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Abstract

Reactive oxygen species (ROS) induce chemokines responsible for the recruitment of inflammatory

cells to sites of injury or infection. Here we show that the plasma membrane Ca2+-permeable channel

TRPM2 controls ROS-induced chemokine production in monocytes. In human U937 monocytes,

hydrogen peroxide (H2O2) evokes Ca2+ influx through TRPM2 to activate Ca2+-dependent tyrosine

kinase Pyk2 and amplify Erk signaling via Ras GTPase. This elicits nuclear translocation of nuclear

factor-κB essential for the production of the chemokine interleukin-8 (CXCL8). In monocytes from

Trpm2-deficient mice, H2O2-induced Ca2+ influx and production of the macrophage inflammatory

protein-2 (CXCL2), the mouse CXCL8 functional homolog, were impaired. In the dextran sulfate

sodium-induced colitis inflammation model, CXCL2 expression, neutrophil infiltration and

ulceration were attenuated by Trpm2 disruption. Thus, TRPM2 Ca2+ influx controls the ROS-induced

signaling cascade responsible for chemokine production, which aggravates inflammation. We

propose functional inhibition of TRPM2 channels as a new therapeutic strategy for treating

inflammatory diseases.
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The biological purpose of inflammation is to bring fluids, proteins and inflammatory cells such

as neutrophils and monocytes from the blood into the damaged tissues to eliminate the injuring

agents and trigger the healing and repairing processes. Development of inflammatory reactions

is controlled by a number of cellular and molecular components, including proinflammatory

cytokines. Chemotactic cytokines, known as the chemokines, have a key role in mediating the

recruitment of inflammatory cells to inflamed sites1. Among four subfamilies of

chemokines1, CXC chemokines such as CXCL8 and its functional homolog CXCL2 (ref. 2)

are known to show potent neutrophil chemotactic activity.

At inflamed sites, neutrophils deploy a potent antimicrobial arsenal that includes proteinases,

antimicrobial peptides and ROS3. Although ROS are extremely antimicrobial by virtue of their

ability to kill microbial pathogens, in chronic inflammation, the continued production of ROS

by neutrophils causes extensive tissue damage. Traditionally, this has been considered as

random damage to cellular components4. Recently, ROS have emerged as signal transduction

molecules5. In inflammatory cells, ROS contribute to the expression of a variety of different

inflammatory cytokines, adhesion molecules and enzymes by activating redox-sensitive

transcription factors such as nuclear factor-κB (NF-κB)5.

Once monocytes adhere to endothelial cells from the bloodstream and migrate toward tissues,

they differentiate into macrophages. During homeostasis, monocytes and macrophages

phagocytose and remove senescent and apoptotic cells, whereas during inflammation they are

the main effectors of innate immunity because of their antimicrobial activity and production

of proinflammatory cytokines6. In human monocytes, CXCL8 production is induced by ROS,

including by H2O2 (ref. 7) via Erk-activated NF-κB (ref. 8). It seems that increases in

intracellular Ca2+ concentration ([Ca2+]i) control the production of certain cytokines, including

interleukin-2 (IL-2) in T cells9 and CXCL8 in monocytes10. The primary source for Ca2+ is

probably extracellular, as reported in Mycobacterium bovis–induced CXCL8 production

involving NF-κB (ref. 11). Despite these noteworthy indications of the regulation of CXCL8

production by ROS and Ca2+ influx in monocytes, the molecular entities and signaling

mechanisms that connect ROS, Ca2+ and chemokines are not clear.

Ca2+ influx is mediated through plasma membrane Ca2+-permeable cation channels. The

Drosophila melanogaster transient receptor potential protein (TRP) and its homologs are

polypeptide subunits that assemble into tetramers to form cation channels activated by sensing

diverse stimuli from the extracellular environment and from inside the cell12. Mammalian

TRPs comprise six subfamilies12. TRPM2, a member of the TRPM subfamily, is a Ca2+-

permeable channel activated by intracellular messengers such as ADP-ribose (ADPR),

nicotinamide adenine dinucleotide (NAD+) and cyclic ADPR (cADPR)13–15. TRPM2 is

abundantly expressed in inflammatory cells including monocytes, neutrophils and T

lymphocytes13–15. We have reported that TRPM2 acts also as a sensor for ROS and oxidative

stress14. However, the exact mediator molecules for H2O2-induced TRPM2 channel activation

remain to be identified. The ROS sensitivity of TRPM2 can be mediated by NAD+ (ref. 14) or

ADPR15 released from mitochondria16 or through direct protein oxidation15. H2O2 and cADPR

have been proposed to potentiate the effects of ADPR at lower concentrations and to gate the

TRPM2 channel directly at higher concentrations15. It has been suggested that H2O2-activated

Ca2+ influx through TRPM2 mediates pathophysiological cell death14,17. However, with

regard to normal physiological cellular responses, the importance of H2O2-activated Ca2+

influx remains to be elucidated. It is crucial that the key roles of the TRPM2 channels be studied

in the context of signaling mechanisms that control specific physiological responses.

Here we describe the functional role of TRPM2 in chemokine production. In U937 monocytes,

Ca2+ influx via H2O2-activated TRPM2 mediates amplification of Erk activation and NF-κB
nuclear translocation, which leads to CXCL8 production. In dextran sulfate sodium (DSS)-
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induced experimental colitis, which we employed as an inflammation model18 associated with

ROS19,20, Trpm2-knockout mice showed attenuation of inflammatory indicators such as

production of CXCL2, neutrophil infiltration and ulceration. Our study therefore suggests that

ROS-evoked Ca2+ influx via TRPM2 represents a key inflammatory mediator in monocytes.

RESULTS

Ca2+ influx via TRPM2 controls H2O2-induced CXCL8 expression

In U937 cells, treatment with H2O2 induced mRNA expression and protein secretion of CXCL8

in a time- and dose-dependent manner (Supplementary Fig. 1a,b online). Consistent with

previous reports7,8,21,22, CXCL8 production was suppressed by the Erk pathway inhibitor

PD98059 and the NF-κB inhibitor PDTC (Fig. 1a,b and Supplementary Fig. 1c). By contrast,

H2O2-induced CXCL8 production was unaffected by the immunosuppressive agent FK506,

which inhibits expression of chemokines such as CCL23 via nuclear factor of activated T cells

(NFAT) in monocytes (Supplementary Fig. 1d,e). These results show that the Erk and NF-κB
pathways control H2O2-induced CXCL8 production in U937 cells.

H2O2-induced CXCL8 production in U937 cells was reduced by removal of extracellular

Ca2+ (Fig. 1c), and robust H2O2-evoked [Ca2+]i increases were observed only after readdition

of Ca2+ to external solution (Fig. 1d), suggesting that Ca2+ influx is key in H2O2-induced

CXCL8 production. On the basis of our previous observation that TRPM2 shows the highest

sensitivity to H2O2 in mediating Ca2+ influx among TRP homologs14,23 and is abundantly

expressed in monocytes13,14, we tested the effects of TRPM2-specific small interfering RNA

(siRNA; Fig. 1e). As a result, H2O2-induced [Ca2+]i increases and CXCL8 production were

reduced in TRPM2-specific siRNA-treated U937 cells (Fig. 1f,g), clearly suggesting an

involvement of native TRPM2 in the Ca2+ influx that controls the H2O2-induced CXCL8

production in human monocytes.

TRPM2 mediates nuclear translocation of NF-κB

We next investigated whether Ca2+ influx via TRPM2 and Erk contribute to activation of NF-

κB. Nuclear translocation of the NF-κB subunit RelA was triggered within 30 min of H2O2

stimulation and reached a maximum after 60 min (Fig. 2a). This RelA translocation was

attenuated by PD98059 (Fig. 2b), by removal of extracellular Ca2+ (Fig. 2c), which also

suppressed the H2O2-induced DNA-binding activity of RelA (Supplementary Fig. 2a online),

and by TRPM2-specific siRNA (Fig. 2d). The phosphorylation and subsequent degradation of

inhibitor of κB (IκB) and Erk-mediated phosphorylation of IκB kinase-β (IKK-β), responsible

for RelA nuclear translocation, were also suppressed by removal of extracellular Ca2+ (Fig.

2e–h). By contrast, transcription levels of signaling components of the canonical NF-κB
pathway (Supplementary Fig. 2b) and protein expression levels of IKK-β (Fig. 2g,h) were

unaffected by H2O2 administration or by coapplication of PD98059. Furthermore,

phosphorylation of IκB kinase-α (IKK-α; Fig. 2g,h) and processing of protein p100 into p52

and its nuclear translocation (Supplementary Fig. 2c,d), which is essential for the noncanonical

NF-κB pathway24, were insensitive to H2O2 and Ca2+ removal. Thus, H2O2-induced activation

of the canonical NF-κB pathway is positively regulated by Erk and TRPM2-mediated Ca2+

influx in monocytes.

TRPM2 amplifies Erk signal via Pyk2 and Ras activation

Erk activation was induced by H2O2 within 2–5 min for Erk1 and 1 min for Erk2, reaching

maximum levels after 10–20 min (Fig. 3a). After removal of extracellular Ca2+, however, the

activation of Erk1 was markedly reduced, although the Erk2 response to H2O2 was relatively

intact (Fig. 3a). These results suggest that Ca2+ influx has a major role in Erk activation,

reflected by the sustained phosphorylation of mainly Erk1 after 10–20 min of H2O2 stimulation
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(Fig. 3a). Much of this Ca2+ influx is probably mediated by TRPM2 channels, as H2O2-induced

Erk1 activation was reduced by TRPM2-specific siRNA (Fig. 3b).

Ras, which represents an upstream signaling molecule of Erk, was gradually activated by

H2O2, and its activation reached a plateau within 5 min, whereas this activation was abolished

by removal of extracellular Ca2+ in U937 cells (Fig. 3c). A further upstream signaling molecule,

the Ca2+-sensitive, proline-rich tyrosine kinase Pyk2, is known to activate the Ras-Erk

pathway25. Notably, a kinase-negative Pyk2 mutant (Pyk2-DN) that acts as a dominant

negative25 suppressed H2O2-evoked Ras and Erk activation (Fig. 3d). Erk activation was also

suppressed by Pyk2-specific siRNAs (Fig. 3e), which suppressed nuclear translocation of NF-

κB as well (Fig. 3f). Furthermore, the Pyk2 activation observed within 5 min of H2O2

stimulation was abolished by removal of extracellular Ca2+ (Fig. 3g) and was attenuated by

TRPM2-specific siRNA (Fig. 3h and Supplementary Fig. 2e). However, siRNAs for two other

candidate signaling molecules responsible for coupling of Ca2+ influx to Ras activation,

RasGRP2 and RasGRP4, expressed in U937 cells26 failed to inhibit H2O2-induced Erk

activation (Supplementary Fig. 2f). We also examined two mitogen-activated protein kinases

(MAPKs), JNK and p38-MAPK, activated by H2O2 with different time courses

(Supplementary Fig. 2g–j). After removal of extracellular Ca2+, JNK showed a slight delay

but an intact maximal level of H2O2-induced activation, whereas p38-MAPK was essentially

unaffected (Supplementary Fig. 2g,h). The p38-MAPK inhibitor SB203580 nearly abolished

but the JNK inhibitor SP600125 failed to suppress H2O2-induced CXCL8 expression

(Supplementary Fig. 2i,j). These data suggest that p38-MAPK contributes to H2O2-evoked

CXCL8 expression independently of Ca2+ influx. Thus, Ca2+ influx via H2O2-activated

TRPM2 triggers Pyk2 and Ras activation, which then amplifies Erk activation, leading to

nuclear translocation of NF-κB and CXCL8 production in U937 monocytes.

Trpm2 knockout disrupts chemokine production in monocytes

To study the physiological importance of TRPM2 channels and their in vivo effects on the

signal transduction pathway revealed above, we generated transgenic mice in which TRPM2

expression was knocked out (Supplementary Fig. 3a–c online). Trpm2-knockout mice were

viable, fertile and largely indistinguishable from wild-type (WT) littermates in general

appearance, body weight, locomotion and overt behavior. Of note, a TRPM2 immunoreactivity

that localized near the plasma membrane in monocytes from WT mice was absent in monocytes

isolated from Trpm2-knockout mice (Fig. 4a). In monocytes obtained from WT mice,

intracellular perfusion with increasing concentrations of ADPR evoked cationic currents (Fig.

4b). Monocytes isolated from Trpm2-knockout mice failed to respond entirely, and no

substantial changes in current were ever observed (Fig. 4c,d). Similarly, WT monocytes

typically responded to H2O2 by robust increases in cationic current (Fig. 4e,f) and [Ca2+]i (Fig.

4g), whereas these phenotypes were nearly abolished in Trpm2-knockout monocytes (Fig. 4e–

g). The [Ca2+]i response defect was restored by cDNA transfection of TRPM2 but not by

transfection of a cDNA encoding a TRPM2 mutant lacking the MutT motif essential for the

action of the activators (Supplementary Fig. 3d)13,14. With regard to other types of cationic

currents, Mg2+- and ATP-regulated TRPM7-like current as well as Ca2+-release activated

Ca2+ current and Ca2+ influx evoked by store depletion were intact in Trpm2-knockout

monocytes (Supplementary Fig. 3e–g).

As reported for the mouse macrophage cell line B10R (ref. 27), exposure of monocytes to 25

μM H2O2 induced expression of CXCL2 in WT cells, whereas this was impaired in mutant

monocytes (Fig. 5a). CXCL2 expression induced by the endotoxin lipopolysaccharide and

tumor necrosis factor-α, known as physiological stimulators of the ROS pathway28, was also

suppressed in Trpm2-knockout monocytes (Supplementary Fig. 4a online). In contrast,

knockout of Trpm2 did not affect expression of other cytokines sensitive (IL-1β, CCL2, CCL3,
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CCL4 and CXCL12) and insensitive (CCL1 and CCL21) to H2O2 induction in mouse

monocytes (Supplementary Fig. 4b). With regard to H2O2-induced activation, Pyk2, Erk and

IKK (Fig. 5b), but not the noncanonical NF-κB pathway, p38-MAPK and JNK (Supplementary

Fig. 4c–e), were impaired in Trpm2-knockout monocytes. These data, together with

suppression of H2O2-induced CXCL2 expression by the Erk and NF-κB inhibitors (Fig. 5c),

strongly suggest that the H2O2-induced signaling cascade proposed for CXCL8 in U937 cells

is applicable to CXCL2 in mouse monocytes29. The crucial contribution of NF-κB to RNA

expression of CXCL2 has been also reported previously in comparison with other

chemokines27.

In vitro neutrophil migration toward the conditioned medium collected from WT monocyte

cultures was significantly (P < 0.01) increased by H2O2 pretreatment, whereas this effect of

H2O2 was nearly abolished when medium from Trpm2-knockout monocytes was used (Fig.

5d) or when neutralizing monoclonal antibody to CXCL2 was added to the WT medium (Fig.

5e). Thus, the differences of H2O2-induced CXCL2 expression observed in WT and Trpm2-

knockout monocytes can influence the chemoattractant properties of monocytes and affect

neutrophil migration. Notably, however, we did not observe statistically significant differences

in CXCL2-induced Ca2+ responses and in vitro migration between WT and Trpm2-knockout

neutrophils (Supplementary Fig. 5a,b online), suggesting that CXCL2-induced responses in

neutrophils are not dependent on TRPM2 activation. This is in contrast to Ca2+ responses and

migration induced by a potent granulocyte chemoattractant, formyl-methionylleucyl-

phenylalanine (fMLP) (Supplementary Fig. 5c,d).

Ulcerative colitis is suppressed in Trpm2-knockout mice

To establish the physiological significance in vivo of TRPM2-mediated CXCL2 production in

ROS-stimulated monocytes, we examined the DSS model, in which mice show acute colitis

characterized by epithelial injury and an acute inflammatory infiltrate18 and many symptoms

similar to those seen in human ulcerative colitis, that is, diarrhea, bloody feces, body weight

loss, mucosal ulceration and shortening of colon18,19. In the DSS model, enhanced ROS

release19,20 and CXCL2 secretion have been reported to exacerbate ulcerative colitis30. As

expected, expression of CXCL2 was greatly increased both in monocytes and in colon of DSS-

treated WT mice, whereas CXCL2 expression was strongly suppressed in DSS-treated

Trpm2-knockout mice (Fig. 6a,b). The proinflammatory cytokines interferon-γ (IFN-γ) and

IL-12 (a potent IFN-γ inducer released from macrophages) were also significantly (P < 0.01)

suppressed (Supplementary Fig. 6 online). In contrast, knockout of Trpm2 did not diminish

expression in the colon of IL-6, IL-10, CCL1, CCL2, CCL3 and CCL5 (Supplementary Fig.

6a–c); the phenotypes of in vitro migration induced by CCL1, CCL2, CCL3, and CCL5 were

intact in neutrophils and monocytes (Supplementary Fig. 5e,f). Notably, the number of

recruited GR1-positive neutrophils was markedly reduced in DSS-treated Trpm2-knockout

mice, whereas the number of macrophages (F4/80+ or CD11b+Ly6ChighLy6Glow cells) after

infiltration into tissues was indistinguishable between WT and Trpm2-knockout mice (Fig.

6c,d and Supplementary Fig. 6d,e). Myeloperoxidase activity, an indicator of neutrophil

infiltration after induction of colitis, was also reduced in DSS-treated Trpm2-knockout colon

(Fig. 6e). This defect was restored by transfer of WT macrophages and TRPM2- or CXCL2-

specific cDNA–transfected Trpm2-knockout macrophages derived from the bone marrow

(Supplementary Fig. 7 online).

It is noteworthy that Trpm2-knockout neutrophils retained in vivo neutrophil functions, which

include infiltration of neutrophils introduced by bone marrow cell transfer into the DSS-treated

colon (the ratio of infiltrated WT over Trpm2-knockout neutrophils was 0.96 ± 0.11 (n = 5);

Supplementary Fig. 8a,b online) and bone marrow output and infiltration of neutrophils into

the abdominal cavity after intraperitoneal injection of CXCL2 (Supplementary Fig. 8c). In
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vivo neutrophil output and infiltration elicited by intraperitoneal injection of CCL1, CCL3 and

CCL5 was also intact in mutant mice, whereas that induced by fMLP was impaired in

accordance with the in vitro migration data (Supplementary Figs. 5d and 8d–g). Trpm2-

knockout neutrophils showed partially impaired, yet significant (P < 0.05), bone marrow output

in the DSS model (Supplementary Fig. 8h), which is consistent with the idea that bone marrow

output is controlled by the balance between the chemoattractants released from the colon and

those within the bone marrow. With regard to other immunocytes, T cells, dendritic cells and

NK cells, DSS-induced infiltration was intact in Trpm2-knockout colon (Supplementary Fig.

6f). When introduced by bone marrow transfer, these immunocytes also showed intact colon

infiltration (Supplementary Fig. 8b). These in vivo data, in combination with the intact in

vitro migration of Trpm2-knockout neutrophils toward CXCL2 (Supplementary Fig. 5b),

suggest that diminished expression of CXCL2 in macrophages contributes to the paucity of

neutrophil accumulation in the colons of DSS-treated Trpm2-knockout mice.

Clinical assessments of disease activity showed profound inflammation and tissue destruction

in the colon, characterized by mucosal ulceration, serosa destruction and infiltration of

inflammatory cells in WT mice, whereas in Trpm2-knockout mice, the severity of the DSS-

induced colitis was substantially reduced, although epithelial injury was identified (Fig. 6f,g).

Moreover, Trpm2-knockout mice did not show DSS-induced loss of body weight and

shortening of colon (Supplementary Fig. 6g,h). Thus, Trpm2-knockout mice were largely

protected from DSS-mediated colitis, suggesting that TRPM2 has major roles in the

progressive severity of inflammation.

DISCUSSION

The results of the present study show a key role of the Ca2+-permeable channel TRPM2 in

H2O2-induced chemokine production in monocytes that is of major physiological consequence

in inflammation. Our in vitro studies in the human monocytotic cell line U937 suggest that

H2O2 activates TRPM2 and amplifies downstream Ras and Erk signaling via Pyk2, leading to

nuclear translocation of NF-κB and production of CXCL8. Our in vivo studies in Trpm2-

knockout mice show that TRPM2 controls CXCL2 production in monocytes, which induces

neutrophil migration and exacerbates DSS-induced ulcerative colitis.

It has been shown that Ras augments H2O2-induced CXCL8 production in experiments

knocking down hypoxia inducible factor-1 (HIF-1), the transcription factor that controls

scavenging of ROS in hypoxic conditions22. Of note, hypoxia-induced CXCL8 production via

NF-κB activation is observed in HIF-1–deficient colon cancer DLD-1, which harbors an

oncogenic KRAS mutation, but not in HIF-1–deficient colon cancer Caco2 cells carrying WT

KRAS. This suggests that sustained activation of KRAS is crucial for H2O2-mediated CXCL8

production in colon cancer, which is consistent with the amplified Ras signal we observed for

CXCL8 production in monocytes. With regard to other MAP kinases, the contribution of p38-

MAPK to H2O2-induced CXCL8 expression is crucial but is independent of the TRPM2-

mediated cascade, whereas the contribution of JNK is minimal, if any. This is consistent with

the previously reported involvement of p38-MAPK in post-transcriptional regulation of

CXCL8 expression31.

NF-κB seems to be fully responsible for the H2O2-induced CXCL8 production in U937 cells

(Fig. 1b), but H2O2-induced NF-κB nuclear translocation and CXCL8 production are partially

TRPM2 and Mek independent (PD98059-insensitive) (Figs. 1a,c,g and 2b–d and

Supplementary Fig. 1b). A possible mechanism regarding Erk activation that could account

for this observation might be a decrease in phosphatase activity, as protein tyrosine

phosphatases (PTPs) can be inhibited by H2O2 (ref. 32). Specifically, inhibition of

hematopoietic PTP (HePTP) expressed in U937 cells33 might be involved, as HePTP inhibition
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has been reported to trigger Erk activation without Mek activation32. In addition, PTP inhibition

positively regulates H2O2-evoked TRPM2 activation34. Therefore, some Erk activation

through HePTP inhibition may be responsible for the residual nuclear trans-location of NF-

κB and CXCL8 production independent of TRPM2 and Mek. Notably, compared to Erk, the

upstream Pyk2 showed more transient activation. This may be a result of H2O2-resistant PTPs

that dephosphorylate and inactivate Pyk2.

At inflamed sites4, multiple cells including neutrophils, macrophages and epithelial cells

express NADPH oxidase, which generates ROS3,4,35. Cumulative evidence supports that ROS

may function as mediators for aggravation of symptoms and pathophysiological responses in

ulcerative colitis19,20. In mice, deficiency of nuclear factor erythroid-2–related factor-2 (Nrf2),

a redox-sensitive transcriptional factor that regulates antioxidant genes36, or an impaired

superoxide dismutase activity18 has been reported to increase susceptibility to DSS-induced

colitis, indicating a major role of antioxidants in protecting the intestine against ROS in colitis.

Notably, 100 μM H2O2 induced cell death in only 20% of U937 cells14 but induced submaximal

activation of CXCL8 transcription (nearly 80% maximum; Supplementary Fig. 1b). Hence,

we hypothesize that moderate ROS exposure is a key signal for chemokine production and

initiation of healing, whereas excessive ROS production and persistent Ca2+ entry may tilt the

balance toward severe tissue damage and cell death.

CXCL2, similar to CXCL8 in humans, is one of the major inducible chemokines that lead to

neutrophil infiltration2 and subsequent tissue injury in several animal models of inflammation

and injury, including ulcerative colitis30,37,38. Our results obtained from Trpm2-knockout mice

fit well into this context, as mutant monocytes show impaired H2O2-induced expression of

CXCL2. In contrast to CXCL2, keratinocyte-derived chemokine CXCL1, which also causes

neutrophil chemotaxis2, CCL19 and CXCL13 were undetectable in these cells (data not

shown), and other cytokines tested were not susceptible to H2O2-inducted expression in mouse

monocytes or showed intact H2O2-inducible expression in Trpm2-deficient monocytes.

Therefore, the impaired in vitro neutrophil migration induced by conditioned medium

containing chemokines from H2O2-treated Trpm2-knockout monocytes is probably

attributable to reduced H2O2-induced CXCL2 expression. In monocytes and colon from DSS-

treated Trpm2-knockout mice, CXCL2 expression is suppressed, whereas expression of IL-6,

IL-10, CCL1, CCL2, CCL3 and CCL5 showed intact DSS inducibility. Inflammation

parameters such as neutrophil infiltration and ulceration in the colon were also reduced in DSS-

treated Trpm2-knockout mice. However, we did not observe statistically significant differences

in DSS-induced macrophage recruitment between WT and Trpm2-knockout colons. Notably,

Trpm2 deficiency did not impair key aspects of CXCL2-evoked neutrophil chemotaxis,

including Ca2+ response, in vitro migration, in vivo infiltration after bone marrow transfer or

in response to intraperitoneal CXCL2 injection, and bone marrow output. Recruitment of T

cells, NK cells and dendritic cells also seemed intact in Trpm2-knockout colon. These results

suggest that, overall, TRPM2 in macrophages accounts for much of the exacerbation of DSS-

induced ulcerative colitis by mediating H2O2-triggered CXCL2 production and neutrophil

infiltration. Nevertheless, it remains to be examined whether the Trpm2 defect exerts effects

widely on hematopoietic or nonhematopoietic cells, including epithelial cells, or on responses

mediated by factors other than H2O2. Inthis context, it is noteworthy that DSS-induced

expression of proinflammatory cytokines IFN-γ and IL-12 was diminished in the Trpm2-

deficient colon, as these phenotypic changes that relieve tissue damage and inflammation are

indicative of functional defects of monocyte-derived cells. Furthermore, neutrophilic Ca2+

responses and in vitro migration induced by fMLP and monocytotic CXCL2 expression

induced by proinflammatory endotoxin lipopolysaccharide and cytokine tumor necrosis factor-

α showed sensitivity but also some resistance to impairment by Trpm2 knockout. Thus, future

studies need to address relationships between multiple TRPM2-dependent and TRPM2-

independent pathways in the complex in vivo DSS model and in human inflammatory diseases.
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The tissue damage in human ulcerative colitis is probably mediated by neutrophils that have

infiltrated the colonic mucosa, with CXCL8 representing the most potent specific neutrophil

chemoattractant39. The degree of elevation of CXCL8 abundance is correlated with both

disease activity and sigmoidoscopic severity in the dialysate bags39 and with increased levels

of infiltration of neutrophils in ulcerative colitis mucosa40. Notably, chronic inflammatory

bowel diseases are mediated by activated monocytes and macrophages41,42, whereas induction

of CXCL8 expression is induced in the lamina propria macrophages of ulcerative colitis

mucosa43. Kupffer cells, the resident liver macrophages, produce and release various

proinflammatory cytokines, including CXCL8, leading to exacerbation of inflammatory liver

disease44, and CXCL8 produced by alveolar macrophages is involved in the development of

chronic obstructive pulmonary disease45. By contrast, in vivo epithelial expression of CXCL8

is absent or minimal, although an in vitro capacity of epithelial cells to release CXCL8 has

been demonstrated43. These studies, in combination with our Trpm2-knockout mouse studies,

suggest a key role of CXCL8 produced by TRPM2 in monocytes and macrophages in the

exacerbation of human ulcerative colitis. Of note, genetic links between TRPM2 and defective

inflammatory diseases such as amyotrophic lateral suclerosis and parkinsonism dementia have

been suggested46. Therefore, it is conceivable that CXCL8 production via TRPM2 triggers

various inflammatory responses. This raises the prospect that suppression of CXCL8

production by inhibition of TRPM2 might be an effective way to reduce pathological severity

in ulcerative colitis and many other inflammatory diseases related to ROS production.

ADPR may be a major messenger molecule that links ROS to TRPM2 activation and Ca2+

entry in inflammation, because excessive oxidative stress leads to enzymatic ADPR production

in inflammatory chemokine production47–49 and ADPR mobilization from mitochondria16. In

immunocytes, including neutrophils, CD38 produces cADPR and ADPR50. CD38-deficient

neutrophils have disturbed Ca2+ signaling and chemotaxis in response to fMLP via fMLP

receptors50. Notably, the fMLP-induced Ca2+ response and in vitro migration were suppressed

in Trpm2-deficient neutrophils. This supports the idea that fMLP activates CD38 to induce

cADPR and ADPR production and the Ca2+ influx via TRPM2 required for neutrophil

chemotaxis15, in contrast to the CXCL2-induced neutrophil chemotaxis that does not receive

a significant contribution from TRPM2 channels and that is probably mediated by classical

inositol triphosphate-induced Ca2+ release and possibly store-operated Ca2+ entry. It will be

useful to study which type of signaling mechanism other chemokines employ in inducing

chemotaxis.

METHODS

Isolation of mouse monocytes

We isolated monocytes from peripheral blood mononuclear cells by CD11b positivity using a

magnetic sorting system. All animal experiments were performed in accordance with protocols

approved by the Institutional Animal Care and Use Committees of the Graduate School of

Engineering, Kyoto University. For details, see Supplementary Methods online.

Northern blot analysis

We carried out hybridization with cDNA probes for TRPM2, CXCL8 or 18S rRNA. For details,

see Supplementary Methods.

Determination of human CXCL8 and mouse CXCL2 concentration

We determined concentrations of human CXCL8 from U937 cells and CXCL2 from mouse

monocytes or colons by ELISA according to the manufacturers’ instructions (Endogen and

R&D Systems, respectively).
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Small interfering RNA

We used the TRPM2 siRNA sequence targeting the coding region of TRPM2 mRNA (5′-
AAAGCCTCAGTTCGTGGATTC-3′) and the Pyk2 siRNA sequences targeting the coding

region of Pyk2 mRNA (5′-AATGCACTTGACAAGAAGTCC-3′), (5′-
AAGATGTGGTCCTGAATCGTA-3′), (5′-AAGGTGTCTACACAAATCACA-3′), and (5′-
AAGTCCCTGGACCCCAT GGTT-3′). We used cells 48 h after siRNA transfection. We used

an siRNA directed against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a control.

For details, see Supplementary Methods.

Measurement of changes in intracellular calcium concentration

We measured changes in [Ca2+]i as previously described23. We measured the fura-2

fluorescence in HEPES-buffered saline containing (in mM): 107 NaCl, 6 KCl, 1.2 MgSO4, 2

CaCl2, 11.5 glucose and 20 HEPES (pH 7.4, adjusted with NaOH). We obtained the 340:380

nm ratio images on a pixel-by-pixel basis.

Nuclear translocation of nuclear factor-κB

We determined nuclear translocation of NF-κB by western blotting. We detected the total

amount of β-actin as the loading control. For details, see Supplementary Methods.

Western blot analysis

We determined activation of Erk, Pyk2, IκB, IKK-β, IKK-α and degradation of IκB by western

blotting. For details, see Supplementary Methods.

Ras-GTP assay

We prebound bacterially expressed GST-Ras binding domain (amino acids 1–149 of human

cRaf-1 fused to GST) to glutathione-conjugated beads and incubated the beads with each cell

lysate. We subjected bound proteins to western blotting. For details, see Supplementary

Methods.

Pyk2 activation assay

We immunoprecipitated cell lysates for 2 h at 4 °C with protein A–agarose linked to Pyk2-

specific antibody (Upstate). We analyzed immunoprecipitates by western blotting with

phosphotyrosine-specific antibody (Upstate). Details of the procedure for immunoprecipitation

are described in Supplementary Methods.

Confocal immunovisualization in isolated monocytes

We fixed monocytes with paraformaldehyde, immunostained them with TRPM2-specific

antibody (1:100 mLTRPC2-C1; ref. 14) and visualized them with the Alexa Fluor 488–

conjugated rabbit IgG-specific antibody (Invitrogen) to detect TRPM2. We acquired the

fluorescence images with a confocal laser-scanning microscope (Olympus FV500) using the

488-nm line of an argon laser for excitation and a 505-nm long-pass filter for emission.

Electrophysiology

We performed patch-clamp experiments in the whole-cell configuration. We kept cells in

standard Ringer's solution (in mM): 140 NaCl, 2.8 KCl, 1 CaCl2, 2 MgCl2, 10 glucose and 10

HEPES-NaOH (pH 7.2 adjusted with NaOH). Standard pipette-filling solutions contained (in

mM): 140 Cs-glutamate, 8 NaCl, 1 MgCl2 and 10 HEPES-CsOH (pH 7.2 adjusted with CsOH).

We left Ca2+ unbuffered by leaving out any calcium chelator. We acquired all data with Pulse

software controlling an EPC-9 amplifier (HEKA) and analyzed with FitMaster (HEKA) and

Igor Pro (Wavemetrics). For details, see Supplementary Methods.
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Real-time PCR

After reverse-transcription to cDNA from total RNA, we performed quantification by real-

time PCR (LightCycler instrument, Roche) using the LightCycler FastStart DNA Master

HybProbe Kit (Roche). We normalized the results for CXCL2 relative to β-actin expression.

For details, see Supplementary Methods.

Isolation of bone marrow neutrophils

We isolated mouse bone marrow neutrophils from femurs and tibias by Percoll density gradient

centrifugation. We lysed the remaining erythrocytes with buffer containing (in mM): 150

NH4Cl, 1 KHCO3 and 0.1 Na2EDTA. For details, see Supplementary Methods.

In vitro migration assay

We used 6.5-mm diameter well chambers with 3-μm pore size membranes (Costar) to

determine neutrophil chemotaxis. We added the tested supernatants to the lower chamber. We

allowed neutrophils (5 × 105 cells) isolated from bone marrow to migrate from the upper to

the lower chamber for 1.5 h and then counted the number of migrating cells. We added CXCL2-

specific antibody (R&D Systems) or isotype control antibody IgG2B (MBL) to the culture

medium in the lower chamber.

Induction of colitis by dextran sulfate sodium

We gave mice sterile distilled water containing 2.5% DSS (molecular weight 36,000–50,000)

ad libitum throughout the experiment.

Immunofluorescent staining of colon sections

We placed colon specimens in Tissue-Tek optimum cutting-temperature compound (Sakura),

snap-froze them in dry ice and ethanol and stored them at –80 °C. After fixation and

rehydration, we then incubated samples with R-phycoerythrin (R-PE)-conjugated mouse

F4/80-specific antibody (Serotec) and FITC-conjugated mouse GR1-specific antibody (BD

Pharmingen). We acquired the fluorescence images with a confocal laser-scanning microscope

and counted the numbers of GR1-positive neutrophils and F4/80-positive macrophages in the

images. For details, see Supplementary Methods.

Myeloperoxidase assay

After freeze-and-thaw and centrifugation of homogenized colon specimens, we mixed 100 ml

of supernatant with a solution of 0.167 mg ml–1 O-dianisidine hydrochloride and 0.0005%

H2O2. We measured myeloperoxidase activity spectrophotometrically as the change in

absorbance at 460 nm. For details, see Supplementary Methods.

Histological evaluation of colonic lesions

We stained colon sections fixed with formalin and embedded in paraffin with H&E for the

morphological evaluation. We graded the histopathological change on a scale from 0 to 3

according to the following criteria: 0, no remarkable change; 1, slight change; 2, moderate

change; and 3, marked change. We calculated the histological score of ulceration by adding

each score for proximal, middle and distal colon. For details, see Supplementary Methods.

Statistical analyses

All data are expressed as means ± s.e.m. We accumulated the data for each condition from at

least three independent experiments. We evaluated statistical significance with the Student's

t-test for comparisons between two mean values. We carried out multiple comparisons between

more than three groups with an ANOVA followed by Tukey-Kramer test.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Erk-, NF-κB– and TRPM2-mediated Ca2+ entry control H2O2-induced CXCL8 expression in

U937 cells. (a,b) Inhibitory effects of PD98059 (a) and PDTC (b) on H2O2 (250 μM)-induced

expression of CXCL8 mRNA (top, northern blot) and protein secretion (bottom, ELISA). (c)

Inhibitory effect of removal of extracellular Ca2+ by EGTA on H2O2 (250 μM)-induced

expression of CXCL8 mRNA (top) and secretion (bottom). (d) Averaged time courses of

[Ca2+]i changes indicated by the ratio of two fluorescence intensities (340/380) (left) and

maximum [Ca2+]i elevations (right) owing to H2O2 (250 μM)-induced Ca2+ influx (n = 72–

75). After 13 min of exposure to 250 μM H2O2 in Ca2+-free 0.5 mM EGTA-containing solution,

cells were exposed to 250 μM H2O2 and then later to 2 mM Ca2+ to evoke a Ca2+ response

due to H2O2-induced Ca2+ influx. (e–g) Effects of siRNA specific for TRPM2. (e) TRPM2

mRNA expression in cells transfected with siRNA specific for TRPM2 or GAPDH. (f)

Averaged time courses of H2O2 (250 μM)-evoked [Ca2+]i changes (left) and maximum

[Ca2+]i elevations (right) in cells transfected with siRNA specific for TRPM2 or GAPDH or

in control cells (n = 162–176). (g) Expression of CXCL8 mRNA (left) and secretion (right)

induced by treatment with 250 μM H2O2 for 6 h and 12 h, respectively, in cells transfected

with siRNA for TRPM2 or GAPDH or in control cells. Data points are means ± s.e.m. *P <

0.05, **P < 0.01 and ***P < 0.001.
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Figure 2.

TRPM2-mediated Ca2+ influx controls H2O2-induced nuclear translocation of NF-κB via Erk

in U937 cells. (a) Nuclear translocation of NF-κB RelA induced by incubation with 250 μM

H2O2 as assessed at the indicated time points by western blotting. (b,c) Effects of PD98059

(b) and removal of extracellular Ca2+ by EGTA (c) on nuclear translocation of NF-κB after of

60 min H2O2 (250 μM) incubation. (d) Suppression of nuclear translocation of NF-κB by

siRNA specific for TRPM2 after 60 min H2O2 (250 μM) incubation. (e) Time courses of

phosphorylation and degradation of IκB induced by incubation with 250 μM H2O2. pIκB,

phosphorylated IκB. (f) Effects of removal of extracellular Ca2+ by EGTA on phosphorylation

and degradation of IκB induced by 250 μM H2O2 (60 min). (g) Time courses of phosphorylation

of IKK-β and IKK-α (pIKK-β and pIKK-α) induced by incubation with 250 μM H2O2. (h)

Effects of removal of extracellular Ca2+ by EGTA on phosphorylation of IKK-β and IKK-α
induced by 250 μM H2O2 (60 min).
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Figure 3.

TRPM2-mediated Ca2+ influx activates Pyk2 and Ras to amplify Erk signal in U937 cells.

(a) Erk activation induced by 250 μM H2O2 at the indicated time points of treatment in the

presence (top) or absence (bottom) of extracellular Ca2+. Activated Erk (pErk1 and pErk2:

phosphorylated Erk1/2) is detected by phospho-Erk1/2–specific antibody. (b) Suppression of

Erk activation by siRNA specific for TRPM2 after 10 min of H2O2 (250 μM) treatment. (c)

Ras activation induced by 250 μM H2O2 at the indicated time points of treatment in the presence

(top) or absence (bottom) of extracellular Ca2+. (d) Inhibitory effects of Pyk2-DN on Erk (top)

and Ras (bottom) activation after 10 min of H2O2 (250 μM) treatment. (e) Suppressive effects

of Pyk2-specific siRNAs on Erk activation after 10 min of H2O2 (250 μM) treatment. (f)

Suppressive effects of Pyk2-specific siRNAs on nuclear translocation of NF-κB RelA after 60

min of H2O2 (250 μM) incubation. (g) Pyk2 activation induced by 250 μM H2O2 at the

indicated time points of treatment in the presence (top) or absence (lower panel) of extracellular

Ca2+. IP, immunoprecipitation; WB, western blotting; anti-Pyk2, antibody to Pyk2; anti-

phosphotyrosine, antibody to phosphorylated tyrosine. (h) Suppressive effects of TRPM2-

specific siRNA on Pyk2 activation after 10 min of H2O2 (250 μM) treatment.
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Figure 4.

TRPM2 currents activated by ADPR and H2O2 are disrupted in Trpm2-knockout monocytes.

(a) Confocal images of immunostaining with TRPM2-specific antibody (top) and differential

interference contrast images (bottom) of Trpm2-knockout (KO) monocytes. Scale bar, 5 μm.

(b) Dose-response curve of currents induced by internal perfusion with ADPR in WT

monocytes. Current amplitudes are measured at –80 mV and 100 s, normalized for cell size,

averaged and plotted against the respective ADPR concentrations (n = 5–7). A fit to the data

points calculates the Kd at 25 μM with a Hill coefficient of 1. (c) Time course of current

development induced at –80 mV by intracellular perfusion of WT (n = 6) or Trpm2-KO

monocytes (n = 11) with 1 mM ADPR. (d) Representative current-voltage relationship obtained

by a 50-ms voltage ramp pulse (–100 mV to + `00 mV) from WT or Trpm2--KO monocytes

after 100 s of ADPR perfusion. (e) Averaged current development induced at –80 mV by

intrapipette H2O2 (100 μM) in WT (n = 8) or Trpm2-KO monocytes (n = 11). (f) Representative

current-voltage relationship in WT or Trpm2-KO monocytes after 300 s of H2O2 perfusion.

(g) Averaged time courses of [Ca2+]i changes (left) and maximum [Ca2+]i elevation (right)

induced by 25 μM H2O2 in WT (n = 24) or Trpm2-KO (n = 59) monocytes in Ca2+-containing

or Ca2+-free 0.5 mM EGTA-containing solution. Data points are means ± s.e.m. ***P < 0.001.
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Figure 5.

H2O2-induced CXCL2 production and the underlying signal transduction are impaired in

Trpm2 KO monocytes. (a) Expression levels of CXCL2 mRNA (left, real-time PCR) and

CXCL2 protein secretion (right, ELISA) in monocytes isolated from WT or Trpm2-KO mice

after treatment with 25 μM H2O2 for 3 h and 6 h, respectively. (b) Pyk2, Erk and NF-κB
pathway activation induced by 25 μM H2O2 at the indicated time points of treatment in

monocytes isolated from peripheral blood of WT and Trpm2-KO mice. (c) Inhibitory effects

of Erk pathway inhibitor PD98059 and NF-κB inhibitor PDTC on H2O2 (25 μM)-induced

expression of CXCL2 protein. (d) In vitro migration of neutrophils from WT mice by

chemokines released from H2O2-treated monocytes isolated from WT or Trpm2-KO mice.

Monocytes were cultured in the presence or absence of 100 μM H2O2 for 30 min (left) or 25

μM H2O2 for 6 h (right). After centrifugation of the cell suspension, the cells were resuspended

in medium without H2O2 and incubated for 12 h (left) or 6 h (right). After removal of the cells

by centrifugation, the supernatant derived from the culture medium was used in a neutrophil

chemotaxis assay. (e) Inhibitory effects of neutralizing monoclonal antibody to CXCL2 on

neutrophil chemotaxis induced by chemokines released from 25 μM H2O2-treated WT

monocytes. Antibody to CXCL2 or isotype control (IgG2B) was added to the culture medium.

Data points are means ± s.e.m. *P < 0.05 and **P < 0.01.
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Figure 6.

Trpm2 deficiency suppresses exacerbation of inflammation in colitis mouse model. (a,b)

Suppression of DSS-induced CXCL2 expression in Trpm2-KO mice. (a) CXCL2 expression

levels of mRNA in monocytes isolated from peripheral blood. (b) Expression levels of CXCL2

mRNA (left) and protein (right) in the colon. (c) Dual immunofluorescent staining of colon

tissue is performed with FITC-conjugated mouse GR1-specific antibody (anti-GR1, green) and

R-PE–conjugated mouse F4/80-specific antibody (anti-F4/80, red). Submucosal and muscular

layer and epithelium (EP) are shown. Water-treated WT, water-treated Trpm2-KO, DSS-

treated WT and DSS-treated Trpm2-KO colons were used. Scale bar, 100 μm. (d) Cell counts

of GR1-positive neutrophils (left) and F4/80-positive macrophages (right) in the colons of

control and DSS-treated WT or Trpm2-KO mice (cells per 200 × 200 μm2). (e) Activity of

myeloperoxidase (MPO) in the colons of WT and Trpm2-KO mice. Data are normalized to

colon wet weight (g w.w.). (f) H&E staining of colons isolated from water- or DSS-treated

mice are shown, representing morphological findings for colons with histological score of

ulceration. The histological scores of ulceration in the water-treated WT, water-treated

Trpm2-KO, DSS-treated WT and DSS-treated Trpm2 KO colons shown are 0, 0, 3 and 0,

respectively. Scale bar, 1 mm. (g) Histology scores with respect to ulceration on a scale of 0–

3 of WT or Trpm2-KO mice. Data points are mean ± s.e.m. *P < 0.05 and **P < 0.01.
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