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Interleukin-1� (IL-1�) is a key proinflammatory cytokine that initiates several signaling cascades, including those involving
CCAAT/enhancer binding proteins (C/EBPs). The mechanism by which IL-1� propagates a signal that activates C/EBP has re-
mained elusive. Nemo-like kinase (NLK) is a mitogen-activated protein kinase (MAPK)-like kinase associated with many path-
ways and phenotypes that are not yet well understood. Using a luciferase reporter screen, we found that IL-1�-induced C/EBP
activation was positively regulated by NLK. Overexpression of NLK activated C/EBP and potentiated IL-1�-triggered C/EBP ac-
tivation, whereas knockdown or knockout of NLK had the opposite effect. NLK interacted with activating transcription factor 5
(ATF5) and inhibited the proteasome-dependent degradation of ATF5 in a kinase-independent manner. Consistently, NLK defi-
ciency resulted in decreased levels of ATF5. NLK cooperated with ATF5 to activate C/EBP, whereas NLK could not activate
C/EBP upon knockdown of ATF5. Moreover, TAK1, a downstream effector of IL-1� that acts upstream of NLK, mimicked the
ability of NLK to stabilize ATF5 and activate C/EBP. Thus, our findings reveal the TAK1-NLK pathway as a novel regulator of
basal or IL-1�-triggered C/EBP activation though stabilization of ATF5.

Nemo-like kinase (NLK), an evolutionarily conserved mito-
gen-activated protein kinase (MAPK)-related serine/threo-

nine kinase, plays crucial roles in embryonic patterning, develop-
ment, inflammation, and the DNA damage response (DDR) by
modulating multiple signaling pathways (1–7). Several reports
have suggested that NLK functions downstream of transforming
growth factor � (TGF-�)-activated kinase 1 (TAK1), which is ac-
tivated by TGF-�, Wnt, and interleukin-6 (IL-6) signaling (1–6).
In response to these cascades, NLK phosphorylates several tran-
scription factors, including STAT3, Lef-1, and c-Myb. Previously,
we have shown that NLK plays a role in the DDR via p53 regula-
tion (7). We also found that NLK negatively regulates nuclear
factor kappa B (NF-�B) activity by disrupting the interaction be-
tween the TAK1 complex and I�B kinase � (IKK-�) (8). In inver-
tebrates, NLK affects cell movement in Drosophila and cell fate
determination in Caenorhabditis elegans (9, 10). In mice, NLK
deficiency results in various abnormalities, such as neurological
and morphological defects (11). Given the diverse pathways reg-
ulated by NLK and the complex and as yet poorly understood
phenotypes in different models, the identification of additional
pathways or mechanisms responsible for its functions is of great
interest.

CCAAT/enhancer binding proteins (C/EBPs) are a family of
transcription factors with structural and functional homology
that have critical roles in numerous cellular responses, including
cellular proliferation and differentiation, metabolism, immunity,
and inflammatory processes (12–14). C/EBPs are involved in the
interpretation of extracellular signals (15), including that initiated
by the proinflammatory cytokine IL-1� (16–21), via a variety of
mechanisms. IL-1�, the master cytokine in the IL-1 family, is as-
sociated with various cellular processes, including immunity, au-
tophagy, and inflammation (22, 23). IL-1� exerts its effects mainly
by activating NF-�B and MAPKs (22). Binding of IL-1� to its
receptor, IL-1R, triggers a cascade that activates TAK1 to propa-
gate downstream signaling (22, 24). However, the molecular

mechanism by which the IL-1� cascade regulates C/EBP remains
obscure (16–21).

Activating transcription factor 5 (ATF5), a member of the
ATF/CREB protein family, contains a C-terminal bZIP domain
and is involved in cellular proliferation, as well as differentiation,
apoptosis, and the stress response (25). ATF5 was first identified as
a partner of C/EBP� (26), and a recent study demonstrated that
ATF5 associates with C/EBP� during 3T3-L1 differentiation (27).
Several reports have suggested that ATF5 is inherently very unsta-
ble; however, it can be stabilized in response to a variety of stimuli,
such as cisplatin (28), cadmium chloride (CdCl2) (29), sodium
arsenite (NaAsO2) (30), and IL-1� (31).

To further understand the molecular function of NLK, we
searched for new NLK-associated pathways via a luciferase re-
porter screen and identified C/EBP as a novel NLK-regulated
pathway. Moreover, by developing a strategy called “knock-in af-
finity purification (AP)-mass spectrometry (MS),” we found that
ATF5 is a novel NLK-interacting protein. We further revealed a
signaling cascade in which TAK1-NLK potentiates IL-1�-trig-
gered C/EBP activation. NLK decreases the proteasome-mediated
degradation of ATF5 in a kinase-independent manner, which ac-
counts for the potentiation of C/EBP activation by NLK. Further-

Received 4 December 2014 Accepted 10 December 2014

Accepted manuscript posted online 15 December 2014

Citation Zhang Z-Y, Li S-Z, Zhang H-H, Wu Q-R, Gong J, Liang T, Gao L, Xing N-N,
Liu W-B, Du R-L, Zhang X-D. 2015. Stabilization of ATF5 by TAK1–Nemo-like kinase
critically regulates the interleukin-1�-stimulated C/EBP signaling pathway. Mol
Cell Biol 35:778 –788. doi:10.1128/MCB.01228-14.

Address correspondence to Run-Lei Du, runleidu@whu.edu.cn, or Xiao-Dong
Zhang, zhangxd@whu.edu.cn.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.01228-14

778 mcb.asm.org March 2015 Volume 35 Number 5Molecular and Cellular Biology

http://dx.doi.org/10.1128/MCB.01228-14
http://dx.doi.org/10.1128/MCB.01228-14
http://mcb.asm.org


more, both IL-1� and the subsequently activated TAK1 mimic the
ability of NLK to stabilize ATF5 and activate C/EBP. Our findings
uncover a new mechanism for the regulation of basal and IL-1�-
induced ATF5 stabilization and C/EBP activation.

MATERIALS AND METHODS
Reagents and antibodies. Mouse monoclonal antibodies against Flag
(Sigma), MYC (Roche), and GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) (CWBio), a rabbit monoclonal antibody against hemaggluti-
nin (HA) (Cell Signaling Technology), a rabbit anti-NLK antibody
(Bethyl), a rabbit anti-ATF5 antibody (Abcam), recombinant human IL-
1�, (Biolegend), the protein translation inhibitor cycloheximide (Santa
Cruz Biotechnology), the proteasome inhibitor MG132 (Selleckchem),
the TAK1 inhibitor 5Z-7-oxozeaenol (TOCRIS), and luciferase reporters
(Qiagen) were purchased from the indicated manufacturers. Mouse
monoclonal anti-NLK was raised against human NLK expressed in bac-
teria.

Constructs. Plasmids expressing NLK and its mutants with the indi-
cated tags were previously described (7). Mammalian expression plasmids
containing Flag-ATF5 and its mutants were generated by cloning into
pCDNA5/FRT/TO-Flag; HA-ATF5 and HA-luciferase (HA-Luc) were
generated by cloning into pCDNA5/FRT/TO-HA. The vectors pEGF-C1
and pEGFP-N1 were used to generate enhanced green fluorescent protein
(EGFP)-HA-ATF5 and ATF5-EGFP, respectively. All plasmids were con-
structed using standard molecular biology techniques. HA-tagged TAK1
and ubiquitin (Ub) were kindly provided by Hong-Bing Shu (Wuhan
University).

Transfection and reporter assays. Cell transfection was performed
using Turbofect (Thermo) according to the manufacturer’s instructions.
Where necessary, empty control vector was added to ensure that the total
amounts of DNA transfected were equal across transfections. Luciferase
assays were performed using a dual-luciferase assay kit (Promega). Firefly
luciferase activities were normalized to Renilla luciferase (expressed via
pRL-TK) activities.

Somatic-cell gene knock-in and knockout. HCT116 cells expressing
3� Flag-tagged endogenous NLK were established using recombinant
adeno-associated virus (rAAV)-mediated homologous recombination
(HR), and the CRISPR/Cas9 system was employed to enhance the HR
rate. The details were as follows. The left and right homology arms con-

tained in the pAAV-USER-Neo-LoxP-3�Flag vector were generated us-
ing the uracil-specific excision reagent (USER) system, and the resulting
construct was used to produce rAAV virions in HEK293T cells as previ-
ously described (32). After transfection with CRISPR/Cas9 plasmids for
24 h, HCT116 cells were infected with rAAV for the next 48 h and then
selected with 0.5 mg/ml Geneticin for approximately 2 weeks. Positive
clones were identified from the Geneticin-resistant clones by genomic
PCR using primers derived from the neomycin resistance gene and the
upstream region of the left homology arm. The desired clones were also
confirmed by Western blot analysis. Finally, correct knock-in clones were
infected with Cre recombinase-transducing adenovirus to delete the neo-
mycin selection marker. The HCT116 NLK�/� cells were generated using
AAV-mediated HR, the details of which were described in our previous
report (8). The NLK-deficient RKO cells were generated using TALEN-
mediated knockout.

Flag affinity purification and mass spectrometry. The NLK-3� Flag
knock-in HCT116 cells and control cells (2 � 108 each) were lysed with
radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris [pH
7.4], 1 mM EDTA [pH 8.0], 150 mM NaCl, 10% glycerol, 1% NP-40, 5
mM NaF, and protease inhibitor cocktail [Roche]). Anti-Flag beads (Sig-
ma; 150 �l) were prepared by washing them twice with Flag lysis buffer
and then adding them to the cell supernatants, which were rocked for 5 h
at 4°C. Next, the beads were spun down and washed five times with Flag
lysis buffer. Flag peptide (500 �g/ml; 100 �l each) was used to elute the
protein complex. Finally, 15 �l of 4� SDS loading buffer was added to the
final elution, which was boiled down to 60 �l. Silver staining was per-
formed according to the manufacturer’s instructions (Sigma).

Coimmunoprecipitation and Western blotting. For exogenous co-
immunoprecipitation experiments, transfected 293 cells (1 � 106) were
lysed in 400 �l of NP-40 lysis buffer (30 mM Tris [pH 7.4], 150 mM NaCl,
1% NP-40) with proteinase inhibitor cocktail (Roche). For endogenous
coimmunoprecipitation experiments, 293T cells (1 � 108) were lysed.
The supernatants were incubated with the indicated antibodies and pro-
tein G beads (Roche) at 4°C for 3 h and then washed three times with
buffer containing 0.3 M NaCl. The precipitates were analyzed using stan-
dard Western blotting procedures. The bands were quantified using Im-
age Lab 3.0 (Bio-Rad).

Fluorescent confocal microscopy. 3� Flag knock-in HCT116 cells
were cultured on coverslips and transfected with the HA-ATF5 expression

FIG 1 TALEN-induced gene knockout in NLK. (A) Sequencing results of the PCR fragments, revealing different mutations in the TALEN target site. Genomic
DNA was isolated from cloned RKO cells to amplify the target site for sequencing. Sequences for WT and deletion mutants (1 to 6) are shown. (B) Western blot
results for cells. Lysates were extracted from the indicated cells and examined by Western blot analysis with the indicated antibodies. GAPDH was the loading
control.
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plasmid. After 36 h, the cells were fixed with 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100 in phosphate-buffered saline
(PBS). Then, the cells were washed with PBS and blocked with 5% bovine
serum albumin (BSA) in PBS for 30 min. To visualize the expression of
NLK-3� Flag and HA-ATF5, mouse anti-Flag antibody and rabbit an-
ti-HA antibody were used as primary antibodies, and mouse Alexa Fluor
594-conjugated and rabbit Alexa Fluor 488-conjugated antibodies (Invit-
rogen) were used as secondary antibodies. DAPI (4=,6-diamidino-2-phe-
nylindole) was used to stain the nucleus. Finally, the slips were observed
and digitally photographed using a confocal microscope under a 60� oil
objective.

RNA isolation and quantitative real-time PCR (qPCR). RNA isola-
tion and first-strand cDNA synthesis were performed as previously de-
scribed (8). The mRNA level of ATF5 was normalized to GAPDH mRNA.

The sequences of the primers were as follows: ATF5, 5=-GCCATGGA
GTCTTCCACTTT-3= (forward) and 5=-CACTGATGGCAACAGGAGA
G-3= (reverse); GAPDH, 5=-GAGTCAACGGATTTGGTCGT-3= (for-
ward) and 5=-GACAAGCTTCCCGTTCTCAG-3= (reverse).

Generation of NLK or NLKm reexpression stable cell lines. To per-
form rescue experiments, NLK and the kinase-dead mutant NLK (lysine
[K] 155 methionine [M], referred to here as NLKm) were reexpressed in
the cells by lentiviral infection. MYC-NLK and MYC-NLKm expression
plasmids were produced using the pHAGE-CMV-MCS-PGK-puro back-
bone. HEK293T cells were transfected with these plasmids and lentiviral
packaging vectors. At 48 h posttransfection, the viral supernatants were
filtered and added to HCT116 wild-type (WT) or HCT116 NLK�/� cells
in the presence of Polybrene (6 �g/ml). The transduced cells were selected
by puromycin treatment for 2 weeks before additional experiments were
performed.

Phos-tag assay. SDS-PAGE gels (10% polyacrylamide) containing 25
mM Phos-tag acrylamide (Wako Chemicals), and 100 mM MnCl2 were
used to detect phosphorylated proteins. After electrophoresis, the Phos-
tag acrylamide gels were washed according to the manufacturer’s protocol
to eliminate Mn2�. The remainder of the protocol was carried out follow-
ing standard Western blotting procedures.

RNA interference (RNAi), TALEN, and CRISPR/Cas9 experiments.
Double-stranded oligonucleotides corresponding to the target sequences
were cloned into the pLKO.1 vector (Addgene). The sequences were as
follows: human NLK 1 (shNLK-1 or shN-1), 5=-ACCTCCACACATTGA
CTATTT-3=; human NLK 2 (shNLK-2 or shN-2), 5=-CGGATAGACCTA
TTGGATATG-3=; human ATF5 1 (shATF5-1 or shA-1), 5=-TGGATGAC
TGAGCGAGTTGAT-3=; and human ATF5 2 (shATF5-2 or shA-2), 5=-G
CTGGAACAGATGGAAGACTT-3=. The TALENs for NLK knockout in
RKO cells were assembled using our in-house-developed USER method.
The backbones were modified from pCS2-PEAS and pCS2-PERR (33).
The target sites and the spacer were as indicated (Fig. 1). The guide RNA
(gRNA) targeting the stop codon (in boldface) region of NLK had the
following sequence: 5=-CTCCTCTGGTGTGGGAGTGA-3=. The back-
bone for gRNA cloning was PX459 (34).

Denaturing immunoprecipitation and ubiquitination analysis. To
detect the effect of NLK on ATF5 ubiquitination, denaturing immuno-
precipitation and ubiquitination analysis were performed as previously
described (35). HEK293T cells were transfected with the indicated plas-
mids, and at 36 h posttransfection, the cells were washed with PBS and
lysed with 1 volume of SDS lysis buffer (10% SDS in PBS). The lysates were
heated at 95°C, and then, 2 volumes of modified RIPA buffer (50 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, and protease inhibitor)
was added to the lysates. Then, the lysates were cooled on ice for 1 h and
centrifuged at 18,000 � g for 30 min at 4°C. Finally, the supernatant was
subjected to anti-Flag immunoprecipitation and Western blot analysis.

Statistical analyses. The data are expressed as means and standard
deviations (SD). Statistical analyses were performed using Prism 5.0
(GraphPad Software, San Diego, CA). Significant differences (P 	 0.05)
were calculated by one-way analysis of variance followed by Tukey’s mul-
tiple-comparison test.

RESULTS
NLK activates the C/EBP pathway. In an attempt to identify
novel NLK-associated signaling pathways, we screened the Cignal
45-pathway reporter from Qiagen using luciferase assays. We
found that NLK activated the C/EBP pathway. As shown in (Fig.
2A), overexpression of NLK promoted C/EBP activation in
HEK293T cells in a dose-dependent manner. Furthermore, NLK
also activated C/EBP in HCT116 cells in a manner that was only
partially dependent on its kinase activity (Fig. 2B). To examine the
regulation of C/EBP in a more physiological context, we knocked
down NLK in HEK293T cells and found that C/EBP activation was
inhibited (Fig. 2C). As reported previously (16), IL-1� caused an

FIG 2 NLK activates basal and IL-1�-induced C/EBP activation. (A) Effects of
NLK on C/EBP activation in HEK293T cells. HEK293T cells (approximately
1 � 105) were transfected with a C/EBP luciferase reporter (100 ng) and the
indicated amounts of NLK-Flag plasmids, and reporter assays were performed
24 h after transfection. The expression of the transfected plasmids was exam-
ined by Western blotting. GAPDH was used as a loading control. (B) Effects of
NLK and NLKm on C/EBP activation in HEK293T cells. The experiments were
performed as described for panel A. (C) Effects of NLK knockdown on C/EBP
activation. NLK expression was silenced using shRNAs (shN-1 and shN-2).
The experiments were performed as for panel A. (D) Effects of NLK knockout
on IL-1�-induced C/EBP activation. HCT116 NLK�/� cells and HCT116
NLK�/� cells (approximately 1 � 105) were transfected with a C/EBP reporter.
Twenty-four hours after transfection, the cells were treated with IL-1� (1 ng/
ml) or vehicle control for the next 12 h, after which the reporter assays were
conducted. The graphs show means and SD; n 
 3. The asterisks indicate a
significant difference (P 	 0.05) calculated by one-way analysis of variance
followed by Tukey’s multiple-comparison test.
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approximately 3-fold increase in the activation of C/EBP, and this
effect was almost completely abolished when NLK was knocked
out (Fig. 2D). Taken together, these data suggest that NLK posi-
tively regulates C/EBP signaling.

Identification of ATF5 as a novel NLK-interacting protein by
knock-in AP-MS. In another effort to identify novel NLK-inter-
acting proteins in a physiological context, we developed a strategy
referred to as knock-in AP-MS (Fig. 3A). To avoid the nonphysi-
ological overexpression of the epitope-tagged bait protein, we ex-
pressed a triple-Flag-tagged NLK from the endogenous locus by
AAV-mediated somatic-cell gene knock-in in the human colon
cancer cell line HCT116 (Fig. 3B). As shown in Fig. 3C, endoge-
nous NLK was successfully tagged with 3� Flag, which was deter-
mined by Western blot analysis of cell extracts from the knock-in

and control cells (the untagged parental cells) with both anti-Flag
and anti-NLK antibodies. Then, an AP-MS experiment was per-
formed with anti-Flag beads using the knock-in cells in parallel
with parental control cells (Fig. 3D). The NLK-Flag-containing
protein complexes and untagged control were purified and sepa-
rated on SDS-PAGE. The resulting bands were visualized using
silver staining and excised from the gel for MS analysis. The MS
result showed that the protein band with an apparent molecular
mass of 35 kDa contained several proteins (Table 1).

Among the possible NLK-interacting proteins, cyclic-AMP-
dependent ATF5 (Table 1, boldface) was notable because it has
been reported to interact with C/EBP family proteins, such as
C/EBP� and C/EBP� (27, 36), and NLK has been reported to
interact with and regulate several transcription factors (37). To

FIG 3 Identification of ATF5 as a novel NLK-interacting protein by knock-in AP-MS. (A) Workflow of the knock-in AP-MS strategy. LC/MS-MS, liquid
chromatography-tandem MS. �, anti. (B) Schematic diagram of the NLK-3� Flag knock-in. ITR, inverted terminal repeat; NEO, neomycin. (C) Confirmation
that 3� Flag was knocked-in to the C terminus of the endogenous NLK locus. Cell lysates from WT HCT116 and HCT116 NLKWT/3�Flag cells were extracted and
examined by Western blotting with the indicated antibodies. (D) Silver staining of the NLK-3� Flag-containing protein complexes and untagged controls.
HCT116 NLKWT/3�Flag and HCT116 NLKWT/WT cells (2 � 108 each) were lysed and subsequently examined by AP and silver staining. (E and F) Interaction
between exogenous NLK and ATF5. HEK293T cells were transiently transfected with the indicated constructs. Anti-FLAG (E) or anti-MYC (F) immunopre-
cipitates (IP) were immunoblotted with anti-Flag (ATF5) or anti-MYC (NLK) antibodies, respectively. (G) Interaction between endogenous NLK and ATF5.
HEK293T cell lysates were immunoprecipitated using anti-NLK or IgG antibodies, followed by Western blotting with anti-NLK and anti-ATF5 antibodies. Cell
lysates (5% input) were used for Western blotting. (H) Colocalization of endogenous NLK and HA-ATF5. HCT116 NLK-3� Flag knock-in cells (5 � 104) were
transiently transfected with 500 ng of HA-ATF5 plasmid. Thirty-six hours after transfection, fluorescence confocal microscopy analysis was performed.
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verify the interaction between NLK and ATF5, we transfected
HEK293T cells with Flag-ATF5 and MYC-NLK and performed
coimmunoprecipitation analysis. Immunoblotting of the Flag im-
munoprecipitate from the cotransfected cells using an anti-MYC
antibody showed that Flag-ATF5 associated with MYC-NLK (Fig.
3E). A similar result was obtained using MYC immunoprecipitate
and anti-Flag probing (Fig. 3F). To further confirm the physiolog-
ical interaction, endogenous coimmunoprecipitation was per-
formed and showed that endogenous NLK interacted with ATF5
(Fig. 3G). Additionally, endogenous 3� Flag-tagged NLK colocal-
ized with transfected HA-ATF5 (Fig. 3H). These results demon-
strate that NLK interacts with ATF5.

ATF5 is necessary for NLK-mediated activation of C/EBP.
Given that ATF5 enhances C/EBP� activation and interacts with
C/EBP� (27, 36), we reasoned that NLK might positively regu-
late C/EBP via ATF5. As expected, forced expression of ATF5
activated C/EBP in a dose-dependent fashion (Fig. 4A), and
silencing of ATF5 using RNAi inhibited C/EBP activation (Fig. 4B).
To determine the relationship between NLK and ATF5 in the reg-
ulation of the C/EBP signaling pathway, we cotransfected NLK
and ATF5 or vector control and performed a C/EBP-luciferase
reporter assay. As shown in Fig. 4C, the expression of NLK and
ATF5 synergistically stimulated the C/EBP reporter. Furthermore,
NLK did not activate C/EBP when ATF5 was knocked down (Fig.
4D). Taken together, these data suggest that ATF5 is necessary for
NLK-mediated potentiation of C/EBP activation.

Phosphorylation of ATF5 by NLK cannot account for C/EBP
activation. To elucidate the mechanism by which NLK cooperates
with ATF5 to regulate C/EBP signaling, we coexpressed ATF5 with
NLK in cells. Notably, when ATF5 was coexpressed with NLK, two
events were observed: the ATF5 bands appeared at a higher mo-
lecular weight in Western blot analyses, and the ATF5 protein level
increased (Fig. 5A). Considering that NLK is known to be a kinase
and to interact with ATF5, we speculated that the observed migra-
tion shift of ATF5 may be due to phosphorylation of the protein,
and we tested this hypothesis first. As expected, only wild-type
NLK, but not NLKm, altered the migration of ATF5 (Fig. 5A).

Furthermore, the upward shift in ATF5 migration induced by
NLK was lowered by � protein phosphatase (�-PPase) treatment
(Fig. 5A, lane 4). To further confirm that NLK can phosphorylate
ATF5, Phos-tag SDS-PAGE, which significantly retards the migra-
tion of phosphorylated proteins, was employed (38). Both human
and mouse ATF5 exhibited significant migration retardation in
Phos-tag gels when coexpressed with NLK (Fig. 5B). To elucidate
the sites on ATF5 that were phosphorylated by NLK, we employed
the kinase prediction algorithms GPS 2.1 (39) and Scansites 2.0
(40). ATF5 contained several sites, including four proline (P)-
directed serine/threonine (S/T) residues (92, 94, 126, and 190)
and two non-P-directed S/T residues (144 and 147), that were
predicted MAPK substrates (Fig. 5C). With this information, we
mutated one or more potential sites from S/T to alanine (A),
which cannot be phosphorylated. The transient-transfection and
immunoblotting results showed that ATF5-4A and ATF5-6A no
longer exhibited migration retardation when coexpressed with

TABLE 1 Proteins involved in the affinity-purified banda

Accession no. Description Score

P05141 ADP/ATP translocase 2 834.16
P12236 ADP/ATP translocase 3 727.82
P12235 ADP/ATP translocase 1 656.03
Q6NUK1 Isoform B of phosphate carrier protein,

mitochondrial
223.55

Q9Y2D1 Cyclic-AMP-dependent transcription
factor ATF5

190.40

P83010 13-kDa protein 180.02
P06309 Similar to Ig kappa chain V-II region

GM607 precursor
162.11

B4DDU2 cDNA FLJ60097; highly similar to tubulin
alpha-ubiquitous chain

110.84

Q9BQE3 Tubulin alpha-1C chain 104.54
T0MHB5 Mitochondrial 2-oxoglutarate/malate carrier

protein isoform 2
90.31

Q9BQA1 Methylosome protein 50 71.78
P04264 Keratin, type II cytoskeletal 1 57.47
a Affinity-purified proteins were identified by MS analysis, and the detailed information
is summarized in the table. Accession numbers are those from the UniprotKB database
(http://www.uniprot.org/mapping/); the score is Mascot score.

FIG 4 ATF5 is necessary for NLK-mediated activation of C/EBP. (A) Effects of
ATF5 on C/EBP activation. HEK293T cells (1 � 105) were cotransfected with
C/EBP reporter (100 ng) and the indicated amounts of plasmids. Twenty-four
hours posttransfection, reporter assays were performed. The expression of the
transfected plasmids was detected by Western blotting. (B) Effects of ATF5
knockdown on C/EBP activation. The experiments were performed as for
panel A. (C) Synergistic effects of NLK and ATF5 on C/EBP activation. The
experiments were performed as for panel A. (D) Effects of ATF5 deficiency on
NLK induction of C/EBP. The experiments were performed as for panel A. The
graphs present means and SD; n 
 3. The asterisks indicate a significant dif-
ference (P 	 0.05) calculated by one-way analysis of variance followed by
Tukey’s multiple-comparison test. �, anti.
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NLK (Fig. 5D). To further confirm these results, Phos-tag SDS-
PAGE was employed again. The Phos-tag Western blotting results
further indicated that the ATF5-4A and ATF5-6A mutants were
no longer phosphorylated by NLK (Fig. 5E). Nevertheless, lucif-
erase reporter assays showed that the ATF5-6A mutant, which was
not phosphorylated by NLK, significantly activated C/EBP (Fig.
5F). Together, these results suggest that NLK can promote ATF5
phosphorylation at several residues; however, this phosphoryla-
tion is not required for NLK to positively regulate C/EBP.

NLK stabilizes ATF5 at the protein level in a kinase-indepen-
dent manner. The above-mentioned results indicate that, along
with phosphorylation by NLK, ATF5 protein expression was
higher when it was coexpressed with NLK (Fig. 5A and D). How-
ever, the latter event does not appear to rely on the former, as the
kinase-dead mutant NLKm also increased ATF5 protein levels
(Fig. 5A), which is consistent with the observation that NLK
markedly potentiated the expression of the ATF5-4A and
ATF5-6A mutants (Fig. 5D and E). To verify that NLK enhanced
ATF5 expression posttranslationally, cycloheximide (CHX), an
inhibitor of protein translation, was employed to measure the
half-life of ATF5 decay. The results showed that exogenous ex-
pression of NLK prolonged the half-life of transfected ATF5 (Fig.
6A). To examine whether endogenous NLK was involved in reg-
ulating ATF5, we generated NLK-deficient HCT116 and RKO
cells using AAV-mediated homologous recombination and
TALEN technology (Fig. 1), respectively. Western blot analysis
showed that endogenous ATF5 protein levels were reduced in
both HCT116 NLK�/� and RKO NLK�/� cells compared with the
corresponding wild-type parental cells (Fig. 6B) without the oc-
currence of similar changes in mRNA levels (Fig. 6C). Further-
more, reexpression of NLK or NLKm rescued the downregulated
ATF5 protein level (Fig. 6D), which further confirmed that NLK
stabilized ATF5 in a kinase-independent manner. Consistently,
the half-life of endogenous ATF5 was prolonged in NLK-overex-
pressing HEK293T cells compared with the empty-vector-ex-
pressing cells and shortened in NLK-deficient HCT116 cells com-
pared with the wild-type cells (Fig. 6E and F). These results
demonstrate that NLK stabilizes ATF5 at the protein level in a
kinase-independent manner.

Inhibition of proteasome-mediated degradation of ATF5 by
NLK is involved in C/EBP regulation. Posttranslational intracel-
lular degradation of proteins occurs mainly through lysosome-
and/or Ub-proteasome-mediated proteolysis (41). To determine
how NLK affected the proteolysis of ATF5, MG132 and NH4Cl
were used to block proteasomes and lysosomes, respectively. The
NLK-mediated stabilization of ATF5 was inhibited by MG132 but
not NH4Cl (Fig. 6G). Thus, these results indicate that NLK medi-
ated ATF5 stabilization through inhibition of the proteasome
pathway. In addition, the ubiquitination analysis was extended by
first immunoprecipitating ATF5 under denaturing conditions
and immunoblotting the detected HA-Ub. These analyses showed
that both NLK and NLKm were able to inhibit the ubiquitination
of ATF5 (Fig. 6H). Furthermore, the downregulation of C/EBP
activity in HCT116 NLK�/� cells was rescued by the reexpression
of NLK and NLKm (Fig. 7E). Collectively, these data suggest that
inhibition of the proteasome-mediated degradation of ATF5 by
NLK is involved in the regulation of C/EBP.

The N-terminal residues of ATF5 are required for NLK-me-
diated phosphorylation and stabilization. It has been reported
that N-terminal residues play an important role in ATF5 stability

FIG 5 Phosphorylation of ATF5 by NLK cannot account for C/EBP activation. (A
and B) NLK phosphorylates ATF5 and increases its protein expression. HEK293T
cells (4 � 105) were transfected with the indicated plasmids. (A) Thirty-six hours
after transfection, the cells were lysed and treated with �-PPase or control, and
Western blot analysis was performed using the indicated antibodies and HA-Luc
for normalization. �, anti. (B) HEK293T cells (4 � 105) were transfected with the
indicated plasmids. Thirty-six hours after transfection, the cells were lysed, and the
lysates were analyzed using the Phos-tag assay. (C) Diagram of the potential
MAPK phosphorylation sites within ATF5. There are four P-directed S/T residues
(92, 94, 126, and 190) and two non-P-directed S/T residues (144 and 147).
ATF5-3A is an ATF5 mutant with residues 92, 94, and 126 altered to A. In ATF5-
4A, all four P-directed S/T residues were mutated to A, and in ATF5-6A, all pre-
dicted S/T residues were mutated to A. (D and E) Several sites within ATF5 that are
predicted to be phosphorylated by NLK. HEK293T cells (4�105) were transfected
with the indicated plasmids. At 36 h posttransfection, the cells were lysed, and
then, the lysates were analyzed by Western blotting (D) and the Phos-tag assay (E).
(F) ATF5 activates C/EBP and cooperates with NLK to induce C/EBP activation.
HEK293T cells (1�105) were cotransfected with the C/EBP reporter plasmid (100
ng) and other indicated plasmids (Vec, vector of ATF5; C, vector of NLK; N,
NLK-expressing plasmid). Twenty-four hours after transfection, reporter assays
were performed. The graphs present means and SD; n 
 3. The asterisks indicate
a significant difference (P 	 0.05) calculated by one-way analysis of variance fol-
lowed by Tukey’s multiple-comparison test.
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(31). Accordingly, truncated ATF5 was overexpressed with NLK
to determine whether the N-terminal residues were required for
the NLK-mediated stabilization of ATF5. The result showed that
ATF5 lacking the first 130 N-terminal amino acids, which could

not be stabilized by NLK, was more stable than wild-type ATF5
(Fig. 8A). Because the N terminus was important for NLK-medi-
ated stabilization of ATF5, we found that NLK did not stabilize the
full-length ATF5 when a large tag (EGFP) was appended to its N

FIG 6 Inhibition of proteasome-mediated degradation of ATF5 by NLK is involved in C/EBP regulation. (A) Exogenous expression of NLK prolongs the half-life
of exogenous ATF5. HEK293T cells (4 � 105) were transfected with the indicated plasmids. Thirty hours after transfection, the cells were treated with 50 �g/ml
cycloheximide (Chx) for the indicated times, and the cell lysates were analyzed by Western blotting with the indicated antibodies. Protein expression was
normalized to HA-Luc expression. The quantified data are relative to the corresponding time zero. �, anti. (B) Knockout of NLK decreases endogenous ATF5
protein levels in HCT116 and RKO cells. The indicated cell lysates were extracted and examined by Western blotting with the indicated antibodies. (C) NLK
knockout does not affect the mRNA levels of ATF5 in HCT116 or RKO cells. The expression levels were normalized to those of the GAPDH housekeeping gene
and compared with those of the wild-type controls. (D) Effects of NLK or NLKm reexpression on ATF5 stability in HCT116 NLK�/� cells. The indicated cell
lysates were extracted and examined by Western blot analysis with the indicated antibodies. (E and F) Effects of NLK overexpression (E) or NLK deficiency (F)
on the half-life of endogenous ATF5. The experiments were performed as for panel A. (G) Effects of MG132 and NH4Cl on NLK-mediated ATF5 stabilization.
HEK293T cells (4 � 105) were transfected with the indicated plasmids. Thirty hours after transfection, the cells were treated with 10 �M MG132 or 50 mM NH4Cl
for 8 h, and then the cell lysates were analyzed by Western blotting with the indicated antibodies. (H) Effects of NLK on ATF5 ubiquitination. HEK293T cells
(2 � 106) were cotransfected with the indicated plasmids. Thirty-six hours posttransfection, the cells were subjected to denaturing immunoprecipitation using
anti-Flag antibody, followed by Western blot analysis with the indicated antibodies.
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terminus (Fig. 8B). However, appending EGFP to the C terminus
did not affect NLK-mediated stabilization of ATF5 (Fig. 8C).
Moreover, ATF5 lacking the N terminus did not activate C/EBP or
cooperate with NLK to potentiate C/EBP activation (Fig. 8D).
Consistently, ATF5-EGFP, which was stabilized by NLK, but not
EGFP-HA-ATF5, which was not stabilized by NLK, exhibited syn-
ergistic effects on C/EBP activation when coexpressed with NLK
(Fig. 8E). These observations indicate that N-terminal residues
within ATF5 confer the NLK-mediated ATF5 stabilization and
C/EBP activation.

IL-1� and TAK1 function upstream of NLK and ATF5 to ac-
tivate C/EBP. It has been reported that IL-1� also regulates the
stability of ATF5 via the N-terminal domain of the latter (31), and
IL-1� also activates C/EBP signaling (including C/EBP� and
C/EBP signaling) (16–21). Hence, we speculated that IL-1�
might act upstream of NLK to stabilize ATF5 and to activate
C/EBP signaling. ATF5 protein levels were increased when we
treated 293T cells with IL-1� compared with vehicle (control);
however, IL-1� did not further stabilize ATF5 when NLK was
knocked down (Fig. 7A). Similarly, the C/EBP reporter assay
showed that IL-1� activated C/EBP approximately 2.2-fold in
HCT116 NLK�/� cells, and this effect was almost completely
abolished in HCT116 NLK�/� cells (Fig. 2D). Furthermore, the
induction of C/EBP by IL-1� in HCT116 cells was weakened when
proteasomes were blocked by MG132 treatment (Fig. 7B), sug-
gesting that ATF5 stabilization is critical for C/EBP activation. In
summary, these results indicate that IL-1� functions upstream of
NLK to stabilize ATF5 and activate C/EBP.

Because several studies showed that TAK1 is an upstream reg-
ulator of NLK (2, 3, 5, 37, 42, 43) and a downstream effector of
IL-1�-triggered signaling (22, 23, 44–46), we examined the roles
of TAK1 in ATF5 stabilization and C/EBP activation. In accor-
dance with the results of the NLK experiments, overexpression of
TAK1 activated C/EBP in cooperation with ATF5 in HEK293T
cells (Fig. 7C). Consistently, TAK1 activated C/EBP in HCT116
NLK�/� cells by approximately 3-fold, and this effect was almost
completely abolished in HCT116 NLK�/� cells (Fig. 7D) and was
rescued by the reexpression of NLK or NLKm (Fig. 7E). Further-
more, the IL-1�-induced ATF5 stabilization and C/EBP activation
were blocked by TAK1 inhibitor (TAK1i) treatment (Fig. 7F and
G). In summary, these observations suggest that IL-1� stabilizes
ATF5 and activates C/EBP through TAK1-NLK.

DISCUSSION

It has been well documented that the propagation of IL-1� signal-
ing mainly depends on MAPKs and their downstream effectors,
which activate multiple transcription factors (22, 23). Several re-
ports have suggested that C/EBP is activated by IL-1� stimulation
(16–21); however, the underlying mechanism has not been fully
described. In this study, we identified NLK, a MAPK-related ki-
nase, as a positive regulator of basal and IL-1�-triggered C/EBP
activation. Overexpression of NLK activated C/EBP and potenti-
ated IL-1�-induced activation of C/EBP, whereas knockout or
knockdown of NLK had the opposite effect. Consistent with the

FIG 7 IL-1� stabilizes ATF5 and activates C/EBP through TAK1-NLK. (A)
Effects of NLK silencing on IL-1�-induced ATF5 stabilization. HEK293T cells
(4 � 105) were transfected with the indicated plasmids. Twenty-four hours
after transfection, the cells were treated with vehicle (Veh) or 2 ng/ml IL-1�
(IL) for 12 h, followed by Western blot analysis of cell lysates with the indicated
antibodies. DMSO, dimethyl sulfoxide. �, anti. (B) Effects of MG132 on IL-
1�-triggered C/EBP activation. HCT116 cells (1 � 105) were transfected with
C/EBP reporter plasmid (200 ng). Twenty-four hours after transfection, the
cells were treated with 2 ng/ml IL-1� or vehicle, together with 5 �M MG132 or
DMSO for 12 h. (C) TAK1 mimics the ability of NLK to cooperate with ATF5
to elicit C/EBP activation. HCT116 cells (1 � 105) were cotransfected with
C/EBP reporter (100 ng) and the indicated amounts of plasmids. Twenty-four
hours after transfection, reporter assays were performed. (D) Effects of NLK
knockout on TAK1-induced C/EBP activation. HCT116 NLK�/� and
HCT116 NLK�/� cells (approximately 1 � 105) were cotransfected with
C/EBP reporter (200 ng) and TAK1 (100 ng) or empty vector. Twenty-four
hours after transfection, reporter assays were performed. (E) Effects of NLK or
NLKm reexpression on TAK1-mediated C/EBP activation. The indicated cells
were transfected with the reporter. Twenty-four hours posttransfection, a lu-
ciferase assay was performed. (F and G) Effects of TAK1i (5Z-7-oxozeaenol)
treatment on ATF5 stabilization and C/EBP activation. HEK293T cells were
transfected with the indicated plasmids. Twelve hours posttransfection, the
cells were treated with IL (2 ng/ml) or vehicle, together with TAK1i (100 nM)

or DMSO for 12 h. Finally, the cells were subjected to Western blotting with the
indicated antibodies (F) or to luciferase assay (G). The graphs present means
and SD. The asterisks indicate a significant difference (P 	 0.05) calculated by
one-way analysis of variance followed by Tukey’s multiple-comparison test.
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report that ATF5 interacts with C/EBP� and enhances its transac-
tivation of C/EBP� (27), our results also supported the notion that
ATF5 activates C/EBP. Moreover, NLK cooperated with ATF5 to
activate C/EBP, and ATF5 was dispensable for the activation of
C/EBP by NLK. IL-1�-induced C/EBP activation was significantly
weakened when NLK was knocked out. These results suggest that
NLK is involved in basal and IL-1�-stimulated C/EBP activation
in an ATF5-dependent fashion.

Recently, it has been demonstrated that the N-terminal amino
acids of ATF5 are important for IL-1�-induced ATF5 stabiliza-
tion, which is mainly controlled by proteasome-mediated prote-
olysis (31). Similarly, in our experiments, we found that the N-ter-
minal residues of ATF5 conferred NLK-induced stabilization,
which was significantly blocked by proteasome inhibition. Fur-
thermore, both IL-1�-induced ATF5 stabilization and C/EBP ac-
tivation were blunted by NLK knockdown or knockout. These
results suggest that NLK stabilizes ATF5 to potentiate basal and
IL-1�-triggered C/EBP activation. Future studies should explore
the physiological function, especially in vivo, and the underlying
mechanism of basal and IL-1�-regulated ATF5 stabilization by
NLK.

It should be noted that NLK also phosphorylated ATF5; how-
ever, this event was not responsible for ATF5 stabilization by NLK.

Several ATF/CREB family members, such as ATF2, require the
phosphorylation of Ser/Thr residues in the transactivation do-
main to activate their capacities for transactivation. However,
ATF5 contains a constitutively active transcriptional activation
domain that does not appear to require phosphorylation (47),
which was supported by our observation that ATF5-6A activated
C/EBP as efficiently as wild-type ATF5. We also observed that
NLK did not alter the localization of ATF5 and that the localiza-
tion of ATF5-6A was similar to that of wild-type ATF5. Therefore,
NLK may play a dual role in modulating ATF5. Stabilization of
ATF5 by NLK may globally enhance its functions, including acti-
vation of C/EBP; however, phosphorylation of ATF5 by NLK may
selectively control ATF5 through an as-yet unknown mechanism
(e.g., by affecting its interaction with its binding partners or affect-
ing other ATF5 modifications). Further studies are necessary to
explore the basic and physiological functions of NLK-induced
phosphorylation of ATF5.

C/EBP and ATF5 transcription factors play critical roles in a
broad range of physiological and pathological processes, includ-
ing immunity, inflammation, cell proliferation, and differentia-
tion. IL-1� is a proinflammatory cytokine that initiates several
signaling cascades, including that involving C/EBP. Thus, our

FIG 8 The N terminus of ATF5 is important for NLK-mediated ATF5 functions. (A) The N terminus of ATF5 confers NLK-mediated stabilization of ATF5.
HEK293T cells (4 � 105) were transfected with the indicated plasmids (�22 and �34 etc., represent ATF5 lacking the last 22 and 34 amino acids, etc., at the C
terminus). Thirty-six hours after transfection, the cells were lysed, and the lysates were analyzed by Western blotting with the indicated antibodies. �, anti. (B and
C) A large N- or C-terminal tag (EGFP) on ATF5 affects its ability to be stabilized by NLK. The experiments were performed as for panel A. (D) Effects of
N-terminal deletion of ATF5 on C/EBP activation. HEK293T cells (1 � 105) were cotransfected with C/EBP reporter (100 ng) and the indicated plasmids (C,
empty vector of NLK; N, NLK-expressing plasmids; FL, full-length ATF5). Twenty-four hours after transfection, reporter assays were performed. (E) Effects of
adding C- or N-terminal EGFP to ATF5 on NLK-cooperating C/EBP activation. The experiment was performed as for panel D, and the fold changes are indicated.
The graphs present means and SD. The asterisks indicate a significant difference (P 	 0.05) calculated by one-way analysis of variance followed by Tukey’s
multiple-comparison test.
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finding that TAK1-NLK positively regulated IL-1�-stimulated
C/EBP activation by inhibiting proteasome-mediated proteolysis
of ATF5 (Fig. 9) may provide a future therapeutic target for dis-
ease control.
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