fulfilling
all the following restrictions: (i) MACS2 peak-calling g value <1 x
1077 against sample-corresponding chromatin input background;
(ii) peaks called by MACS2 were identified in at least two biological
replicates; (iii) at least five raw reads were aligned at the peak region.
Depending on the comparisons indicated, peak regions from different
datasets were merged if overlapping at least 1 bp. Confident Pol II
ChIP-seq peaks were defined as MACS2 paired-end peak-calling
Pvalue <1 x 10 against genomic background of 1-Mb genomic region
around. In ChIP-seq data of histone modifications and DNase-seq
data, confident sites were defined as previously described (21). Meta-
gene and heatmap analyses were carried out with deepTools (53).

Gene target mapping of ST00A8/A9 peaks

Gene annotation and information of transcription start sites (TSSs) in
hg19 refGene collection were downloaded from UCSC (University of
California Santa Cruz) Genome Browser. Classification of SI00A8/A9
peaks was determined by patterns of histone modifications. For
promoter-bound S100A8/A9 peaks, genes were assigned by mapping
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the nearest annotated TSS to the peak summit if the peak summit
was within 1500 bp upstream and 250 bp downstream of the TSS. If
the peak summit was located downstream of the TSS even though
within the 250-bp range, we further required that the distance of the
peak summit to TSS be <5% of the gene length because the promoter
region of a given gene should be around TSS but not largely extended
to gene body region. For enhancer-bound S100A8/A9 peaks, genes
were assigned either if their TSSs were within 50 kb the of peak
summit or if the gene regions overlapped with the peak summit.

Pol Il density and pausing index

Promoter proximal was defined as 250 bp around TSS, and gene
body was defined as the remaining length of gene. Calculation of Pol IT
density as reads per million per kilobase (RPM/kb) was carried out
in promoter proximal and gene body of each gene longer than 251 bp.
The Pol II density ratio of promoter proximal and gene body was
defined as pausing index or traveling ratio (54, 55).

Super-enhancer analysis

H3K27ac ChIP-seq signal at enhancer peaks, where H3K4me3 was
lacking, was used to identify super-enhancers by ROSE algorithm
(25). H3K27ac enhancer peaks were stitched if they were within dis-
tance of 12.5 kb. Gene annotations were assigned to H3K27ac en-
hancer peaks (stitched or not, depending on the distance within
12.5 kb or not) if TSSs were within 50-kb distance of peak or if gene
regions overlapped with peak.

Motif discovery

De novo motifs were searched with HOMER (56) in sequences +100 bp
around summits of promoter, enhancer, or repressed S100A8/A9
peaks against corresponding control regions from promoter, enhancer,
and repressed DNase I hypersensitive sites lacking SI00A8/A9 asso-
ciation. The enriched motifs (according to hypergeometric P values)
were compared with JASPAR CORE collection of vertebrate motifs
(57) for scoring their similarity (by HOMER), which were less than
or equal to 1 (complete similarity). Discovered motifs with similar-
ity score >0.9 were selected for subsequent analyses.

Collection of human cancer genes

We collected and consolidated annotations of human cancer genes from
the following sources: (i) 420 human cancer genes from UniProt
(31) with keyword “KW-0656" for ONGs and keyword “KW-0043"
for tumor suppressors, (ii) 711 known cancer genes and tumor
suppressor/ONG annotations from the Network of Cancer Genes
(32), (iii) 1217 human TSGs from the Tumor Suppressor Gene data-
base 2.0 (33), (iv) 803 human ONGs from the ONGene database (34),
and (v) 239 human ONGs and 251 human tumor suppressors accord-
ing to annotations from the Tumor Associated Gene database (35).

The Cancer Genome Atlas data

RNA-seq gene expression data for 950 clinical breast samples from
840 patients were downloaded from The Cancer Genome Atlas
(TCGA). Molecular subtypes of breast cancer were defined by PAM50
classification (26).

Gene ontology analysis

Gene ontology enrichment was calculated in the Database for Anno-
tation, Visualization, and Integrated Discovery (DAVID) online server
with default knowledgebase mapping (58).

Song and Struhl, Sci. Adv. 2021; 7 : eabe5357 1 January 2021

Statistics

Statistical tests of differential chromatin binding were carried out
with DESeq2 algorithm integrated in R package DiffBind (59). Cal-
culation of Pearson correlation coefficients and statistical tests was
carried out with R function cor.test. Enrichment of gene set or peak
set was determined by Fisher’s exact test with R function fisher.test.
Statistical significance otherwise was determined as indicated.

Data availability

Sequencing data have been deposited in the National Cancer for
Biotechnology Information Gene Expression Omnibus (GEO) and
are accessible through GEO accession number GSE155421.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/1/eabe5357/DC1

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. J.J.O'Shea, M. Gadina, R. D. Schreiber, Cytokine signaling in 2002: New surprises
in the Jak/Stat pathway. Cell 109 (supp. I), S121-S131 (2002).

2. J.S.Bezbradica, R. Medzhitov, Integration of cytokine and heterologous receptor
signaling pathways. Nat. Immunol. 10, 333-339 (2009).

3. B. M. Curtis, M. B. Widmer, P. deRoos, E. E. Qwarnstrom, IL-1 and its receptor are
translocated to the nucleus. J. Immunol. 144, 1295-1303 (1990).

4. R.Re, The nature of intracrine peptide hormone action. Hypertension 34, 534-538 (1999).

5. H.B.Schonthaler, J. Guinea-Viniegra, S. K. Wculek, I. Ruppen, P. Ximénez-Embun,
A. Guio-Carrién, R. Navarro, N. Hogg, K. Ashman, E. F. Wagner, S100A8-S100A9 protein
complex mediates psoriasis by regulating the expression of complement factor C3.
Immunity 39,1171-1181 (2013).

6. D.Shao, F. Perros, G. Caramori, C. Meng, P. Dormuller, P.-C. Chou, C. Church, A. Papi,
P. Casolari, D. Welsh, A. Peacock, M. Humbert, I. M. Adcock, S. J. Wort, Nuclear IL-33
regulates soluble ST2 receptor and IL-6 expression in primary human arterial endothelial
cells and is decreased in idiopathic pulmonary arterial hypertension. Biochem. Biophys.
Res. Commun. 451, 8-14 (2014).

7. A.Werman, R. Werman-Venkert, R. White, J.-K. Lee, B. Werman, Y. Krelin, E. Voronov,
C. A.Dinarello, R. N. Apte, The precursor form of IL-1a is an intracrine proinflammatory
activator of transcription. Proc. Natl. Acad. Sci. U.S.A. 101, 2434-2439 (2004).

8. M.T. Lotze, K. J. Tracey, High-mobility group box 1 protein (HMGB1): Nuclear weapon
in the immune arsenal. Nat. Rev. Immunol. 5, 331-342 (2005).

9. C.Gebhardt, J. Németh, P. Angel, J. Hess, ST00A8 and S100A9 in inflammation
and cancer. Biochem. Pharmacol. 72, 1622-1631 (2006).

10. N.Leukert, T. Vogl, K. Strupat, R. Reichelt, C. Sorg, J. Roth, Calcium-dependent tetramer
formation of ST00A8 and S100A9 is essential for biological activity. J. Mol. Biol. 359,
961-972 (2006).

11. J.L.Harman, A. N. Loes, G. D. Warren, M. C. Heaphy, K. J. Lampi, M. J. Harms, Evolution
of multifunctionality through a pleiotropic substitution in the innate immune protein
S100A9. eLife 9, €54100 (2020).

12. A.R.Bresnick, D. J. Weber, D. B. Zimmer, S100 proteins in cancer. Nat. Rev. Cancer 15,
96-109 (2015).

13. T.Vogl, K. Tenbrock, S. Ludwig, N. Leukert, C. Ehrhardt, M. A. D. van Zoelen, W. Nacken,
D. Foell, T. van der Poll, C. Sorg, J. Roth, Mrp8 and Mrp14 are endogenous activators
of Toll-like receptor 4, promoting lethal, endotoxin-induced shock. Nat. Med. 13,
1042-1049 (2007).

14. O.Turovskaya, D. Foell, P. Sinha, T. Vogl, R. Newlin, J. Nayak, M. Nguyen, A. Olsson,

P. P.Nawroth, A. Bierhaus, N. Varki, M. Kronenberg, H. H. Freeze, G. Srikrishna, RAGE,
carboxylated glycans and ST00A8/A9 play essential roles in colitis-associated
carcinogenesis. Carcinogenesis 29, 2035-2043 (2008).

15. J. Markowitz, W. E. Carson Ill, Review of ST00A9 biology and its role in cancer. Biochim.
Biophys. Acta 1835, 100-109 (2013).

16. R.Takagi, E. Sakamoto, J.-I. Kido, Y. Inagaki, Y. Hiroshima, K. Naruishi, H. Yumoto, S1T00A9
increases IL-6 and RANKL expressions through MAPKs and STAT3 signaling pathways
in osteocyte-like cells. Biomed. Res. Int. 2020, 7149408 (2020).

17. J.Jia, A. Arif, F. Terenzi, B. Willard, E. F. Plow, S. L. Hazen, P. L. Fox, Target-selective protein
S-nitrosylation by sequence motif recognition. Cell 159, 623-634 (2014).

18. H.A.Hirsch, D. lliopoulos, A. Joshi, Y. Zhang, S. A. Jaeger, M. Bulyk, P. N. Tsichlis, X. S. Liu,
K. Struhl, A transcriptional signature and common gene networks link cancer with lipid
metabolism and diverse human diseases. Cancer Cell 17, 348-361 (2010).

120f 13

T20Z ‘v Arenuer uo /B1o°Bewsdusios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/cgi/content/full/7/1/eabe5357/DC1
http://advances.sciencemag.org/cgi/content/full/7/1/eabe5357/DC1
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abe5357
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

19. D. lliopoulos, H. A. Hirsch, K. Struhl, An epigenetic switch involving NF-kB, lin 28, let-7
microRNA, and IL6 links inflammation to cell transformation. Cell 139, 693-706 (2009).

20. D.lliopoulos, S. A. Jaeger, H. A. Hirsch, M. L. Bulyk, K. Struhl, STAT3 activation of miR-21
and miR-181b, via PTEN and CYLD, are part of the epigenetic switch linking inflammation
to cancer. Mol. Cell 39, 493-506 (2010).

21. Z.Ji,L.He, A. Rotem, A. Janzer, C. S. Cheng, A. Regev, K. Struhl, Genome-scale
identification of transcription factors that mediate an inflammatory network during
breast cellular transformation. Nat. Commun. 9, 2068 (2018).

22. Z.Ji,L.He, A.Regev, K. Struhl, Inflammatory regulatory network mediated by the joint
action of NF-kB, STAT3, and AP-1 factors is involved in many human cancers. Proc. Natl.
Acad. Sci. U.S.A. 116, 9453-9462 (2019).

23. Z.Ji,R.Song, A. Regeyv, K. Struhl, Many lincRNAs, 5'UTRs, and pseudogenes are translated
and some are likely to express functional proteins. eLife 4, 08890 (2015).

24. D.Hnisz, B.J. Abraham, T. 1. Lee, A. Lau, V. Saint-André, A. A. Sigova, H. A. Hoke, R. A. Young,
Super-enhancers in the control of cell identity and disease. Cell 155, 934-947 (2013).

25. W.A.Whyte, D. A. Orlando, D. Hnisz, B. J. Abraham, C. Y. Lin, M. H. Kagey, P. B. Rahl,
T.l. Lee, R. A. Young, Master transcription factors and mediator establish super-enhancers
at key cell identity genes. Cell 153, 307-319 (2013).

26. J.S.Parker, M. Mullins, M. C. U. Cheang, S. Leung, D. Vodug, T. Vickery, S. Davies,
C. Fauron, X. He, Z. Hu, J. F. Quackenbush, I. J. Stijleman, J. Palazzo, J. S. Marron,
A. B. Nobel, E. Mardis, T. O. Nielsen, M. J. Ellis, C. M. Perou, P. S. Bernard, Supervised risk
predictor of breast cancer based on intrinsic subtypes. J. Clin. Oncol. 27, 1160-1167 (2009).

27. The Cancer Genome Atlas Network, Comprehensive molecular portraits of human breast
tumours. Nature 490, 61-70 (2012).

28. P.-Y.Zeng, C.R.Vakoc, Z.-C. Chen, G. A. Blobel, S. L. Berger, In vivo dual cross-linking
for identification of indirect DNA-associated proteins by chromatin immunoprecipitation.
Biotechniques 41, 694-698 (2006).

29. B.Tian, J. Yang, A. R. Brasier, Two-step cross-linking for analysis of protein-chromatin
interactions. Methods Mol. Biol. 809, 105-120 (2012).

30. C.M.Rivera, B. Ren, Mapping human epigenomes. Cell 155, 39-55 (2013).

31. The UniProt Consortium, UniProt: A worldwide hub of protein knowledge. Nucl. Acids Res.
47,D506-D515 (2019).

32. D.Repana, J. Nulsen, L. Dressler, M. Bortolomeazzi, S. K. Venkata, A. Tourna, A. Yakovleva,
T. Palmieri, F. D. Ciccarelli, The Network of Cancer Genes (NCG): A comprehensive
catalogue of known and candidate cancer genes from cancer sequencing screens.
Genome Biol. 20, 1 (2019).

33. M. Zhao, P.Kim, R. Mitra, J. Zhao, Z. Zhao, TSGene 2.0: An updated literature-based
knowledgebase for tumor suppressor genes. Nucl. Acids Res. 44, D1023-D1031 (2016).

34. Y.Liu, J. Sun, M. Zhao, ONGene: A literature-based database for human oncogenes.

J. Genet. Genomics 44, 119-121 (2017).

35. J.-S.Chen, W.-S. Hung, H.-H. Chan, S.-J. Tsai, H. S. Sun, In silico identification of oncogenic
potential of fyn-related kinase in hepatocellular carcinoma. Bioinformatics 29, 420-427 (2013).

36. M. Ichikawa, R. Williams, L. Wang, T. Vog|, G. Srikrishna, ST00A8/A9 activate key genes
and pathways in colon tumor progression. Mol. Cancer Res. 9, 133-148 (2011).

37. S.Y.Lim, A.E. Yuzhalin, A. N. Gordon-Weeks, R. J. Muschel, Tumor-infiltrating monocytes/
macrophages promote tumor invasion and migration by upregulating ST00A8
and S100A9 expression in cancer cells. Oncogene 35, 5735-5745 (2016).

38. M. Abdelrahim, I. Samudio, R. Smith Ill, R. Burghardt, S. Safe, Small inhibitory RNA
duplexes for Sp1T mRNA block basal and estrogen-induced gene expression and cell cycle
progression in MCF-7 breast cancer cells. J. Biol. Chem. 277, 28815-28822 (2002).

39. J.B.Parker, S. Palchaudhuri, H. Yin, J. Wei, D. Chakravarti, A transcriptional regulatory role
of the THAP11-HCF-1 complex in colon cancer cell function. Mol. Cell. Biol. 32, 1654-1670
(2012).

40. A.Pozner, T. W. Terooatea, B. A. Buck-Koehntop, Cell-specific Kaiso (ZBTB33) regulation
of cell cycle through Cyclin D1 and Cyclin E1. J. Biol. Chem. 291, 24538-24550 (2016).

41. M.Rao, Y. Zhu, X. Cong, Q. Li, Knockdown of CREB1 inhibits tumor growth of human
gastric cancer in vitro and in vivo. Oncol. Rep. 37, 3361-3368 (2017).

42. H.Yang, D. Schramek, R. C. Adam, B. E. Keyes, P. Wang, D. Zheng, E. Fuchs, ETS family
transcriptional regulators drive chromatin dynamics and malignancy in squamous cell
carcinomas. eLife 4, 10870 (2015).

43. F.Yu,J.Li, H.Chen, J. Fu, S. Ray, S. Huang, H. Zheng, W. Ai, Kruppel-like factor 4 (KLF4) is
required for maintenance of breast cancer stem cells and for cell migration and invasion.
Oncogene 30,2161-2172 (2011).

44. C.J.Kemp, J. M. Moore, R. Moser, B. Bernard, M. Teater, L. E. Smith, N. A. Rabaia,

K. E. Gurley, J. Guinney, S. E. Busch, R. Shaknovich, V. V. Lobanenkov, D. Liggitt,
1. Shmulevich, A. Melnick, G. N. Filippova, CTCF haploinsufficiency destabilizes DNA
methylation and predisposes to cancer. Cell Rep. 7, 1020-1029 (2014).

45. T.Valenta, G. Hausmann, K. Basler, The many faces and functions of B-catenin. EMBO J. 31,

2714-2738(2012).

Song and Struhl, Sci. Adv. 2021; 7 : eabe5357 1 January 2021

46. R.Song, W.Peng, Y.Zhang, F.Lv, H.-K. Wu, J. Guo, Y. Cao, Y. Pi, X. Zhang, L. Jin, M. Zhang,
P.Jiang, F.Liu, S. Meng, X. Zhang, P. Jiang, C.-M. Cao, R.-P. Xiao, Central role of E3
ubiquitin ligase MG53 in insulin resistance and metabolic disorders. Nature 494, 375-379
(2013).

47. M.Uhlen, L. Fagerberg, B. M. Hallstrom, C. Lindskog, P. Oksvold, A. Mardinoglu,

A. Sivertsson, C. Kampf, E. Sjostedt, A. Asplund, I. M. Olsson, K. Edlund, E. Lundberg,

S. Navani, C. A-K. Szigyarto, J. Odeberg, D. Djureinovic, J. O. Takanen, S. Hober, T. Alm,
P.-H. Edqvist, H. Berling, H. Tegel, J. Mulder, J. Rockberg, P. Nilsson, J. M. Schwenk,

M. Hamsten, K. von Feilitzen, M. Forsberg, L. Persson, F. Johansson, M. Zwahlen,

G. von Heijne, J. Nielsen, F. Pontén, Tissue-based map of the human proteome. Science
347,1260419 (2015).

48. F.Liu,R.Song, Y.Feng, J. Guo, Y. Chen, Y. Zhang, T. Chen, Y. Wang, Y. Huang, C.-Y. Li,

C. Cao, Y. Zhang, X. Hu, R-p. Xiao, Upregulation of MG53 induces diabetic
cardiomyopathy through transcriptional activation of peroxisome proliferation-activated
receptor o. Circulation 131, 795-804 (2015).

49. B.Langmead, C. Trapnell, M. Pop, S. L. Salzberg, Ultrafast and memory-efficient alignment
of short DNA sequences to the human genome. Genome Biol. 10, R25 (2009).

50. D.Kim, G. Pertea, C. Trapnell, H. Pimentel, R. Kelley, S. L. Salzberg, TopHat2: Accurate
alignment of transcriptomes in the presence of insertions, deletions and gene fusions.
Genome Biol. 14, R36 (2013).

51. J.D.Fleming, P. G. Giresi, M. Lindahl-Allen, E. B. Krall, J. D. Lieb, K. Struhl, STAT3 acts
through pre-existing nucleosome-depleted regions bound by FOS during an epigenetic
switch linking inflammation to cancer. Epigenetics Chromatin 8, 7 (2015).

52. B.Langmead, S. L. Salzberg, Fast gapped-read alignment with Bowtie 2. Nat. Methods 9,
357-359 (2012).

53. F.Ramirez, D.P.Ryan, B. Grlining, V. Bhardwaj, F. Kilpert, A. S. Richter, S. Heyne, F. Dindar,
T. Manke, deepTools2: A next generation web server for deep-sequencing data analysis.
Nucl. Acids Res. 44, W160-W165 (2016).

54. N.B.Reppas, J. T. Wade, G. Church, K. Struhl, The transition between transcriptional
initiation and elongation in E. coli is highly variable and often rate-limiting. Mol. Cell 24,
747-757 (2006).

55. P.B.Rahl, C.Y.Lin, A.C. Seila, R. A. Flynn, S. M. Cuine, C. B. Burge, P. A. Sharp, R. A. Young,
c-Myc regulates transcriptional pause release. Cell 141, 432-445 (2010).

56. S.Heinz, C.Benner, N. Spann, E. Bertolino, Y. C. Lin, P. Laslo, J. X. Cheng, C. Murre,

H. Singh, C. K. Glass, Simple combinations of lineage-determining transcription factors
prime cis-regulatory elements required for macrophage and B cell identities. Mol. Cell 38,
576-589 (2010).

57. O.Fornes, J. A. Castro-Mondragon, A. Khan, R. van der Lee, X. Zhang, P. A. Richmond,

B. P. Modi, S. Correard, M. Gheorghe, D. Baranasié, W. Santana-Garcia, G. Tan, J. Chéneby,
B. Ballester, F. Parcy, A. Sandelin, B. Lenhard, W. W. Wasserman, A. Mathelier, JASPAR
2020: Update of the open-access database of transcription factor binding profiles.
Nucleic. Acids Res. 48, D87-D92 (2020).

58. W.Huangda, B. T. Sherman, X. Zheng, J. Yang, T. Imamichi, R. Stephens, R. A. Lempicki,
Extracting biological meaning from large gene lists with DAVID. Curr. Protoc.
Bioinformatics Chapter 13, Unit 13.11 (2009).

59. C.S.Ross-Innes, R. Stark, A. E. Teschendorff, K. A. Holmes, H. R. Ali, M. J. Dunning,

G. D. Brown, O. Gojis, I. O. Ellis, A. R. Green, S. Ali, S.-F. Chin, C. Palmieri, C. Caldas,
J. S. Carroll, Differential oestrogen receptor binding is associated with clinical outcome
in breast cancer. Nature 481, 389-393 (2012).

Acknowledgments: We thank R. Pomerantz for providing the GFP template plasmid,

V. Sukhatme for providing retroviral packaging cells, and J. Zhang for providing access to the
4D-Nucleofector System. Funding: This work was supported by a grant to K.S. from the
National Cancer Institute (CA 107486). Author contributions: R.S. and K.S. designed the
project, analyzed the data, and wrote the manuscript. R.S. performed all the experiments and
the associated bioinformatic analyses. Competing interests: The authors declare that they
have no competing interests. Data and materials availability: All data needed to evaluate
the conclusions in the paper are present in the paper and/or the Supplementary Materials.
Sequencing data have been deposited in the National Cancer for Biotechnology Information
Gene Expression Omnibus (GEO) and are accessible through GEO accession number
GSE155421. Additional data related to this paper may be requested from the authors.

Submitted 27 August 2020
Accepted 5 November 2020
Published 1 January 2021
10.1126/sciadv.abe5357

Citation: R. Song, K. Struhl, ST00A8/S100A9 cytokine acts as a transcriptional coactivator
during breast cellular transformation. Sci. Adv. 7, eabe5357 (2021).

130f 13

T20Z ‘v Arenuer uo /B1o°Bewsdusios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

Science Advances

S100A8/S100A9 cytokine acts as a transcriptional coactivator during breast cellular
transformation

Ruisheng Song and Kevin Struhl

Sci Adv 7 (1), eabe5357.
DOI: 10.1126/sciadv.abe5357

ARTICLE TOOLS http://advances.sciencemag.org/content/7/1/eabe5357
EALAF;E'—Rﬂ/'LESNTARY http://advances.sciencemag.org/content/suppl/2020/12/21/7.1.eabe5357.DC1
REFERENCES This article cites 59 articles, 11 of which you can access for free

http://advances.sciencemag.org/content/7/1/eabe5357#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC
BY).

T20Z ‘v Arenuer uo /B1o°Bewsdusios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/content/7/1/eabe5357
http://advances.sciencemag.org/content/suppl/2020/12/21/7.1.eabe5357.DC1
http://advances.sciencemag.org/content/7/1/eabe5357#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

