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Interleukin-7 Contributes to the 
Invasiveness of Prostate Cancer 
Cells by Promoting Epithelial–
Mesenchymal Transition
Min A. Seol1,2, Jin-Hee Kim1,7, Keunhee Oh1,2, Gwanghun Kim1,2,3, Myung Won Seo1,  
Young-Kyoung Shin4, Ji Hyun Sim1, Hyun Mu Shin   1,2,3,6, Bo Yeon Seo9,10, Dong-Sup Lee1,2,3,  
Ja-Lok Ku2,3,4, Ilkyu Han5, Insoo Kang8, Serk In Park   9,10,11 & Hang-Rae Kim1,2,3,6,8

Precise mechanisms underlying interleukin-7 (IL-7)-mediated tumor invasion remain unclear. Thus, 
we investigated the role of IL-7 in tumor invasiveness using metastatic prostate cancer PC-3 cell line 
derivatives, and assessed the potential of IL-7 as a clinical target using a Janus kinase (JAK) inhibitor 
and an IL-7-blocking antibody. We found that IL-7 stimulated wound-healing migration and invasion 
of PC-3 cells, increased phosphorylation of signal transducer and activator of transcription 5, Akt, and 
extracellular signal-regulated kinase. On the other hand, a JAK inhibitor and an IL-7-blocking antibody 
decreased the invasiveness of PC-3 cells. IL-7 increased tumor sphere formation and expression of 
epithelial–mesenchymal transition (EMT) markers. Importantly, lentiviral delivery of IL-7Rα to PC-3 
cells significantly increased bone metastasis in an experimental murine metastasis model compared 
to controls. The gene expression profile of human prostate cancer cells from The Cancer Genome Atlas 
revealed that EMT pathways are strongly associated with prostate cancers that highly express both IL-7 
and IL-7Rα. Collectively, these data suggest that IL-7 and/or IL-7Rα are promising targets of inhibiting 
tumor metastasis.

Prostate cancer is a significant problem in health of men. In the United States, approximately 8% of cancer-related 
deaths in men are caused by prostate cancer1. In particular, bone metastases are very common in the patients with 
prostate, breast and lung cancers2. These patients have a very poor quality of life due to multiple problems, such as 
pathologic fracture, compression of the spinal cord, hypercalcemia, and extreme pain in the bone, together with 
a poor prognosis and very low survival rate3,4.

Recent studies have shown that interleukin-7 (IL-7) affects tumor cell invasion and growth, whereas IL-7 is 
classically shown to play critical roles in the production and differentiation of lymphocytes in the thymus and 
bone marrow and in the survival of naïve and memory T cells in the periphery5. For example, IL-7 is associated 
with the invasiveness of DU-145 prostate cancer cells and 5637 bladder cancer cells, possibly via the nuclear 
factor-κB (NF-κB) signaling pathway and upregulation of metalloproteinases (MMPs)6,7. By inducing cyclin D1 
upregulation via the c-Fos/c-Jun pathway, IL-7 promotes the proliferation of lung cancer cells8.
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Although IL-7 is secreted mainly by stromal cells in the thymus and bone marrow9, IL-7 is also dysregulated 
at the transcriptional level in renal and colorectal cancer cells and is concentrated in the cancer cells, plasma, 
and tissues of ovarian cancer patients10–13. Patients with prostate cancer are more likely to express IL-7 than are 
those with benign prostatic hyperplasia14. The higher the Gleason grade in prostate cancer patients, the higher 
the activity of signal transducer and activator of transcription 5 (STAT5), a downstream target of IL-7 receptor 
(IL-7R) signaling15. On the other hand, STAT5 is activated in 61% of distant metastases of clinical prostate can-
cer, and constitutive activation of STAT5 in PC-3 and DU-145 prostate cancer cells increases cell migration and 
invasion16. IL-7, behaving in an autocrine or paracrine manner, plays a critical role in the bone metastasis of solid 
tumors, such as lung and breast cancer17–19.

However, the mechanism of cancer metastasis or growth induced by IL-7 remains controversial, and its role 
in human clinical conditions is not yet understood. Thus, we explored the mechanism through which IL-7 influ-
ences the invasiveness of prostate cancer, and whether the invasiveness induced by IL-7 can be controlled by 
inhibitors of this mechanism.

In this study, we analyzed PC-3 cells, an androgen-independent osteolytic line derived from bone metastasis 
of adenocarcinoma20. We determined whether tumor cell migration and invasion are specific for IL-7 and ana-
lyzed IL-7R signaling and epithelial–mesenchymal transition (EMT)-related molecules. We evaluated the poten-
tial of using an IL-7 blocking antibody (Ab) and a Janus kinase (JAK) inhibitor to control IL-7-induced tumor cell 
migration and invasion. We then validated the mechanism of IL-7-induced tumor cell migration and invasion in 
prostate cancer using The Cancer Genome Atlas (TCGA) database. The findings of this study provide a basis for 
the development of effective therapeutic agents for the metastatic prostate cancer treatment.

Results
IL-7 enhances the migration and invasion of prostate cancer cells.  We first explored whether pros-
tate cancer cell line, PC-3, and its derivatives express IL-7 and IL-7Rα, and whether IL-7Rα expressed by these 
cells responds to IL-7. We found that both IL-7 and IL-7Rα were expressed in metastatic androgen-independent 
PC-3 cells and PC-3-derived cells, PC-3M and PC-3M-MM2 (Fig. 1A,B). PC-3M21 and PC-3M-MM222 were 
established from cells that metastasized in the liver and bone, respectively, by transplanting PC-3 cells into nude 
mice. In particular, when PC-3 cells were treated with monensin (a protein transport inhibitor), intracellular 
IL-7 expression increased (Fig. 1C), indicating that PC-3 cells constitutively produce IL-7. After IL-7 binds to its 
receptor, the interaction between JAK1 and JAK3 leads to phosphorylation of STAT5, a key signaling molecule 
that regulates gene expression23,24. In addition, STAT5 induces phosphatidylinositol 3-kinase (PI3K)/Akt and 
phosphorylation of MAPKs, such as extracellular-signal-regulated kinase (Erk)9,25–27. We found that IL-7 induced 
the phosphorylation of STAT5, Akt, and Erk in PC-3 cells (Fig. 1D). These data indicate that PC-3 prostate cancer 
cells act as both a source of IL-7 and target cells that respond to its own or exogenous IL-7. This finding suggests 
that IL-7-dependent tumorigenesis or metastasis of prostate cancer cells, such as PC-3 cells, is possible but not 
seen in other tumors28.

Based on these observations, we examined variations in the migration and invasion of PC-3 cells by IL-7 
treatment. The Matrigel matrix solution (i.e., matrigel), which simulates the basement membrane, and collagen29,  
a major component of the extracellular matrix (ECM) that accounts for 90% of bone matrix protein content30,31, 
were used to analyze the invasion of PC-3, PC-3M, PC-3M-MM2 (Fig. 1E,F), PC-shIL7R (knockdown of IL-7Rα, 
Fig. 2A), and PC-IL7ROE cells (overexpression of IL-7Rα, Supplementary Fig. S1A). Under these artificial 
ECM conditions, PC-3 cells showed a considerable increase in invasion when stimulated with IL-7 (Fig. 1E,F). 
Compared with the parent PC-3 cells, PC-3M (Fig. 1E,F) and PC-shIL7R cells were less responsive to IL-7 
(Fig. 2B,C); in contrast, PC-IL7ROE cells showed a significant increase in cell invasion regardless of IL-7 treat-
ment (Supplementary Fig. S1B,C). It is possible that the increased invasiveness caused by IL-7Rα overexpression 
is secondary to the production of IL-7 in an autocrine manner (Fig. 1B,C). However, PC-3M-MM2 cells signif-
icantly increased invasion in response to IL-7 only under collagen conditions but not in matrigel (Fig. 1F). In 
addition, wound healing cell migration was IL-7 dependent (Fig. 1G,D and Supplementary Fig. S1D), similar to 
the degree of invasiveness observed by cells in matrigel and collagen.

Taken together, these results showed that IL-7 acts on prostate cancer cells expressing IL-7Rα to increase 
their migration and invasion. In addition, since PC-3 cells can produce IL-7, we believe it is important to control 
IL-7Rα expression, the interaction between IL-7 and IL-7R, and IL-7Rα signaling to regulate cell invasion.

Inhibition of IL-7 binding to its receptor or IL-7R downstream signaling significantly decreased 
the migration and invasion of PC-3 cells.  IL-7 directly enhances the migration and invasion of PC-3 
cells; thus, we explored the potential of IL-7 as a target for the inhibition of prostate cancer metastasis. First, we 
used an anti-IL-7 Ab, M25, to inhibit the interaction between IL-7 and IL-7R. M25 markedly inhibited STAT5 
phosphorylation in a dose-dependent manner (Supplementary Fig. S2A) and significantly inhibited the invasion 
of PC-3 cells (Supplementary Fig. S2B,C), indicating suppressed IL-7R signaling. Interestingly, PC-3 cell invasion 
was repressed by M25 treatment, even in the absence of exogenous IL-7 (Supplementary Fig. S2B,C), indicating 
that M25 inhibits PC-3 cell basal invasion via endogenous IL-7, as proposed in our previous results (Figs 1 and 2 
and Supplementary Fig. S1).

Furthermore, to explore the clinical utility of IL-7R signaling, we used tofacitinib, a JAK inhibitor, which 
interferes with the JAK/STAT signaling pathway, for the treatment of rheumatoid arthritis32–34. In response 
to IL-7, tofacitinib inhibited the phosphorylation of STAT5 in PC-3 cells (Fig. 3A) and strongly inhibited the 
IL-7-induced invasion of PC-3 cells (Fig. 3B,C). These findings suggest that IL-7 and IL-7R could be target mole-
cules for the treatment of prostate cancer metastasis.
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IL-7 induces epithelial–mesenchymal transition and promotes metastasis, but does not affect 
tumorigenesis or growth of PC-3 cells.  We next examined the mechanism via which IL-7 increases 
the migration and invasion of PC-3 cells. Prior to addressing this question, we performed an in vitro prolifer-
ation assay of PC-3 cells, since IL-7 influences the proliferation of lung cancer cells by modulating cyclin D1, 

Figure 1.  IL-7 responsiveness to PC-3 prostate cancer cells. (A) PC-3, PC-3M, and PC-3M-MM2 cells were 
stained with anti-IL-7Rα Abs and analyzed by flow cytometry. The numbers in the histogram indicate the mean 
fluorescence intensity. (B) Cells were subjected to immunoblot analysis of IL-7 expression. (C) Surface IL-7Rα 
and intracellular IL-7 expression levels in PC-3 cells in the presence or absence of monensin were measured 
by immunofluorescence. (D) PC-3 cells were stimulated with IL-7 (100 ng/mL) for the appropriate times and 
then subjected to immunoblot analysis of STAT5, Akt, and Erk phosphorylation. (E) PC-3, PC-3M, and PC-
3M-MM2 cells were left to invade through matrigel (250 μg/mL) for 24 h with or without IL-7 (10 ng/mL).  
Invading PC-3 cells were stained with crystal violet (left panel), counted using ImageJ software, and plotted as 
a graph (right panel). (F) Dil-labeled PC-3, PC-3M, and PC-3M-MM2 cells were allowed to invade through 
vertical collagen gel (2 mg/mL) for 18 h with or without of IL-7 (10 ng/mL). Representative images of cells 
invading vertical collagen gel (left panel) and dot graphs showing the maximum distances of cell invasion 
(right panel). Scale bar = 0.5 mm. (G) Wound-healing migration of PC-3, PC-3M, and PC-3M-MM2 cells was 
performed after IL-7 (10 ng/mL) treatment for 6 h. Dashed lines indicate the initial boundaries of the scratches 
(white dotted lines, 0 h) and the cell leading edges at a subsequent time point (red dotted lines, 6 h). The 
numbers in the picture indicate the average distances of the wound width (mean ± SEM, μm). The bars indicate 
means. P-values were obtained using the Mann–Whitney U test (D–F). n.s., not significant. Results represent 
two or three independent experiments.
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a cell-cycle regulator8. Unexpectedly, we found no difference in IL-7-induced proliferation between PC-3 cells 
and PC-IL7ROE cells (Supplementary Fig. S3A). When PC-CtrlOE and PC-IL7ROE cells were subcutaneously 
injected into mice, both tumor cells began to grow at similar times, with no significant difference in growth rate 
(Supplementary Fig. S3B). To exclude the effect of the IL-7 source on tumor growth in mice, we examined the 

Figure 2.  Effects of IL-7 on the migration and invasion of IL-7Rα knockdown PC-3 cells. (A) IL-7Rα 
knockdown PC-3 (PC-shIL7R) and control cells (PC-shCtrl) were established by lentiviral transduction. Cells 
were stained with anti-IL-7Rα Abs and analyzed by flow cytometry. The numbers in the histogram indicate the 
mean fluorescence intensity. (B) Cells were left to invade through matrigel (250 μg/mL) for 24 h with or without 
IL-7 (10 ng/mL). Invading cells were stained with crystal violet (left panel), counted using ImageJ software, and 
plotted as a graph (right panel). (C) Dil-labeled cells were allowed to invade vertical collagen gel (2 mg/mL) for 
18 h with or without IL-7 (10 ng/mL). Representative image of cells invading vertical collagen gel (left panel) 
and dot graph showing the maximum distances of cell invasion (right panel). Scale bar = 0.5 mm. (D) Wound-
healing migration of PC-shIL7R and control cells was performed after IL-7 (10 ng/mL) treatment for 6 h. 
Dashed lines indicate the initial boundaries of the scratches (white dotted lines, 0 h) and the cell leading edges at 
a subsequent time point (red dotted lines, 6 h). The numbers in the picture indicate the average distances of the 
wound width (mean ± SEM, μm). The bars represent means. P-values were obtained using the Mann–Whitney 
U test (B,C). n.s., not significant. Results represent two or three independent experiments.
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effects of IL-7 from mice on human PC-3 cells. Our results show that PC-3 cells respond to IL-7 derived from 
either mice or humans Supplementary Fig. S4). Taken together, these findings demonstrated that IL-7 does not 
augment tumorigenesis or tumor growth, despite promoting invasion and migration of PC-3 cells.

Meanwhile, MMPs have a critical effect on the metastatic process of tumor cells because of their ability to 
hydrolyze proteins35,36. For example, the gelatinases MMP2 and MMP9 affect bone matrix turnover and increase 
bone mineral density in prostate cancer37,38. MMP1 and MMP13, which are collagenases, and MMP7, a matri-
lysin, are highly expressed in metastatic prostate cancer39 and increase the activity of osteoclasts40–42. Based on 
these observations, we measured the mRNA levels and enzyme activities of MMPs after treating PC-3 cells with 
IL-7. We observed no differences in the mRNA expression of MMPs after IL-7 treatment, even in PC-IL7ROE 
cells (Supplementary Fig. S5A), or in the enzymatic activities of MMP2 and MMP9 based on gelatin zymography 
(Supplementary Fig. S5B). Thus, the increase in migration and invasion by IL-7 may be promoted by factors other 
than MMPs.

In this regard, we noticed that EMT, characterized by a progressive loss of epithelial markers43, causes proteol-
ysis and increases the motility of tumor cells44. In addition, induction of EMT in neoplastic cell populations results 
in increased cell populations with stem-like properties45, while cancer stem cells (CSCs) are strongly associated 
with the phenotypic characteristics observed during the induction of EMT in cancer cells. Thus, sphere-forming 
ability was evaluated as an indicator of EMT and CSCs46,47. We found that IL-7 treatment significantly increased 
the sphere formation of PC-3 cells, whereas M25 suppressed this effect, even in the absence of exogenous IL-7 
(Fig. 4A). The self-renewal capacity of PC-3 by IL-7 was also maintained even after serial passages (Fig. 4A). 
Consistent with the findings in the wound-healing cell migration and invasion assays, treating PC-3 cells with 
IL-7 significantly increased the transcription of EMT-related genes44,48,49, such as ZEB1, ZEB2, and TWIST1, but 
did not significantly increase the transcription of SNAI1 and SNAI2 (Fig. 4B). Indeed, ZEB1 and ZEB2 mRNA, 
highlighted on promoting EMT50–53, were expressed at >4-fold greater levels in PC-3 cells stimulated with IL-7 
stimulation compared to the control (Fig. 4B). The increased transcription of EMT-related genes induced by IL-7 
returned to basal levels following M25 treatment (Fig. 4B). During EMT, E-cadherin (a marker of epithelial cells) 
levels decrease, and N-cadherin, Zeb1 and vimentin (markers of mesenchymal cells) levels increase48,54. Although 
E-cadherin was originally expressed at a low level in PC-3 cells, it was elevated above the basal level after M25 
treatment with or without IL-7 (Fig. 4C). We found that that protein expression of N-cadherin, vimentin, Zeb1, 
and Snail was increased in PC-3 cells by IL-7 stimulation, whereas their expression decreased after M25 treatment 
(Fig. 4C). The expression of EMT markers was also affected by treatment with M25 alone, presumably because 

Figure 3.  A JAK inhibitor, tofacitinib, suppressed the invasiveness of PC-3 cells induced by IL-7. (A) PC-3 cells 
were treated with a JAK inhibitor, tofacitinib (100 ng/mL), for 1 h, followed by IL-7 (100 ng/mL) treatment for 
30 min, and were then subjected to immunoblot analysis of STAT5 phosphorylation. (B) PC-3 cells were left to 
invade through matrigel (250 μg/mL) for 24 h after treatment with IL-7 (10 ng/mL) with or without tofacitinib 
(100 ng/mL). Invading cells were stained with crystal violet (upper panel), counted using ImageJ software, and 
plotted as a graph (lower panel). (C) Dil-labeled cells were left to invade through vertical collagen gel (2 mg/mL)  
for 18 h after treatment with IL-7 (10 ng/mL) with or without of tofacitinib (100 ng/mL). Representative 
image of cells invading vertical collagen gel (upper panel) and dot graph showing the maximum distances of 
the invading cells (lower panel). Scale bar = 0.5 mm. Bars indicate means. P-values were done by the Mann–
Whitney U test (B,C). Results represent two or three independent experiments.
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Figure 4.  IL-7 induced the epithelial–mesenchymal transition in PC-3 cells and promotes metastasis of PC-3 
cells to bone. (A) For the sphere formation assay, PC-3 cells were cultured on nonadherent 96-well plates at 
2 × 102 /100 μL/well (n = 20) and given an IL-7 (100 ng/mL) treatment in the presence of M25 or isotype control 
Abs (Iso) (100 μg/mL) for 7 days. Visible sphere counts were done under a microscope (left panel) and plotted 
as a graph (right panel). Original magnification, ×10. Scale bar = 100 μm. Results are the averages from three 
independent experiments. (B) The transcriptional levels of ZEB1, ZEB2, TWIST1, SNAI1, and SNAI2 in PC-3 
cells after IL-7 treatment (10 ng/mL) in the presence of M25 or isotype control Abs (Iso) (100 μg/mL) for 24 h 
were measured by quantitative RT-PCR. The graph shows the relative gene expression levels normalized to 
GAPDH. Results are representative of four independent experiments. P-values were done by one-way ANOVA, 
followed by Bonferroni post hoc tests; ***P < 0.001 (***) vs. IL-7-treated PC-3 cells (A,B). (C) The protein 
levels of Zeb1, E-cadherin, N-cadherin, vimentin, and Snail were measured in PC-3 cells after IL-7 treatment 
(10 ng/mL) for 72 h. Results are representative of three independent experiments. (D) To assess skeletal 
metastasis, qPCR was used to compare metastasis of PC-CtrlOE and PC-IL7ROE cells (right panel) after intra-
cardiac injection of cells (left panel) as described in the Materials and Methods (n = 19 each). The relative 
changes in metastasis of tumor cells were calculated as 2−ΔCt. The bars indicate means. P-values were obtained 
using the Mann–Whitney U test.
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PC-3 cells constitutively produce IL-7 during culture (Fig. 1). Consistent with the tumor cell migration and inva-
sion effects by M25 treatment (Fig. 2B,C), these results suggest that basal expression of EMT-related molecules in 
PC-3 cells may be caused by self-produced IL-7.

To determine whether IL-7 promotes bone metastasis in vivo, we injected PC-3 cells into the systemic 
circulation in athymic nude mice via intra-cardiac injection55 (Fig. 4D). In particular, we were able to evalu-
ated early-onset tumor dissemination in bone using Alu-based quantification, as previously described56,57. 
Interestingly, the relative amount of disseminated tumor cells was significantly higher in the PC-IL7ROE than 
the control of PC-CtrlOE injected mice (Fig. 4D), indicating that PC-IL7ROE promoted the development of 
experimental bone metastasis. These findings suggest that IL-7 augments the migration and invasion of PC-3 
cells via EMT.

GSEA shows enrichment of EMT-related genes in IL-7RαhighIL-7high patients.  Based on the cell 
line results, we explored whether the expression levels of IL-7 and IL-7Rα are associated with the expression of 
EMT-related genes in cancer patient samples. We performed GSEA of TCGA data from 551 samples from 499 
patients with prostate cancer. Interestingly, there was a statistically significant correlation between IL-7Rα and 
IL-7 expression in prostate cancer (Fig. 5A, r = 0.63, P < 0.001), suggesting that expression of the two molecules 
occurs simultaneously. We divided the population into IL-7RαhighIL-7high and IL-7RαlowIL-7low groups according 
to IL-7 and IL-7Rα expression levels (top 10% and bottom 10%, respectively). The two groups showed significant 
differences in the expression of stemness-related genes (e.g., CSC and stem cell signaling), metastasis-related 
genes (e.g., EMT and cell motility), and signaling pathway genes (e.g., IL6/STAT3, TNF, NFKB, EGF/PDGF, and 
WNT) (Supplementary Table S2). We also explored whether EMT is associated with the invasiveness of PC-3 
cells via IL-7 in the IL-7RαhighIL-7high group. Stemness-related genes of both the CSC and EMT pathways were 
significantly enriched in the IL-7RαhighIL-7high group compared with IL-7RαlowIL-7low group (Fig. 5B), being 
consistent with proposed the mechanism involved in IL-7-induced tumor cell migration and invasion based on 
transcriptomic analysis of a human cancer samples. This result strongly suggests that IL-7/IL-7R enhances the 
invasiveness of prostate cancer in patients.

Discussion
In this study, we modulated the expression of IL-7Rα and used inhibitors to show that IL-7 directly increases 
the migration and invasion of prostate cancer cells and assessed the potential of IL-7 and IL-7Rα as targets for 
anticancer drugs. We found that IL-7 induced the EMT in PC-3 cells, leading to increased cell invasion and bone 
metastasis. In particular, gene expression data for prostate cancer patient samples showed that expression of 
EMT- and stem cell-related genes was prominent in cancer cells highly expressing both IL-7 and IL-7Rα. These 
findings suggest that IL-7Rα plays a crucial role in the migration and invasion of prostate cancer cells and may 
represent a novel anticancer target.

In this study, we also found that DU-145 as well as PC-3 cells and its derivatives, known as androgen receptor 
(AR)-negative cells, express IL-7Rα, but not AR-positive prostate cancer cells such as VCaP and LNCaP-LN3 
cells (Supplementary Fig. S6). We thought that IL-7Rα expression may be a characteristic of advanced prostate 
cancer (i.e., AR-independence). This raises the hypothesis that the androgen signal can suppress the expression of 
IL-7Rα in AR-positive prostate cancer cells because IL-7Rα is expressed only in AR-negative prostate cancer cells. 
However, bicalutamide, an AR blocker, did not increase the expression of IL-7Rα in AR-positive prostate cancer 
cells (Supplementary Fig. S7). Thus, we thought that we could not find the regulation of IL-7Rα expression by the 
AR blocker because we had limitation to mimic the in vivo environment sufficiently.

Although several studies have explored the role of IL-7 in tumors6–8, various cancer and prostate cancer cell 
lines have been evaluated, different from the cell lines used in this study. For example, Qu et al.6 showed that IL-7 
promotes the migration and invasion of DU-145 prostate cancer cells via activation of the Akt/NF-κB pathway 
and upregulation of MMP3 and MMP7 expression. DU-145 cells, derived from brain metastasis, show moderate 
metastatic potential compared with the high metastatic potential of PC-3 cells58. Thus, this difference in meta-
static potential suggests that the mechanism of response to IL-7 also differs. On the other hand, IL-7 promotes 
the proliferation of A549 and LH7 lung cancer cells by upregulating cyclin D1 via the c-Fos/c-Jun pathway8 and 
enhances the growth of MCF-7 and MDA MB-231 breast cancer cells via a Wortmannin-sensitive pathway59. 
However, the growth of PC-3 cells, in vitro and in vivo, was not affected by IL-7 (Supplementary Fig. S3A,B). In 
addition, although PC-3M and PC-3M-MM2 cells express IL-7Rα, the reactivity to IL-7 was different between 
these two cells and PC-3 cells, and the invasion ability was different according to in vitro ECM-mimicking envi-
ronment (Fig. 1). PC-3M and PC-3M-MM2 were established from cells that metastasized in the liver21 and 
bone22, respectively, by transplanting PC-3 cells into nude mice, indicating that PC-3 cells isolated from humans 
became adapted to the mice. Thus, unlike PC-3, factors other than IL-7 may induce the invasion of PC-3M and 
PC-3M-MM2 cells in mice. This suggests that the reactivity to IL-7 may vary depending on the cancer origin or 
its derivatives.

Although EMT plays a role in embryonic development, inducing epithelial cell transformation into mesen-
chymal cells, EMT is also associated with tumor metastasis44,60,61. In this study, we found that IL-7 increased the 
EMT marker expressions of PC-3 cells, and this effect was specifically inhibited by the IL-7 blocking antibody 
M25 (Fig. 4B,C). Thus, although we believe that migration and invasion of PC-3 cells by IL-7 may be mediated 
by altered expression of EMT markers, further studies are required to identify the upstream signaling pathways 
that increase the IL-7-induced expression of EMT markers, and to determine whether IL-7Rα overexpression 
or IL-7R signaling inhibitors in PC-3 cells affect tumor metastasis, particularly the typical bone metastasis of 
prostate cancer in vivo. Furthermore, it is well known that the tumor microenvironment, especially the immune 
system, is a very important factor for tumor survival and metastasis62. Thus, the effect of IL-7 on the invasiveness 
of prostate cancer should be clarified through the orthotopic tumor model considering tumor microenvironment 
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similar to that of the original tumor. However, since we did not establish a proper orthotopic tumor model yet, we 
would like to evaluate the effect of IL-7 on prostate cancer in the future.

In conclusion, the prognosis of prostate cancer is poor because there is no appropriate treatment for the sub-
sequent bone metastasis of prostate cancer. Recently, in patients with a poor prognosis, it was shown that IL-7 is 
highly expressed, which affects cell proliferation and penetration in various solid tumors such as lung, breast, and 
bladder cancers7,63. These findings indicate that IL-7 and IL-7R play important roles in tumors and are promising 
markers indicating the presence of signaling molecules such as STAT5, which can be used to diagnose cancer 
patients at risk of a poor prognosis15,16,64,65. This study showed that IL-7 enhances the migration and invasion of 
prostate cancer cells via EMT, suggesting that IL-7 and IL-7Rα are therapeutic targets for the treatment of prostate 
cancer.

Figure 5.  IL-7- and IL-7Rα-expressing prostate cancers showed enrichment of epithelial–mesenchymal 
transition (EMT) and cancer stem cells gene sets. Public data sets for prostate cancer samples (n = 551) were 
collected from The Cancer Genome Atlas and subjected to gene set enrichment analysis (GSEA). (A) The 
patient gene expression profiles were categorized after correlating IL-7Rα and IL-7 expression distributions. 
The top and bottom 10% of the population were defined as the IL-7Rαhigh IL-7high and IL-7Rαlow IL-7low groups 
(n = 55 each), respectively. (B) GSEA plots indicate significant enrichment of cancer stem cells and EMT in 
the IL-7RαhighIL-7high compared with IL-7RαlowIL-7low patient groups. Genes were ordered according to their 
ranked ratios, and GSEA was performed using the GSEA tool at http://www.broad.mit.edu/gsea. The plot (black 
curve) shows the enrichment score (ES), a running-sum statistic, for ranked genes compared with cancer stem 
cells (upper panel) and EMT (lower panel) gene set. The normalized enrichment scores (NESs) and nominal  
P-values are indicated. Colors are mRNA expression levels of each gene normalized by the Z score 
transformation.
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Methods
Cell culture.  Prostate cancer cell lines PC-366, PC-3M21, and PC-3M-MM222 were obtained from the Korean 
Cell Line Bank (Seoul, Republic of Korea) and grown in RPMI 1640 medium containing 10% fetal bovine serum 
and antibiotics (i.e., RPMI complete medium, Life Technologies). IL-7Rα-knockdown PC-3 cells (PC-shIL7R) 
and IL-7Rα-overexpressing PC-3 cells (PC-IL7ROE) were established using lentiviral vectors, as described below. 
All the cell lines were authenticated and free of mycoplasma.

Plasmid construction and lentiviral transduction.  The lentiviral vector overexpressing IL-7Rα was  
constructed as previously described67. To construct the IL7RA shRNA-expressing lentiviral vector, the 
following oligonucleotides forming shRNAs were incorporated into the pLVX-shRNA2 lentiviral vector 
(Clontech Laboratories): 5′-GAT-CCG-GAA-GAG-ATT-CAT-CCC-TCA-TTC-AAG-AGA-TGA-GGG-ATG-AAT- 
CTC-TTC-CTT-TTT-TAC-GCG-TG-3′ and 5′-AAT-TCA-CGC-GTA-AAA-AAG-GAA-GAG-ATT-CAT- 
CCC-TCA-TCT-CTT-GAA-TGA-GGG-ATG-AAT-CTC-TTC-CG-3′. Lentiviruses were produced as previously 
described67. The results were confirmed by flow cytometry at 72 h post-transduction.

Flow cytometry, cell sorting, and reagents.  To measure the expression of IL-7Rα, cells were stained 
with Phycoerythrin-conjugated anti-human IL-7Rα Abs (BD Biosciences). The BD™ LSRII (BD Biosciences) ran 
the stained cells and the FlowJo® software (TreeStar) was used to analyze the data. The GFP-expressing PC-3 cells 
derivatives, PC-IL7ROE and PC-shIL7R, were sorted using the BD FACSAria™ (BD Biosciences).

The anti-human/mouse IL-7 monoclonal Ab M25 was kindly provided by Amgen Inc., and the JAK inhibitor 
tofacitinib was purchased from Sigma-Aldrich.

Immunofluorescence staining.  Cells were grown on 15-mm round coverslips (Neuvitro) for 18 h and 
treated with 2 mM monensin (GolgiStop®, BD Biosciences) for the last 4 h of the incubation. Cells were then 
fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature. Subsequently, the cells were blocked with 
1% rat normal serum in PBS for 1 h and incubated with anti-human IL-7 (Proteintech) or anti-IL-7Rα (Lifespan 
Biosciences) Abs at 4 °C for overnight. Next, the wells were incubated with Alexa Fluor® 488-anti-mouse Ig Abs 
and Alexa Fluor® 594-anti-rabbit Ig Abs, respectively. Stained cells were visualized under an Olympus confocal 
microscope (Olympus).

Wound healing assay.  Cells (5 × 105) were cultured on 24-well plates until 95% confluency in 1 mL RPMI 
complete media. A wound was produced in the cell monolayer using tips. After washing the plates once with PBS, 
IL-7 (10 ng/mL, PeproTech) treatment was given at the appropriate times. Images of migrated cells were taken 
under microscope (×100). The distance of each scratch closure (indicating wound healing) was measured.

In vitro invasion assay.  Matrigel matrix solution (250 μg/mL, BD Biosciences) was applied on 8-μm micro-
porous polycarbonate membranes in transwell chambers (BD Biosciences) and incubated at 37 °C for at least 
5 h to allow gelling. Cells (1 × 105) with or without IL-7 (10 ng/mL) were seeded on the upper chamber of the 
transwell, after collagen matrix (5 μg/mL) was applied on the lower chamber. Invasion assays were performed 
afterward, as previously described46,47. Images were taken using an inverted microscope (×200). Cell counts were 
done by ImageJ software (http://imagej.nih.gov/ij/, National Institute of Health).

The vertical collagen gel invasion assay was performed as described previously68. Briefly, a vertical collagen 
gel chamber was constructed using two gelatin-coated cover slides placed 1 mm apart facing one another, three 
sides of which were sealed with paraffin. A total of 400 μL liquid-phase collagen gel (type I collagen, 2 mg/mL, 
Nitta Gelain) was poured into the space between the two cover slides. After the gel was allowed to harden, Dil 
(Molecular Probes)-labeled cells (4 × 105/100 μL), which were stimulated for 18 h with PBS or IL-7 (10 ng/mL), 
were seeded onto the top surface of the collagen gel and incubated at 37 °C for 18 h in 5% CO2 in a vertical posi-
tion. The images of migrated cells were taken by fluorescence microscopy (×100). The migration of the cells was 
measured as the maximum distance or as the frequency of cells that migrated a certain distance from the surface 
of the collagen gel using ImageJ software.

Sphere formation assay.  To examine sphere forming capacity in response to IL-7, the sphere formation 
assay was performed as described previously69. Cells were seeded on nonadherent 96-well plates (Corning) at 
2 × 102/100 μL/well (n = 20) with or without IL-7 and maintained for one week. The medium was not changed 
or added so as to disturb the formation of sphere. Visible spheres (>100 μm in diameter) were counted under a 
microscope (×10) after 7-day incubation. For serial passages of the sphere, spheres were dissociated into single 
cells using enzymatic digestion with trypsin-EDTA (Life Technologies). The total number of spheres formed from 
20 wells was counted each experiment, and the average for three independent experiments was calculated.

Mouse model of prostate cancer.  All experimental protocols were approved by the Institutional Animal 
Care and Use Committee (IACUC) of Seoul National University (Authorization No. SNU140716-1-1). All exper-
iments were performed in accordance with the guidelines of the IACUC of Seoul National University. All mice 
used for this study were bred and housed under specific pathogen-free conditions in the animal facility of Seoul 
National University College of Medicine. Eight-week-old male athymic nude mice were purchased from the 
Envigo and maintained at the animal facility of Seoul National University. For a skeletal metastasis model, the 
procedure described by Park et al. was followed55. Briefly, 2 × 105 cells were injected into the left heart ventricle of 
male athymic nude mice. Mice were sacrificed after 3 days, and whole hindlimb DNA was harvested in order to 
perform Alu and murine β-actin quantitative PCR57.
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Quantitative polymerase chain reaction (qPCR).  Total RNA extraction from cells stimulated for 24 h 
with IL-7 (10 ng/mL) in the presence of M25 or isotype control Abs (100 μg/mL) was done by TRIzol® (Life 
Technologies). cDNA was synthesized from the extracted RNA using the Transcript First Strand cDNA Synthesis 
Kit (Roche Applied Science). SYBR® Green Real-Time PCR Master Mix (Applied Biosystems) was used to per-
form PCR on the QuantStudio™ 6 Flex (Applied Biosystems) (see Table S1 for primer sequences). Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as a control gene to normalize differences in expression.

To quantify disseminated tumor cells, the genomic DNA was extracted immediately from the bone mar-
row from both hindlimbs using the DNeasy Blood and Tissue Kit (Qiagen), as previously described56,57. To 
determine the tumor cell-derived DNA in the bone marrow, 100 ng of genomic DNA was subjected to qPCR 
to detect the human Alu sequence. Each sample was normalized by murine β-actin. The primers used in 
qPCR were as follows: human Alu forward, 5′-GTC-AGG-AGA-TCG-AGA-CCA-TCC-T-3′, and reverse, 
5′-AGT-GGC-GCA-ATC-TCG-GC-3′. The Alu signal was normalized against the relative quantity of murine 
β-actin and expressed as ΔCt (Ctalu − Ctβ-actin). The relative changes in metastasis were calculated as 2−ΔCt.

Immunoblot analysis.  Cells were starved for 24 h, followed by IL-7 (100 ng/mL) stimulation in the pres-
ence of M25 or isotype control Abs for the indicated times, and then subjected to immunoblotting to analyze 
IL-7R signaling molecules. To analyze EMT markers, the cells were stimulated for 72 h with IL-7 (10 ng/mL) in 
the presence of M25 or isotype control Abs (100 μg/mL). The immunoblotting used the following Abs: rabbit 
monoclonal IL-7 (Proteintech) and Snail Abs (Abcam); rabbit polyclonal STAT5, phospho (p)-STAT5 (Tyr694), 
p-Akt (Ser473), Akt, p-p44/42 mitogen-activated protein kinase (MAPK)/Erk (Thr202/Tyr204), Zeb1, and Erk 
Abs (all from Cell Signaling Technology); and mouse monoclonal N-cadherin, E-cadherin (both from Santa Cruz 
Biotechnology), vimentin (DAKO), and β-actin Abs (Sigma-Aldrich).

Functional enrichment analysis.  Transcriptomic data from 499 prostate cancer patients were obtained 
from TCGA-PRAD RNA-Seq data from NCI Genomic Data Commons, and the normalized read values (frag-
ments per kilobase of exon per million reads) were log2 transformed. A manually curated set of 14,828 genes was 
obtained from the gene expression profile and used for further analysis.

Gene set enrichment analysis (GSEA) was used to identify genes enriched in either IL-7RαhighIL-7high (defining 
the top 10% of the population) or IL-7RαlowIL-7low (defining the lower 10% of the population) patients. The GSEA 
analysis tool from the Broad Institute website (http://www.broadinstitute.org/gsea/index.jsp) was used. Gene lists 
for the functional enrichment analysis were based on the Human RT2 Profiler PCR array (SABiosciences).

Statistical analysis.  All data were expressed as means ± standard error of the mean (SEM). Data compari-
son was done by the Mann–Whitney U test and one-way analysis of variance (ANOVA), followed by Bonferroni 
post hoc tests. The Pearson’s correlation analysis was performed between two variables. P-values < 0.05 were 
shown significant and all statistical analyses were done by GraphPad Prism 6.01 (GraphPad Software).
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