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Smad2 and Smad3 (Smad2/3) are structurally similar pro-
teins that primarily mediate the transforming growth factor-β
(TGF-β) signaling responsible for driving cell proliferation,
differentiation, and migration. The dynamics of the Smad2/3
phosphorylation provide the key mechanism for regulating the
TGF-β signaling pathway, but the details surrounding this
phosphorylation remain unclear. Here, using in vitro kinase
assay coupled with mass spectrometry, we identified for the
first time that nemo-like kinase (NLK) regulates TGF-β
signaling via modulation of Smad2/3 phosphorylation in the
linker region. TGF-β-mediated transcriptional and cellular
responses are suppressed by NLK overexpression, whereas NLK
depletion exerts opposite effects. Specifically, we discovered
that NLK associates with Smad3 and phosphorylates the
designated serine residues located in the linker region of
Smad2 and Smad3, which inhibits phosphorylation at the C
terminus, thereby decreasing the duration of TGF-β signaling.
Overall, this work demonstrates that phosphorylation on the
linker region of Smad2/3 by NLK counteracts the canonical
phosphorylation in response to TGF-β signals, thus providing
new insight into the mechanisms governing TGF-β signaling
transduction.

Transforming growth factor-β (TGF-β) represents a large
family of secreted polypeptide cytokines that play pivotal roles
in regulating a broad spectrum of cellular processes from cell
proliferation, differentiation, apoptosis, migration, to extra-
cellular matrix (ECM) remodeling (1, 2). Aberrant TGF-β
signal transductions often associate with various severe dis-
eases, ranging from skeletal diseases, fibrosis, to cancer (3).

There are two receptors of TGF-β, TβRI and TβRII, forming
a heteromeric complex responsible for transduction of TGF-β
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signal via the canonical path. The TGF-β ligand binds to
TβRII, a constitutively active serine/threonine kinase, which
further recruits and phosphorylates TβRI (4). As a result, TβRI
is activated, then phosphorylates downstream transcription
factors, primarily receptor-regulated Smad proteins (R-
Smads), Smad2 and Smad3 at the C-terminal SXS motif. This
phosphorylation event is required for the formation of ternary
complex of R-Smads and Smad4 (5–8) that is translocated into
the nucleus and regulates the transcription of target genes in
cooperation with nuclear cofactors (5–8).

Smad2 and Smad3 are relatively conserved in their struc-
tures, both consist of N-terminal MH1 domain, C-terminal
MH2 domain, and a linker region connecting MH1 and MH2
(9). Following the contextual cues, the linker region undergoes
phosphorylation by different kinases, including MAPKs, Erk,
Jnk and p38, PI3K, CDKs, ROCK, Araf, and GSK3 (10–13).
Proline-directed kinases prefer to phosphorylate four SP/TP
sites in the linker regions, i.e., T220, S245, S250, and S255 in
Smad2; T179, S204, S208, and S214 in Smad3 (14). Phos-
phorylation events in response to the TGF-β antagonists
generally lead to the inhibition of the activation of Smad3, a
critical counterbalance mechanism in the TGF-β signaling (15,
16). In contrast, agonist-induced Smad3 linker phosphoryla-
tion by cyclin-dependent kinases 8 and 9 (CDK8/9) not only
enhances Smad-dependent transcription activation but also
primes the linker region for the subsequent phosphorylation
by glycogen synthase kinase 3 (GSK3) (17–19), which creates
docking sites for the ubiquitin protein ligase NEDD4L and
leads to proteasome-mediated degradation of the activated
Smad3 as an mechanism of signal transduction termination
(20). In addition, phosphorylation that occurred on the linker
region can be reversed through dephosphorylation (21).

Homologous to Nemo in Drosophila, Nemo-like kinase
(NLK) represents an evolutionarily conserved family of serine/
threonine kinases (22, 23). NLK is involved in a wide variety of
developmental events (24–27) and also linked to several types
of human cancers (28–31). NLK regulates a broad spectrum of
signaling pathways in mammals, including the Wnt/β-catenin,
activin, YAP, mTORC1, NF-κB, NGF, and Notch signaling
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NLK targets Smad2/3 to limit TGFβ action
pathways (32–36). In Drosophila, Nemo antagonizes bone
morphogenic protein (BMP) signaling by phosphorylating the
BMP effector MAD to promote MAD export from the nucleus
(37). However, the question remains as to whether NLK plays
any roles in TGF-β signal transduction.

Here we demonstrate that NLK suppresses Smad2/3
mediated TGF-β signaling. NLK interacts with Smad2/3 and
phosphorylates Smad2 and Smad3 in the linker region. The
phosphorylation of Smad3 by NLK leads to the protein
degradation of Smad3, thereby proposing NLK as a negative
regulator of TGF-β signaling.
Figure 1. NLK inhibits TGF-β-induced cell migration and transcriptional r
cotransfected with different doses (25 ng, 50 ng, and 100 ng) of NLK (WT) or it
HEK293 cells treated with or without 100 pM TGF-β for 24 h. The data were m
deviation. The protein levels of NLK were shown below, and the relative ban
intensity; HA: relative values of the band intensity ratio of target protein to GA
(stably expressing HA-NLK) cells, K155M (stably expressing HA-NLK(K155M)) c
times before total RNA was extracted. The data were measured in triplicate. V
induced expression of PAI-1, CTGF, FN, and P15 was inhibited by NLK. HaCaT
100 pM TGF-β for the indicated times. The relative band intensity was shown
values of the band intensity ratio of target protein to GAPDH). E, TGF-β-indu
inhibited by NLK. HeLa cells stably expressing HA-NLK or HA-NLK K155M wer
intensity was shown under each panel (β-actin: relative values of band intens
actin). F, HeLa cells prepared as in D were tested in a wound-healing assay. W
were treated with 100 pM TGF-β and allowed to migrate for 72 h. The data
standard deviation.
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Results

NLK inhibits TGF-β-induced cell migration and transcriptional
responses

We first evaluated NLK’s functions in TGF-β signaling by
measuring its impact on the Smad-driven transcription. As
shown in Figure 1A, the transcription of the (SBE)4 reporter
gene was robustly inhibited with increased levels of NLK in a
dose-dependent manner. In clear contrast, this transcriptional
inhibition by NLK was significantly alleviated when K155M,
T286V, or K155M/T286V was introduced to diminish the
NLK kinase activity. These data over all suggest that NLK
esponses. A, NLK affects the SBE4-luc response. The SBE4-luc reporter was
s inactive kinase forms NLK(K155M), NLK(T286V), and NLK(K155M/T286V) in
easured in triplicate. Values and bars represent the means and the standard
d intensity was shown under each panel (GAPDH: relative values of band
PDH). B and C, quantitative real-time PCR (qRT-PCR) analysis of mRNA. NLK
ells, and parental HaCaT cells were stimulated with TGF-β at the indicated
alues and bars represent the means and the standard deviation. D, TGF-β-
cells stably expressing FLAG-NLK or FLAG-NLK K155M were stimulated with
under each panel (GAPDH: relative values of band intensity; others: relative
ced expression of C-tail phosphorylated Smad2, Smad2/3, and PAI-1 was
e stimulated with 100 pM TGF-β for the indicated times. The relative band
ity; others: relative values of the band intensity ratio of target protein to β-
ounds were performed by seeding cells into the Culture-Insert 2 Well. Cells
were measured in triplicate. Values and bars represent the means and the



NLK targets Smad2/3 to limit TGFβ action
kinase activity is essential for its inhibition of the Smad-
dependent gene transcription in response to TGF-β. Further-
more, we validated this notion in HaCaT cells stably
expressing exogenous NLK. The transcription of a series of
established TGF-β target genes including (38–40) fibronectin
(FN), plasminogen activator inhibitor type 1 (PAI-1), connec-
tive tissue growth factor (CTGF), cyclin-dependent kinase
inhibitor 2B (P15), Smad7, and transmembrane prostate
androgen-induced RNA (TMEPAI) was measured in the
context of TGF-β signaling. We observed similar inhibition of
the target gene transcription by NLK, which was compromised
with NLK K155M. Interestingly, this inhibitory effect coincides
with the decrease in the phosphorylation of Smad3 at C ter-
minus that primarily mediates the transcriptional activation by
TGF-β (Fig. 1, B–D and Fig. S1, A–D). We then tested HeLa
cells to clarify whether this NLK’s inhibition of TGF-β
signaling is cell-type-dependent. There was no significant
discrepancy in the observation. The elevated level of NLK
inhibits the transcription of PAI-1 induced by TGF-β,
accompanied by the reduction in both the total level of Smad2/
3 and the phosphorylation of the Smad2 C terminus (Fig. 1E).
Furthermore, we investigated further downstream cellular
activities upregulated by the TGF-β signaling. As demon-
strated in the wound-healing assay, both HeLa cells (Fig. 1F)
and HaCaT cells (Fig. S1E) exhibited a lower motility as the
result of impaired TGF-β signaling when the wild-type NLK
was overexpressed, whereas no significant difference with the
kinase-inactive NLK.

Depletion of NLK enhances TGF-β-induced transcriptional
responses and compromises cell growth

Next, we examined the function of NLK in regulating TGF-
β signaling in a more physiological setting. The NLK siRNAs
specifically targeting designated KD-1 and KD-2, as well as
nontargeting control NT, were introduced into HaCaT cells
respectively, and the efficiency of the targets was shown in
Figure 2A, which also showed that TGF-beta could facilitate
the mRNA expression of NLK with treatment time prolonged.
A cohort of Smad3 target genes represented by PAI-1, CTGF,
FN, P15, Smad7, and TMEPAI demonstrated significant
reduction in their expressions (Fig. 2, B–D and Fig. S2, A–C).
This impact was more evident at protein level with examina-
tion of P15 and P21 in addition to FN in HaCaT cells stably
expressing NLK shRNA (NLK KD-1) (Fig. 2E). Similar results
were also recorded in HeLa cells with the depletion of NLK in
the genome (NLK KO), where the expression of PAI-1 and P21
was reduced together with the phosphorylation of Smad2/3 at
the C terminus as well as the total levels of Smad2/3 (Fig. 2F).
More importantly, the impact of the NLK depletion on the
expressions of target genes was well reflected in changes in the
cell proliferation with significant lower cell growth observed
upon both HaCaT NLK KD cells (Fig. 2G) and HeLa NLK KO
cells (Fig. 2H). However, NLK depletion did not show signif-
icant effect on cell migration (Fig. 2I and Fig. S2D). Since
HaCaT and HeLa cells could migrate relatively rapidly, we
hypothesized that the cell-free gap might be too narrow to
exhibit the enhanced migration ability of NLK depleted cells.
Collectively, these data suggest that NLK functions as a
negative modulator of TGF-β signaling.

NLK interacts with Smad2/3

Nemo antagonizes BMP signaling by binding to and phos-
phorylating the BMP effector Mad (37). We tested whether
NLK follows the same mechanistic trend as Nemo. Smad3
under epitopic expression was co-immunoprecipitated with
NLK (Fig. 3, A and B), which is further supported by the fact
that NLK was copurified by IP with endogenous Smad2/3
(Fig. 3C) confirming the physical association between NLK and
Smad2/3 as its putative substrates. The kinase activity is not
required for such interaction as the catalytically inactive
mutant NLK K155M retained the ability to interact with
Smad3. Moreover, we stained the U2OS cells for NLK and
Smad3 (Fig. 3D). In the absence of TGF-β, Smad3 participated
in both the nucleus and the cytoplasm, while NLK was colo-
nized with Smad3 in the nucleus to certain extent. However,
the TGF-β stimulation led to a nuclear accumulation of Smad3
that coincides with more overlapping between Smad3 and
NLK, suggesting a role of NLK in regulating Smad2/3-
mediated TGF-β signaling. We also looked into the structure
of Smad3 responsible for interacting with NLK by introducing
several truncated Smad3 proteins into HEK293T cells
respectively (Fig. 3E). As shown in Figure 3F, the deletion of
MH2 domain disrupted the association of NLK with Smad3,
indicating that MH2 domain mediates the interaction between
NLK and Smad3.

NLK phosphorylates Smad2 and Smad3

We went on to test whether Smad2/3 are indeed the sub-
strates of NLK. GST-Smad2 and GST-Smad3 were expressed
and purified from bacteria (Fig. S3). Both of them were
phosphorylated by NLK, with no reaction detected with the
catalytically inactive mutant NLK K155M (Fig. 4A). The po-
tential phosphorylation sites, as shown in Figure 4B, were
suggested by the mass spectrometry analysis (Tables S1-S4)
and then confirmed by substituting the S/T (serine/threonine)
with A/V (alanine/valine) (Fig. S4). We found sharply
decreased phosphorylation with S208A and T132V/S208A/
S416A substitutions but not with S416A nor with T132V/
S416A (Fig. 4C), suggesting that Ser208 was the major phos-
phorylation site by NLK. Considering the conservation in the
linker region between Smad2 and Smad3, we suspected that
NLK can phosphorylate both structures in the same manner.
The antibodies specifically recognizing pSer208 (phosphor-
Smad3-S208) or phosphorylation on the linker region of
Smad2 were raised and used in the vitro kinase assay as shown
in Figure 4D. NLK phosphorylated Smad3 at Ser208 as indi-
cated by the pSer208 signal while Smad2 was phosphorylated
in the linker region by NLK. Taken together, the results
confirm that NLK phosphorylates Smad3 at Ser208 and Smad2
at the analogous region.

We then set to reveal the physiological relevance of Smad2/
3 phosphorylation by NLK. As shown in Figure 5A, the
J. Biol. Chem. (2021) 296 100512 3



Figure 2. Depletion of NLK enhanced TGF-β-induced transcriptional responses and compromises cell growth. A–D, qRT-PCR analysis of mRNA. HaCaT
cells were transfected with NLK siRNA (KD-1 and KD-2) and nontargeting siRNA (NT), then stimulated with TGF-β at the indicated times before total RNA was
extracted. The data were measured in triplicate. Values and bars represent the means and standard deviation values. E, western blot analysis of P21, P15, FN,
and p-Smad3. Whole-cell lysates from HaCaT cells stably expressing NLK shRNA (NLK KD-1) and nontargeting siRNA (NT) were immunoblotted with an-
tibodies as shown on the left. The relative band intensity was shown under each panel (GAPDH: relative values of band intensity; others: relative values of
the band intensity ratio of target protein to GAPDH). F, western blot analysis of C-tail-phosphorylated Smad2/3, total Smad2/3, PAI-1, and P21 in the HeLa
cells. Whole-cell lysates from the NLK-KO and WT cells were immunoblotted with antibodies as shown on the right. The relative band intensity was shown
under each panel (β-actin: relative values of band intensity; others: relative values of the band intensity ratio of target protein to β-actin). G, proliferation of
the HaCaT cells stably expressing NLK shRNA (KD-1; KD-2; KD-3) or nontargeting shRNA (NT) was examined by using the CCK-8 method. The data were
measured in triplicate. Values and bars denote the means and standard deviation values. H, proliferation of NLK-knockout HeLa (NLK KO) cells or wild-type
HeLa (WT) cells was examined by using the CCK-8 method. The data were measured in triplicate. Values and bars denote the means and standard deviation
values. I, NLK-knockout HeLa (NLK KO) cells or wild-type HeLa (WT) cells were tested in a wound-healing assay. Wounds were performed by seeding cells
into the Culture-Insert 2 Well. Cells were treated with 100 pM TGF-β and allowed to migrate for 72 h. The data were measured in triplicate. Values and bars
represent the means and the standard deviation.

NLK targets Smad2/3 to limit TGFβ action
phosphorylation of Smad2/3 at the C terminus was signifi-
cantly compromised upon overexpression of NLK in the
HaCaT cells while the phosphorylation on the linker regions,
indicated by pSer208 in Smad3 and pSer250 in Smad2, was
enhanced. Conversely, depleting NLK in HeLa cells inhibited
pSer250 phosphorylation induced by NLK, while the phos-
phorylation of Smad2 C terminus was increased along with the
level of Smad2 (Fig. 5B). Furthermore, the loss of pSer250 in
Smad2 in the NLK-KO HeLa was restored by the
4 J. Biol. Chem. (2021) 296 100512
overexpression of NLK wild type but not by the inactive form,
indicating that pSer250 in Smad2 is phosphorylated by NLK
under physiological conditions (Fig. 5C).

The linker region phosphorylation destabilizes Smad2/3 and
inhibits TGF-β signaling

The degradation of phosphorylated Smad2/3 upon TGF-β
stimulation is critical for the termination of the signaling and
maintaining the dynamic kinetics of the signaling



Figure 3. NLK interacted with Smad3. A–C, co-immunoprecipitation of NLK with Smad2/3. HEK293T cells were transfected with expression plasmids as
indicated. The immunoprecipitates were immunoblotted with the corresponding epitope antibodies. D, subcellular colocalization of NLK and Smad3 in the
U2OS cells. U2OS cells were transfected with HA-tagged NLK for 24 h, treated with TGF-β for 1 h, and fixed. The localization of endogenous Smad3 was
examined by indirect immunostaining with anti-Smad3 antibody (red). Cells treated with HA-NLK were observed through immunostaining with anti-HA
antibody (green). E, schematic representation of Smad3 and its deletion mutants used in F. F, map of the region in Smad3 that interacts with NLK.
Wild-type Smad3 and its deletion mutants were coexpressed with NLK in HEK293T cells. Immunoprecipitation and immunoblotting were performed as
described in A–C.

NLK targets Smad2/3 to limit TGFβ action
transduction. We therefore intended to check whether the
linker region phosphorylation is involved in this process.
Either the wild-type or the phosphorylation diminishing (S/A)
or phosphorylation mimicking (S/D) Smad2/3 proteins was
introduced to the HeLa cells in which endogenous Smad2 and
Smad3 were depleted (Fig. 6, A and B). This setup allowed us
to specifically measure the impact of the linker phosphoryla-
tion by NLK on the stability of Smad2/3. The fastest turnover
of protein occurred with Smad2 S250D, followed by the wild-
type protein, and the slowest with Smad2 S250A, suggesting
that pSer250 by NLK decreases the stability of Smad2
(Fig. 6C). The same principle appeared also apply to Smad3
(Fig. 6D). In sum, the linker region phosphorylation by NLK
prompts Smad2/3 for degradation. To further investigate the
role of linker phosphorylation by NLK in TGF-β signaling, we
overexpressed NLK along with either wild-type Smad3 or S/A
mutant in Smad2/3-deficient HeLa cells described in
Figure 6A. As shown in Figure 6E, when the linker region
phosphorylation was compromised by S208 A mutation
introduced to Smad3, the inhibition of TGF-β signal by NLK
was impaired, leading to a higher level of transcriptional
activation by TGF-β compared with the wild-type Smad3 as
control. Overall, this work proposes the linker region phos-
phorylation of Smad2/3 by NLK as part of the crucial regu-
latory mechanisms of TGF-β signaling.

Discussion

TGF-β/Smad signaling is one of the prominent elements in
the cellular signal transduction network. The sensitivity and
balance of this pathway are critical for lives in different forms,
which is ensured by a plethora of regulatory proteins (8).
Various diseases arise from the imbalance in TGF-β signaling
(5). Here, we identified NLK as a novel regulator of TGF-β
signaling through phosphorylating the activated Smad2/3 in
the linker region and thereby attenuating the levels of activated
Smad2/3.
J. Biol. Chem. (2021) 296 100512 5



Figure 4. NLK phosphorylated Smad3 at Ser208 and Smad2 at the analogous site in vitro. A, NLK phosphorylated Smad2 and Smad3 in vitro. Flag-NLK,
the catalytically inactive mutant Flag-NLK (K155M), or Flag-RFP immunoprecipitated was from HEK23T cells, and bacterially purified GST-Smad2 or GST-
Smad3 was subjected to in vitro kinase reactions in the presence of [γ-32P] ATP. Samples were resolved by SDS-PAGE. Phosphorylated proteins were
visualized by autoradiography. The asterisk denotes autophosphorylated NLK. B, schematic diagram of Smad2 and Smad3 phosphorylation sites as
identified by mass spectrometry. GST-Smad2 and GST-Smad3 proteins phosphorylated by NLK were gathered form gel described in A and used in mass
spectrometry analysis. C, the substitution of Ser208 with alanine in Smad3 abolished the phosphorylation of Smad3 by NLK. Bacterially purified GST-Smad3
and its point mutants were incubated with or without NLK in the presence of [γ-32P] ATP. Phosphorylated proteins were visualized by autoradiography. The
asterisk denotes significant NLK autophosphorylation. CBB staining showed equalized Smad3 proteins in different reaction systems. D, an in vitro kinase
assay was performed as described in A, and phosphorylated Smad2 and Smad3 were detected by the indicated phospho-specific antibodies. Equal
substrate loading was confirmed by blotting with an anti-Smad2/3 antibody.

NLK targets Smad2/3 to limit TGFβ action
As an atypical MAPK, NLK has been proposed as a multi-
faceted cellular signaling regulator (28, 30). NEMO, the homolog
of NLK in Drosophila, antagonizes BMP signaling (37). To our
knowledge, our work provides the first evidence for the regula-
tory role of NLK inTGF-β signaling. Interestingly, NLK interacts
with Smad2/3 and phosphorylates in the linker region, which has
been proposed as hub for integrating various inputs of regulation
(14). TGF-β/BMP trigger the linker phosphorylation that often
leads to the rapid turnover of activated Smads, thus serving as a
negative regulatory mechanism for balancing the signal activa-
tion. Such phosphorylation is normally mediated by the tran-
scriptional cyclin-dependent kinases CDK8/9 (17, 20) and GSK3
(18). Our work extends this kinase spectrumby revealing the role
of NLK in the phosphorylation of Smad2/3 in the linker region.
However, the question remains as to how CDK 8/9 and NLK
cooperate in keeping TGF-β signaling on check. NLK might in
collaboration with CDK8/9 phosphorylate Ser208 in Smad3.
6 J. Biol. Chem. (2021) 296 100512
Alternatively, CDK8/9 mainly participates in the phosphoryla-
tion of the T179 [PY] motif, to create a docking site for the Pin1
cofactor, which is necessary for the peak activation of Smad3-
dependent transcription (41), whereas pSer208 by NLK might
serve as a priming site for subsequent Ser204 phosphorylation by
GSK3 (18, 19). The timely manner featuring the latter possibility
fits better our observation of the sequential events in TGF-β
signaling, i.e., the Smad2/3 activation prior to the degradation of
the activated proteins. Another important notion is that Pin1
prefers the pThr179 [PY] motif binding in the absence of the
pS204-pS208 motif, leading to the peak activation of Smad3-
dependent transcription, whereas pS204-pS208 motif shifts
this interaction toward the ubiquitin ligase Nedd4L for the
subsequent protein degradation (41). There, pSer208 phos-
phorylation signals the activated Smad3 for destruction, which is
proceeded by the phosphorylation of the Thr179 [PY] motif
during peak of the activation. Future work would bring more



Figure 5. NLK is required for the Smad2/3 linker phosphorylation in cells. A, HaCaT stable cells as described in Figure 1D were stimulated with TGF-β for
1 h. Whole-cell lysates were prepared for western blot analysis with the indicated antibodies. The relative band intensity was shown under each panel
(GAPDH: relative values of band intensity; others: relative values of the band intensity ratio of target protein to GAPDH). B, wild-type (WT) and NLK knockout
(NLK KO) HeLa cells were stimulated with TGF-β for 1 h. Whole-cell lysates were prepared for western blot analysis with the indicated antibodies. The
relative band intensity was shown under each panel (β-actin: relative values of band intensity; others: relative values of the band intensity ratio of target
protein to β-actin). C, NLK knockout (NLK-KO) HeLa cells were infected with lentivirus expressing NLK or the NLK mutant (K155M), then stimulated with 100
pM TGF-β for the indicated times. Whole-cell lysates were prepared for western blot analysis with the indicated antibodies. The relative band intensity was
shown under each panel (β-actin: relative values of band intensity; others: relative values of the band intensity ratio of target protein to β-actin).

NLK targets Smad2/3 to limit TGFβ action
insights into the interplay between NLK and other kinases in
regulating TGF-β signaling as well as the physiological and even
possibly clinical relevance of these mechanisms.

Experimental procedures

Plasmids, antibodies, and other reagents

The coding regions of human NLK, Smad2, or Smad3 from a
HEK293 cDNA library were amplified by RT-PCR with the
corresponding primers (for NLK, the forward primer was 5’-
CGCGGATCCACCATGGCGGCTTACAATGGCGGTACAT
CTGC-3’, and the reverse primer was 5’-TCCGCTCGAGT-
CACTCCCACACCAGAGGAGATG-3’; for Smad2, the forward
primer was 5’-CCGGAATTCATGTCGTCCATCTTGCCAT
TCAC-3’, and the reverse primer was 5’-TCCGCTCGAGT-
TATGACATGCTTGAGCAACGCAC-3’; for Smad3, the for-
ward primer was 5’-CGCGGATCCATGTCGTCCATCCTG
CCTTTC-3’, and the reverse primer was 5’-TCCGCTCGAGT-
CAAGACACACTGGAACAGCGGA-3’). The PCR products
with an N-terminal Flag tag, N-terminal HA tag, or N-terminal
V5 tag were cloned into a modified pcDNA6/myc-HisB vector
between the BamHI and XhoI sites for NLK and Smad3.
Smad3 deletion mutants were generated by PCR using
pcDNA6-Flag-Smad3 as the template and were subcloned into a
modified pcDNA6/myc-HisB vector between the BamHI and
XhoI sites with an N-terminal Flag tag. The primers for the
deletionmutants of Smad3were as follows: for theMH1deletion
mutant, 5’-CGCGGATCCATGTCGTCCATCCTGCCTTTC-
3’ and 5’-TCCGCTCGAGTCACTCTGTGTGGCGTGGCAC-
CAACAC-3’ were used; for the MH2 deletion mutant, 5’-
CGCGGATCCGACCTGCAGCCAGTTACCTAC-3’ and 5’-
TCCGCTCGAGTCAAGACACACTGGAACAGCGGA-3’were
used; for the MH1+linker deletion mutant, 5’-CGCGGATC-
CATGTCGTCCATCCTGCCTTTC-3’ and 5’-TCCGCTC
GAGTCACAAGTTATTATGTGCTGGGGACATC-3’ were
used; and for the linker+MH2 deletion mutant, 5’-
CGCGGATCCATCCCGGCCGAGTTCCCCCCAC-3’ and 5’-
TCCGCTCGAGTCAAGACACACTGGAACAGCGGA-3’ were
used. Full-length GST-Smad2 and GST-Smad3 were constructed
by inserting the Smad2 or Smad3 coding sequence into a pGEX-
6P-1 vector (AmershamBiosciences) between the EcoRI andXhoI
sites or the BamHI and XhoI sites, respectively. Point mutations
were generated in all the constructs with a QuickChange site-
directed mutagenesis Kit (Stratagene) according to the manufac-
turer’s instructions. The primers for the NLK and Smad3 point
J. Biol. Chem. (2021) 296 100512 7



Figure 6. The linker region phosphorylation destabilizes Smad2/3 and inhibits TGF-β signaling. A, validation of Smad2/3 KO in HeLa cells by western
blot. B, validation of Smad2/3 KO in HeLa cells by Sanger sequencing. C and D, Smad2/3-KO HeLa cells were infected with lentivirus expressing wild-type or
mutant Smad2/3, then treated with 100 μg/ml CHX for the indicated times. Whole-cell lysates were prepared for western blot analysis with the indicated
antibodies. The relative band intensity was shown under each panel (β-actin: relative values of band intensity; Flag: relative values of the band intensity ratio
of target protein to β-actin). E, NLK inhibits TGF-β signaling via the phosphorylation of the linker region. Smad2/3-deficient HeLa cells were infected with
lentivirus expressing NLK and either Smad3(WT) or Smad3(S208A). HeLa cells were stimulated with 100 pM TGF-β for the indicated times. Subsequently, the
total cell lysates were prepared for western blotting. The relative band intensity was shown under each panel (β-actin: relative values of band intensity;
others: relative values of the band intensity ratio of target protein to β-actin).
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mutations were as follows: for NLK (K155M), 5’-GTAGCGCT-
CATGAAGATGCCC-3’ and 5’-GGGCATCTTCATGAGC
GCTAC-3’; for NLK (T286V), 5’-CGTCATATGGTTC
AGGAAGTT-3’ and 5’-AACTTCCTGAACCATATGACG-3’;
for Smad3 (T132V), 5’-GAGAGTAGAGGTACCAGT
TCTACCTC-3’ and 5’-GAGGTAGAACTGGTACCTCTA
CTCTC-3’; for Smad3 (S208A), 5’-TCTCCAAACCTAGCCC
CGAATCCGATG-3’ and 5’-CATCGGATTCGGGGCTAGG
TTTGGAGA-3’; and for Smad3 (S416A), 5’-CAGATGGGCG
CCCCAAGCATC-3’ and 5’-GATGCTTGGGGCGCCCAT
CTG-3’. To generate a retrovirus, the NLK coding sequence was
subcloned into amodifiedpMSCVpuro vectorwith anN-terminal
Flag-Strep orHA tag. To generate lentiviruses, the Smad2, Smad3,
or NLK coding sequence was subcloned into a pCDH vector with
an N-terminal Flag-Strep or HA tag. A lentiviral-based vector,
pLentiLox 3.7, was used to express both NLK small-hairpin
(shRNA) and control shRNA. In brief, chemically synthesized
oligonucleotides were annealed and inserted into the pLentiLox
8 J. Biol. Chem. (2021) 296 100512
3.7 vector between the HpaI and XhoI sites. All the constructs
were confirmed by sequencing. The shRNA targeting sequences
were as follows: NLK-KD1, 5’-GCAATTCTGGAGGTTAAT-
CATGCTTGTAC-3’; NLK-KD2, 5’-CTACTAG
GACGAAGAATATTGTTTC-3’; NLK-KD3, 5’-GGAAGA-
TAATGTACTACTGAAGATG-3’; nontargeting control, 5’-
TTCTCCGAACGTGTCACGT-3’. The siRNAs used for NLK
were the following: NT, 5’-TTCTCCGAACGTGTCACGT-3’;
NLKKD-1, 5’-GATGCAGAGTGACCTACAT-3’; NLKKD-2, 5’-
GAAGGCGCTAAGGCACATATA-3’. The sgRNAs of Smad2
and Smad3 were inserted into the lentiCRISPR v2 vector. The
retrovirus and lentivirus were prepared as previously described
(39).

Antibodies against the Smad2 phospho-linkers (phospho-
Smad2 (Ser245/250/255)), Smad2 phospho-tails (phospho-
Smad2 (Ser465/467)), Smad3 phospho-tail (phospho-Smad3
(Ser423/425)), and Smad2/3 were purchased from Cell
Signaling Technology. The other antibodies were directed
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against: NLK (Bethyl); Flag (clone M2), HA, V5 and Flag M2-
agarose (Sigma-Aldrich); Smad3 phospho-Ser208 (Abgent);
Smad3 phospho-Thr179 (Bioworld); PAI-1 and P21 (BD
Pharmagin); FN, CTGF and P15 (Santa Cruz Biotechnology);
and GAPDH (Zhongshanjinqiao). HRP-labeled secondary an-
tibodies were obtained from Zhongshanjinqiao.

Cell culture, transfection, and stimulation

HaCaT keratinocytes, U2OS osteosarcoma cells, HeLa cells,
HEK293T cells, and HEK293 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 100 U/ml penicillin-streptomycin (Life
Technology) and maintained at 37 �C with 5% CO2. The U2OS
cells, HEK293T cells, and HEK293 cells were transfected with
Neofect transfection reagent (NeoBiotech). For RNAi inHaCaT
cells, siRNA oligonucleotides (at a final concentration of 20 nM)
from GenePharma were transfected into cells with Lipofect-
amine RNAi MAX. The cells were serum-starved for 16 h prior
to being treated with TGF-β1 (100 pM, R&D Systems).

Cell proliferation assay

Cell proliferation was measured with a CCK-8 cell counting
kit (Dojindo Molecular Technologies) according to the man-
ufacturer’s instructions. In brief, HaCaT cells or HeLa cells
were seeded in 96-well plates. Following an overnight of
attachment, the cells were exposed to TGF-β1 (100 pM) for
the indicated times. Cell number was determined by
measuring the absorbance of each well at 450 nm, and cell
proliferation was quantified by the fold increase [(cell numbers
at defined time point/original cell numbers) × 100%]. The data
are represented as the mean ± SD with at least three wells for
each group. Each experiment was carried out in triplicate.

Cell migration/wound-healing assay

HaCaT cells and HeLa cells were seeded into Culture-Insert
2 Well (Ibidi). After cell attachment, Culture-Insert was
removed to create wounds. Cells were treated with 100 pM
TGF-β and allowed to migrate in the chamber of Lionheart FX
Automated Microscope (BioTek). Photos were captured once
an hour automatically.

Dual-luciferase reporter assay

The SBE4-luc reporter and TK were transfected into
HEK293 cells along with different doses (25 ng, 50 ng, and
100 ng) of NLK (WT) or its inactive kinase forms NLK(K155M),
NLK(T286V), and NLK(K155M/T286V). Twenty-four hours
after transfection, cells were treated with or without 100 pM
TGF-β for 24 h. Cell lysate was prepared and luciferase activity
was measured in Centro XS3 LB 960 (Berthold Technologies)
with a Dual-Luciferase Reporter Assay System (Promega) ac-
cording to the manufacturer’s instructions.

In vitro kinase assay

Flag-NLK and NLK (K155M) were expressed in HEK293T
cells and immunoprecipitated with anti-FLAG M2-agarose.
Immunoprecipitates were washed five times with NETN buffer
containing a high concentration of salt (0.5 M NaCl). The
proteins were eluted by using Flag peptides (Sigma-Aldrich).
Recombinant GST-tagged Smad2, GST-tagged Smad3, and
GST-tagged point-mutated Smad3 were produced in Escher-
ichia coli BL21 (DE3) cells and purified with glutathione
sepharose 4B (GE Healthcare) followed by gel filtration chro-
matography. The purified GST-tagged Smad proteins were
incubated with aliquots of immunoprecipitated NLK in 20 μl
of kinase buffer containing 5 μCi [γ-32P] ATP at 30 �C for
30 min. The samples were resolved by SDS-PAGE, and the
phosphorylated proteins were detected by autoradiography.
The potential phosphorylation sites at Smad2 and Smad3 were
identified by mass spectrometry.

Mass spectrometry

The purified GST-tagged Smad2 and Smad3 proteins were
gathered, incubated with aliquots of immunoprecipitated NLK,
and separated by SDS-PAGE as described above, respectively.
The gel bands of interest were excised from the gel, reduced
with 5 mM of DTT, and alkylated with 11 mM iodoacetamide,
which was followed by in-gel digestion with sequencing grade
modified trypsin (Promega) at 37 �C overnight and chymo-
trypsin (Promega) at 25 �C overnight. The peptides were
extracted twice with 0.1% trifluoroacetic acid in 50% acetoni-
trile aqueous solution for 30 min and then dried in a speedvac.
Peptides were redissolved in 20 μl 0.1% trifluoroacetic acid,
and 6 μl of extracted peptides was analyzed by Thermo Sci-
entific Q Exactive mass spectrometer. For LC-MS/MS analysis,
the peptides were separated by a 65 min gradient elution at a
flow rate 0.30 μl/min with a Thermo-Dionex Ultimate 3000
HPLC system, which was directly interfaced with a Thermo
Scientific Q Exactive mass spectrometer. The analytical col-
umn was a home-made fused silica capillary column (75 μm
ID, 150 mm length; Upchurch) packed with C-18 resin (300 Å,
5 μm, Varian). Mobile phase consisted of 0.1% formic acid, and
mobile phase B consisted of 80% acetonitrile and 0.1% formic
acid. The Q Exactive mass spectrometer was operated in the
data-dependent acquisition mode using Xcalibur 2.0.2.1462
software, and there was a single full-scan mass spectrum in the
orbitrap (350–1800 m/z, 70,000 resolution) followed by ten
data-dependent MS/MS scans at 29% normalized collision
energy (HCD).

The MS/MS spectra from each LC-MS/MS run were
searched against the Smad2.fasta or Smad3.fasta from UniProt
using an in-house Proteome Discoverer (Version PD1.4,
Thermo-Fisher Scientific). The search criteria were as follows:
no enzyme was chosen; two missed cleavages were allowed;
carbamidomethylation (C) was set as the fixed modification;
the oxidation (M) and phosphorylation were set as the variable
modification; precursor ion mass tolerances were set at
20 ppm for all MS acquired in an orbitrap mass analyzer; and
the fragment ion mass tolerance was set at 0.02 Da for all MS2
spectra acquired. Proteome Discoverer node ptmRS was used
for analysis and mapping of peptide/protein phosphorylation
sites. ptmRS Best Site Probabilities display the most likely
J. Biol. Chem. (2021) 296 100512 9
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positions of the modifications and their site score for each
PSM. For each modification site, this value is an estimate of the
probability (0–100%) that the site is truly modified. Any ptmRS
site probabilities above 75% indicate that a site is truly
modified.

Generation of CRISPR Smad2/3 knockout cells

The lentiCRISPR v2 plasmids (Addgene Plasmid #52961)
containing Smad2 or Smad3 single-guide gRNAs (sgRNA
sequence for Smad2: GAGTGAGTATAGTCATCCAG;
sgRNA sequence for Smad3: CTTCAATATGAA-
GAAGGACG) were cotransfected into HeLa cells using Lip-
ofectamine 2000 (Thermo). Single-cell clones were selected by
flow cytometry. Knockout status was validated by western blot
and Sanger sequencing.

Other assays

Total RNA was isolated using TRizol reagent (Ambion), and
1 μg of total RNA was used to prepare cDNA using the
RevertAid First Strand cDNA Synthesis Kit (Thermo) ac-
cording to the manufacturer’s instructions. qRT-PCR was
carried out in triplicate for each target gene using LightCycler
480 SYBR Green I Master Mix (Roche) on a LightCycler 480
Real-Time system (Roche). The following primers were used.

NLK_forward: 5’-TCTTCCTGTACTCTATACCCTGTC-3’
NLK_reverse: 5’- GATATCGTAGTCGCCCTTCATC-3’
FN_forward: 5’-ACTGTACATGCTTCGGTCAG-3’
FN_reverse: 5’-AGTCTCTGAATCCTGGCATTG-3’
CTGF_forward: 5’-CTGCAGGCTAGAGAAGCAGAG-3’
CTGF_reverse: 5’- GATGCACTTTTTGCCCTTCT-3’
PAI-1_forward: 5’-ATTCAAGCAGCTATGGGATTCAA-3’
PAI-1_reverse: 5’-CTGGACGAAGATCGCGTCTG-3’
P15_forward: 5’-GGAATGCGCGAGGAGAACAA-3’
P15_reverse:5’-CATCATCATGACCTGGATCGC-3’
Smad7_forward: 5’-TTCCTCCGCTGAAACAGGG-3’
Smad7_reverse: 5’-CCTCCCAGTATGCCACCAC-3’
TMEPAI_forward: 5’-TGTCAGGCAACGGAATCCC-3’
TMEPAI_reverse: 5’-CAGGTACGGATAGGTGGGC-3’
GAPDH_forward: 5’-AATCCCATCACCATCTTCCA-3’
GAPDH_reverse: 5’-TGGACTCCACGACGTACTCA-3’
Immunoprecipitation, immunoblotting, and immunofluo-

rescence were carried out as previously described (39).

Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (42)
partner repository with the data set identifier PXD023957. And
all the other data are contained within the article.
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