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Organogenesis is a highly integrated process with a funda-
mental requirement for precise cell cycle control. Mechanisti-
cally, the cell cycle is composed of transitions and thresholds
that are controlled by coordinated post-translational modifica-
tions. In this study, we describe a novel mechanism controlling
the persistence of the transcription factor ATF4 by multisite
phosphorylation. Proline-directed phosphorylation acted addi-
tively to regulate multiple aspects of ATF4 degradation. Stabi-
lized ATF4 mutants exhibit decreased B-TrCP degron phos-
phorylation, B-TrCP interaction, and ubiquitination, as well as
elicit early G, arrest. Expression of stabilized ATF4 also had
significant consequences in the developing neocortex. Mutant
ATF4 expressing cells exhibited positioning and differentiation
defects that were attributed to early G, arrest, suggesting that
neurogenesis is sensitive to ATF4 dosage. We propose that pre-
cise regulation of the ATF4 dosage impacts cell cycle control
and impinges on neurogenesis.

Homeostatic maintenance of biological systems requires that
dynamic transitions be carried out efficiently and accurately.
One such complex system is the mammalian cell cycle. Orches-
tration of its multiple components requires the concerted effort
of the transcriptional, translational, and proteasomal machin-
ery. The regulation of protein stability by post-translational
modifications is especially important, as it allows for rapid con-
trol of positive and negative cell cycle regulators, both of which
need to be properly controlled for smooth phase transitions.

Many key cell cycle proteins are phosphorylated on specific
residues prior to proteasomal degradation. These “marked”
substrates are sensed by an F-box protein component of the
conserved SCF family of E3 ubiquitin ligases, ubiquitinated, and
subsequently degraded by the proteasome (1-3). Of the numer-
ous mammalian F-box proteins that exist, FBW7, SKP2, and
B-TrCP have well established roles in the degradation of cell
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cycle proteins. In particular, cyclins, phosphatases, and cyclin-
dependent kinase (CDK)? inhibitors are established substrates
of these effectors (4, 5).

Although site-specific phosphorylation is an underlying
theme in protein degradation, reports of multisite phosphory-
lation converging to control specific responses are emerging. In
Saccharomyces cerevisiae, the CDK inhibitor Sicl is targeted for
degradation by charging a minimum of 6 proline-directed
phosphoacceptor sites. Subsequently, Sicl is efficiently bound
by the F-box protein Cdc4, ubiquitinated, and degraded by the
proteasome. This type of threshold response creates a decisive,
ultrasensitive switch for the G,/S transition (6). In contrast,
graded responses allow for fine-tuning of specific activities. For
example, multisite phosphorylation impacts the DNA binding
affinity of the transcription factor Ets-1 (7). The “rheostat”
behavior that additive phosphorylation confers allows for pre-
cise tuning of its transcriptional activity. A recent report on cell
cycle control by mitogen-activated protein kinase during yeast
differentiation also attests to the importance of graded
responses by multisite phosphorylation (8).

Extensive cell proliferation and cell cycle control are funda-
mental features of mammalian development. In particular, neu-
ral progenitor proliferation during embryonic brain develop-
ment requires precise balancing with neural differentiation.
Perturbations in the cell cycle/proliferation machinery affect
the orderly process of brain development and impacts final
organ size. Along these lines, transgenic mice expressing stabi-
lized B-catenin, a model for constitutive Wnt signaling, exhibit
a profound increase in brain size (9). In addition to proliferative
signaling, directly impacting the mitotic apparatus can influ-
ence neural progenitor proliferation and differentiation (10,
11). Although reports detailing responses of neural progenitors
to proliferative signaling and cell fate determinants are rela-
tively abundant, only a few studies have linked defects in the cell
cycle machinery to disruptions in brain development.

In this study, we link multisite phosphorylation-dependent
degradation of the mammalian protein activating transcription
factor 4 (ATF4) and its effect on cell cycle progression to

3 The abbreviations used are: CDK, cyclin-dependent kinase; ATF4, activating
transcription factor 4; CK1, casein kinase 1; PDP, proline-directed phos-
phorylation; VZ, ventricular zone; IZ, intermediate zone; CP, cortical
plate; CIP, calf intestine phosphatase; CREB, cAMP-response element-
binding protein.
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describe a novel mechanism regulating embryonic neurogen-
esis. ATF4, a member of the ATF family of basic leucine zipper
transcription factors, exerts its influence in stress response (12,
13), development (14 —17), and learning and memory (9, 18, 19).
Although translation of the ATF4 message is a well established
mechanism for increasing ATF4 expression (12, 20), we provide
evidence of a mechanism that requires multiple phosphoryla-
tion events to converge on a 3-TrCP degron to control ATF4
stability. We find that a proline-directed phosphorylation
(PDP) gradient influences multiple aspects of ATF4 stability,
including binding to the F-box protein B-TrCP2, ubiquitina-
tion, and phosphorylation of the B-TrCP degron. ATF4 was
found to be highly expressed in neural progenitors in the
embryonic neocortex, and its persistence caused cells to accu-
mulate in early G, and repressed neurogenesis. Importantly, we
demonstrate that neural progenitors are acutely sensitive to
ATF4 dose and that proper control of ATF4 levels is required
for efficient neurogenesis in the developing mouse brain.

EXPERIMENTAL PROCEDURES

Materials—The following chemicals were used for this
study: thymidine (Calbiochem), nocodazole (Sigma), aphidico-
lin (Sigma), MG132 (Sigma), IC261 (Sigma), cycloheximide
(Sigma), BrdU (Sigma), and calf intestine alkaline phosphatase
(CIP) (New England Biolabs).

Cell Culture/Transfection/Synchronization—HeLa, 293T,
and NIH3T3 cells were maintained in DMEM (Invitrogen) sup-
plemented with 10% FBS and antibiotics. NIH3T3 cells were
synchronized at the G,/S phase using aphidicolin (5 wg/ml) for
20 h. S-phase-enriched cells were obtained by treating with 2.5
mM thymidine for 20 h. M-phase cells were obtained by treating
with nocodazole for 20 h followed by shake off. The quality of
synchronization was confirmed by flow cytometry. NIH3T3
cells were arrested in early S-phase using a double thymidine
block and released with 2 washes in PBS prior to addition of
fresh medium.

Constructs—ATF4 and its mutant variants were cloned
into a pcDNA-3XFLAG vector containing three tandem
copies of the FLAG epitope coding sequence at the N terminus
and the pCAG-IRES-EGFP vector. The various serine to ala-
nine mutants were generated using a PCR-based mutagenesis
strategy and verified by sequencing. Primer sequences are avail-
able upon request.

Antibodies—Antibodies used in this study include: anti-
FLAG M2 from Sigma, anti-ATF4 from Santa Cruz (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-ATF4 developed in rab-
bits immunized with the first 272 amino acids of mouse ATF4,
anti-ATF4-S218P, anti-y-tubulin from Sigma, anti-actin from
Sigma, anti-proliferating cell nuclear antigen and anti-cyclin B
from Santa Cruz, anti-GST from Cell Signaling, anti-myc, anti-
ubiquitin, anti-p35, and anti-CDK5 from Santa Cruz, anti-cy-
clin D (DCS6) from Cell Signaling, anti-Ki-Mcmé6 from BD
Bioscience, anti-cleaved caspase 3 from Cell Signaling, and
anti-Tbrl from Abcam.

Western Blot/Immunoprecipitation—For detection of endog-
enous ATF4, nuclear or RIPA extracts were prepared. For
nuclear extracts, 10-cm dishes of 3T3 cells were initially treated
with Buffer A consisting of 0.05% Triton, 20 mm HEPES, pH 7.9,
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10 mm KCl, 1 mm DTT, EDTA, EGTA, protease inhibitor mix-
ture (Roche Applied Science), sodium fluoride, B-glycerol
phosphate, and sodium pyrophosphate for 10 min on ice. Fol-
lowing 2 washes in the same buffer, the nuclear proteins were
extracted with Buffer B consisting of 10 mm HEPES, pH 7.9, 500
mMm NaCl, 1 mm DTT, EDTA, EGTA, protease inhibitor mix-
ture, NaF, B-glycerol phosphate, and sodium pyrophosphate.
Nuclear proteins (20 ug) were loaded for Western blot. To
determine Ser*'® phosphorylation of endogenous ATF4 in
brains, E12 mouse brains were pooled and lysed in RIPA buffer.
Lysates (500 ug) were subjected to ATF4 or HA immunopre-
cipitations in RIPA buffer with ATF4 or HA antibody cross-
linked Protein A beads followed by Western blot analysis with
S$218P and ATF4 antibodies. Immunoprecipitations for pro-
tein-protein interactions were performed in immunoprecipita-
tion buffer consisting of 0.6% Triton, 150 mm NaCl, 50 mm Tris,
pH 7.5, protease inhibitors, and phosphatase inhibitors. FLAG
immunoprecipitations and glutathione S-transferase (GST)
pulldowns were performed using M2 FLAG-agarose-conju-
gated resins (Sigma) and glutathione-Sepharose beads (Roche),
respectively. To detect Ser®>'® phosphorylation and ubiquitina-
tion of exogenous ATF4, FLAG-tagged ATF4 mutants were
immunoprecipitated and washed in RIPA buffer followed by
Western blot analysis.

Alkaline Phosphatase Treatment—Cells were lysed in buffer
containing 0.5% Triton, 50 mm Tris, pH 8.0, 150 mm NaCl, and
protease inhibitors. Equal amounts of lysates were diluted in
the same buffer without Triton X-100 and treated with 5 units
of CIP (New England Biolabs) for 1 h at 37 °C. SDS sample
loading buffer was added to terminate the reaction and lysates
were analyzed by Western blot.

ATF4 Stability Assays—The stability of the various forms of
ATF4 was determined by treating cells transfected with the
various FLAG-tagged ATF4 mutants with cycloheximide for
the indicated durations. The amount of plasmid transfected
was optimized so that the endogenous ubiquitination and pro-
teasome machinery efficiently degraded WT ATF4 in 293T
cells during the time frame observed. Lysates were subjected to
Western blot analysis and the resulting band intensities were
determined by densitometry. A WT ATF4 series was included
in all experiments for quality control. Results are plotted as the
mean of at least three independent experiments.

Retroviral Transduction—The various ATF4 mutants were
cloned into the pMSCV-puro (Clontech) vector. Retrovirus was
packaged in Phoenix cells and viral supernatant was collected
at 8-h intervals over the course of 4 days. For transduction of
NIH3T3 and N2A cells, culture medium was replaced with
viral supernatant in the presence of Polybrene for 16 h. Fol-
lowing 24 h of recovery, infected cells were selected with
puromycin (1 ug/ml) over the course of 4 days. Cell cycle
analysis was performed by plating a fixed number of selected
cells into 24-well plates on coverslips and processing by
immunohistochemistry as described below. Cell counts were
performed by plating 4 X 10* cells/well in triplicate in 6-well
plates over the course of 7 days. Cells were trypsinized and
counted with a hemocytometer.

In Utero Electroporation/Immunohistochemistry—In utero
electroporations of E11.5-E12 embryos were performed on
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pregnant Swiss Webster mice as described previously (21). Ani-
mal experiments were approved by the Massachusetts Institute
of Technology Committee on Animal Care. Cryosections (12
pm) generated from fixed brains were subjected to fluorescent
immunohistochemistry. Antibodies used were: anti-GFP poly-
clonal antibody (Molecular Probes, Aves labs), anti-Tujl
monoclonal antibody (Covance), anti-Ki-Mcm6 (BD Bio-
sciences), anti-Ki-67 (Neomarkers), and anti-Nestin mono-
clonal antibody (Pharmingen). Secondary antibodies used were
goat anti-rabbit Cy2 and Cy3 and goat anti-mouse Cy2, Cy3,
and Cy5 (Jackson ImmunoResearch). Images were acquired on
a laser scanning confocal microscope (LSM 510; Carl Zeiss
Microlmaging, Inc.) and processed using LSM image browser
version 4.2 (Carl Zeiss Microlmaging, Inc.).

ATF4 and Phosphor-Ser*'® Antibody—To generate the poly-
clonal ATF4 antibody, rabbits were immunized with a fragment
of murine ATF4 spanning amino acids 1-272 fused to GST.
Specific antibodies were purified by first clearing with a GST
column, followed by purification with GST-ATF4. To generate
the phosphoserine 218 antibody, rabbits were immunized with
the peptide PSDNDSGICMSP (underlined serine is phosphor-
ylated). Phosphorylation specific antibody was purified from
crude rabbit serum using the Sulfolink kit (Pierce) conjugated
with the phosphopeptide used for immunization after pre-
clearing serum with a non-phosphorylated peptide.

Kinase Assay—Cold kinase assays were performed in the
presence of Cdc2 kinase buffer (New England Biolabs), 100 mm
ATP, 50 units of casein kinase (CK) 1 (New Engalnd Biolabs)
and CK2 (New Engalnd Biolabs) (with or without Cdc2/cyclin
B), and 100 ng of purified GST-ATF4. Reactions were per-
formed at room temperature for 1 h and terminated by addition
of SDS sample buffer and boiling. Samples were analyzed by
Western blot analysis with anti-S218P.

Cell Cycle/Fluorescence-activated Cell Sorting (FACS)
Analysis—Asynchronously growing NIH3T3 cells were trans-
fected with the various pCAG-IRES-EGFP based constructs for
48 h prior to determining the BrdU labeling and mitotic index.
For BrdU labeling experiments, a 1-h pulse of 20 um BrdU was
applied to the cells prior to fixation. Once fixed, cells were
treated with 2 N HCI for 20 min, and processed for immunocy-
tochemistry with antibodies against GFP (Molecular Probes)
and BrdU (DAKO). For mitotic index studies, transfected cells
were processed and stained with an antibody against phospho-
histone H3 (Upstate). Early G, arrest was determined using
antibodies against Ki-67 (Neomarkers) and Ki-Mcm6 (BD Bio-
sciences). For FACS analysis, cells were transfected with the
indicated plasmids for 48 h. Cells were fixed with 2% paraform-
aldehyde for 7 min, washed several times, and permeablized
with 75% ethanol overnight. Cells were washed free of ethanol,
incubated with RNase and propidium iodide for 30 min at
37 °C, and analyzed with a FACScan machine. Cells were gated
for GFP expression, and the DNA content of at least 15,000 GFP
positive cells were analyzed for each sample using ModFit.

In Situ Hybridization—Embryos aged E12.5 and E16.5 were
isolated from ATF4 = heterozygous crosses and genotyped.
Embryonic brains were fixed in 4% paraformaldehyde over-
night followed by cryoprotection with 30% sucrose/PBS over-
night, and sectioning (12 wm) with a cryostat. Knock-out brains
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and embryos were used as negative controls. Digoxigenin RNA
probes to mouse ATF4 (879 bp fragment) were generated using
a probe synthesis kit (Roche Applied Science), hybridized over-
night, and brains were incubated with an alkaline phosphatase-
conjugated antibody against digoxigenin (Roche Applied Sci-
ence) following probe hybridization. Sections were developed
using a combination of nitro blue tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate reagents (Roche Applied Science)
for 6 h at room temperature.

RT-PCR Analysis—Total mRNA was isolated from embry-
onic mouse brains at various developmental stages (E11 to
adult) using the RNeasy minikit (Qiagen). cDNA was prepared
with oligo(dT),, primers using the SuperScript III first strand
synthesis kit (Invitrogen). Semi-quantitative PCR was per-
formed using the Quick Load Taq 2X master mix (Invitrogen).
25 cycles of amplification were performed for ATF4 and actin.
Actin primers were: 5'-CGTGGGCCGCCCTAGGCACCA-3’
and 5 -TTGGCCTTAGGGTTCAGGGGGG-3'. ATF4 prim-
ers were 5'-TAGATGACTATCTGGAGGT-3' and 5’ -TGGT-
TTCCAGGTCATCCATT-3". PCR products were resolved on
1% agarose gels and visualized by ethidium bromide staining.

Luciferase Assay—Luciferase assay was performed with the
dual luciferase assay kit (Promega). NIH3T3 cells were cotrans-
fected with ATF4, cyclin D1 promoter (41), and SV-40 pro-
moter-driven Renilla luciferase control for 24 h. Assays were
carried out with a LMAXII luminometer (Molecular Devices).

RESULTS

ATF4 Is Phosphorylated and Its Levels Oscillate during the
Cell Cycle—We initially developed an interest in a role for
ATF4 during the cell cycle based on its spatiotemporal expres-
sion during neurodevelopment. ATF4 is abundantly expressed
in neural progenitors of the cortical ventricular zone (VZ) dur-
ing a period of extensive progenitor pool expansion (Fig. 6, A
and B), potentially implicating it in proliferation and cell cycle
control. Because ATF4 is ubiquitously expressed in tissues and
its potential role in proliferation is likely conserved in cycling
cells, we turned to a heterologous system to gain mechanistic
insight into its regulation during the cell cycle. In chemically
synchronized cells, endogenous ATF4 levels were highest in
S-phase (Fig. 1A4) and less detectable in M-phase and G;. Fur-
thermore, we discovered that ATF4 is phosphorylated during
the cell cycle, as demonstrated by the increased mobility after
alkaline phosphatase (CIP) treatment (Fig. 1B). The decline in
ATF4 levels as cells approach G,/M was clearly observed after
release from a double thymidine block (Fig. 1C). These results
suggest that ATF4 is phosphorylated, highly expressed during
S-phase, and oscillates during the cell cycle.

Our observation that ATF4 is phosphorylated during the cell
cycle prompted investigation into the specific sites that were
phosphorylated. Overexpression of ATF4 revealed a mobility
shift that was ablated upon alkaline phosphatase treatment,
suggesting that exogenous ATF4 is efficiently phosphorylated
by endogenous kinases (Fig. 1D). To characterize the phosphor-
ylation events, ATF4 truncations were generated and tested for
the mobility shift. Of the truncations tested, only the fragment
spanning amino acids 190-272 exhibited a mobility shift sen-
sitive to CIP treatment. Interestingly, this fragment contains
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FIGURE 1. ATF4 levels oscillate during the cell cycle. A, lysates from synchronized NIH3T3 cells were immu-
noblotted with the indicated antibodies. Degree of synchrony was confirmed by flow cytometry. As a control,
MG-132 was used to stabilize endogenous ATF4. As, asynchronous; G,/S, G, phase/S-phase; S, S-phase; M,
mitosis. B, lysates from NIH3T3 cells synchronized in S-phase (thymidine) and M-phase (nocodazole) were
subjected to alkaline phosphatase treatment (+CIP). C, NIH3T3 cells synchronized in early S phase with a
double thymidine block were released for the indicated durations. Nuclear extracts were collected and immu-
noblotted with the indicated antibodies. D, HEK293T cells were transfected with the indicated ATF4 truncation
constructs. Lysates were collected, subjected to CIP treatment, and immunoblotted with FLAG antibody.
E, schematic of potential proline-directed serines and threonines in murine ATF4. Asterisk, the proline following

254 &

Ser®>*is not conserved across species. F, HEK293T cells were transfected with mutant variants of the 190-272
fragment and full-length ATF4 as indicated and subjected to immunoblot analysis with FLAG antibody. Light,
light exposure; dark, dark exposure. G, lysates from 293T cells transfected with full-length WT or triple mutant
(3A) ATF4 were subjected to immunoblot analysis with FLAG antibody. WB, Western blot.

multiple PDP sites that potentially serve as substrates for cell
cycle kinases (Fig. 1E). Mutations of the proline-directed sites
toalanine revealed that mutation of a combination of three sites
(Ser*°, Ser***, and Ser**”) was required to completely abolish
the shift (Fig. 1F). Importantly, this could be recapitulated in
the full-length protein (Fig. 1G), suggesting that ATF4 is phos-
phorylated by endogenous proline-directed kinases on at least
three residues.

ATF4 Stability Is Regulated by a Gradient of Phosphorylation—
The F-box protein B-TrCP binds to and targets ATF4 for ubiq-
uitin-dependent proteolysis (22, 23). The interaction requires
phosphorylation of the first serine in the degron motif
(DSGX,,S) corresponding to Ser*'® in mouse ATF4. Interest-
ingly, the degron resides within the 190-272 fragment and
hinted that the three mapped PDP sites might affect ATF4 sta-
bility by regulating the phosphorylation or B-TrCP recognition
of the degron. Mutation of the 3 mapped sites (230/234/247)
significantly increased stability compared with wild type (WT)
ATF4, but did not resemble the marked stability conferred by
the degron (5218A) mutant (Fig. 2, A and B). This intermediate
effect led us to investigate whether other proline-directed sites
might contribute to ATF4 stability. To this end, the remaining
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(supplemental Fig. S1A).

The PDP sites that conferred
resistance to degradation surround
the B-TrCP degron. This arrange-
ment suggested that PDP may re-
gulate the interaction between
B-TrCP and ATF4. To explore this
possibility, various ATF4 mutants
were tested for the capacity to inter-
act with B-TrCP. As expected, WT
ATF4 displayed a robust interaction
with B-TrCP2 that was highly
dependent on degron phosphorylation (Fig. 2, C and D). Con-
sistent with the findings that the 3A ATF4 mutant is more sta-
ble than WT ATF4, the 3A mutant displayed a decreased inter-
action with B-TrCP2. Furthermore, the highly stable 5A
mutant interacted with B-TrCP to a similar degree as the
degron mutant. Other combinations of mutations did not sig-
nificantly alter binding between ATF4 and B-TrCP2, suggest-
ing that the 5 phosphorylation sites (Thr*'?, Ser**?, Ser**°,
Ser*®*, and Ser**”) residing within the 190 -272 fragment are
required to confer optimal interaction.

We next determined whether the extent of ATF4 ubiquiti-
nation reflected the close correlation between the stability of
the mutants and their capacity to interact with B-TrCP2.
WT ATF4 was efficiently ubiquitinated, whereas the degron
and 5A mutants displayed markedly reduced ubiquitination
(Fig. 2E). Ubiquitination of the mutants displayed a graded
decrease with increasing mutations, consistent with the
graded effect on their stability. In effect, the 3A mutant was
ubiquitinated less than WT ATF4, and the 5A mutant was
ubiquitinated to a similar degree as the degron mutant.
Taken together, these data suggest that the additive effect of
PDP on ATF4 stability acts in graded fashion and directly
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FIGURE 2. A gradient of phosphorylation targets ATF4 for degradation by the ubiquitin proteasome system. A, HEK293T cells were transfected with the
indicated ATF4 constructs and treated with cycloheximide for the indicated durations. ATF4 persistence is plotted as the percentage of signal remaining
compared with the vehicle-treated zero time point by densitometry. Results are plotted as the mean of at least three independent experiments. B, plot of
percent ATF4 remaining at 100 min from A. Data are presented as the mean = S.E. (n = 3). p values are denoted on the plot (one-way analysis of variance). The
4A mutants are denoted in the abbreviated form using the last number of each amino acid residue. For example, the 2304 mutant is an abbreviation for
T212A/S223A/S230A/S234A. C, HEK293T cells were cotransfected with the indicated ATF4 mutant constructs and GST-tagged B-TrCP2 and subjected to GST
pulldowns. Cells were treated with MG-132 (30 um) prior to lysis to stabilize ATF4. The amount of ATF4 associated with B-TrCP2 was determined by Western blot
analysis with FLAG antibody. D, quantification of C by densitometry presented as the mean * S.E. 7,p < 0.001 WT, 165A, 172A compared with 218A, 3A, 172/3A,
165/172/3A, 5A, and 9A; 2, p < 0.05 3A, 165/3A, 165/172/3A compared with 218A, 5A, and 9A. p values were obtained by one-way analysis of variance.
E, HEK293T cells were transfected with the indicated mutant ATF4 constructs. Eighteen hours post-transfection, cells were treated with MG-132 (30 um) for 4 h
prior to lysis with RIPA buffer. Lysates were subjected to FLAG immunoprecipitation and analyzed for the degree of ATF4 ubiquitination by immunoblotting
with anti-ubiquitin antibody. WB, Western blot.

218

correlates with the extent of ATF4 ubiquitination and mutantdisplayed noimmunoreactivity. Ser="* phosphorylation

B-TrCP interaction.

PDP Regulates the B-TrCP Degron—Our observation that
the loss of PDP impacts ATF4 stability to a similar degree as the
degron mutant raised the possibility of crosstalk between the
two mechanisms. The 3-TrCP degron in ATF4 is highly con-
served (Fig. 34) and Ser*'® phosphorylation is important for
generating an interaction interface for B-TrCP (Fig. 2, Cand D).
To test whether PDP directly influences degron phosphoryla-
tion, we generated an antibody that recognizes the first phos-
phorylated serine of the degron. WT ATF4 displayed robust
immunoreactivity to the phospho-Ser*'® antibody that was
ablated upon CIP treatment (Fig. 3B). Importantly, the S218A
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could also be detected in vivo from embryonic brain lysate
(supplemental Fig. S4A4). Thus, the antibody specifically and
robustly recognizes Ser**® phosphorylation.

We next assessed whether PDP directly regulated the degron
by examining the extent of Ser*'® phosphorylation exhibited by
the various ATF4 mutants. Compared with WT ATF4, Ser*'®
phosphorylation was significantly reduced with the 3A, and
decreased even further with the 5A mutant (Fig. 3, Cand D). Of
particular interest was the graded decrease in the contributions
of the single site mutants as the distance from Ser*'® increased
(Ser*?® > Ser®3° > Ser®** > Ser®*”). Although Thr*'? impacted
ATF4 stability (Fig. 24), it did not affect Ser*'® phosphorylation
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FIGURE 3. PDP events converge to regulate phosphorylation of the B-TrCP phosphodegron. A, schematic of the conserved B-TrCP degron in ATF4 across
multiple species. B, 293T cells were transfected with the indicated FLAG-tagged ATF4 constructs. Lysates were subjected to FLAG immunoprecipition followed
by treatment with alkaline phosphatase (CIP) where indicated. Samples were then analyzed by Western blot (WB) using the phospho-Ser®'® antibody. C, the
indicated FLAG-tagged ATF4 mutants were expressed in 293T cells, which were treated with MG-132 (30 um) for 4 h prior to lysis with RIPA buffer. Subse-
quently, lysates were subjected to FLAG immunoprecipitation and Western blot with phospho-Ser?'® antibody. D, quantification of C by densitometry. Data are
presented as the mean = S.E. (n = 3).E, 293T cells were transfected with the various ATF4 mutant constructs and GST-tagged B-TrCP2 and treated with MG-132
(30 wm) for 4 h prior to lysis with RIPA buffer. Lysates were subjected to GST pulldown followed by Western blot with FLAG antibody. F, 293T cells were
transfected individually or in combination with the indicated plasmids (FLAG-S218E and/or GST-B-TrCP2) as depicted. Following CIP treatment, cell lysates

were subjected to GST pulldown followed by Western blot with the indicated antibodies.

212

suggesting that Thr
degradation.

The spatial correlation between the distance from the degron
and the degree of Ser®'® phosphorylation/B-TrCP binding sug-
gested that the B-TrCP interaction may be influenced by local
conformational changes. To test this hypothesis, we deter-
mined whether the compounded alanine mutations still
affected B-TrCP binding when the degron is constitutively
charged. We first confirmed that a glutamic acid substitution
of the serine in the degron (S218E) supports the B-TrCP inter-
action (Fig. 3E). We next compounded the S218E mutation
onto the 5A mutant to generate a 5A-S218E mutant. Impor-
tantly, this mutant (lane 5), regardless of the constitutively
charged state of the degron, displayed an inefficient interaction
with B-TrCP similar to that observed with the 5A mutant (lane
4). This result supports the notion that local conformational
changes around the degron are required for the B-TrCP
interaction.

Further evidence for a conformational change was obtained
using a modified GST pulldown scheme (Fig. 3F). Cells were

may contribute to other aspects of ATF4
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either transfected individually or co-transfected with 3-TrCP
and the constitutively charged degron mutant (S218E). In the
individually transfected set, S218E expressing cell lysates were
treated with or without CIP prior to combining with the
B-TrCP containing lysate. Binding of CIP-treated S218E to
B-TrCP was inefficient, consistent with the notion that either
the phosphorylation events directly play a role in the interac-
tion, or that a conformational change required by PDP did not
occur to allow for degron recognition. To distinguish between
these two possibilities, we co-transfected cells with the S218E
mutant and B-TrCP and treated lysates with or without CIP
prior to GST pulldown. Consistent with a conformational
change, abolishing PDP with CIP treatment after the interac-
tion between B-TrCP and S218E took place (in cells) did not
adversely affect the interaction. This supports the model that
PDP is initially required to provide access to the degron, and
that it is dispensable once the interaction has taken place.

A key unresolved issue regarding B-TrCP-mediated ATF4
degradation is the identity of the Ser®'® kinase. To approach
this, we screened a panel of kinases for the ability to phosphor-

JOURNAL OF BIOLOGICAL CHEMISTRY 33329



ATF4 Degradation by Phosphorylation

A B
GST-ATF4 1/2]3]4|5|6|7[8]9]10 consensus: S (P)xxS/T flag-ATF4: ﬂ 'ﬂﬂ*
GST-ATFA(S218A) T T mouse SD21NDS218G  myc-CK1a___2 o2
CK1 % T T + rat SD214sps217G - IP:flag
CK2 T + T T human SD216NDS219G WB: S218P
Cdc2/cycB R chicken HS215pDs218G Input
hamster SD214NDs217G
WB: S218P bovine SD212NDS215G EWB' fa
zebrafish SD216SDS219G -1eg
WB: ATF4 Xenopus tropicalis SD204NDS207Gg WB; myc
Xenopus Laevis SD203NDsS206G
C flag-ATF4 D flag-ATF4
myc-CK1:vec a & & myc-CK1: vec o & ¢
IP:myc IP:flag
WB: flag WB: S218P
WB: myc Input
WB: flag
WB: myc
E vehicle F flag-ATF4
CHX(min) 0 20 40 60 80 100 100 "\-\l\l\l myc- myc- myc-
1C261(50uM) “ lNB: ubiquitin
CHX(min) 0 20 40 60 80 100 | ——Dbmso _
: ——1C261 | - | IP:flag
WB: flag 20 WB: S218P
0 20 40 60 80 100

WB: flag

WB: myc

-

FIGURE 4. CK1 regulates ATF4 stability. A, cold in vitro kinase assay with purified GST-ATF4 and CK1, and CK2 kinases. Samples were analyzed by immuno-
blotting with the Ser®'® phospho-specific antibody. B, FLAG-tagged ATF4 or the corresponding D216A mutant were transfected into 293T cells. Following FLAG
immunoprecipitation with cell lysates, immunoprecipitates were subjected to Western blot with the phospho-Ser®'® antibody. C, FLAG-tagged ATF4 and
myc-tagged CK1 q, §, or € were transfected into 293T cells and cells were treated with MG-132 for 4 h prior to lysis. Following FLAG immunoprecipitation,
immunoprecipitates were subjected to Western blot (WB) with the indicated antibodies. IgG heavy chain overlaps with myc-tagged CK16 and -e. D, FLAG-
tagged ATF4 and myc-tagged CK1 were transfected into 293T cells as in C. Phosphorylation of the Ser?'® residue was analyzed by FLAG immunoprecipitation
followed by Western blot with the S218P antibody. E, stability of ATF4 in cells pretreated with 50 um IC261 was analyzed as described in the legend to Fig. 2A.
The exposure was adjusted to achieve comparable starting ATF4 levels for both samples. F, 293T cells were co-transfected with FLAG-tagged ATF4 and
dominant-negative CK1 constructs and treated with MG-132 for 4 h prior to lysis. Lysates were subjected to FLAG immunoprecipitation followed by Western

blot (WB) with ubiquitin and S218P antibodies. The asterisk represents monoubiquitinated ATF4. CHX, cycloheximide.

ylate the degron (Fig. 4A). In vitro kinase assays revealed casein
kinase 1 (CK1) (lane 4), and to a lesser extent casein kinase 2
(CK2) (lane 5), as Ser*'® kinases. Other kinases, including
Cdc2/cyclin B, PlIk1, GSK3p, and Chkl, did not phosphorylate
Ser?'® under the conditions tested (data not shown). Impor-
tantly, Ser*'® phosphorylation was not observed in the S218A
mutant (lane 9). Phosphorylation by CK2 was inefficient and
likely represented nonspecific phosphorylation (lane 5).
Although Ser®'® does not conform to a CK2 consensus site,
(S/T)XX(D/E), it does somewhat resemble the CK1 consensus,
p(S/T)XXX(S/T), where the first phosphorylated residue
primes CK1 activity. The position of the priming residue in
ATF4 coincides with a conserved aspartic acid residue, an
acidic residue that can mimic phosphorylation (Fig. 4B). Con-
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sistent with this, mutation of the conserved Asp®'® residue to
alanine completely abolished degron phosphorylation (Fig. 4B).

Based on our in vitro kinase assay, we directed our attention
to functional and biochemical interactions between ATF4 and
CK1 in cells. When co-expressed in 293T cells, ATF4 preferen-
tially interacted with the 8/€ family of CK1 kinases (Fig. 4C).
Importantly, this interaction was independent of PDP
(supplemental Fig. S1B), implying that CK1 recruitment is
independent of these modifications. We also recapitulated

r*'® phosphorylation by CK1 in cells; CK18 markedly ele-
vated Ser®'® phosphorylation, although both CK1la and CKle
mildly increased Ser®'® phosphorylation (Fig. 4D). To expand
on these results, we determined whether inhibiting CK1 activ-
ity affected ATF4 stability. Pretreatment of cells with a specific

AV N

VOLUME 285-NUMBER 43-OCTOBER 22, 2010


http://www.jbc.org/cgi/content/full/M110.140699/DC1

pharmacological inhibitor of CK16/€, IC261, markedly stabi-
lized exogenous ATF4 (Fig. 4E). Importantly, coexpression of
dominant-negative CK18 and -e (both inhibit CK16/e iso-
forms) with ATF4 resulted in significantly decreased ubiquiti-
nation and Ser®'® phosphorylation (Fig. 4F).

ATF4 Degradation Is Required for Efficient Cell Cycle Progres-
sion—Based on the oscillating expression of ATF4 during the
cell cycle, we hypothesized that this oscillation, controlled in
part by degradation, is important for cell cycle progression.
Thus, overriding the oscillations by introducing stabilized
mutants may impact the cell cycle. We initially determined
whether the degradation mutants affected DNA replication and
mitotic entry. To this end, we transfected NIH3T3 cells with
ATF4 mutant constructs and determined the BrdU labeling and
the mitotic indexes (phospho-histone H3 labeling). WT ATF4
significantly decreased both the BrdU labeling (Fig. 54) and
mitotic index (Fig. 5B) compared with the control. Importantly,
the stabilized mutants S218A and 5A had a greater impact than
WT ATF4 on both indexes. The observed decrease in prolifer-
ation suggested that stabilized ATF4 expressing cells undergo
cell cycle arrest. To examine this, we performed flow cytometry
analysis on asynchronously growing HeLa cells transfected
with the stabilized mutants. We chose HeLa cells based on the
equal distribution of cells in the various phases of the cell cycle
compared with the relatively G,/G; enriched content of
NIH3TS3 cells (data not shown). Cell cycle distributions of GFP-
positive cells revealed that whereas WT ATF4 had no discern-
able effect on the distribution, S218A and 5A mutants substan-
tially increased the portion of cells in G,/G, compared with the
control (Fig. 5C).

To gain further resolution on the G,/G; block, we stained
cells with Ki-Mcm6, a marker expressed during all phases of the
cell cycle (except G,) (24), and Ki-67, which is expressed in all
phases of the cell cycle except early G;. In asynchronous cul-
tures, virtually all cells are Ki-Mcm6 positive, whereas ~85% of
cells are Ki-67 positive, suggesting that ~15% of cells are in
early G;. We initially ruled out the possibility that cells exited
the cell cycle and entered a quiescent state based on the positive
staining of stabilized ATF4-transfected cells for Ki-Mcm6. We
also ruled out a loss of Ki-67 immunoreactivity as a general
phenomenon of cell cycle arrest because cells that were chem-
ically arrested (at G,/S, S, or M-phase) remained Ki-67 positive
(supplemental Fig. S2). Taking advantage of the Ki-Mcmé6/
Ki-67 double staining scheme, we determined the percentage of
cells accumulating in early G;. Cells in early G; would stain
positively for Ki-Mcmé6 but be Ki-67 negative. Although WT
ATF4 expressing cells moderately increased cells accumulating
in early G; compared with the control, the S218A and 5A
mutants potently induced early G, accumulation (Fig. 5D).

To control for the possibility that ATF4-expressing cells
arrest due to non-physiological overexpression of exogenous
ATF4, we performed the same experiments using retroviral
expression. Importantly, exogenous ATF4 was expressed at
comparable levels to endogenous ATF4 (supplemental Fig.
S3A). We observed similar profiles for BrdU, mitotic, and early
G, arrest indexes (supplemental Fig. S3, B—D), suggesting that
the cell cycle phenotypes observed with overexpression mimic
that of exogenous ATF4 expressed at endogenous levels. Fur-
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thermore, we observed a graded decrease in proliferation as
assessed by cell counts in retroviral-mediated WT and stabi-
lized-ATF4 expressing NIH3T3 cells (Fig. 5E). These data dem-
onstrate that the cell cycle is sensitive to ATF4 dosage and that
ATF4 persistence elicits early G, arrest.

ATF4 Is Expressed in the VZ during Embryonic Brain Develop-
ment—Numerous studies have documented functions for
ATF4 in the mature central nervous system (9, 18, 19, 25-29);
however, no role or characterization of ATF4 function in the
developing embryonic brain has been described. /n situ hybrid-
ization of brain sections from embryos of various developmen-
tal stages revealed that ATF4 is expressed early during cortical
brain development (Fig. 6A4). Importantly, ATF4 expression
was not observed in neurons at this stage. To gain better spatial
resolution, we analyzed brains from a later stage when neurons
are abundant. I situ hybridization of E16.5 brains revealed that
ATF4 was most highly expressed in the proliferative VZ, con-
sistent with its expression pattern at E12.5. However, ATF4 was
also observed in the CP, suggesting that its expression is reac-
tivated in mature neurons. To determine whether ATF4 pro-
tein expression mirrored that of its message, lysates from brains
of various developmental stages were analyzed (Fig. 6B). ATF4
protein is most highly expressed early in brain development
during a period mainly characterized by progenitor prolifera-
tion. ATF4 levels decline as neurogenesis increases (at around
E11) as demonstrated by increased expression of p35, the neu-
ron-specific activator of the CDK5 kinase. The decrease in
ATF4 levels likely reflects the gradual depletion of the progen-
itor pool and increase in neurons as neurogenesis proceeds. It
also suggests that ATF4 might be subject to post-transcrip-
tional or post-translational control in neurons, as the protein
levels did not exhibit a commensurate increase consistent with
the expression of ATF4 message in the CP.

ATF4 Degradation Is Required for Proper Cell Positioning
during Neurodevelopment in Vivo—To determine whether
ATF4 degradation is required for cell cycle progression in vivo,
we utilized the in utero electroporation technique (Fig. 6C). We
electroporated E11.5-E12 embryos based on the temporal
expression pattern of ATF4 and technical difficulty of perform-
ing electroporations on earlier embryos. We initially deter-
mined the positioning of cells (VZ, IZ, or CP) expressing the
various ATF4 mutants relative to WT ATF4 and the GFP con-
trol 2 days post electroporation (E13.5-E14). Although WT
ATF4 caused a significant increase in cells accumulating in the
VZ compared with the GFP control, the stabilized mutants had
a more potent effect (Fig. 6, D and E). Correspondingly fewer
cells entered the IZ and CP in both WT and stabilized ATF4-
electroporated brains. These results imply a defect in the cell
cycle or differentiation of the neural progenitors. Alternatively,
progenitors may differentiate into neurons, but have migration
defects that preclude efficient exit from the VZ.

Early G, Block Results in Decreased Neurogenesis in Vivo—
We initially addressed whether cells accumulated in the VZ due
to a neuronal migration defect by determining whether the cells
had differentiated into neurons. To this end, we determined the
fraction of GFP-positive cells that were positive for the early
neuron marker Tujl (Fig. 7A). Although a few Tujl positive
neurons could be observed in the VZ, none were GFP positive.
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ATF4-mediated early G, arrest and
This suggested that the GFP-positive cells blocked in the VZdid  restored cell proliferation (supplemental Fig. S5, A-D). This
not become neurons. In addition, GFP-positive cells analyzed finding provided us with a unique opportunity to address this
for the control, WT ATF4, S218A mutant, and 5A mutant issue. If the neurogenesis defect is cell cycle based, cyclin D
exhibited a distribution of neurons consistent with the posi- expression should restore proliferation and thus neurogenesis.
tioning experiment. Furthermore, staining with a progenitor If the defect is an impaired differentiation program, cyclin D
marker (nestin) revealed that GFP-positive cells accumulating expression should not rescue neurogenesis. Upon cyclin D
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knock-out mouse brains from E12.5 and E16.5. B, ATF4 was immunoprecipitated from RIPA brain lysates from the indicated ages and subjected to immuno-
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expression, we observed a dramatic rescue of neurogenesis in
the 5A mutant expressing cells (Fig. 7, C and D). In contrast,
cyclin D only partially rescued cell positioning (Fig. 7, C and E).
Positioning of cells in the IZ increased in cyclin D-coexpressing
5A mutant electroporated brains compared with the GFP con-
trol, and correspondingly fewer cells entered the CP. This sug-
gests that proper control of ATF4 is likely also important for
coordinating neuronal migration. Collectively, these results
demonstrate that neural progenitors arrested in early G; by
ATF4 stabilization fail to undergo efficient neurogenesis.
Importantly, resolving the early G, block by co-expressing
cyclin D restores differentiation, underscoring the importance
of proper G; phase control and cell cycle progression for
neurogenesis.

DISCUSSION

In this study, we define a novel mechanism whereby mul-
tisite phosphorylation regulates ATF4 stability. The require-
ment for multiple convergent modifications to elicit a single
output, degradation, implies that ATF4 dose is kept under
tight control. Our study supports this notion by detailing the
negative consequences of sustained ATF4 expression. Impor-
tantly, we demonstrate a requirement for precise control of
ATF4 dose during neurogenesis in vivo, a developmentally rel-
evant context.

Multisite Phosphorylation as a Regulatory Mechanism for
ATF4 Degradation—ATF4 expression is regulated at the post-
transcriptional level (12, 20). ATF4 levels increase under con-
ditions of limited nutrient availability, involving a mechanism
of selective reading frame translation. Our findings are not
incompatible with such a mechanism. A likely scenario involves
a superimposition of the two mechanisms, allowing additional
control over a protein whose levels need to be tightly regulated.
We speculate that under conditions requiring rapid fluctua-
tions in ATF4 levels, termination of Ser*'® phosphorylation
could confer an acute increase that can be augmented by a more
sustained expression offered by increased translation. Further-
more, downstream termination of ATF4 signaling is likely to
rely on timely degradation.

The dependence of ATF4 degradation on the F-box protein
B-TrCP has been previously described (22, 23), however, the
mechanistics of degron phosphorylation were unknown. By
providing a detailed picture of the multiple upstream events
surrounding degron recognition, our study fills this void and
contributes to the notion that ATF4 expression is under multi-
ple layers of control. Both Wnt and Hedgehog signaling are also
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subject to regulation by B-TrCP, CK1, and GSK3-dependent
mechanisms involving B-catenin (30) and Cubitus interruptus
(31) degradation, respectively. In the case of B-catenin, CKla
acts as a priming kinase. Once primed, GSK3p is recruited and
catalyzes consecutive phosphorylation events culminating in
degron phosphorylation. With ATF4, however, our results sup-
port a more indirect mechanism for degron charging. Single
PDP mutants still exhibit considerable degron phosphoryla-
tion, a result inconsistent with a priming phosphorylation cas-
cade. Although GSK3p can charge the degron of some 3-TrCP
substrates, including B-catenin, the ATF4 degron does not con-
form to its consensus. Interestingly, CK1 seems to function as
an opportunistic effector of Ser*'® phosphorylation. In our
model, ATF4 requires no priming phosphorylation, unlike
most CK1 substrates, due to the presence of a priming acidic
residue, and its recruitment is independent of PDP. CK1 is con-
stitutively active, so what prevents constant charging of the
degron? We speculate that the rate-limiting step is the gradual
structural unmasking of the degron by multiple phosphoryla-
tion events. The degron likely exists in differentially accessible
conformation states depending on the particular PDP state. In
support of this, mutations most proximal to Ser*'® have the
greatest effect on degron phosphorylation, consistent with
localized structure relaxation, whereas distal mutations have
correspondingly diminished effects. Another possibility is that
each PDP event forms a suboptimal binding interface for a mol-
ecule that can influence degron phosphorylation, although this
possibility does not take into account the spatial correlations
just described. Also important to note is that degron phos-
phorylation alone is unlikely to be solely responsible for degra-
dation, as the single mutants do not exhibit corresponding
effects on stability (Fig. 24) and the degron and 5A mutant
interact to some extent with B-TrCP (Fig. 2, C and D). Addi-
tional work will be needed to define the full spectrum of con-
trols that exist to fully execute the ATF4 degradation program.

ATF4 Degradation Is Required for Proper Cell Cycle Control
and Neurogenesis—The ability of ATF4 to potently suppress
proliferation and elicit G; arrest is likely relevant to growth
arrest mediated by PERK, an elF-2« kinase upstream of ATF4
in the unfolded protein response. Activation of the unfolded
protein response triggers G arrest that is, in part, dependent on
the repression of cyclin D translation (32). A recent report also
implicates PERK in limiting the growth of mammary epithelial
cells (33). We speculate that ATF4 may bridge a gap between
PERK and inhibition of proliferation by providing a transcrip-

FIGURE 7. Stabilization of ATF4 results induces an early G, block in neural progenitors and inhibits neurogenesis in vivo. A, embryonic brains (E11.5)
were electroporated with pCAG, pCAG-WT, pCAG-S218A, pCAG-5A, fixed 48 h later, and processed for immunohistochemistry. Sections were stained with
antibodies against GFP (green) and Tuj1 (red). Nuclei were stained with Hoechst 33258 (blue). A representative image is shown demonstrating that cells
remaining in the ventricular zone are negative for Tuj1. Data are presented as the mean = S.E. (n = 3).*, p < 0.001 (one-way analysis of variance). B, embryonic
brains electroporated with the indicated plasmids were analyzed for early G, arrest by staining with antibodies against GFP (green), Ki-Mcmé6 (red), and Ki-67
(light blue). Shown is the ventricular zone. Yellow arrows, early G, phase (GFP + Ki-Mcmé6 + Ki-67). White arrowheads, non-early G, cells. Data are presented as
mean = S.E. (n = 3).* p < 0.001 (one-way analysis of variance). C, E11.5 embryonic brains were electroporated with pCAG or pCAG-5A in combination with
cyclin D or a vector control. Processed brains were stained as in A, except that Tbr1 antibody was used in place of Tuj1. D, quantification of neurogenesis from
brain sections of C stained with Tuj1 antibody in place of the TBR1 antibody. Data are presented as the mean = S.E. (n = 3).*, p < 0.001 (one-way analysis of
variance). E, quantification of cell positioning from C. Data are presented as the mean = S.E. (n = 3).a, 5A + vector to pCAG + vector, pCAG + cyclin D, 5A +
cyclin D, p < 0.001; b, 5A + vector to pCAG + vector, pCAG + cyclin D, 5A + cyclin D, p < 0.001; ¢, 5A + cyclin D to pCAG + vector and pCAG + cyclin D, p <
0.01;d, 5A + vector, 5A + cyclin D to pCAG + vector, pCAG + cyclin D, p < 0.001; e, 5A + vector to pCAG + vector, pCAG + cyclin D, 5A + cyclin D, p < 0.001.
p values were obtained by one-way analysis of variance.
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tional component to these responses. In addition, ATF4 may
functionally interact with other ATF/CREB family members in
transcriptional pathways with downstream consequences on
cell cycle progression.

In addition to its degradation, ATF4 expression is also
required for cell proliferation (13, 16). ATF4 knock-out em-
bryos display reduced liver hematopoetic progenitor prolifera-
tion and ATF4 null mouse embryonic fibroblasts are defective
in proliferation. In terms of total brain size, whereas the knock-
out mice on average have smaller brains, this phenotype is
incompletely penetrant (data not shown). Our observation that
ATF4 expression increases in S-phase suggests that, in addition
to regulating metabolic genes, ATF4 may target promoters of
genes required for cell cycle progression. This dual requirement
for expression and degradation may be reflected in its oscillat-
ing expression during the cell cycle.

The G, phase of the cell cycle is particularly important dur-
ing embryonic neurogenesis. Increased G, length in neural pro-
genitors correlates with increased neurogenesis (34-36), and
expressing inhibitors of the G,/S transition or treating cells
with cell cycle inhibitors also promote neurogenesis (37-39).
We demonstrate that ATF4-mediated early G, arrest potently
inhibits neurogenesis. This finding highlights a requirement for
proper cell cycle progression for neuronal differentiation. Sup-
porting this hypothesis is our observation that restoring cell
cycle progression by coexpression of cyclin D can rescue the
neurogenic defect. Our finding that cyclin D can rescue neuro-
genesis but not cell positioning indicates that ATF4 levels need
to be properly controlled in post-mitotic neurons as well, high-
lighting the importance of temporal regulation of ATF4 levels
not only during the cell cycle, but also during development.

Implications of Regulated ATF4 Persistence—Although we
delineate a mechanism controlling ATF4 persistence and its
relevance in cell cycle progression and brain development, we
envision that there are other contexts where precise control of
ATF4 dosage is crucial. ATF4 is an important mediator of syn-
aptic plasticity and an inhibitor of CREB, a critical regulator of
learning and memory (9, 18, 19, 40). Likewise, control of ATF4
levels, by manipulating the phosphorylation state of the trans-
lation initiation factor eIF-2a, can bidirectionally regulate long
term potentiation and memory (19). This raises the prospect
that phosphorylation-mediated rheostat control of ATF4 per-
sistence might be relevant in this context. It is tempting to spec-
ulate that in the basal state, neurons express a steady level of
ATF4 controlled by a constant synthetic rate coupled to a per-
missive degree of degradation. This balance is likely maintained
by GCN2 (40) and multiple proline-directed kinases. On
demand, inputs from these kinases can be adjusted accordingly
to offer neurons a measure of relief from ATF4 and permit
fine-tuning of the threshold required to elicit an appropriate
degree of CREB-dependent transcription.

A number of questions remain outstanding. Upstream ki-
nases that regulate the specific PDP events will need to be elu-
cidated in future studies. At least in the context of the cell cycle,
it is likely that CDKs play a role in this process given the cell
cycle-dependent oscillation of ATF4levels. A thorough analysis
of the Ser®'® kinase is also in order. Although our data provides
evidence that CK1 may play a role in this process, more rigorous
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pursuits will be required to conclusively establish CK1 as a
Ser?'® kinase. Third, although our study focused on the regula-
tion of ATF4 persistence and the impact this has on the cell
cycle both in vitro and in vivo, the underlying defect that con-
tributes to early G, arrest has not been elucidated. To this end,
further studies directed to examine the transcriptional profile
of G, genes may provide interesting insights.

In conclusion, we provide a framework for understanding the
complexities linking ATF4 phosphorylation and degradation to
the regulation of cell cycle progression and neurogenesis. In
addition to addressing a biologically relevant question, deci-
phering the subtleties that surround the control of ATF4 stabil-
ity and its effect on suppressing proliferation and neurogenesis
holds therapeutic potential in putting a break on the runaway
growth of cancer cells and manipulating the production of
neurons.
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