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BRF1 posttranscriptionally regulates mRNA levels by targeting ARE-bearing transcripts to the decay
machinery. We previously showed that protein kinase B (PKB) phosphorylates BRF1 at Ser92, resulting in
binding to 14-3-3 and impairment of mRNA decay activity. Here we identify an additional regulatory site at
Ser203 that cooperates in vivo with Ser92. In vitro kinase labeling and wortmannin sensitivity indicate that
Ser203 phosphorylation is also performed by PKB. Mutation of both serines to alanine uncouples BRF1 from
PKB regulation, leading to constitutive mRNA decay even in the presence of stabilizing signals. BRF1 protein
is labile because of proteasomal degradation (half-life, <3 h) but becomes stabilized upon phosphorylation and
is less stable in PKB��/� cells. Surprisingly, phosphorylation-dependent protein stability is also regulated by
Ser92 and Ser203, with parallel phosphorylation required at these sites. Phosphorylation-dependent binding
to 14-3-3 is abolished only when both sites are mutated. Cell compartment fractionation experiments support
a model in which binding to 14-3-3 sequesters BRF1 through relocalization and prevents it from executing its
mRNA decay activity, as well as from proteasomal degradation, thereby maintaining high BRF1 protein levels
that are required to reinstate decay upon dissipation of the stabilizing signal.

Posttranscriptional regulation of mRNA levels is an impor-
tant mechanism for control of gene expression. Regulation of
mRNA turnover rates enables adjustment of the steady-state
levels of transcripts and consequently the optimum level of
proteins adapted to current physiological needs. Many tran-
scripts under posttranscriptional control are inherently unsta-
ble with short half-lives that can, however, be increased in
response to appropriate stimuli. Short-lived transcripts bear cis
elements that target them to the mRNA decay machinery; of
these, the most prevalent is the AU-rich element (ARE) that is
located in the 3� untranslated region (UTR) and is present in
up to 8% of all transcripts (4). Unstable ARE-bearing tran-
scripts have been described from a diverse group of genes such
as those for cytokines, proto-oncogenes, growth factors, and
cell cycle regulators. The ARE generally serves as a binding
site for destabilizing AU-binding proteins (AUBPs) that sets in
motion a chain of events initiated by deadenylation and de-
capping and culminate in the destruction of the transcript.
AUBPs that have been identified with known mRNA decay-
promoting properties are the CCCH tandem Zn finger pro-
teins of the ZFP36/Tis11 family tristetraprolin (TTP), BRF1
(synonyms, ZFP36L1 and Tis11b), BRF2, and ZFP36L3 (6, 10,
24, 41) and the KH domain RNA binding protein KSRP (16).
Conversely, HuR is an example of a stabilizing AUBP (14, 29),
and in the case of AUF1, different isoforms can exert either a
stabilizing or a destabilizing effect (37, 38).

The salient features of posttranscriptional regulation are
rapidity and reversibility. The default state of most ARE-bear-
ing transcripts is instability; stabilization prompted by exoge-

nous signals leads to rapid mRNA accumulation and amplifi-
cation of gene expression with a consequent increase in their
protein levels. When the signal dissipates, excess ARE mRNA
that has accumulated must be rapidly degraded in order to
reinstate the previous physiological state of the cell. Well-
described physiological examples of ARE mRNA stabilization
are TNF-� and CDX2 production from macrophages stimu-
lated with interleukin-1 (IL-1) or bacterial lipopolysaccharide
during infection (10, 20), IL-3 production in mast cells in
response to immunoglobulin E (IgE)-linked allergens (47), and
IL-2 production from T cells following immune stimulation
(28). In addition, stress stimuli such as UV exposure (17), heat
shock and ubiquitinylation (25, 26), hypoxia (35), and onco-
genesis (32) have been reported to lead to ARE mRNA sta-
bilization.

AUBPs are obvious distal targets for signaling pathways in
linking membrane-derived stimuli to the mRNA decay ma-
chinery. KSRP (7) and AUF1 (46) activities are negatively
regulated by phosphorylation. Stabilizing effects have been re-
ported for the c-Jun kinase in regulating IL-2 (12) and IL-3
(31) mRNAs. The p38-MK2 pathway regulates tumor necrosis
factor alpha (TNF-�) mRNA and biosynthesis in an ARE-
dependent fashion (11, 19, 33). The target of p38-MK2 in
macrophages is TTP, which becomes hyperphosphorylated at
multiple sites upon lipopolysaccharide induction with several
different putative kinases proposed (9). A critical phosphory-
lation at Ser178 by MK2 leads to 14-3-3 binding and inhibition
of TTP activity (13, 42).

Another mode of stabilization is via the phosphatidylinositol
3-kinase (PI3-K)-protein kinase B (PKB) pathway, which ex-
erts a repressive role on BRF1 activity. Our previous work
identified Ser92 as an important phosphoregulatory site tar-
geted by PKB (39). With an in vitro assay, we showed that
BRF1 phosphorylation by PKB led to 14-3-3 binding and loss
of ARE mRNA decay-promoting activity. Replacement of
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Ser92 with alanine rendered BRF1 refractory to PKB inhibi-
tion. In the present work, we identify Ser203 as a second PKB
regulatory site and report that Ser92 and Ser203 cooperate to
regulate the in vivo decay activity of this AUBP.

BRF1 knockout mice are embryonic lethal, suggesting a vital
role in development (44). In addition, the BRF1 gene is circa-
dianly expressed in peripheral organs such as the heart and
liver (34, 43) and thus may be responsible for imposing circa-
dian expression on its target transcripts. These observations
support the view that posttranscriptional regulation by BRF1
may play a complex biological role. As it is under circadian
expression, the BRF1 protein is expected to be short-lived in
order to reflect this mode of expression. Here, we show that
BRF1 protein is indeed rapidly degraded according to predic-
tion; however, the protein is stabilized by phosphorylation.
Unexpectedly, phosphorylation-dependent protein stabiliza-
tion is conferred by the same phosphoregulatory sites that also
control its mRNA decay activity. We propose a model whereby
phosphorylation-dependent binding of BRF1 to 14-3-3 leads to
inhibition of both its activity and degradation, thereby uniting
these seemingly unconnected phenomena, and that this coor-
dinated regulation ensures that sufficient BRF1 protein is
available to rapidly reinstall mRNA decay.

MATERIALS AND METHODS

Plasmids. Plasmid pTet-off was purchased from Clontech. Plasmids bsd-
HisBRF1wt and bsd-HisBRF1S90/92A have been described previously (39). bsd-
HisBRF1S203A and the bsd-HisBRF1S90/92/203A triple mutant were constructed
by site-directed mutagenesis with TV420 (5�-TTGCCTTTGCTGGGTTTCCCA
GTGC-3�) as an upstream primer, TV419 (5�-AGGAATGCTGGAGGCGGG
GACGG-3�) as a downstream primer, and bsd-HisBRF1wt and bsd-HisBRF1S90/92A

as templates. pTRE-BRF1wt, pTRE-BRF1S203A, and pTRE-BRF1S90/92/
203A were constructed by insertion of a XbaI-KpnI(blunt) fragment from
bsd-HisBRF1wt, bsd-HisBRF1S203A, and bsdHisBRF1S90/92/203A into an
XbaI-SalI(blunt) site of pTRE-myc-GFP (43). Construction of plasmids SP6-
ARE (39), (m/p)-HA-PKB� (2), T7-ARE�, and pQE-30-BRF1wt (41) has been
described previously. The pSRL vector (Tet–�-globin–IL-3 3� UTR reporter)
was generated from pTet-BBB-AREGMCSF (48) by exchanging the blunted
BamHI-BstXI fragment for the blunted BamHI-SphI fragment of pMXh-�-IL-
3(UTR)wt (31). pQE-30-BRF1S203A and pQE-30-BRF1wt were generated by
insertion of a BamHI(blunt)-XhoI fragment from bsd-HisBRF1wt or bsd-
HisBRF1S203A, respectively, into the SmaI-SalI sites of pQE-30 (QIAGEN). The
pQE-30-BRF1wt143-233 and BRF1S203A143-233 plasmids were constructed by inser-
tion of the 240-bp SacI/BtrI fragment of bsdHISBRF1wt or bsdHISBRF1S203A,
respectively, into the SacI/SmaI site of pQE-30.

Recombinant proteins were produced as previously described (41). BRF1
S203 and phospho-S203 peptides, as well as the keyhole limpet hemocyanin- and
ovalbumin-coupled peptides, were purchased from PickCell Laboratories BV.

Cell culture, transfection, and reagents. HT1080, slowC (40), NIH 3T3
B2A2-23 (48), HIRc-B (30), mouse embryo fibroblast (MEF)-PKB��/�, and
MEF-PKB��/� (51) cells were grown in Iscove’s modified Dulbecco’s medium
supplemented with 10% fetal calf serum, 50 �M 2-mercaptoethanol, 2 mM
glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin at 37° in 5% CO2. To
reduce background PKB activity, cells were starved overnight in serum-free
medium before stimulation with insulin (20 �g/ml; Sigma). Transfection was
performed with Lipofectamine 2000 (Life Technologies) by following the man-
ufacturer’s protocol.

Protein purification. Cell pellets were lysed in radioimmunoprecipitation assay
buffer containing Complete Protease Inhibitors (Roche) and Phosphatase Inhib-
itor Cocktails I and II (Sigma). Subcellular proteome fractionation was per-
formed with the Qproteome Cell Compartment Reagents (QIAGEN) as recom-
mended by the manufacturer. The final fractions were methanol precipitated and
resuspended in 80 �l radioimmunoprecipitation assay buffer for protein concen-
tration measurement. Ten micrograms of lysate was run on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for Western blotting.
Recombinant BRF1 bearing a His tag was purified with a nickel column as
previously described (39).

In vitro phosphorylation. The in vitro phosphorylation reaction was per-
formed with a mixture of 30 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 1 mM
dithiothreitol, and 0.2 mM [�-32P]ATP with 4 ng/�l recombinant BRF1 peptides
as the substrate and 10 ng/�l of either activated PKB (50), ERK1 (Upstate), p38,
or MK2 (kindly provided by H. Gram, Novartis, Basel, Switzerland) for 30 min
at 30°C.

ARE mRNA decay analysis. Measurement of RNA decay in NIH 3T3 B2A2-23
cells of the tetracycline-sensitive Tet–�-globin–IL-3 3� UTR reporter gene was
performed as described previously (39). Reporter transcription was blocked
by addition of doxycycline (2 �g/ml; Sigma). Results were quantified by phos-
phorimaging with QuantityOne software (Bio-Rad).

ARE-dependent in vitro decay assay was performed as previously described
(39). Briefly, 5 ng of recombinant BRF1 was added to 5 �g of slowC cell S100
extract and incubated with a labeled ARE RNA probe for the indicated times.
The reactions were stopped by addition of sample buffer, and the products were
resolved by denaturing PAGE.

Western blot analysis. Standard Western blot protocols were used. The pro-
tein samples were run on precast 4 to 20% gradient SDS-polyacrylamide gels
(Anamed) for optimum resolution of BRF1 bands. The antibodies used for
Western blot analysis were sc-5536 rabbit polyclonal antitubulin (Santa Cruz),
597F11 mouse monoclonal anti-phospho-Ser473-PKB (Cell Signaling Technol-
ogy), rabbit polyclonal anti-PKB (Cell Signaling Technology), rabbit polyclonal
anti-BRF1 (37), sc-629 rabbit anti-14-3-3� (Santa Cruz), and anti-glyceralde-
hyde-3-phosphate dehydrogenase (anti-GAPDH; Abcam), anti-histone H1 (Cal-
biochem) and secondary antibodies goat anti-rabbit IgG-alkaline phosphatase
(AP; Southern Biotech), and goat anti-mouse IgG-horseradish peroxidase
(HRP; DAKO). Bands were visualized with CDP-Star (Roche) or ECL Advance
(Amersham), respectively.

The anti-phospho-S203BRF1 antibody was generated by immunization of
three rabbits at PickCell Laboratories BV with a keyhole limpet hemocyanin-
linked phosphopeptide (R-L-Q-H-S-F-pS-F-A-G-F-P-S, corresponding to amino
acids [aa] 197 to 209 of BRF1). The sera from two positive rabbits were affinity
purified with the immunizing peptide linked to activated CH Sepharose 4B
(Pharmacia) according to the manufacturer’s protocol. The purified antibody was
preadsorbed with an unphosphorylated peptide (same sequence as the immu-
nizing peptide) for 3 h on ice before addition to the blot.

Coprecipitation of BRF1–14-3-3 complexes. His-BRF1 pull down was per-
formed as previously described (39). Briefly, 40 ng of His-tagged recombinant
BRF1 (wild type, S90/92A, S203A, and S90/92/203A) was added to 40 �g of
slowC cell S100 extract and incubated at 30°C for 30 min. BRF1 was bound to a
nickel column (QIAGEN) at 4°C for 1 h in 1� binding buffer (1 mM MgCOOH,
1.5 mM KCOOH, 150 mM NaCl, 10% glycerol) with 10 mM imidazole. The
beads were washed (4°C, 2 � 2 h) in 1� binding buffer containing 20 mM
imidazole. Bound protein was eluted by boiling in SDS sample buffer and im-
mediately loaded onto gels.

RESULTS

Identification of another PKB regulatory site in addition to
BRF1 Ser92. We previously showed by ARE-specific in vitro
decay assay that BRF1 is inactivated by phosphorylation at
Ser92 by PKB. A phospho-null BRF1 mutant protein with
serine replaced at position 92 with alanine (S92A) was resistant
to PKB mediated inactivation (39). To test whether this sub-
stitution is also sufficient to abolish PKB regulation in vivo, we
cotransfected either wild-type BRF1 (BRF1wt) or the S92A
mutant protein together with activated PKB into NIH 3T3
B2A2 mouse fibroblasts containing a tetracycline-inducible
gene expression system (48). Expression of a �-globin reporter
gene fused to the IL-3 3� UTR is driven by a tetracycline-
sensitive promoter in these cells. Addition of a tetracycline
analogue, doxycycline, stops reporter gene expression, thereby
circumventing the need for a general transcriptional repressor
such as actinomycin D (18, 48). To measure the stability of the
reporter mRNA in our cotransfection assays, transcription was
stopped by addition of doxycycline and the rate of decay of the
reporter transcript over time was determined by Northern hy-
bridization. As expected, the reporter decayed rapidly because
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of the destabilizing presence of the ARE (Fig. 1B, lanes 1 to 3);
however, cotransfection of activated PKB greatly increased the
half-life of the transcript (lanes 4 to 6). Cotransfection of
BRF1wt together with PKB did not antagonize stabilization
(lanes 7 to 9), as BRF1 is inactivated by PKB. Surprisingly, and
in disagreement with results obtained from the in vitro assay,
the Ser90/92Ala mutant (BRF1AAS, lanes 10 to 12) was un-
able to evade stabilization by PKB. Ser90 and Ser92 were
mutated together, as Ser90 can serve as an alternative phos-
phorylation site under in vitro conditions if Ser92 is mutated;
nevertheless, a Ser90Ala mutation displays none of the biolog-
ical properties observed with a Ser92Ala mutant (data not
shown). Figure 1C (left side) shows quantified results from
three independent experiments normalized to the actin con-
trol. These observations suggest that another regulatory site in
addition to Ser92 is required for the in vivo regulation of BRF1
by PKB.

Serine 203 in BRF1 is conserved and involved in regulation.
A search of the BRF1 protein sequence for target motifs of
kinases identified Ser203 as a putative phosphorylation site.

Serine 203 is homologous to serine 178 in TTP, another mem-
ber of the ZFP36/Tis11 protein family, that is phosphorylated
by MK2 (13). Notably, the serine 203 site is conserved in every
member of the family (Fig. 1A). To determine whether this
serine is indeed an additional regulatory site in BRF1, we
constructed a Ser203Ala mutant (BRF1SSA) and a triple mu-
tant Ser90/92/203Ala (BRF1AAA) and tested their behavior in
vivo by using cotransfection assays. Mutation of serine 203
alone was unable to overcome the stabilizing effect of PKB
(Fig. 1B, lanes 13 to 15). However, the combined mutations
conferred resistance to PKB-mediated inactivation of BRF1
and the ARE reporter RNA was rapidly degraded (lanes 16
to 18). Quantified results from three independent experi-
ments are shown in Fig. 1C (right side). Notably, transfec-
tion of the AAA mutant even in the presence of activated
PKB destabilizes the reporter to even lower levels than in
the control cells, suggesting that BRF1 activity in this case is
completely deregulated from the PKB control. The lower
baseline levels of the reporter transcript present in the un-
transfected cells (lanes 1 to 3) and BRF1AAA-transfected

FIG. 1. BRF1 activity is cooperatively regulated in vivo at serines 92 and 203. (A) Alignment of the known mammalian ZFP36/Tis11 family
members BRF1, BRF2, TTP, and ZFP36L3 reveals a conserved serine at position 203 (BRF1 numbering). The human sequences are shown, except
for ZFP36L3, which is mouse specific. The human and mouse BRF1 proteins share perfect homology over the sequence shown. (B) The
Tet–�-globin–IL-3 3� UTR reporter gene was transfected alone (lanes 1 to 3) or in combination with constitutively activated m/pPKB (lanes 4 to
18) and BRF1wt, (lanes 7 to 9), BRF1S90A/S92A (BRF1AAS, lanes 10 to 12), BRF1S203A (BRF1SSA, lanes 13 to 15), or BRF1S90A/S92A/
S203A (BRF1AAA, lanes 16 to 18). After 48 h, transcription was stopped by addition of doxycycline (2 �g/ml). Cytoplasmic RNA was isolated
at the indicated time points and processed for Northern blotting. Panels for lanes 1 to 3 and lanes 16 to 18 are longer exposures due to lower
starting levels of the mRNA reporter. (C) Graphs showing quantification of the reporter transcript signal normalized to the actin control from three
independent experiments. Reprobing of the blots for GAPDH and normalization of the reporter probe decay against GAPDH as an independent
control gave results similar to those obtained with actin (data not shown).
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cells (lanes 16 to 18) presumably reflect the low stability of
the reporter mRNA in these situations. These data suggest
that Ser203, in addition to Ser92, also regulates BRF1 in
response to PKB.

BRF1 serine 203 is phosphorylated by PKB in vitro. To test
whether Ser203 is directly targeted by PKB, we prepared in
vitro kinase reactions with activated forms of PKB, p38, MK2,
and Erk1. In order to reduce the background signal from
phosphorylation at other serines or threonines, we used a trun-
cated BRF1 peptide spanning serine 203 (aa 143 to 233) with
a corresponding fragment bearing the Ser203Ala substitution
as a specificity control. While all of the other kinases tested
were able to phosphorylate both the wild-type and mutated
peptides (Fig. 2B), only PKB showed differential phosphory-
lation and was unable to phosphorylate the S203A-bearing
fragment. Titration of increasing amounts of peptide into an in
vitro PKB kinase reaction mixture showed the same difference
between phosphorylation of the wild-type- and mutant-bearing
fragments over a wide concentration range for the substrates
(Fig. 2C). In order to confirm that the results observed thus far
are specific to Ser203 phosphorylation and to exclude the pos-
sibility that the introduced mutation instead destroys the rec-
ognition site for another serine/threonine, we corroborated

these experiments serologically with a phospho-Ser203-specific
antibody. Rabbits were immunized with a phosphopeptide
spanning Ser203 (R-L-Q-H-S-F-pS-F-A-G-F-P-S; aa 197 to
209 of BRF1), and the specificity of the sera was characterized
as shown in Fig. 2A. We repeated the in vitro kinase assays and
probed for a phospho-Ser203-specific signal with the phos-
phospecific antibody. A strong signal was obtained with the
wild-type peptide incubated with PKB, but no corresponding
phosphorylation could be observed in the mutant peptide (Fig.
2D, lanes 2 and 3, and E). No phospho-Ser203-specific signal
was detected with p38, MK2, and Erk1, arguing for phosphor-
ylation of the fragment at other sites by these kinases. This is
notable, as the site homologous to serine 203 in TTP (serine
178) is phosphorylated by MK2. Although the phosphoregula-
tory site is conserved between the two proteins, different sig-
naling pathways appear to be involved.

BRF1 is phosphorylated at Ser203 in vivo. To confirm that
BRF1 Ser203 is indeed phosphorylated in vivo, we used
HIRc-B cells, which overexpress the insulin receptor and re-
spond strongly to insulin (30). These cells were previously used
to demonstrate insulin-stimulated activation of PKB and con-
sequent phosphorylation at Ser92 of BRF1 (39). HIRc-B cells
were transfected with BRF1wt and the BRF1S203A mutant

FIG. 2. PKB phosphorylates BRF1 at serine 203. (A) Characterization of an anti-phospho-Ser203 antibody. HIRc-B cells were transfected with
BRF1wt (wt) or the BRF1S203A mutant protein (S203A) and stimulated for 30 min with insulin to activate PKB. Cell lysates were run alongside
phosphorylated and unphosphorylated control peptides (pept) to see if the antibody could detect phospho-Ser203 from total cell lysates. Where
indicated, the extracts were treated with 	 protein phosphatase (30°C, 30 min) before loading. The phosphospecific signal is indicated by the
arrowhead. (B) A recombinant BRF1 peptide (aa 143 to 233) containing the wild-type sequence (wt) or the S203A mutation (S203A) was incubated
with the activated kinases PKB, p38, MK2, and Erk1 together with radioactive ATP. The samples were resolved, and peptide labeling was visualized
by autoradiography. (C) The same conditions for PKB phosphorylation were employed as in panel B with titration of increasing amounts of
peptide. (D and E) The preceding experiments were repeated nonradioactively, and the reaction products were subjected to Western blotting with
the anti-phospho-Ser203 antibody. Phosphospecific signals were only detected after PKB phosphorylation and were absent from reaction mixtures
with the S203A peptide.
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and stimulated with either insulin or okadaic acid (OA). OA is
a protein phosphatase 2A inhibitor that broadly activates mul-
tiple signaling pathways and stabilizes IL-3 mRNA (5). Lysates
from treated cells were probed with the phospho-Ser203 anti-
body. Both stimuli were able to activate PKB and increase
basal phosphorylation levels of BRF1 (Fig. 3A, compare lane 1
to lanes 3, 4, and 5). Crucially, pretreatment of the cells with
wortmannin (WM), a PI3-K inhibitor that blocks insulin-in-
duced activation of the PI3-K downstream target PKB, re-
sulted in a marked decrease in BRF1 phosphorylation (lanes 6
to 8) that correlated with lack of PKB activation (lowest part).
These data support the involvement of PKB in phosphorylat-
ing BRF1 at serine 203 in vivo.

We next wanted to see if this also applies in NIH 3T3 B2A2

cells, where a functional role had already been demonstrated
for PKB phosphorylation of BRF1, namely, in regulating its
mRNA decay activity. BRF1wt and BRF1S203A constructs
were transfected, and the cells were stimulated with OA rather
than insulin because of a weak insulin response (data not
shown). PKB activation levels were increased by OA, resulting
in higher phosphorylation at BRF1 Ser203 (Fig. 3B, compare
lanes 1 and 3). We conclude that BRF1 is phosphorylated at
Ser203 in vivo in response to both physiological and nonphysi-
ological stimuli that activate PKB.

BRF1 protein is rapidly degraded and stabilized by phos-
phorylation. In parallel with these experiments, we were also
interested in the stability of the BRF1 protein. As BRF1 is
circadianly expressed (34, 43) it should, by prediction, be rap-
idly degraded in order to reflect this mode of expression.
Translation was arrested in human HT1080 cells with puromy-
cin and cycloheximide. Cells were harvested over a time
course, and total cell lysates were subjected to Western blot-
ting with an anti-BRF1 antibody. As seen in Fig. 4A, BRF1 is
rapidly degraded with a half-life of 
3 h. BRF1 migrates
anomalously on SDS-PAGE (apparent size of 40 to 47 kDa
versus a theoretical size of 36 kDa) and displays a character-

istic pattern of broadly spread bands that are indicative of the
state of phosphorylation and possibly other posttranslational
modifications. Dephosphorylation in vitro with 	 phosphatase
results in the collapse of all of the bands into a single high-
mobility band (Fig. 4B). Notably, the slower-migrating and
presumably more highly phosphorylated form of BRF1 ap-
pears to decay less rapidly (Fig. 4B). Most proteins are de-
graded via the ubiquitin-proteasome pathway. When 26S pro-
teasome activity was blocked with the specific inhibitor
MG132, preexisting BRF1 protein was stabilized even in the
absence of ongoing translation, arguing that it is indeed de-
graded via the proteasome (Fig. 4C, lane 4).

Phosphorylation at Ser92 and Ser203 is involved in BRF1
protein stability. The turnover rate of many proteins can be
influenced by phosphorylation at critical sites. Therefore, we
used OA to hyperphosphorylate BRF1 while simultaneously
blocking translation with puromycin. Persistence of preexisting
BRF1, even after a 6-h block with puromycin (more than two
half-lives), indicated that it is indeed stabilized by phosphory-
lation (Fig. 5A).

As a regulatory role for phosphorylation at Ser92 and Ser203
has already been demonstrated, we were curious as to whether
these sites may also play a wider biological role. slowC cells, a
derivative of HT1080 that is BRF1�/� (40), allowed expression
of a panel of BRF1 constructs mutated at serines 90, 92, and
203 without confounding signals from endogenous BRF1. To
confirm that BRF1 is phosphorylated at these sites in response
to OA, we tested phosphospecific antibodies directed against
phospho-Ser92 and phospho-Ser203 and found a specific signal
of the expected size that disappears after treatment with 	
phosphatase, indicating that these sites are indeed phosphory-
lated in HT1080 cells upon OA treatment (Fig. 5B). BRF1
mobility is reduced after OA treatment, and the various bands
are shifted upward. After dephosphorylation, these revert to a
single high-mobility band that migrates at approximately the
theoretically predicted size (Fig. 5C). To test the effects of

FIG. 3. BRF1 is phosphorylated in vivo at serine 203. (A) HIRc-B cells were transfected with BRF1wt or BRF1S203A and stimulated with
insulin (20 �g/ml) or 400 nM OA for 30 min at 48 h after transfection. Where indicated, cells were pretreated with WM (200 nM) 15 min before
stimulation. Cell lysates were probed with the anti-phospho-Ser203 BRF1 antibody and against anti-phospho-Ser473 PKB to show the correlation
between BRF1 Ser203 phosphorylation and PKB activity. (B) NIH 3T3 cells were transfected with BRF1wt or BRF1S203A and stimulated with
400 nM OA for 30 min. The phospho-S203-specific signal is indicated on the left of each panel.
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the various phospho-null BRF1 mutants on protein stability,
the respective constructs were stably transfected into slowC
cells and clones having roughly similar levels of expression
were selected for analysis. As shown in Fig. 5D (top), BRF1wt
behaves in a manner identical to that of the endogenous pro-
tein (Fig. 5A) and is stabilized by OA-induced phosphoryla-
tion. Ser-to-Ala substitutions at positions 90 and 92 did not
affect protein stabilization, while a similar substitution at po-
sition 203 only slightly impaired stabilization. Strikingly, the
triple mutant containing alanine substitutions at all three sites
is incapable of phosphorylation-dependent stabilization, sug-
gesting that the combined effort of both sites is required for it
to exert its biological role. As BRF1 is evidently still phosphor-
ylated on other sites because of its altered migration, it appears
that it is sites 90, 92, and 203 that are critical for phosphory-
lation-dependent protein stabilization.

BRF1 protein is destabilized in PKB��/� cells. As PKB is
responsible for phosphorylation at these sites, we investigated
its effect in stabilizing the BRF1 protein. Myc-tagged con-
structs of BRF1wt and the triple mutant were transfected into
MEFs derived from a PKB��/� or a PKB��/� background
(51). Protein synthesis was blocked by puromycin, and BRF1
protein levels were determined by immunoblotting (Fig. 6A).
Interestingly, BRF1wt protein steady-state levels were much
higher in the PKB��/� cells than in the knockout background
and the half-life of the protein was also increased (compare
lanes 1 to 4 to lanes 5 to 8). Notably, the mutant protein
exhibited similar stability regardless of the presence (lanes 9 to
12) or absence (lanes 13 to 16) of PKB�. In addition, the lower
levels of the mutated protein compared to the wild-type pro-
tein suggest that lack of phosphorylation at these sites has an
adverse effect on BRF1 protein stability. A transcriptional ef-
fect of PKB can be excluded, as the same promoter was used
to drive the expression of both BRF1 constructs.

When we compared the levels of endogenous BRF1 in these
cells, we observed higher levels of the protein (Fig. 6B, com-
pare lanes 1 and 5) and a slower decay rate in PKB��/� cells
than in PKB�/� cells (compare lanes 2 and 3 to lanes 6 and 7).
In both cell types, BRF1 degradation could be inhibited by
addition of MG132. These results further support the conclu-
sion that phosphorylation of BRF1 at serines 92 and 203 by
PKB� inhibits the proteasomal degradation of BRF1.

BRF1 localization is altered by phosphorylation. Our pre-
vious results identified Ser92 phosphorylation as a trigger for
recruitment of BRF1 to 14-3-3. Similar findings of phosphory-
lation-dependent binding to 14-3-3 have been reported for
other members of the ZFP36/Tis11 family, and in the case of
TTP, this was shown to be essential in determining its intra-
cellular localization (21). Protein fractions from various cell
compartments were extracted from control and OA-treated
cells. Western blotting revealed that a significant fraction of
BRF1, mainly in the highly modified low-mobility form, was
increasingly found in the cytoskeletal/insoluble pellet after pro-
longed OA treatment (Fig. 7, lane 12). The blots were re-
probed against 14-3-3, which was predominantly detected in
the cytosolic fraction but was also well represented in the
membrane and cytoskeletal/insoluble fractions. Perhaps be-
cause of an already substantial presence in the various intra-
cellular compartments, where it participates in multiple activ-
ities, no gross changes in 14-3-3 localization were observed
upon OA treatment. The blot was reprobed against known
marker proteins for the various subcellular fractions that con-
firmed the integrity of the purification performed.

Phosphorylation-dependent binding of BRF1 to 14-3-3 is
abolished by mutation at these sites. We previously showed
that Ser92 was important for phosphorylation-dependent bind-
ing of BRF1 to 14-3-3 (39). Mutation of Ser92 to alanine
impaired but did not abolish this association. To investigate the
role of the Ser203 site alone and in conjunction with Ser92, we
purified recombinant His-tagged BRF1 bearing the various
Ser-to-Ala substitutions. Recombinant BRF1 was added to
slowC cell S100 extract either as unmodified protein or previ-
ously phosphorylated in vitro with PKB�. The BRF1 bait was
bound to a nickel column, washed, and eluted in SDS sample
buffer for SDS-PAGE. Western blotting of the eluted fractions
against 14-3-3 revealed that interaction between BRF1wt and

FIG. 4. BRF1 protein is labile. (A) Translation was blocked in
HT1080 cells with puromycin (Puro; 50 �g/ml) or 50 �M cyclohexi-
mide (CHX), and cells were harvested at the indicated times. Detec-
tion with an anti-BRF1 antibody reveals the rapid decay of the protein.
The blot was stripped and reprobed against GAPDH as a loading
control. Lysate from slowC cells (HT1080 BRF1�/�) was run alongside
as a negative control for BRF1. (B) Translation was arrested with
puromycin, and cells were harvested at earlier time points. The lysates
were also treated with 	 phosphatase and run alongside for compari-
son. (C) Cells were treated for 6 h with puromycin and MG132 (10
�M), a proteasome inhibitor. Stabilization of BRF1 in the presence of
MG132 indicates that it is degraded via the proteasome. Asterisks
denote nonspecific bands.
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14-3-3 was highly phosphorylation dependent (Fig. 8A, com-
pare lanes 1 and 5). The interaction was unperturbed by mu-
tations at Ser90 and Ser92 or at Ser203 (lanes 6 and 7). How-
ever, mutation at all of these sites completely abolished the
BRF1–14-3-3 interaction (lane 8), indicating that a high degree
of cooperation is somehow required among all of these sites to
facilitate phosphorylation-dependent binding. The plot was re-
probed against BRF1 (panel A, bottom), confirming that
roughly equivalent amounts of BRF1 were recovered.

The introduced mutations may conceivably interfere with
the proper folding of BRF1 and therefore might be relevant
to the interpretation of the 14-3-3 pull-down data. Therefore,
the purified protein was used in an in vitro ARE RNA decay
assay (Fig. 8B) in order to assess its biological activity. The
ability of the added protein to facilitate decay of the ARE
RNA probe indicates that the purified recombinant protein
was active and had most probably assumed the proper physi-
ological conformation.

DISCUSSION

In our previous work, we showed by in vitro ARE-specific
decay assays that BRF1 activity was regulated at Ser92 by PKB.
However, the in vivo experiments reported here reveal that the
mechanism is more complex in intact cells in that the PKB-
dependent regulation of BRF1 activity could not be evaded by
a Ser92 mutation (Fig. 1B), calling for the existence of at least
one additional PKB regulatory site on BRF1. This is in keeping
with the fact that the Ser92-based mechanism involves binding
to 14-3-3, which usually binds to its target proteins at two
separate locations (1, 49). We focused on Ser203 as a candi-
date for the additional phosphoregulatory site because of its
homology to TTP Ser178, which serves as one of two 14-3-3
binding sites (21). Although TTP Ser178 is phosphorylated by
MK2 (21, 42), we found no evidence that BRF1 Ser203 is
phosphorylated in vitro by this kinase or by p38 or ERK1.
Instead, the site is strongly phosphorylated by PKB (Fig. 2).
Taken together with the in vivo data, where the phospho-
Ser203-specific antibody revealed a WM-sensitive increase in
Ser203 phosphorylation in extracts from cells with stimulated
PKB activity (Fig. 3A), a strong argument can be made for
PKB as the kinase responsible for Ser203 phosphorylation.
Interestingly, this site differs markedly from the PKB consen-
sus target sequence (BRF1, R-L-Q-H-201S-F-203-S-F-A-G;
PKB consensus, R/K-X-R/K-X-X-S/TP). In contrast, the Ser92
site gives an ideal fit to both the PKB and 14-3-3 consensus
binding sequences (BRF1, R-D-R-90S-F-92S-E-G; 14-3-3 con-
sensus, R/K-X-X-SP-X-P). However, there are examples of
noncanonical PKB and 14-3-3 binding sites in the literatureFIG. 5. Phosphorylated BRF1 is stable. (A) HT1080 cells were

treated with puromycin (Puro; 50 �g/ml) and OA (400 nM) either
alone or in combination for 6 h, and lysates were probed with an
anti-BRF1 antibody. The persistence of BRF1 in OA-induced cells,
even when translation is blocked, indicates that it is stabilized by
phosphorylation. Note the upward shift in BRF1 migration character-
istic of the hyperphosphorylated form. (B) Probing of lysates from
OA-induced cells (400 nM, 3 h) with phosphospecific antibodies di-
rected against phospho-Ser92 and phospho-Ser203 confirms that these
sites are phosphorylated in HT1080 cells. Phosphospecific signals (ar-
rowheads) are detected after OA treatment and are sensitive to 	
phosphatase (	PPase). (C) Lysates from panel B were probed with the
anti-BRF1 antibody. The various BRF1 bands are shifted upward after
OA treatment and revert to a single high-mobility band after dephos-

phorylation by 	 phosphatase. (D) A series of BRF1 phospho-null
mutants were stably expressed in slowC cells. Translation arrest and
OA-induced phosphorylation of BRF1 were performed as described
for panel A. Constitutive lability of BRF1AAA protein despite OA-
induced hyperphosphorylation suggests that these sites are critical for
phosphorylation-dependent stabilization. Unlike the endogenous pro-
tein, transfected BRF1 migrates slightly higher than the nonspecific
band after OA treatment (compare with panel A) because of the
presence of His and Xpress tags. Asterisks indicate nonspecific bands.
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(reviewed in references 1 and 15). An intriguing possibility is
raised by the presence of a serine residue two positions before
the phosphorylation site in both Ser92 and Ser203 and poses
the question of whether this may generate a situation similar to

that in the p53 protein. In p53, phosphorylation at Ser376
precludes phosphorylation at Ser378, and removal of Ser376
phosphorylation is required for Ser378 phosphorylation and
subsequent 14-3-3 binding (45). However, we have not ob-
served any biological effect with Ser90Ala and Ser201Ala mu-
tant forms of BRF1 that are comparable to that of Ser92Ala,
Ser203Ala, or both mutations (data not shown).

We tested the in vivo behavior of the Ser92 and Ser203
mutations on three different aspects of BRF1 biology, all of
which fall under regulation by PKB: (i) negative regulation of
ARE mRNA decay-promoting activity, (ii) phosphorylation-
dependent regulation of protein turnover, and (iii) binding to
14-3-3. The Ser92Ala mutation was inert with respect to all
three processes in vivo, while the Ser203Ala mutation was able
to slightly impair PKB regulation and protein stabilization
(Fig. 1B and 5D). Although the Ser92 site appears to be re-
dundant in vivo, its effect is highly synergistic when it is mu-
tated along with Ser203, leading to strong impairment of all
three of the processes studied.

It appears surprising that protein stability should be con-
ferred by the same sites that were originally identified as reg-
ulatory sites for BRF1 mRNA decay-promoting activity. BRF1
protein bearing mutations at these sites is still hyperphosphor-
ylated by OA treatment, as shown by its altered migration on
SDS-PAGE; nevertheless, it is incapable of being stabilized,
pointing to the critical role played by Ser92 and Ser203 (Fig.
5D). When the protein is expressed in PKB��/� and PKB��/�

murine embryonic fibroblasts, a dramatic difference in steady-

FIG. 6. PKB activity affects BRF1 levels. (A) Myc-tagged BRF1wt or the S90/92/203A mutant (BRF1AAA) was transfected into PKB��/� and
PKB��/� MEFs. Translation was stopped by the addition of puromycin (puro; 50 �g/ml) for the indicated time periods, and protein levels were
determined by Western blotting against the myc tag and GAPDH (loading control). Two different exposures of the Western blot are shown for
BRF1wt-transfected cells. (B) Levels of endogenous BRF1 in the MEF cells were determined after translation arrest (puromycin) or addition of the
proteasome inhibitor MG132 (10 �M).

FIG. 7. Fractionation of proteins from the major subcellular compart-
ments in control and OA-induced HT1080 cells. Fractionation was per-
formed with 106 cells, and 10 �g of protein was loaded per fraction.
Localization of BRF1 and 14-3-3 was determined with the respective
antibodies. Reprobing of this blot and a parallel blot made from the same
extracts against known marker proteins histone H1 (nuclear), tubulin
(cytoskeletal), and GAPDH (cytosolic/membrane) confirms the integrity
of the fractionation. The asterisk denotes a nonspecific band.
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state BRF1wt levels is observed (Fig. 6), with greater protein
stability in PKB��/� cells. This observation was further sup-
ported by the similar behavior of endogenous BRF1 in these
backgrounds. However, expression of the BRF1 triple mutant,
which cannot be phosphorylated by PKB at the mutated sites,
yields equal BRF1 protein levels in both PKB� wild-type and
knockout cells. These data suggest that basal levels of PKB
phosphorylation on BRF1 may play a role in modulating the
rate of degradation and consequently BRF1 protein levels.

We propose a model (Fig. 9) whereby both of these seem-
ingly unrelated aspects of BRF1, i.e., protein turnover and the
regulation of its mRNA decay activity, may be accounted for.
In the default state, BRF1 is unphosphorylated at the critical
Ser92 and Ser203 sites and is active in promoting the decay of
its target ARE transcripts. The protein also undergoes rapid
turnover as a consequence of the circadian nature of BRF1
gene expression. Upon receipt of a stabilizing signal, the pro-
tein is phosphorylated at Ser92 and Ser203, binds to 14-3-3,
and is prevented from participating in mRNA decay (which
requires BRF1 binding to the ARE and interaction with com-
ponents of the decay machinery), in addition to being pro-
tected from degradation (possibly by preventing ubiquitinyla-
tion and targeting to the proteasome). This could be achieved
by either translocation or sequestration of the BRF1–14-3-3
complex and is consistent with our cell fractionation experi-
ments in which BRF1 in OA-stimulated cells was shifted into
another compartment (Fig. 7). As this fraction consists of both

cytoskeletal and insoluble proteins, we cannot definitively state
if phospho-BRF1 becomes associated with the cytoskeleton or
with an as-yet-unidentified subcellular compartment such as
the stress granule (22). The BRF1–14-3-3 coprecipitation data
(Fig. 8A) indicate that each site is able to strongly bind 14-3-3
by itself; however, a Ser92 single mutant significantly reduces
binding in vivo (39), suggesting that both sites are required
together for 14-3-3 association in intact cells. Accordingly,
mutation of both of these critical sites appears to fully abolish
BRF1–14-3-3 association, with the attending biological conse-
quences. The residual effects observed with the Ser203 muta-
tion in vivo (Fig. 1B and 5D) raise the possibilities that forma-
tion of the phospho-BRF1–14-3-3 complex could also include
input from subsidiary regulatory sites or accessory proteins and
that the variable responses elicited by both single mutations
may reflect a different sensitivity of the entire complex to the
extent of 14-3-3 binding.

This model shares some features with that proposed by Hitti
and others for TTP (8, 19). TTP is normally expressed at very
low levels and is only highly expressed during the inflammatory
response, where its main target transcript, TNF-�, is paradox-
ically also highly expressed. It appears likely that in this situ-
ation, TTP is synthesized but is kept quiescent by phosphory-
lation in order not to blunt the inflammatory response by
degrading TNF-� mRNA. However, high levels of TTP are
maintained by stabilization of the protein and upon the end of
the inflammatory response, dephosphorylated TTP would be
available to actively recruit TNF-� transcripts for degradation.
This, however, is unlikely to apply to BRF1, which is highly
expressed in many cell and tissue types, and poses the question

FIG. 8. Coprecipitation of BRF1–14-3-3 complexes. (A) Recombi-
nant His-BRF1 (40 ng), either unmodified or phosphorylated in vitro
by PKB�, was added to 40 �g of slowC cell S100 extract. After binding
to nickel beads and washing, the eluted fraction was run on SDS-
PAGE and probed against 14-3-3 and BRF1 (as a precipitation con-
trol). (B) The various recombinant BRF1 proteins were tested for
biological activity by an in vitro RNA decay assay with an ARE RNA
probe (39). All proteins could promote rapid decay of the probe,
indicating proper conformation and activity.

FIG. 9. A model for coordinated regulation of BRF1 activity and
protein stability. In the default state, BRF1 is unphosphorylated at
Ser92 and Ser203 and is active in promoting ARE mRNA decay and at
the same time is subject to rapid turnover due to proteasomal degra-
dation. A specific mRNA-stabilizing signal results in PKB activation
with consequent phosphorylation of these sites. This triggers phosphor-
ylation-dependent BRF1 binding to 14-3-3 and translocation of the
complex, which is now unable to promote mRNA decay and cannot be
targeted to the proteasome for degradation. An open question is the
existence of further phosphoregulatory sites on BRF1, which is ex-
traordinarily serine/threonine rich, that may also regulate its activity by
a 14-3-3-independent mechanism.
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of what biological rationale is served by the combined regula-
tion of BRF1 activity and turnover. One possible reason could
be constraints imposed by the circadian expression of BRF1
(34, 43). At the onset of mRNA stabilization, fluctuating levels
of BRF1 protein do not present any difficulty as its activity is
directly repressed via phosphorylation. Therefore, mRNA sta-
bilization can be expected to proceed smoothly regardless of
the actual amount of BRF1 present. However, reversal of
stabilization upon dissipation of the stabilizing signal can pose
a problem should this occur when BRF1 levels are at a low
point in their daily oscillation. In this scenario, BRF1 target
transcripts would have accumulated to high levels because of
the preceding stabilization; however, there would then be in-
sufficient BRF1 present to degrade this large pool of tran-
scripts and reinstate the original default state of the cell. This
dilemma is neatly resolved if the same signal that disables
BRF1 activity also prevents its turnover, thereby ensuring that
adequate levels of BRF1 will be present upon ending of stabi-
lizing signals in order to resume rapid mRNA decay.

Circadian expression of BRF1 or other posttranscriptional
regulators such as TTP (see the supplementary data in refer-
ence 43) raises the possibility that many genes exhibiting such
expression do so in a secondary manner because they are under
posttranscriptional regulation and not because their transcrip-
tion is driven in a circadian fashion. As there are far more
ARE-bearing transcripts than the few identified AUBPs, it is
likely that each AUBP posttranscriptionally regulates and co-
ordinates a set of target transcripts that can be functionally
grouped in a posttranscriptional operon (reviewed in refer-
ences 23 and 36); in this case, BRF1 could potentially impose
a circadian pattern of expression on its target transcripts. A
pertinent example is nocturnin, a deadenylase that displays
high-amplitude circadian expression in the clock-containing
photoreceptor cell layer in the Xenopus retina (3) and that
is believed to deadenylate a subset of circadian-cycle-related
transcripts. Circadian expression of an entire class of tran-
scripts due to posttranscriptional regulation has also been
reported in Arabidopsis (27).

Given the multiplicity of stimuli that a cell may have to
simultaneously respond to, perhaps occasionally demanding
contradictory responses, it appears evident that an AUBP is
under regulation at multiple sites so that it can integrate the
various signals in order to mount the appropriate response.
When coupled with the complex spatiotemporal expression of
the components participating in posttranscriptional regulation,
together with the large number of potential target transcripts,
this confronts us with a task of staggering magnitude, to com-
prehend the intricacies involved. Clearly, we have only just
begun to understand AUBP regulation. For example, BRF1,
which is 338 aa long, contains 49 serine and 21 threonine
residues (the respective numbers for TTP are 57 serines and 17
threonines out of 326 aa), all of which may be regarded as
potential phosphoregulatory sites, a sobering reminder of the
daunting task ahead.

ACKNOWLEDGMENTS

We thank Brian Hemmings for the PKB� wild-type and knockout
MEFs.

This work was supported in part by a grant from the Schweizerische
Nationalfonds zur Foerderung der wissenschaftlichen Forschung
to C.M.

REFERENCES

1. Aitken, A., H. Baxter, T. Dubois, S. Clokie, S. Mackie, K. Mitchell, A. Peden,
and E. Zemlickova. 2002. Specificity of 14-3-3 isoform dimer interactions and
phosphorylation. Biochem. Soc. Trans. 30:351–360.
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