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DDIAS promotes STAT3 activation by preventing
STAT3 recruitment to PTPRM in lung cancer cells
Joo-Young Im 1, Bo-Kyung Kim 1, Kang-Woo Lee2, So-Young Chun1, Mi-Jung Kang1 and Misun Won1,3

Abstract
DNA damage-induced apoptosis suppressor (DDIAS) regulates cancer cell survival. Here we investigated the
involvement of DDIAS in IL-6–mediated signaling to understand the mechanism underlying the role of DDIAS in lung
cancer malignancy. We showed that DDIAS promotes tyrosine phosphorylation of signal transducer and activator of
transcription 3 (STAT3), which is constitutively activated in malignant cancers. Interestingly, siRNA protein tyrosine
phosphatase (PTP) library screening revealed protein tyrosine phosphatase receptor mu (PTPRM) as a novel STAT3 PTP.
PTPRM knockdown rescued the DDIAS-knockdown-mediated decrease in STAT3 Y705 phosphorylation in the
presence of IL-6. However, PTPRM overexpression decreased STAT3 Y705 phosphorylation. Moreover, endogenous
PTPRM interacted with endogenous STAT3 for dephosphorylation at Y705 following IL-6 treatment. As expected,
PTPRM bound to wild-type STAT3 but not the STAT3 Y705F mutant. PTPRM dephosphorylated STAT3 in the absence of
DDIAS, suggesting that DDIAS hampers PTPRM/STAT3 interaction. In fact, DDIAS bound to the STAT3 transactivation
domain (TAD), which competes with PTPRM to recruit STAT3 for dephosphorylation. Thus we show that DDIAS
prevents PTPRM/STAT3 binding and blocks STAT3 Y705 dephosphorylation, thereby sustaining STAT3 activation in
lung cancer. DDIAS expression strongly correlates with STAT3 phosphorylation in human lung cancer cell lines and
tissues. Thus DDIAS may be considered as a potential biomarker and therapeutic target in malignant lung cancer cells
with aberrant STAT3 activation.

Introduction
Lung cancer is a leading cause of cancer mortality

worldwide. A variety of factors, including genetic altera-
tions and tumor environment, contribute to lung cancer
development and drug resistance. High interleukin-6 (IL-
6) expression is common in patients with lung cancer and
is indicative of poor prognosis1,2. IL-6 is released from
tumor cells and immune cells and is involved in tumor
initiation, progression, and metastasis via activation of
multiple intracellular signaling pathways, including the
Janus kinase (JAK)/signal transducer and activator of
transcription (STAT), phosphoinositide-3 kinase/AKT,
RAS/mitogen-activated protein kinase (MAPK), MEK/

extracellular signal-regulated kinase 5 (ERK5), and p38/
JNK pathways3–5. Binding of IL-6 to IL-6R activates the
JAK tyrosine kinases to induce phosphorylation of STAT3
at Y705, thereby activating it. This activated STAT3 plays
crucial roles in proliferation, survival, metastasis, and self-
renewal of cancer cells6–8. In lung cancer cells, STAT3 is
activated by tyrosine kinases such as epidermal growth
factor (EGF) receptor, JAK2, Src, and IL-6R3,5,9,10. Phos-
phorylated STAT3 molecules form homodimers, which
enter the nucleus and transcribe target genes, such as
survivin, Bcl-2, Mcl-1, c-Myc, cyclin D1, slug, and matrix
metalloproteinase-2, involved in tumorigenesis, survival,
and metastasis7,8,11–14. Aberrant activation of STAT3 is
associated with malignant cancers with poor clinical
prognosis, and STAT3 inhibition causes cancer cell death,
suggesting STAT3 as a potential target for cancer
therapy7,8,15.
Phosphatases (protein tyrosine phosphatases (PTPs))

control the Y705 phosphorylation-mediated activation of

© The Author(s) 2020
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Joo-Young Im (imjy@kribb.re.kr) or Misun Won (misun@kribb.
re.kr)
1Personalized Genomic Medicine Research Center, KRIBB, Daejeon 34141,
Korea
2Department of Oriental Medicine, Daejeon University, Daehak-ro 62, Dong-gu,
Daejeon 34520, South Korea
Full list of author information is available at the end of the article.

Oncogenesis

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://orcid.org/0000-0001-6923-8189
http://orcid.org/0000-0001-6923-8189
http://orcid.org/0000-0001-6923-8189
http://orcid.org/0000-0001-6923-8189
http://orcid.org/0000-0001-6923-8189
http://orcid.org/0000-0003-0863-3008
http://orcid.org/0000-0003-0863-3008
http://orcid.org/0000-0003-0863-3008
http://orcid.org/0000-0003-0863-3008
http://orcid.org/0000-0003-0863-3008
http://creativecommons.org/licenses/by/4.0/
mailto:imjy@kribb.re.kr
mailto:misun@kribb.re.kr
mailto:misun@kribb.re.kr


STAT3. PTPs are composed of approximately 280 amino
acids with a conserved HCX5R motif16,17. These enzymes
are divided into classical PTPs and dual-specificity phos-
phatases (DSPs). The classical PTPs include 21 receptor-
type PTPs (RPTPs) or 16 non-transmembrane proteins
(NT-PTPs). The intracellular region of RPTPs contains
the PTP domain with phosphatase activity, whereas the
extracellular region shows functions similar to those of
cell adhesion molecules and is involved in cell–cell and
cell–matrix contact16. The NT-PTPs contain catalytic
domains with phosphatase activity and non-catalytic
domains that regulate subcellular distribution by
restricting access to their particular substrates16. STAT3
inactivation occurs via dephosphorylation by PTPs such
as SH2-containing phosphatase 2 (SHP2), T cell PTP
(TC-PTP), and low molecular weight-DSP218–20. Recent
studies reported that STAT3 is dephosphorylated by
RPTPs, including PTPRT, PTPRD, and PTPRK in color-
ectal cancer, glioblastoma multiforme, and nasal-type
natural killer/T cell lymphoma, respectively21–23. PTPRT
and PTPRD are tumor suppressors and are frequently
inactivated or mutated in human cancers23,24.
In addition to PTPs, various negative regulators of

STAT3 signaling in cancer cells are known. Protein
inhibitor of activated STAT (PIAS1) and suppressor of
cytokine-signaling proteins 3 (SOCS3) negatively regulate
STAT3 in cancer. PIAS1 can suppress JAK-STAT3 sig-
naling and bind to activated STAT3 dimers to prevent
DNA binding for transcription25,26. SOCS3 also negatively
regulates JAK-STAT3, p44/P42 MAPK, and p53 in
prostate and hepatocellular cancer27–29. STAT3-
interacting proteins, including chromatin remodeling
proteins such as BRG1 and oncogenic transcription fac-
tors such as nuclear factor kB (NF-kB) or nuclear factor of
activated T cells 1 (NFATc1), have been reported to
function as either positive or negative regulators in many
types of cancers30. Of the positive regulators, annexin A2
binds to STAT3 C-terminal domain containing transac-
tivation domain (TAD) and enhances STAT3 activity,
thereby promoting epithelial-to-mesenchymal transition
in breast cancer31. In contrast, GdX (X-linked gene in
G6PD cluster at Xq28) is a negative regulator of STAT3
and promotes STAT3 dephosphorylation by stabilizing
the interaction between STAT3 and TC45 (the nuclear
isoform of TC-PTP), a nuclear phosphatase of STAT332.
DNA damage-induced apoptosis suppressor (DDIAS),

which is abundantly expressed in lung cancer and hepa-
tocellular carcinoma (HCC), regulates the survival of
cancer cells via multiple signaling pathways33–36. DDIAS
expression is activated by the transcription factor
NFATc1 and is induced by ERK5/myocyte enhancer fac-
tor 2B pathway33,34. Moreover, DDIAS protein stability is
negatively regulated by the E3 U-box ubiquitin ligase
carboxyl terminus of heat shock protein 70-interacting

protein35. Furthermore, DDIAS acts as a cofactor for
DNA polymerase–primase complex by associating with
DNA polymerase to promote tumorigenesis in HCC37.
DDIAS protects cancer cells from DNA-damaging
reagents and tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) and positively regulates cancer
cell invasion by stabilizing β-catenin33,34,36,38. Hence,
DDIAS is suggested as a potential therapeutic target for
malignant lung cancer33,35,36. Although IL-6 is implicated
in the malignancy of lung cancers, the association of
DDIAS in IL-6–mediated signaling has not been investi-
gated. Therefore, using DDIAS-knockdown experiments,
we investigated the mechanisms underlying the role of
DDIAS in the IL-6–mediated pathway.
In this study, we demonstrated that DDIAS positively

regulated IL-6–mediated STAT3 activation. We also
showed that DDIAS physically associated with STAT3 to
prevent recruitment of STAT3 to protein tyrosine phos-
phatase receptor mu (PTPRM), a novel phosphatase for
STAT3, thereby sustaining STAT3 Y705 phosphorylation.
Our findings suggest a novel pathway for DDIAS-
mediated aberrant activation of STAT3 in malignant
lung cancer cells.

Results
DDIAS promotes STAT3 tyrosine phosphorylation in the
presence of IL-6
To determine whether IL-6–mediated signaling is

controlled by DDIAS, we performed human phospho-
kinase array using Proteome ProfilerTM antibody array in
NCI-H1703 cells. Decreased pSTAT3 (Y705) levels were
observed in DDIAS-depleted cells in the presence of IL-6
(Fig. S1). Then we examined the correlation between
DDIAS and STAT3 activation in several lung cancer cells.
DDIAS expression was strongly correlated with STAT3
expression and STAT3 Y705 phosphorylation (Fig. 1a).
To assess whether DDIAS is involved in the IL-
6–mediated STAT3 activation, we compared STAT3
phosphorylation in the presence or absence of DDIAS.
DDIAS depletion attenuated IL-6–induced STAT3
phosphorylation at Y705 but not at S727 in non-small cell
lung cancer (NSCLC) cells, such as NCI-H23 and NCI-
H1703 (Fig. 1b). Furthermore, DDIAS knockdown sup-
pressed EGF-induced STAT3 Y705 phosphorylation
(Fig. 1c) and inhibited the nuclear translocation of IL-
6–mediated pSTAT3 (Fig. 1d). To address whether
DDIAS regulates STAT3 transcriptional activity, we per-
formed luciferase assay using a reporter gene (M67-Luc)
containing STAT3-binding sites, in the presence or
absence of DDIAS. DDIAS depletion significantly
repressed the IL-6–induced STAT3 Y705 transcriptional
activity in NCI-H1703 (Fig. 1e), whereas Flag-DDIAS
overexpression enhanced IL-6–induced STAT3 phos-
phorylation (Fig. 1f). These results suggest that DDIAS is
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involved in enhancing STAT3 phosphorylation in the
presence of IL-6 or EGF.

PTP inhibition overcomes STAT3 dephosphorylation in
DDIAS-knockdown cells
To understand the mechanism underlying STAT3

activation by DDIAS in the presence of IL-6, we investi-
gated the phosphorylation status of JAK1 and JAK2. No
significant change was detected in either expression level
or phosphorylation degree of both JAK1 and JAK2 in
DDIAS-silenced cells (Fig. 2a). Thus the JAK pathway
may not be associated with the decrease in STAT3
phosphorylation in the DDIAS-knockdown cells. There-
fore, to assess whether DDIAS is involved in the regula-
tion of PTP-mediated dephosphorylation of STAT3, we
treated DDIAS-depleted cells with sodium vanadate, a
PTP inhibitor, in the presence of IL-6. Sodium vanadate
completely recovered STAT3 dephosphorylation in
DDIAS-knockdown NCI-H1703 cells (Fig. 2b). Next, we
explored the PTPs involved in STAT3 dephosphorylation
in the absence of DDIAS. Small interfering RNA (siRNA)
screening of validated siRNAs of 36 PTPs was performed
to identify PTPs that could recover STAT3 Y705 phos-
phorylation. Six candidates PTPRM, PTPRN2, DUSP11,
PTPRK, PTPRZ1, and DUSP12 overcame the suppression
of STAT3 phosphorylation and its transcriptional activity
in DDIAS-knockdown cells (Fig. 2c, Fig. S2). The
knockdown efficiency of siRNA against the six genes was
confirmed using quantitative real-time polymerase chain
reaction (qPCR) (Fig. 2d). PTPRK knockdown and

PTPRM knockdown completely recovered the DDIAS-
knockdown-induced decrease in STAT3 phosphorylation
(Fig. 2e). These results demonstrate that DDIAS is
involved in the activation of STAT3 signaling by sup-
pressing that activity of PTPs, such as PTPRM or PTPRK.

PTPRM is a novel phosphatase of STAT3
To confirm that PTPRM regulates STAT3 Y705

dephosphorylation, PTPRM siRNA was transfected into
NCI-H23 and NCI-H1703 cells. Compared to the
respective controls, PTPRM knockdown cells showed an
increased basal level of STAT3 phosphorylation and
increased levels of IL-6–induced STAT3 phosphorylation
(Fig. 3a, b), whereas cells with Myc-PTPRM over-
expression showed decreased levels of both basal and IL-
6–induced STAT3 phosphorylation (Fig. 3c, d). Hence, we
next assessed the importance of Y705 for the interaction
between PTPRM and STAT3. Co-immunoprecipitation
assay revealed that Myc-PTPRM bound to hemagglutinin
(HA)-STAT3 wild type (WT) but not HA-STAT3 Y705F
(YF; Fig. 3e), indicating that PTPRM is associated with
Y705 dephosphorylation of STAT3. Interestingly, PTPRM
and STAT3 showed a strong interaction at 60 min of IL-6
treatment (Fig. 3f). These results indicate that PTPRM is a
novel phosphatase for STAT3.

DDIAS inhibits PTPRM-STAT3 binding to sustain STAT3
phosphorylation
To understand the association of DDIAS in STAT3

phosphorylation, we investigated the effect of DDIAS on

Fig. 1 DDIAS depletion suppresses STAT3 activation induced by IL-6 and EGF. a Expression of DDIAS and phosphorylated STAT3 in several NSCLC
cell lines. b, c Loss of DDIAS selectively suppressed the STAT3 Y705 phosphorylation in NCI-H1703 and NCI-H23 cells after IL-6 (20 ng/ml) and EGF (100 ng/ml)
treatment for the indicated times. d Immunocytochemistry for pSTAT3 (Y705) in DDIAS-depleted cells treated with IL-6. Scale bars represent 10 μm. e
Transactivation of STAT3 by IL-6. NCI-H1703 cells were transfected with siDDIAS and M67-Luc, treated with IL-6 for 6 h, and the relative luciferase activity was
determined. The results shown are representative of three experiments (n= 3). The values represent means ± SEM. **p< 0.01. f Overexpression of DDIAS
enhanced the STAT3 Y705 phosphorylation in NCI-H358 cells after IL-6 (20 ng/ml) treatment for the indicated times.

Im et al. Oncogenesis (2020)9:1 Page 3 of 11

Oncogenesis



PTPRM activity. First, we examined whether DDIAS
depletion affects the mRNA and protein levels of
PTPRM. Reverse transcription (RT)-qPCR and western
blot analysis revealed that DDIAS did not affect the
expression of PTPRM as well as the known STAT3
phosphatases PTPRT, SHP1, and TC-PTP (Fig. 4a, b).
Next, we determined the effect of DDIAS on PTP
activity using in vitro phosphatase activity assay in
DDIAS-knockdown cells. Consistently, DDIAS knock-
down did not affect the total PTP activity (Fig. 4c).
Therefore, we performed immunoprecipitation analysis
using anti-STAT3 antibody in DDIAS-knockdown cells
to investigate whether DDIAS is involved in the reg-
ulation of PTPRM/STAT3 binding. Notably, in the
presence of IL-6, PTPRM and STAT3 showed a stronger
interaction in DDIAS-knockdown cells, compared with
that in the control cells (Fig. 4d). Next, we performed
co-immunoprecipitation analysis to determine whether
DDIAS interacts with PTPRM and found that Flag-
DDIAS did not interact with Myc-PTPRM in
HEK293T cells (Fig. 4e). This result suggests that
DDIAS interferes with the interaction between PTPRM
and STAT3 without binding to PTPRM. Considering
these observations, we investigated the correlation
between the expression of PTPRM, STAT3, and DDIAS

in different NSCLC cell lines. Interestingly, PTPRM
expression in the different NSCLC cell lines was variable
and showed no correlation with DDIAS or STAT3
expression in most of the cell lines (Figs. 4f and 1a). To
evaluate the correlation between STAT3 activation and
expression of DDIAS and PTPRM, we performed
immunohistochemistry (IHC) on 40 human lung cancer
tissues (Fig. 4g). Consistent with our in vitro human
lung cancer cell lines (Fig. 1a), DDIAS expression level
was strongly correlated with STAT3 tyrosine phos-
phorylation. However, overall PTPRM expression level
has no correlation with STAT3 phosphorylation in
human lung cancer tissues.

DDIAS interacts with STAT3 and interferes with PTPRM/
STAT3 binding
To further understand the mechanism underlying

DDIAS-mediated regulation of STAT3 phosphorylation,
we assessed whether DDIAS directly interacts with
STAT3. Co-immunoprecipitation assay clearly showed
that Flag-DDIAS interacted with HA-STAT3 in
HEK293T cells (Fig. 5a). Furthermore, endogenous
DDIAS bound to STAT3 in NCI-H1703 cells (Fig. 5b).
Domain mapping analysis revealed that DDIAS bound to
the TAD of STAT3 (Fig. 5c) and that this STAT3 domain

Fig. 2 Identification of a phosphatase for STAT3 in DDIAS-depleted cells. a DDIAS knockdown did not affect the JAK pathway. NCI-H1703 cells
were treated with IL-6 (20 ng/ml) for the indicated times, and western blotting was performed with the indicated antibodies. b Protein tyrosine
phosphatase (PTP) inhibition recovered the DDIAS-knockdown-mediated dephosphorylation of STAT3. NCI-H1703 cells transfected with siDDIAS
were pretreated with 1 mM sodium vanadate for 4 h and treated with IL-6 for 15 min. c siRNA-based screening for identification of PTPs involved in
STAT3 dephosphorylation in the absence of DDIAS. The levels of STAT3 transcriptional activity were measured by a reporter assay (n= 3). d Relative
mRNA level of each PTP gene. RT-qPCR was performed 72 h after siRNA transfection. All experiments were independently performed three times, and
each experiment was performed in triplicate. e Knockdown of PTPRK or PTPRM recovered the DDIAS-knockdown-induced decrease in STAT3
phosphorylation.
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was also involved in the interaction with PTPRM (Fig. 5d).
Notably, DDIAS overexpression suppressed the interac-
tion between STAT3 and PTPRM (Fig. 5e). These results
suggest that DDIAS binds to STAT3 to interfere with
PTPRM/STAT3 binding and that PTPRM competes with
DDIAS to recruit STAT3 for dephosphorylation.

DDIAS promotes STAT3-mediated malignancy by
preventing PTPRM function
We observed that PTPRM overexpression inhibited cell

growth in a dose-dependent manner (Fig. S3). Then we
examined the effect of PTPRM knockdown on DDIAS-
knockdown–induced suppression of cancer cell growth
and invasion (Fig. 6). Clearly, PTPRM knockdown par-
tially rescued the cell growth inhibition induced by
DDIAS knockdown (Fig. 6a). Moreover, PTPRM silencing
recovered the migration and invasion suppressed by
DDIAS knockdown (Fig. 6b, c). As expected, PTPRM
depletion increased the expression of STAT3 targets
vimentin and slug, which are involved in the migration of
DDIAS-knockdown cells (Fig. 6d). Thus PTPRM sup-
presses STAT3 signaling in DDIAS-knockdown cells,
suggesting that DDIAS promotes the IL-6–mediated
STAT3 signaling in malignant cancer cells by inhibiting
the PTPRM function.

Discussion
IL-6 and STAT3 are implicated in the malignancy of

lung cancers, and many studies have attempted to target
IL-6/IL-6 receptor for drug development4. STAT3 activity
is regulated via posttranslational modifications, such as
phosphorylation, acetylation, oxidation, and ubiquitina-
tion39–42. Of these, IL-6–mediated phosphorylation
mainly controls STAT3 activity, which is reversibly
regulated by protein tyrosine kinases or PTPs19,20,43. The
known STAT3-binding phosphatases are receptor-type
PTPs such as PTPRK, PTPRD, and PTPRK and non-
receptor PTPs, including SHP1, SHP2, PTP-MEG2, and
TC-PTP. These PTPs are frequently mutated or inacti-
vated in lung cancer, colorectal cancer, glioblastoma, head
and neck squamous cell carcinomas, and renal cell car-
cinoma21,23,24,44–46, suggesting that their inactivation
contributes to the malignancy of human cancers.
In this study, we found that DDIAS positively regulated

IL-6–mediated STAT3 activation. Using siRNA PTP
library screening, we first identified PTPRM as a novel
PTP that suppresses STAT3 Y705 phosphorylation in
NCI-H1703 cells. Furthermore, we found that PTPRK or
PTPRT also recovered the STAT3 dephosphorylation
induced by DDIAS knockdown (Fig. 2e, Fig. S4). In
DDIAS-knockdown cells, PTPRM knockdown recovered

Fig. 3 PTPRM dephosphorylates STAT3 by direct interaction. a, b PTPRM knockdown increased STAT3 phosphorylation in NCI-H23 and NCI-
H1703 cells. Cells were transfected with siPTPRM (#1, #2) for 72 h (a) and treated with IL-6 (b). Western blotting was performed. c, d PTPRM
overexpression inhibited STAT3 phosphorylation. Cells were transfected with Myc-PTPRM for 48 h (c) and treated with IL-6 (d). Western blotting was
performed. e Interaction between Myc-PTPRM and HA-STAT3 WT or YF (Y705F). Immunoprecipitation was performed using anti-HA antibody.
f Interaction between PTPRM and STAT3 in the presence of IL-6. Immunoprecipitation was performed using anti-STAT3 antibody.
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the decrease in IL-6–mediated STAT3 Y705 phosphor-
ylation. Similar to PTPRK, PTPRT, and PTPRU, PTPRM
belongs to R2B subfamily of RPTPs, which consist of
extracellular regions containing one MAM (meprin/A5/μ),
one immunoglobulin (Ig)-like, and four fibronectin
domains and intracellular regions containing the juxta-
membrane domain and tandem intracellular phosphatase
domain17. PTPRM facilitates hemophilic cell–cell inter-
action through the extracellular region independent of
phosphatase activity in the intracellular domains47. Indeed,
PTPRM has been shown to inhibit cancer cell prolifera-
tion, migration, and invasion48–50. PTPRM expression is
downregulated by genetic and epigenetic alterations such
as loss of heterozygosity and hypermethylation in breast
cancer, colorectal cancer, and acute lymphoblastic leuke-
mia48,49,51. Moreover, PTPRM is downregulated by
miRNA-221/-222 in glioblastoma, suggesting its tumor-
suppressor function52.
Mechanistically, non-receptor PTPs, such as SHP1or

SHP2 containing Src homology-2 (SH2) domains, mediate
the interaction of PTP with its substrates through SH
domains, which function as phospho-tyrosine-binding
domains. While receptor-type PTPs such as PTPRK and
PTPRT have two intracellular PTP domains (D1 and D2),
mutants of the D1 and D2 domain show decreased PTP

activity21,22,44. However, it is believed that the D2 domain
of RPTP is catalytically inactive and functions as a
substrate-binding domain that modifies the RPTP struc-
ture53. It has been shown that PTPRK directly binds to
STAT3 and dephosphorylates STAT3 Y7051. In contrast,
PTPRM dephosphorylates catenin p120ctn by binding to
the N-terminus of catenin p120ctn, which is important for
tyrosine phosphorylation54–56. Our data show that
PTPRM interacted with the STAT3 TAD, which contains
the Y705 (Fig. 7). We also observed that DDIAS bound to
the STAT3 C-terminal domain containing TAD. These
findings suggest that DDIAS competes with PTPRM for
STAT3 binding. Thus DDIAS sustains STAT3 phos-
phorylation by inhibiting the accessibility of PTPRM to
STAT3, suggesting a novel mechanism of PTPRM as a
tumor suppressor.
We found that DDIAS expression is closely correlated

with STAT3 Y705 phosphorylation in NSCLC cell lines
and that PTPRM knockdown recovered the reduced
STAT3 Y705 phosphorylation in DDIAS-knockdown
cells. However, PTPRM expression was variable and
showed no correlation with STAT Y705 phosphorylation
in lung cancer cell lines and human tissues (Fig. 4f, g); this
suggests that mutations in PTPRM or other PTPs are
involved in STAT3 dephosphorylation, depending on the

Fig. 4 DDIAS inhibits the interaction between STAT3 and PTPRM. a mRNA levels of PTPRM, PTPRT, SHP1, and TC-PTP in DDIAS-knockdown cells.
RT-qPCR was performed 72 h after siDDIAS transfection. All experiments were independently performed three times, and each experiment was
performed in triplicate. b Western blot analysis of PTPRM, SHP1, and TC-PTP in DDIAS-knockdown cells. c Activity of total PTP in DDIAS-knockdown
cells. d Interaction between PTPRM and STAT3 in the presence of IL-6 in DDIAS-knockdown cells. Immunoprecipitation was performed using anti-
STAT3 antibody. e Interaction between Myc-PTPRM and Flag-DDIAS. Immunoprecipitation was performed using anti-Myc antibody. f PTPRM
expression in different NSCLC cell lines. g DDIAS, PTPRM, and pSTAT3 (Y705) expression in a human lung cancer tissue array. Representative images of
LC tissue stained with an anti-DDIAS (1:100), anti-PTPRM (1:200), and anti-pSTAT3 antibodies (1:100). Scale bar, 500 μm.
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cancer cells. The protein levels of PTPRK in the different
NSCLC cell lines were also variable and showed no cor-
relation with STAT3 Y705 phosphorylation (Fig. S5a). In
NCI-H1703 cells, the expression level of PTPRM was
higher than that of PTPRK, PTPRT, or PTPRZ1 in NCI-
H1703 cells (Fig. S5b), suggesting that PTPRM is the main
phosphatase for STAT3. However, it may be possible that
DDIAS prevents STAT3 from recruiting other RPTPs,
including PTPRK or PTPRT, by directly binding with
STAT3 in other cells. PTPRT expression was very low in
most of the NSCLC cell lines (Fig. S5a). Notably, DDIAS
affects the involvement of phosphatases in regulation of
IL-6–mediated STAT3 phosphorylation.
Previously, we showed that DDIAS promotes pro-

liferation and invasion of cancer cells and is involved in
suppression of DNA-damaging-induced apoptosis and
TRAIL-mediated extrinsic apoptosis in cancer cells. In
this study, we demonstrated that DDIAS promoted IL-
6–mediated STAT3 activation in lung cancer cells by
competing with PTPRM. DDIAS knockdown caused
growth inhibition of lung cancer cells through STAT3
inactivation by PTPRM, suggesting DDIAS as a potential

therapeutic target in aberrant STAT3-activated lung
cancer. Moreover, IHC analysis demonstrated correlation
between the DDIAS expression level and STAT3 phos-
phorylation in lung cancer patient tissues (Fig. S6).
Therefore, we suggest that DDIAS can serve as a bio-
marker to predict the STAT3 phosphorylation in malig-
nant lung cancer.
We newly identified the DDIAS/PTPRM/STAT3 system

in lung cancer cells with aberrant STAT3 expression. We
expect multiple, intertwined crosstalks and interactions
between DDIAS/PTPRM and other STAT3 regulation
system in lung cancer cells. However, we do not have
conclusive evidence regarding it. The ability of PTP to
compete with DDIAS for STAT3 inactivation depends on
its specificity to STAT3, its structural similarity to
PTPRM, and its intracellular availability. PTPRM belongs
to the same family as PTPRK and PTPRT. Although
PTPRT has specificity to STAT3, it is less abundant than
PTPRM in the cell. Non-receptor-type PTP, such as SHP1,
SHP2, and TC-PTP, are not specific to STAT3. Even
though TC-PTP is present at a high level, the depho-
sphorylation efficiency of STAT3 by TC-PTP is expected

Fig. 5 DDIAS associates with STAT3. a DDIAS binds to STAT3. Flag-DDIAS and HA-STAT3 were co-transfected into HEK293T cells in the indicated
combinations. The cell lysates were subjected to an immunoprecipitation assay using anti-Flag agarose or anti-HA beads, and the
immunoprecipitates were probed with anti-HA or anti-Flag antibody. b Binding of endogenous STAT3 and DDIAS. Immunoprecipitation was
performed using anti-STAT3 or anti-DDIAS in NCI-H1703 cells. c Mapping of STAT3-binding region on DDIAS. Flag-DDIAS and HA-STAT3 deletion
constructs were co-transfected into HEK293T cells in the indicated combinations, and their interactions were analyzed by co-immunoprecipitation.
d Mapping of STAT3-binding region on PTPRM. HA-STAT3 deletion constructs and Myc-PTPRM were co-transfected into HEK293T cells in the
indicated combinations. The cell lysates were subjected to an immunoprecipitation assay using anti-HA antibody, and the immunoprecipitates were
probed with anti-Myc or anti-HA antibody. e Effect of Flag-DDIAS on the interaction between STAT3 and PTPRM. HEK293T cells co-transfected with
FLAG-DDIAS and/or Myc-PTPRM and HA-STAT3. Co-immunoprecipitation was performed using anti-HA antibody.
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to be lower than that by PTPRM. Interestingly, DUSP11
and DUSP12 seem to affect STAT3 inactivation through
MAP inhibition.
Using siRNA PTP library screening, we identified

PTPRM as an activator of STAT3 Y705 phosphorylation
in DDIAS-knockdown cells. However, the PTP siRNA

library does not contain all the known PTPs; therefore, it
is possible that we may have missed a PTP involved in
STAT3 Y705 dephosphorylation. Moreover, a PTP could
have been excluded as a false negative in our siRNA
screening system, although the experiment using vali-
dated siRNA was performed under stringent conditions.

Fig. 6 PTPRM inhibits DDIAS-mediated STAT3 signaling. a Cell growth assay was performed at 72 h after DDIAS siRNA or/and PTPRM siRNA
transfection. The values represent mean ± SEM from three independent experiments with biological triplicate. **p < 0.01. b, c Migration (b) and
invasion (c) assay were performed 12 or 24 h following IL-6 treatment in cells transfected with DDIAS siRNA or/and PTPRM siRNA. The results shown
are representative of three experiments (n= 3). The values represent mean ± SEM. **p < 0.01. d Levels of STAT3 targets. Western blotting analysis was
performed at 24 h after IL-6 treatment in cells transfected with DDIAS siRNA or/and PTPRM siRNA.

Fig. 7 Model showing DDIAS function in STAT3 regulation. DDIAS expression contributes to constitutive STAT3 tyrosine phosphorylation via
inhibition of protein tyrosine phosphatases in lung cancers.
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Nevertheless, we demonstrated that DDIAS binds to
STAT3 and prevents STAT3 recruitment to PTPRM for
Y705 dephosphorylation. We further plan to screen drugs
inhibiting the interaction between DDIAS and STAT3
and investigate the effectiveness of this drug in combi-
nation with the currently available treatment for lung
cancer.
In summary, we provide novel insights into the crucial

role of DDIAS in STAT3 signaling in malignant lung
cancer. We confirmed that DDIAS is involved in STAT3
activation in malignant lung cancer. We report that
PTPRM is a novel STAT3 tyrosine phosphatase and that
it negatively regulates STAT3 activation by depho-
sphorylating Y705 of STAT3 in the presence of IL-6. We
also demonstrate that DDIAS promotes STAT3 phos-
phorylation by blocking PTPRM recruitment of STAT3
via competitive binding with STAT3.

Materials and methods
Reagents, antibodies, and plasmids
EGF, IL-6, and human phospho-kinase array were

purchased from R&D Systems (Minneapolis, MN, USA).
Other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The following antibodies were used:
anti-DDIAS (HPA038540) from Atlas Antibodies
(Stockholm, Sweden); anti-SHP1 (sc-7289), anti-TC-PTP
(sc-373835), anti-HA (sc-805), and anti-Myc (sc-40) from
Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-
STAT3 (9139, 4904), anti-HA (3724), anti-pSTAT3
(Y705, 9145), anti-pSTAT3 (S727, 9134), anti-pJAK1
(Y1034/1035, 3331), anti-JAK1 (3344), anti-pJAK2
(Y1007/1008, 3771), and anti-JAK2 (3230) from Cell
Signaling Technology (Beverly, MA, USA); anti-PTPRM
(MAB4446) from R&D Systems; anti-GAPDH (LF-P-
A0212) from AbFrontier (Seoul, Korea); and anti-Flag
(F1804) from Sigma-Aldrich. Full-length and deletion
mutants of Flag-DDIAS were cloned as previously
described35. 4×M67 pTATA TK-Luc (#8688) and Flag-
STAT3 Y705F (#24984) were obtained from Addgene
(Cambridge, MA, USA). Myc-DDK-tagged PTPRM
(RC226398) was obtained from OriGene (Rockville, MD,
USA). Full-length and deletion mutants of STAT3-tagged
HA were subcloned from the Flag-STAT3 expression
vector (Addgene). STAT3 gene was mutated using the
QuickChange Site-Directed Mutagenesis Kit (Enzy-
nomics, Daejeon, Korea). The constructs were verified
using sequence analysis.

Cell culture, transfections, and cell viability
Human embryonic kidney 293T (HEK293T), Calu-3,

and human NSCLC cell lines NCI-H23, NCI-H1703,
NCI-H1793, NCI-H2009, NCI-H358, NCI-H460, NCI-
H1299, NCI-H1437, HCC15, HCC827, and HCC2279
were purchased from Korean Cell Line Bank (Seoul,

Korea) or KRIBB Cell Line Bank (Daejeon, Korea). Calu-3
and HEK293T cells were cultured in Dulbecco’s modified
Eagle’s medium and all NSCLC cell lines in RPMI-1640
supplemented with 10% fetal bovine serum and penicillin/
streptomycin (Invitrogen, Carlsbad, CA, USA). Cells were
transfected with the indicated plasmids using TurboFect
(Thermo Scientific, Rockford, IL, USA) according to the
manufacturer’s instructions and siRNAs (20–40 nM) by
electroporation (Neon, Invitrogen) according to the
manufacturer’s instructions. Cell viability was determined
using the sulforhodamine B (SRB) assay, as previously
described57.

Small-interfering RNA
AccuTarget™ Genome-wide validated siRNA Library

and siRNAs used in this study were purchased from
Bioneer Corporation (Daejeon, Korea). The target
sequences were as follows: siDDIAS: 5′- CAGAAGAGAU
CUGCAUGUU-3′, siDUSP11: 5′-CUAUUCACACAGGA
GGUAU-3′, siDUSP12: 5′-CAUUCAUGGCAGAUUGUU
U-3′, siPTPRM (#1): 5′-CGAGCUAUAAAAUUGGACA-
3′, siPTPRM (#2): 5′-CUGGUUACAGGGCAUUGAU-3′,
siPTPRK: 5′-GCCCAGACUAAGAACAUCAAU-3′, siPT
PRN2: 5′-AGUAUCCGAUUCGCCAUCA-3′, siPTPRZ1:
5′-GACAUGGGAGUACCAGAGU-3′, or Scrambled: 5′-
CCUACGCCACCAAUUUCGU-3′.

Luciferase reporter assays
Cells were co-transfected with 300 ng of 4×M67

pTATA TK-Luc and 10 ng of pRL-TK using 1 μl of
TurboFect per well in 24-well plates, serum starved for
24 h, and treated with 20 ng/ml of IL-6 for 6 h. Luciferase
assay was performed as previously described33.

Quantitative PCR
Total RNA isolation, RT, and qPCR were performed as

described previously34. The primers for DUSP11
(P318718), DUSP12 (P266589), PTPRK (P109949),
PTPRM (P153012), PTPRN2 (P103059), PTPRZ1
(P254869), PTPRT (P315908), SHP1 (P277701), TC-PTP
(P205396), and STAT3 (P229000) were obtained from
Bioneer (Daejeon, Korea). Primers used for DDIAS and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were as described previously33. All reactions were per-
formed in triplicate and normalized to GAPDH as the
internal control.

Cell migration and invasion assay
These assays were performed in 24-well Transwell

plates (BD Biosciences, San Jose, CA, USA) with 8-μm
pore inserts coated with or without Matrigel (Invitrogen).
Cells (1 × 105) were seeded in a culture insert in serum-
free media and treated with 20 ng/ml IL-6 into the upper
chamber. Complete medium was applied to the lower
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chamber. Cells were allowed to migrate or invade the
layer for 12 or 24 h, respectively. Migrating/invading cells
were stained with 0.4% SRB and visualized under a
microscope. The experiment was repeated three times.

Immunocytochemistry
Immunofluorescence staining was performed as described

previously34. Cells were incubated with an anti-pSTAT3
antibody overnight. Fluorescent images were visualized using
an LSM 800 microscope (Zeiss, Jena, Germany).

Immunohistochemistry
Human tissue arrays (LC485) were obtained from US

Biomax, Inc. (Rockville, MD, USA). IHC staining was
performed as previously described33. Tissues were incu-
bated with anti-pSTAT3 (Y705), anti-DDIAS, or anti-
PTPRM antibodies overnight. The images were visualized
using an Olympus BX51 microscope equipped with a
DP71 digital camera and DP-B software (Olympus Co,
Tokyo, Japan). pSTAT3, DDIAS, and PTPRM positivity
was defined as 3+, 2+, 1+, or 0 by IHC. Tissues stained
were divided into two high (3+ and 2+) and low (1+ and
0) groups. Scoring of the human tissue array was
performed by two independent observers (J.-Y.I. and K.-
W.L.), showing high consistency between scores for both
pSTAT3 and DDIAS.

Co-immunoprecipitation and western blot analysis
Immunoprecipitation and western blotting were per-

formed as described previously36. For endogenous bind-
ing, lysates were incubated with anti-STAT3 or anti-
DDIAS antibody and subjected to western blot analysis
with specific antibodies. Signals were detected using an
enhanced chemiluminescence kit (Millipore, Temecula,
CA, USA). The densitometry numbers indicated were
measured using Image J (NIH).

Tyrosine phosphatase assay
PTP activity was measured using a Tyrosine Phospha-

tase Assay System (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. NCI-H1703
cells were transfected with siDDIAS for 72 h and lysed
with storage buffer. Spin columns were used to remove
endogenous free phosphate from the cell lysates. Tyrosine
phosphatase activity was measured using the EMax plate
reader system (Molecular Devices, San Jose, CA, USA) at
600 nm.

Statistical analysis
Data were obtained from at least three independent

experiments with biological triplicates and presented as
mean ± SEM. Statistical analyses were performed using
two-tailed Student’s t test. A value of p < 0.05 was
accepted as significant.
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