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Abstract: STAT3 is a transcription factor that regulates various cellular processes with oncogenic
potential, thereby promoting tumorigenesis when activated uncontrolled. STAT3 activation is medi-
ated by its tyrosine phosphorylation, triggering dimerization and nuclear translocation. STAT3 also
contains a serine phosphorylation site, with a postulated regulatory role in STAT3 activation and
G2/M transition. Interleukin-6, a major activator of STAT3, is present in elevated concentrations in
uveal melanomas, suggesting contribution of dysregulated STAT3 activation to their pathogenesis.
Here, we studied the impact of chelidonine on STAT3 signaling in human uveal melanoma cells.
Chelidonine, an alkaloid isolated from Chelidonium majus, disrupts microtubules, causes mitotic
arrest and provokes cell death in numerous tumor cells. According to our flow cytometry and
confocal microscopy data, chelidonine abrogated IL-6-induced activation and nuclear translocation,
but amplified constitutive serine phosphorylation of STAT3. Both effects were restricted to a fraction
of cells only, in an all-or-none fashion. A partial overlap could be observed between the affected
subpopulations; however, no direct connection could be proven. This study is the first proof on a
cell-by-cell basis for the opposing effects of a microtubule-targeting agent on the two types of STAT3
phosphorylation.

Keywords: STAT3 signaling; chelidonine; interleukin-6; flow cytometry; confocal microscopy;
uveal melanoma

1. Introduction

Signal transducer and activator of transcription-3 (STAT3) belongs to the family of
latent transcription factors that reside predominantly in the cytoplasm of resting cells.
Activation of STAT3 requires phosphorylation on the tyrosine 705 residue, which is fol-
lowed by its dimerization and nuclear translocation. STAT3 in the nucleus initiates the
transcription of a vast range of genes playing a pivotal role in various biological processes
with oncogenic potential (e.g., cell proliferation, anti-apoptotic processes, cell migration,
etc.). Consequently, uncontrolled (prolonged or constitutive) activation of STAT3 may lead
to dysregulation of target gene expression, thereby promoting malignant transformation
and tumor cell survival [1–3].

STAT3 is activated by multiple cytokines and growth factors, including the pro-
inflammatory interleukin-6 (IL-6). IL-6 acts through a multimeric receptor complex com-
prising the cytokine-specific α-chain (IL-6Rα) and the signaling glycoprotein 130 (gp130)
subunit shared with other members of the IL-6R family [4]. Binding of IL-6 to IL-6Rα trig-
gers homo-dimerization and subsequent trans-phosphorylation of gp130 by Janus kinase
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(Jak)-family tyrosine kinases associated constitutively with gp130. Consequently, STAT3
is recruited to the receptor complex via its SH2 domain and becomes phosphorylated by
the same tyrosine kinases. Under physiological conditions, tyrosine phosphorylation of
STAT3 is controlled strictly by a couple of negative regulators (e.g., PIAS, SOCS and PTP)
and has a transient time-course [5]. Dysregulation of the IL-6/gp130/STAT3 pathway is
closely associated with the development of a variety of human malignancies, including
melanomas [2,6–8].

Uveal melanoma is the most common primary intraocular malignancy in adults with
a high susceptibility for metastasis resulting in poor prognosis [9,10]. Vitreous fluid of eyes
with melanoma was shown previously to contain an elevated level of IL-6 (along with
other cytokines/chemokines) compared to the healthy counterparts, suggesting that—via
the prolonged activation of STAT3—it may contribute to the formation and maintenance of
these tumors [11–13].

STAT3 can also be phosphorylated at the serine 727 residue, which is the target of
various Ser/Thr kinases (e.g., MAP kinases, mTOR, CDK1, etc.) [14–16]. The exact role of
serine phosphorylation in STAT3 function is still debated. Compelling evidence supports
that it is required for the maximal transcriptional activity of STAT3 through recruiting tran-
scriptional cofactors [16]. On the other hand, suppression/negative modulation of STAT3
activation by serine phosphorylation was reported in a variety of cell types, including
human liver cancer cells [17]. The amount of pSer-STAT3 is elevated during mitosis, and so
presumably has a crucial role in the onset of M phase [14].

Chelidonine, isolated from Chelidonium majus L., belongs to the family of benzophen-
atridine alkaloids. These compounds exhibit a wide range of pharmacological activities,
including antitumor, anti-inflammatory and antimicrobial effects, among others [18,19].
Chelidonine was reported previously to exert cell growth inhibitory effects via the induc-
tion of apoptosis (and necrosis) in numerous human cancer cell types, including uveal
melanomas [20–23]. Possibly acting at the colchicine-binding site of microtubules, cheli-
donine was shown to disrupt the structure and dynamics of the microtubular system and
arrest cells in the G2/M phase of the cell cycle [22,24–26].

Microtubule-targeting agents (MTAs) constitute one of the major groups of chemother-
apeutic drugs, widely used in combinational chemotherapy of solid tumors and hematolog-
ical malignancies [27]. The common feature of their action is interfering with microtubular
dynamics by either inhibiting or promoting polymerization of microtubules, which con-
sequently leads to mitotic block and finally cell death. Accumulating evidence suggests
that the actions of MTAs are much more complex than thought originally and not re-
stricted to dividing cells [28]. Among others, several members of the MTA family were
shown previously to interfere with STAT3 signaling, affecting both activation and serine
phosphorylation of the transcription factor [29,30].

Taking into account the similarities between the actions of MTAs and chelidonine,
the question arises whether chelidonine has an impact on STAT3 signaling. Therefore,
we studied the potential effects of this alkaloid on serine and IL-6-induced tyrosine phos-
phorylation of STAT3 in human uveal melanoma cells using flow cytometry and confocal
microscopy. These approaches make it possible to investigate intact or quasi-intact cells on
a cell-by-cell basis, allowing us to reveal possible heterogeneities within the cell population,
as well as to correlate the observed effects with each other.

According to our results, chelidonine increased the efficiency of constitutive serine
phosphorylation, whereas it abrogated IL-6-induced tyrosine phosphorylation and nuclear
translocation of STAT3 in the investigated human uveal melanoma cells. Both effects
were restricted to only a fraction of cells in an all-or-none fashion. While the loss of IL-6
inducible STAT3 activation was permanent during the time course of the experiment,
elevation of pSer-STAT3 level appeared to be a transient effect. We were able to detect
a subpopulation of cells where both types of STAT3 phosphorylation were affected by
chelidonine. Chelidonine reduced cell surface expression of gp130, but did not alter that of
IL-6Rα or the level of total STAT3.
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Taken together, our results demonstrated the involvement of STAT3 signaling in
the mechanism of action of chelidonine in human uveal melanoma cells, which raises
the applicability of this alkaloid in the combinational or multimodal therapies of uveal
melanomas and possibly other solid tumors. In addition, we also demonstrated that
techniques capable of providing cell-by-cell data might extend our understanding of
signaling processes.

2. Results
2.1. Chelidonine Abrogates IL-6-Induced Activation of STAT3 in Uveal Melanoma Cells

To investigate the potential impact of chelidonine on the activation (i.e., tyrosine
phosphorylation) of STAT3, OCM-1 and OCM-3 uveal melanoma cells were cultured for
24 h in the presence of chelidonine or DMSO alone (vehicle control) and then stimulated
with IL-6. Efficiency of STAT3 activation was assessed by flow cytometry detecting the
binding of anti-pTyr-STAT3 mAbs.

IL-6 evoked tyrosine phosphorylation of STAT3 in ~85% and ~80% of control (DMSO-
treated) OCM-1 and OCM-3 cells, respectively (Figure 1). A fraction of cells remained
nonresponsive in terms of STAT3 activation in both cell lines. Chelidonine exerted a bipar-
tite effect; while it significantly increased the portion of cells with reduced responsiveness
to IL-6 in terms of STAT3 activation, the rest of the cells retained their responsiveness. Cells
still responsive to IL-6 after chelidonine treatment displayed IL-6-induced pTyr-STAT3
levels similar to those of cells not treated with chelidonine, as demonstrated by the flow
cytometry intensity histograms shown in Figure 1. The basal level of pTyr-STAT3 (in cells
not treated with IL-6) was not significantly affected by the alkaloid (Figure 1A–F). As it is
shown in the Supplementary section (Figure S1), DMSO did not influence the activation
pattern of STAT3; therefore, the effects observed upon chelidonine treatment could be
entirely attributed to the alkaloid.
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Figure 1. IL-6 induced tyrosine phosphorylation of STAT3 is abolished completely by chelidonine in
a significant portion of OCM-1 and OCM-3 human uveal melanoma cells. (A–F) Representative flow
cytometric intensity histograms demonstrate cell-by-cell distribution of pTyr-STAT3 levels in DMSO-
and chelidonine-treated cells. Dark and light grey histograms correspond to IL-6-stimulated and
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unstimulated cells, respectively, whereas the empty histograms represent unlabeled cells (back-
ground). (G,H) Bar charts demonstrate the percentage of IL-6 nonresponsive cells and that of dead
cells (grey and black bars, respectively) for DMSO- and chelidonine-treated OCM-1 and OCM-3
cell lines. The values for dead cells represent the fraction of apoptotic and necrotic cells combined.
Percentages are expressed as the mean± SD values of at least three independent experiments, p-value
< 0.001 (***). The fraction of IL-6 nonresponsive cells increased significantly upon 1 or 4 µg/mL
chelidonine treatment as compared to control (DMSO-treated) samples for both cell lines (p < 0.001,
not indicated on the figure). Cells treated with chelidonine (1 or 4 µg/mL) or DMSO (vehicle control)
for 24 h were incubated either in the presence of IL-6 (20 ng/mL) or alone for 30 min at 37 ◦C.
Cells were then subjected to immunofluorescence staining using Alexa Fluor 647-conjugated mAbs
specific for pTyr-STAT3, and analyzed by flow cytometry (n = 10,000 cells/sample). Bar charts: The
percentage of IL-6 nonresponsive cells was determined by the evaluation of flow cytometric data
detected for IL-6 stimulated cells as described in the Materials and Methods. The fraction of dead
cells was determined based on Annexin-V and PI staining of DMSO- or chelidonine-treated cells
without IL-6 stimulation. (b.g.: background, CE: chelidonine, pTyr-STAT3: STAT3 phosphorylated on
the tyrosine 705 residue, w/o: without).

Chelidonine caused cell death in the doses applied in our experiments in both cell
lines [20]. However, the fraction of dead cells was significantly lower than that of cells with
reduced pTyr-STAT3 level, even for the higher concentration of the alkaloid (4 µg/mL); i.e.,
it can be excluded that abrogated responsiveness to IL-6 simply reflects the reduced cell
viability (Figure 1). Total STAT3 levels in the vast majority of cells did not change upon
chelidonine treatment (Figure S2); therefore, decreased expression of STAT3 can also be
ruled out behind the observed effect.

2.2. Chelidonine Increases the Basal Level of Serine-Phosphorylated STAT3

As a next step, we checked whether chelidonine influences phosphorylation of STAT3
on the serine 727 residue, a potential regulator of the transcriptional activity of STAT3, by
using flow cytometry. Contrary to pTyr-STAT3, the basal level of pSer-STAT3 rose dramati-
cally upon chelidonine treatment in a significant fraction of the cells (Figures 1 and 2).
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Figure 2. Serine phosphorylation of STAT3 is enhanced by chelidonine in a significant portion of
OCM-1 and OCM-3 cells. (A–F) Representative flow cytometric intensity histograms demonstrate
cell-by-cell distribution of pSer-STAT3 levels in DMSO- and chelidonine-treated cells. The thick black
line and the filled grey histograms belong to IL-6-stimulated and unstimulated cells, respectively,
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whereas the dashed line histograms represent unlabeled cells (background). (G,H) Bar charts
demonstrate the fraction of cells with increased levels of pSer-STAT3 for DMSO- and chelidonine-
treated OCM-1 and OCM-3 cells. Grey and black bars represent IL-6-stimulated and unstimulated
cells, respectively. Percentages are expressed as the mean ± SD values of at least three independent
experiments, p-value < 0.001 (***). Cells treated with chelidonine (1 or 4 µg/mL) or DMSO (vehicle
control) for 24 h were incubated either in the presence of IL-6 (20 ng/mL) or alone for 30 min at
37 ◦C. Cells were then stained with PE-conjugated mAbs specific for pS727-STAT3 and analyzed by
flow cytometry (n = 10,000 cells/sample). (b.g.: background, CE: chelidonine, pSer-STAT3: STAT3
phosphorylated on the serine 727 residue, w/o: without).

This effect could be observed in both cell lines; however, the fraction of affected cells
was somewhat lower for OCM-3 cells. In the rest of the cells, the level of pSer-STAT3 was
similar to those of non-treated samples. Addition of IL-6 only slightly (if at all) altered
the level of serine phosphorylated STAT3 as compared to the unstimulated counterparts
(Figure 2).

2.3. The Fractions of Cells with Reduced IL-6 Responsiveness and Elevated pSer-STAT3 Level
Follow Distinct Kinetics, with an Increasing Partial Overlap between the Affected Subpopulations

Next, we checked the time dependency of the effects exerted by chelidonine on serine
and tyrosine phosphorylation of STAT3, and the potential correlation between the two
effects. The concomitant binding of mAbs, specific to the two types of phosphorylated
STAT3, was followed by flow cytometry at three time points. The dot plots in Figure 3A
show the correlated levels of pTyr- and pSer-STAT3 for a representative experiment in
cells cultured with chelidonine (or DMSO alone) for 6, 12 and 24 h, and then stimulated
with 20 ng/mL IL-6 for 30 min. Chelidonine was used at a concentration of 1 µg/mL to
minimize cell death.

We have demonstrated that, similar to the 24-h treatment, chelidonine abrogated IL-6-
induced tyrosine phosphorylation of STAT3 and increased the basal level of pSer-STAT3 in
a significant portion of cells after the shorter incubations. Responsiveness to IL-6 decreased
monotonously with time upon chelidonine treatment as shown by the increase of the
fraction of cells with low tyrosine phosphorylation (pTyr-STAT3LOW) (Figure 3A UL and
LL quadrants, Figure 3B top panel). On the other hand, the fraction of cells with elevated
pSer-STAT3 levels (pSer-STAT3HIGH) exhibited biphasic behavior with the duration of
chelidonine treatment; it increased up to ~40% after 12 h, followed by a backdrop to ~20%
after 24 h (Figure 3B middle panel, Figure 3A UL and UR quadrants). The observed changes
were statistically significant both for the 6-h vs. 12-h and for the 12-h vs. 24-h comparisons
(p < 0.001, not indicated on Figure 3B). Based on our data it can also be concluded that
chelidonine exerts an all-or-nothing effect on both types of phosphorylation, regardless of
the duration of the treatment (Figure 3A).

After 24 h chelidonine treatment, the majority of pSer-STAT3HIGH cells had low tyro-
sine phosphorylation, meaning that they were unresponsive to IL-6 stimulation (Figure 3A,
lowermost panel), indicating a possible correlation between the effects of chelidonine.
These data were corroborated by the microscopic inspection of cells (Figure 3C,D), showing
an increase of the pTyr-STAT3LOW fraction as well as a decreased tendency of nuclear
translocation of pTyr-STAT3 in cells with elevated pSer-STAT3 levels. Further represen-
tative microscopic images, including images recorded for IL-6-nonstimulated cells, are
provided in the Supplementary section (Figure S3). However, a significant fraction of cells
with an elevated basal pSer-STAT3 level was still responsive to IL-6 stimulation in the case
of shorter incubations (Figure 3A UR quadrant); this fraction decreased monotonously
with time (Figure 3B, bottom panel). It should be noted that there is an IL-6-nonresponding
(pTyr-STAT3LOW) subpopulation among those cells whose pSer-STAT3 levels were not
increased by chelidonine (Figure 3A, LL quadrant).
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Figure 3. Subpopulations of OCM-1 cells with reduced IL-6 responsiveness and elevated pSer-STAT3
level overlap partially with each other. (A) Representative flow cytometry dot plots of pSer-STAT3
vs. pTyr-STAT3 levels in OCM-1 cells incubated for the indicated durations with chelidonine (right
panels) or DMSO (left panels). n = 10,000 cells/sample were measured. Before analysis, cells were
stimulated with IL-6 (20 ng/mL, 30 min) and labeled with Alexa Fluor 647- and PE-conjugated
mAbs targeting pTyr-STAT3 and pSer-STAT3. (UL: upper left, UR: upper right, LL: lower left, LR:
lower right) (B) Time dependence of the effects of chelidonine on the phosphorylation state of
STAT3 in OCM-1 cells. The top and middle panels show the fraction of IL-6 unresponsive cells
(in terms of STAT3 activation, pTyr-STAT3LOW) and that of cells with elevated pSer-STAT3 levels
(pSer-STAT3HIGH), respectively, for DMSO- (black bars) and chelidonine-treated (grey bars) cells. The
bottom panel depicts the fraction of cells with elevated pSer-STAT3 levels, induced by chelidonine
treatment, which are still responsive to IL-6-induced tyrosine phosphorylation (pTyr-STAT3HIGH/
pSer-STAT3HIGH) (UL, UR, LL and LR refer to the respective fractions of cells in part A). The
percentage of cells was determined with quantitative analysis of flow cytometry dot plots shown in
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part A. Percentages are expressed as mean ± SD values for at least three independent experiments,
p-value < 0.001 (***) or < 0.01 (**). (C) Confocal microscopy images depict subcellular localization of
pTyr- and pSer-STAT3 in DMSO- (top panels) and chelidonine-treated (bottom panels) cells. Images
in the first column show nuclei stained with DAPI (grey), whereas images in the second and third
columns represent subcellular distribution of pTyr-STAT3 (red) and pSer-STAT3 (green). Overlay
images (last column) show co-localization of the labels. For microscopy experiments, cells were
cultured in the presence of chelidonine or DMSO for 24 h and then processed as described in part A.
(D) Representative dot plots demonstrate the correlated levels of nuclear pTyr-STAT3 and whole cell
pSer-STAT3 in DMSO- (left panel) and chelidonine-treated cells (right panel) with and without IL-6
stimulation (red and black dots, respectively). Fluorescence intensities, representing average values
of single nuclei or single cells, were derived from at least 40 images (number of analyzed cells > 1500),
for which a representative series is shown in part B, after segmentation. (CE: chelidonine, pTyr- and
pSer-STAT3: STAT3 phosphorylated on the tyrosine 705 and serine 727 residues, respectively).

2.4. Chelidonine Modifies the Expression of IL-6/gp130 Receptor Subunits

We also analyzed the effect of chelidonine on the expression levels of gp130 and
IL-6Rα, the two subunits of the functional IL-6 receptor, in both cell lines (Figure 4).
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Figure 4. Chelidonine decreases the expression of gp130 in the cell membrane in OCM-1 and OCM-3
cell lines. (A–D) Representative flow cytometric histograms demonstrating the expression level
of gp130 receptor subunits in DMSO- (light grey) and chelidonine-treated (dark grey) cells. The
unlabeled DMSO-only-treated cells are depicted as empty dashed histograms. (E) Percentages of cells
with reduced gp130 expression (OCM-1: black bars; OCM-3: grey bars). Percentages are expressed
as mean ± SD values for at least three independent experiments, p < 0.001 (***). Cells treated with
chelidonine (1 or 4 µg/mL) or DMSO for 24 h were stained with PE-conjugated mAb specific for
gp130 and analyzed by flow cytometry (n = 10,000 cells/sample). (b.g.: background, CE: chelidonine).

According to our flow cytometry results, the expression level of gp130 decreased in
a significant portion of both cell types upon chelidonine treatment after 24 h (Figure 4).
The percentage of affected cells was approximately twice as much in OCM-3 as in OCM-1
cells. At the same time, the alkaloid did not affect the expression of the IL-6Rα subunits
significantly (Figure S4).

3. Discussion

Herb-derived natural products, interfering with STAT3 signaling in tumor cells, are
promising therapeutic agents in cancer treatment [31]. Many of them are already in use,
whereas others are undergoing clinical trials. Here we show that chelidonine, the ma-
jor alkaloid component of Chelidonium majus L., exerts opposing effects on IL-6-induced
activation and constitutive serine phosphorylation of STAT3 in human uveal melanoma
cells. Chelidonine was found to reduce the viability of numerous cancer cell types, to bind
weakly to tubulin, and to inhibit microtubule polymerization [20–24]. The microtubule
stabilizer paclitaxel and MT-destabilizing vinorelbine were shown previously to inhibit
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both constitutive and cytokine-induced tyrosine phosphorylation of STAT3 with a con-
comitant increase in the extent of its constitutive serine phosphorylation in human breast,
ovarian and prostate cancer cell lines [29,30]. Nocodazole, which is also a MT-destabilizing
agent, changed the constitutive level of both types of STAT3 phosphorylation in HeLa
and transfected HEK293 cells [14]. Our results on the effects of chelidonine are in good
accordance with the above-mentioned findings. With the exception of constitutive tyrosine
phosphorylation, which remained unaffected in the investigated uveal melanoma cells, che-
lidonine influenced both IL-6 induced activation and constitutive serine phosphorylation
of STAT3 in a similar fashion.

Contrary to the cited data, which were derived from isolates of bulk cell suspensions,
our flow cytometric approach made it possible to assess the effects of chelidonine on a cell-
by-cell basis. This way we were able to demonstrate that the effects evoked by chelidonine
are not homogenous throughout the entire cell population; instead, only a fraction of
cells was affected even after the longest treatment applied, in an “all-or-none” fashion
(i.e., the phosphorylation profile of STAT3 was either affected or remained unchanged).
Chelidonine affected tyrosine and serine phosphorylation of STAT3 in distinct ways. The
fraction of cells with abrogated capability for STAT3 tyrosine phosphorylation increased
monotonously with time and persisted for the duration of our experiments, whereas the
effect on serine phosphorylation was shorter-term; the percentage of pSer-STAT3HIGH cells
eventually declined after the initial rise.

The level of pSer-STAT3 coincided strongly with the activity of Cdk1 (a kinase capable
of STAT3 serine phosphorylation) in serum-deprived HeLa cells released from the G0/G1
block, indicating that the increased level of pSer-STAT3 is a normal cell cycle event associ-
ated with the onset of mitosis [14]. It is plausible to assume that the transient effect exerted
by chelidonine on the level of pSer-STAT3 in our experiments reflects the same cyclicality,
i.e., chelidonine interferes with the machinery leading to activation of Cdk1. This hypoth-
esis is supported by previous data demonstrating that the initial upregulation of cyclin
B level, the activator for Cdk1, was followed by a decline upon chelidonine treatment in
a gastric cancer cell line [21]. Furthermore, the level of pSer-STAT3 changed in a similar
fashion in nocodazole-treated HeLa cells, where Cdk1 was active, whereas the total level of
STAT3 did not change [14]. According to our microscopy data, chelidonine-induced serine
phosphorylation of STAT3 presumably happens in the cytosol. Although Cdk1-cyclin B
complexes translocate rapidly to the nucleus after being activated in the cytosol, a sig-
nificant fraction of active complexes remains in the cytosol, which might account for the
observed rise in the pSer-STAT3 level [32,33].

Integrating our own results with data available in the literature, it seems that (at least)
two cellular pools of pSer-STAT3 exist, which probably rely on the action of different sets
of kinases (and other regulators). A certain level of pSer-STAT3 (either constitutive or
inducible) seems to be essential for the optimal canonical function of STAT3 in melanoma
cells [34]. Consistent with these data, basal serine phosphorylation of STAT3 in the uveal
melanoma cells investigated in our study did not prevent the activation and nuclear
translocation of STAT3 under normal circumstances, i.e., without alkaloid treatment. The
second pool of pSer-STAT3 is normally associated with the onset of mitosis, but can also be
induced by different stress factors, e.g., UV-irradiation or MTAs [14,30,35]. According to our
data, chelidonine affected the mechanisms contributing to this second pool of pSer-STAT3
only; those responsible for the original basal level of serine phosphorylation remained
unaffected, as suggested by transiency of the effect. Chelidonine may switch on/accelerate
the machinery required for serine phosphorylation of STAT3 (e.g., Cdk1), but probably
does not alter negative regulators leading to dephosphorylation of STAT3 on the serine
residue, which could account for the reversibility of the process. The percentage of cells in
the G2/M phase of the cell cycle significantly exceeded the percentage of pSer-STAT3HIGH

cells for each time point confirming that elevated levels of pSer-STAT3 are present only in
the initial phase of mitosis and are not required, at least directly, for the cell cycle arrest
caused by chelidonine (Figure S5).
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Combining flow cytometry and microscopy data, we demonstrated that elevated levels
of pSer-STAT3 are accompanied with the abrogation of both IL-6-stimulated activation
and subsequent nuclear translocation of STAT3 in the majority of affected cells after 24 h
chelidonine treatment. These data suggest a potential correlation between the observed
effects of chelidonine on the two types of STAT3 phosphorylation. A significant fraction of
pSer-STAT3HIGH cells could still respond to IL-6 stimulation with STAT3 activation after
the shortest (6-h) treatment, indicating that the effects responsible for augmented serine
phosphorylation precedes those leading to abrogated IL-6 responsiveness. Consequently,
direct connection between the two effects can probably be excluded. The fraction of IL-6
responsive cells in the pSer-STAT3HIGH subpopulation decreased monotonously with the
duration of the treatment, making the postulated correlation more pronounced with time.

In light of the above, the question arises whether there is a causal relationship between
the elevated serine and abrogated tyrosine phosphorylation of STAT3 elicited by chelido-
nine. UV-induced upregulation of pSer-STAT3 in parallel with the repression of STAT3
activation and function was demonstrated both in vitro and in vivo, but it was also hinted
that the underlying mechanisms are probably independent of each other [35]. In accordance
with this, inhibition of STAT3 activation by paclitaxel was observed even in the absence of
serine phosphorylation in cells expressing STAT3 with a mutated serine residue [30]. These
data do not support causality, not to mention direct connection, between elevated serine
and suppressed tyrosine phosphorylation of STAT3 upon chelidonine treatment, therefore
warranting further investigations to elucidate this question.

We could also detect the lack of IL-6-induced STAT3 activation in some cells with
normal levels of pSer-STAT3, supporting that elevated serine phosphorylation is not a
prerequisite for abrogated tyrosine phosphorylation of STAT3. This subpopulation may
represent cells for which the effect of chelidonine on the level of pSer-STAT3 had already
been reversed.

Reduced expression of gp130 observed in a significant portion of cells upon chelido-
nine treatment may provide an explanation for IL-6 unresponsiveness in terms of STAT3
activation. However, the portion of these cells is significantly lower than that of IL-6
unresponsive ones, especially in the case of the OCM-1 cell line. Furthermore, these cells
still express gp130, which, together with the unchanged level of IL-6Rα, suggests that they
still carry functional IL-6R complexes. Thus, reduced gp130 expression as a primary cause
of IL-6 unresponsiveness could be excluded. However, it may change the sensitivity of
cells to stimulation with IL-6 or other members of the IL-6 cytokine family; for example,
IL-11 was observed in highly elevated concentrations in exosomes derived from primary
uveal melanoma patients, with a further upregulation in the case of metastasis, indicating
a role in uveal melanoma progression [36]. Activation of Erk2, controlling expression
of gp130 [37], was recently shown to be inhibited by chelidonine, providing a possible
mechanism for the reduced expression of gp130 [18,23].

Taken together, we have shown that chelidonine affects STAT3 signaling in the uveal
melanoma cells studied in our experiments. Conventional biochemical methods previously
used to study the serine and tyrosine phosphorylation of STAT3 did not allow studying of
the correlation between the two parameters and lacked the potential to identify distinct
subpopulations. Flow cytometry combined with microscopy allowed us to compare the
two parameters on a cell-by-cell basis, examine their correlation, and distinguish subpopu-
lations that respond differently to IL-6 and chelidonine treatment, which is important for
understanding the antitumor mechanism of action.

Targeting STAT3 activity is a promising strategy both in combinational and multimodal
approaches in cancer therapy [38,39]. Among others, inhibition of STAT3 was found to
sensitize various types of tumor cells for radiation and chemotherapy [39]. Our results on
chelidonine, along with its ability to overcome multidrug resistance, make this alkaloid a
potential candidate for future combinational/multimodal therapeutic approaches [40].
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4. Materials and Methods
4.1. Cell Cultures and Cytokine Treatment

OCM-1 and OCM-3 (ocular choroidal melanoma-1 and 3) human primary uveal
melanoma cell lines (kindly provided by Dr. H.M.H. Hurks, Department of Ophthalmology,
Leiden University Medical Center, Leiden, The Netherlands) were grown in RPMI 1640
medium (R6504, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% fetal bovine
serum (FBS, F9665, Sigma-Aldrich, St. Louis, MO, USA), 50 µg/mL penicillin (P4333,
Sigma-Aldrich, St. Louis, MO, USA) and 2 mM L-glutamine (G3126, Sigma-Aldrich, St.
Louis, MO, USA). Cells were cultured at 37 ◦C, in a humidified 5% CO2 atmosphere.

Cells were subcultured three times per week using the standard trypsinization method.
In the case of IL-6 treatment, freshly harvested cells were washed in RPMI, suspended in
fresh medium containing 20 ng/mL IL-6 (206-IL-010, R&D Systems, Minneapolis, MN,
USA) at a cell concentration of 1 × 106 cells/mL, and incubated for 30 min at 37 ◦C.

4.2. Treatment with Chelidonine

Chelidonine (54274, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl
sulfoxide (DMSO) (D2650, Sigma-Aldrich, St. Louis, MO, USA). Before use, the stock solu-
tion was serially diluted with the solvent so that the final concentration of DMSO was the
same in all related samples (5 µL/mL). Cells were seeded in 6-well-plates
(~5 × 105 cells/well in 2 mL medium). Cells grown to ~80–90% confluency (approx.
24 h after seeding) were treated with chelidonine (1 or 4 µg/mL) and cultured for the indi-
cated duration afterwards. Control cells were treated with the same amount of DMSO and
kept at the same experimental conditions. After alkaloid treatment, cells were harvested
and prepared for further investigations as described later. Due to alkaloid treatment, a
fraction of cells detached from the surface of the culture plate and floated in the medium. In
order to avoid the loss of detached cells, the supernatant was collected before trypsinization.
Cells retrieved from the supernatant by centrifugation were pooled with the trypsinized
ones thereafter.

4.3. Immunofluorescence

Tyrosine and serine phosphorylation of STAT3 was followed by detecting the binding
of Alexa Fluor 647 conjugated phospho-Tyr705-STAT3 specific (mouse IgG2a, 557815, BD
Biosciences, Franklin Lakes, NJ, USA) and phycoerythrin (PE)-conjugated phospho-Ser727-
STAT3 specific (mouse IgG1, 558557, BD Biosciences, Franklin Lakes, NJ, USA) mAbs,
respectively. Relative expressions of total STAT3, IL-6Rα and gp130 were assessed using
PE-conjugated anti-STAT3 (mouse IgG2B, IC1799P, R&D Systems, Minneapolis, MN, USA),
AlexaFluor 647- or PE-conjugated anti-IL-6Rα (mouse IgG1, 352804, BD BioLegend, San
Diego, CA, USA) and PE-conjugated anti-gp130 (mouse IgG2a, 362004, BD BioLegend, San
Diego, CA, USA) mAbs, respectively. Nonspecific binding of monoclonal antibodies was
checked using irrelevant antibodies with the same isotype. Since the differences between
the fluorescence intensity histograms of the isotype controls and the unstained cells were
negligible, the unstained samples were used as background in flow cytometry experiments.

Labeling Cells with Fluorescent Antibodies

For cell surface labeling, cells treated with chelidonine or DMSO and processed as
described in Section 4.2 were washed twice in ice-cold phosphate buffered saline (PBS, pH
7.4). The cell pellet was suspended in PBS and incubated with saturating concentrations
of fluorescent mAbs for 40 min on ice. After being washed, cells were fixed with 2%
formaldehyde/PBS. Special care was taken to keep the cells at ice-cold temperature to
avoid receptor internalization.

For intracellular labeling, cells were fixed in 2% formaldehyde/PBS (10 min at 37 ◦C)
and then permeabilized in 90% methanol (30 min on ice). Cells were washed twice,
suspended in the staining buffer (PBS + 2% fetal bovine serum + 0.1% sodium azide) and
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stained with the mAbs (106 cells/50 µL for 45 min at room temperature). After staining,
cells were washed twice in PBS and fixed with 2% formaldehyde in PBS.

4.4. Flow Cytometry

Flow cytometric analysis was performed on a FACSArray flow cytometer (Becton
Dickinson Company, Franklin Lakes, NJ, USA) equipped with green (532 nm) and red
(635 nm) diode lasers. Alexa Fluor 546, PI and PE were excited by the green laser, whereas
for the excitation of Alexa Fluor 647, the red laser was used. Fluorescence emissions of
Alexa Fluor 546, PI and PE were detected through a 564–576-nm, while that of Alexa Fluor
647 through a 553–679-nm band-pass filter. Samples prepared in triplicates were measured
within 24 h after preparation and analyzed using the FCS Express (De Novo Software,
Pasadena, CA, USA) and FlowJo (BD Biosciences, Franklin Lakes, NJ, USA) software tools.

During the evaluation of flow cytometric data for doubly labeled cells, a reference
gate was determined in the appropriate fluorescence intensity dot-plot that contained the
majority of cells of the untreated sample. In a treated sample, cells outside the reference
gate were taken as chelidonine- and/or IL-6 responsive cells. In the case of samples labeled
by a single fluorophore, the fluorescence intensity–forward scatter dot-plot was used for
analysis.

4.5. Detection of Cell Death

Cells treated with chelidonine or DMSO alone were processed as described in
Section 4.2, then washed in PBS. The pellet was suspended in the Annexin V binding
buffer (10 mM HEPES/NaOH, 0.14 M NaCl, 2.5 mM CaCl2, pH 7.5) at a concentration
of ~106 cells/mL. A volume of 100 µL of the cell suspension per assay was stained with
5 µL of Annexin V-Alexa Fluor 647 (640912, BD Biolegend, San Diego, CA, USA) and
0.5 µg/mL PI (P4170, Sigma-Aldrich, St. Louis, MO, USA) for 15 min at room temperature
and then analyzed by flow cytometry (see Section 4.4). Live, apoptotic and necrotic cells
were distinguished on the basis of their Annexin V reactivity and PI exclusion. Live, non-
apoptotic cells were not stained with any of the reagents. Apoptotic cells exhibited intense
Annexin V-Alexa Fluor 647 and low PI fluorescence, while the necrotic cells exhibited
strong fluorescence intensity in both channels.

4.6. Confocal Laser Scanning Microscopy

For microscopy measurements, 4′,6-diamidino-2-phenylindole (DAPI, 0.5 µg/mL,
62248, Thermo Fisher Scientific, Waltham, MA, USA) was added to the staining mixture
in order to visualize cell nuclei parallel with phosphorylated STAT3. Samples processed
as described in 4.3.1 were mounted on poly-L-lysine-coated cover slips with Mowiol 4–88
(81381, Sigma-Aldrich, St. Louis, MO, USA) dissolved in glycerol to reduce unwanted
photobleaching.

Subcellular localization of pTyr- or pSer-STAT3 was assessed on a Zeiss LSM 880
confocal microscope (Zeiss, Oberkochen, Germany). For the excitation of DAPI (cell
nucleus), a 405-nm diode laser was used—for Alexa Fluor 488, the 488-nm line of an
Argon ion laser; for PE, a 543-nm He-Ne laser; and for Alexa Fluor 647, a 633-nm He-Ne
laser. Fluorescence emissions were detected through 410-474-nm, 499-533-nm, 562-615-nm
and 651-755-nm band-pass filters, respectively. Images of approx. 1 µm thick optical
sections, each containing 2412 × 2412-pixels (pixel size ~88 nm), were obtained with a 60×
UPLSAPO oil immersion objective (NA 1.35) from the middle plane of the cells. Images
were taken in sequential mode to minimize cross-talk between the channels.

Quantitative Analysis of Nuclear Translocation: Image Segmentation and Evaluation

To determine the fluorescence intensities characterizing pTyr- and pSer-STAT3 content
in the whole cell or in the nucleus, nuclear and whole-cell masks were generated by using
the Trainable Weka Segmentation plugin in FIJI [41]. Briefly, the boundaries of nuclei were
manually circumscribed in a couple of DAPI-stained images, whereas the boundaries of
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cells were manually identified in a couple of samples stained for pSer-STAT3 that labeled
most of the cytoplasm. Holes were filled generating whole-cell and nuclear masks for the
training datasets in which binary 1s and 0s correspond to the foreground (cell or nucleus)
and to the background, respectively. These binary masks were fed into the WEKA machine-
learning tool for training a classifier. These classifiers were used for batch processing all
images, generating whole-cell and nuclear masks. The rest of the analysis was performed in
Matlab (Mathworks, Natick, MA, USA). Mean intensities were evaluated in the whole-cell
and nuclear masks of individual cells. Mean intensities were background-corrected by
subtracting the mean intensity of a region of interest manually drawn in each image in a
cell-free area.

4.7. Statistical Analysis

Results are expressed as the means ± SD values. The mean values were compared
using t tests for independent samples (homoscedastic or heteroscedastic versions depend-
ing on the results of equal variance test). Changes were considered to be significant for
p-values smaller than 5%.
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.3390/ijms222312974/s1.

Author Contributions: Conceptualization, A.B.; methodology, I.C. and P.N.; software, P.N.; vali-
dation, C.F.; formal analysis, I.C., P.N., E.N. and T.K.; investigation, I.C., I.R. and C.F.; resources,
L.M.; data curation, I.C.; writing—original draft preparation, A.B. and I.C.; writing—review and
editing, P.N., G.V. and L.M.; visualization, I.C. and C.F.; supervision, A.B.; project administration,
A.B.; funding acquisition, G.V. and P.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the EFOP-3.6.3-VEKOP-16-2017-00009 project co-financed
by the EU and the European Social Fund (A.B.), and by grants ANN 135107 (G.V.), ANN 133421 (P.N.)
and K 138075 (P.N.) from the National Research, Development and Innovation Office, Hungary.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Adrienn Bagosi for her excellent technical assistance. We also thank
Márton Nádasi and Evelin Szoták for their contribution to the supporting experiments.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

IL-6: interleukin-6; STAT3: signal transducer and activator of transcription; gp130: glycoprotein
130; IL-6R: interleukin-6 receptor; Jak: Janus kinase; MTAs: microtubule-targeting agents; pSer-STAT3:
serine-phosphorylated STAT3; pTyr-STAT3: tyrosine-phosphorylated STAT3.

References
1. Yu, H.; Lee, H.; Herrmann, A.; Buettner, R.; Jove, R. Revisiting STAT3 signalling in cancer: New and unexpected biological

functions. Nat. Rev. Cancer 2014, 14, 736–746. [CrossRef]
2. Johnston, P.A.; Grandis, J.R. STAT3 signaling: Anticancer strategies and challenges. Mol. Interv. 2011, 11, 18–26. [CrossRef]
3. Tolomeo, M.; Cascio, A. The Multifaced Role of STAT3 in Cancer and Its Implication for Anticancer Therapy. Int. J. Mol. Sci. 2021,

22, 603. [CrossRef]
4. Hirano, T. IL-6 in inflammation, autoimmunity and cancer. Int. Immunol. 2021, 33, 127–148. [CrossRef] [PubMed]
5. Wu, M.; Song, D.; Li, H.; Yang, Y.; Ma, X.; Deng, S.; Ren, C.; Shu, X. Negative regulators of STAT3 signaling pathway in cancers.

Cancer Manag. Res. 2019, 11, 4957–4969. [CrossRef] [PubMed]
6. Jarnicki, A.; Putoczki, T.; Ernst, M. Stat3: Linking inflammation to epithelial cancer—More than a “gut” feeling? Cell Div. 2010, 5,

14. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms222312974/s1
https://www.mdpi.com/article/10.3390/ijms222312974/s1
http://doi.org/10.1038/nrc3818
http://doi.org/10.1124/mi.11.1.4
http://doi.org/10.3390/ijms22020603
http://doi.org/10.1093/intimm/dxaa078
http://www.ncbi.nlm.nih.gov/pubmed/33337480
http://doi.org/10.2147/CMAR.S206175
http://www.ncbi.nlm.nih.gov/pubmed/31213912
http://doi.org/10.1186/1747-1028-5-14


Int. J. Mol. Sci. 2021, 22, 12974 13 of 14

7. Bournazou, E.; Bromberg, J. Targeting the tumor microenvironment: JAK-STAT3 signaling. JAKSTAT 2013, 2, e23828. [CrossRef]
[PubMed]

8. Brabek, J.; Jakubek, M.; Vellieux, F.; Novotny, J.; Kolar, M.; Lacina, L.; Szabo, P.; Strnadova, K.; Rosel, D.; Dvorankova, B.; et al.
Interleukin-6: Molecule in the Intersection of Cancer, Ageing and COVID-19. Int. J. Mol. Sci. 2020, 21, 7937. [CrossRef] [PubMed]

9. Basile, M.S.; Mazzon, E.; Fagone, P.; Longo, A.; Russo, A.; Fallico, M.; Bonfiglio, V.; Nicoletti, F.; Avitabile, T.; Reibaldi, M.
Immunobiology of Uveal Melanoma: State of the Art and Therapeutic Targets. Front. Oncol. 2019, 9, 1145. [CrossRef]

10. Carvajal, R.D.; Schwartz, G.K.; Tezel, T.; Marr, B.; Francis, J.H.; Nathan, P.D. Metastatic disease from uveal melanoma: Treatment
options and future prospects. Br. J. Ophthalmol. 2017, 101, 38–44. [CrossRef]

11. Cheng, Y.; Feng, J.; Zhu, X.; Liang, J. Cytokines concentrations in aqueous humor of eyes with uveal melanoma. Medicine 2019, 98,
e14030. [CrossRef]

12. Ly, L.V.; Bronkhorst, I.H.; van Beelen, E.; Vrolijk, J.; Taylor, A.W.; Versluis, M.; Luyten, G.P.; Jager, M.J. Inflammatory cytokines
in eyes with uveal melanoma and relation with macrophage infiltration. Investig. Ophthalmol. Vis. Sci. 2010, 51, 5445–5451.
[CrossRef]

13. Nagarkatti-Gude, N.; Bronkhorst, I.H.; van Duinen, S.G.; Luyten, G.P.; Jager, M.J. Cytokines and chemokines in the vitreous fluid
of eyes with uveal melanoma. Investig. Ophthalmol. Vis. Sci. 2012, 53, 6748–6755. [CrossRef] [PubMed]

14. Shi, X.; Zhang, H.; Paddon, H.; Lee, G.; Cao, X.; Pelech, S. Phosphorylation of STAT3 serine-727 by cyclin-dependent kinase 1 is
critical for nocodazole-induced mitotic arrest. Biochemistry 2006, 45, 5857–5867. [CrossRef] [PubMed]

15. Decker, T.; Kovarik, P. Serine phosphorylation of STATs. Oncogene 2000, 19, 2628–2637. [CrossRef] [PubMed]
16. Yokogami, K.; Wakisaka, S.; Avruch, J.; Reeves, S.A. Serine phosphorylation and maximal activation of STAT3 during CNTF

signaling is mediated by the rapamycin target mTOR. Curr. Biol. 2000, 10, 47–50. [CrossRef]
17. Wakahara, R.; Kunimoto, H.; Tanino, K.; Kojima, H.; Inoue, A.; Shintaku, H.; Nakajima, K. Phospho-Ser727 of STAT3 regulates

STAT3 activity by enhancing dephosphorylation of phospho-Tyr705 largely through TC45. Genes Cells 2012, 17, 132–145.
[CrossRef]

18. Havelek, R.; Seifrtova, M.; Kralovec, K.; Krocova, E.; Tejkalova, V.; Novotny, I.; Cahlikova, L.; Safratova, M.; Opletal, L.; Bilkova,
Z.; et al. Comparative cytotoxicity of chelidonine and homochelidonine, the dimethoxy analogues isolated from Chelidonium
majus L. (Papaveraceae), against human leukemic and lung carcinoma cells. Phytomedicine 2016, 23, 253–266. [CrossRef]

19. Colombo, M.L.; Bosisio, E. Pharmacological activities of Chelidonium majus L. (Papaveraceae). Pharmacol. Res. 1996, 33, 127–134.
[CrossRef]

20. Kemeny-Beke, A.; Aradi, J.; Damjanovich, J.; Beck, Z.; Facsko, A.; Berta, A.; Bodnar, A. Apoptotic response of uveal melanoma
cells upon treatment with chelidonine, sanguinarine and chelerythrine. Cancer Lett. 2006, 237, 67–75. [CrossRef]

21. Qu, Z.; Zou, X.; Zhang, X.; Sheng, J.; Wang, Y.; Wang, J.; Wang, C.; Ji, Y. Chelidonine induces mitotic slippage and apoptotic-like
death in SGC-7901 human gastric carcinoma cells. Mol. Med. Rep. 2016, 13, 1336–1344. [CrossRef]

22. Herrmann, R.; Roller, J.; Polednik, C.; Schmidt, M. Effect of chelidonine on growth, invasion, angiogenesis and gene expression in
head and neck cancer cell lines. Oncol. Lett. 2018, 16, 3108–3116. [CrossRef]

23. Kim, O.; Hwangbo, C.; Kim, J.; Li, D.H.; Min, B.S.; Lee, J.H. Chelidonine suppresses migration and invasion of MDA-MB-231
cells by inhibiting formation of the integrin-linked kinase/PINCH/alpha-parvin complex. Mol. Med. Rep. 2015, 12, 2161–2168.
[CrossRef] [PubMed]

24. Panzer, A.; Joubert, A.M.; Bianchi, P.C.; Hamel, E.; Seegers, J.C. The effects of chelidonine on tubulin polymerisation, cell cycle
progression and selected signal transmission pathways. Eur. J. Cell Biol. 2001, 80, 111–118. [CrossRef]

25. Wang, X.; Tanaka, M.; Krstin, S.; Peixoto, H.S.; Wink, M. The Interference of Selected Cytotoxic Alkaloids with the Cytoskeleton:
An Insight into Their Modes of Action. Molecules 2016, 21, 906. [CrossRef] [PubMed]

26. Wolff, J.; Knipling, L. Antimicrotubule properties of benzophenanthridine alkaloids. Biochemistry 1993, 32, 13334–13339. [CrossRef]
27. Mukhtar, E.; Adhami, V.M.; Mukhtar, H. Targeting microtubules by natural agents for cancer therapy. Mol. Cancer Ther. 2014, 13,

275–284. [CrossRef] [PubMed]
28. Kaul, R.; Risinger, A.L.; Mooberry, S.L. Microtubule-Targeting Drugs: More than Antimitotics. J. Nat. Prod. 2019, 82, 680–685.

[CrossRef]
29. Walker, S.R.; Chaudhury, M.; Frank, D.A. STAT3 Inhibition by Microtubule-Targeted Drugs: Dual Molecular Effects of Chemother-

apeutic Agents. Mol. Cell. Pharmacol. 2011, 3, 13–19.
30. Walker, S.R.; Chaudhury, M.; Nelson, E.A.; Frank, D.A. Microtubule-targeted chemotherapeutic agents inhibit signal transducer

and activator of transcription 3 (STAT3) signaling. Mol. Pharmacol. 2010, 78, 903–908. [CrossRef]
31. Mukherjee, A.K.; Basu, S.; Sarkar, N.; Ghosh, A.C. Advances in cancer therapy with plant based natural products. Curr. Med.

Chem. 2001, 8, 1467–1486. [CrossRef] [PubMed]
32. Gavet, O.; Pines, J. Activation of cyclin B1-Cdk1 synchronizes events in the nucleus and the cytoplasm at mitosis. J. Cell Biol. 2010,

189, 247–259. [CrossRef] [PubMed]
33. Gavet, O.; Pines, J. Progressive activation of CyclinB1-Cdk1 coordinates entry to mitosis. Dev. Cell 2010, 18, 533–543. [CrossRef]

[PubMed]
34. Sakaguchi, M.; Oka, M.; Iwasaki, T.; Fukami, Y.; Nishigori, C. Role and regulation of STAT3 phosphorylation at Ser727 in

melanocytes and melanoma cells. J. Investig. Dermatol. 2012, 132, 1877–1885. [CrossRef] [PubMed]

http://doi.org/10.4161/jkst.23828
http://www.ncbi.nlm.nih.gov/pubmed/24058812
http://doi.org/10.3390/ijms21217937
http://www.ncbi.nlm.nih.gov/pubmed/33114676
http://doi.org/10.3389/fonc.2019.01145
http://doi.org/10.1136/bjophthalmol-2016-309034
http://doi.org/10.1097/MD.0000000000014030
http://doi.org/10.1167/iovs.10-5526
http://doi.org/10.1167/iovs.12-10123
http://www.ncbi.nlm.nih.gov/pubmed/22930720
http://doi.org/10.1021/bi052490j
http://www.ncbi.nlm.nih.gov/pubmed/16669628
http://doi.org/10.1038/sj.onc.1203481
http://www.ncbi.nlm.nih.gov/pubmed/10851062
http://doi.org/10.1016/S0960-9822(99)00268-7
http://doi.org/10.1111/j.1365-2443.2011.01575.x
http://doi.org/10.1016/j.phymed.2016.01.001
http://doi.org/10.1006/phrs.1996.0019
http://doi.org/10.1016/j.canlet.2005.05.037
http://doi.org/10.3892/mmr.2015.4683
http://doi.org/10.3892/ol.2018.9031
http://doi.org/10.3892/mmr.2015.3621
http://www.ncbi.nlm.nih.gov/pubmed/25890994
http://doi.org/10.1078/0171-9335-00135
http://doi.org/10.3390/molecules21070906
http://www.ncbi.nlm.nih.gov/pubmed/27420038
http://doi.org/10.1021/bi00211a047
http://doi.org/10.1158/1535-7163.MCT-13-0791
http://www.ncbi.nlm.nih.gov/pubmed/24435445
http://doi.org/10.1021/acs.jnatprod.9b00105
http://doi.org/10.1124/mol.110.066316
http://doi.org/10.2174/0929867013372094
http://www.ncbi.nlm.nih.gov/pubmed/11562277
http://doi.org/10.1083/jcb.200909144
http://www.ncbi.nlm.nih.gov/pubmed/20404109
http://doi.org/10.1016/j.devcel.2010.02.013
http://www.ncbi.nlm.nih.gov/pubmed/20412769
http://doi.org/10.1038/jid.2012.45
http://www.ncbi.nlm.nih.gov/pubmed/22418867


Int. J. Mol. Sci. 2021, 22, 12974 14 of 14

35. Lim, C.P.; Cao, X. Serine phosphorylation and negative regulation of Stat3 by JNK. J. Biol. Chem. 1999, 274, 31055–31061.
[CrossRef] [PubMed]

36. Wroblewska, J.P.; Lach, M.S.; Kulcenty, K.; Galus, L.; Suchorska, W.M.; Rosel, D.; Brabek, J.; Marszalek, A. The Analysis of
Inflammation-Related Proteins in a Cargo of Exosomes Derived from the Serum of Uveal Melanoma Patients Reveals Potential
Biomarkers of Disease Progression. Cancers 2021, 13, 3334. [CrossRef]

37. Bonito, N.A.; Drechsler, J.; Stoecker, S.; Carmo, C.R.; Seckl, M.J.; Hermanns, H.M.; Costa-Pereira, A.P. Control of gp130 expression
by the mitogen-activated protein kinase ERK2. Oncogene 2014, 33, 2255–2263. [CrossRef] [PubMed]

38. Spitzner, M.; Ebner, R.; Wolff, H.A.; Ghadimi, B.M.; Wienands, J.; Grade, M. STAT3: A Novel Molecular Mediator of Resistance to
Chemoradiotherapy. Cancers 2014, 6, 1986–2011. [CrossRef]

39. Lee, C.; Cheung, S.T. STAT3: An Emerging Therapeutic Target for Hepatocellular Carcinoma. Cancers 2019, 11, 1646. [CrossRef]
40. El-Readi, M.Z.; Eid, S.; Ashour, M.L.; Tahrani, A.; Wink, M. Modulation of multidrug resistance in cancer cells by chelidonine and

Chelidonium majus alkaloids. Phytomedicine 2013, 20, 282–294. [CrossRef]
41. Arganda-Carreras, I.; Kaynig, V.; Rueden, C.; Eliceiri, K.W.; Schindelin, J.; Cardona, A.; Seung, H.S. Trainable Weka Segmentation:

A machine learning tool for microscopy pixel classification. Bioinformatics 2017, 33, 2424–2426. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.274.43.31055
http://www.ncbi.nlm.nih.gov/pubmed/10521505
http://doi.org/10.3390/cancers13133334
http://doi.org/10.1038/onc.2013.159
http://www.ncbi.nlm.nih.gov/pubmed/23686311
http://doi.org/10.3390/cancers6041986
http://doi.org/10.3390/cancers11111646
http://doi.org/10.1016/j.phymed.2012.11.005
http://doi.org/10.1093/bioinformatics/btx180
http://www.ncbi.nlm.nih.gov/pubmed/28369169

	Introduction 
	Results 
	Chelidonine Abrogates IL-6-Induced Activation of STAT3 in Uveal Melanoma Cells 
	Chelidonine Increases the Basal Level of Serine-Phosphorylated STAT3 
	The Fractions of Cells with Reduced IL-6 Responsiveness and Elevated pSer-STAT3 Level Follow Distinct Kinetics, with an Increasing Partial Overlap between the Affected Subpopulations 
	Chelidonine Modifies the Expression of IL-6/gp130 Receptor Subunits 

	Discussion 
	Materials and Methods 
	Cell Cultures and Cytokine Treatment 
	Treatment with Chelidonine 
	Immunofluorescence 
	Flow Cytometry 
	Detection of Cell Death 
	Confocal Laser Scanning Microscopy 
	Statistical Analysis 

	References

