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“FEM1”nism controls SLBP stability during cell cycle
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The sex-determining protein FEM1, which contains a VHL-
box, B/C-box, cullin 2-box, and several ANK repeat domains,
belongs to the substrate-recognizing adaptor proteins of Cullin
2/Rbx1/Elongin B/C E3 ligases (also known as Cullin-RING
ligase 2, CRL2). In C. elegans, FEM1, together with 2 cofactors,
FEM2 and FEM3, promotes the poly-ubiquitination and subse-
quent degradation of the Gli-family transcription factor sex-
determining transformer protein 1 (TRA-1) to control the
development of male phenotype.1 Notably, 3 distinct FEM1 iso-
forms (FEM1A, 1B, and 1C) are encoded in H. sapiens genome
with multiple biologic functions, including anti-inflammation,
apoptosis, insulin secretion, as well as being implicated in the
pathogenesis of the polycystic ovary syndrome (PCOS). How-
ever, besides Gli1, the mammalian homolog of TRA-1,2 the
downstream ubiquitin substrates of FEM1 in mammals remain
largely unknown, which prevents our full understanding of the
molecular mechanism through which FEM1 exerts its biologic
functions in numerous important processes such as sex deter-
mination in mammals. To this end, in this volume of Cell Cycle,
an elegant study from the Pagano group identified the stem-
loop-binding protein (SLBP) as a bona fide ubiquitin substrate
for the CRL2FEM1 E3 ligase complex. This important study has
shed light into our fundamental understanding of the biologic
features of FEM1 and its possible connection to various human
diseases, including PCOS.

SLBP is a well-characterized master regulator of histone
mRNA. Due to lack of introns and the polyadenylated tail, the
stem-loop structure at the 30 end of histone pre-mRNAs (H1,
H2A, H2B, H3, and H4) is critical for the histone pre-mRNAs
processing by endonucleolytic cleavage and controls the trans-
port, translation and stability of histone mRNAs. Functionally,
SLBP binds the stem-loop structure of histone pre-mRNAs to
regulate their processing, translation, and stability in a highly
regulated manner.3 SLBP is predominantly retained in the
nucleus during the G1 and G2 phases of the cell cycle, while
during S phase it localizes in the cytoplasm, exerting its pivotal
role in regulating virtually every aspects of histone mRNA
processing. In keeping with this key biological function, cells in

S phase witness the highest levels of SLBP protein, accompa-
nied by high levels of histone mRNA and DNA replication. At
the end of S phase, SLBP is phosphorylated at Thr-61 and Thr-
62 by CK2 and cyclin A2-CDK1,4,5 respectively, facilitating its
degradation by SCFCyclin F in the following G2 phase, which is
largely dependent on an atypical RxL motif present in SLBP.6

Interestingly, there is evidence that SLBP may also be degraded
during the G1 phase when Cyclin F is not abundantly
expressed. However, the E3 ligase responsible for its decay in
G1 phase remained elusive until this report.7

In a recent paper published in Cell Cycle, Dankert and col-
leagues report that SLBP is degraded by CRL2FEM1A/B/C during
the G1 phase,7 in addition to its controlled degradation by
SCFCyclin F in G2 phase.6 Through a series of rigorous mutagen-
esis analysis, the authors identified that FEM1A, FEM1B, and
FEM1C bound to distinct motifs within the N-terminus of
SLBP. As a result, depletion of individual FEM1A, FEM1B, or
FEM1C led a modest effect, while depleting all 3 FEM1 iso-
forms led to a more dramatic accumulation, of SLBP protein
abundance during the G1 phase with minimal effects to SLBP
abundance during the G2 phase, where SCFCyclin F is largely
controls its stability. Furthermore, mutating all degron motifs
responsible for SLBP binding with both FEM1 and Cyclin F
resulted in a non-degradable version of SLBP across the whole
cell cycle.

Hence, these elegant studies from the Pagano group together
revealed a synergy between CRL2FEM1A/B/C and SCFCyclin F to
orchestrate the timely degradation of SLBP during the G1 and
G2 phases,6,7 respectively, thereby synchronizing histone and
nucleosome metabolism with cell cycle progression (Fig. 1).
This finding advocates for a tight and interwoven network of
regulatory mechanisms typically involving the synergistic
action from multiple E3 ligases acting during different cell cycle
phases to regulate cell cycle-dependent oscillations of key pro-
teins controlling DNA replication, protein synthesis, and other
cellular processes. In keeping with this notion, recent reports
have revealed that the RING type of E3 ubiquitin ligase such as
Skp1-cullin 1-F-box protein complex (SCF) and anaphase
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promoting complex/cyclosome complex (APC/C) E3 ligases
coordinately promote the degradation of several cellular factors
in a cell cycle-dependent manner (Fig. 1).

Interestingly, given that Cyclin F is not conserved in meta-
zoans and absent in lower eukaryotes, including C. elegans and
D. melanogaster, it appears that FEM1 family of proteins, which
are conserved in metazoans and lower eukaryotes, might serve
as the ancient regulators for SLBP to impact histone metabo-
lism during the cell cycle. This is possibly in part due to the fact
that in vertebrates but not invertebrates, in addition to regulat-
ing canonical histone mRNAs, SLBP also binds the stem loop
of H2AFX mRNAs (encoding H2A.X) and promotes their
translation during S phase. Hence, to avoid SLBP-mediated
synthesis of H2A.X outside of S phase, vertebrates evolved
Cyclin F to promote SLBP degradation during the G2 phase. In
this regard, Cyclin F-mediated proteolytic regulation of SLBP
may be a relatively late, evolutionarily acquired event. Indeed, a
stable SLBP mutant that is insensitive to Cyclin F-mediated
degradation led to constant translation of H2A.X throughout
the cell cycle, subsequently conferring increased cellular sensi-
tivity to apoptosis upon DNA damage.6 However, it warrants

further in-depth studies including generation of conditional
knockout (KO) and knockin (KI) mice to explore to what
extent the aberrancy in histone processing due to elevated
SLBP protein abundance contributes to human pathological
conditions such as sex determining or polycystic ovary defects
associated with FEM1 deficiency.
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Figure 1. SLBP protein stability is strictly regulated by CRL2FEM1A/B/C in G1 and by
SCFCyclin F in G2 phase, respectively. Of note, the stability of many key cellular regu-
lators, including Set8, p21, Cdt1, Cdc25, Claspin and USP37, are also governed by
distinct E3 ligases, such as SCF and APC/C, in different cell cycle phases to orches-
trate proper cell replication and division events.
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