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ARTICLE INFO ABSTRACT

Keywords: In our previous study, we found that inhibition of protein tyrosine phosphatase non-receptor type 3 (PTPN3),
PTPN3 which is expressed in lymphocytes, enhances lymphocyte activation, suggesting PTPN3 may act as an immune
Lung net

checkpoint molecule. However, PTPN3 is also expressed in various cancers, and the biological significance of
PTPN3 in cancer cells is still not well understood, especially for lung neuroendocrine tumor (NET).Therefore, we
analyzed the biological significance of PTPN3 in small cell lung cancer and examined the potential for PTPN3
inhibitory treatment as a cancer treatment approach in lung NET including small cell lung cancer (SCLC) and
large cell neuroendocrine cancer (LCNEC).

Experiments in a mouse xenograft model using allo lymphocytes showed that PTPN3 inhibition in SCLC cells
enhanced the anti-tumor effect of PTPN3-suppressed activated lymphocytes. In addition, PTPN3 was associated
with increased vascularization, decreased CD8/FOXP3 ratio and cellular immunosuppression in SCLC clinical
specimens. Experiments in a mouse xenograft model using autocrine lymphocytes also showed that PTPN3 in-
hibition in LCNEC cells augmented the anti-tumor effect of PTPN3-suppressed activated lymphocytes. In vitro
experiments showed that PTPN3 is involved in the induction of malignant traits such as proliferation, invasion
and migration. Signaling from PTPN3 is mediated by MAPK and PI3K signals via tyrosine kinase phosphorylation
through CACNA1G calcium channel. Our results show that PTPN3 suppression is associated with lymphocyte
activation and cancer suppression in lung NET. These results suggest that PTPN3 suppression could be a new
method of cancer treatment and a major step in the development of new cancer immunotherapies.

Cancer immunotherapy strategy
Cancer suppression
Lymphocyte activation

Introduction previously showed that protein tyrosine phosphatase non-receptor type3
(PTPN3), which is upregulated in activated lymphocytes, is a novel

Immune checkpoint inhibitors have recently attracted attention as a immune checkpoint molecule that regulates lymphocyte activation [4].
new cancer treatment due to their remarkable efficacy [1-3]. We PTPN3 inhibitors have the potential to be orally administered and

Abbreviations: PTPN3, protein tyrosine phosphatase non-receptor type3; PTP, protein tyrosine phosphatase; ERK, extracellular signal-regulated kinase; LCK,
lymphocyte-specific protein tyrosine kinase; AKT, protein kinase b; ZAP70, zeta-chain-associated protein kinase 70; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; CDDP, Cis-diamminedichloro-platinum; EGFR, Epidermal growth factor receptor; VEGFA, Vascular endothelial growth factor A; EMT, Epithelial-
mesenchymal transition; CACNA1G, Calcium Voltage-Gated Channel Subunit Alphal G.
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appear to be a very promising drug for cancer treatment. However, it is
critical to examine how PTPN3 inhibition affects not only lymphocytes,
but also cancer.

PTPNS3 is one of the 23 isozymes of tyrosine de-phosphatases and
dephosphorylates tyrosine residues to negatively regulate certain tyro-
sine kinase signaling pathways [5]. Upon stimulation of the TCR/CD3
complex in lymphocytes, phosphorylation of Lck and Zap70 is enhanced
and the MAPK pathway is activated, resulting in lymphocyte prolifera-
tion and hyperfunction. This mechanism increases the expression of
PTPN3, which suppresses lymphocyte activation [4]. Several studies
have shown that PTPN3 enhances the malignant traits of various can-
cers. For example, suppressing PTPN3 in non-small cell lung cancer cells
led to antitumor effects [6]. Other reports revealed the biological sig-
nificance of PTPN3 in glioma and ovarian cancer and showed that
downregulation of PTPN3 suppressed the malignant traits of glioma and
ovarian cancer [7,8]. However, the biological significance of PTPN3 in
lung neuroendocrine tumor (NET) including small cell lung cancer
(SCLC) and large cell neuroendocrine cancer (LCNEC) has not been
examined.

Lung NET is a fast-growing cancer, and chemotherapy and radiation
therapy are currently the main treatments for lung NET. Lung NET
shows a better response to chemotherapy and radiation therapy than
other lung cancers, but its rapid progression and the high incidence of
recurrence and metastasis make continuation of chemotherapy and ra-
diation therapy difficult [9]. Therefore, the 5-year survival rate of pa-
tients with SCLC and LCNEC is 25% and 32.2%, respectively [10].
Markers such as chromogranin A, pro-gastrin-releasing peptide, and
neuron-specific enolase have previously been shown to play important
roles in staging and prognosis survival in neuroendocrine tumors [11].
Furthermore, regarding markers, markers for EGFR have been tested in
lung cancer and other cancers, and it has been reported that this is also
expected to be associated with the development of new therapeutic
methods and survival [12]. The development of effective new therapies
is critical to improve the treatment and survival of patients with lung
NET.

In the present study, we analyzed the biological significance of
PTPN3 in lung NET and evaluated the potential of PTPN3 suppression as
a treatment for lung NET.

Materials and methods
Cell lines

Three human SCLC cell lines, 87-5, SBC5, and S2, were used in this
study. The 87-5 and S2 cell lines were purchased from the Cell Resource
Cancer for Biomedical Research Institute of Development, Aging and
Cancer Tohoku University, Sendai, Japan. SBC5 cells were obtained
from the Japanese Collection of Research Bioresources bank. All cell
lines were maintained in RPMI 1640 medium (Nacalai Tesque, Kyoto,
Japan) supplemented with 10% fetal calf serum (FCS; Thermo Fisher
Scientific, Waltham, MA, USA) and antibiotics (2000 units/ml of peni-
cillin and 10 pg/ml of streptomycin). Cells were cultured at 37 °C in 5%
CO4 and 95% air. The LCNEC cell line generated from a patient with
LCNEC at the Fukuoka General Cancer Clinic was used in vivo experi-
ment. This cell line was maintained in DMEM medium (Nacalai Tesque,
Kyoto, Japan) supplemented with 10% fetal calf serum.

Small interfering RNA (siRNA) transfection and lentivirus production

The siRNA targeting PTPN3 (ON-TARGETplusTM SMARTpool, L-
009,372) and negative control siRNA (ON-TARGETplusTM Control non-
targeting siRNA, p-001,810) were purchased from Dharmacon (Lafay-
ette, CO, USA). Cells (0.2 x 10° cells/well) were seeded in 6-well plates
and transfected with siRNA using Lipofectamine RNAIMAX reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. Cells were used for experiments at 2 days after transfection.
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The short hairpin RNA (shRNA) sequence targeting PTPN3 was as
follows: GAC AGC TAC TTA GTC TTG ATC CGT A. The oligonucleotides
were ligated into a plasmid vector (pcDNA™6.2-GW/EmmiR,
#K4934-00; Thermo Fisher Scientific), which was then co-transfected
with the ViraPower™ Packaging Mix (included in BLOCK-iT™ Lenti-
viral Poll ] miR RNAi Expression Systems; Thermo Fisher Scientific) into
the 293FT cell line to produce lentiviral stock. In experiments using
activated lymphocytes, lymphocytes were infected with lentivirus at
culture days 3-4.

Induction of activated lymphocytes

Peripheral blood mononuclear cells (PBMCs) were collected from the
heparinized peripheral blood of healthy volunteers and purified using
HISTOPAQUE-1077 (Merck KGaA, Darmstadt, Germany) density
gradient centrifugation. PBMCs were cultured in RPMI-1640 (Nacalai
Tesque) supplemented with 10 pg/ml streptomycin (Meijiseika, Tokyo,
Japan), 2000 units/ml penicillin (Meijiseika), 0.5% human serum, and
200 U/ml IL-2 (Primmune, San Diego, CA, USA) in 6-well plates coated
with 2.5 pg/ml anti-CD3 monoclonal antibody (OKT3, JANSSEN
PHARMACEUTICAL K.K., Osaka, Japan) for 4-7 days. Non-adherent
cells were collected as activated lymphocytes.

DNA microarray

We performed DNA microarray analysis using 87-5 cells as previ-
ously described [13]. Intensity-based Z-scores and ratios (non-log-scale
fold-change) were calculated from the normalized signal intensities of
each probe to compare lymphocytes before and after activation.

Cell proliferation assay

Cell lines were transfected with PTPN3 siRNA or control siRNA and
seeded onto 96-well plates (5.0 x 10° cells/well). Cells were then
incubated for 24 and 48 h. Cell proliferation was assessed using Cell
Count Reagent SF (Nacalai Tesque, Kyoto, Japan) by measuring absor-
bance at 492 nm using a plate reader (Biotrak visible plate reader,
Amersham Biosciences, Piscataway, NJ, USA) with a reference wave-
length of 620 nm.

Cell invasion assay

The invasive capacity of the SCLC cell lines was assessed by Matrigel
invasion assay as described previously [14]. Briefly, siRNA-transfected
cells (2.0 x 10°) were plated in the upper chamber of a Transwell
chamber (pore size 8.0 pm; BD Biosciences, Tokyo, Japan) and incu-
bated for 24 h. The cells that migrated to the lower side of the filter were
fixed and stained with Diff-Quik reagent (Sysmex, Kobe, Japan) and
then counted at 100 x magnification under a light microscope (Nikon
Eclipse TE 300, Nikon, Tokyo, Japan).

Cytotoxicity assay

We modified an adherent target detachment assay described else-
where [15] to measure the cytotoxicity of activated lymphocytes. Cell
lines transfected with PTPN3 siRNA or control siRNA were seeded onto
96-well plates (5.0 x 102 cells/well) and incubated for 24 h to allow
adherence. Then, PTPN3 shRNA-expressing lymphocytes (1.0 x 10°
cells) was added to one group of PTPN3 siRNA cells and one group of
control siRNA cells. Control shRNA-expressing lymphocytes was per-
formed in the same manner, and target and effector cells were
co-incubated for 48 h [Effector cells (activated lymphocytes) at an
effector/target (E/T) ratio of 20:1 were added to the culture]. Lym-
phocytes that we used mainly consist of CD3"activated T cells [4]. To
quantify viable adherent cancer cells, Cell Count Reagent SF was added
to the washed wells, followed by incubation for 1 h at 37C. The
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absorbance at 450 nm was then measured using a microplate reader.
Viable cancer cells were detected by subtracting the absorbance of
lymphocytes alone from that of co-culture. In some cytotoxic assays,
siRNA-transfected cells were incubated with or without cisplatin at 0-5
pg/ml for 48 h.

Reverse transcription (RT)-polymerase chain reaction (PCR)

Total RNA was extracted using a High Pure RNA Isolation kit (Roche,
Basel, Switzerland) and quantified by spectrophotometry (Ultrospec
2100 Pro, Amersham Pharmacia Biotech, Piscataway, NJ, USA). For RT-
PCR, 1.0 pg of RNA was reverse transcribed to ¢cDNA with the Verso
cDNA Synthesis Kit (Thermo Fisher Scientific) according to the manu-
facturer’s protocol. RT-PCR reactions were performed using MasterMix
kit (Qiagen, Valencia, CA, USA). The primer sets used were as follows:
PTPN3 forward, 5-TGG TAT CGTG GAA GGA CTCA-3'; reverse, 5'-AGC
TCC ACCTA GAA GCA CAGAA-3’; and glyceraldehyde- 3-phosphate
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dehydrogenase (GAPDH) forward, 5-CCA CCC ATG GCA AAT TCC
ATG GCA —3'; reverse, 5'-TCT AGA CGG CAG GTC AGG TCC ACC-3'.

Real-time RT-PCR

RNA (1 pg) was treated with DNase and reverse transcribed using the
Quantitect Reverse Transcription kit (Qiagen). Reactions were run on a
DNA Engine Opticon 2 System (Bio-Rad, Hercules, CA, USA) using SYBR
Premix Ex Taq II (Takara, Otsu, Japan) as previously described [16].
Human PTPN3 primer was purchased from Bio-Rad. The f-actin primer
sequences are as follows: forward, 5'-TTG TTA CAG GAA GTC CCT
TGCC-3'; reverse, 5'-ATG CTA TCA CCT CCC CTG TGTG- 3'. The amount
of each target gene in a given sample was normalized to the level of
B-actin mRNA in the sample.
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Western blot analysis

Western blotting was performed as described previously [17]. The
protein-transferred membranes were incubated overnight at 4 °C with
primary antibodies for PTPN3 (1:200, sc-9789; Santa Cruz Biotech-
nology, Dallas, TX, USA), ERK1/2 (1:1000, No. 9102; Cell Signaling
Technology, Danvers, MA, USA), pERK (1:1000, No. 9101; Cell
Signaling Technology), Zap (1:2000, No. 3165; Cell Signaling Technol-
ogy), pZap (1:1000, No. 2701; Cell Signaling Technology), Lck (1:1000,
No. 2657; Cell Signaling Technology), pSrc (1:1000, No. 2101; Cell
Signaling Technology), Akt (1:1000, sc-8312; Santa Cruz Biotech-
nology), p-Akt (1:1000, sc-101,629; Santa Cruz Biotechnology), E-cad-
herin (1:200, sc-7870; Santa Cruz Biotechnology), Vimentin (1:1000,
ab92547; Abcam plc), SNAI1 (1:200, sc-271,977; Santa Cruz Biotech-
nology), Slug (1:200, sc-15,391; Santa Cruz Biotechnology), trans-
forming growth factor-fl1 (TGFp1l) (1:200, sc-146; Santa Cruz
Biotechnology), programmed cell death ligand 1 (PD-L1) (1:400, B7-H1;
Biolegend, San Diego, CA, USA), HIF-1a (1:200, ab5160; Abcam plc),
MMP (1:1000, sc-6840; Santa Cruz Biotechnology), EGFR (1:1000,
sc-120; Santa Cruz Biotechnology), VEGFA (1:1000, sc-152; Santa Cruz
Biotechnology), or CACNA1G (1:1000, ab134269; Abcam plc).

Membranes were then incubated with peroxidase-linked secondary
antibodies (Amersham Biosciences) for at least 1 h at room temperature.
Immunocomplexes were detected with Amersham ECL Prime Western
Blotting Detection Reagent (GE Healthcare, Tokyo, Japan) and visual-
ized with EZ Capture ST (ATTO, Tokyo, Japan). We used a-Tubulin
(1:1000, Sigma-Aldrich, St. Louis, MO, USA) as a protein loading con-
trol. Results were quantified using the Image J software program (USA).
There is membrane information in the additional file.

In vivo xenograft tumor model

In Fig. 1, NOD-SCID female mice (4-6 weeks old) were purchased
from Charles River Laboratories Japan (Kanagawa, Japan) and accli-
mated for 2 weeks. All experimental procedures were approved by the
Animal Care and Use Committee of Kyushu University (A19-351-0,
A19-352-0). All mice were housed and maintained in a specific
pathogen-free animal facility at Kyushu University, and all efforts were
made to minimize the number of animals used and their suffering. All
experiments were performed in strict accordance with the Guidelines for
Proper Conduct of Animal Experiments (Science Council of Japan).

NOD-SCID female mice (4-6 weeks old; n = 16) were randomized
into four groups (n = 4 per group). To establish the model, 87-5 cells
transfected with PTPN3 shRNA or control shRNA (1.0 x 10° cells) in 50
pl RPMI medium were injected subcutaneously into the bilateral flank of
mice (two groups each). Ten days after injection, 50 pl of PTPN3
shRNA-expressing lymphocytes (1.0 x 10° cells) was injected into one
group of PTPN3 shRNA and one group of control shRNA mice. Lym-
phocytes were injected intraperitoneally twice per week for 2 weeks
(four times total, on days 10, 14, 17 and 21 after cell transplantation).
Tumor size was measured twice each week, and tumor volume was
calculated as follows: A x B2 x 0.5, where A is the longest diameter and
B is the smaller of the two perpendicular diameters of the tumor. Tumors
were measured daily. Animals were monitored for 21 days and then
sacrificed on day 21; the tumors were removed for analysis. In Fig. 3,
NOD-SCID female mice (4-6 weeks old; n = 12) were randomized into
three groups (n = 4 per group).As before, LCNEC cell transfected with
PTPN3 shRNA or control shRNA (1.0 x 10° cells) in 50 ul DMEM me-
dium were injected subcutaneously into the bilateral flank of mice.
Lymphocytes were started on day 8 post-injection, which confirmed
tumor growth (three times in total, on days 8, 10, and 15 after cell
transplantation). Animals were monitored for 17 days and then sacri-
ficed on day 17; the tumors were removed for analysis.
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Immunohistochemistry

Tissue samples were obtained from five patients with SCLC who
underwent resection at Japanese Red Cross Fukuoka Hospital, Fukuoka,
Japan between 2014 and 2018. Approval for the use of tissues was ob-
tained from patients. Tissue samples obtained from mice implanted with
87-5 cells transfected with PTPN3 siRNA or control siRNA were also
analyzed.

Immunohistochemical staining was performed using 4-pm-thick
formalin-fixed, paraffin-embedded tissue sections and primary anti-
bodies for a-smooth muscle actin (aSMA) (1:100, ab5694, Abcam plc,
Cambridge, MA, USA), Ki-67 (1:50, sc-15,402, Santa Cruz Biotech-
nology), vascular endothelial growth factor (VEGF) (1:50, sc-152, Santa
Cruz Biotechnology), CD3 (1:100, ab5690, Abcam plc), CD4 (1:100,
ab133616, Abcam plc), CD8 (1:50, ab17147, Abcam plc), CD56
(Novocastra, Buffalo Grove, IL, USA), forkhead box P3 (FOXP3) (1:100,
ab10563, Abcam plc), PD-L1 (1:100, B7-H1, BioLegend), PTPN3 (PTP-
H1) (1:50, sc-515,181, Santa Cruz Biotechnology), or PD-11:100,
CD279, BioLegend).

Endogenous peroxidase activity was blocked using 3% hydrogen
peroxide solution for 5 min. Antigen retrieval was conducted by a high-
pressure method for 10 min with Target Retrieval Solution, pH 9.0
(Agilent Technologies, Santa Clara, CA, USA). The slides were incubated
with primary antibodies overnight at 4 °C, followed by incubation for
40 min with secondary antibodies at room temperature. The samples
were incubated with HISTOFINE simple stain MAX-PO (R) (Nichirei,
Tokyo, Japan) and the labeled antigens were visualized using dia-
minobenzidine. Counterstaining was performed with hematoxylin.
Positive and negative controls were used.

The absolute numbers of labeled tumor-infiltrating cells were
manually counted. The total numbers in the ten selected areas were
represented as intratumoral CD3-positive T cells, and CD8-positive T
cells. For evaluation of aSMA, Ki-67, PD-L1, PD-1,VEGF,PTPN3, and
Masson’s Trichrome staining of mouse xenograft tumors, we observed
five microscopic fields at 100 x or 200 x magnification. Positively
stained areas were quantified using Image J software.

PTPN3 expression was evaluated using the Allred score too [18], and
TS >3 was used as a cut-off value [19,20] to divide cases into PTPN3
high expression (TS >3) and PTPN3 low expression (TS <3) groups.

Statistical analyses

The data are presented as the mean + standard deviation (SD).
Student’s t-test was used to compare continuous variables between two
groups. p values of < 0.05 were considered statistically significant.

Results

PTPN3 inhibition in SCLC cells enhances the antitumor effect of PTPN3-
suppressed allo activated lymphocytes

A previous study reported that the cytotoxicity of PTPN3-suppressed
activated lymphocytes was significantly enhanced compared with that
of control activated lymphocytes [4]. To investigate the potential
treatment strategy for PTPN3 inhibition in cancer patients, we per-
formed an experiment using PTPN3-suppressed allo activated lympho-
cytes and examined the effects on cancer cells with suppression of
PTPN3 (Fig. 1A). We randomized NOD-SCID mice into four groups and
transplanted 87-5 cells transfected with control shRNA or PTNP3
shRNA (two groups each). On days 10, 14, 17 and 21 after cell trans-
plantation, we then intraperitoneally injected two groups with activated
lymphocytes transfected with PTPN3 shRNA; mice group that trans-
planted 87-5 cells transfected with control shRNA and treated with
PTPN3 shRNA-transfected-activated lymphocytes (control-PTPN3
group),and mice group that transplanted 87-5 cells transfected with
PTPN3 shRNA and treated with PTPN3 shRNA-transfected-activated
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lymphocytes(PTPN3-PTPN3 group). Tumors formed in all mice, and
PTPN3 suppression had no effect on the tumor-forming capacity
(Fig. 1B, C). In the two groups that did not receive lymphocytes, the
tumor volume in the PTPN3 shRNA group was immensely smaller
(Fig. 1D) and tumor weight was reduced compared with the control
group (Fig. 1E). In the two groups treated with lymphocytes transfected
with PTPN3 shRNA, the tumors of the PTPN3 shRNA group were even
smaller (Fig. 1D) with reduced weight compared with the control group
(Fig. 1E). There were no obvious metastases in any of the mice (data not
shown).

PTPN3 suppression reduces cancer tissue fibrosis and increases the number
of infiltrating lymphocytes to the cancer local site

We next performed immunohistochemical staining of xenograft tu-
mors from each of the four groups. First, we compared control-PTPN3
group and PTPN3-PTPN3 group . We confirmed that PTPN3 was
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suppressed in shPTPN3-transfected cancer cells; PD-L1 expression was
also decreased and VEGF expression was increased in the tumor tissues
of the PTPN3 shRNA group (Fig. 2A). We next examined fibrosis and
found that while aSMA staining showed no difference among groups,
Masson Trichome staining was decreased in the PTPN3 shRNA groups,
suggesting that PTPN3 promotes fibrosis. Furthermore, we compared
control group and PTPN3 group . Immunostaining confirmed that
PTPN3 was suppressed in the cancer cells into which shPTPN3 was
introduced and that CD3 and CD8 cells showed increased infiltration
into the cancer tissues (Fig. 2B). We compared the infiltration of CD3-
positive T cells in the liver and lung and found no difference in the
number of infiltrating lymphocytes between the two groups (Additional
filel: Fig. S1). We think that administrated activated-lymphocytes
moved to the cancer local site in this experiment. These results sug-
gest that PTPN3 inhibition in SCLC cells inhibits cancer tissue fibrosis,
enhances lymphocyte infiltration to the cancer local site, and enhances
the anti-tumor effects of activated lymphocytes.

Fig. 2. PTPN3 suppression reduces fibrosis of
cancer tissue and increases the number of
lymphoid cells infiltrating tissue. (A) Repre-
sentative immunohistochemical staining im-
ages of resected xenograft tumors from mice
injected with Control shRNA or PTPN3 shRNA
cells are shown. (B) Representative immuno-
histochemical staining images of resected
xenograft tumors from mice injected with
Control shRNA or PTPN3 shRNA cells are
shown. PTPN3, VEGF, a-SMA, Fibrosis (Masson
trichrome stain), and CD8 staining: magnifica-
tion, 100x. Ki67, PD-1, PD-L1, and CD3 stain-
ing: magnification, 200x. *P < 0.05. Bar, mean
+ SD; n.s., not significant.
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shPTPN3

PTPN3 inhibition in LCNEC cells enhances the antitumor effect of PTPN3-
suppressed autocrine activated lymphocytes

To confirm the therapeutical effect of PTPN3 inhibition the experi-
ment that used LCNEC cells and autologous lymphocytes from same
patient with LCNEC was performed (Fig. 3A). To start the experiment,
we confirmed Western blot analysis showed that PTPN3 was expressed
in LCNEC cell line (Fig. 3B).In this experiment we randomized NOD-
SCID mice into three groups: mice group that transplanted LCNEC
cells transfected with control shRNA and treated with control shRNA-
transfected-activated lymphocytes (control-control group), mice group
that transplanted LCNEC cells transfected with control shRNA and
treated with PTPN3 shRNA-transfected-activated lymphocytes (control-
PTPN3 group), and mice group that transplanted LCNEC cells trans-
fected with PTPN3 shRNA and treated with PTPN3 shRNA-transfected-
activated lymphocytes (PTPN3-PTPN3 group). On days 8, 10 and 15
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after cell transplantation, we then intraperitoneally injected three
groups with activated lymphocytes. Firstly, considering the systemic
therapy with PTPN3 inhibition, control-control group and PTPN3-
PTPN3 group were compared. Tumors formed in all mice (Fig. 3C)
and the tumor volume in the PTPN3-PTPN3 group was significantly
smaller than that in control-control group (Fig. 3D). When three group
were compared, the tumor volume in the control-PTPN3 group was
significantly smaller than that in control-control group and larger than
that in the PTPN3-PTPN3 group (Fig. 3D). Tumor weight was signifi-
cantly reduced compared with the control group (Fig. 3E).

We next examined the infiltrated lymphocytes into cancer cells by
immunostaining and revealed that CD3 and CD8 cells showed increased
infiltration into the cancer tissues in the PTPN3-PTPN3 group compared
with control-control group (Fig. 3F,G).

These results suggest that a PTPN3 inhibition could be a new cancer
treatment with a dual effect of LCNEC lymphocyte activation and cancer
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Fig. 3. Cancer cells and autologous lympho-
cytes from LCNEC patients were used for
treatment experiments in mice.(A) Western blot
analysis of LCNEC cell line transfected with
PTPN3 or control siRNA. (B)NOD-SCID female
mice were randomized into three groups (n = 8
per group). Control shRNA or PTPN3 shRNA
was introduced into LCNEC cells, and the cells
were subcutaneously (sc) transplanted into
mice. PTPN3 or control shRNA-infected acti-
vated lymphocytes were intraperitoneally (ip)
administered on days 8, 10 and 15. Mice were
sacrificed and tumors were harvested on day
17. (C) Image of tumors from each group. (D)
Changes in tumor volume over time. Arrows
indicate injections. (E) Tumor weight at 17 days
after tumor implantation. Tumor weight was
compared. (F,G) Representative immunohisto-
chemical staining images of resected xenograft
tumors from mice injected with Control shRNA
or PTPN3 shRNA cells are shown. CD8 and CD3
staining: magnification, 200x. *P < 0.05. Bar,
mean + SD.
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Table 1

Characteristics of the five clinical SCLC cases.

M: Male; F: Female; RUL: Right Upper Lobe; RML: Right Middle Lobe; RLL: Right Lower Lobe.

Casel Case2 Case3 Case4 Case5

Age(years) 80 66 76 76 60
Gender M M F M M
Symptoms €3] ©) ©) ©) O]
Tumor location RUL RUL RML RLL RLL
Surgical procedure Lobectomy Lobectomy Lobectomy Lobectomy Pneumonectomy
Tumor size(mm) 16 x 13 33 x 22 22 x 21 35 x 20 19 x 12
UICC T category T1b T2a T2a T2a Tla
UICC N category NO NO NO NO N1
Pleural invasion PLO PLO PL3 PL2 PLO
Lymphatic permeation LyO Ly0 Lyl LyO Lyl
Venous invasion Vo V1 V1 Vo A\
Bronchial transection ©) ) “) Q] Q]
Stage classification 1A 1B 1B 1B 1A
Postoperative chemotherapy ) +) ) +) +)
Recurrence O] (€] ©) ) (€D]
Survival (G2 (CD)] [CD)] ) ©)
Overall survival(months) 23 51 31 19 63
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suppression even in autocrine setting.

PTPN3 could be involved in increased cancer tissue fibrosis, decreased
CD8/FOXP3 ratio and suppressed cellular immunity

Next, we analyzed five surgically resected SCLC cases to investigate
the potential association between PTPN3 expression and clinicopatho-
logical or cancer microenvironment-related factors. The characteristics
of the five cases are shown in Table 1. Inmunostaining of the resected
tissues was performed and PTPN3, CD8, Foxp3, aSMA and Masson’s
Trichrome staining was evaluated (Fig. 4A). Masson’s Trichrome stain-
ing revealed a tendency for increased fibrosis in tumor tissues with high
expression of PTPN3. Together these results suggest that PTPN3 could
be involved in the fibrosis of cancer tissues and reduction of the tissue-
infiltrating CD8/FOXP3 ratio, and that patients with high PTPN3
expression may have suppressed cellular immunity. The ratio of the
number of CD8 -positive lymphocytes infiltrating the tissue to the

PTPN3 ,,

—_

% of PTPN3 Area (%)

) . X
% of Foxp3 Area (%)

casel  case2  case3  cased  caseS

Relative ratio of CD8+ lymphocytes number

casel case2 case3 cased caseS
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% of Fibrosis Area (%)
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~

CD8/FOXP3 cell ratio
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number of regulatory T cells (Treg cells) that negatively regulate im-
munity is often used as an indicator of cellular immunity [21]. Treg cells
suppress the immune response and regulate development, differentia-
tion, and immunosuppressive function via the activity of Foxp3. PTPN3
expression was evaluated using the Allred score. Total score (TS) >3 was
used as a cut-off value to divide cases into two groups: PTPN3 high
expression, with TS >3, and PTPN3 low expression, with TS <3. The
ratio of CD8-positive cells to FOXP3-positive cells was compared be-
tween the two groups (Fig. 4B). The CD8/FOXP3 cell ratio was
immensely higher in the PTPN3 low expression group than in the PTPN3
high expression group. These results were consistent with the xenograft
studies, suggesting that PTPN3 may be involved in fibrosis and
cell-mediated immunity.

Fig. 4. Immunohistochemical staining analysis
in clinical case specimens of SCLC. (A) Repre-
sentative immunohistochemical staining of tu-
mors from patients with SCLC for CD8, Foxp3,
PTPN3, a-SMA, and Fibrosis (Masson trichrome
staining) (top to bottom) are shown on the left
(magnification 200x). Graphs quantifying the
numbers of positively stained cells in the five
SCLC cases are shown on the right. (B) Ratio of
tumor-infiltrating CD8/Foxp3-positive cells in
the five SCLC cases. *P < 0.05. Bar, mean =+ SD.
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PTPN3 is involved in malignant traits of SCLC, including proliferation,
migration, invasion and endothelial-mesenchymal transition (EMT)

The above results in mice and excised tissues suggested that PTPN3
induces malignant traits in SCLC. Therefore, we next analyzed the effects
of PTPN3 on cancer cell proliferation, migration, and invasion in vitro
using three SCLC cell lines (87-5, SBC5 and S2) transfected with PTPN3
or control siRNA. We found that proliferation was immensely reduced in
87-5 and SBC5 cells with PTPN3 knockdown, while it was significantly
enhanced in S2 cells with PTPN3 knockdown (Fig. 5A). Invasion and
migration were also significantly reduced in 87-5 and SBC5 cells with
PTPN3 knockdown, but significantly increased in S2 cells with PTPN3
knockdown (Fig. 5B, C). PTPN3 knockdown did not impact cisplatin-
induced cytotoxicity in all cell lines (Fig. 5D). These results suggest
that PTPN3 is involved in the induction of malignant cancer traits such
as proliferation, migration, and invasion in 87-5 and SBC5 cells, while
PTPN3 is involved in the suppression of malignant cancer traits in S2
cells.
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To confirm the results from the experiments in mice (Fig. 1), we also
conducted experiments on cancer cell injury by co-culturing cancer cells
transfected with PTPN3 or control siRNA with activated lymphocytes
transfected with control sShRNA and PTPN3 shRNA. In all three cell lines,
the highest cytotoxicity was observed in the co-culture of cancer cells
transfected with PTPN3 siRNA plus lymphocytes expressing PTPN3
shRNA (Fig. 5E).

Western blot analysis showed that PTPN3 was highly expressed in all
three SCLC cell lines (Fig. 5F). Suppression of PTPN3 expression pro-
moted expression of the EMT-related molecule E-cadherin and increased
vimentin in the 87-5 and SBC5 cell lines; conversely, E-cadherin was
reduced and vimentin expression was increased in the S2 cell line. Both
TGF-f and MMP were unchanged in all three cell lines in response to
PTPN3 knockdown. These results suggested that PTPN3 is involved in
infiltration ability and proliferation ability through EMT [22,23].

Fig. 5. PTPN3 plays a role in SCLC cell prolif-
eration, migration and invasion. SCLC cell lines
were transfected with PTPN3 or control siRNA
and evaluated for (A) proliferative capacity, (B)
invasion capacity, and (C) migratory capacity
afterwards. (D) To determine cell response to
cisplatin (CDDP), cells were transfected with
a P the indicated siRNAs and treated with 0, 2.5, or
S2 5 pg/ml for 48 h. (E) A cancer cell injury
5 experiment was performed by co-culturing
cancer cells transfected with Control siRNA or
PTPN3 siRNA (Csi or Psi, respectively) with
activated lymphocytes expressing Control
shRNA or PTPN3 shRNA (shC or shP, respec-
tively). (F) Western blot analysis of SCLC cell
lines transfected with PTPN3 or control siRNA.
*P < 0.05. Bar, mean =+ SD; n.s., not significant.
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Signals from PTPN3 went through MAPK and PI3K signaling via tyrosine
kinase phosphorylation

Since PTPN3 functions by reversing tyrosine kinase-mediated
phosphorylation, we next analyzed tyrosine kinase phosphorylation and
the downstream signals. In activated lymphocytes, Lck and Zap70
phosphorylation increases and the tyrosine kinase MAPK pathway is
induced. The enhanced levels of pZAP70 and pSrc lead to increased
expression of PTPN3. When PTPN3 was suppressed in 87-5 and SBC5
cells, pZap70 and pSrc expression were suppressed, and pERK and pAkt
levels were also reduced. This suggests that the signal from PTPN3
passes through the MAPK pathway and PI3K/Akt pathway (Fig. 6A).
Consistent with our previous experiments in the three SCLC cell lines, we
observed opposite results in S2 cells, in which PTPN3 suppression
resulted in increased pZap70 and pSrc levels and pERK and pAkt were
also elevated compared with controls.

To comprehensively analyze the genes altered by PTPN3, we also
performed microarray analysis of 87-5 and SBC5 cells transfected with
PTPN3 or control siRNAs (Additional file2: Fig. S2). The results of 87-5
indicated that EGFR and VEGFA gene expressions were highly upregu-
lated in response to PTPN3 knockdown (Additional file3: Fig. S3).
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Consistent with these findings, we found that the protein expressions of
EGFR was upregulated in 87-5 and SBC5 cell lines transfected with
PTPN3 siRNA, while downregulated expression was observed in S2 cells.
In addition to this, the protein expressions of VEGFA was upregulated in
87-5 cell lines transfected with PTPN3 siRNA(Fig. 6B). A previous study
showed that VEGF expression and HIF-1a expression are significantly
correlated [24]. However, HIF-1a showed no change in expression in
response to PTPN3 knockdown. In the analysis of tyrosine kinase acti-
vation corelated with PTPN3 by microarray analysis, expression of
Calcium Voltage-Gated Channel Subunit Alphal G (CACNA1G) gene
that regulates calcium channel was decreased in 2 cell lines transfected
with PTPN3 siRNA (Additional file3). Protein expression of CACNA1G in
PTPN3-inhibited 87-5, SBC5, and S2 cells was decreased compared to
control (Fig. 6C). These results suggest that PTPN3 may activate CAC-
NA1G calcium channel and it results in tyrosine kinase activation.

Discussion
We previously showed that PTPN3 plays a pivotal role as an immune-

checkpoint in activated lymphocytes [4]. Therefore, to explore the po-
tential of PTPN3-targeting systemic treatment, we assessed the

(B)

87-5

siControl siPTPN3

SBC-5

siControl siPTPN3

S2

siControl siPTPN3

PN m—

’*

“—-Mubu“nm —— W

(€ 87-5 SBC-5 S2

siControl siPTPN3 siControl siPTPN3 siControl siPTPN3

Cell Membrane

HSARRRRSARNI

PTPN3

‘ Fibrosisf

Pro||ferat|on1
Migration

Fig. 6. Signal from PTPN3 passes through the MAPK pathway and the PI3K/Akt pathway via tyrosine kinase phosphorylation. (A, B, C) Western blot analysis of SCLC

cell lines transfected with PTPN3 or control siRNA. (D) Schematic model summarizing the results of this study. Bold lines are new findings, and dotted line is not
relevant this time. Our findings suggest that suppression of PTPN3 reduces proliferation, fibrosis, and EMT in some SCLCs.
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biological significance of PTPN3 in cancer cells in the presence of
PTPN3-suppressed allo or autocrine activated lymphocytes (Fig. 1 and
3). The results showed that PTPN3-targeting therapy in both lympho-
cytes and tumor cells was more effective in preventing lung NET growth,
indicating the efficacy of PTPN3 suppression in systemic treatment for
lung NET.

In this study, we examined the potential associations between PTPN3
expression and clinicopathological factors in SCLC clinical cases. Our
study included a limited number of cases as because of the paucity of
symptoms and rapid progression of SCLC, and therefore few cases are
indicated for surgery at the time of diagnosis. However, lower PTPN3
expression tended to associate with decreased tissue fibrosis, increased
tissue-infiltrating lymphocytes and decreased Treg cell infiltration.
These results are consistent with the experiments in mice, suggesting the
efficacy of PTPN3 inhibition therapy for SCLC.

Although the direct effect of PTPN3 on the linkage between cancer
fibrosis and CD8-positive T cell infiltration remains unclear, previous
studies reported that protein tyrosine kinase (PTK) induces fibrosis in
some diseases [25] and regulates fibrosis through tyrosine kinase inhi-
bition [26]. PTPs regulate tyrosine phosphorylation in concert with PTK
[27]. Low expression of PTPN3, like PTK, may lead to reduction of
fibrosis because of the interaction between PTK and PTP, which makes it
easier for tumor-infiltrating lymphocytes to infiltrate and increase in
tissues [28]. Various factors have been reported to be involved in
fibrosis. In the liver, activation of hepatic stellate cells can produce
fibrosis-inducing factors such as TGF-f, and VEGF can activate receptor
tyrosine kinases via the VEGF receptor to cause fibrosis [15]. In SCLC,
factors within the tumor may also influence the expression of PTPN3 and
fibrosis-inducing factors.

We examined the impact of PTPN3 expression on sensitivity to
cisplatin in SCLC, but there was no correlation between PTPN3
expression and susceptibility to cisplatin. We speculate this result may
be because all cases were previously treated with cisplatin. Notably,
only a few PTPN3-positive lymphocytes were detected in SCLC speci-
mens. PCR results revealed seven-fold higher PTPN3 mRNA expression
in 87-5 cancer cells than in lymphocytes (Additional file4: Figure S4),
suggesting that PTPN3 expressed in lymphocytes may be masked in
analyses focusing on PTPN3 expressed in cancer.

Our western blot analysis showed that in SCLC cells with PTPN3
knockdown, pathways involved in cancer progression, such as VEGF
signaling and EMT induction, were induced. VEGF is well known as a
downstream factor of HIF-1a. In PTPN3 knockdown cells, an increase in
VEGF was observed, but HIF-1a level was unchanged. These results
suggest a specific induction pathway for PTPN3 to promote VEGF
elevation independent of HIF-1a.

A schematic model summarizing the results of our study is shown in
Fig. 6D. Our findings suggest that PTPN3 is involved in regulating
proliferation, invasion, fibrosis, and EMT in some SCLCs. We previous
showed that inhibition of PTPN3 activated lymphocytes through
inducing increased phosphorylation of ZAP70, LCK and ERK1/2 [4].
However, in the present study, we found that PTPN3 downregulation
suppressed p-Zap70 and p-Src levels in two of the three cancer cell lines,
while opposite effects were observed in the third cell line. In the two
cancer cell lines in which PTPN3 augments p-Zap70 and p-Src levels, we
speculate that a mutation causes a process in which PTPN3 enhances
tyrosine kinase phosphorylation, which may surpass the original action
of tyrosine kinase dephosphorylation of PTPN3 (hypothesis @). We
think that one of its candidate may be a CACNA1G activation because
CACNAIG is reported to contribute to protein kinase phosphorylation
[29]. Furthermore, a negative feedback effect on EGFR expression may
have been triggered; as a result of the increase in EGFR-TK due to
PTPN3, there is a possibility that the expression of EGFR may be
increased in cancer cells (hypothesis @) [30]. Therefore, lung NETs with
high expression of PTPN3 have reduced EGFR expression, and anti EGFR
mAb agents, which are effective in lung adenocarcinoma, may be
ineffective.
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Similar to our results showing that PTPN3 has an inhibitory effect on
activation in lymphocytes [4], PTPN3 has been reported to suppress
malignant traits in NSCLC [6]. In one of the three cancer cell lines we
used in this study, PTPN3 acted in the same way as in NSCLC cells, and in
such carcinomas, PTPN3 suppression would result in activating the
cancer. With respect to the chemotherapy, in some cases of adenocar-
cinoma, which is NSCLC, tyrosine kinase inhibitors are effective.
Although the effects of tyrosine kinase inhibitors in SCLC are unknown
[31], the cell line-specific role of PTPN3 in SCLC may have significant
implications for the response to chemotherapy in SCLC. Further mech-
anism analysis of PTPN3 for SCLC cell lines is needed.

Lymphocytes that we used mainly consist of CD3" T cells but not NK
cells [4]. On the other hand, we performed the experiment using allo
activated T lymphocytes in addition to the experiment using autocrine
activated T lymphocytes. Regarding the cytotoxicity of lymphocytes, we
think that FAS/FAS ligand interaction or MICA/NKG2D interaction may
contribute in the experiment using allo activated lymphocytes. Effects of
TNF-a as a single cytotoxic mediator against K-562 cells was examined
by LDH release and compared with NK cell cytotoxicity [32]. It is useful
as a very simple and quick test. However, in our experiment, several
cytotoxic mediators may affect the cytotoxicity and we used the meth-
odology of the quantification of the viable cancer cells.

PTPN11 has been reported to be a major mediator of programmed
cell death protein-1 (PD-1) and immune checkpoint pathways that
negatively regulate B and T lymphocytes [33-35]. In cancer cells, when
PD-1 is phosphorylated, it binds to the SHp domain in SHp-2 (PTPN11),
which causes T cell activation [36]. Interestingly, PTPN3 is the only
PTPN that is upregulated in activated lymphocytes, and PTPN11 is not
involved [4]. In this respect, PTPN3 inhibitor therapy may have a
different mechanism of action than anti-PD-1 antibody drugs and may
be a new addition to existing therapies. PTPs may receive more attention
as potential cancer therapeutics in the future.

Conclusions

In this study, we found that suppressing PTPN3 in some SCLCs and
LCNEC yields a cancer-suppressing effect. Our results indicate that
PTPN3 inhibitor therapy may be a powerful tool for the activation of
lymphocytes in refractory lung NET and inhibition of cancer progres-
sion. A PTPN3 inhibitor could be a new cancer treatment with a dual
effect of Intractable lung NET lymphocyte activation and cancer sup-
pression. The results of this study may prove significant for the devel-
opment of new cancer immunotherapies for lung NET.
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