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Abstract

It has been almost 30 years since C/EBPB was discovered. Seminal studies have shown that C/EBPS is a master regulator of
mammary gland development and has been shown to control and influence proliferation and differentiation through varying
mechanisms. The single-exon C/EBPB mRNA vyields at least three different protein isoforms which have diverse, specific,
context-dependent, and often non-overlapping roles throughout development and breast cancer progression. These roles are
dictated by a number of complex factors including: expression levels of other C/EBP family members and their stoichiometry
relative to the isoform in question, binding site affinity, post-translational modifications, co-factor expression, and even hormone
levels and lactogenic status. Here we summarize the historical work up to the latest findings in the field on C/EBPS in the
mammary gland and in breast cancer. With the current emphasis on improving immunotherapy in breast cancer the role of
specific C/EBPS isoforms in regulating specific chemokine and cytokine expression and the immune microenvironment will be

of increasing interest.
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C/EBPR History

The single exon gene C/EBPf is a part of the six member
CCAAT enhancer-binding protein gene family which also in-
cludes C/EBP«a, C/EBPS, C/EBPe, C/EBPy, and C/EBP(C
which is now known as C/EBP homologous protein
(CHOP). This family shares two highly conserved DNA bind-
ing and basic leucine zipper (bZIP) domains in the C-termi-
nus, but differs greatly in the N-terminal regulatory regions
[1]. This close homology allows for dimerization not only
between isoforms but also between different family members
and allows all family members to bind the same DNA se-
quences. C/EBPB is known as a master regulator of multiple
tissue types/states such as autophagy [2], differentiation of the
myeloid lineage [3], in the etiology of glioblastoma [4, 5], and
as a transcriptional “cooperator” under the control of KDM3A
in many cancer types [6]. As eloquently described by Zaret
and Carroll, pioneer transcription factors have the ability to
bind DNA to act in either a passive or active fashion. If
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functioning in a passive role, they bind complex regulatory
sequences such as those found in enhancer elements long
before that enhancer is activated thereby reducing the number
of other factors required to bind before activation and thus
“priming” that enhancer. If the factors are functioning in an
active role they bind exposed regions in closed nucleosomal
DNA and either directly recruit other proteins to the region, or
indirectly recruit proteins by simply opening up the closed
chromatin which allows those factors to find their exposed
binding sites [7]. The C/EBPJ3 gene encodes multiple isoforms
of the bZIP pioneer transcription factor which have diverse
functions in multiple tissues and cell types such as hematopoi-
etic cells [8—14], hepatocytes [15—17], keratinocytes [18], ad-
ipocytes [19, 20], female reproductive tissues [21-23] and in
the mammary gland [24-28]. These studies often have been
related to development and tissue differentiation, but there are
also many studies examining the regulation of the secretion of
chemokines and cytokines. In fact, as discussed below
C/EBPS was first identified as Nuclear Factor for IL-6 (NF-
IL6), nuclear factors that specifically bound to a response
element in the Interleukin- (IL-)6 gene.

C/EBPS was first described by Isshiki et al.. as NF-IL6
based upon the observation that two distinct proteins bound
to a 14 bp palindromic IL-1 response element in the IL-6
promotor [29] in SK-MG-4 human glioblastoma cells. Akira
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et al. further characterized NF-IL6 and noted that these two
proteins were in fact likely different isoforms of the same
protein [30]. Furthermore, they suggested that NF-IL6 was
part of a family related to C/EBP«x, which at the time was
called C/EBP. Shortly later, Descombes and Schibler showed
that indeed, three different protein isoforms were generated
from a single exon gene in rat hepatocytes by leaky ribosomal
scanning and that these were likely orthologs of Akira’s NF-
IL6. They called the short ~20kd protein, Liver-enriched
Inhibitory Protein (LIP) and the ~36kd protein, Liver-
enriched transcriptional Activator Protein (LAP). They desig-
nated the full-length ~39kd protein LAP* or LAP-FL and
found that that isoform was very poor at transactivation of
target genes relative to the other two isoforms (Fig. 1).
Furthermore, these investigators reported that LIP and LAP
can form heterodimers, consistent with previous results show-
ing LAP and C/EBP could also form heterodimers. They also
showed that these heterodimers have an antagonistic effect on
the expression of the albumin gene, and speculated that LAP
accumulation in the rat liver during development might be
related to differentiation. Unfortunately, at that time they
lacked the experimental tools to directly test this hypothesis
[31, 32]. Cao et al. then proposed a new nomenclature for the
C/EBP-like proteins due to the clear homologies between
what had been termed C/EBP, NF-IL6, and NF-IL663. C/EBP
became C/EBPx, NF-IL6 became C/EBPf, and NF-IL68 be-
came C/EBPS [19]. Here they showed that C/EBP family
members were expressed in a number of tissues and could
heterodimerize with one another. They also reported the first
direct evidence that C/EBPf3 may play a role in tissue differ-
entiation. In 3T3-L1 cells they observed an accumulation of
RNA and protein polypeptides at specific time points during
differentiation, and that C/EBPS levels increased after

hormone stimulation. These observations led them to specu-
late that C/EBPS played a role in the terminal differentiation of
adipocytes [19] and led to later work by others in this model
which demonstrated that the ratio of C/EBPS isoforms was
translationally controlled and determined cell fate [33].
Subsequently, direct interactions in cell free systems between
C/EBPB and other proteins such as Nuclear Factor Kappa light
chain enhancer of activated B cells (NF-«kB), the
Glucocorticoid Receptor (GR), and the Activator Protein-
(AP-)1 factors Jun and Fos were reported [34-37].
Moreover, investigators began to uncover additional examples
of C/EBPf3’s involvement in the regulation of inflammatory
cytokines and acute phase proteins such as Granulocyte-
Colony Stimulating Factor (G-CSF), Tumor Necrosis Factor
alpha (TNFo), IL-8, IL-4, and IL-18 [35, 38-42], however, it
took an additional 5 years after first publication before
C/EBPR made it to the mammary gland (Fig. 2).

There have been a number of mouse models generated to
study C/EBPS isoform specific effects in-vivo which have
been utilized to make some unique observations in a number
of tissues and may have utility for studies in the mammary
gland. A C/EBPB*"°R*F mouse generated by Wethmar et al,
surprisingly revealed that the LAP* translation initiation site
was necessary for expression of LIP in the livers and osteo-
clast populations in C/EBPB*® mice compared to controls.
The livers of these animals displayed increases in LAP expres-
sion and a complete loss of LIP expression when challenged
by Lipopolysaccharide (LPS) [43]. A LIP knock-in (LIPki)
mouse has also been made utilizing the endogenous C/EBPf3
promoter and was shown to have increased susceptibility to
tumorigenesis, primarily B cell lymphomas and histiocytic
sarcomas, and a negatively dysregulated metabolic profile
[44, 45]. Furthermore, reduced expression of LIP in the

C/EBPB mRNA:
LAP* AUG LIP AUG
LAP AUG
cap { Transactivation [ DNA [  Zipper |—————AAAAAAA
5 UTR l I 3'UTR

Protein Isoforms:

LAP*  — Transactivation | DNA | Zipper ——— 38kD
LAP —_— Transactivation | DNA | Zipper ——— 35kD
LIP | [ DNA | Zipper |——-— 20kD

Fig. 1 C/EBPB mRNA is translated into multiple protein isoforms. Schematic representation of C/EBPB mRNA and the three protein isoforms resulting

from translation. Adapted from Zahnow. PMID:12052253 [111]
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Fig. 2 Timeline of notable
C/EBPS8 publications from
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*——
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@)2019

[100]

C/EBPB*"* mouse has also been shown to increase lifespan
in a similar manner to caloric restriction and Rapamycin treat-
ment, which suggests that C/EBP3 may be one target for
treating aging related diseases as well [46]. These models
highlight the importance of the exquisite balance in the

—® MDSC infiltrafion in TNBC
tumors. PMID: 29805099 [99]

translation of C/EBP8 isoforms in-vivo and open the door to
better understanding the intricacies of this balance by adapting
these models to study the developing mammary gland.
However, this most likely will require targeted rather than
germline manipulation of C/EBPS isoforms.
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C/EBPR Post-Translational Modifications

There are a diverse set of post-translational modifications
(PTMs) which can be added to different residues within
C/EBPS. These modifications can affect protein stability and
dimerization, DNA binding, transcriptional output, co-factor as-
sociation, and/or protein degradation. These modifications in-
clude phosphorylation, O-GIlcNAcylation, acetylation,
ubiquitination, methylations-(mono-, di-, and tri-), citrullination,
and also sumoylation [47] (Fig. 3). The function of a limited
number of these modifications has been elucidated to date as
briefly summarized below. Further studies will be required to
fully decipher the PTM code in C/EBPB.

Sequential phosphorylation of Thr-188 by cdk2 or MAPK
followed by Ser-184 or Thr-179 by GSK38 on C/EBPS di-
mers results in a conformational change to a scissor- like motif
which allows the complex to bind to C/EBPS consensus sites
in the DNA [48, 49]. These PTMs have also been shown to
protect C/EBPB from calpain-dependent degradation and
ubiquitination [50, 51]. Conversely, O-linked GIcNAcylation
of neighboring residues Ser-180 or Ser-181 inhibits phosphor-
ylation of these adjacent residues and subsequent C/EBPf3
binding to DNA [52].

There are also a number of residues which can be acetylat-
ed: Lys-39 acetylation by CBP/P300 increases transcription of
target gene promoters linked to a luciferase reporter, while de-
acetylation at that same site by HDACT reduced transcription
[53, 54]. GCNS and PCAF acetylate a cluster of lysine resi-
dues between Lys-98 and Lys-102 which potentiated
glucocorticoid-mediated transcription and are required for ad-
ipocyte differentiation and inhibit the association of C/EBPf
with HDACI [55]. Interestingly de-acetylation by HDACT at
Lys-213, Lys-215, and Lys-216 were shown to be required for
STATS induced expression of Id-1. HDAC de-acetylation of
these sites was shown to stabilize C/EBPS hetero- and

C/EBPB Protein Primary Structure:

homodimers and increase their DNA binding affinities [56].
Thus there can be reciprocal effects of acetylation dependent
on the specific site modified.

C/EBPB can also be methylated. Pless et, al showed that
methylation, in contrast to acetylation, at Lys-39 by G9a re-
presses C/EBPB dependent transcription [57]. That same
group also reported that dimethylation at Arg-3 by PRMT4/
CARMI reduced recruitment of SWI/SNF to C/EBPS and
inhibited adipocyte differentiation [58].

There are also multiple sites where C/EBPS can be
sumoylated [59-63]. Sumoylation of Lys-132 in mice
(Lys-173 in human) by SUMO2/3 is integral to the repres-
sion of LAP* induced transcription of cyclin D1 [59, 60].
Furthermore, sumoylation of the transactivation domain
of the LAP isoforms lead to a relief of LAP-induced re-
pression of c-myc expression in murine T-lymphocytes
but this PTM did not affect expression of IL-4 [62].
Finally, sumoylation of Lys-133 by PIASI is essential
for adipocyte differentiation by promoting ubiquitination
and subsequent degradation of C/EBPS during late-stage
adipogenesis [63].

Recently, studies by Dittmar et al. have illustrated just how
elegant and complex the PTM code is for C/EBPB. This was
accomplished by tiling short C/EBPS peptides with or without
PTMs across an array of HeLA cell nuclear extracts. By sub-
jecting those peptide conjugates to mass spectrometry these
investigators were able to identify over 1300 different protein
interactions. While each interaction must still be validated
experimentally, these studies also showed that C/EBPS is at
the center of a network of proteins facilitating promoter and
enhancer regulation. Furthermore, that C/EBPS assists in
many facets of RNA regulation including pre- and post-
transcriptional modifications as well as in RNA Polymerase
IT (Polll) initiation and pausing, splicing, degradation,
polyadenylation, and nuclear export [47]. Very little is known

Transactivation Domain

Fig. 3 C/EBPS model depicting isoform start sites and relative potential
PTM sites. Isoform-specific N-terminus’ are shown above the bar
depicting the C/EBPS protein primary structure. Methylation (green
plus), phosphorylation (yellow circle), sumoylation (red diamond), and
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acetylation (pink triangle) are depicted in the relative sites they were
identified, however many still require validation and studies to
determine their functional importance. Adapted from Dittmar et al..
PMID: 30884312 [47]
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about the function of these C/EBPB PTMs during mammary
gland development or about their hormonal regulation. With
the advent of CRISPR/CASO base editing techniques, it
should be possible to introduce both gain- and loss- of-func-
tion mutations into specific PTM sites in the C/EBPf} gene in a
high-throughput manner [64, 65].

C/EBPRB Protein/Protein Interactions

There is a large body of work showing that C/EBPS isoforms
interact with a number of other transcription factors and other
co-regulators at a diverse range of genes to alter transcriptional
output either positively or negatively [35, 66-76]. For exam-
ple, the transcriptional repressor YY1 exerts differential ef-
fects with LIP on two target genes. At the B-casein promoter
there is a binding site for YY1 which interacts with LIP to
negatively regulate transcription in the absence of glucocorti-
coid signaling [66, 73], LAP has also been shown to interact
with cyclin D1 here to drive expression of B-casein and pro-
mote differentiation of mammary epithelial cells [68].
However, in the CXCR4 promoter, LIP but not LAP
homodimers relieve YY1 induced transcriptional repression.
Furthermore, LIP/LAP heterodimers were shown to have re-
duced DNA binding affinity at that site compared to LIP
homodimers indicating that LIP is required to relieve repres-
sion and drive expression of CXCR4 [76].

In the IL-6 and IL-8 promoters there are NF-kB binding
sites proximal to C/EBPRB binding sites. Here both C/EBPS
isoforms were shown to have a stimulatory effect over basal
NF-kB mediated expression, but LAP binding increased ex-
pression more than LIP [35, 39, 69]. Conversely, CCL2 ex-
pression requires LIP rather than LAP and does not rely on a
C/EBPB/NF-kB interaction. Here the investigators showed
that C/EBPS8 is likely interacting with an AP-1 family member
to drive transcription because deletion of the AP-1 site which
is proximal to the C/EBPS binding site reduced CCL2 expres-
sion ~20 fold relative to the wild-type promoter while deletion
of the NF-«B site had little effect. These authors also showed
that the exogenous addition of HIV-1 tat physically interacts
with C/EBPS to increase CCL2 expression while the addition
of SMAD3 which is activated following TGFB1 stimulation
dramatically reduced that interaction and CCL2 expression
[77]. Other investigators have also demonstrated that
C/EBPB interacts with c-Jun and have shown that a LIP/c-
Jun interaction can stimulate expression of PRB significantly
more than a LAP/c-Jun interaction [74]. Finally, additional
studies also have shown that C/EBP8 can activate E2F regu-
lated genes by associating with E2F1 and E2F2. This associ-
ation then recruits CBP/p300 to acetylate histone 4 which then
opens the chromatin to a transcriptionally active state [71].

As shown previously, these protein-protein interactions are
often dependent upon specific PTMs which can regulate

binding specificity. These marks can be dynamically placed
as cell states change which in-turn regulates binding partner
affinity. Thus, understanding the regulation of both PTMs and
protein-protein interactions will be necessary to fully elucidate
the functional importance of either interaction individually.

C/EBPB in the Mammary Gland

C/EBPS isoforms have been characterized during rat and
mouse mammary gland development long before they were
ever examined in breast cancer. Much of the development of
the mammary gland can be attributed to downstream effects of
C/EBPB isoforms. Doppler et al. were the first to show that
C/EBPB was expressed in an immortalized mouse Mammary
Epithelial Cell (MEC) line, HC11, and that it bound specific
sequences in the B-casein gene promoter and enhanced casein
gene expression [28]. Subsequently, Raught et al. also report-
ed in HC11 cells the addition of glucocorticoids relieved LIP
induced repression of B-casein gene expression [73] and
allowed lactogenesis to occur. These studies indicated that
C/EBPS8 likely associates with GR, and that this association
is important during mammary gland development. Another
study by these same investigators examined C/EBPS expres-
sion across a panel of human and murine tumor models and
normal tissues and found that LIP was only expressed at high
levels in neoplastic tissue, not the surrounding normal tissue.
This suggested that perhaps LIP had a specific role in breast
cancer which was different from that in normal development
[78]. Subsequently, it was reported by Robinson et al., that
C/EBPB was essential for normal mammary gland develop-
ment by regulating the proliferation and differentiation of the
MECs during development and that C/EBPB~~ mammary
glands exhibited impaired ductal outgrowth and alveolar de-
fects during pregnancy [24]. In a companion manuscript,
Seagroves et al. then showed that C/EBPf3 was indeed essen-
tial for not only ductal morphogenesis and the proliferation of
lobuloalveolar secretory units, but also that C/EBPB was re-
quired for functional differentiation of these cells as milk pro-
duction was inhibited or absent in C/EBPB~~ mammary
glands [25]. It also was subsequently reported by Gigliotti
and DeWille that C/EBPS mRNA expression was influenced
by lactation status. In late-pregnant mice LAP expression is
high, at parturition LAP levels decline greatly and are almost
undetectable until weaning when the gland undergoes involu-
tion and LAP levels rise again [79]. C/EBPS was also shown
to control cell fate decisions in the developing mammary
gland by influencing expression of cell-type specific markers
such as PR and potentially IGFII which then drive prolifera-
tion and terminal differentiation as determined by Seagroves
et al. [26]. In addition, C/EBPS is important for stem cell
proliferation and luminal cell fate commitment as reported
by Lamarca et al.. These investigators used limiting dilution
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transplant experiments and Flow Assisted Cytometric Sorting
(FACS) analysis to show that C/EBPB ™"~ MECs regenerate the
mammary gland at a substantially reduced frequency as com-
pared to wild-type cells, and that the repopulated glands
showed a reduction in luminal progenitor cells and an increase
in fully differentiated luminal cells [27]. Studies by Eaton
et al. in human MECs (HMECs) showed that LAP1 or
LAP* was found exclusively in normal MECs while LAP2
or LAP was found only in dividing normal or neoplastic cells.
Their data suggested that LAP was activating genes which
push cells to divide and hypothesized that cyclin D1 might
be a potential candidate [80]. Liu et al. followed this work and
showed that all three C/EBPS isoforms can bind to cyclin D1,
however, only LAP* was transactivated by cyclin D1 and was
able to drive differentiation as evidenced by the expression of
B-casein and whey acidic protein (WAP) in response to lacto-
genic hormones in mouse MEC cell lines. Dearth et al. then
showed that LAP was the predominantly expressed isoform in
culture in HC11 cells and that overexpression of either LIP or
LAP resulted in an increase in proliferation in-vitro. However,
the cells which overexpressed LIP failed to differentiate after
the switch to a differentiation protocol. These studies showed
that undifferentiated MECs with a high expression of LIP are
poorly differentiated.

Thus in many ways the previous studies have similarities to
the hormone receptor (HR) negative breast cancer samples
examined earlier by Zahnow et al. [81, 82]. These latter au-
thors also showed that involuted mouse mammary glands
from mice with overexpression of rat C/EBPB-LIP driven by
a targeted WAP expression construct designated WAP-LIP-
WAP contained numerous hyperplasias. Some of these lesions
progressed into high-grade neoplasias which indicates that
LIP expression supports proliferation and could potentially
initiate a growth cascade if cells are exposed to further onco-
genic hits [83]. Bundy and Sealy reported that ectopic over-
expression of LAP but not LAP* in “normal” MCF10A cells
was sufficient to cause a gain in the expression of mesenchy-
mal properties such as anchorage-independent growth and to
cause them to undergo an Epithelial-to-Mesenchymal-
Transition (EMT) and express canonical EMT markers in
2D cultures in-vitro [84]. LAP overexpression in those same
cells conferred an EGF-independent growth advantage, and
disrupted lumen formation and acinar structures when cells
are grown in 3D cultures in matrigel as reported by Bundy
et al. [85]. Conversely Miura et al. found that overexpression
of LIP in SCp2 cells drove the EMT phenotype in 3D cultures
in-vitro [86]. The induction of EMT in those previous exper-
iments with MCF10A cells, at least in part, was due to LAP-
induced transcription of prolL-18 as reported by Russel et al..
Instead of being cleaved and secreted normally, this variant
remained in its pro-form and was translocated to the nucleus
where it bound tightly to chromatin in distinct locations that
were highly correlated with pro-metastasis gene regions. They
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also showed that prolL-1 was expressed in a handful of ER™
primary breast cancer samples, two of which were Human
Epidermal Growth Factor Receptor 2 (HER2)™ and one was
PR, but the sample size was too small to make any definitive
correlations about specific breast cancer subtypes [87].
Overall, these studies show that C/EBPS expression is evident
throughout mammary gland development and definitively es-
tablish C/EBPB as a master regulator of that process (Fig. 4).
However, there are still significant questions that remain to be
answered with the development of new technologies.

C/EBPR in Breast Cancer

Utilizing the ratio of C/EBPS isoforms as specific biomarkers
for breast cancer progression appears to be attractive in theory,
but has been difficult to put into clinical practice. This is be-
cause C/EBPS isoforms have diverse functions and there are
currently no good tools to independently examine LIP and
LAP isoform expression from small amounts of patient sam-
ples. Thus, understanding the pathways and networks that are
regulated by C/EBPB in breast cancer and which patients are
most likely affected is still very important because FDA ap-
proved drugs exist which potentially can modulate the
LIP:LAP ratio [88]. Zahnow et al. were the first to explore
the role of C/EBPS in breast cancer. By examining quantita-
tive Western blots from human tumors these investigators dis-
covered that high LIP expression was associated with poorly
differentiated, highly proliferative, primarily estrogen
receptor- (ER-) and progesterone receptor- (PR-) negative dis-
ease [82]. Subsequently, Gomis et al. examined C/EBPB iso-
form expression in patient samples obtained from pleural ef-
fusions from patients with multiple metastases. These samples
were almost entirely HR™ but some expressed very high levels
of LIP. These authors observed that as the ratio of LIP to LAP
(LIP:LAP) increased, the cytostatic effects of Transforming
Growth Factor B (TGFRB) were abrogated. LAP induced ex-
pression of p21<"*! after TGFB stimulation by associating
with a FoxO/Smad protein complex on the p21<™" promoter.
Conversely LAP inhibited expression of c-MYC by associat-
ing with an E2F4/5/Smad complex on the c-MYC promoter.
As the LIP:LAP ratio was increased p21<™! expression was
diminished and ¢-MYC expression was activated switching
TGFB signaling from cytostatic to pro-proliferative. This
was a seminal finding since c-MYC has long been known to
be a potent oncogene in breast cancer [70, 89].

In an effort to uncover a potential mechanism for LIP over-
expression in patients, Baldwin et al. found that epidermal
growth factor receptor (EGFR) signaling led to increased
phosphorylation of the RNA binding protein CUG-BP1 or
CELF1 which can bind two regions between the LAP and
LAP#* translation initiation sites to essentially block initiation
at those sites [90]. These investigators observed that
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Embryonic mammary bud

«== Mammary mesenchyme|
<= Myoepithelial cell
Luminal epithelial cell

Fig.4 Expression of C/EBPS during early mammary gland development.
A model for expression of markers representing different cell types in the
early development of the mammary gland. C/EBPB-expressing cells
(pink) are scattered throughout the developing mammary bud, mainly
in the central epithelial cells. In the terminal end buds present during
ductal elongation, C/EBPB is expressed in both the highly proliferative
cap cell layer and the body cells. In a quiescent, mature gland, C/EBPf

phosphorylation promotes increased binding of CELF1 to
C/EBPB mRNA and thus increases expression of LIP [91].
These findings provided the foundation for studies by Arnal-
Estape et al. who obtained HER2+ breast cancer samples from
pleural effusions and showed that HER2 overexpression led to
an increase in HER2 signaling. This, in turn led to an in-
creased LIP:LAP ratio by the same mechanism as that ob-
served previously for EGFR signaling. Furthermore, these au-
thors found that treating HER2+ cell lines with trastuzumab,
an FDA approved HER?2 targeted monoclonal antibody ther-
apy, decreased the LIP:LAP ratio and reduced markers asso-
ciated with proliferation and survival [92, 93]. Gustafson et al.
then found that Ha-Ras transformed MCF10A cells increased
the expression of LIP. Furthermore, a similar effect was ob-
served following either the overexpression of Ha-Ras, or by
expression of constitutive isoform specific expression vectors.

In other studies, C/EBPS expression in general reduced the
expression of breast tumor suppressor gene SIM2s, but LIP
overexpression resulted in the greatest decrease in the SIM2s
expression [94]. Park et al. showed that LIP binding to the
CXCR4 promoter in human breast cancer cell lines relieved
YY1 mediated repression, but that LAP alone could not
achieve the same effect. Either LIP/LIP homodimers or LIP/
LAP heterodimers were required to displace YY1 to allow for
transcription of CXCR4 which is known to modulate breast
cancer cell migration [76]. Johansson et al. found that TGFf3
induced microRNA- (miR-)155 expression in mouse mamma-
ry tumor models substantially reduced the level of total
C/EBPSB expression. This reduction promoted a pro-EMT re-
sponse to TGF which was correlated with a loss of expres-
sion of junction proteins [95]. The same group went on to
suggest that C/EBPB should be viewed as a predictor of
Overall Survival (OS) in patients with breast cancer due to
the increase in CD45", CD3", and CD4"* lymphocytes in a
C/EBPB™ 4T1 mouse mammary tumor model. Interestingly
they also noticed an overall downregulation in chemokine

Terminal End Bud

Mature Duct

O CIEBPB-positive cell

o BrdU-positive cell

cap cell layer
. PRI/ER-positive cell

expression is found in a punctate pattern along the ducts in both the
luminal MECs and myoepithelial cells. Expression appears to be
localized to the tall columnar-like MECs, rather than the round
cuboidal-like MECs that either express PR/ER«x (red cells), or are
proliferating (green cells). Some MECs along the ducts express none of
these markers (dark blue cells). Reproduced and adapted from Grimm and
Rosen, PMID:14635794 [112]

expression in the C/EBPB " cells as measured by micro-
array [96].

Willis et al. did an in-silico analysis of publicly available
datasets to try to determine a transcription factor footprint
common to TNBC searching for druggable targets. Although
C/EBPB binding sites were one of the most commonly found
footprints, C/EBPS was ultimately excluded as a suitable drug
target due to the ubiquitous expression of C/EBPS in most
tissues [97]. A drawback to in-silico analyses of C/EBP pro-
teins is that all C/EBP family members can bind the same
DNA sequences, thus to determine if the site is indeed specific
for C/EBP8 these analyses must be overlaid with ChIP data. In
another in-silico analysis Jinesh et al. mined publicly available
datasets to determine if the expression from the large cluster of
miRNAs on chromosome 19 (C19MC) showed any correla-
tion with the different human breast cancer subtypes. They
observed that CI9MC was positively correlated with basal-
like TNBC and that it was tightly correlated with a C/EBP"e"
signature [98].

Recently Li et al. showed that Myeloid Derived Suppressor
Cell (MDSC) recruitment to tumors in two TNBC mouse
mammary tumor models was significantly decreased after in-
hibition of aerobic glycolysis. This inhibition resulted in an
increase of intracellular AMP which can activate AMPK lead-
ing to an increase in autophagy. They showed that after the
induction of autophagy, LAP levels decreased and thus LAP
target genes G-CSF and Granulocyte-Macrophage Colony
Stimulating Factor (GM-CSF) expression decreased as well
ultimately resulting in a decrease in MDSC recruitment [99].

Salaroglio et al. also suggested a positive role for LIP in
TNBC. Using a panel of human and mouse breast cancer cell
lines in-vitro and in-vivo, they found that increasing levels of
LIP were able to abrogate doxorubicin resistance by reactiva-
tion of immunogenic cell death [100]. Thus, as an increasing
number of studies are published it becomes increasingly evi-
dent why it is so important to understand C/EBPB biology in
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breast cancer. Clearly, there are many ways C/EBPR expres-
sion can either directly affect tumor cells, or indirectly to affect
the surrounding microenvironment. Thus, understanding the
complexity of these interactions is vital before attempting to
pharmacologically modulate the LIP:LAP ratio.

C/EBPB Regulation of Chemokines
and Cytokines

Since it was first discovered, C/EBPf} has been associated
with cytokine and chemokine expression [29]. The list of dis-
covered chemokines and cytokines whose expression is mod-
ulated by C/EBPS is extensive and growing. As mentioned
previously, C/EBPB3 was discovered as a group of proteins
which bound to an IL-1 response element in the IL-6 promoter
and drove IL-6 and IL-8 expression [29, 30, 35, 39]. These
discoveries were followed soon thereafter by a number of
groups showing that C/EBPS could regulate IL-18 [38, 101],
IL-4 [42], Chemokine (C-C motif) Ligand (CCL)3 [102],
TNF«x [103], GM-CSF [104], and G-CSF [40]. It was a few
years later before it was shown that IL-10 could be regulated
by C/EBPB [105], and shortly after a study was published that
showed CCL5 was also likely regulated by C/EBPS, however,
these studies did not provide any evidence of direct regulation
[106]. Calonge et al. found one site in the Chemokine (C-X-C
motif) Ligand (CXCL)12 promoter which interacted with
C/EBPS and could activate expression [107]. C/EBPS has also
been shown to regulate the expression of Receptor Activator
of Nuclear Factor Kappa B Ligand (RANKL). In this case
both LIP and LAP were shown to be activators of expression
in cooperation with ATF4 [108]. The IL-23 receptor also is
also regulated by C/EBPB, although there was no information
presented concerning isoform specific roles [109]. Most re-
cently it was shown that C/EBPB can actually regulate the
entire M2 macrophage transcriptome [11].

Early studies revealed that C/EBPB ™ mice also had lym-
phoproliferative diseases and defective helper T-cells likely
due to the loss of regulation of a large number of chemokines
and cytokines [110]. Although this list of secreted chemokines
and cytokines may seem large, there are still many others
identified in screens in published studies and our own unpub-
lished studies which remain to be validated. It is likely that
C/EBPS} isoforms can regulate much of the chemokine/
cytokine secretome and that the specific landscape will be
significantly modulated by the ratio of specific C/EBPS iso-
form expression.

From the work presented here it is clear that C/EBPS is
indeed a master regulator of multiple tissues and disease
states. From the initial discovery of NF-IL6 in cells in-vitro
to the more recent studies providing insight mechanistically
into the downstream in-vivo consequences of C/EBPR expres-
sion in breast cancer, investigators will continue to uncover
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more aspects of C/EBPB-related regulation. As mentioned
above, the complexity of C/EBPS isoform-specific regulation
of'target gene expression makes predicting expected transcrip-
tional outcomes, and thus biological outcomes immensely
challenging. Future studies will be required to better under-
stand these regulatory events.

One significant challenge that has plagued C/EBPS biolo-
gists and has made understanding isoform specific effects dif-
ficult both at the bench, and in the clinic is a lack of a LIP-
specific antibody. In the past, many investigators have tried to
generate this reagent, but unfortunately have not yet been
successful. With this antibody and the advent of and increased
accessibility to single-cell technologies, a more complete un-
derstanding of C/EBPS biology in the mammary gland should
be forthcoming. One can envision experiments in which data
from single-cell RNA sequencing (scRNA-seq) will be com-
bined with single-cell proteomics by mass spectrometry
(SCoPE-MS) and single-cell ChIP-seq (scChIP-seq) at vari-
ous developmental stages in mice which have been engineered
to overexpress individual C/EBPf isoforms in a tissue-
specific manner. These data may then inform subsequent ex-
periments in breast cancer models to definitively determine
whether or not specific C/EBPS isoform expression is prog-
nostic for women with breast cancer.
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