
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Maria Rosaria De Miglio,
University of Sassari, Italy

REVIEWED BY

Douglas Faget,
Washington University in St. Louis,
United States
Luis Del Valle,
Louisiana State University, United States
Maria Ouzounova,
Institut Curie, France

*CORRESPONDENCE

Heather L. Machado

hmachado@tulane.edu

SPECIALTY SECTION

This article was submitted to
Breast Cancer,
a section of the journal
Frontiers in Oncology

RECEIVED 29 November 2022

ACCEPTED 05 January 2023
PUBLISHED 25 January 2023

CITATION

Matherne MG, Phillips ES, Embrey SJ,
Burke CM and Machado HL (2023)
Emerging functions of C/EBPb in
breast cancer.
Front. Oncol. 13:1111522.
doi: 10.3389/fonc.2023.1111522

COPYRIGHT

© 2023 Matherne, Phillips, Embrey, Burke
and Machado. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 25 January 2023

DOI 10.3389/fonc.2023.1111522
Emerging functions of
C/EBPb in breast cancer
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Caitlin M. Burke1 and Heather L. Machado1,2*

1Department of Biochemistry and Molecular Biology, Tulane School of Medicine, New Orleans,
LA, United States, 2Tulane Cancer Center, Louisiana Cancer Research Consortium, New Orleans,
LA, United States
Breast tumorigenesis relies on complex interactions between tumor cells and their

surrounding microenvironment, orchestrated by tightly regulated transcriptional

networks. C/EBPb is a key transcription factor that regulates the proliferation and

differentiation ofmultiple cell types andmodulates a variety of biological processes

such as tissue homeostasis and the immune response. In addition, C/EBPb has

well-established roles in mammary gland development, is overexpressed in breast

cancer, and has tumor-promoting functions. In this review, we discuss context-

specific roles of C/EBPb during breast tumorigenesis, isoform-specific gene

regulation, and regulation of the tumor immune response. We present

challenges in C/EBPb biology and discuss the importance of C/EBPb isoform-

specific gene regulation in devising new therapeutic strategies.
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1 Introduction

Transcription factors regulate gene expression by recognizing and binding specific DNA

sequences such as promoters and enhancers, resulting in either direct or indirect activation or

repression of gene transcription. Transcriptional regulation of gene expression is a

fundamental biological process that is often modified during cancer initiation, progression,

and metastasis (1, 2). Cancer cells adopt mechanisms to escape immune surveillance, evade

growth signals, and invade surrounding tissues, and transcription factors are instrumental in

driving gene expression programs that aid in acquiring these properties. While much is

known about the signaling pathways affecting breast cancer cell growth and apoptosis, fewer

studies have addressed transcription factor regulation of gene expression in both the tumor

cells and the surrounding microenvironment. CCAAT/enhancer binding protein beta (C/

EBPb), which has long been postulated to promote tumorigenesis and metastasis (3, 4), has

more recently emerged as an important transcription factor in both tumor and immune cells.

C/EBPb is a transcription factor that is one of six members of the C/EBP family, each

with highly conserved DNA-binding and basic leucine zipper domains, which form

homodimers or heterodimers with one another to bind DNA (5, 6). Three different

protein isoforms of C/EBPb may be translated from the intronless gene: liver-enriched
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activating protein (LAP) 1 (also referred to as *LAP), LAP2 (also

referred to as LAP), and liver-enriched inhibitory protein (LIP) (5).

LAP1 and LAP2 act as transcriptional activators, but LIP lacks the N-

terminal transactivation domain while retaining dimerization and

instead acts as a dominant negative transcriptional repressor (3, 5).

Post-translational modifications are responsible for dictating the

transcriptional activity, subcellular localization, and protein-protein

interactions of C/EBPb. C/EBPb is naturally held in a repressed state

by its two regulatory domains that sterically hinder its transactivation

domain (6, 7). Sequential phosphorylation at Thr188 followed by

Ser184 or Thr179 results in a conformational change where the

intramolecular repression of the transactivation domain is relieved,

allowing for transcriptional activation. Phosphorylation of C/EBPb is

regulated by many different pathways (8, 9) including Ras-MAPK (10,

11), protein kinases A and C (12), Ca2+/calmodulin dependent

protein kinase (13), glycogen synthase kinase 3b (GSK3b) (14), and
CDK-cyclin A complexes (15).

C/EBPb regulates genes involved in proliferation, differentiation,

tissue homeostasis, and the immune response in multiple tissue types

(4, 8, 16). In the mouse mammary gland, C/EBPb is required for

proper mammary gland development, cellular differentiation, and

stem cell activity (17–19). The gene encoding C/EBPb is generally not

mutated in human breast cancers (20). However, increased expression

of C/EBPb is associated with more proliferative and aggressive tumors

(21), and a small subset of mammary neoplasms has been shown to

have amplification of Cebpb (22). Increased C/EBPb mRNA and

protein expression has been associated with triple negative breast

cancer (TNBC) (23, 24), although it is unknown whether C/EBPb
expression is altered in other breast cancer subtypes. In syngeneic

tumor models, knockdown of C/EBPb results in decreased tumor

latency (25) and tumors with unique histopathologies that include

increased inflammation and necrosis (24). The dominant negative

isoform LIP is of particular interest, as it has been shown to induce

proliferation of mammary epithelial cells (17, 26) and is highly

expressed in ERneg tumors with a high proliferative index,

compared to ER+ breast cancers (4, 26, 27). LIP-deficient transgenic

mice (CebpbDuORF) have decreased spontaneous tumor incidence and

delayed tumor onset (28–30), whereas mice with elevated LIP (Wap-

LIP or Cebpb-/L) have increased tumor development (4, 31). These

studies exemplify the importance of C/EBPb isoform-specific

regulation of gene expression. In this review, we will discuss several

mechanisms by which C/EBPb modulates breast cancer progression,

and its implications in therapeutics.
2 Growth-regulatory functions

Sustained proliferative signaling and evasion of growth

suppression during cell cycle progression are important processes to

ensure the success of tumor progression (32). C/EBPb has been

suggested to mediate these processes through interactions with key

cell cycle regulators, including cyclin D1 (33), which is required for

cell cycle progression through the G1 phase (34). The cyclin D1 gene

(CCND1) is frequently amplified in human breast cancer, and similar

to C/EBPb, has a critical role in the differentiation of mammary

epithelial cells during pregnancy (35–37). While mammary epithelial

cells from C/EBPb-/- mice have a block in cell cycle progression at the
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G1/S transition, cyclin D1 levels remained unchanged, suggesting that

C/EBPb regulation of cell cycle progression is not dependent on

cyclin D1 (38). However, cyclin D1 binds to and activates LAP1 to

promote mammary epithelial cell differentiation independent of

LAP2 and LIP, suggesting a unique interplay between C/EBPb and

cyclin D1 is required for cell differentiation (39). The block in cell

cycle progression was associated with decreased cyclin E expression,

increased p27 stability, and decreased CDK2 activity (38). The

retinoblastoma protein (Rb), a tumor suppressor and G1

checkpoint regulator, has also been shown to directly activate C/

EBPb during cell cycle progression. In addition, C/EBPb can bind and

activate Rb, causing aberrant function of the protein in a pro-

tumorigenic fashion (40–43). Furthermore, C/EBPb has been

shown to bind E2F1 and E2F2 to activate E2F targets through CBP/

p300, ultimately recruiting chromatin remodeling complexes (44–46).

The effect of C/EBPb binding to either Rb or E2F is not limited to

modulating gene transcription but may have an anti-tumorigenic

effect by promoting cell cycle exit. In MCF10A cells, the Rb:E2F-

dependent senescence pathway requires C/EBPb for program

activation (43). While a direct interaction with Rb:E2F and C/EBPb
has yet to be shown, C/EBPb acts synergistically with Rb:E2F to

repress S-phase associated genes, and C/EBPb-null cells fail to enter

senescence (43, 47).

Additional seemingly paradoxical functions of C/EBPb are seen in

other growth regulation pathways related to transforming growth

factor beta (TGFb). TGFb normally functions as a growth inhibitor

for epithelial cells, acting as a tumor suppressor. In response to TGFb,
LAP2 complexed with FoxO-Smad activates the p15INK4b promoter,

while LAP2 complexed with E2F4/5-Smad to repress c-Myc,

providing key anti-growth signals. During the switch to metastatic

cancer, tumor cells evade growth inhibitory functions of TGFb by

upregulating LIP, causing a block in C/EBPb-induced p15INK4b

activation and relieving c-Myc repression (48). As mentioned

previously, TNBC cells have been shown to express a high LIP :

LAP ratio, supporting an oncogenic role for LIP (4, 27, 48). These

diverse phenotypes demonstrate both anti-tumor and pro-tumor

properties of C/EBPb, which can be attributed to isoform-specific

gene regulation (9, 26, 44).
3 Epithelial-mesenchymal transition

In addition to growth-promoting and growth-inhibitory

functions, C/EBPb has been associated with epithelial-mesenchymal

transition (EMT), a process where cancer cells acquire mobility and

invasive properties due to loss of cell-to-cell junctions (49). TGFb is a

well-known inducer of EMT, and studies have shown that loss of C/

EBPb during the TGFb response promotes EMT by reducing C/

EBPb-mediated CDH1 (E-cadherin) transcription (25), suggesting

that loss of C/EBPb is required for EMT. Additionally, in a mouse

model used to study the effect of obesity on post-menopausal

hormone receptive negative breast cancer, obesity-induced C/EBPb
chromatin binding resulted in elevated expression of MMP9 and

claudin-1 (50). In mammary epithelial cells, LIP, but not LAP1/2, is

induced by H-Ras and was shown to inhibit singleminded 2 (SIM2)

gene expression (51). SIM2 is a tumor suppressor that is

downregulated in mammary epithelial cells at periods where LIP is
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the dominant C/EBPb isoform. SIM2 represses MMP3 and SLUG

(52), both of which induce EMT (53, 54). Knockdown of SIM2 is

associated with decreased E-cadherin and increased MMP2, N-

cadherin and vimentin (55). These reports suggest that LIP may

indirectly induce EMT by repressing SIM2. A recent study shows that

LIP promotes cell migration in untransformed MCF10A cells and

LAP expression reduces migration in TNBC cell lines (BT-20 and BT-

549) (56). In contrast, overexpression of LAP2 in MCF10A cells in

vitro has been shown to induce EMT-like morphologies, accompanied

by delocalized E-cadherin and increased vimentin (57). Several

studies have shown that LAP2 binds to and activates

cyclooxygenase-2 (COX-2) gene expression (58–65), which

promotes TGFb-induced EMT in a PGE2-dependent manner (66).

Together, these reports suggest C/EBPb isoform-specific roles in

regulating EMT, although further studies are required to define

these mechanisms.
4 Tumor-promoting inflammation

4.1 Tumor-derived C/EBPb

Tumor-promoting inflammation is another hallmark of cancer,

where cancer cells adopt inflammatory mechanisms to promote their

growth and survival (32). C/EBPb, initially identified as nuclear factor

for interleukin-6 expression (NF-IL6) (67, 68), has important roles in

mediating the inflammatory response. Early studies indicated that C/

EBPb binds to an IL-1 response element in the IL-6 promoter to drive

IL-6 and IL-8 transcription. C/EBPb and other C/EBP family members

can directly interact with the Rel homology domain between NF-kB
subunits p50, p65 and c-Rel, stabilizing NF-kB, leading to synergistic

transcriptional activation of IL-6 and IL-8 (69, 70). C/EBPb can also

positively regulate NF-kB by binding and inactivating IkBa, the
canonical inhibitor of NF-kB (71). In breast cancer cells, C/EBPb can

act in synergy with STAT3 to activate c-Jun activation domain-binding

protein (Jab)-1, which regulates cycle control, apoptosis, and DNA

repair (72). More recently, STAT3 was shown to stabilize C/EBPb inH-
Ras transformed mammary epithelial cells, to cooperatively induce the

transcription of cancer-promoting inflammatory cytokines (70, 73). C/

EBPb was also shown to directly bind to the STAT5 promoter,

facilitating TNBC cell growth and invasion in vitro (23). These

results demonstrate that with other key transcription factors, C/EBPb
coordinately promotes the induction of various inflammatory cytokines

during tumor progression.

Chemokine signaling facilitates leukocyte recruitment and

activation and can dictate the balance between the pro- and anti-

tumor immune response. In the tumor microenvironment, tumor and

immune cells, such as tumor-infiltrating macrophages, secrete

chemokines to promote immune evasion, growth and survival of

tumor cells, angiogenesis, and metastasis (74). Cebpb-/- mice have

defective helper T cell function and lymphoproliferative diseases (75),

which are in part due to alterations in cytokine and chemokine

production. Knockdown of C/EBPb in mouse mammary tumor 4T1

cells results in increased expression of various chemokines such as in

CCL6, CCL7, CCL8, CCL12, CCL27, CCL28, and CXCL16

expression, although whether C/EBPb directly inhibits these

chemokines was not addressed (24). Other studies have shown that
Frontiers in Oncology 03
tumor-derived C/EBPb directly activates various chemokines,

including CCL2, CCL5, CXCL12 and CXCR4 (76–80). In contrast,

LIP was shown to bind to and inhibit the CCL2 promoter (78), and

LIP can indirectly activate CXCR4 by inhibiting the CXCR4 repressor

YYI (80). These opposing roles for LIP in chemokine activation/

inhibition may be due to microenvironment- and tumor context-

specificity, however, further studies are required to address these

differences. C/EBPb has also been shown to cooperate with ATF to

activate RANKL (81). Notably, while a number of studies have shown

altered chemokine expression in cancer cells after C/EBPb
knockdown, few studies have validated whether and how LAP/LIP

directly bind to chemokine promoters.

In addition to recruiting tumor-promoting immune cells, breast

cancer cells evade cytotoxic effector cells by downregulating the

expression of receptor-bound recognition proteins. Transformed

cells actively downregulate immunogenic surface receptors to avoid

immune recognition and destruction by cytotoxic CD8+ T cells (82–

84). A recent study showed that deletion of C/EBPb in human breast

cancer cells (BT-20) results in the de-repression of genes involved in

immune visibility, where MHC I and MHC II gene sets were

significantly upregulated as compared to wildtype (56). In another

study, C/EBPb-silenced 4T1 cells were shown to have significantly

upregulated expression of MHCIIa, MHCIIb and HLACIIg (24).

While functional antigen presentation assays were not performed, C/

EBPb-silenced 4T1 tumors displayed a significant increase in CD3+

lymphocytes in vivo (24). Finally, C/EBPb was shown to repress type I

and type II interferon response genes in a mouse model of Ras-

induced squamous papilloma (85). These studies suggest that C/EBPb
may aide in immune escape, although further investigation is required

to define the specific mechanisms.
4.2 Myeloid-derived C/EBPb

While studies have focused on how tumor-derived C/EBPb
inhibits or promotes tumorigenesis, C/EBPb is also expressed in

immune cells, and in particular has important roles in myeloid

cells. C/EBPb has well-established roles in myelopoiesis (86, 87),

and overexpression of LAP1 or deletion of C/EBPb in THP-1 cells

causes decreased monocyte proliferation (88). More recently, C/EBPb
was shown to be required for Ly6C+ monocyte differentiation into

Ly6C- cells, through a mechanism involving C/EBPb activation of

Nr4a1 (89). In addition, Cebpb-/- bone marrow-derived macrophages

have impaired phagocytic function (75, 90). Macrophage-derived C/

EBPb also modulates the balance between pro- and anti-

inflammatory signals during tissue repair. In the wound healing

process, pro-inflammatory cytokines such as IL-6, TNFa and IL-1b
induce C/EBPb activation in macrophages, which in turn activates

these cytokines in a feedback loop to modulate inflammation (87, 91).

While transcription factor regulation of macrophages has been

studied in response to injury, less is known about how macrophage

C/EBPb regulates tumor progression. In a syngeneic mouse model of

early-stage breast cancer progression, Cebpb was highly expressed in

numerous macrophage populations identified by single cell RNA

sequencing, as well as in Ly6c2+ monocytes, and S100a8+

neutrophils, the latter of which likely give rise to MDSCs (92). In

metastatic melanoma, macrophages with high C/EBPb expression
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had significantly higher activation of the IL6-JAK-STAT3 signaling

pathway (93). These data suggest that C/EBPb may have crucial roles

in regulating the functions of tumor-infiltrating macrophages,

although further investigation is required to validate this idea.
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C/EBPb has been shown to be a key transcription factor regulator

of MDSCs. C/EBPb is required for the differentiation and expansion

of MDSCs in the bone marrow of septic mice, by inducing miR-21a,

miR-21b and miR-181b in a STAT3-dependent manner (94, 95). In

tumor models, genetic ablation of C/EBPb fromMDSCs isolated from

tumors impairs T-cell suppressor activity (96). C/EBPb can induce

arginase I expression in response to injury (97, 98), providing one

potential mechanism for C/EBPb-mediated immune-suppressive

function of MDSCs during cancer progression. In colon cancer

cells, Gao et al. identified a long noncoding RNA, termed lnc-C/

EBPb, which binds to LIP to inhibit the activation of C/EBPb target

genes, such as Arg1, Nos2, Nox2 and Cox2, and thus negatively

regulates immune-suppressive functions of MDSCs (99). In TNBC,

LAP2 was shown to promote the recruitment of MDSCs by activating

G-CSF and GM-CSF through a tumor-specific glycolysis-dependent

pathway (100, 101). Together, these studies suggest that both tumor-

and myeloid-derived C/EBPb are important regulators of MDSC

immune-suppressive function.
TABLE 1 Isoform-specific regulation of gene expression and protein function.

Isoform Gene or protein Result References

LAP1 Binds cyclin D1 Mammary epithelial cell differentiation (33, 38, 39)

LAP2 Binds FoxO-Smad complex Tumor suppressor p15INK4b promoter is
activated

(48)

Binds E2F4/5-Smad complex Proto-oncogene c-Myc promoter is repressed (48)

Delocalized expression of E-cadherin and increased expression of
vimentin

EMT phenotype is expressed (57)

Increased expression of E-cadherin and decreased expression of
vimentin

Epithelial phenotype is maintained (25)

Activates COX-2 expression EMT phenotype is expressed (58–66)

LIP Inhibits LAP2 from binding FoxO-Smad complex Blocks transcription of tumor suppressor
p15INK4b

(48)

Inhibits LAP2 from binding E2F4/5-Smad complex Proto-oncogene c-Myc is expressed (48)

Inhibits SIM2 EMT phenotype is expressed (51)

Inhibits CCL2 expression Reduces pro-inflammatory phenotype (78, 113)

Binds and inhibits YY1 CXCR4 expression is activated (80)

Isoform unknown or not
specified

Binds Rb Activates C/EBPb, activates Rb (40, 42)

Binds E2F1 and E2F2 Recruits chromatin remodeling complexes (45, 46)

Interacts with Rb:E2F Induces cell senescence (43, 47)

Regulates Rb/E2F/cyclin E pathway Reduces monocyte proliferation (88)

Binds NF-kB IL-6 and IL-8 expression is activated (67–69, 76, 100, 114,
115)

Binds IkBa NF-kB is not inhibited (71)

Interacts with STAT3 Stabilizes C/EBPb, activates Jab-1 (70, 72, 73)

Activates STAT5 expression JAK/STAT pathway is activated (23)

Activates CCL2 and CCL5 expression Promotes metastasis (76–78, 116–119)

Regulates CXCL12 expression CXCR4/CXCL12 axis promotes metastasis (79, 80)

Inhibits MHCI and MHCII Reduced antigen recognition (24, 56)

Activates arginase I expression Macrophages take on anti-inflammatory
phenotype

(97, 98)
FIGURE 1

Transcription factor C/EBPb regulates several hallmarks of cancer. C/
EBPb influences the cell cycle and epithelial-mesenchymal transition
of breast cancer cells, as well as the tumor microenvironment.
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5 Discussion

C/EBPb has emerged as a critical transcription factor for

successful breast tumor progression, promoting cancer cell growth

and survival, metastasis, inflammation, and potentially immune

evasion (Figure 1). C/EBPb has also been implicated in therapeutic

resistance. In colorectal cancer, FOXO1/C/EBPb/NF-kB signaling is

required for CCL20-dependent recruitment of regulatory T cells,

which confer chemoresistance to 5-fluorouracil (102). Radiation

resistance of nasopharyngeal carcinoma has been attributed to the

PGC1a/C/EBPb/CPT1A axis (103), and C/EBPb is required for

therapeutic resistance in NRF2-activated non-small cell lung cancer

(104). Thus, C/EBPb may be an attractive target in overcoming

therapeutic resistance.

While transcription factors have traditionally been considered

“undruggable,” emerging studies have focused on overcoming the

challenges associated with targeting transcription factors as a

therapeutic strategy (105, 106). A recent study demonstrated the

ability of a selective peptide C/EBPb antagonist, ST101, to induce

ubiquitin-dependent C/EBPb degradation, resulting in tumor growth

inhibition in xenograft models (107). Similarly, cell-penetrating

peptides Bpep and Dpep have been designed to act as leucine

zipper decoys with specificity for tumor C/EBPb (108). Other

studies have shown that LIP can be inhibited by pharmacological

inhibition of mTORC1, suggesting that rapamycin analogues may be

an effective therapeutic strategy (29, 109). Synthetic analogues of

helenalin covalently bind and inhibit C/EBPb and have been shown to
reduce proliferation in acute myeloid leukemia cells in vitro (110,

111). In non-small cell lung cancer, metformin reduced tumor growth

via the AMPK/C/EBPb/PD-L1 axis (112). The efficacy of these small

molecule inhibitors in breast cancer has yet to be determined.

Despite emerging studies demonstrating the importance of C/

EBPb in breast cancer progression, much remains to be learned about

the gene regulatory networks induced by C/EBPb during tumor

progression. The complexity of C/EBPb isoform-specific gene

regulation (Table 1) has largely hindered our understanding of C/

EBPb-induced gene expression in both tumor and immune cells.

LAP1/LAP2 and LIP can have opposing functions within the same

pathway or program, yet many valuable studies lack details on which

isoform of C/EBPb regulates gene expression and protein function.

The lack of isoform-specific antibodies continues to present a

significant challenge for both basic science and clinical studies (44).

For example, defining isoform specificity at different stages of breast

cancer progression may provide insights on whether isoform

expression, and downstream targets, are of prognostic value.
Frontiers in Oncology 05
Despite these limitations, advances in genetic mouse models and

gene editing technology has recently allowed for the study of

individual isoforms, by using approaches that delete C/EBPb while

simultaneously overexpressing LAP2 or LIP (31). Future studies

should focus on understanding isoform-specific functions in both

the tumor and immune cells, which will have critical implications for

developing therapeutic strategies that target either specific C/EBPb
isoforms, such as LIP, or C/EBPb-induced target pathways.
Author contributions

MM:Manuscript writing, conception of the topic. EP: Manuscript

writing. SE: Manuscript writing. CB: Manuscript editing and revision.

HM: Conception of the topic, manuscript editing and revision,

funding. All authors contributed to the article and approved the

submitted version.
Funding

This work was supported by NIH R01CA212518 and R01HD106929

to HM.
Acknowledgments

We thank Dr. James Jackson (Tulane University) for helpful

discussions and comments regarding these topics.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Nebert DW. Transcription factors and cancer: An overview. Toxicology (2002) 181-
182:131–41. doi: 10.1016/S0300-483X(02)00269-X

2. Islam Z, Ali AM, Naik A, Eldaw M, Decock J, Kolatkar PR. Transcription factors:
The fulcrum between cell development and carcinogenesis. Front Oncol (2021) 11:681377.
doi: 10.3389/fonc.2021.681377

3. Raught B, Gingras AC, James A, Medina D, Sonenberg N, Rosen JM. Expression of a
translationally regulated, dominant-negative Ccaat/Enhancer-binding protein beta
isoform and up-regulation of the eukaryotic translation initiation factor 2alpha are
correlated with neoplastic transformation of mammary epithelial cells. Cancer Res
(1996) 56(19):4382–6.

4. Zahnow CA, Younes P, Laucirica R, Rosen JM. Overexpression of C/Ebpbeta-lip, a
naturally occurring, dominant-negative transcription factor, in human breast cancer. J
Natl Cancer Inst (1997) 89(24):1887–91. doi: 10.1093/jnci/89.24.1887

5. Descombes P, Schibler U. A liver-enriched transcriptional activator protein, lap, and
a transcriptional inhibitory protein, lip, are translated from the same mrna. Cell (1991) 67
(3):569–79. doi: 10.1016/0092-8674(91)90531-3
frontiersin.org

https://doi.org/10.1016/S0300-483X(02)00269-X
https://doi.org/10.3389/fonc.2021.681377
https://doi.org/10.1093/jnci/89.24.1887
https://doi.org/10.1016/0092-8674(91)90531-3
https://doi.org/10.3389/fonc.2023.1111522
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Matherne et al. 10.3389/fonc.2023.1111522
6. Kowenz-Leutz E, Twamley G, Ansieau S, Leutz A. Novel mechanism of C/Ebp beta
(Nf-m) transcriptional control: Activation through derepression. Genes Dev (1994) 8
(22):2781–91. doi: 10.1101/gad.8.22.2781

7. Williams SC, Baer M, Dillner AJ, Johnson PF. Crp2 (C/Ebp beta) contains a
bipartite regulatory domain that controls transcriptional activation, DNA binding and cell
specificity. EMBO J (1995) 14(13):3170–83. doi: 10.1002/j.1460-2075.1995.tb07319.x

8. Takiguchi M. The C/Ebp family of transcription factors in the liver and other
organs. Int J Exp Pathol (1998) 79(6):369–91. doi: 10.1046/j.1365-2613.1998.00082.x

9. Zahnow CA. Ccaat/Enhancer-binding protein beta: Its role in breast cancer and
associations with receptor tyrosine kinases. Expert Rev Mol Med (2009) 11:e12.
doi: 10.1017/s1462399409001033

10. Nakajima T, Kinoshita S, Sasagawa T, Sasaki K, Naruto M, Kishimoto T, et al.
Phosphorylation at threonine-235 by a ras-dependent mitogen-activated protein kinase
cascade is essential for transcription factor nf-Il6. Proc Natl Acad Sci U.S.A. (1993) 90
(6):2207–11. doi: 10.1073/pnas.90.6.2207

11. Mo X, Kowenz-Leutz E, Xu H, Leutz A. Ras induces mediator complex exchange
on C/Ebp beta. Mol Cell (2004) 13(2):241–50. doi: 10.1016/s1097-2765(03)00521-5

12. Trautwein C, van der Geer P, Karin M, Hunter T, Chojkier M. Protein kinase a and
c site-specific phosphorylations of lap (Nf-Il6) modulate its binding affinity to DNA
recognition elements. J Clin Invest (1994) 93(6):2554–61. doi: 10.1172/jci117266

13. Wegner M, Cao Z, Rosenfeld MG. Calcium-regulated phosphorylation within the
leucine zipper of C/Ebp beta. Science (1992) 256(5055):370–3. doi: 10.1126/
science.256.5055.370

14. Tang QQ, Grønborg M, Huang H, Kim JW, Otto TC, Pandey A, et al. Sequential
phosphorylation of ccaat enhancer-binding protein beta by mapk and glycogen synthase
kinase 3beta is required for adipogenesis. Proc Natl Acad Sci U.S.A. (2005) 102(28):9766–
71. doi: 10.1073/pnas.0503891102

15. Shuman JD, Sebastian T, Kaldis P, Copeland TD, Zhu S, Smart RC, et al. Cell cycle-
dependent phosphorylation of C/Ebpbetamediates oncogenic cooperativity between C/Ebpbeta
and h-Rasv12. Mol Cell Biol (2004) 24(17):7380–91. doi: 10.1128/mcb.24.17.7380-7391.2004

16. Lekstrom-Himes J, Xanthopoulos KG. Biological role of the Ccaat/Enhancer-
binding protein family of transcription factors. J Biol Chem (1998) 273(44):28545–8.
doi: 10.1074/jbc.273.44.28545

17. Robinson GW, Johnson PF, Hennighausen L, Sterneck E. The C/Ebpbeta
transcription factor regulates epithelial cell proliferation and differentiation in the
mammary gland. Genes Dev (1998) 12(12):1907–16. doi: 10.1101/gad.12.12.1907

18. Seagroves TN, Krnacik S, Raught B, Gay J, Burgess-Beusse B, Darlington GJ, et al.
C/Ebpbeta, but not C/Ebpalpha, is essential for ductal morphogenesis, lobuloalveolar
proliferation, and functional differentiation in the mouse mammary gland. Genes Dev
(1998) 12(12):1917–28. doi: 10.1101/gad.12.12.1917

19. LaMarca HL, Visbal AP, Creighton CJ, Liu H, Zhang Y, Behbod F, et al. Ccaat/
Enhancer binding protein beta regulates stem cell activity and specifies luminal cell fate in
the mammary gland. Stem Cells (2010) 28(3):535–44. doi: 10.1002/stem.297

20. Vegesna V, Takeuchi S, HofmannWK, Ikezoe T, Tavor S, Krug U, et al. C/Ebp-beta,
C/Ebp-delta, Pu.1, Aml1 genes: Mutational analysis in 381 samples of hematopoietic and
solid malignancies. Leuk Res (2002) 26(5):451–7. doi: 10.1016/s0145-2126(01)00150-3

21. Zahnow CA. Ccaat/Enhancer binding proteins in normal mammary development
and breast cancer. Breast Cancer Res (2002) 4(3):113. doi: 10.1186/bcr428

22. Mastracci TL, Shadeo A, Colby SM, Tuck AB, O’Malley FP, Bull SB, et al. Genomic
alterations in lobular neoplasia: A microarray comparative genomic hybridization
signature for early neoplastic proliferationin the breast. Genes Chromosomes Cancer
(2006) 45(11):1007–17. doi: 10.1002/gcc.20368

23. Wang S, Xia D, Wang X, Cao H, Wu C, Sun Z, et al. C/Ebpb regulates the Jak/Stat
signaling pathway in triple-negative breast cancer. FEBS Open Bio (2021) 11(4):1250–8.
doi: 10.1002/2211-5463.13138

24. Kurzejamska E, Johansson J, Jirström K, Prakash V, Ananthaseshan S, Boon L,
et al. C/Ebpb expression is an independent predictor of overall survival in breast cancer
patients by Mhcii/Cd4-dependent mechanism of metastasis formation. Oncogenesis
(2014) 3(11):e125. doi: 10.1038/oncsis.2014.38

25. Johansson J, Berg T, Kurzejamska E, Pang MF, Tabor V, Jansson M, et al. Mir-155-
Mediated loss of C/Ebpb shifts the tgf-B response from growth inhibition to epithelial-
mesenchymal transition, invasion and metastasis in breast cancer. Oncogene (2013) 32
(50):5614–24. doi: 10.1038/onc.2013.322

26. Zahnow CA, Cardiff RD, Laucirica R, Medina D, Rosen JM. A role for Ccaat/
Enhancer binding protein beta-Liver-Enriched inhibitory protein in mammary epithelial
cell proliferation. Cancer Res (2001) 61(1):261–9.

27. Milde-Langosch K, Löning T, Bamberger AM. Expression of the Ccaat/Enhancer-
binding proteins C/Ebpalpha, C/Ebpbeta and C/Ebpdelta in breast cancer: Correlations
with clinicopathologic parameters and cell-cycle regulatory proteins. Breast Cancer Res
Treat (2003) 79(2):175–85. doi: 10.1023/a:1023929504884

28. Wethmar K, Bégay V, Smink JJ, Zaragoza K, Wiesenthal V, Dörken B, et al. C/
Ebpbetadeltauorf mice–a genetic model for uorf-mediated translational control in
mammals. Genes Dev (2010) 24(1):15–20. doi: 10.1101/gad.557910

29. Zidek LM, Ackermann T, Hartleben G, Eichwald S, Kortman G, Kiehntopf M, et al.
Deficiency in Mtorc1-controlled C/Ebpb-mrna translation improves metabolic health in
mice. EMBO Rep (2015) 16(8):1022–36. doi: 10.15252/embr.201439837

30. Müller C, Zidek LM, AckermannT, de Jong T, Liu P, Kliche V, et al. Reduced expression
of C/Ebpb-lip extends health and lifespan in mice. Elife (2018) 7. doi: 10.7554/eLife.34985
Frontiers in Oncology 06
31. Bégay V, Smink JJ, Loddenkemper C, Zimmermann K, Rudolph C, Scheller M,
et al. Deregulation of the endogenous C/Ebpb lip isoform predisposes to tumorigenesis. J
Mol Med (Berl) (2015) 93(1):39–49. doi: 10.1007/s00109-014-1215-5

32. Hanahan D. Hallmarks of cancer: New dimensions. Cancer Discovery (2022) 12
(1):31–46. doi: 10.1158/2159-8290.Cd-21-1059

33. Lamb J, Ramaswamy S, Ford HL, Contreras B, Martinez RV, Kittrell FS, et al. A
mechanism of cyclin D1 action encoded in the patterns of gene expression in human
cancer. Cell (2003) 114(3):323–34. doi: 10.1016/s0092-8674(03)00570-1

34. Sherr CJ. Cancer cell cycles. Science (1996) 274(5293):1672–7. doi: 10.1126/
science.274.5293.1672

35. Buckley MF, Sweeney KJ, Hamilton JA, Sini RL, Manning DL, Nicholson RI, et al.
Expression and amplification of cyclin genes in human breast cancer. Oncogene (1993) 8
(8):2127–33.

36. Bartkova J, Lukas J, Müller H, Lützhøft D, Strauss M, Bartek J. Cyclin D1 protein
expression and function in human breast cancer. Int J Cancer (1994) 57(3):353–61.
doi: 10.1002/ijc.2910570311

37. Sicinski P, Donaher JL, Parker SB, Li T, Fazeli A, Gardner H, et al. Cyclin D1
provides a link between development and oncogenesis in the retina and breast. Cell (1995)
82(4):621–30. doi: 10.1016/0092-8674(95)90034-9

38. Grimm SL, Contreras A, Barcellos-Hoff MH, Rosen JM. Cell cycle defects
contribute to a block in hormone-induced mammary gland proliferation in Ccaat/
Enhancer-binding protein (C/Ebpbeta)-null mice. J Biol Chem (2005) 280(43):36301–9.
doi: 10.1074/jbc.M508167200

39. Liu Q, Boudot A, Ni J, Hennessey T, Beauparlant SL, Rajabi HN, et al. Cyclin D1
and C/Ebpb Lap1 operate in a common pathway to promote mammary epithelial cell
differentiation. Mol Cell Biol (2014) 34(16):3168–79. doi: 10.1128/mcb.00039-14

40. Chen PL, Riley DJ, Chen-Kiang S, Lee WH. Retinoblastoma protein directly
interacts with and activates the transcription factor nf-Il6. Proc Natl Acad Sci U.S.A.
(1996) 93(1):465–9. doi: 10.1073/pnas.93.1.465

41. Chen PL, Riley DJ, Chen Y, Lee WH. Retinoblastoma protein positively regulates
terminal adipocyte differentiation through direct interaction with C/Ebps. Genes Dev
(1996) 10(21):2794–804. doi: 10.1101/gad.10.21.2794

42. Charles A, Tang X, Crouch E, Brody JS, Xiao ZX. Retinoblastoma protein
complexes with C/Ebp proteins and activates C/Ebp-mediated transcription. J Cell
Biochem (2001) 83(3):414–25. doi: 10.1002/jcb.1239

43. Sebastian T, Malik R, Thomas S, Sage J, Johnson PF. C/Ebpbeta cooperates with
Rb:E2f to implement Ras(V12)-induced cellular senescence. EMBO J (2005) 24(18):3301–
12. doi: 10.1038/sj.emboj.7600789

44. Spike AJ, Rosen JM. C/Ebpß isoform specific gene regulation: It’s a lot more
complicated than you think! J Mammary Gland Biol Neoplasia (2020) 25(1):1–12.
doi: 10.1007/s10911-020-09444-5

45. Wang H, Larris B, Peiris TH, Zhang L, Le Lay J, Gao Y, et al. C/Ebpbeta activates
E2f-regulated genes in vivo Via recruitment of the coactivator creb-binding Protein/P300.
J Biol Chem (2007) 282(34):24679–88. doi: 10.1074/jbc.M705066200

46. Mink S, Haenig B, Klempnauer KH. Interaction and functional collaboration of
P300 and C/Ebpbeta. Mol Cell Biol (1997) 17(11):6609–17. doi: 10.1128/mcb.17.11.6609

47. Sebastian T, Johnson PF. Stop and go: Anti-proliferative and mitogenic functions
of the transcription factor C/Ebpbeta. Cell Cycle (2006) 5(9):953–7. doi: 10.4161/
cc.5.9.2733

48. Gomis RR, Alarcón C, Nadal C, Van Poznak C, Massagué J. C/Ebpbeta at the core
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