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Phosphorylation of NFAT3 by CDK3 induces cell
transformation and promotes tumor growth in skin cancer
T Xiao1, JJ Zhu1, S Huang1, C Peng2, S He1, J Du1, R Hong1, X Chen1, AM Bode3, W Jiang1, Z Dong3 and D Zheng1

The nuclear factor of activated T cells (NFAT) family proteins are transcription factors that regulate the expression of pro-
inflammatory cytokines and other genes during the immune response. Although the NFAT proteins have been extensively
investigated in the immune system, their role in cancer progression remains controversial. Here, we report that NFAT3 is highly
expressed in various skin cancer cell lines and tumor tissues. Knockdown of endogenous NFAT3 expression by short hairpin RNA
(shRNA) significantly inhibited tumor cell proliferation, colony formation and anchorage-independent cell growth. Furthermore,
results of the mammalian two-hybrid assay showed that cyclin-dependent kinase 3 (CDK3) directly interacted with NFAT3 and
phosphorylated NFAT3 at serine 259 (Ser259), which enhanced the transactivation and transcriptional activity of NFAT3. The
phosphorylation site of NFAT3 was critical for epidermal growth factor (EGF)-stimulated cell transformation of the HaCaT
immortalized skin cell line and mutation of NFAT3 at Ser259 led to a reduction of colony formation in soft agar. We also found that
overexpressing wildtype NFAT3, but not mutant NFAT3-S259A, promoted A431 xenograft tumor growth. Importantly, we showed
that CDK3, NFAT3 and phosphorylated NFAT3-Ser259 were highly expressed in skin cancer compared with normal skin tissues.
These results provided evidence supporting the oncogenic potential of NFAT3 and suggested that CDK3-mediated phosphorylation
of NFAT3 has an important role in skin tumorigenesis.
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INTRODUCTION
The nuclear factor of activated T cell (NFAT) proteins are a group
of transcription factors comprising five members, NFAT1 (also
called NFATp or NFATc2), NFAT2 (also called NFATc or NFATcl),
NFAT3 (also called NFATc4), NFAT4 (also called NFATx or NFATc3)
and NFAT5 (also called TonEBP).1 NFATs function in the
development of cardiac muscle,2 skeletal muscle3 and the nervous
system,4 and are also involved in cell transformation, progression,
metastasis and angiogenesis during tumor development.1 Among
the NFAT family members, NFAT3 was reported as a negative
regulator of Ras-JNK1/2-AP-1-induced NIH3T3 cell transformation.5

Knockdown of NFAT3 enhanced 12-O-tetradecanoylphorbol-13-
acetate (TPA)-induced anchorage-independent cell transformation
of JB6 Cl41 cells.6 However, NFAT3 was overexpressed in a subset
of breast cancer patients and knockdown of endogenous NFAT3
reduced the growth of human breast cancer cells.7 NFAT3 was also
specifically required for tumor necrosis factor-alpha (TNF-α)-
induced COX-2 expression and transformation of Cl41 cells.8

Moreover, accumulating experimental evidence revealed the
critical role of NFAT3 in carcinogen-induced cell transformation
and tumorigenesis.9–11 These findings indicated that the function
of NFAT3 in cell transformation and cancer progression is still
controversial and the underlying mechanism needs further
investigation.
NFAT3 can be phosphorylated at Ser168 and Ser170 by p38

MAPK12 and at Ser213 and Ser217 by JNK1 and JNK2.5

Replacement of Ser168 and Ser170 with alanine promotes nuclear

localization of NFAT3 and increases NFAT3-mediated transcription
activity.12 However, mutation of the two sites phosphorylated by
JNK1 and JNK2 suppresses NFAT3 transactivation.5 Furthermore,
phosphorylation of NFAT3 by RSK2 leads to nuclear localization of
activated NFAT3 and thus induces the differentiation of muscle
cells.13 These findings suggested that phosphorylation is critical
for the biological functions of NFAT3, including transcription
activity, but whether other kinases are also involved in the
phosphorylation of NFAT3 and associated cellular functions, such
as cell transformation or tumorigenesis, have not been well
elucidated.
Cyclin-dependent kinases (CDKs) have a critical role in the

regulation of cell cycle progression. In many human cancers,
including breast, liver, melanoma and lymphoma, a series of
upstream regulators and downstream substrates of CDKs are
involved in abnormal CDK-related signaling.14–16 Activation of
CDK3 is first observed in G1 phase,17 and was reported to be
critical for G1 exit and S entry.18 The dysfunction of CDK3 leads to
G1 arrest, which cannot be rescued by the G1/S-restricted CDK2,
indicating that CDK3 might have distinct functions in cell cycle
regulation.19 Furthermore, CDK3 was reported to enhance Myc-
induced proliferation and anchorage-independent growth of Ratl
cells.20 We have previously shown that CDK3 enhances transfor-
mation of JB6 cells through the phosphorylation of ATF1.21

Knockdown of CDK3 suppressed ATF1 transactivation and
inhibited cell proliferation and transformation.21 Phosphorylation
of c-Jun by CDK3 induces AP-1 transactivation and thus enhances
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Ras-induced transformation of NIH3T3 cells.22 These findings
suggested that in addition to cell cycle regulation, CDK3 might be
also involved in the regulation of cell transformation, which is a
critical event during tumor development.
In this study, we demonstrated that NFAT3 is highly expressed

in skin cancer cell lines and a novel substrate of CDK3. NFAT3 can
be phosphorylated by CDK3 at Ser259, which is critical for its
transactivation activity and cell transformation. We also found that
CDK3, NFAT3 and phosphorylated NFAT3-Ser259 were highly
expressed in human skin cancer tissues compared with adjacent
normal tissues. Our findings suggested that the CDK3–NFAT3
signaling axis might have a critical role in cell transformation
during cancer progression.

RESULTS
NFAT3 is a potential oncogene in skin cancer
To investigate the potential role of NFAT3 in skin cancer, we first
examined the expression of NFAT3 in normal and tumor skin cell
lines. Results of quantitative PCR showed that the expression of
NFAT3 was high in the A431, A375, G361, SK-MEL-5 and SK-MEL-28
skin cancer cell lines, but was markedly lower in the HaCaT
immortalized skin cell line (Figure 1a). Consistent with the mRNA
level, the NFAT3 protein level was also highly expressed in skin
cancer cell lines, especially in malignant melanoma cells (Figure 1b).
Next, we analyzed the expression of NFAT3 in normal and tumor
skin tissues by immunofluorescence staining. As expected,

compared with normal skin tissue, NFAT3 was highly expressed in
tumor tissues regardless of cancer type (Figures 1c and d). These
findings suggested that NFAT3 might be involved in skin cancer
progression.
To further determine the function of NFAT3 in skin cancer

progression, we then examined whether NFAT3 could regulate cell
proliferation. Overexpression of wildtype NFAT3 by lentiviral
infection in A431 cells increased the expression of NFAT3 at both
the mRNA (Figure 2a, left panel) and protein levels (Figure 2a, right
panel). Cell proliferation assessed by MTS assay showed that
NFAT3 overexpression (OE) could significantly promote A431 cell
growth (Figure 2b). On the other hand, knockdown (KD) of NFAT3
using two different short hairpin RNAs (shRNAs) in A375 cells with
high endogenous NFAT3 levels reduced NFAT3 expression at both
the mRNA (Figure 2c, left panel) and protein level (Figure 2c, right
panel), and subsequently inhibited cell proliferation (Figure 2d),
suggesting that NFAT3 functions in skin cancer cell proliferation
and/or survival. In addition, we performed a 2-D colony formation
assay in NFAT3-OE A431 cells or NFAT3-KD A375 cells. Stable
expression of NFAT3 increased colony formation of A431 cells
(Figure 2e), whereas NFAT3-KD by either of two different shRNAs
abolished A375 cells colony formation (Figure 2f). Moreover, results
of the anchorage-independent cell growth in a soft agar assay
indicated that knockdown of NFAT3 expression was associated with
strong inhibition of A375 cells sphere formation (Figure 2g), which
was similar to the observations regarding colony formation in 2-D
culture dishes. This indicated that NFAT3 is also important for the
clonogeneic ability of skin cancer cell lines.

Figure 1. NFAT3 is overexpressed in skin cancer cell lines. (a) NFAT3 expression was detected by quantitative PCR (qPCR) in the HaCaT
immortalized skin cell line and the A431, A375, G361, SK-MEL-5 and SK-MEL-28 skin cancer cell lines. The relative gene expression was
normalized by NFAT3 level in A431 cells. (b) The protein level of NFAT3 in these cell lines was analyzed by western blot. β-Actin was used as a
loading control. (c) Normal and tumor skin tissues were analyzed for NFAT3 expression by immunofluorescence staining. A secondary
antibody conjugated with Alexa Fluor 488 (green for NFAT3) was used for final detection. Scale bar, 100 μm. (d) NFAT3 staining was evaluated
by average density and used for statistical analysis (Po0.0001).
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To further examine NFAT3 function in tumorigenesis, we used a
xenograft tumor model in which stable A375 cells were
subcutaneously injected into athymic nude mice. In contrast with

control mice, tumor growth of nude mice injected with NFAT3-KD
A375 cells was clearly suppressed (Figure 2h) and even tumor
regression was observed in several mice 2 weeks after

Figure 2. NFAT3 has an oncogenic role in skin cancer cells. (a) OE of NFAT3 in A431 cells was detected by qPCR (left) or western blot (right).
(b) Proliferation of stable A431 cells was measured by MTS assay. Results are expressed as mean values± s.d. from six replicate wells. (c) KD
efficiency of NFAT3 in A375 cells was detected by qPCR (left) or western blot (right). (d) Proliferation of stable A375 cells was measured by MTS
assay. (e and f) Representative photos and statistical analysis of 2-D colony formation in A431 stable cells with or without (e) NFAT3-OE and
A375 stable cells with or without (f) NFAT3-KD. (g) Soft agar assay analysis of anchorage-independent growth of A375 stable cells with or
without NFAT3-KD. Left panel shows representative photos. Right panel shows statistical analysis of colony number. (h) Xenograft tumor
growth of A375 stable cells with or without NFAT3-KD in nude mice. Points indicate mean values (n= 6); bars indicate s.d. *Po0.05, **Po0.01,
***Po0.001 and ****Po0.0001.
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transplantation. Altogether, these findings indicate that NFAT3 has
a potential oncogenic role during skin cancer progression.

NFAT3 is a novel phosphorylation substrate of CDK3
We previously reported that CDK3 interacted with and phos-
phorylated ATF1 at serine 63, which enhanced transformation of
JB6 skin cells.21 Phosphorylation of c-Jun by CDK3 induces AP-1
transactivation and thus enhances Ras-induced transformation of
NIH3T3 cells.22 These data indicate that CDK3 functions in the
regulation of cell transformation and tumor development by
phosphorylating some important transcription factors (TFs). To
further explore the relationship of NFAT3 and CDK3, we first
conducted a mammalian two-hybrid assay to determine whether
NFAT3 can interact with CDK3. Briefly, each pACT-TF and the pG5-
luc-reporter vector were co-transfected with pBIND-CDK3 into
HEK293 cells. The interaction was evaluated by using the basal
level of the pACT empty vector as a reference and E2F2 as a
positive control.19 NFAT3 displayed a significant induction of
luciferase activity, which was as high as that of the positive control
E2F2, whereas the luciferase activities of other candidates were

relatively low (Figure 3a). To verify the interaction between NFAT3
and CDK3, immunoprecipitation was performed using T98G cells
transfected with HA-tagged CDK3 and Flag-tagged NFAT3 and we
observed that NFAT3 was co-immunoprecipitated with CDK3
(Figure 3b). Moreover, the interaction between CDK3 and NFAT3
at their endogenous levels was further observed in melanoma cell
line SK-MEL-28 (Supplementary Figure S1A). After confirming the
interaction between NFAT3 and CDK3, a series of truncated NFAT3
proteins was generated and examined by in vitro immunopreci-
pitation to identify the specific domains that were involved in the
interaction (Figure 3c, left panel). The shortest NFAT3 fragment (1–
112aa) was not precipitated with HA-tagged CDK3 and the 1–219
fragment showed a relatively weak signal. This suggested that the
first 112 amino acids of NFAT3 are not involved in CDK3 binding,
whereas the major interacting domain of NFAT3 might be located
in the fragment containing amino acids 219–902 (Figure 3c, right
panel).
To further identify the site of NFAT3 that is phosphorylated by

CDK3, a kinase assay was performed with a series of segmented
NFAT3 proteins. The result revealed that amino acids 113–260 of
NFAT3 are critical for CDK3 phosphorylation and NFAT3 is

Figure 3. CDK3 interacts with NFAT3. (a) The mammalian two-hybrid assay was performed to investigate the protein–protein interaction
between CDK3 (as pBIND-CDK3) and transcription factors (as pACT-TFs). The binding activity was accessed as relative luciferase units
normalized to the luciferase activity of pBIND-CDK3 with the empty pACT vector. The results were obtained from triplicate experiments and
are shown as mean values± s.d. *Po0.05, **Po0.01. (b) HEK293 cells were transfected with Flag-tagged NFAT3 and HA-tagged CDK3 to
perform the co-immunoprecipitation assay. HA-tagged CDK3 was precipitated with anti-Flag and detected with anti-HA by western blot.
(c) T98G cells were transfected with HA-CDK3 and truncated Flag-NFAT3s as indicated. Anti-HA was used for immunoprecipitation and anti-
Flag was introduced for the detection of precipitated truncated NFAT3 (labeled with *, right panel). The expression of truncated NFAT3 was
also detected using anti-Flag.
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phosphorylated by CDK3 within this region (Figure 4a). The
potential sites phosphorylated by CDK family members were
analyzed for SP motifs and four putative sites in amino acids 113–
260 were predicted (Figure 4b). Four mutant NFAT3 fragments
were then generated and used for an in vitro kinase assay
(Figure 4c, upper panel). Results indicated that the phosphoryla-
tion by CDK3 was much weaker when Ser259 was mutated
(Figure 4c, lower panel). These results demonstrated that NFAT3 is
a novel phosphorylation substrate of CDK3 and the phosphoryla-
tion site is Ser259. Considering CDK2 has the high-sequence
identity with CDK3, and both of them are active in G1–S phase
and essential for G1/S transition, we also examined whether CDK2
can phosphorylate NFAT3 on S259. However, CDK2 could neither
co-immunoprecipitated with NFAT3 nor phosphorylated NFAT3
on S259 (Supplementary Figures S1B and C).

CDK3 enhances the transactivation and transcription activity of
NFAT3
To investigate whether the phosphorylation of NFAT3 at Ser259 by
CDK3 affects transactivation of NFAT3, a Gal4 DNA-binding
domain–NFAT3 fusion protein was constructed and co-
transfected with a luciferase reporter vector containing 5xGal4
binding sites (Figure 5a). This result revealed that co-transfection
of CDK3 significantly increased the transactivation of NFAT3,
whereas the transactivation was reduced when NFAT3 was
mutated at Ser259 (Figure 5b). In general, the co-transfection of
CDK3 increased the transactivation of mutated NFAT3 to a lesser
degree compared with wildtype NFAT3.
To further confirm the role of CDK3 in regulating NFAT3

transcription activity, increasing amounts of CDK3 were co-
transfected with NFAT3 and a 3xNFAT-luc reporter vector, which

Figure 4. CDK3 phosphorylates NFAT3 at Ser259. (a) GST-tagged truncated NFAT3 was used for an in vitro kinase assay with active CDK3. The
phosphorylation was visualized by autoradiography (32P-NFAT3). Coomassie blue staining was used to verify equal loading of GST-tagged
truncated NFAT3 proteins (labeled with *). (b) Sequence of NFAT3 from amino acids 111–260. The predicted SP motifs are indicated with black
boxes. (c) GST-tagged wildtype NFAT3 fragments or GST-tagged mutant NFAT3 fragments were used for an in vitro kinase assay with active
CDK3 as indicated (upper panel). The phosphorylation was visualized by autoradiography (32P-NFAT3) and Coomassie blue staining indicated
the CDK3 protein and respective NFAT3 fragments (indicated as NFAT3 and CDK3).
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contains three NFAT-AP-1 binding sites from the promoter region
of IL-2.1 A luciferase assay was performed and this result indicated
that CDK3 enhanced NFAT3 transcription activity in a dose-
dependent manner (Figure 5c). Moreover, the luciferase activity of
NFAT3 was examined under the knockdown of endogenous CDK3
in two melanoma cell lines, SK-MEL-28 and A375. Although
knockdown of CDK3 using two different shRNAs in SK-MEL-28 cells
reduced CDK3 expression at both the mRNA level (Figure 5d, left
panel) and protein level (Figure 5d, right panel), the luciferase
activity of NFAT3 was obviously decreased, regardless of NFAT3
overexpression or not (Figure 5e). Similar results were observed in
the other cell line A375 (Supplementary Figures S2A and B),

supporting the important role of CDK3 on NFAT3 transcription
activity. Meanwhile, the endogenous phosphorylation level of
NFAT3 was increased with CDK3 overexpression in A375 cells, and
its phosphorylation was decreased with CDK3 knockdown
(Supplementary Figure S2C), further indicating that CDK3 is critical
for NFAT3 phosphorylation.

The CDK3–NFAT3 signaling axis has an important role in cell
transformation and tumor growth
Because NFAT3 is specifically required for TNF-α-induced
cyclooxygenase-2 (COX-2) expression and transformation of JB6
Cl41 cells,8 we determined whether CDK3-mediated NFAT3

Figure 5. CDK3 enhances the transactivation and transcription activity of NFAT3. (a) The schematic indicates the construct of the luciferase
reporter vector with 5xGal binding sites and the pGal4-NFAT3 expression vector. (b) For the luciferase assay, HEK293 cells were transfected
with the p5xGal4-luc reporter vector, pGal4-NFAT3, pGal4-NFAT3-S259A and/or pcDNA3-CDK3 expression vector(s) to access the effect of
phosphorylation at Ser259 on the transactivation of NFAT3. (c) The CDK3 expression vector was transfected in a dose-gradient manner with
the NFAT3 expression vector and 3xNFAT3-luc reporter vector containing 3xNFAT-AP-1 binding sites. For these experiments, transactivation
was accessed as relative luciferase units normalized to the luciferase activity of the mock control. (d) Knockdown efficiency of CDK3 in SK-
MEL-28 cells was detected by qPCR (left) or western blot (right). (e) Stable SK-MEL-28 cells expressing CDK3 shRNAs were transiently
transfected with the 3xNFAT3-luc reporter with or without NFAT3 to access NFAT3 luciferase activity. The results were obtained from triplicate
experiments and are shown as mean values± s.d. *Po0.05, **Po0.01. ****Po0.0001.
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Figure 6. NFAT3 phosphorylation is responsible for cell transformation, proliferation and tumor growth. (a) HaCaT cell lysates were
examined using anti-NFAT3 or anti-phosphorylated NFAT3 (Ser259). (b) Stable HaCaT cells expressing wildtype or mutant NFAT3 were
transiently transfected with the 3xNFAT3-luc reporter to access NFAT3 luciferase activity. Results are shown as relative luciferase units
normalized to the luciferase activity of the mock control. The results were obtained from triplicate experiments and are shown as mean
values± s.d. (c) The MTS assay was performed to assess the effect of mutant NFAT3 on proliferation of HaCaT cells. (d) An EGF-stimulated
(20 ng/ml) soft agar assay was performed using HaCaT cells stably expressing wildtype NFAT3 or mutant NFAT3. Left panel shows
representative photos. Right panel shows statistical analysis of colony number. (e) Representative photos and statistical analysis of 2-D
colony formation of A431 stable cells expressing wildtype NFAT3 or mutant NFAT3. (f) Xenograft tumor growth of A431 stable cells
expressing wildtype NFAT3 or mutant NFAT3 in nude mice. Points indicate mean values (n= 6); bars indicate s.d. *Po0.05, **Po0.01,
***Po0.001 and ****Po0.0001.
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phosphorylation is involved in proliferation and cell transforma-
tion. We previously reported that HaCaT cells expressed endo-
genous CDK322 and were sensitive to stimulation with epidermal
growth factor (EGF).23 Herein, we infected HaCaT cells with
lentivirus carrying wildtype NFAT3, mutant NFAT3-S259A or
NFAT3 shRNAs. The expression of wildtype or mutant NFAT3
was evaluated by western blot (Figure 6a). As expected, the
mutation of NFAT3 at Ser259 significantly perturbed NFAT3

transcription activity in HaCaT cells (Figure 6b). Further, we
observed that the overexpression of wildtype NFAT3 significantly
increased the proliferation of HaCaT cells, whereas the mutation at
Ser259 reduced proliferation (Figure 6c). To further confirm the
role of NFAT3 in cell proliferation, NFAT3-knockdown HaCaT cells
were constructed. Results indicated that knockdown of NFAT3
expression significantly reduced cell growth compared with mock
control (Supplementary Figure S3A).

Figure 7. CDK3 and phosphorylated NFAT3 are overexpressed in human skin cancer. (a) Immunofluorescence staining was used to investigate
the expression of CDK3 and phosphorylated NFAT3 (Ser259) in human skin cancer (n= 65) and normal tissues (n= 9). The staining was
evaluated by average density and used for statistical analysis (Po0.0001). (b) Tumor tissues were further divided by subtype: squamous cell
carcinoma (n= 41), basal cell carcinoma (n= 13) and malignant melanoma (n= 11). The average density was calculated by dividing the
integrated density by the positive area. The data was presented as mean values of intensity score and P-value (Mann–Whitney U test).
(c) Representative photos of immunofluorescence staining performed on the SK801b skin cancer tissue arrays as described in ‘Materials and
methods’ section. Tissues were incubated with antibodies to detect CDK3 or phosphorylated NFAT3 (Ser259). A secondary antibody
conjugated with Alexa Fluor 647 (red for CDK3 or phosphorylated NFAT3) was used for final detection. Scale bar, 100 μm.
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To investigate the role of the CDK3–NFAT3 signaling axis in cell
transformation, we also performed an anchorage-independent cell
transformation assay. With EGF-stimulation, ~ 1700 colonies were
observed in each well of NFAT3-transfected HaCaT cells, whereas
the number of colonies was reduced to around 900 in mutant
NFAT3-S259A cells (Figure 6d). Moreover, in NFAT3-knockdown
HaCaT cells, the introduction of NFAT3 shRNA significantly
reduced the EGF-stimulated colony formation by ~ 80%
(Supplementary Figure S3B). Moreover, the enhanced colony
formation ability of A431 cells induced by wildtype NFAT3 was
almost completely abolished by mutant NFAT3-S259A (Figure 6e).
To further determine whether NFAT3 phosphorylation functions in
tumorigenesis, A431 cells stably expressing empty vector, NAFT3-
wt or mutant NFAT3-S259A were subcutaneously injected into
athymic nude mice. Notably, NFAT3-wt promoted A431 xenograft
tumor growth, whereas mutant NFAT3-S259A was comparable to
vector, supporting the idea that Ser259 phosphorylation is
necessary for the oncogenic function of NFAT3 (Figure 6f). These
results demonstrated that CDK3-mediated phosphorylation of
NFAT3 at Ser259 has a critical role in cell transformation,
proliferation and tumor growth.

High expression levels of CDK3 and phosphorylated NFAT3 are
associated with skin cancer
As CDK3–NFAT3 signaling is important for cell transformation, we
further sought to determine whether CDK3 and NFAT3 are
associated with malignancy in clinical samples. Human skin tissue
arrays were examined by immunofluorescence staining for CDK3
and phosphorylated NFAT3 at Ser259 (pNFAT3-S259). We found
that CDK3 was highly expressed in skin cancer tissues and high
levels of NFAT3 phosphorylation at Ser259 were also detected
(Figure 7a). Further analysis revealed that, compared with normal
tissue, the expression level of CDK3 was enhanced in squamous
cell carcinoma, basal cell carcinoma and melanoma. Interestingly,
the high phosphorylation level of NFAT3 at Ser259 was observed
in all three types of skin cancers, which corresponded with the
expression level of CDK3 (Figures 7b and c). We then analyzed the
correlation between CDK3 and phosphorylated NFAT3-Ser259,
also between CDK3 and NFAT3 in human skin cancer tissues and
adjacent normal tissues. The results showed that CDK3 expression
was positively correlated with both NFAT3 and phosphorylated
NFAT3-Ser259 (Supplementary Figure S4), further supporting the
critical role of CDK3–NFAT3 signaling in cancer progression.

DISCUSSION
Deregulation of cell cycle driven by abnormal cyclin/CDK
activation is associated with carcinogenesis.14,15 We previously
reported that CDK3 is highly expressed in human cancer cells and
CDK3-related signaling is a critical trigger for cell transformation.21

Many CDK3 substrates have been identified, including ATF1, c-Jun,
pRb and IK3-1/Cables.21,22,24,25 In this study, we found that NFAT3
and CDK3 physically interact with each other and NFAT3 is a novel
phosphorylation substrate of CDK3, which phosphorylates NFAT3
at Ser259.
The activation of NFAT3 depends on the dephosphorylation of

serine residues in a series of serine-rich motifs, SPs and SRR-1,
which are highly conserved among NFAT family members.26 The
SRR-1 region is a critical region responsible for nuclear import of
NFATs, whereas the SP motifs regulate DNA-binding affinity and
nuclear export.27,28 NFAT3 contains three SP motifs in which SP1 is
located between amino acids 213–229 and SP2 is located at amino
acids 277 to 293. Phosphorylation at Ser213 and Ser217 by JNK1/2
reportedly leads to NFAT3 transactivation.13 In this study, we
observed that phosphorylation at Ser259, which is located
between the SP1 and SP2 motifs, is important for the transactiva-
tion of NFAT3. These findings suggested that not only are SRR-1

and SP motifs important for the transactivation of NFAT3, the
phosphorylation between the SP motifs is also critical for the
activation of NFAT3.
Because NFAT3 is a transcription factor and phosphorylation of

NFAT3 could enhance the transactivation,21 we sought to investi-
gate whether the phosphorylation of NFAT3 at Ser259 by CDK3
affected the transcriptional function of NFAT3. We demonstrated
that the transcription induction of NFAT3 was significantly enhanced
in the presence of CDK3, whereas the Ser259 NFAT3 mutant lost the
enhanced transactivation. However, overexpression of CDK3 mod-
erately increased the induction of mutant NFAT3 in which the
transactivation was not fully recovered to that of wildtype NFAT3,
suggesting other phosphorylation sites might also be involved in
the CDK3-mediated NFAT3 transactivation. NFAT3 is known to
interact with estrogen receptors α and β to up-regulate downstream
pS2 and cathepsin D proteins, and knockdown of NFAT3 reduces
proliferation of human breast cancer ZR75-1 cells.7 However, NFAT3
was also reported to cooperate with estrogen receptor α to inhibit
cell mobility by down-regulation of lipocalin 2 in human breast
cancer T-47D cells.29 These findings indicated that the role of NFAT3
in cancer might strongly depend on its downstream signaling. We
previously established that CDK3 participates as a downstream
kinase of the EGFR-Ras pathway21 and CDK3 is also involved in
carcinogenesis by interacting with a series of downstream targets,
including Myc, c-Jun, ATF-1 and AP-1.20–22 However, very little
research has focused on the role of CDK3 phosphorylation of NFAT3
in cancer development.
Knockdown of NFAT3 enhanced TPA-induced transformation of

JB6 Cl41 cells.8 However, NFAT3 also enhanced TNFα-induced
anchorage-independent growth of JB6 Cl41 cells.8 In our
anchorage-independent cell transformation assay to investigate
the effect of CDK3–NFAT3 signaling in the presence of EGF,
NFAT3-transfected HaCaT cells displayed a significant enhance-
ment in colony formation compared with mutant NFAT3-S259A-
transfected cells, suggesting that CDK3 phosphorylation at Ser259
is critical for the crucial role of NFAT3 in EGF-stimulated cell
transformation. Further removal of endogenous NFAT3 by RNAi
confirmed a critical role of CDK3/NFAT3 in cell transformation.
Furthermore, we demonstrated that the overexpression of NFAT3
significantly increases proliferation, whereas knockdown of NFAT3
reduces the growth of HaCaT cells. For the first time, we
demonstrated that NFAT3, as a novel CDK3 downstream target,
is involved in proliferation and transformation of HaCaT cells, and
blockage of CDK3–NFAT3 by the NFAT3-S259A mutant suppressed
cell proliferation and transformation.
In summary, we found that NFAT3 is a novel substrate of CDK3

and that the CDK3–NFAT3 signaling axis has an important role in
cell transformation and tumor growth. We also demonstrated that
both CDK3 and NFAT3 are highly expressed in various types of
human skin cancers and that the phosphorylation of NFAT3
(Ser259) is significantly higher in tumor tissues compared with
normal skin tissue. Our findings suggest that abnormal CDK3–
NFAT3 signaling may contribute to skin cancer development and a
cross-talk among CDK3, EGFR, Ras, ATF-1 and NFAT3 indicate a
complex signaling pathway of EGF-induced cell transformation in
many human cancers, which may provide evidence for developing
a series of potential drug targets for skin cancer therapy.

MATERIALS AND METHODS
Reagents, enzymes and antibodies
Chemical reagents and reaction buffers were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Restriction enzymes were purchased from Roche
Diagnostics (Indianapolis, IN, USA). DNA polymerase and DNA ligase were
from Qiagen (Valencia, CA, USA) and TAKARA Bio. (Kusatsu, Shiga, Japan),
respectively. The Checkmate Mammalian Two-Hybrid System (Promega,
Madison, WI, USA) was used in this study. Cell culture media and other
reagents were obtained from Life Technologies Inc. (Grand Island, NY, USA).
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Lysis buffer for the mammalian two-hybrid assay was prepared with 0.1
M potassium phosphate buffer (pH 7.8), 2 mM EDTA, 1 mM DTT and 1%
Triton X-100. The NP-40 lysis buffer for western blotting was prepared with
50 mM Tris–HCl (pH 8), 150 mM NaCl and 0.5% NP-40 as previously
described.21 The immunoprecipitation buffer (IP lysis buffer) was prepared
with 25 mM Tris–HCl (pH 7.5), 5 mM β-glycerophosphate, 0.1 mM Na3VO4,
10 mM MgCl2, 1 mM aprotinin and 1 mM PMSF as previously reported.22

CDK3 (sc-826), pNFAT3-Ser259 (sc-32986) and HA-tag (sc-7392) antibodies
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). NFAT3
antibody (ab99431) was purchased from Abcam (Cambridge, MA, USA).
Antibodies to detect the Flag-tag (TA180144Z), Myc-tag (TA150121Z) were
obtained from Origene Technologies (Rockville, MD, USA). CDK2 antibody
(10122-1-AP) was purchased from Proteintech (Rosemont, IL, USA).

Cell culture and transfection
HEK293 and T98G were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). The normal HaCaT human keratinocyte cell line
and the A431, A375, G361, SK-MEL-5, SK-MEL-28 skin cancer cell lines were
kindly provided by Prof. Cong Peng (Changsha, Hunan, China). The above
cells were cultured in Dulbecco's minimum essential medium (DMEM) with
10% fetal bovine serum (FBS) at 37 °C in a 5% CO2 incubator. T98G cells
were cultured in minimum essential medium (MEM) supplemented with
2 mM L-glutamine, 0.1 mM non-essential amino acids, 1.0 mM sodium
pyruvate and 10% FBS at 37 °C in a 5% CO2 incubator. These cells are
regularly tested to ensure that they are mycoplasma free. Transfection of
cells with the reporter and expression vectors was performed using the
X-tremeGENE HP DNA transfection reagent (Roche Diagnostics) according
to the manufacturer’s instructions.

Construction of reporter and expression vectors
The expression vectors for CDK3 (pBIND-CDK3, pcDNA3-CDK3 and
pRcCMV-HA-CDK3), transcription factors (pACT-E2F1, pACT-E2F2, pACT-
ATF2, pACT-ATF3 and pACT-STAT2) and the luciferase reporter p5xGal4-luc
were constructed and stored as previously described.21

Full-length human NFAT3 cDNA and truncated NFAT3 were amplified from
a human mRNA pool generated by RT-PCR using SuperScript II RNase H
Reverse Transcriptase (Life Technologies). The NFAT3 cDNA was subsequently
cloned into the pACT vector as previously reported.21 The pGal4 expression
vector containing the DNA-binding domain of Gal4 was used to generate the
Gal4-NFAT3 fusion protein (pGal4-NFAT3). The full-length NFAT3 and a series
of the truncated NFAT3 were introduced into the p3xFLAG plasmid. The
sequences were confirmed by direct sequencing.
The expression vector containing the glutathione S-transferase tag (GST-

tag, pGEX-5X-C) was used for the construction of the GST-tagged full-
length NFAT3 and truncated NFAT3. Mutagenesis was performed to
generate mutated GST-tagged truncated NFAT3 (GST-NFAT3-113-260
S122A, S142A, S221A and S259A) and pGal4-NFAT3-S259A using the
Quick Change Lightning Site-directed Mutagenesis Kit (Agilent Life
Sciences, Santa Clara, CA, USA) according to the manufacturer’s protocol.

Mammalian two-hybrid assay
The mammalian two-hybrid assay was performed as previously reported.21

Briefly, the pG5-luc reporter vector and pBIND-CDK3 and pACT-TF
expression vectors were transfected into HEK293 cells at a molecular ratio
of 1:1:1 and the cells were cultured for 36 h (h). The cells were then
disrupted and the cell lysate was then analyzed for luciferase activity using
a luciferase assay kit (Promega). The relative luciferase activity was
calculated and normalized to the luciferase activity with only pG5-luc and
pBIND-CDK3 transfection.

Immunoprecipitation and western blotting
T98G cells transfected with Flag-tagged NFAT3 and HA-tagged CDK3 were
cultured in a 100-mm dish and cells were collected at 80% confluence in IP
lysis buffer. After clarification, the supernatant fractions were used for
immunoprecipitation with anti-HA. Proteins precipitated from transfected
cells in the IP assay or extracted by NP-40 lysis buffer were analyzed by
western blotting. Protein concentration was determined using the Bio-Rad
DC Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA). The protein
samples were separated by electrophoresis, transferred to polyvinylidene
fluoride membranes, hybridized with corresponding antibodies and
detected using the Pierce ECL Western blotting substrate (Thermo
Scientific, Rockford, IL, USA).

In vitro kinase assay
GST-tagged truncated NFAT3 fusion proteins were expressed in BL21 cells
induced by 0.5 mM IPTG at 25 °C for 3 h and purified using GST beads.
Purified fusion proteins (200 ng) expressing each truncated NFAT3 were
respectively used for an in vitro kinase assay with 100 ng of active CDK3
(Upstate Biotechnology, Lake Placid, NY, USA). The reaction was performed
at 30 °C for 30 min in 1 × kinase assay buffer containing 50 μM unlabeled
ATP (Upstate Biotechnology) with or without 10 μCi of [γ-32P] ATP. The
proteins were subsequently analyzed by electrophoresis with 12% SDS–
PAGE and visualized by autoradiography. After autoradiography, the gel
was also stained with Coomassive Brilliant Blue R250 (Bio-Rad Laboratories)
according to the manufacturer’s instructions.

NFAT3 transactivation assay
The p5xGal4-luc reporter vector and pcDNA3-CDK3 were co-transfected
with pGal4-NFAT3 or the pGal4-NFAT3-S259A mutant into T98G cells. The
cells were cultured under normal conditions for 36 hrs and then disrupted
using lysis buffer. The lysate was then analyzed for luciferase activity using
the Dual-Luciferase assay kit (Promega) and firefly luciferase activity was
normalized against Renilla luciferase activity.

Knockdown of NFAT3 or CDK3
NFAT3 or CDK3 knockdown cells were generated using lentivirus infection
with expression of NFAT3 or CDK3 shRNA. The shRNA oligos were
synthesized by Life Technology and cloned into the pLKO.1 expression
construct (using pLKO.1-scramble shRNA as control). The pLKO.1-shRNA
plasmid was co-transfected into 293 T cells together with the psPAX2
packaging plasmid and envelope plasmid pMD2.G for production of the
shRNA lentivirus. After 48 h, the supernatant fractions from the cultures
were collected and filtered through a 0.45 μm filter. Cells were then
infected with the viral supernatant fractions supplemented with polybrene.
The culture medium was replaced with fresh growth medium with
puromycin for selection at 16 h post-infection. The cells were cultured in
selected medium until control cells completely died and the knockdown
efficiency was then evaluated by qPCR and western blot.

Anchorage-independent cell transformation assay
HaCaT cells were stably transfected with NFAT3 or mutant NFAT3-S259A
for an EGF-induced cell transformation assay. Cells (8 × 103) were cultured
in DMEM with 0.3% agar (Sigma-Aldrich), 20 ng/ml EGF (BD Biosciences,
San Jose, CA, USA) and 10% FBS. The cells were maintained at 37 °C in a 5%
CO2 incubator for 10 days and then colonies were counted and scored
using Image-Pro Plus software as described by Colburn et al.30

MTS assay
A CellTiter 96 MTS assay (Promega) was performed according to the
manufacturer’s instructions. Briefly, HaCaT or tumor cells were seeded in
96-well plates and viability was evaluated at 0, 24, 48 or 72 h of incubation.

Immunofluorescence staining
A human skin tissue array SK801b (US Biomax, Rockville, MD, USA) was
deparaffinized and rehydrated before retrieving the antigen with 10 mM

sodium citrate buffer. After blocking with 5% normal goat serum at room
temperature for 1 h, tissues were incubated overnight with antibodies to
detect CDK3, NFAT3 or pNFAT3 (Ser259) at 4 °C. On the second day, the
tissues were incubated for 2 h at room temperature with the Alexa Fluor 647
(red for CDK3) or Alexa Fluor 488 (green for NFAT3) conjugated secondary
antibody and protected from light. Images were captured by laser scanning
confocal microscopy (NIKON C1si Confocal Spectral Imaging System, NIKON
Instruments Inc., Tokyo, Japan) and analyzed with ImageJ software as
previously described.21 The images were converted to 8-bit format and the
mean value of gray levels was used as the threshold for positive area and the
average density was calculated by dividing the integrated density by the
positive area.31

Xenografts in athymic nude mice
Forty 6-week-old male BALB/c nu/nu mice were randomized into five
groups. A431 cells (5 × 106) with NFAT3-wt or NFAT3-S259A overexpression
or A375 cells with NFAT3-knockdown were subcutaneously injected at
right back of mice. Tumor volume was monitored twice a week and mice
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were killed when tumors were 41.5 cm in diameter at the widest
dimension of the tumor. All mice were sacrificed 4 weeks later for tumor
weight analysis. The investigator who injected the mice was blinded to
these groupings. All mice were housed in a specific pathogen free
environment at Shenzhen University Health Science Center and treated in
strict accordance with protocols approved by the Institutional Animal Use
Committee of the Health Science Center, Shenzhen University.

Statistical analysis
All in vitro experiments were performed at least in triplicate. The results of
each experiment are shown as the mean of experimental replicates. Data are
presented as the mean± s.d. Two-tailed Student's t-test was used to compare
the difference between two groups of data sets with similar variance. For two
groups of standard deviations about 1 and average differences larger than 3,
it would be sufficient (power 0.7) to detect the effect at a sample size of 3. For
all tests, Po0.05 was considered statistically significant.
Linear regression curves were plotted by GraphPad Prism Version 6.01

(GraphPad Software Inc., La Jolla, CA, USA). using the X–Y scatter graph
function. A linear trendline was established and the correlation coefficient
was determined by Pearson test for the correlation coefficient (r). The P-
value was determined using a significance calculator examining the r-value
and the number of trials.
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