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Protein tyrosine phosphatase PTPN21 acts as a negative 
regulator of ICAM-1 by dephosphorylating IKK in 
TNF--stimulated human keratinocytes
Young-Chang Cho, Ba Reum Kim & Sayeon Cho*

College of Pharmacy, Chung-Ang University, Seoul 06974, Korea

Intercellular adhesion molecule-1 (ICAM-1), which is induced 
by tumor necrosis factor (TNF)-, contributes to the entry of 
immune cells into the site of inflammation in the skin. Here, 
we show that protein tyrosine phosphatase non-receptor type 
21 (PTPN21) negatively regulates ICAM-1 expression in 
human keratinocytes. PTPN21 expression was transiently 
induced after stimulation with TNF-. When overexpressed, 
PTPN21 inhibited the expression of ICAM-1 in HaCaT cells 
but PTPN21 C1108S, a phosphatase activity-inactive mutant, 
failed to inhibit ICAM-1 expression. Nuclear factor-B (NF-B), 
a key transcription factor of ICAM-1 gene expression, was 
inhibited by PTPN21, but not by PTPN21 C1108S. PTPN21 
directly dephosphorylated phospho-inhibitor of B (IB)-kinase 
 (IKK) at Ser177/181. This dephosphorylation led to the 
stabilization of IB and inhibition of NF-B activity. Taken 
together, our results suggest that PTPN21 could be a valuable 
molecular target for regulation of inflammation in the skin by 
dephosphorylating p-IKK and inhibiting NF-B signaling. 
[BMB Reports 2017; 50(11): 584-589]

INTRODUCTION

A critical step in the development of inflammatory skin 
diseases is the infiltration of various immune cells, such as 
monocytes, neutrophils, and activated T cells, from the blood 
into the skin (1). Upon stimulation with proinflammatory 
agents, including tumor necrosis factor (TNF)- and interferon 
(IFN)-, keratinocytes in the skin express proinflammatory 
cytokines, chemokines, and adhesion molecules, like inter-

cellular adhesion molecule-1 (ICAM-1), which contribute to 
the entry of immune cells from the blood into the site of 
inflammation in the skin (2, 3).

TNF- is a major proinflammatory cytokine produced by a 
number of cells, including keratinocytes (4). Stimulation of 
keratinocytes with TNF- leads to activation of nuclear 
factor-B (NF-B) and subsequently increases the expression of 
adhesion molecules and proinflammatory genes (5, 6). NF-B 
activation by TNF- is due to the activation of the inhibitor of 
B (IB)-kinases (IKKs) complex, an upstream kinase complex 
of IB, which phosphorylates IB at Ser32/36, resulting in 
its ubiquitination and subsequent proteasomal degradation (7). 
Degradation of IB leads to translocation of cytosolic NF-B 
complexes into the nucleus, where they activate the trans-
cription of proinflammatory target genes (7).

Protein tyrosine phosphatase non-receptor type 21 (PTPN21), 
also known as PTPD1, is localized in the cytoplasm and 
phosphorylated by the proto-oncogene tyrosine-protein kinase 
(Src) (8, 9). It also upregulates Src by dephosphorylating Src at 
Tyr527 in response to stimulation by growth factors (10). 
PTPN21 forms a complex with actin, Src, and focal adhesion 
kinase (FAK), localizes at focal adhesion sites, and exerts major 
effects on cell adhesion, scattering, and migration (11). 
Through the formation of complex with A-kinase anchor 
protein 121 (AKAP121), PTPN21 plays diverse roles in cellular 
processes. Efficient maintenance of mitochondrial membrane 
potential and ATP oxidative synthesis occur via the 
PTPN21-Src-AKAP121 complex (12). When not in complex 
with AKAP121, PTPN21 activates extracellular signal-regulated 
kinases 1/2- and Elk1-dependent gene transcription by 
directing epidermal growth factor/Src signaling to the nucleus 
(10). PTPN21 activates Etk, a member of the Tec family 
kinases, by specific interaction with Etk, resulting in the 
activation of Janus kinase 2-independent signal transducer and 
activator of transcription 3 (13). However, other substrates of 
PTPN21 involved in the regulation of cellular signal transduc-
tion pathways remain to be identified. 

Previous studies on the regulation of ICAM-1 expression and 
skin inflammation focused on the findings of chemical or 
plant-extracted components and the elucidation of their 
mechanisms of action. In this study, we investigated PTP 
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Fig. 1. TNF- treatment regulates PTPN21 expression. (A) After 
stimulation of HaCaT cells with TNF- (10 ng/ml) for the 
indicated time periods (0, 1, and 3 h), total RNA was extracted 
and cDNA was synthesized. Expression levels of PTPs in each 
sample were determined by RT-PCR. Expression levels of each 
PTP, relative to GAPDH levels, were represented as fold changes 
in comparison with the untreated group. (B) Total cell lysates 
were prepared after TNF- (10 ng/m) stimulation for the indicated 
time periods (0, 3, 6, 12, 24, and 48 h). Immunoblotting analysis 
was performed using anti-ICAM-1 and anti-PTPN21 antibodies. 
Each protein level was normalized to endogenous GAPDH levels 
and the relative values compared to the untreated group were 
represented as fold changes.

Fig. 2. PTPN21 inhibits ICAM-1 production. (A and B) HaCaT cells
were transfected with FLAG-PTPN21 plasmids (WT or C1108S; 1 
g for ＋ or 2 g for ＋＋) for 48 h. (A) After stimulation with 
TNF- (10 ng/ml) for 1 h, total RNA was extracted and cDNA 
was synthesized. Expression levels of ICAM-1 and PTPN21 in 
each sample were measured by RT-PCR. ICAM-1 expression levels 
were normalized to GAPDH levels and the relative values 
compared to the TNF--treated group were represented as fold 
changes. (B) Total cell lysates were prepared after TNF- (10 
ng/ml) stimulation for 12 h. Immunoblotting analysis was per-
formed using appropriate antibodies. ICAM-1 protein levels were 
normalized to endogenous GAPDH levels and the relative values 
compared to the TNF--treated group were represented as fold 
changes. (C) HaCaT cells were transfected with control siRNA (50 
nM) or PTPN21 siRNA#1 (100 nM) for 45 h and were stimulated 
with TNF- (10 ng/ml) for 3 h. ICAM-1 protein levels were deter-
mined by immunoblotting analysis with appropriate antibodies. 
ICAM-1 protein levels were normalized to endogenous GAPDH 
levels and the relative values compared to control siRNA- 
transfected group were represented as fold changes. 

candidates that can regulate the expression of ICAM-1 and 
identified PTPN21 as a potential candidate. We examined the 
effect of PTPN21 on TNF--induced ICAM-1 expression and 
the role of PTPN21 in the regulation of NF-B signaling in a 
human keratinocyte cell line, HaCaT. Our study may provide a 
basis for the therapeutic use of PTPN21 in inflammatory skin 
diseases.

RESULTS

TNF- regulates ICAM-1 and PTPN21 expression in HaCaT 
cells
TNF- is one of the most critical cytokines that induce the 
expression of ICAM-1, which is an important adhesion 
molecule for the recruitment of various immune cells to 
inflammatory sites. To identify PTPs that are regulated by 
TNF- in keratinocytes, we investigated how PTP gene 
expression changes upon TNF- treatment. ICAM-1 mRNA 
expression was induced 1 h after TNF- treatment and 
remained constant until 3 h. Of the forty-nine PTPs tested 
(Supplementary table 1), PTPN21 expression was induced by 
TNF- treatment, whereas other PTPs showed unchanged or 
decreased expression (Fig. 1A). This implies that the PTPN21 
gene is induced by TNF- and might be involved in the 
regulation of ICAM-1 expression. We then measured the 
expression profiles of PTPN21 and ICAM-1 proteins at different 
time points of TNF- treatment to investigate the relationship 
between PTPN21 and ICAM-1 expression (Fig. 1B). ICAM-1 
expression started to increase at 3 h, showed maximal 
expression at 12 h, and decreased from 24 h after TNF- 
treatment, whereas PTPN21 expression increased until 24 h 
after TNF- treatment and thereafter decreased.

PTPN21 inhibits TNF--induced ICAM-1 expression in 
HaCaT cells
As shown in Fig. 1B, a correlation between PTPN21 and 
ICAM-1 expression upon TNF- treatment was observed. We, 
therefore, investigated the effect of PTPN21 on TNF--induced 
ICAM-1 expression in HaCaT cells. HaCaT cells were trans-
fected with either PTPN21 wild type (WT) or a catalytically 
inactive C1108S mutant expression plasmid, and stimulated 
with TNF- prior to mRNA extraction (Fig. 2A). TNF- 
treatment increased ICAM-1 mRNA expression in HaCaT cells. 
While overexpression of PTPN21 WT inhibited the TNF-- 
induced expression of ICAM-1, PTPN21 C1108S overexpression 
failed to do so. Similarly, TNF--induced ICAM-1 protein 
levels were tightly regulated by PTPN21 WT, but not by 
PTPN21 C1108S (Fig. 2B). These results suggest that PTPN21 
WT regulates ICAM-1 gene expression and its phosphatase 
activity is required for gene regulation.

To confirm that PTPN21 affects the expression levels of 
ICAM-1, knockdown of PTPN21 gene expression was 
performed by transfecting HaCaT cells with PTPN21-targeting 
siRNAs. By performing siRNA transfection followed by 
immunoblotting analysis with anti-PTPN21 antibody, siRNA#1 
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Fig. 3. PTPN21 inhibits NF-B activation. (A) HaCaT cells were 
transfected with pNF-B-luc reporter plasmid containing a luciferase
gene and a gWIZ-GFP plasmid, and subsequently transfected with 
control siRNA (50 nM) or PTPN21 siRNA#1 (100 nM). After 24 h 
of incubation, the cells were treated with TNF- (10 ng/ml) and 
further incubated for 24 h. The luciferase activities of each group 
were calculated using GFP fluorescence values as an internal 
control for transfection efficiency. Luciferase activities relative to 
control siRNA-transfected group were represented as a bar graph. 
*P ＜ 0.05 relative to the TNF--treated group. (B) HaCaT cells 
were transfected with pNF-B-luc reporter plasmid containing a 
luciferase gene and a gWIZ-GFP plasmid, and subsequently 
transfected with FLAG-PTPN21 WT or C1108S plasmids (1 g for 
＋ or 2 g for ＋＋). After 24 h of incubation, the cells were 
treated with TNF- (10 ng/ml) and further incubated for 24 h. 
The luciferase activities of each group were calculated using GFP 
fluorescence values as an internal control for transfection 
efficiency. Luciferase activities relative to the TNF--treated group 
were represented as a bar graph. *P ＜ 0.05 relative to the TNF- 
-treated group. (C) HaCaT cells were transfected with control 
siRNA (50 nM) or PTPN21 siRNA#1 (100 nM) for 48 h and were 
stimulated with TNF- (10 ng/ml) for 10 min. The levels of 
p-IB, IB, and p-IKK/ were determined by immunoblotting 
analysis with appropriate antibodies. p-IB and IB levels were 
normalized to endogenous GAPDH levels, and p-IKK/ levels 
were normalized to total IKK levels. The relative values of each 
protein were represented as fold changes compared to control 
siRNA-transfected group. (D) HaCaT cells were transfected with 
FLAG-PTPN21 plasmids (WT or C1108S; 1 g for ＋ or 2 g for 
＋＋) for 48 h. Total cell lysates were prepared after TNF- (10 
ng/ml) stimulation for 15 min. Immunoblotting analysis was per-
formed using appropriate antibodies. Relative levels of p-IB and 
IB were normalized to endogenous GAPDH levels, and that of 
p-IKK/ (p-Ser176/180 of IKK and p-Ser177/181 of IKK) was 
normalized to total IKK/ levels. The values relative to the 
TNF--treated group were represented as fold changes. (E and F) 
Total cell lysates from HaCaT cells were immunoprecipitated with 
anti-IB (E) or anti-IKK/ (F) antibody. The immunoprecipitates 
were subjected to immunoblotting analysis with anti-PTPN21 
antibody to detect interaction. Endogenous expression of PTPN21, 
IB, and IKK/ in total cell lysates was confirmed by immuno-
blotting analysis with each antibody. 

was selected to inhibit the expression of PTPN21 in HaCaT 
cells throughout this study (Supplementary Fig. 1). PTPN21 
knockdown enhanced the TNF--induced expression of ICAM-1, 
compared to transfection with non-targeting control siRNA 
(Fig. 2C). This result suggests that PTPN21 negatively regulates 
the TNF--induced ICAM-1 expression in HaCaT cells.

PTPN21 inhibits TNF--induced NF-B activation in HaCaT 
cells 
TNF- activates NF-B signaling to induce ICAM-1 expression 
(14). To verify that PTPN21-mediated decrease in ICAM-1 
expression is a result of NF-B inhibition, knockdown of 
endogenous PTPN21 expression in HaCaT cells was performed 
by transfection with PTPN21 siRNA#1. NF-B transcriptional 
activities were then measured using a NF-B reporter system. 
As shown in Fig. 3A, in the absence of TNF- treatment, 
NF-B transcriptional activities, which are represented as 
luciferase activities, were not distinguishable between control 
siRNA- and PTPN21 siRNA#1-transfected cells. However, 
PTPN21 knockdown cells showed a significant increase in 
NF-B activity compared to control siRNA-transfected cells 
upon exposure to TNF-.

Next, we investigated the effect of PTPN21 WT or C1108S 
overexpression on TNF--induced NF-B transcriptional 
activity in HaCaT cells. As shown in Fig. 3B, TNF--induced 
NF-B activity was reduced by PTPN21 WT, whereas PTPN21 
C1108S did not exert any inhibitory effect on NF-B activity. 
These results imply that PTPN21 inhibits NF-B transcriptional 
activity in a phosphatase activity-dependent manner.

PTPN21 inhibits IB and IKKs phosphorylation in HaCaT cells 
by its phosphatase activity
The reporter assay results prompted us to investigate the 
alterations in NF-B activation by silencing PTPN21 in HaCaT 
cells. PTPN21 knockdown was achieved by transfecting 
HaCaT cells with PTPN21-targeting siRNA#1. As shown in Fig. 
3C, TNF--induced phosphorylation and degradation of IB 
significantly increased in PTPN21 siRNA-transfected cells 
compared to control siRNA-transfected cells. In addition to the 
effect on IB, IKK phosphorylation was also notably increased 
in PTPN21 knockdown cells. These results indicate that 
PTPN21 inhibits NF-B transcriptional activity by regulating 
the phosphorylation of IB and IKK.

To elucidate a more concise mechanism of action of 
PTPN21 in the regulation of NF-B signaling, the effects of 
PTPN21 on the phosphorylation of IB at Ser32/36 and IKKs 
(IKK at Ser176/180 and IKK at Ser177/181) were determined 
by overexpressing PTPN21 WT and C1108S since phosphory-
lation at those sites is critical for NF-B activation. 
Phosphorylation of IB and IKKs were induced by TNF- 
stimulation in HaCaT cells. TNF--induced phosphorylation 
and subsequent degradation of IB were decreased by 
PTPN21 WT in a dose-dependent manner, whereas PTPN21 
C1108S did not influence IB phosphorylation and degradation 
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Fig. 4. PTPN21 directly dephosphorylates p-IKK. (A and B) After 
transfection with FLAG-tagged IB (A) or IKK (B), cell lysates 
were immunoprecipitated with anti-FLAG M2 agarose and then 
mixed with purified His-PTPN21 WT proteins. After binding, the 
immunoprecipitates were subjected to immunoblotting analyses 
with indicated antibodies to detect direct interaction between the 
immunoprecipitated FLAG-tagged proteins and purified His- 
PTPN21. (C and D) After transfection with FLAG-tagged IB (C) 
or IKK (D), cell lysates were immunoprecipitated with anti-FLAG 
M2 agarose and extensively washed. The immunoprecipitates 
were then reacted with purified His-PTPN21 WT or C1108S 
proteins in PTP reaction buffer. The reaction was stopped by 
adding sample buffer and the samples were subjected to 
immunoblotting analyses with indicated antibodies. CIP-treated 
group was used to detect the disappearance of p-IB and p-IKK
in immunoprecipitates. 

(Fig. 3D). Similar to the result of IB phosphorylation, 
PTPN21 WT led to dephosphorylation of p-IKK/, whereas 
PTPN21 C1108S did not. These results indicate that the 
regulatory effects of PTPN21 on NF-B signaling are due to the 
dephosphorylation of p-IB and p-IKK/ in a phosphatase 
activity-dependent manner.

To gain more insight into the direct target of PTPN21 for the 
regulation of NF-B signaling, we examined the association 
between PTPN21 and the NF-B signaling axis, including IB 
and IKKs, which are the key molecules for NF-B activation 
and are tightly regulated by phosphorylation in HaCaT cells. 
Immunoprecipitation of endogenous IB or IKK/ by 
specific antibodies and subsequent immunoblotting analysis 
with anti-PTPN21 antibody showed the association of IB 
and IKK/ with endogenous PTPN21 in HaCaT cells (Fig. 3E 
and F). These data indicate that PTPN21 associates with 
endogenous IB and IKK/ in HaCaT cells.

PTPN21 directly interacts with IKK and dephosphorylates 
p-IKK
The results of Fig. 3D-F provoke the question as to what is the 
direct dephosphorylating target of PTPN21 in the regulation of 
NF-B signaling. IKK is activated through phosphorylation at 
Ser177/181 and it subsequently catalyzes the phosphorylation 
of IB at Ser32/36 (15). Therefore, we performed in vitro 
binding assays using recombinant His-PTPN21 protein 
expressed in and purified from bacteria to find out the direct 
association of PTPN21 with IB and IKK. When immuno-
precipitated FLAG-IB was incubated with recombinant 
His-PTPN21, no direct interaction between IB and PTPN21 
WT was detected (Fig. 4A). However, immunoprecipitated 
FLAG-IKK showed an association with His-PTPN21 protein 
(Fig. 4B). These results indicate that IKK might be the direct 
target of PTPN21 in the regulation of NF-B signaling.

To clarify whether PTPN21 directly dephosphorylates 
p-IKK, but not p-IB, we performed an in vitro phosphatase 
assay using recombinant His-PTPN21 WT or C1108S. Immuno-
precipitates from FLAG-tagged IB- or IKK-transfected HEK 
293 cells were extensively washed and then incubated with 
His-PTPN21 proteins followed by immunoblotting with 
phospho-specific antibodies. As shown in Fig. 4C, both 
His-PTPN21 WT and C1108 proteins did not dephosphorylate 
p-IB in vitro. However, His-PTPN21 WT decreased the 
levels of p-IKK at Ser177/181, whereas His-PTPN21 C1108S 
did not (Fig. 4D). These results suggest that PTPN21 directly 
dephosphorylates p-IKK in a phosphatase activity-dependent 
manner, leading to dephosphorylation of p-IB in the cells.

DISCUSSION

Growing evidence indicates that adhesion molecules, such as 
ICAM-1 on the surface of epidermal keratinocytes, play 
important roles in the initiation and maintenance of skin 
inflammation (3, 16). Therefore, elucidating the signaling 

molecules that regulate ICAM-1 expression as well as the 
discovery of pharmacological agents inhibiting ICAM-1 
expression in keratinocytes are considered crucial for the 
treatment of inflammatory skin diseases. In this study, we 
showed that PTPN21 significantly inhibited the expression of 
ICAM-1 in TNF--stimulated HaCaT cells, indicating that 
PTPN21 could be a potential cellular target for the treatment of 
inflammatory skin diseases. Further investigations, such as 
alleviation of TNF--induced adhesion of monocytes to HaCaT 
cells by PTPN21, may be required to verify the consequences 
of PTPN21-mediated ICAM-1 inhibition.

A major signaling pathway activated by TNF- is the NF-B 
signal transduction pathway, which plays a central role in skin 
inflammatory responses by inducing the production of adhesion 
molecules, including ICAM-1 and basal-cell adhesion molecule 
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in epidermal keratinocytes (17). Upon cell stimulation with 
TNF-, the cytosolic NF-B heterodimer is freed from IB 
and translocates into the nucleus, where it activates the 
transcription of proinflammatory genes (7). Our data and the 
molecular basis for regulation of NF-B and ICAM-1 provide a 
clue that PTPN21 can regulate ICAM-1 expression in HaCaT 
cells by inhibiting NF-B signaling.

PTPN21 is one of the class I PTPs, which consist of receptor 
type and non-receptor type PTPs, and has been reported to 
exhibit substrate specificity for phosphorylation at Tyr residues 
(9). However, in this study, PTPN21 dephosphorylated p-IKK 
at Ser177/181. This suggests that PTPN21 has a phosphatase 
activity towards p-Ser as well as p-Tyr. Protein tyrosine 
phosphatase receptor type O, which is known as a Tyr-specific 
class I PTP, also has an ability to dephosphorylate p-Akt at 
Ser473 and p-glycogen synthase kinase 3 (GSK3) at Ser9 
(18). Furthermore, phosphatase and tensin homolog (PTEN), a 
Tyr- and lipid-specific PTP (19), dephosphorylates p-Akt at 
Ser473 and p-GSK3/ at Ser21/9 in insulin-like growth 
factor-II-overexpressing rhabdomyosarcomas cells (20). Our 
results as well as these reports imply that some receptor type 
and non-receptor type PTPs have phosphatase activity toward 
p-Ser as well as p-Tyr.

Using siRNAs targeting various phosphatases, Li et al. 
reported that a variety of phosphatases, including PTPN21, 
inhibit NF-B transcriptional activity in mouse astrocytes (19). 
The inhibitory effects of some identified phosphatases and 
their underlying mechanisms of action on NF-B activation 
were further elucidated. However, the involvement of PTPN21 
in the regulation of NF-B was not investigated at a molecular 
level. 

In addition, there are several reports that protein 
phosphatases regulate NF-B signaling. IKK phosphorylation 
and activation were observed when PP2A was inhibited by 
ultraviolet-B (UVB) radiation, leading to UVB-induced 
apoptosis (21, 22). PTEN reduced NF-B DNA binding to the 
FAK promoter by inhibiting the PI3K/NF-B pathway, and 
subsequently inhibited invasion and metastasis of gastric 
cancer (23). Furthermore, profilin, a tumor suppressor protein, 
interacts with PTEN and suppresses NF-B activity via 
inhibition of IKK phosphorylation (24). Unlike these phos-
phatases, no further investigations were available although 
PTPN21 seemed to be involved in the regulation of NF-B 
activity (19). Therefore, the results of our study, which suggest 
that PTPN21 is a phosphatase activity-dependent regulator of 
p-IKK/, provide valuable insights for understanding PTPN21- 
mediated NF-B regulation.

PTPN21 inhibits ICAM-1 expression by inhibiting the NF-B 
signal transduction pathway in HaCaT cells (Fig. 2 and 3). 
PTPN21 also activates the Src signaling pathway, which has 
been known to induce ICAM-1 expression and phosphorylation, 
by dephosphorylating its inhibitory phosphorylation site at 
Tyr527 (10). These controversial effects of PTPN21 on the 
NF-B and Src signaling pathways give rise to a hypothesis that 

the activation of NF-B signaling is more dominant for ICAM-1 
expression than that for Src in HaCaT cells. This hypothesis 
can be supported by a previous study, which reported that 
low-molecular-weight protein tyrosine phosphatase (LMW-PTP) 
is oncogenic or anti-oncogenic depending on its interaction 
with different substrates (25). LMW-PTP was revealed to 
induce cell migration, suggesting that its oncogenic properties 
are more dominant than its anti-oncogenic properties (25). 
Similarly, we assume that PTPN21-mediated activation of the 
NF-B signaling pathway might be more crucial for regulating 
ICAM-1 expression compared to PTPN21-mediated activation 
of the Src signaling pathway. 

NF-B is usually considered as an anti-apoptotic factor since 
it promotes cell proliferation. The inhibitory effect of PTPN21 
on the NF-B signaling pathway seems controversial when 
compared to PTPN21-mediated activation of the Src signaling 
pathway and its promoting effects on cell motility and 
migration (10, 11). However, NF-B activation by interleukin-1 
leads to NF-B-dependent secretion of TNF-, which activates 
TNF-R1 in an autocrine fashion to enhance UVB-induced 
apoptosis (26). These data suggest that PTPN21-mediated 
inhibition of TNF--induced NF-B signaling could have the 
same cancer-promoting effects as PTPN21-mediated Src 
activation. Further studies are needed to clarify the con-
sequence of PTPN21-mediated NF-B inhibition with regard to 
cancer promotion.

MATERIALS AND METHODS

See the supplementary informations.
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