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High-fluence low-power laser irradiation (HF-LPLI) can induce apoptosis
by triggering mitochondrial oxidative stress. Signal transducer and activa-
tor of transcription 3 (Stat3) is an important transcription factor in the
modulation of cell proliferation and apoptosis. Here, using real-time single-
cell analysis and western blotting analysis, we investigated the changes in
activities of Stat3 in COS-7 cells upon HF-LPLI (633 nm, 80 and
120 J-cm™2) and the underlying mechanisms involved. We found that Stat3
was significantly activated by HF-LPLI in a time-dependent and dose-
dependent manner. Stat3 activation attenuated HF-LPLI-induced apopto-
sis, as shown by the fact that both dominant negative Stat3 (Y705F) and
Stat3 small interfering RNA expression enhanced cellular apoptosis
induced by HF-LPLI. Moreover, we also found that Src kinase was the
major positive regulator of Stat3 activation induced by HF-LPLI. Reactive
oxygen species (ROS) generation was essential for Stat3 and Src activation
upon HF-LPLI, because scavenging of ROS by vitamin C or N-acetylcyste-
ine totally abrogated the activation of Stat3 and Src. Taken together, these
findings show that the ROS-Src-Stat3 pathway mediates a negative feed-
back inhibition of apoptosis induced by HF-LPLI in COS-7 cells. Our
research will provide new insights into the mechanism of apoptosis caused
by HF-LPLI, and also extend the functional study of Stat3.

Introduction

High-fluence low-power laser irradiation (HF-LPLI) is
a newly discovered stimulator, and can activate intrin-
sic mitochondrial apoptosis pathway. HF-LPLI has
been reported to interfere with cell cycling and inhibit
cell proliferation [1-3]. In 2005, Wang et al. [4]
reported that HF-LPLI can induce cell apoptosis by
activating caspase-3 in human lung adenocarcinoma

Abbreviations

cells (ASTC-a-1). In 2007, Wu et al. [5,6] report that
mitochondrial permeability transition is the main
mechanism of mitochondrial injury on stimulation with
HF-LPLI, thus resulting in outer mitochondrial mem-
brane permeabilization. Bax activation is a downstream
event of HF-LPLI-induced apoptosis [6]. Notably,
the dominant factor in HF-LPLI-induced apoptosis is
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the large and toxic dose of reactive oxygen species
(ROS) generated through selective activation of endog-
enous photoacceptors by 633 nm laser irradiation [6].
However, the mechanism associated with the stimula-
tory effects of HF-LPLI has not been fully clarified.

Signal transducer and activator of transcription 3
(Stat3) is an important transcription factor that parti-
cipates in a wide variety of physiological processes,
such as cell proliferation, survival, differentiation and
apoptosis [7,8]. Stat3 is ubiquitously expressed, and is
activated by a number of receptor and nonreceptor
tyrosine kinases [7,9]. Phosphorylation of Stat3 at
Tyr705 is necessary for Stat3 activation. Phosphory-
lated Stat3 translocates to the nucleus, binds to the
specific promoters of target genes, and induces gene
expression [8,9].

Our previous work has shown that HF-LPLI
induces ROS generation [6]. ROS are reported to be
ubiquitous, highly diffusable and reactive molecules
that are known as important secondary messengers
and are supposed to play key roles in light-tissue inter-
actions [10,11]. In the past few years, there has been
increasing recognition of their role as redox regulators
of cellular signaling [12]. ROS have been shown to
mediate Stat3 signaling in addition to growth factors
and cytokines [13]. Therefore, the aim of this study
was to explore the involvement of Stat3 in the regula-
tion of apoptosis induced by HF-LPLI.

Both Src kinases and janus kinases (JAKs) have
been reported to mediate Stat3 activation following
cytokine/growth factor stimulation [7,14]. ROS are
traditional stimulators for inducing the activation of
Stat3 involving Src and JAKs [13,15]. Furthermore,
work by Zhang et al. [16] showed the activation of Src
by ROS generation induced by HF-LPLI at relatively
high laser doses (25 and 50 J.cm™?). Thus, it is rational
to speculate that Src may be involved in Stat3 activa-
tion under HF-LPLI.

Determining the mechanisms of HF-LPLI will be of
benefit for the clinical application of low-power laser
therapies. It can also be used to treat some types of
hyperplasia [1-3], and to treat cancers, like the usage
of photodynamic treatment [17] in the absence of
photosensitizers. Finally, HF-LPLI represents a new
stimulator to trigger cell apoptosis, and could be used
widely as a new and low-cost method to induce cellu-
lar apoptosis for research and therapy.

The overall objective of the present study was to
define the role of Stat3 in HF-LPLI-induced apoptosis,
and to discuss the activation mechanisms involved. We
demonstrated that the ROS-Src-Stat3 signaling path-
way was activated by HF-LPLI, and that this pathway
activation could, in turn, inhibit HF-LPLI-induced
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apoptosis; this is a typical process of negative feedback
inhibition.

Results

Stat3 is activated by HF-LPLI in a time-dependent
and dose-dependent manner

To monitor the changes in the subcellular localization
of Stat3 under HF-LPLI, cells were transfected with
Stat3—yellow fluorescent protein (YFP). After 48 h of
expression, the dynamics of Stat3-YFP in positive
transfected cells were monitored by confocal micros-
copy. We found that Stat3 was mainly localized in the
cytoplasm in cells with no treatment, indicating a low
level of Stat3 activity (Fig. 1A). HF-LPLI at both 80
and 120 J.cm™ resulted in nuclear translocation of
Stat3, suggesting that Stat3 could be activated by
HF-LPLI (Fig. 1A). Furthermore, quantitative analysis
of Stat3 fluorescence emission intensities in the nucleus
showed that Stat3 began to translocate to the nucleus
at 20 min, reached a peak at 40 min, and then
remained unchanged for up to 3 h after both 80 and
120 J-cm ™ HF-LPLI (Fig. 1B). However, a higher level
of Stat3-YFP nuclear intensity was seen after
120 J-em™ HF-LPLI than after 80 J-cm™> HF-LPLI,
indicating a higher level of Stat3 activation under
120 J-cm > HF-LPLI. Interleukin-6 (IL-6) was used as
a positive control to induce Stat3 nuclear translocation.
As shown in Fig. 1A, IL-6 caused a rapid translocation
of Stat3 to the nucleus, indicating rapid activation of
Stat3. Quantitative data showed that the dynamics of
Stat3 in response to IL-6 had a different pattern from
that under HF-LPLI (Fig. 1B): the level of Stat3-YFP
intensity in the nucleus increased immediately after
treatment, reached a peak at ~ 40 min, and then
decreased regularly, indicating the activation and
recovery process of Stat3 under IL-6 stimulation.

To identify whether Stat3 was activated in time-
dependent and dose-dependent manner by HF-LPLI,
we used western blotting analysis to detect the phos-
phorylation levels of Stat3 on the activatory Tyr705
under different time and laser dose treatments. An
obvious increase in the phosphorylation level of Stat3
at Tyr705 was detected at 20 min after HF-LPLI. The
level reached the highest plateau at 40 min postirradia-
tion, and remained unchanged thereafter (Fig. 1C).
The results showed that Stat3 was activated by
HF-LPLI in a time-dependent manner. We also deter-
mined the phosphorylation levels of Stat3 (Tyr705)
under HF-LPLI from 20 to 240 J-cm™2. We found that
the increase in phosphorylated Stat3 (Tyr705) level
correlated positively with the laser dose (Fig. 1D),
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showing that Stat3 was activated by HF-LPLI in a
dose-dependent manner.

Activation of Stat3 inhibits apoptosis induced by
HF-LPLI

Obvious cell apoptosis caused by HF-LPLI
(120 J-cm™?) was indicated by chromatin condensation

ROS-Src-Stat3 inhibits HF-LPLI-induced apoptosis

Fig. 1. HF-LPLI induces Stat3 activation in a time-dependent and
dose-dependent manner. (A) Representative time-series images of
Stat3-YFP after different treatments (n=05). Cells expressing
Stat3-YFP were starved for at least 16 h and then treated with
HF-LPLI at 80 or 120 J-cm™2. Cells without treatment were used as
the control. IL-6 (100 ng'mL~") was used as a positive control to
induce Stat3 nuclear translocation. The fluorescent images were
recorded with an LSM510 microscope. Bar: 10 um. Both 80 and
120 J-cm™2 HF-LPLI caused Stat3 nuclear translocation, as indicated
by the increase in the Stat3-YFP intensities in the nucleus. (B)
Quantitative analysis of relative Stat3-YFP fluorescence emission
intensities in the nucleus in cells that received indicated treat-
ments. The data represent mean + SEM of five independent exper-
iments (10 cells per condition). (C, D) Representative western
blotting assay for detection of the levels of endogenous Stat3 phos-
phorylation (Tyr705) at indicated time points after HF-LPLI
(120 Jcm™) (C) or at different irradiation doses of 20-240 J-cm™
1 h after irradiation (D) (n = 3). The data show that HF-LPLI induces
Stat3 activation, as indicated by the increase in phosphorylation
levels of Stat3, in a time-dependent and dose-dependent manner.

and nuclear fragmentation in cells stained with Hoe-
chst 33258 fluorescent dyes (Fig. 2A). Furthermore, to
evaluate the potential biological effect of Stat3 activa-
tion on Bax activation (which is directly related to the
mitochondrial translocation of Bax) under HF-LPLI
(120 J-cm™), cells were transfected with cyan fluores-
cent protein (CFP)-Bax or cotransfected with pCFP—
Bax and dominant negative (DN) Stat3(Y705F)-YFP
plasmid. Bax was uniformly distributed in cells with
no treatment (Fig. 2B). Staurosporine (STS) was used
as a positive control to induce Bax activation
(Fig. 2B,C). Bax was activated by HF-LPLI at
263 min post-treatment (Fig. 2B,C). Overexpression of
Stat3(Y705F)-YFP significantly promoted Bax activa-
tion for 65 min, revealing an inhibitory effect of Stat3
on Bax activation during the apoptotic process induced
by HF-LPLI.

To determine statistically whether Stat3 activation
could inhibit HF-LPLI-induced apoptosis, cell apopto-
sis was analyzed by flow cytometry based on annex-
in V-fluorescein  isothiocyanate (FITC)/propidium
iodide (PI) double staining. The results showed that
80 J.cm™? HF-LPLI induced 17.3% cell apoptosis 6 h
post-treatment, whereas 120 J.cm™> HF-LPLI induced
21.4% cell apoptosis (Fig. 2D). We also found that
Stat3(Y705F) overexpression enhanced cellular apopto-
sis, whereas overexpression of Stat3C (a constitutively
active form of Stat3) reduced cellular apoptosis under
HF-LPLI at both doses (Fig. 2D,E). These results
show that Stat3 activation inhibited the apoptosis
induced by HF-LPLI.

To further determine whether Stat3 activation could
inhibit HF-LPLI-induced apoptosis, cell apoptosis was
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Fig. 2. The protective effect of Stat3 on HF-LPLI-induced cell apoptosis. (A) Hoechst 33258 nuclear staining revealed morphological changes
of cells treated with HF-LPLI at 120 J-cm™2. Bar: 10 um. The data show that HF-LPLI causes cell apoptosis, as indicated by nuclear conden-
sation and chromatin fragmentation (n = 3). (B) Representative time-series images of cells expressing CFP-Bax under HF-LPLI with or with-
out DN Stat3(Y705F)-YFP overexpression. Bar: 10 um. Cells treated with STS (1 pum) were used as a positive control. The data show that
Stat3 inhibits Bax activation induced by HF-LPLI (n = 5). (C) Quantitative analysis of relative CFP-Bax fluorescence emission intensities in
the punctated dots in cells that received the indicated treatments. The data represent mean + SEM of five independent experiments (10
cells per condition). (D) Representative flow cytometry analysis for the levels of cell apoptosis 6 h after irradiation in response to the indi-
cated treatments, based on annexin V/PI double staining. The data show that Stat3 protects cells from HF-LPLI-induced apoptosis (n = 3).
(E) Graphical quantitation of the apoptosis rates. The data represent mean + SEM of three independent experiments (*P < 0.05 versus con-
trol cells, #P < 0.05 versus indicated cells, Student’s ttest.) (F) Flow cytometry analysis for the levels of cell apoptosis 6 h after irradiation in
response to the indicated treatments, based on annexin V/P| double staining. The data further indicate that Stat3 protects cells from

HF-LPLI-induced apoptosis.

analyzed by flow cytometry after transfection with
Stat3 small interfering RNA (siRNA). The results
showed that Stat3 siRNA expression greatly enhanced
cellular apoptosis under both 80 and 120 J.cm™> HF-
LPLI (Fig. 2F). This suggested that Stat3 activation
inhibited the apoptosis induced by HF-LPLI.

Src plays a major role in Stat3 activation induced
by HF-LPLI

To determine whether Src was involved in Stat3 activa-
tion induced by HF-LPLI, we pretreated cells with
4-amino-5-(4-methylphenyl)-7-(t-butyl) pyrazolo(3,4-d)-
pyrimidine (PP1), a selective inhibitor of Src family
kinases, and observed the changes in the subcellular
localation of Stat3. Cells with no treatment were used
as the control (Fig. 3A). As shown in Fig. 3A,
HF-LPLI with PP1 pretreatment resulted in reduced
nuclear translocation of Stat3 in comparison with
HF-LPLI alone, suggesting that Src participated in
Stat3 activation under HF-LPLI. PPl pretreatment
alone had no effect on the subcellular location of Stat3
(Fig. 3A). Quantitative analysis of Stat3 fluorescence
emission intensities in the nucleus showed that PP1
pretreatment largely inhibited the nuclear translocation
of Stat3 upon HF-LPLI, suggesting that Src played a
major role in Stat3 activation (Fig. 3B).

Western blotting analysis was used to detect the
phosphorylation levels of Stat3 (Tyr705) when cells
were treated with 120 J.cm™> HF-LPLI in the presence
of PP1. We found that PP1 pretreatment greatly inhib-
ited the increase in phosphorylation levels of Stat3
induced by HF-LPLI (Fig. 3C), showing that Src was
the dominant upstream kinase of Stat3.

To confirm that Src was the dominant kinase in
Stat3 activation, we separately treated cells with
SU6656, a selective Src family kinase inhibitor, and
AG490, a JAK-specific inhibitor. We then observed
the phosphorylation levels of Stat3 (Tyr705) after HF-
LPLI. The results showed that HF-LPLI with SU6656
pretreatment resulted in reduced phosphorylation of

Stat3 in comparison with HF-LPLI alone (Fig. 3D),
indicating that Src was involved in Stat3 activation.
HF-LPLI with AG490 pretreatment also resulted in
reduced phosphorylation of Stat3, but the inhibitory
effect was much lower than that induced by HF-LPLI
with SU6656 pretreatment (Fig. 3E), indicating a
minor role of JAKs in Stat3 activation. The two
results suggested that Src was the dominant upstream
kinase of Stat3 under HF-LPLI.

To further confirm the above result, we separately
pretreated cells with SU6656 and AG490, and observed
cellular apoptosis under HF-LPLI (120 J-cm™>). This
result showed that HF-LPLI induced 24.3% cellular
apoptosis 6 h post-treatment. Both SU6656 and
AG490 pretreatment enhanced apoptosis after HF-
LPLI, but the levels of apoptosis enhanced by SU6656
pretreatment were larger than those induced by AG490
pretreatment (Fig. 3F). This result indicated that Src
played a major role in Stat3 activation and that activa-
tion of the Src—Stat3 pathway could inhibit the apopto-
sis induced by HF-LPLI.

Src is activated by HF-LPLI

To identify the involvement of Src in HF-LPLI-
induced apoptosis, we transfected cells with a Src
reporter plasmid that could be used to image and
quantify the spatiotemporal activation of Src in living
cells [16,18]. As shown in Fig. 4A, the YFP/CFP emis-
sion ratio quickly decreased after either 80 or
120 J-em™? HF-LPLI, indicating the rapid activation of
Src. From quantitative analysis of the YFP/CFP emis-
sion ratio of the Src reporter, we found that the
decrease in the YFP/CFP emission ratio peaked at
~ 5 min post-treatment, and remained relatively invari-
ant thereafter (Fig. 4B). In addition, 120 J-cm™>
HF-LPLI induced a more sharp decrease in the
YFP/CFP emission ratio than 80 Jem™> HF-LPLI,
showing that the level of Src activation was positively
correlated with the dose of HF-LPLI. Cells with no
treatment were used as the control (Fig. 4A). Epidermal
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Fig. 3. Src is involved in Stat3 activation under HF-LPLI. (A) Representative time-series images of Stat3—-YFP in cells after different treat-
ments (n = 5). Cells expressing Stat3-YFP were starved for at least 16 h and then treated with 80 or 120 J-cm~2 HF-LPLI in the presence of
PP1 (10 pm). The fluorescent images were recorded with an LSM510 microscope. Bar: 10 um. Src was involved in Stat3 nuclear transloca-
tion, because the nuclear accumulation of Stat3-YFP was much lower in HF-LPLI-treated cells in the presence of PP1 than in cells treated
with HF-LPLI alone (Fig. 1A). (B) Quantitative analysis of relative Stat3-YFP fluorescence emission intensities in the nucleus in cells that
received the indicated treatments. The data represent mean + SEM of five independent experiments (10 cells per condition). (C, D) Repre-
sentative western blotting assays for detection of the levels of endogenous Stat3 phosphorylation (Tyr705) at the indicated time points under
different treatments (n = 3). The data show that Src is essential for Stat3 activation, as indicated by the significant decrease in Stat3 phos-
phorylation levels in the presence of PP1 (10 pum) (C) or SU6656 (50 nm) (D) and the weak decrease in Stat3 phosphorylation levels in the
presence of AG490 (50 um) (E) under 120 J-cm~2 HF-LPLI. (F) Flow cytometry analysis for the levels of cell apoptosis 6 h after irradiation in
response to the indicated treatments, based on annexin V/PI| double staining. The data show that Src was the dominant upstream kinase of
Stat3 under HF-LPLI, and that Stat3 activation protects cells from HF-LPLI-induced apoptosis.
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Fig. 4. The activation of Src induced by HF-LPLI. (A) Representative pseudocolor image series of the YFP/CFP emission ratio at the indi-
cated time points upon stimulation with HF-LPLI (n = B). Cells expressing Src reporter were starved for at least 16 h, and then treated with
HF-LPLI at 80 or 120 J-cm™. EGF (50 ng'mL™") was used as a positive control to induce Src activation. The fluorescent images were
recorded with an LSM510 microscope. Bar: 10 pm. Both 80 and 120 J-cm™2 HF-LPLI caused Src activation, as indicated by the decrease in
the YFP/CFP emission ratio. (B) Quantitative analysis of the YFP/CFP emission ratio in cells that received the indicated treatments. The data
represent mean + SEM of five independent experiments (10 cells per condition). (C) Representative western blotting assay for detection of
the levels of Src phosphorylation (Tyr416) at the indicated time points after 120 J.cm™2 HF-LPLI (n = 3). The data show that HF-LPLI induces
Src activation, as indicated by the increase in the phosphorylation levels of Src. (D) Representative time-series images of Src-YFP membrane
translocation after HF-LPLI (n = 5). Cells expressing Src-YFP were starved for at least 16 h, and then treated with 80 or 120 J-cm™2 HF-LPLI.
Bar: 10 um. Both 80 and 120 J-cm™2 HF-LPLI caused Src activation, as indicated by the Src=YFP membrane translocation.

growth factor (EGF) was used as a positive control to induce the increase in phosphorylated Src (Tyr416)

induce Src activation, which was shown by a rapid and
robust decrease in the YFP/CFP emission ratio
(Fig. 4A,B).

Western blotting analysis was used to detect the
phosphorylation levels of Src on the activatory Tyr416
under HF-LPLI. An obvious increase in phosphory-
lated Src (Tyr416) levels was detected at 5 min after
120 J-em™ HF-LPLI, and the levels remained rela-
tively constant thereafter (Fig. 4C), indicating the
activation of Src. EGF was used as positive control to

FEBS Journal 277 (2010) 4789-4802 © 2010 The Authors Journal compilation © 2010 FEBS

levels.

To further confirm Src activation by HF-LPLI, we
observed the membrane translocation of Src, which was
accompanied by Src activation [19]. Cells were trans-
fected with Src—YFP, and after 48 h of expression, posi-
tive transfected cells were treated with HF-LPLI at 80
or 120 J-em ™. We found that Src was mainly present in
the perinuclear area and partly located at the cell mem-
brane with no treatment (Fig. 4D), indicating a low
level of Src activity. HF-LPLI at either 80 or 120 J-cm™>

4795
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resulted in the membrane translocation of Src at 5 min
post-treatment, and the membrane translocation
remained relatively steady thereafter, suggesting that
Src was activated by HF-LPLI (Fig. 4D). EGF was
used as a positive control to induce Src membrane
translocation (Fig. 4D).

ROS are essential for the activation of Stat3 and
Src induced by HF-LPLI

To detect the generation of ROS after HF-LPLI treat-
ment, cells were monitored by measuring changes in flu-
orescence resulting from the oxidation of intracellular
H,DCFDA (nonfluorescent) to DCF (fluorescent), and
the intensity of DCF fluorescence indicates the relative
amount of ROS production. Cells were incubated with
10 pmol H,DCFDA for 30 min in an incubator. The
typical time-course images of cells loaded with
H,DCFDA after laser irradiation are shown in Fig. 5A.
HF-LPLI at both 80 and 120 J-cm™? resulted in a grad-
ual increase of DCF fluorescence intensity, indicating
the generation of ROS. The DCF fluorescence intensity
reached a plateau ~ 60 min after laser irradiation of
120 J.cm™ (Fig. 5A.B) and after ~ 80 min after laser
irradiation of 80 J-cm™? (Fig. 5A,B). Cells with no treat-
ment were used as the control (Fig. 5A).

To confirm whether ROS are indispensable for Src
and Stat3 activation, we used the ROS scavenger vita-
min C to eliminate ROS generated by HF-LPLI, and
then detected the activity of Stat3. As shown in Fig. 5C,
the nuclear translocation of Stat3 induced by either 80
or 120 J~em™> HF-LPLI was totally blocked by vita-
min C pretreatment, indicating the critical role of ROS
in Stat3 activation. The quantitative analysis of Stat3
fluorescence intensities gave a similar result (Fig. 5D).

To further identify the essential role of ROS in Stat3
activation, we used western blotting analysis to detect
the phosphorylation levels of Stat3 (Tyr705) under
120 J-~cm™ HF-LPLI in the presence of vitamin C or
N-acetylcysteine (NAC). The results showed that the
increase in the phosphorylation levels of Stat3
(Tyr705) induced by HF-LPLI was completely abol-
ished when cells were preincubated with vitamin C
(Fig. SE) or NAC (Fig. 5F), suggesting that ROS were
essential for Stat3 activation.

To verify the critical role of ROS in Src activation
under 120 J.~em™ HF-LPLI, we detected the phos-
phorylation levels of Src (Tyr416) after HF-LPLI in
the presence of vitamin C. We found that the
increase in phosphorylation levels of Src (Tyr416)
was completely inhibited by vitamin C pretreatment
(Fig. 5G), indicating the critical role of ROS for Src
activation.

X. Sun et al.

Discussion

In the present study, we proved for the first time that
Stat3 is involved in HF-LPLI-induced apoptosis in
COS-7 cells. The salient findings of the present study
can be summarized as follows: (a) HF-LPLI activated
Stat3 in a time-dependent and dose-dependent manner;
(b) Stat3 activation inhibited HF-LPLI-induced apop-
tosis by inhibiting Bax activation; (c) Src was the
major upstream kinase of Stat3 activation under HF-
LPLI; and (d) ROS generation induced by HF-LPLI
was essential for activation of the Src—Stat3 signaling
pathway. In conclusion, these findings demonstrated
that the ROS-Src-Stat3 pathway mediated negative
feedback inhibition of apoptosis under HF-LPLI.

It is rational to speculate that the antiapoptosis target
proteins of Stat3 execute the inhibition of apoptosis
under HF-LPLI, as activated Stat3 molecules can
dimerize and accumulate in the nucleus, where they
induce transcription of many target genes, such as those
encoding Bcl-2, Bel-xL, Mcl-1, survivin, cyclin D1 and
c-Myc [20-22]. Bcl-2, Bel-xL and Mcl-1 are important
antiapoptotic Bcl-2 family proteins, and have been
reported to inhibit Bax activation under various apopto-
tic treatments [23]. In addition, Bax activation is an
important step during HF-LPLI-induced apoptosis [6].
Therefore, we believed that one of the crosslinks
between antiapoptotic pathways and proapoptotic path-
ways under HF-LPLI was Stat3, through transcriptional
upregulation of the Bcl-2 antiapoptotic proteins to
attenuate Bax activation. Our results supported this
view, because inhibition of Stat3 by DN Stat3(Y705F)
overexpression obviously promoted Bax activation
(Fig. 2B). On the other hand, the expression of survivin,
an inhibitor of apoptosis, has also been found to be
regulated by constitutively activated Stat3 in cancer cells
[24,25], and thus survivin may also participate in the
negative feedback inhibition of apoptosis induced by
HF-LPLI. Also, cyclin D1 and c-Myc have been
reported to potentially control the growth and survival
of cells [26], so these two proteins may also be involved
in the Stat3-mediated inhibition of apoptosis.

Why are Stat3—YFP fluorescence emission intensities
in the nucleus different at the zero time point? The
activity of Stat3 is low in COS-7 cells without any
treatment (Fig. 1A,C). However, the amount of Stat3
protein in the nucleus is different in separate cells, and
the possible reason may be that the microenvironments
of separate cells are different; for example, there are
different concentrations of growth factors and cyto-
kines. These factors could influence the activity of
Stat3, and thus influence the amount of Stat3 protein
in the nucleus.
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Fig. 5. HF-LPLI-induced activation of Stat3 and Src are both redox sensitive. (A) Representative time-series images of DCF staining after
HF-LPLI stimulation (n = 5). Cells were prestained with DCF, and then treated with 80 or 120 J-cm™ HF-LPLI. The fluorescent images were
recorded with an LSM510 microscope. Bar: 10 um. The data show the generation of ROS after HF-LPLI at both 80 and 120 J-cm™2. (B)
Quantitative analysis of relative DCF fluorescence intensities in cells that received the indicated treatments. The data represent mean +
SEM of five independent experiments (10 cells per conditions). (C) Representative time-series images after HF-LPLI stimulation in the pres-
ence of vitamin C (100 pm) (n = 5). Cells expressing Stat3-YFP were starved for at least 16 h, and then treated with 80 or 120 J.cm™2
HF-LPLI in the presence or absence of vitamin C. The fluorescent images were recorded with an LSM510 microscope. Bar: 10 um. The data
show that Stat3 activation is redox sensitive, as indicated by the abolition of the increase of Stat3-YFP intensities in the nuclei of cells prein-
cubated with vitamin C induced by 80 or 120 J-cm~? HF-LPLI. (D) Quantitative analysis of relative Stat3-YFP fluorescence emission intensi-
ties in nuclei of cells that received the indicated treatments. The data represent mean + SEM of five independent experiments (10 cells per
condition). (E-G) Representative western blotting assay for detection of the levels of Stat3 phosphorylation (Tyr705) and Src phosphorylation
(Tyr416) at the indicated time points after different treatments (n = 3). The data suggest that ROS are essential for the activation of Stat3
and Src.

FEBS Journal 277 (2010) 4789-4802 © 2010 The Authors Journal compilation © 2010 FEBS 4797



ROS-Src-Stat3 inhibits HF-LPLI-induced apoptosis

What is the mechanism of ROS generation under
HF-LPLI? It has been widely reported that light is
absorbed by endogenous photosensitizers (porphyrins
or cytochromes) that are predominantly located in the
plasma membrane, mitochondria or lysomes after
HF-LPLI, and the activation of photosensitizers results
in ROS production [27]. ROS, as common secondary
messengers, play important roles in photosignal trans-
duction. Vitamin C, as an important antioxidant that
protects organisms from oxidative stress, could scav-
enge the ROS generated by HF-LPLI [6]. Our data
showed that vitamin C pretreatment totally blocked
the activation of Stat3 and Src (Fig. 5), indicating the
essential role of ROS in Stat3 and Src activation. This
finding provides evidence regarding the important role
of ROS as secondary messengers in the stimulatory
effect of HF-LPLI.

What are the possible pathways of Src activation by
ROS generated by HF-LPLI? The activation of Src by
ROS can be partially explained by the ability of ROS
to oxidize thiol groups in Src or to inactivate protein
tyrosine phosphatases (PTPs). ROS can directly oxidize
specific cysteines in Src, resulting in a conformational
change that is necessary for Src activation. Redox regu-
lation is considered to be a key feature of Src function
[28]. Besides direct oxidation, ROS are widely accepted
as inactivating PTPs [29], thereby shifting the equilib-
rium in favor of kinase activation [30,31]. Transient
inactivation of PTPs by ROS generated by B-lympho-
cyte antigen receptor activation is considered to be
sufficient to activate the Src family kinase Lyn [32].

Is Stat3 activation a general event in response to dif-
ferent apoptotic stimuli besides HF-LPLI? We used STS
(1 uM) to induce apoptosis, and showed that Stat3 was
not activated in the apoptosis of COS-7 cells (data not
shown). STS is a traditional apoptosis-inducing agent.
STS stimulation engages a cell death pathway involving
ROS production and mitochondrial dysfunction in
PC12 cells [33]. Otherwise, STS at a relatively low
concentration (50 nMm) is widely used as a broad ser-
ine/threonine kinase inhibitor, and has been shown to
have no significant effect on the activation of Stat3 [34].
However, the reason why Stat3 is activated by HF-LPLI
but not by STS has not been confirmed. The differences
in the apoptotic processes induced by HF-LPLI and
STS could provide a theoretical basis for their use.

The mechanism of apoptosis induced by HF-LPLI is
not well understood. Knowledge of such a mechanism
is necessary for the clinical application of low-power
laser therapies. It can provide a new stimulator to trig-
ger cell apoptosis, as it is well known that apoptosis
plays an important role in physiological and pathologi-
cal conditions [35,36].
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Fig. 6. Model of the negative feedback inhibition induced by Stat3
activation on stimulation with HF-LPLI. ROS are generated through
activation of endogenous cell chromophores by HF-LPLI, and ROS
generation induces Bax oligomerization and cell apoptosis. At the
same time, the ROS-Src-Stat3 pathway is activated, and the antia-
poptosis target proteins are expressed. These proteins are respon-
sible for the inhibition of Bax activation, and thus inhibit apoptosis.

In conclusion, we have shown the activation of the
ROS-Src-Stat3 signaling pathway in COS-7 cells
stimulated with HF-LPLI, and that activation of this
pathway mediates negative feedback inhibition of
HF-LPLI-induced apoptosis (Fig. 6). Intracellular nega-
tive feedback mechanisms can act in a cell-autonomous
manner in downregulating pathway activity during evo-
lution. These mechanisms provide effective ways of
modulating the cellular response to an instructive signal
within cells, and have been widely used to regulate the
activity of signaling pathways [37]. The discovery of the
unique signaling pathway in our research will enhance our
current understanding of negative feedback mechanisms.

Experimental procedures

Chemicals and antibodies

Lipofectamine 2000 Reagent was purchased from Invitro-
gen (Carlsbad, CA, USA). Recombinant human IL-6 was
purchased from Peprotech (Rocky Hill, NJ, USA). EGF
(diluted in dimethylsulfoxide) was purchased from Pepro-
Tech (Rocky Hill). Vitamin C was purchased from Sigma
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(St Louis, MO, USA). PP1 was purchased from Invitrogen
(Carlsbad, CA, USA). H,DCFDA was purchased from
Dojindo Laboratories (Kumamoto, Japan). SU6656 and
AG490 were purchased from CalBiochem (La Jolla, CA,
USA). Antibodies against Stat3 and phosphorylated Stat3
(Tyr705) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Antibody against Src was purchased
from Cell Signaling Technology (Beverly, MA, USA). Anti-
body against phosphorylated Src (Tyr416) was purchased
from Upstate Biotechnology (New York, NY, USA).

Construction of siRNA expression vectors of
Stat3

An siRNA target located in the SH2 domain of Stat3
(nucleotides 2144-2162; Genbank accession no. NM00315)
was chosen for use [38]. The sequence of Stat3-specific hair-
pin RNA is as follows: GCAGCAGCTGAACAACATGT
TCAAGAGACATGTTGTTCAGCTGCTGCTTTTT. This
oligonucleotide contains a sense strand of 20 nucleotides
followed by a short spacer (loop sequence: TTCAAGA
GA), the antisense strand, and five Ts (terminator).

Cell culture and transfection

COS-7 cells were cultured in DMEM (Life Technologies,
Grand Island, NY, USA) supplemented with 15% fetal
bovine serum (Gibco, Grand Island, NY, USA), 50 U'mL™'
penicillin, and 50 mgmL™" streptomycin. Cells were grown
at 37 °C in a water-saturated atmosphere at 5% CO,.
Transfection of all plasmids and Stat3 siRNA was carried
out with Lipofectamine 2000, according to the manufac-
turer’s instructions.

HF-LPLI

For irradiation of cells in confocal experiments, a 633 nm
He—Ne laser inside a confocal laser scanning microscope
(LSM510-ConfoCor2; Zeiss, Jena, Germany) was used.
Laser irradiation was performed through the objective lens
(x 40/NA1.3) of the inverted microscope in laser scanning
mode. In this setup, only the cells under observation were
irradiated by the laser. The output laser power through the
objective lens was measured with a power meter. The cells
in the selected area were irradiated for 10 min with fluences
of 80 or 120 J-em™. For irradiation of cells in other experi-
ments, an He-Ne laser (HN-1000; Guangzhou, China;
633 nm) was used to irradiate cells for 10 min with fluences
of 20, 50, 80, 120 and 240 J-cm™, respectively.

Imaging analysis of living cells

For imaging of single cells, the confocal laser scanning
microscope system (LSM510-ConfoCor2) was used. The

ROS-Src-Stat3 inhibits HF-LPLI-induced apoptosis

system was equipped with an Ar ion laser (30 mW) and an
He—Ne laser (5 mW) for excitation illumination. To avoid
fluorescence saturation and bleaching, the illumination
power was reduced from 3% to 0.3% of the maximum
power of the excitation lasers. All images were recorded
with a Plan-Neofluar x 40/NA1.3, oil-immersed objective
lens before and after laser irradiation. Cells were also main-
tained at 37 °C and 5% CO; during imaging with the mini-
type culture chamber. The imaging process was as follows.
Stat3-YFP, DN Stat3(Y705F)-YFP and Src-YFP were
excited with the Ar ion laser: 514 nm excitation wavelength,
458/514 nm main dichroic beam splitter, and 530 nm long-
pass emission detection filter. CFP-Bax was excited with
the Ar ion laser: 458 nm excitation wavelength, 458 nm
main dichroic beam splitter, and 470-500 nm bandpass
emission detection filter.

Fluorescence resonance energy transfer (FRET)
analysis of Src reporter

COS-7 cells transfected with Src reporter were grown in
DMEM for 36 h, and FRET analysis was performed on a
commercial Laser Scanning Microscope (LSM510/Confo-
Cor2) combination system (Zeiss). The Src reporter is com-
posed of CFP, the SH2 domain, a flexible linker, the Src
substrate peptide and YFP. Before Src phosphorylation,
the juxtaposition of CFP and YFP yields a high FRET. On
Src phosphorylation, the substrate peptide can bind to the
phosphopeptide-binding pocket of the SH2 domain and
separate YFP from CFP, thus decreasing the FRET [16,18].

For excitation, the 458 nm line of an Ar ion laser was
attenuated with an acousto-optical tunable filter, reflected by
a dichroic mirror (main beam splitter HFT458), and focused
through a Zeiss C-Apochromat x 40/NA1.3 objective onto
the sample. The emission fluorescence was split by a second
dichroic mirror (secondary beam splitter NFT515) into two
separate channels: the 470-500 nm bandpass (CFP channel)
and the 530 nm long pass (YFP channel). For intracellular
measurements, the desired measurement position was chosen
in the laser scanning microscope image. After the whole area
of observed cells had been chosen, the average fluorescence
intensities of CFP and YFP channels and the background
were obtained. The background-subtracted fluorescence
intensity of YFP divided by the background-subtracted
fluorescence intensity of CFP is the YFP/CFP ratio. For
each experiment, the YFP/CFP ratio over time was normal-
ized to 1 at the zero time point. The cell images were
presented in pseudocolor to highlight the changes in the
YFP/CFP fluorescence intensity ratio over time.

Morphological examination of apoptotic cells

As a direct confirmation, cell apoptosis was morphologi-
cally evaluated by nuclear staining with Hoechst 33258 dye.
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Cells (1 x 10°) were treated with HF-LPLI (120 J-cm ™) and
incubated for 3 and 6 h in 35 mm dishes. Hoechst 33258
(10 pgmL™") was added to the dishes, and the cells were
incubated at 37 °C for 30 min in the dark. Fluorescence
images of the normal and apoptotic cells were examined
with a modified commercial microscope system equipped
with a mercury lamp (bandpass filter: 365 £ 6 nm), a
395 nm dichroic mirror and a longpass 397 nm emission
filter (LSM510/ConfoCor2; Zeiss). The fluorescence images
were collected via a Zeiss C-Apochromat objective
(x 40/NA1.3).

Western blotting assay

For western blotting assays, cells were plated in 6 cm Petri
dishes. Briefly, cells were washed three times with precooled
NaCl/P; before being scraped. The treated or untreated
cells were lysed in a buffer containing 50 mm Tris/HCI
(pH 8.0), 150 mm NaCl, 1% Triton X-100, 1 mM Na3;VOy,
100 mM phenylmethanesulfonyl fluoride and protease inhib-
itor cocktail set I (Calbiochem). The samples were sepa-
rated by 10% SDS/PAGE and transferred onto a
poly(vinylidene difluoride) membrane (Millipore, Eschborn,
Germany). The resulting membrane was blocked with 5%
skimmed milk, and incubated with a designated primary
antibody and the secondary antibody. The signals were
detected with an ODYSSEY Infrared Imaging System
(LI-COR; Lincoln, NE, USA). The following antibodies
were used for immunoblotting: antibody against phosphor-
ylated Stat3 (Tyr705), antibody against phosphorylated Src
(Tyr416), IRDye 700 CW anti-(rabbit IgG), and Alexa -
Fluor 800 goat anti-(mouse IgG).

Quantitative analysis of cell apoptosis

For flow cytometry analysis, annexin V-FITC conjugate,
PI dyes and binding buffer were used as standard reagents.
The analysis was performed on a FACScanto II flow
cytometer (Becton Dickinson, Mountain View, CA, USA)
with excitation at 488 nm. Fluorescence emission of FITC
was measured at 515-545 nm, and fluorescence emission of
DNA-PI complexes was measured at 564-606 nm. Cell
debris was excluded from analysis by an appropriate for-
ward light scatter threshold setting. Compensation was used
wherever necessary.

Statistics

All assays were performed at least three times. All error
bars represent standard error of the mean (SEM) (n > 3).
For statistical evaluation, Student’s paired z-test was used,
and significance was defined as P < 0.05. For fluorescence
emission intensity analysis, a background subtraction was
performed for all of the data.
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