
IRF6 in Development and Disease:
A Mediator of Quiescence and Differentiation

Caleb M. Bailey1,§ and Mary J.C. Hendrix1,2,*

1Children’s Memorial Research Center, Feinberg School of Medicine, Northwestern University, Chicago,
Illinois

2Robert H. Lurie Comprehensive Cancer Center, Feinberg School of Medicine, Northwestern University,
Chicago, Illinois

Abstract
Post utero development of the mammary gland is a complex developmental process characterized
by states of rapid cell proliferation (branching morphogenesis) followed by functional differentiation
(lactation) and the consequent apoptosis (involution) of the secretory mammary epithelial cell. This
process is cyclical, such that involution returns the mammary gland to a near-virgin-like state capable
of responding to morphogenic cues with each consecutive pregnancy. Importantly, many of the
regulatory processes which oversee mammary gland development are corrupted or otherwise
compromised during the development of breast cancer. For example, Interferon Regulatory Factor
6 (IRF6) is a novel protein with growth inhibitory properties that was initially identified in mammary
epithelial cells through its interaction with maspin, a known tumor suppressor in normal breast tissue.
Recent findings from our laboratory suggest that IRF6 functions synergistically with maspin to
regulate mammary epithelial cell differentiation by acting on the cell cycle. This perspective focuses
on the possible involvement of IRF6 in promoting differentiation by regulating exit from the cell
cycle and entry into the G(0) phase of cellular quiescence, and how these new findings shed light on
normal mammary gland development and the initiation and progression of breast cancer.

Keywords
IRF6; Maspin; Cell Differentiation; Mammary Gland; Breast Cancer

Introduction
In 2002, Kondo and colleagues reported a link between Van der Woude Syndrome (VWS,
OMIM #119300) and mutations in the gene cluster at 1p34 encoding the gene for Interferon
Regulatory Factor 6. Since this seminal publication, multiple reports have been published
demonstrating novel mutations in the Irf6 gene locus that cause VWS or its more severe
counterpart Popliteal Pterygium Syndrome (PPS, OMIM #119500), but little has been reported
regarding the possible functions of IRF6 in the development of PPS and VWS. Shortly
thereafter, our laboratory reported a protein-protein interaction between IRF6 and maspin.1
Maspin (Mammary Serine Protease Inhibitor) is a class II tumor suppressor in normal breast
tissue with anti-invasive properties in vitro and in vivo.2 Maspin is also known to play an
important role during mammary gland development.3 Hence, we sought to define the function
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of IRF6 in cooperation with maspin in mammary epithelial cells and thereby shed light on the
involvement of IRF6 in disease states such as VWS, PPS, and also breast cancer. We have
since demonstrated that IRF6 expression follows an expression pattern in mammary epithelial
cells similar to that of maspin. Both IRF6 and maspin are differentially expressed throughout
differentiation of the mammary gland, with maximal expression of both proteins occurring
during lactation, when the secretory mammary epithelial cells are quiescent and functionally
differentiated.4 Furthermore, we have demonstrated that, similar to maspin, IRF6 is reduced
or absent in a majority of breast carcinomas.1 These findings led us to hypothesize that maspin
and IRF6 function in a coordinated manner to promote mammary epithelial cell differentiation,
and that the loss of the maspin-IRF6 interaction may promote neoplastic transformation.
Because coordination between differentiation and proliferation is critical for proper mammary
gland development and function, and awry in breast cancer, we examined the regulation of
IRF6 by the cell cycle. Our findings demonstrate the post-translational regulation of IRF6
expression and phosphorylation by the cell cycle and suggest that IRF6, in collaboration with
maspin, may regulate mammary epithelial cell differentiation by promoting exit from the cell
cycle and entry into the G(0) state of differentiated quiescence.

IRF6 and the Cell Cycle: Cause or Effect?
The cell cycle is an intricate, temporally organized system that allows for the supervised and
tightly regulated process of cell division. The exquisite control of expression and regulation
of factors involved in progression through the cell cycle is mediated in part by the proteasome,
which regulates the timely expression of many cell cycle regulators, both protagonistic and
antagonistic. The current literature contains many reports describing the various phases and
checkpoints of the cell cycle throughout which these cell cycle regulators are differentially
expressed. Upon completion of a successful cellular division, mammalian cells either reenter
the cell cycle or exit the cycle to enter a physiological arrest known as G(0), or quiescence,
which is a necessary step in cellular differentiation and cellular senescence. In many cases,
such as terminal keratinocyte differentiation, commitment to differentiation is irreversible and
results in eventual cell death. Likewise, during mammary gland differentiation, many secretory
mammary epithelial cells succumb to cell death with the onset of post-lactational involution
as the gland is remodeled to a virgin-like state. However, certain conditions, such as
morphogenesis or wound repair, require that quiescent cells exit their state of dormancy and
reenter the cell cycle. Although much is understood about the cell cycle with its various phases
and checkpoints, less is known about the signals responsible for entry into or exit from the cell
cycle in response to signals driving proliferation or differentiation.

Recent findings from our laboratory show the unique regulation of IRF6 phosphorylation and
expression by the cell cycle. Cell cycle arrest, induced either by serum starvation, cell contact
inhibition, or pharmacological cell cycle arrest, results in a significant increase in total IRF6
protein levels in cultured mammary epithelial cells (MCF-10A cells), with non-phosphorylated
IRF6 serving as the prominent isoform. However, instigation of the cell cycle is associated
with rapid (within 15 minutes) phosphorylation and subsequent ubiquitination and degradation
of phosphorylated IRF6, such that by 1 hour following serum stimulation, IRF6 protein levels
are significantly reduced.4 In comparison, cyclin D3 expression is detectable at two hours,
with maximal expression occurring four hours following serum stimulation. This rapid IRF6
phosphorylation only occurs following the addition of complete growth medium (5% serum,
insulin, hydrocortisone, EGF), whereas neither insulin, hydrocortisone and EGF, nor the serum
replacement supplement MitoPLUS were able to induce rapid cellular proliferation and the
concomitant phosphorylation of IRF6. These data suggest that IRF6 phosphorylation is induced
as an important step toward entry into the cell cycle rather than activation of a mitogenic signal
cascade. Following phosphorylation IRF6 is ubiquitinated and degraded in a proteasome-
dependent manner and the regulation of IRF6 protein stability, via phosphorylation, appears
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to be the primary mechanism for regulating IRF6 expression. This was confirmed by pulse-
chase experiments which demonstrated decreased protein stability in proliferating cells versus
quiescent cells. Changes in IRF6 mRNA levels do not account for the increased expression of
IRF6 protein in quiescent cells, demonstrating that increased transcription does not likely
account for the increase in total IRF6 protein levels observed in these cells.4 Involvement of
the cell cycle would suggest that cyclin dependent kinase (cdk) activity may be involved in
IRF6 phosphorylation. Indeed, recent studies have demonstrated that cdk3 in association with
cyclin C is involved in regulating exit from G(0).5 However, treatment of serum starved
MCF-10A cells with the cdk inhibitor flavopiridol prior to the addition of serum failed to inhibit
IRF6 phosphorylation following serum addition, suggesting that cdks are not involved (Fig.
1). Importantly, cdk3 function is not well understood, and although flavopiridol is considered
a pan cdk inhibitor, a direct inhibitory effect of flavopiridol on cdk3 has not been reported and
must be investigated further.

Together, our findings support two distinct models which implicate IRF6 in either entry into
the G(0) phase or exit from G(0) and entry into G(1). Support for a role for IRF6 in promoting
entry into G(1) from G(0) stems from the paradigm established by other IRF family members.
Generally speaking, IRFs such as IRF3 are expressed latently within the cytosol in a non-
phosphorylated state. Activation signals (from Toll-like receptor signaling cascades) result in
their phosphorylation and subsequent nuclear translocation. For several IRFs, their
phosphorylation not only renders them active by allowing dimerization and translocation to
the nucleus, but also promotes their polyubiquitination and targeted proteasomal degradation.
6-8 If IRF6 followed this established paradigm, then its early phosphorylation (and putative
activation) as the cell prepares to enter the cell cycle would suggest that IRF6 functions to
promote exit from the quiescent state in preparation for cell division. However, the fact that
phosphorylated IRF6 is not readily observed in the nucleus at this time would argue that IRF6
does not follow stereotypical IRF activation pathways. Also, it is unclear whether IRF6
phosphorylation results in its activation or whether it is merely a signal for ubiqitination and
subsequent degradation. Furthermore, the re-expression of IRF6 in breast cancer cells promotes
cell cycle arrest, which supports the hypothesis that a buildup of IRF6 induces entry into the
G(0) phase. Further support for this model stems from two recent reports demonstrating the
inability of keratinocytes to terminally differentiate in the absence of functional IRF6.9, 10
Mice which fail to express functional IRF6 die shortly after birth due to complications from a
severe skin defect. Histological analysis of the epidermis demonstrates the lack of granular and
cornified epidermal layers while p63 expression and BrdU staining are visible throughout the
suprabasal layer, indicating that these keratinocytes are unable to exit the cell cycle, effectively
blocking terminal differentiation.

Similarities between IRF6, 14-3-3σ, and IKKα Knockout Mice
The hallmark phenotype of the IRF6 knockout mouse is the severe skin abnormality along with
abnormal limb and craniofacial development, likely resulting from the skin phenotype. Very
similar phenotypes are shared by at least two other knockout mouse models: the repeated
epilation (Er/Er) mouse recently identified as an insertion mutation in the Stratifin gene (also
called 14-3-3σ), and mice deficient in nuclear IκB kinase α (IKKα).11-14 Embryos from each
of these groups exhibit shiny, taut skin stemming from the dysfunctional terminal
differentiation of the epidermal keratinocytes, and similar limb and skeletal defects.
Histological examination of the epidermis of Irf6 null embryos revealed an expanded spinous
layer which aberrantly expressed Keratin 14 and p63, both markers of the basal layer which
are normally silenced during cell cycle arrest and terminal differentiation of the desquamating
keratinocytes. Furthermore, BrdU incorporation into cells throughout the spinous layer
demonstrated severe hyperplasia and aberrant cellular proliferation, which are also evident in
(Er/Er) and IKKα(-/-) knockout mice.
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IKKα is one of two catalytic subunits of the IκB kinase involved in the regulation of NF-κB
activation. IKKα is a critical regulator of keratinocyte differentiation and it has been
demonstrated that this function is independent of IKKα kinase function, suggesting an NF-
κB-independent pathway.15 Although the exact mechanism through which IKKα regulates
keratinocyte differentiation is unclear, its involvement in regulating multiple cell cycle-related
proteins has been sufficiently demonstrated.15-18 Importantly, a link has recently been
identified between IKKα and 14-3-3σ, in which IKKα prevents the epigenetic silencing of
14-3-3σ by blocking 14-3-3σ promoter methylation.19 14-3-3σ is a member of the 14-3-3
family of phosphoserine/phosphothreonine binding proteins which bind and sequester a wide
range of phosphorylated proteins, thereby regulating their localization and function.20
14-3-3σ expression is specific for keratinocytes and other epithelial cells and is often down-
regulated in epithelial-derived cancers.21-23 14-3-3σ can be induced by p53 and acts
specifically as a G(2)/M cell cycle checkpoint gene by sequestering CDC2-cyclin B complexes
in the cytoplasm.24, 25

The similarities between mice mutant for IRF6, 14-3-3σ, and IKKα prompted researchers to
examine the possible existence of linear pathways involving IRF6 and either 14-3-3σ or
IKKα. Microarray analysis of Irf6-null embryos demonstrated normal expression of IKKα and
slightly increased 14-3-3σ expression, suggesting that IRF6 is not necessary for their proper
expression.10 Furthermore, no detectable protein interactions were identified between IRF6,
14-3-3σ and IKKα.10 However, a cross between mice heterozygous for mutated Irf6 and
14-3-3σ (Irf6+/R84C Sfn+/Er) induced a phenotype not observed in either of the heterozygous
strains but which was akin to, albeit less severe than, the phenotype observed in homozygous
null embryos. These embryos exhibit smooth, taut skin, syndactyly of the fore- and hindpaws,
and similar cranio- and orofacial abnormalites, from which the authors hypothesize a genetic
interaction between IRF6 and 14-3-3σ in regulating keratinocyte differentiation.9 Because
14-3-3σ plays a primary role in the regulation of cdc2 and cyclin B1 activity, these results
sustain our findings implicating IRF6 in cell cycle regulation and support our hypothesis that
IRF6 advances cellular differentiation by promoting entry into the G(0) stage of the cell cycle.

IRF6 as a Transcription Factor
Perhaps the greatest conundrum regarding IRF6 is our inability to consistently detect IRF6 in
the nucleus. IRF6 contains a stereotypical IRF DNA binding domain which consists of a helix-
turn-helix or “winged-helix” motif centered around a highly conserved spatial repeat of five
tryptophan residues.1 This winged-helix domain recognizes the consensus DNA sequence
5′-A/GNGAAANNGAAACT-3′, termed the Interferon Stimulated Response Element (ISRE).
26 Crystal structure analysis of the IRF-DNA interaction has shown that the repeating sequence
GAAA of the ISRE is the primary site of interaction, and that the IRFs typically must form
dimers in order to properly bind DNA.27 With no known target genes, the current lack of
evidence for nuclear IRF6 suggests that IRF6 may not function as a transcription factor.
However, support for an IRF6-DNA interaction originates from the fact that mutations in the
Irf6 gene affecting amino acids that are predicted to interact with DNA tend to result in a more
severe phenotype associated with PPS, compared to VWS.28

Because we do not yet understand the full scope of IRF6 function, it is possible that our inability
to identify nuclear IRF6 reflects our limited understanding of IRF6 activation. The focus of
IRF6 research to date has emphasized its role in the development of specific epidermal derived
tissues. However, very little is known about how IRF6 might respond to the canonical signaling
of Toll-like receptors (TLR) following antigen presentation, which is the primary means of
IRF activation.29 Thought initially to solely regulate immune cell differentiation and function,
TLR signaling pathways, commonly through TLR3 and TLR4, have been identified as crucial
for proper maintenance and function of a host of epithelial cell types including gut, airway,
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kidney epithelium and epidermal keratinocytes.30-33 Although there is currently little
information available with respect to TLR expression or function in human mammary epithelial
cells, recent findings have demonstrated a role for TLR function in regulating cell cycle
progression and it is possible that TLRs may function similarly in mammary epithelial cells.
It is well established that type I interferons (IFNα and IFNβ) can exert a direct antiproliferative
effect through control of the expression of cell cycle protagonists, such as c-myc, and
antagonists, such as the CDK inhibitor p27.34, 35 Work by Hasan and colleagues has suggested
that signaling through TLR3 and TLR4 following stimulation with their respective ligands
polyI:C (a synthetic double stranded RNA) and lipopolysaccharide (LPS) can induce entry into
the cell cycle, but only in the absence of type I IFN signaling, which is also regulated through
TLR signaling pathways.36, 37 Because IRFs are known regulators of type I IFN, it is possible
that IRF6 functions through canonical TLR-IRF signaling pathways to induce type I IFN as a
means of promoting quiescence and differentiation. To examine this, we tested whether TLR3
mRNA is expressed in MCF-10A cells and if TLR3 activation by polyI:C induces changes to
IRF6 expression, phosphorylation, or localization. We show that TLR3 mRNA is expressed
in MCF-10A cells and that TLR3 mRNA levels increase in quiescent cells versus proliferating
cells (Fig. 2a). Treatment with polyI:C resulted in an increase in TLR3 mRNA, demonstrating
a positive feedback mechanism regulating TLR3 expression in these cells. Importantly,
treatment with polyI:C also induced the translocation of a small fraction of the total IRF6 to
the nucleus (Fig. 2b). Notably, the predominant IRF6 isoform observed in the nucleus is the
phosphorylated form, although the non-phosphorylated form is also present. Changes in
cytoplasmic IRF6 phosphorylation can also be observed. Hence, signaling through TLR3 can
induce IRF6 translocation to the nucleus, where IRF6 may act to promote quiescence and
differentiation, perhaps through the regulation of type I IFN or IFN-associated genes. Once in
the nucleus, phosphorylated IRF6 would be targeted for ubiquitination and subsequent
proteasomal degradation. Such a scenario portrays the regulation of IRF6 through canonical
IRF signaling pathways as a means of regulating cellular growth and differentiation.

Another possible link exists between IRF6, TLR signaling and cell cycle regulation. As
mentioned previously, IKKα is a critical regulator of keratinocyte differentiation. As a catalytic
subunit of the IKK complex, IKKα activation is an important step in TLR-mediated NF-κB
activation. It has been reported that IKKα can reduce overall p27 levels independent of IFN
signaling and the TLR-NF-κB signaling pathway may represent an additional TLR-mediated
pathway involved in regulating cell cycle entry and exit.37 Therefore, because IKKα is a known
regulator of 14-3-3σ, it is possible that IRF6, 14-3-3σ, and IKKα function through similar
pathways, perhaps in coordination with TLR3 signaling, to regulate specific cell cycle events
that are necessary for exit from the cell cycle and entry into the G(0) differentiation phase.

IRF6 and Maspin
Our identification of the protein interaction between IRF6 and maspin may be critical to our
understanding and the eventual elucidation of IRF6 function. Maspin was first reported in 1994
as a serpin with tumor suppressive properties. Maspin was initially isolated through subtractive
hybridization and differential display analysis as a 42kDa protein that is expressed in normal
mammary epithelial cells but reduced or absent in breast carcinomas.2 Further research led to
maspin’s characterization as a class II tumor suppressor based on its ability to inhibit cell
invasion, promote apoptosis and inhibit angiogenesis.38-40 Recent insight into maspin
function has been gained through microarray analysis of breast cancer cells following the re-
expression of maspin, which revealed several distinct protein networks which are altered
following the ectopic re-expression of maspin in metastatic breast cancer cells.41 Additionally,
phenotypic changes characterized by a reversion from a fibroblast-like phenotype
(characteristic of an epithelial-to-mesenchymal transformation) back to a more epithelial-like
phenotype, concomitant with changes in cytoskeletal organization, were also observed.42,
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43 In addition, many of the highly induced genes identified by microarray can be linked to
pathways involved in response to cellular stress or injury. Cumulatively, these data suggest an
important role for maspin in mediating the cellular stress response by regulating aspects of cell
growth and differentiation. In support of this, maspin re-expression results in the up-regulation
of multiple genes directly associated with cellular proliferation and the cell cycle, including
the cyclin-dependent kinase inhibitors p18 and CDKN3, the E2F transcription factor 1 (E2F1)
and BRCA1b, which has been shown to associate with E2F transcription factors in vitro.41,
44

Interestingly, one of the most highly induced genes following maspin re-expression in MDA-
MB-231 breast cancer cells is Brm (Smarca2), a catalytic subunit of the SWI/SNF chromatin
remodeling complex.41 Although SWI/SNF function is most commonly associated with
transcriptional regulation via chromatin remodeling, recent data indicate a clear role for Brm
in regulating certain aspects of the cell cycle, namely entry into the G(0) quiescent state.45,
46 Embryonic fibroblasts from mice lacking a functional Brm gene fail to show proper growth
arrest at confluence and are unable to enter the canonical G(0) state as evidenced by the aberrant
expression of c-myc and several cyclins following serum starvation.46 Intriguingly, Brm
expression in wild-type murine fibroblasts during cellular proliferation mirrors our reported
expression of IRF6 in proliferating MCF-10A mammary epithelial cells in that Brm is highly
expressed in growth arrested cells, but significantly reduced in proliferating cells.47
Furthermore, Brm is only induced upon differentiation of murine embryonic ES and F9 cells,
and Brm expression is generally lost during transformation.47, 48 Because both Brm and IRF6
follow a similar expression pattern during progression through the cell cycle, and both proteins
are thought to be involved in cellular differentiation and are lost during cellular transformation,
there may be an unidentified link between the functions of these two proteins, and it is possible
that maspin may act as the functional link promoting differentiation and inducing quiescence.

IRF6 and Cancer
Because the pathways controlling the decision between cell cycle progression and cell cycle
exit are defective in most human tumors, our ultimate goal is to evaluate the potential role of
IRF6 in the development and progression of breast cancer.49 Several IRF family members
have been reported to possess tumor suppressive functions, in part through the regulation of
growth-suppressive cellular processes such as cell cycle regulation and induction of apoptosis.
50-52 Although aberrant expression and regulation of some IRFs have been studied in the
context of cancer initiation and progression, the clinical relevance of these findings is unclear.
Our studies have demonstrated that IRF6 is differentially expressed in normal versus neoplastic
mammary tissue.1 These studies indicate that IRF6 is significantly reduced at both the mRNA
and protein levels in poorly aggressive human breast cancer cell lines (MCF-7, T47-D) and
completely absent in aggressive and metastatic breast cancer cell lines (MDA-MB-231 and
HS578T). This expression pattern is corroborated in situ as assessed by immunohistochemistry
of patient samples, which demonstrate a reduction in IRF6 immunoreactivity in ductal
carcinoma in situ (DCIS) lesions and a complete loss of IRF6 in invasive ductal carcinoma.
This stepwise decline in IRF6 message and protein levels throughout the initiation of a
neoplastic lesion and progression toward an aggressive, metastatic phenotype has led us to
speculate that the loss of IRF6 is an important step in cancer development, perhaps by allowing
uncontrolled cellular proliferation and dedifferentiation of the neoplastic cell. Thus, it is
possible that the pathway(s) which regulate IRF6 expression may represent pathways which
could be therapeutically targeted to induce cell cycle arrest and promote differentiation, thus
reverting the cell to a less aggressive, quiescent phenotype. Indeed, the ectopic re-expression
of IRF6 (via adenoviral infection) significantly reduced cellular proliferation in both poorly
invasive and highly invasive breast cancer cell lines and this effect was synergistically
augmented in the presence of maspin.4 These data highlight a potentially important means of
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regulating tumor cell growth and support our hypothesis that IRF6 is a key regulator of
mammary epithelial cell differentiation which functions by promoting quiescence through
entry into the G(0) phase of the cell cycle.

Perspective
IRF6 is a unique member of the IRF transcription factor family. To date, its expression has
only been reported in epithelial-derived tissues such as keratinocytes, the medial edge
epithelium of the fusing palate, and mammary and prostate epithelial cells. IRF6 appears to be
involved in the regulation of the cell cycle, specifically by promoting entry into the G(0) state
(illustrated in Fig. 3). Because of its putative role in quiescence and differentiation, pathways
which regulate IRF6 expression and function may represent valid therapeutic and/or diagnostic
targets for breast cancer.
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Figure 1. IRF6 phosphorylation is unaffected by the cdk inhibitor flavopiridol
MCF-10A mammary epithelial cells were serum starved for 48 hours. Serum-starved cells were
pre-treated with flavopiridol for one hour at a 400 nanomolar concentration prior to the addition
of serum. Cells were harvested at 15 and 30 minutes following serum addition according to
standard techniques.4 Phosphorylated and non-phosphorylated forms of IRF6 are demarcated
by the arrows. Maspin levels were unchanged and used as a loading control.
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Figure 2. IRF6 responds to treatment with the TLR3 agonist polyI:C
A) TLR3 mRNA is detectable by RT-PCR in MCF-10A cells whereas TLR4 mRNA was
undetectable. Expression of TLR3 mRNA was reduced in log-phase proliferating cells
(growth) and increased in confluent cells. Treatment of MCF-10A cells with the TLR3 agonist
polyI:C (a synthetic double-stranded RNA construct) induced an increase in TLR3 mRNA
whereas lipopolysaccharide (LPS), an agonist for TLR4, did not affect TLR3 mRNA
expression. B) Western blot analysis of MCF-10A cytosolic and nuclear fractions following
treatment with polyI:C. IRF6 is maximally expressed in the nuclear fraction 30 minutes after
polyI:C treatment. Keratin 18 was used as a cytosolic marker and Lamin b1 was used as a
nuclear marker. Fractionation was performed as previously described.1
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Figure 3. A model illustrating the involvement of IRF6 in promoting quiescence and differentiation
by instigating entry into the G(0) phase of cellular quiescence
Increasing IRF6 levels promote exit from the cell cycle. As cells proliferate, IRF6 is
ubiquitinated and targeted for proteasomal degradation.
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