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FEM1 proteins are ancient regulators of SLBP degradation
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ABSTRACT
FEM1A, FEM1B, and FEM1C are evolutionarily-conserved VHL-box proteins, the substrate recognition
subunits of CUL2-RING E3 ubiquitin ligase complexes. Here, we report that FEM1 proteins are ancient
regulators of Stem-Loop Binding Protein (SLBP), a conserved protein that interacts with the stem loop
structure located in the 30 end of canonical histone mRNAs and functions in mRNA cleavage, translation
and degradation. SLBP levels are highest during S-phase coinciding with histone synthesis. The ubiquitin
ligase complex SCFcyclin F targets SLBP for degradation in G2 phase; however, the regulation of SLBP
during other stages of the cell cycle is poorly understood. We provide evidence that FEM1A, FEM1B, and
FEM1C interact with and mediate the degradation of SLBP. Cyclin F, FEM1A, FEM1B and FEM1C all interact
with a region in SLBP’s N-terminus using distinct degrons. An SLBP mutant that is unable to interact with
all 4 ligases is expressed at higher levels than wild type SLBP and does not oscillate during the cell cycle.
We demonstrate that orthologues of SLBP and FEM1 proteins interact in C. elegans and D. melanogaster,
suggesting that the pathway is evolutionarily conserved. Furthermore, we show that FEM1 depletion in C.
elegans results in the upregulation of SLBP ortholog CDL-1 in oocytes. Notably, cyclin F is absent in flies
and worms, suggesting that FEM1 proteins play an important role in SLBP targeting in lower eukaryotes.
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Introduction

Cullin-RING ligases (CRLs) are a superfamily of multisubunit
ligases that mediate the degradation of a large number of sub-
strates, thereby regulating numerous cellular processes.1 CRLs
share a core structure based upon an elongated Cullin protein
that acts as a molecular scaffold. In mammals, there are 8 Cullin
proteins (CUL1, CUL2, CUL3, CUL4A, CUL4B, CUL5, CUL7
and CUL9), each interacting with a distinct family of substrate-
receptor proteins to recruit different targets for ubiquitination. In
the case of CRL2 and CRL5 complexes, the N-terminus of
CUL2 and CUL5 interact with the heterodimeric Elongin B/
Elongin C complex, which functions as an adaptor that recruits
a substrate receptor belonging either to the class of VHL-box
proteins (of which there are »20 in humans) or the related
SOCS-box proteins (of which there are »30).1 VHL-box and
SOCs-box proteins are classified based on their specificity for
CUL2 or CUL5 complexes, respectively.2 Substrate receptor pro-
teins typically interact with their cognate substrates via short,
specific motifs known as degrons (for degradation motif).3

Mammalian FEM1A, FEM1B, FEM1C are highly conserved
VHL-box proteins encoded by distinct genes that have
orthologues in metazoans. In C. elegans, FEM1 mediates the
degradation of transcriptional repressor TRA-1 to allow tran-
scriptional de-repression of genes required for male sex
differentiation4 thus controlling male sex differentation.5 In H.
sapiens, FEM1B targets the TRA-1 homolog, Gli1, for

degradation by the proteasome,6 indicating that this interaction
is conserved. In mouse, FEM1B has been shown to target
Ankrd37 for proteasome-mediated degradation.7 As yet, there
are no reported substrates for FEM1A or FEM1C.

SLBP (stem-loop binding protein) is involved in the process-
ing, translation and degradation of replication-dependent histone
mRNAs (H1, H2A, H2B, H3, H4) (reviewed in8) as well as
H2AFX mRNA.9,10 SLBP binds to the conserved 25–26 bp
nucleotide sequence that includes the stem-loop structure found
at the 30 end of histone mRNAs. SLBP mediates the co-tran-
scriptional processing of histone mRNAs together with cleavage
factors (which include ZFP100, Symplekin, CPSF100, CPSF73,
and the U7 small nuclear ribonucleoprotein)11-13; histone mRNA
translation in concert with translation factors (which include
SLIP1, CBP80/20-dependent translation initiation factor (CTIF),
and CBP80)14-16; and histone mRNA decay with mRNA degra-
dation proteins (UPF1, PNRC2 and SMG5).15-18

SLBP protein levels correlate with histone mRNA levels and
are highest during DNA replication (since histones are required
to package newly replicated DNA).19 Degradation of SLBP at
the end of S-phase depends on phosphorylation of Thr61 by
casein kinase II and Thr62 by CDK1-cyclin A.19,20 SLBP degra-
dation in G2 phase is mediated by SCFcyclinF. SLBP interacts
with cyclin F using an atypical RxL motif (RxL97/99), and
mutation of this motif (RxL97/99AA) prevents SLBP degrada-
tion in G2, which results in increased levels of histone variant
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H2AX.10 SLBP is also regulated by proteasome-mediated degra-
dation in G1 phase.21 Notably, cyclin F is not expressed in G1,
indicating that another E3 ligase must act in G1 phase. In addi-
tion to ubiquitin ligases targeting SLBP for degradation,
CRL4WDR23 has been shown to monoubiquitinate SLBP, a
process that is required for efficient histone mRNA 30 end
processing and for sufficient histone supply during DNA
replication.22,23

Here, we report that FEM1A, FEM1B, and FEM1C interact
with and mediate the downregulation of SLBP in human cells.
C. elegans FEM-1 mediates the downregulation of the SLBP
ortholog CDL1 in oocytes, indicating that the pathway is con-
served in lower eukaryotes. The characterization of this molec-
ular interaction is described herein.

Results

SLBP interacts with FEM1A, FEM1B, and FEM1C in human
cells

We previously demonstrated that SCFcyclin F mediates the deg-
radation of SLBP during G2 phase of the cell cycle.10 During
this study, we noticed that SLBP underwent cyclin-F indepen-
dent oscillations during the cell cycle, suggesting that alterna-
tive mechanism(s) regulate its levels. To determine the timing
of oscillations more precisely, cells expressing a cyclin F-
insensitive, G2-stable SLBP(RxL97/99AA) (known from here
on as SLBP(Fdegron)) mutant were synchronized using double
thymidine method. Whereas, as expected, cyclin-F insensitive
SLBP was stabilized during G2 phase (at 9 and 12 hrs following
double thymidine release), its levels began to disappear at
15 hours following release, as cells exited mitosis, as judged by
decreasing levels of phosphohistone H3 levels (Ser10) (Supple-
mentary Figure 1A). Thus, we hypothesized that SLBP(Fde-
gron) may be targeted for degradation by a distinct ubiquitin
ligase(s) outside of G2 phase.

To identify the ubiquitin ligase(s) targeting SLBP for degra-
dation, FLAG-STREP SLBP was transfected into 293T cells.
Samples were subjected to tandem-affinity purification and
analyzed by nanoflow LC-MS, as described.10 In addition to
cyclin F and known SLBP interactors (i.e. EIF4G1, UPF1,
TUT7, CBP80 and SLIP1),10 peptides belonging to FEM1A,
FEM1C and CUL2 (but not FEM1B) were identified in the
immunoprecipitates (data not shown). FEM1A, FEM1B, and
FEM1C are VHL proteins that are highly related to each other,
each containing multiple ankyrin repeats, as well as a C-termi-
nal BC-box and CUL2 box24 (Fig. S1B,C).

To establish the significance of the interaction between
FEM1 proteins and SLBP, we sought to identify the minimal
binding regions in SLBP required for their interaction(s).
SLBP’s domain structure includes 2 nuclear localization
sequences and a translational activation domain (TAD) in its
N-terminus and an RNA-binding domain in the middle of the
protein (Fig. 1A). We transfected a series of SLBP deletion
mutants into 293T cells and found that FEM1A, FEM1B, and
FEM1C each interacted more strongly with the first 99 amino
acids of SLBP (Fig. 1B), suggesting that all 3 FEM1 proteins
interact with these first 99 amino acids of SLBP and that a
region in SLBP downstream of amino acid 99 inhibits SLBP’s

interaction with FEM1 proteins. To further define the binding
region(s) on SLBP, we systematically mutated SLBP(1–99) and
analyzed the binding between SLBP point mutants and individ-
ual FEM1 proteins. We found that FEM1A was unable to pre-
cipitate with SLBP(1–99) when amino acids MARY92–95 were
mutated to AAAF (Fig. 1C). Intriguingly, this mutant (which
we will refer to as SLBP[1–99,Adegron]) retained its interaction
with FEM1B, FEM1C, and CUL2, suggesting that the different
FEM1 proteins utilize distinct binding motifs on SLBP. We
found that mutating any group of 4 amino acids between aa 84
and 90 to alanine in SLBP[1–99,Adegron] abolished the bind-
ing with FEM1C (Fig. 1D) (creating SLBP[1–99,Adegron,Cde-
gron]. Finally, using alanine scanning we found that mutation
of CSDW72–75AAAA or SV77/79AA of SLBP[1–99,Adegron,
Cdegron] abrogated its interaction with FEM1B (Fig. 1E), indi-
cating that FEM1B needs amino acid 72–79 for its binding to
SLBP. SLBP was no longer able to interact with CUL2 when its
interactions with FEM1A, FEM1B, and FEM1C were abolished.
Importantly, the region in SLBP that interacts with FEM1B (i.
e., amino acids 72–79) overlaps with the translation activation
motif in SLBP (which is located between amino acids 68 and
81) (Fig. 1A). We concluded from these results that FEM1A,
FEM1B, and FEM1C interact with SLBP, using distinct binding
motifs within the N-terminus of SLBP (i.e., FEM1A binds to
MARY92–95, FEM1C binds to MRTR84–87, and FEM1B binds
to SV77/79) (Fig. 1A).

We generated these mutants in the context of the full-length
SLBP, referring to the individual mutants as SLBP(Adegron),
SLBP(Bdegron), SLBP(Cdegron), and the combination of
mutants as FLAG-SLBP(ABCdegron). To examine whether
these mutants retain their ability to interact with known SLBP
interacting partners, we performed immunoprecipitation
experiments (Fig. 1F). We found that FLAG-SLBP(ABCdegron)
(as well as individual FEM1-binding mutants of SLBP) retained
their interactions with CBP80, UPF1, cyclin F (although at
reduced levels likely due to the proximity of FEM1A’s degron to
cyclin F’s degron), and cyclin A2. However, mutation of the
FEM1B motif in SLBP (which overlaps with the translational
activation domain in SLBP) abolished the interaction with
CTIF, a cofactor required for histone mRNA translation. There-
fore, we were unable to generate a functional (translation-com-
petent) SLBPmutant unable to interact with FEM1 proteins.

FEM1A, FEM1B, and FEM1C independently mediate the
downregulation of SLBP in human cells

To examine whether the FEM1 proteins mediate the downregu-
lation of SLBP in human cells, we simultaneously silenced
FEM1A, FEM1B, and FEM1C in HeLa cells by siRNA and syn-
chronized cells using double thymidine method (Fig. 2A). The
extent of mRNA knockdown was quantified using quantitative
PCR (Fig. 2A). Cyclin F and phosphohistone H3 (Ser10) levels
were used as synchronization markers for G2 and mitosis,
respectively. The degradation of SLBP in G2 phase (which is
mediated by cyclin F) was unaffected by FEM1A/FEM1B/
FEM1C depletion (see the downregulation of SLBP at 12 hours
after release). However, increased levels of SLBP following
mitosis were observed between 16 and 20 hrs after release from
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double thymidine arrest, coinciding with loss of phosphohi-
stone H3 (Ser10) levels (i.e., G1 phase).

To determine the individual contribution of each FEM1 pro-
tein to downregulation of SLBP, we silenced each FEM1 protein
independently. HeLa cells were transfected with siRNA oligos
against FEM1A, FEM1B, or FEM1C and synchronized by dou-
ble-thymidine block method (Fig. 2B-D). Depletion of FEM1A,
FEM1B, or FEM1C individually led to increased levels of SLBP
at 18–20 hours after release from thymidine, although the effect
was not as pronounced when all 3 FEM1 proteins were
depleted. The depletion of FEM1A caused a slight delay in
cell cycle progression, as observed by immunoblotting

phosphohistone H3 (Ser10) (Fig. 2B). Overall, these results
indicate that individual FEM1 proteins are able to mediate the
downregulation of SLBP.

The interaction between SLBP and FEM1A, FEM1B, and
FEM1C is required for SLBP degradation

We next assessed whether the downregulation of SLBP
depends on its interaction(s) with FEM1 proteins by analyz-
ing the levels of SLBP mutants unable to bind to individual
FEM1 proteins (see Fig. 1). HeLa cells stably expressing
FLAG-SLBP, FLAG-SLBP(Adegron), FLAG-SLBP(Bdegron),

Figure 1. Unique binding motifs in the N-terminus of SLBP interact with FEM1A, FEM1B, and FEM1C. (A) Diagram representing the domain structure of SLBP. The amino
acid sequence and substrate receptor binding motifs representing the “degron hotspot” are shown. TAD, translational activation domain; NLS, nuclear localization
sequence; RBD, RNA binding domain. (B) FEM1A, FEM1B, and FEM1C interact with amino acids 1–99 of SLBP. C-E Mapping the FEM1A, FEM1B and FEM1C binding regions
in SLBP. HEK293T cells were transfected with either empty vector (EV) or FS-tagged SLBP constructs. MLN4924 was added to the cells for 4 hours before collection. Cell
lysates were affinity precipitated with anti-STREP resin, and affinity precipitations were probed with the indicated antibodies. (F) The ligase-deficient SLBP(ABCdegron)
mutant is unable to bind to CTIF. HEK293T cells were transfected with FLAG-tagged SLBP constructs. Cell lysates were supplemented with SUPERase-InTM RNase Inhibitor
and immunoprecipitated with anti-FLAG resin. The immunoprecipitations were probed with the indicated antibodies.
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or FLAG-SLBP(Cdegron) were synchronized at G1/S with
double-thymidine block (Fig. 3A). We found that each of
these mutants were expressed at higher levels than FLAG-
SLBP at 14–20 hours after thymidine release, coinciding
with G1 phase, indicating that each FEM1 protein contrib-
utes to the degradation of SLBP. To generate a mutant
unable to bind FEM1A, FEM1B, FEM1C, or cyclin F, we
mutated all 4 ligase degrons in concert [to create SLBP
(ABCdegron/Fdegron)]. We stably expressed FLAG-SLBP,

FLAG-SLBP(Fdegron), or FLAG-SLBP(ABCdegron/Fdegron)
in HeLa cells and synchronized them with double-thymi-
dine block. FLAG-SLBP(ABCdegron/Fdegron) was present
at higher levels than FLAG-SLBP or FLAG-SLBP(Fdegron)
and did not oscillate during the cell cycle (Fig. 3B). The
low levels of exogenous SLBP at the G1/S transition (i.e.,
time 0) likely reflects low rates of transcription from the
retroviral promoter, as previously reported in.10 Thus, the
downregulation of SLBP depends on its interaction with

Figure 2. SLBP levels increase after depletion of FEM1A, FEM1B, or FEM1C. (A) Depletion of FEM1A, FEM1B, and FEM1C results in increased levels of SLBP in G1 phase.
HeLa cells were synchronized at G1/S by double-thymidine block before trypsinization and release into fresh media. Cells were transfected with FEM1A, FEM1B, and
FEM1C siRNA 48 hours before the first timepoint. Right: OligodT primed cDNAs corresponding to the immunoblot samples were analyzed by qPCR for FEM1A, FEM1B, and
FEM1C mRNA. The data are presented as mean § SD of one representative experiment. (B-D) Depletion of individual FEM1 proteins results in increased levels of SLBP in
G1 phase. HeLa cells were synchronized at G1/S by double-thymidine block before trypsinization and release into fresh media. Cells were transfected with respective siR-
NAs 48 hours before the first timepoint. Samples were collected at the listed time points, and immunoblotted as indicated. �Asterisks denote non-specific bands.
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FEM1A, FEM1B, and FEM1C, suggesting that FEM1 pro-
teins target SLBP for proteasome-mediated degradation.

The interaction between SLBP and FEM1 is conserved
through evolution

Homologs of SLBP and FEM1 proteins are conserved in other
metazoans. The D. melanogaster genome contains dFEM1A
and dFEM1B genes, but no dFEM1C gene, whereas C. elegans
only have a single FEM1 gene. We sought to understand
whether the interaction between FEM1 and SLBP is conserved
in these model systems. First, we explored the interaction
between these proteins in D. melanogaster by co-expressing
FLAG-dFEM1A or FLAG-dFEM1B with HA-dSLBP in
HEK293T. HA-dSLBP was able to co-precipitate with both
FLAG-dFEM1A and FLAG-dFEM1B (Fig. 4A). Interestingly,
in contrast to human cells, in which CUL2 interacted with
FEM1A, FEM1B, and FEM1C, endogenous CUL2 only immu-
noprecipitated with dFEM1A, whereas CUL5 coprecipitated
with both FLAG-dFEM1A and FLAG-dFEM1B. It therefore
appears that dFEM1B forms a CUL5 complex, while FEM1A is
able to form both CUL2 and CUL5 complexes.

Next, we tested whether C. elegans FEM-1 interacts with the
CDL-1, the nematode ortholog of SLBP. We co-expressed HA-
tagged CDL-1 and FLAG-tagged FEM1 in 293T cells. Expres-
sion of FLAG-tagged FEM-1 resulted in the downregulation of
HA-CDL-1, a state that was reversed by the addition of protea-
some inhibitor MG-132. FLAG-tagged FEM-1 was able to
coprecipitate CDL-1, demonstrating that the interaction is con-
served in C. elegans (Fig. 4B). Furthermore, MG-132 addition
resulted in increased binding between HA-CDL-1 and FLAG-

FEM-1, supporting our hypothesis that FEM-1 mediates the
proteasome-mediated degradation of CDL-1.

To determine if C. elegans FEM-1 is able to negatively regu-
late CDL-1 levels, we used RNAi to deplete fem-1 and assessed
the effect on a cdl-1 transgene expressed in the germline. An N-
terminal GFP::CDL-1 translational fusion was expressed as a
transgene under the control of the germline-specific pie-1 pro-
moter. In the germline, GFP::CDL-1 accumulates in oocyte
nuclei, with oocytes closest to the fertilization chamber contain-
ing the highest protein levels (Fig. 4C). RNAi depletion of fem-1
significantly increased level of GFP::CDL-1 in oocytes, with a
greater than 3-fold increase in levels (Fig. 4C, D). This indicates
that C. elegans FEM-1 can negatively regulate CDL-1 levels.

Discussion

It has been known for over a decade that SLBP levels are subject
to intricate regulation by the ubiquitin proteasome system,19,25

however the mechanisms involved have remained unknown.
Recently, we demonstrated that SCFcyclin F recognizes an RXL
motif in SLBP’s N-terminus (RL97/99AA) and mediates the
polyubiquitination and degradation of SLBP in the G2 phase of
the cell division cycle. Expression of a G2-stable SLBP (unable
to bind cyclin F) results in increased H2AX levels in G2, which
ultimately renders cells susceptible to DNA damage-induced
apoptosis.10 In addition to polyubiquitination and degradation
in G2 phase by SCFcyclin F, SLBP is monoubiquitinated on
Lys156 (in the stem-loop binding region) by CRL4WDR23, which
enables the efficient processing of canonical histone
mRNA.22,23 Notably, the monoubiquitination of WDR23 does
not result in SLBP degradation. The present study demon-
strates that the VHL-box proteins FEM1A, FEM1B, and

Figure 3. The interaction between SLBP and FEM1A, FEM1B, and FEM1C is required for SLBP degradation. (A) FLAG-SLBP(Bdegron), FLAG-SLBP(Cdegron), and FLAG-SLBP
(Adegron) are each expressed at higher levels than FLAG-SLBP. HeLa cells infected with retroviruses expressing FLAG-tagged SLBP or FLAG-tagged SLBP mutants were
synchronized at G1/(S)by double-thymidine block before trypsinization and release into fresh medium. Cells were collected at the indicated times, lysed, and immunoblot-
ted. �Asterisk denote non-specific bands. (B) FLAG-SLBP(ABCdegron/Fdegron) is expressed at higher levels than FLAG-SLBP and FLAG-SLBP(Fdegron) and does not oscil-
late during the cell cycle. HeLa cells infected with retroviruses expressing FLAG-tagged SLBP, FLAG-tagged SLBP(Fdegron), or FLAG-SLBP(ABCdegron/Fdegron) were
synchronized at the G1/(S)transition by double-thymidine block before trypsinization and release into fresh medium. Cells were collected at the indicated times, lysed,
and immunoblotted.
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FEM1C interact with and mediate the degradation of mamma-
lian SLBP to keep SLBP levels in normal range.

Intriguingly, FEM1A, FEM1B, and FEM1C each utilize dis-
tinct (though proximal) degrons in SLBP’s N-terminus. Each
individual FEM1 protein is able to mediate the downregulation
of SLBP. It is therefore possible that individual FEM1 ligases

are responsible for the degradation of distinct pools of SLBP,
perhaps in different subcellular locations. In fact, SLBP shuttles
between the nucleus and cytoplasm using 2 bona-fide nuclear
localization signals in the N-terminus26 (Fig. 1A).

We were unable to generate a functionally-active, non-
degradable mutant of SLBP because mutation of the FEM1B

Figure 4. The FEM1-SLBP degradation pathway is conserved in metazoans. (A) FLAG-dFEM1A and FLAG-dFEM1B interact with HA-dSLBP. HEK293T cells were co-trans-
fected with empty vector (EV), FLAG-tagged dFEM1A, or FLAG-tagged dFEM1B, and HA-tagged dSLBP. MLN4924 was added to the cells for 4 hours before collection. Cell
lysates were immunoprecipitated with anti-FLAG resin, and immunoprecipitations were probed with the indicated antibodies. (B) FLAG-FEM1 interacts with HA-CDL-1.
HEK293T cells were co-transfected with empty vector (EV) or FLAG-tagged FEM1. Where indicated, MG-132 was added to the cells for 4 hours before collection. Cell
lysates were immunoprecipitated with anti-FLAG resin, and immunoprecipitations were probed with the indicated antibodies. (C) RNAi depletion of FEM-1 in C. elegans
results in increased CDL-1 levels in oocytes. Representative epifluorescence images of GFP::CDL-1 expressed in the oocytes of hermaphrodite adults treated with fem-1
RNAi or control RNAi. The scale bar represents 10 uM. D. Graph showing the increase in GFP::CDL-1 levels in C. elegans oocytes after fem-1 RNAi treatment. The levels
were normalized to the control RNAi signal in the oocyte at -1 position, which was set to 100. The graph represents mean § SEM.
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binding site in SLBP also disrupts CTIF binding. CTIF and
CBP80 are the principal proteins required for recruitment
of the mRNA translational machinery.15 Therefore, we were
unable to assess the consequences of failure to degrade
SLBP on histone metabolism in mammalian cells. Further-
more, we were unable to assess the impact of stabilization
of SLBP on the development of C. elegans or D.
melanogaster.

Our results shed light on how different organisms regulate SLBP
levels.D.melanogaster SLBP is not degraded in G2 phase, however,
it is downregulated in G1, as cells exit the cell cycle.27 Furthermore,
depletion of FEM-1 in C. elegans results in the increased levels of
CDL-1, supporting our hypothesis that the FEM1 proteins also
mediate SLBP degradation in other organisms. Cyclin F is not pres-
ent inD.melanogaster or C. elegans,10 suggesting that FEM1 ligases
may be the sole E3 ligases targeting SLBP in lower eukaryotes.

Redundancy is present in human cells in that an individual E3
ligase may have multiple protein substrates and an individual sub-
strate may be targeted by multiple E3 ligases. SCF ligases mediate
the degradation of several substrates in G2 and M phases that are
targeted by degradation by APC/CCdh1 in G1 phase. For example,
the degradation of Cdc25A, Claspin, and USP37 is mediated by
SCFbTrCP in S and G2 and by APC/CCdh1 in G1.28-34 Similarly,
RRM2 is degraded in G2 via SCFcyclin F and through APC/CCdh1 in
G1.35,36 SLBP is not stabilized when Cdh1 is depleted and does not
bind either Cdh1 or its paralog Cdc20 (our unpublished results).
In contrast, CRL2FEM1A/B/C complexes interact with and mediate
the degradation of SLBP. Thus, CRL2FEM1A/B/C complexes join the
APC/CCdh1 complex in cooperating with SCF complexes to tightly
regulate the levels of specific substrates. Our results indicate that
in human cells, CRL2FEM1A/B/C ligases cooperate with SCFcyclin F to
regulate SLBP levels, thereby synchronizing histone metabolism
with the cell cycle.

Methods

Cell culture procedures

HEK293T, U2OS, T98G, RPE-I, and HeLa cells were propa-
gated in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and Pennicillin/
Streptomycin/L-Glutamine. MLN4924 (Active Biochem) was
used at 2 mM where indicated. T98G cells were synchronized
in G0 by starving them for 72 hours in DMEM supplemented
with 0.01% FBS. HeLa cells were synchronized at G1/S using
the double-thymidine block method. HEK293T cells were
transfected with DNA using polyethylenimine (Polysciences).

Antibodies

The following antibodies were used: SLBP (1:10,000, Bethyl A303–
968A), cyclin F (1:1500, Santa Cruz Biotechnology sc-952), FLAG
(1:7,000 (WB); Sigma-Aldrich F7425), pHH3 (S10) (1:1000, Cell
Signaling 9701S), PCNA (1:5000, Zymed 13–3900), cyclin A2
(1:5000, produced in our laboratory), CTIF (1:500, Sigma-Aldrich
HPA016865), CBP80 (1:1000, Bethyl A301–793A-T), UPF1
(1:10000, Bethyl A301–902A), b-Actin (1:7000, Sigma-Aldrich
A5441), FEM1A (1:1500, Abcam ab92282), FEM1B (1:1500,
Sigma-Aldrich HPA041920), FEM1C (1:1500, Genetex
GTX121493), CUL5 (Bethyl A302–173A), HA.11 (16B12)

(1:5000, Covance MMS-101P), CUL2 (1:10000, Bethyl A302–
475A), pCDC2 (Y15) (1:1000, Cell Signaling 9111S), and p21
(1:1000, BD Transduction Laboratories 610233).

Plasmids and siRNA

The following ON-TARGETplus siRNA oligos from Dharmacon
were used: FEM1A custom siRNA oligo #1 AACGCCUCCA
GAUCUUCCG, FEM1B siRNA oligo #6 GCCUAAUGAUUG
CGGCAUA, FEM1C siRNA oligo #20 CAACACGACUUUAAC
CAAU. An ON-TARGETplus Non-targeting siRNA #1 (GE
Healthcarecat.No.D-001810–01)servedasanegativecontrol.The
siRNA duplexes were transfected into cells using RNAiMax (Invi-
trogen)accordingtothemanufacturer’sinstructions.

SLBP, FEM1A, FEM1B, FEM1C, dSLBP, dFEM1A,
dFEM1B, CDL-1, and C. elegans FEM-1 cDNAs were cloned
into pcDNA3 mammalian expression vector or pBABE mam-
malian retroviral expression vector. Truncation mutants and
phosphosite-mutants were generated by site-directed mutagen-
esis (QuikChange, Agilent Technologies).

Biochemical methods

Cell lysis was performed with lysis buffer (50 mM Tris, at pH
8.0, 150 mM NaCl, glycerol 10%, 1mM EDTA, 50 mM NaF,
and NP-40 0.5%) supplemented with protease and phosphatase
inhibitors. SUPERase-InTM RNase Inhibitor (Thermo Fisher
Scientific) was used at 1U/mL where indicated. Lysates were
immunoprecipitated with either Strep-Tactin (IBA) Superflow
resin or anti-FLAG M2 affinity agarose gel (Sigma). Elution of
the immunoprecipitate was performed with either D-Desthio-
biotin (IBA) or FLAG peptide for the Strep-Tactin Superflow
resin or anti-FLAG agarose, respectively. Immunoblotting has
been described previously. The mass spectrometry identifica-
tion of SLBP-interacting proteins has been described
previously.10

qRT-PCR

Total RNA was generated using RNeasy mini kits (Qiagen).
cDNA was generated using Random Hexamers or OligodT Eco-
Dry kits (Takara Clontech). qPCR was performed using Absolute
SYBR green (Thermo Fisher Scientific) on a Roche Lightcycler
480. Analysis of the qPCR experiments was conducted via abso-
lute relative quantification with in-experiment standard curves
for each primer set to control for primer efficiency. The oligos
used for qRT-PCR analysis were: FEM1A (F: 50 -GCTACACAT
AGCAGCCCAGA-30, R: 50-TCTTCTTGAAGGCATTGGTG-30),
FEM1B (F: 50-AAAGGTGGTACGCTTGCTCT-30, R: 50TCAAT
GACATACCCGTCGAA-30) and FEM1C (F: 50-GACAAAGCC
CGAGTGACC-30, R: 50-CGTCCTACTGCTTTCCAACA-30).

C. elegans analysis

The expression vector pPID3.01b/GFP::CDL-1 was created by
cloning genomic cdl-1 coding sequence into the pPID3.01b
germline expression vector37using the Gateway recombination
system. RNAi was performed by inducing dsRNA production
by growth of HT115 bacteria containing the RNAi constructs
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on 1 mM IPTG plus carbenicllin NGM agar plates.38 Gravid
animals were placed on the RNAi plates and their progeny
were analyzed as adults. Animals were visualized on a Zeiss
Axioskop microscope, and images were taken with a Hama-
matsu ORCA-ER digital camera using Openlab 4.0.2 software
(Agilent Technologies). Images were processed and analyzed
with Adobe Photoshop software. Matched images (from 5–8
animals) were taken with the same exposure and were proc-
essed and analyzed identically with background signal
subtracted.
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