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Abstract

Galectin-9 is the most potent inducer of cell death in lymphomas and other malignant cell types

among the members of the galectin family. We investigated the mechanism of galectin-9-induced

cell death in PC-3 prostate cancer cells in comparison with in Jurkat T cells. Galectin-9 induced

apoptotic cell death in Jurkat cells, as typically revealed by DNA ladder formation. On the other

hand, DNA ladder formation and other features of apoptosis were not apparent in PC-3 cells

undergoing galectin-9-induced death. Exogenous galectin-9 was endocytosed and destined to the

lysosomal compartment in PC-3 cells. The internalized galectin-9 was resistant to detergent solu-

bilization but was solubilized with lactose. Agents inhibiting actin filament dynamics abolished the

internalization and cytocidal effect of galectin-9 in PC-3 but not Jurkat cells. Galectin-9 induced

accumulation of ubiquitinated proteins, possibly heterogeneously ubiquitinated and/or monoubi-

quitinated proteins, in PC-3 cells. PYR-41, an inhibitor of the ubiquitin-activating E1 enzyme, sup-

pressed the cytocidal effect of galectin-9. Although ubiquitination was upregulated also in Jurkat

cells by galectin-9, PYR-41 was ineffective against galectin-9-induced cell death. Colocalization of

ubiquitinated proteins and LAMP-1 was detectable in PC-3 cells treated with galectin-9. The ubiquiti-

nated proteins were recovered in the insoluble fraction upon cell fractionation. In contrast, ubiquiti-

nated proteins that accumulated after treatment with proteasome inhibitors did not co-localize with

LAMP-1 and were mainly recovered in soluble fraction. The results suggest that atypical ubiquitination

and accumulation of ubiquitinated proteins in lysosomes play a pivotal role in galectin-9-induced non-

apoptotic death in PC-3 cells.
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Introduction

Galectins comprise a family of mammalian lectins defined by an evolu-

tionary conserved carbohydrate recognition domain (CRD) with pref-

erential affinity for lactosamine-type disaccharides. They are essentially

intracellular cytosolic proteins lacking signal sequences. Identification

of galectin-8 (Gal-8) as a danger receptor, which triggers intracellular

antibacterial autophagy, is a typical example of intracellular roles of

the galectin family (Thurston et al. 2012). Gal-3, another member of

the family, also plays an essential role in selective autophagy in cooper-

ation with TRIM16 (Chauhan et al. 2016). In spite of their cytosolic
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nature, galectins have been assumed to be secreted via a non-classical

pathway (Hughes 1999), and to act extracellularly in an autocrine/

paracrine manner through interactions with cell surface glycoconjug-

ates. There are currently about 10 members of the human galectin

family, which can be classified into three subtypes based on their struc-

tures (Hirabayashi and Kasai 1993). The proto-type (Gal-1, -2, -7, -10,

-13, and -14) and chimera-type (Gal-3) galectins have a single CRD,

while the tandem-repeat-type galectins (Gal-4, -8, -9 and -12) have two

CRDs with different binding specificities joined by a linker region.

Gal-9 is a unique member of the tandem-repeat-type subfamily

with potent immune-modulating activity. Gal-9 is essentially an

immune system suppressor: it promotes differentiation of regulatory

T-cells (Tregs), and reduces T-helper 17 (Th17) and Th1 cells (Zhu

et al. 2005; Seki et al. 2008), resulting in suppression of excessive

immunity and inflammation. In accordance with the immune suppres-

sing action, treatment with recombinant Gal-9 exhibited therapeutic

efficacy in mouse autoimmune disease models including rheumatoid

arthritis (Seki et al. 2007, 2008), experimental autoimmune encephalo-

myelitis (Zhu et al. 2005), and type I diabetes mellitus (Chou et al.

2009; Kanzaki et al. 2012). In addition, Gal-9 inhibits allograft rejec-

tion (He et al. 2009), and ameliorates graft versus host disease (Sakai

et al. 2011) and allergic asthma (Niki et al. 2009). These therapeutic

effects of Gal-9 have been demonstrated primarily by pharmacological

studies, in which a genetically modified form of Gal-9 instead of the

wild-type one was mainly used. The linker region of the tandem-

repeat-type galectins is intrinsically disordered/unstructured and hence

highly susceptible to a variety of proteases. For example, affinity puri-

fied G9M, a major isoform (splice variant) of wild-type Gal-9, was rap-

idly degraded by contaminating protease(s) upon storage under sterile

conditions (Nishi et al. 2005). Dissociation of the two CRDs through

proteolysis at the linker region leads to a drastic decrease in the bio-

logical activity of Gal-9, making it difficult to efficiently perform

experiments, especially in vivo ones, using recombinant wild-type pro-

teins. In order to overcome the protease sensitivity and low solubility

of wild-type Gal-9, we developed genetically modified forms of Gal-9,

G9Null (a stable form of Gal-9 with a partially truncated linker pep-

tide) and ssG9 (a highly stable and soluble form of Gal-9 without a

linker peptide) (Nishi et al. 2005; Itoh et al. 2013). Human lymphoma

cell lines (MOLT-4 and Jurkat) and a prostatic cancer cell line (PC-3)

were used to assess the effect of structural modifications on the cytoci-

dal effect of Gal-9 in these studies. The mechanism of action of Gal-9

as to lymphoma cell lines has been extensively studied: Gal-9-induced

apoptotic cell death via caspase-dependent or -independent pathways

in the cell lines (Kashio et al. 2003; Lu et al. 2007). On the other hand,

the mechanism underlying Gal-9-induced cell death in adherent cells

including PC-3 cells is not fully understood and seems largely depend-

ent on the cell type (Wiersma et al. 2015). In this study, we investigated

Gal-9-induced cell death in PC-3 cells in comparison with in Jurkat

cells regarding intracellular signaling, endocytic internalization of Gal-

9, and endogenous protein degradation systems. This study serves to

establish PC-3 cells as one of the standard cell lines for quality control

of recombinant Gal-9 preparations in future therapeutic use.

Results

Gal-9 is a potent inducer of non-apoptotic cell death

in PC-3 cells

Gal-9 (G9Null) is the most potent inducer of cell death among the

members of the galectin family examined (Figure 1A). The viable

Fig. 1. Characteristics of Gal-9-induced cell death. (A) The cytocidal effects of

Gal-9 and other members of the galectin family on PC-3 cells were deter-

mined by means of the WST-8 assay. Each assay was performed in triplicate.

The results are presented as mean ± SD (error bars). (B) The effect of contact

time with G9Null on the viability of PC-3 (upper panel) and Jurkat (lower

panel) cells was assessed by means of the WST-8 assay. Lactose or sucrose

was added to the culture medium to give a final concentration of 20mM at

the indicated times (arrows) after the addition of G9Null (1 μM). (C) DNA

extracted from Jurkat and PC-3 cells was analyzed by agarose gel electro-

phoresis. Cells were treated with PBS (control), actinomycin D (2 μM), and

G9Null (1 μM) for 24 h. CSG1/G3/G4/G7, CSGal-1/Gal-3/Gal-4/Gal-7; G8M, a

major isoform (splice variant form) of Gal-8; M, DNA size markers; ActD, acti-

nomycin D.
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cell number decreased to about 67%, 37% and 20% of the control

level on incubation with 0.3 μM, 0.6 μM and 1 μM of Gal-9,

respectively, for 24 h under the conditions used. The time-dependent

changes in cell viability and morphology of PC-3 cells induced by

Gal-9 are shown in Supplementary Figure S1. CSGal-1 (a cysteine-

less mutant of Gal-1), Gal-3, -4, -7, and -8 exhibited a negligible

effect on PC-3 cell viability at 1 μM. The addition of lactose (an

inhibitory disaccharide for Gal-9) to the culture medium after 10-h

incubation with Gal-9 and subsequent 14-h culture (total culture

time of 24 h) abolished most of the cytocidal effect on PC-3 cells,

whereas sucrose, a non-inhibitory disaccharide, had no effect

(Figure 1B, upper panel). The contact time needed for Gal-9 to

induce a high level of cell death was longer than ~15 h. On the other

hand, addition of lactose after 10-h incubation with Gal-9 resulted

in a 60% decrease in the viable cell number of Jurkat cells

(Figure 1B, lower panel). DNA ladder formation, a typical symptom

of apoptotic cells, was detectable in Jurkat but not PC-3 cells under-

going Gal-9-induced death (Figure 1C). It seems difficult to induce

the apoptotic process leading to DNA fragmentation in PC-3 cells

because actinomycin D (2 μM) and other apoptosis inducers, i.e.,

staurosporine (1 μM), cycloheximide (10 μM) and etoposide

(10 μM), also did not induce DNA fragmentation (data not shown).

In accordance with the results, activation of caspase 3 was not

detected in PC-3 cells upon treatment with Gal-9, and a pan-caspase

inhibitor (Z-VAD-FMK) was ineffective in neutralizing the effect of

Gal-9 (data not shown).

Activation of p38 mitogen-activated protein kinase

(MAPK) and c-Jun N-terminal kinase (JNK) pathways is

dispensable for Gal-9-induced death in PC-3 cells

It has been reported that Gal-9 exerts a cytocidal effect on multiple

myeloma cell lines through the p38 MAPK and JNK pathways. Gal-

9 upregulated phosphorylation of p38 MAPK and JNK in the cell

lines, and inhibitors of the kinases, especially a p38 MAPK inhibitor

(SB203580), almost completely suppressed the effect of Gal-9 in

IM9 cells (Kobayashi et al. 2010). Phosphorylation of p38 MAPK

and JNK was also markedly increased in PC-3 cells treated with

Gal-9 (Figure 2A): the increases in the phosphorylated forms of p38

MAPK and JNK were evident 4–8 h and 1 h after the addition of

Fig. 2. Gal-9-induced changes in intracellular signaling and the effects of signaling inhibitors on cell death. (A) Changes in the phosphorylation status of p38

MAPK, JNK, and Akt in PC-3 cells treated with G9Null (1 μM) were analyzed by western blotting. Whole cell lysates were prepared at the indicated time points

after the addition of G9Null. (B) A p38 MAPK inhibitor (SB20358) and a JNK inhibitor (SP600125), alone and in combination, were tested as to their ability to sup-

press Gal-9-induced death in PC-3 cells. The inhibitors were used at the concentrations indicated. G9Null was added after 2-h culture in the presence of the inhi-

bitors. Cell viability was determined by means of the WST-8 assay. The results are presented as mean ± SD (error bars). Right panels, the values obtained in

the absence of G9Null were taken as 100%. M, molecular weight marker proteins; P-p38 MAPK, phospho-p38 MAPK (Thr180/Tyr182); P-JNK, phospho-JNK

(Thr183/Tyr185); P-Akt, phospho-Akt (Ser473); SB, SB20358; SP, SP600125.
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Gal-9, respectively. The time courses of phosphorylation of MAPK-

activated protein kinase 2 (MAPKAPK-2) and c-Jun, immediate

downstream substrates of p38 MAPK and JNK, respectively, were

consistent with the results (Supplementary Figure S2). However,

SB203580 alone or in combination with a JNK inhibitor

(SP600125) exhibited no effect on Gal-9-induced cell death in PC-3

cells (Figure 2B) in spite of near complete suppression of phosphor-

ylation of MAPKAPK-2 and c-Jun by the inhibitors (Supplementary

Figure S2).

In addition to those of p38 MAPK and JNK, the phosphoryl-

ation status of Akt, another intracellular signaling molecule impli-

cated in apoptosis, was altered by Gal-9. A decrease in the

phosphorylated form of Akt was evident within 30min after the

addition of Gal-9 in PC-3 cells and the decreased level continued for

at least 24 h (Figure 2A). In the case of Akt, however, a change in

phosphorylation of its substrate, Bad (a pro-apoptotic factor), was

not detectable (data not shown).

Actin-dependent internalization of Gal-9 and its relation

to cell death

Gal-9 added to the culture medium bound to the cell surface in a

lactose-sensitive manner (data not shown), and was rapidly interna-

lized and accumulated in PC-3 cells (Figure 3A). After 16-h culture,

the internalized Gal-9 colocalized with LAMP-1 indicating that Gal-

9 was destined to the lysosomal compartment (Figure 3B).

Cytochalasin D, an inhibitor of actin polymerization, disrupted actin

filaments with concomitant blockade of Gal-9 internalization

(Figure 3A and C). Semi-quantitative western blot analysis (data not

shown) revealed that the amount of internalized Gal-9 after 24-h

culture had decreased to 27% of the control level in the presence of

cytochalasin D. In addition, the cytocidal effect of Gal-9 was mostly

completely inhibited in the presence of cytochalasin D in PC-3 cells

(Figure 4A). Latrunculin A and jasplakinolide, which affect actin

filament dynamics like cytochalasin D, suppressed the growth of

PC-3 cells up to 40%, while completely abrogating the effect of Gal-

9 (Figure 4A). These actin-targeted agents, however, had negligible

effects on the Gal-9-induced apoptotic death of Jurkat cells

(Supplementary Figure S3). Unlike the actin-targeted agents, inhibi-

tors of clathrin-mediated endocytosis (CME), dynasore and Pitstop

2, showed ambiguous effects on Gal-9-induced cell death in PC-3

cells: dynasore moderately inhibited it while Pitstop 2 did not affect

the cytocidal action of Gal-9 (Figure 4B). Changes in the morph-

ology of actin filaments was evident in PC-3 cells treated with

latrunculin but not in ones treated with dynasore (Figure 3A).

Internalized Gal-9 forms detergent-resistant complexes

with cellular components and retains lectin activity

In order to identify the binding partner(s) of internalized Gal-9, we

tried to solubilize Gal-9-glycoconjugate complexes from the total mem-

brane fraction of Gal-9-treated PC-3 cells according to the procedure

schematically shown in Figure 5A (see also Materials and methods).

The SDS-PAGE patterns of the subcellular fractions obtained with the

procedure are shown in Figure 5B. Unexpectedly, internalized Gal-9

was resistant to solubilization with 1% Triton X-100 (Figure 5C, S2)

and 1% Triton X-100 plus 1M NaCl (Figure 5C, S3), but was almost

completely solubilized with 1% Triton X-100 plus lactose (Figures 5C,

S4·Lac). Gal-9 could be solubilized with lactose even in the absence of

the detergent (data not shown). Lectin blot analysis of subcellular frac-

tions of PC-3 cells revealed the presence of two or more major

components with apparent molecular weights of about 150,000 and

80,000 capable of interacting with biotinylated Gal-9 in the cell hom-

ogenate (Figure 5D, H). Nearly all the Gal-9-interacting substances

were recovered in the S2 fraction, i.e., solubilization with 1% Triton

X-100. The substances, however, were detectable in the detergent-

extracted insoluble fraction when a larger amount of the fraction was

analyzed (Figure 5D, P4*), while the detergent-extracted and lactose-

treated insoluble fraction was almost completely devoid of the sub-

stances (Figure 5D, P4·Lac*).

Effect of Gal-9 on autophagy

Lysosomal localization of internalized Gal-9 suggests possible

involvement of the autophagy process in Gal-9-induced death in

PC-3 cells like in the colon carcinoma cell lines reported by Wiersma

et al. (2015). Analysis of LC3 revealed that LC3-I (non-lipidated

form of LC3) was almost undetectable in control PC-3 cells suggesting

elevated autophagic flux under unstimulated conditions (Figure 6A).

Gal-9 treatment resulted in a moderate and gradual increase in LC3-II

(lipidated form of LC3, a marker for autophagic activity), the peak

level being reached around 16-h culture (Figure 6A). The amount of

LC3-II in Gal-9-treated cells only marginally increased with chloro-

quine, and rapamycin and bafilomycin A1 exhibited a negligible effect

on it, indicating a weak inhibitory effect of Gal-9 on autophagy flux

(Figure 6C). Chloroquine, rapamycin and bafilomycin A1 did not

modulate the cytocidal action of Gal-9 on PC-3 cells (data not shown).

The effect of Gal-9 on the LC3-II content in Jurkat cells was more

prominent than that in PC-3 cells. Gal-9 induced a marked increase in

LC3-II within 2 h incubation (Figure 6B). The autophagy- and

lysosome-targeted agents hardly affected the LC3-II content also in

Gal-9-treated Jurkat cells (Figure 6C).

Autophagosomes and lysosomes were visualized with Cyto-ID

green detection reagent 2 and LysoTracker Red DND-99, respect-

ively, in control and Gal-9-treated PC-3 cells (Figure 6D). Changes in

the number and morphology of the cell organelles were not evident in

Gal-9-treated PC-3 cells. In addition, autophagosome-lysosome fusion

events, as evidenced by colocalization of the two signals (orange-yellow

signal), were hardly affected by Gal-9 (Figure 6D).

Gal-9 induces atypical ubiquitination

Lysosomes play important roles not only in autophagy but also in

the degradation of ubiquitinated proteins (Piper and Katzmann

2007). Gal-9 induced accumulation of ubiquitinated proteins, which

reached a maximum level after 8–12 h of culture, in PC-3 cells

(Figure 7A). While the ubiquitinated proteins detectable with anti-

K48-linkage and -K63-linkage specific polyubiquitin antibodies were

hardly affected by Gal-9 (Figure 7A). On the other hand, treatment

of PC-3 cells with a proteasome inhibitor (MG-132) resulted in an

increase in the ubiquitinated proteins detectable with both anti-

ubiquitin and anti-K48-linkage specific polyubiquitin antibodies

(Figure 7B). In addition, there was a difference in the intracellular

distribution of ubiquitinated proteins between Gal-9-treated and

MG-132-treated PC-3 cells. In Gal-9-treated cells, colocalization of

ubiquitinated proteins and LAMP-1 was detected, while ubiquitinated

proteins in MG-132-treated cells were most likely localized in the cyto-

sol and were almost completely absent from LAMP-1-positive com-

partments (Figure 8A). Consistent with the observations, cell

fractionation experiments revealed that nearly all the ubiquitinated pro-

teins were recovered in the insoluble fraction of Gal-9-treated cells,

whereas the predominant part of ubiquitinated proteins was recovered

in the soluble fractions of MG-132- and epoxomicin-treated cells

25Galectin-9-induced ubiquitination
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(Figure 8B). Analysis of the subcellular fractions shown in Figure 5A

demonstrated that although most of the ubiquitinated proteins in Gal-

9-treated cells were solubilized with the detergent, i.e., recovered in the

S2 fraction, they were detectable in the P4/P4* fraction (Figure 8C),

and that the content of the ubiquitinated proteins in P4·Lac/P4·Lac*

was apparently lower than that in the P4/P4* fraction. These results

prompted us to examine the effect of a ubiquitination inhibitor on Gal-

9-induced cell death in PC-3 cells. Time-course experiments showed

that PYR-41, a ubiquitin-activating enzyme (E1) inhibitor, suppressed

accumulation of ubiquitinated proteins up to 8 h in Gal-9-treated PC-3

cells (Figure 9A). After that, the contents of ubiquitinated proteins

increased to or above those in cells treated with Gal-9 alone. In spite of

the incomplete inhibition of ubiquitination, PYR-41 abrogated the cytoci-

dal effect of Gal-9 in the cells (Figure 9B). The inhibitors of actin filament

dynamics, which suppressed Gal-9-induced cell death in PC-3 cells, were

evaluated for their ability to inhibit ubiquitination in order to elucidate

the relationship between ubiquitination and cell death. The suppressive

capability of jasplakinolide as to Gal-9-induced ubiquitination was

Fig. 3. Immunofluorescence and western blot analyses of internalized Gal-9. (A) Confocal microscopic localization of actin and G9Null in PC-3 cells. Cytochalasin

D, latrunculin A and dynasore were used at the concentrations indicated. After incubation for 1 h, G9Null was added to a final concentration of 0.6 μM, followed

by 16-h culture. Internalized Gal-9 was visualized with anti-Gal-9 rabbit polyclonal antibody and anti-rabbit IgG-Alexa Fluor 568. Actin filaments and nuclei were

visualized with fluorescein phalloidin and TO-PRO-3, respectively. (B) Confocal microscopic localization of G9Null and LAMP-1 in PC-3 cells. PC-3 cells were trea-

ted with G9Null (0.6 μM) for 16 h. LAMP-1 was visualized with anti-LAMP-1 antibody and anti-rabbit IgG-Alexa Fluor 568. Gal-9 was visualized with anti-Gal-9

mouse monoclonal antibody and fluorescein-labeled antibody to mouse IgG. Nuclei were visualized with TO-PRO-3. (C) Western blot analysis of internalized

G9Null in PC-3 cells. Time-dependent changes in the content of internalized G9Null were determined in the absence and presence of cytochalasin D (5 μM). Cell

lysates were prepared at indicated time points after the addition of G9Null (0.6 μM). Cells were washed twice with PBS, 0.2M lactose to remove extracellular

G9Null before preparation of cell lysates. M, molecular weight marker proteins.
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comparable to or higher than that of PYR-41 after 8-h culture

(Figure 9C). In contrast, cytochalasin D and latrunculin A exhibited no

or only a limited influence on the ubiquitination under the conditions

used. Accumulation of ubiquitinated proteins was also detectable in

Jurkat cells treated with Gal-9, although quantitative comparison of the

ubiquitination levels between PC-3 and Jurkat cells was not performed

(Supplementary Figure S4). PYR-41, however, did not prevent Gal-9-

induced apoptotic death in Jurkat cells.

Discussion

The molecular mechanisms underlying Gal-9-induced cell death

have been studied mainly in lymphoid cell lines based on its unique

role as an immune modulator. Although there are still several con-

troversial issues that need to be clarified, it is generally accepted that

Gal-9 triggers the apoptotic process in the cells (Wiersma et al.

2013). Studies regarding non-lymphoid cell lines, however, suggest

the existence of multiple mechanisms (apoptotic and non-apoptotic)

in Gal-9-induced cell death depending on the cell type (Wiersma

et al. 2015; Fujita et al. 2017). The present results indicate that Gal-

9 induced non-apoptotic death in PC-3 cells. Several low molecular

weight apoptosis inducers tested in this study also failed to induce

the apoptotic process leading to DNA fragmentation. However,

piplartine (a plant alkaloid) (Kong et al. 2008), maysin (a flavonoid)

(Lee et al. 2014), and other compounds have been shown to induce

apoptotic responses including caspase-3 activation and DNA frag-

mentation in PC-3 cells, indicating that the cell line is not totally

resistant to apoptosis but has the molecular machinery necessary to

undergo the process upon proper stimulation.

Gal-9 initiated an intracellular signaling pathway(s) leading to

activation of p38 MAPK and JNK in PC-3 cells. Kobayashi et al.

reported the participation of p38 MAPK and JNK signaling in Gal-

9-induced cell death in myeloma cell lines (Kobayashi et al. 2010).

Many types of cellular stressors of external and internal origin are

known to activate the p38 MAPK and JNK pathways, and their

activation has been implicated in apoptosis of mammalian and low-

er eukaryotic cells (Takeda et al. 2008). Although phosphorylation

of p38 MAPK and JNK was markedly upregulated by Gal-9 in PC-3

cells, the results obtained using their inhibitors, SB203580 and

SP600125, suggest that activation of the signaling pathways is dis-

pensable for Gal-9-induced death in PC-3 cells. The inability of the

inhibitors to suppress the effect of Gal-9 was not due to insufficient

inhibition of the kinases, because the compounds markedly inhibited

phosphorylation of MAPKAPK-2 and c-Jun, immediate downstream

substrates of p38 MAPK and JNK, respectively (Supplementary

Figure S2).

The phosphatidylinositol 3-kinase (PI3K)-Akt pathway is essen-

tial for cell growth and survival, and implicated in apoptosis

(Franke et al. 2003). Akt plays an anti-apoptotic role under a variety

of conditions, including withdrawal of extracellular growth-

Fig. 4. Effects of endocytosis inhibitors on Gal-9-induced death in PC-3 cells. (A, B) Endocytosis inhibitors were added at the concentrations indicated. G9Null

was added after 1-h culture. Cell viability was determined by means of the WST-8 assay. The results are presented as mean ± SD (error bars). Right panels, the

values obtained in the absence of G9Null were taken as 100%. CytD, cytochalasin D; LatA, latrunculin A; Jas, jasplakinolide; Dyn, dynasore; Pit, Pitstop 2.
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stimulating signals, and increased stress of both extracellular and

intracellular origin. Akt can maintain mitochondrial integrity by

inactivating pro-apoptotic factors such as Bad, which leads to pre-

vention of apoptosis. Treatment with Gal-9 resulted in a rapid and

sustained decrease in phosphorylated Akt but the phosphorylation

of Bad (at Ser112 and/or Ser136) was not affected in PC-3 cells

(data not shown). Nevertheless, we cannot exclude the possible

involvement of the PI3K-Akt pathway in Gal-9 induced cell death

because Akt regulates not only Bad but also a wide variety of down-

stream effector molecules.

Receptor-mediated endocytosis can be roughly divided into two

types, namely CME and clathrin-independent endocytosis (CIE)

(Dutta and Donaldson 2012; Johannes et al. 2015). CME, as the

name implies, is a process requiring the formation of clathrin-coated

vesicles. While CIE includes several distinct endocytic pathways that

depend on actin filament dynamics. The lactose-sensitive nature of

Gal-9 internalization indicates that the interaction between Gal-9

and cell surface glycoconjugate(s) (most likely glycoproteins) is

indispensable for the process. Agents capable of inhibiting actin

dynamics, i.e., dynamic polymerization and depolymerization of

actin filaments (cytochalasin D, latrunculin A, and jasplakinolide),

inhibited both Gal-9 internalization and Gal-9-induced death in PC-

3 cells (Figures 3A and 4A). The results suggest that Gal-9 interna-

lized via CIE is closely associated with the cytocidal action, although

the precise mechanism of internalization remains unclear. The

inhibitory effect of dynasore on Gal-9-induced cell death is not

inconsistent with the results: dynasore inhibits the GTPase activity

of dynamin, which is required for not only the scission of clathrin-

coated vesicles in CME but also the caveolar endocytosis in CIE

(Bastiani and Parton 2010).

Tim-3 (T-cell immunoglobulin mucin-3), CD44 and GLUT2 (glucose

transporter 2) are cell membrane glycoproteins supposed to act as recep-

tors/binding partners for Gal-9 (Ohtsubo et al. 2005; Zhu et al. 2005;

Katoh et al. 2007). In most cell types, however, the receptor(s) for Gal-9

responsible for transducing cytocidal signals has not been identified. We

tried to isolate the Gal-9-receptor complex from PC-3 cells on the

assumption that the complex stably exists in intracellular vesicles includ-

ing lysosomes. Contrary to our expectation, internalized Gal-9 was

Fig. 5. Subcellular fractionation of PC-3 cells treated with Gal-9. (A) Schematic representation of the subcellular fractionation procedure for PC-3 cells treated

with Gal-9. (B) Samples were analyzed by SDS-PAGE (10% gel) and then stained with Coomassie brilliant blue R-250. An arrowhead shows the position of

G9Null. (C) Western blot analysis of Gal-9. D, lectin blot analysis using biotinylated Gal-9 as a probe. M, molecular weight marker proteins; H ~ P4·Lac, cellular

components derived from ca. 3 × 104 cells/lane; P4* and P4·Lac*, cellular components derived from ca. 2.4 × 105 cells/lane.
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resistant to solubilization with a detergent (Figure 5). This was not due

to the formation of insoluble aggregates of denatured Gal-9, because

internalized Gal-9 was almost completely solubilized from the membrane

fraction with lactose regardless of the presence of a detergent. The results

indicate that internalized Gal-9 is not denatured but retains lectin activity.

In addition, candidate Gal-9 receptors with apparent molecular weights

of about 150,000 and 80,000 found on lectin blot analysis were clearly

detected in P4 (insoluble fraction after extraction with Triton X-100) but

nearly absent in P4·Lac (insoluble fraction after extraction with Triton

X-100 plus lactose) (Figure 5D). These results suggest that the candidate

receptors crosslinked by Gal-9 exist as detergent-resistant stable com-

plexes likely in endosomes and lysosomes.

Wiersma et al. reported that Gal-9 exhibited a cytocidal effect on

KRAS (Kirsten rat sarcoma 2 viral oncogene homolog) mutant colo-

rectal cancer (CRC) cells by inhibiting the last steps of the autopha-

gic process (Wiersma et al. 2015). Gal-9 added to the culture

medium was rapidly internalized and accumulated in the lysosomal

compartment in CRC cells. Gal-9 inhibited autophagosome-

lysosome fusion, which resulted in autophagosome accumulation,

lysosomal swelling and cell death in KRAS mutant CRC cells. Their

observations, i.e., the non-apoptotic nature of Gal-9-induced cell

death and endocytic internalization leading to lysosomal accumula-

tion of Gal-9, are consistent with the results obtained in the present

study. On the other hand, Gal-9 exhibited a negligible effect on

autophagosome-lysosome fusion events in PC-3 cells (Figure 6D). In

addition, a marked increase in the lipidated form of LC3 (LC3-II) in

CRC cells upon treatment with Gal-9 was not observed in PC-3

cells: nearly all LC3 existed as LC3-II in unstimulated PC-3 cells,

and treatment with Gal-9 resulted in only a moderate to small

increase in the LC3-II content (Figure 6A). It seems most likely that

Gal-9-induced changes in autophagic flux, if any, are not a major

cause of death in PC-3 cells.

The autophagy-lysosome and ubiquitin-proteasome systems are

two major intracellular protein degradation systems in eukaryotic

cells. Protein ubiquitination is an enzymatic cascade reaction in

which the C-terminus of ubiquitin, a small protein of 76-amino

acids, is covalently attached to the lysine residue(s) of a substrate via

an isopeptide bond, resulting in the formation of a monoubiquiti-

nated/multi-monoubiquitinated protein. Further modification of the

N-terminus (methionine residue) or one of the seven lysine residues

(K6, K11, K27, K29, K33, K48 and K63) of the substrate-attached

ubiquitin moiety leads to the formation of polyubiquitin chains with

different structures (Komander and Rape 2012). The polyubiquitin

chains might be branched or linear and either homogeneous or het-

erogeneous (mixed) with respect to linkages. Ubiquitination has

multiple functions including in protein degradation, signal transduc-

tion, and regulation of the cell cycle, which depends on the modifica-

tion type, i.e., mono- or poly-ubiquitination, homogeneous or mixed

Fig. 6. Effect of Gal-9 on the autophagic process in PC-3 and Jurkat cells. (A and B) Time-dependent changes in the contents of LC3-I and -II were analyzed by

western blotting. PC-3 (A) and Jurkat (B) cells were treated with G9Null (1 μM) for up to 24 h. Whole cell lysates were prepared at the time points indicated. (C)

Whole cell lysates were prepared from PC-3 and Jurkat cells cultured in the presence of the indicated reagents for 16 h. (D) Confocal microscopic localization of

autophagosomes and lysosomes in PC-3 cells. PC-3 cells were cultured in the absence and presence of G9Null (0.6 μM) for 16 h. Autophagosomes and lyso-

somes were visualized with CYTO-ID Green Detection Reagent 2 and LysoTracker Red DND-99, respectively. M, molecular weight marker proteins; C, control;

CQ, 10 μM chloroquine; Rap, 0.5 μM rapamycin; BAFA1, 0.2 μM bafilomycin A1; G9, 1 μM G9Null.
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linkage, etc. From a simplified point of view, the K48-linked polyu-

biquitin chain directs the substrate for proteasomal degradation,

while linear (M1-) and K63-linked polyubiquitin chains facilitate

protein complex formation and modulate intracellular signal trans-

duction. The functions of K6-/K27-/K29-/K33-linked ubiquitin and

branched ubiquitin chains are less understood. Although a typical

role of ubiquitination is to mediate degradation by proteasomes,

some ubiquitinated proteins, such as activated membrane receptors,

are endocytosed and directed to lysosomal degradation (Dikic and

Giordano 2003). We analyzed ubiquitinated proteins in whole cell

lysates, and soluble and insoluble fractions of PC-3 cells to examine

the possibility that Gal-9 modulates the ubiquitination system. Gal-

9 caused time-dependent accumulation of ubiquitinated proteins in

a similar manner to MG-132, a proteasome inhibitor (Figure 7).

However, there were differences between ubiquitinated proteins

accumulated upon treatment with Gal-9 and those with MG-132:

(i) Ubiquitinated proteins in Gal-9-treated and MG-132-treated

cells were recovered mainly in the insoluble and soluble fractions,

respectively. Likewise, ubiquitinated proteins accumulated upon

treatment with epoxomicin, another proteasome inhibitor, were

recovered mainly in the soluble fraction. (ii) Colocalization of ubi-

quitinated proteins and LAMP-1 was detectable in Gal-9-treated

but not MG-132-treated cells. (iii) MG-132 induced accumulation

of ubiquitinated proteins carrying K48-linked polyubiquitin (an

essential signal for proteasomal degradation), while Gal-9 hardly

affected the contents of those carrying K48-linked and K63-linked

polyubiquitin. Although we have not tested other linkage-

specific polyubiquitin antibodies (K11-, K27-, M1-/linear, etc.),

it is probable that Gal-9 stimulated heterogeneous/mixed-type

ubiquitination and/or monoubiquitination/multi-monoubiquiti-

nation (Dikic and Giordano 2003; Ohtake and Tsuchiya 2017).

In addition, PYR-41, which inhibits the first step of ubiquitina-

tion, suppressed Gal-9-induced accumulation of ubiquitinated

proteins up to 8 h and abrogated the cytocidal effect of Gal-9 in

PC-3 cells. The presence of larger amounts of ubiquitinated pro-

teins in P4 than in P4·Lac implies that they form insoluble com-

plexes with Gal-9 in lysosomes (Figure 8C). The results shown

in Figure 8C indicate that the recovery of ubiquitinated proteins

into subcellular fractions (S1–S4 and P4) is significantly low,

although quantitative analysis was not performed. Currently,

we cannot fully explain the discrepancy. One possible explan-

ation is that the ubiqutin moieties of ubiquitinated proteins

were released by deubiquitinating enzymes (DUBs) during cell

fractionation. In addition, it is also possible that the released

ubiquitin moieties were degraded by proteases in S1 and S2

fractions.

Fig. 7. Effects of Gal-9 and a proteasome inhibitor on ubiquitination in PC-3 cells. (A and B) PC-3 cells were treated with G9Null (1 μM) (A, right panels) and MG-

132 (1 μM) (B) for up to 24 h. Whole cell lysates prepared at the time points indicated were subjected to western blot analysis. M, molecular weight marker pro-

teins; UB, ubiqutin; K48-UB, K48-linked polyubiquitin; K63-UB, K63-linked polyubiquitin.
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These results suggest that Gal-9-induced atypical ubiquitina-

tion and the accumulation of the ubiquitinated proteins in the

lysosomal compartment play a pivotal role in Gal-9-induced

death in PC-3 cells. The inconsistent results regarding the influ-

ence of actin inhibitors (cytochalasin D and latrunculin A,

Figure 9C) on Gal-9-induced ubiquitination indicate that upregu-

lation of atypical ubiquitination is not a sufficient condition to

efficiently induce cell death and that endocytosed Gal-9 plays an

indispensable role in the cytocidal action. Currently, the molecular

mechanisms by which Gal-9 stimulates ubiquitination and modification

type(s) of Gal-9-induced ubiquitination are unclear. Nevertheless, we

hypothesize that Gal-9-induced crosslinking of cell surface receptors/

binding partners causes mixed type ubiquitination and/or monoubiqui-

tination/multi-monoubiquitination of membrane proteins. A part of the

ubiquitinated proteins in association with Gal-9 internalize and accu-

mulate as detergent-resistant complexes in the lysosomal compartment,

which result in malfunction of lysosomes and lysosome-dependent pro-

cesses in PC-3 cells.

Fig. 8. Subcellular localization of ubiquitinated proteins in PC-3 cells. (A) Confocal microscopic localization of ubiquitinated proteins and LAMP-1. PC-3 cells

were treated with G9Null (0.6 μM) and MG-132 (1 μM) for 16 h. Ubiquitin was visualized with anti-ubiquitin mouse monoclonal antibody and fluorescein-labeled

antibody to mouse IgG. LAMP-1 was visualized with anti-LAMP-1 antibody and anti-rabbit IgG-Alexa Fluor 568. (B) Subcellular localization of ubiquitinated pro-

teins was analyzed by western blotting. Homogenate (H), soluble fractions (S) and total membrane fractions (P, P1 fraction in Figure 5A) were prepared from

PC-3 cells treated with the indicated reagents for 16 h according to the procedure shown in Figure 5A. (C) The subcellular fractions shown in Figure 5A were sub-

jected to western blot analysis using anti-ubiquitin monoclonal antibody. M, molecular weight marker proteins; C, control; G9, 1 μM G9Null; MG, 1 μM MG-132;

EPX, 50 nM epoxomicin; UB, ubiquitin; H ~ P4·Lac, cellular components derived from ca. 3 × 104 cells/lane; P4* and P4·Lac*, cellular components derived from

ca. 2.4 × 105 cells/lane.
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Materials and methods

Reagents and antibodies

Primary antibodies against the following proteins were purchased

from Cell Signaling Technology (Danvers, MA, USA): β-actin

(#4967), JNK (#9252), phospho-JNK (Thr183/Tyr185) (#4668), c-

Jun (#9165), phospho-c-Jun (Ser63) (#2361), p38 MAPK (#9212),

phospho-p38 MAPK (Thr180/Tyr182) (#9211), MAPKAPK-2

(#12155), phospho-MAPKAPK-2 (Thr334) (#3007), Akt (#9272),

phospho-Akt (Ser473) (#9271), LC3A/B (#12741), LAMP-1

(#9091), ubiquitin (#3936; mouse monoclonal antibody), K48-

linked polyubiquitin (#8081), K63-linked polyubiquitin (#5621),

caspase 3 (#9665), cleaved caspase 3 (Asp175) (#9664), Bad

(#9239), and phospho-Bad (Ser112 and Ser136) (#5284 and

#4366). The mouse monoclonal antibody raised against the N-

terminal CRD of Gal-9 was donated by Fuso Pharmaceutical

Industries, Ltd. (Osaka, Japan). Cytochalasin D and latrunculin A

were from Wako Pure Chemical Industries (Osaka, Japan).

Jasplakinolide, SP600125, SB203580, and MG-132 were from

Cayman Chemical (Ann Arbor, MI, USA). Dynasore, Pitstop 2 and

PYR-41 were from Abcam. Epoxomicin was obtained from Merck

(Darmstadt, Germany).

Expression and purification of recombinant proteins

Expression of tag-free recombinant proteins, CSGal-1, G9Null, and

other members of the human galectin family except for Gal-4, in

Escherichia coli BL21(DE3) was carried out as described previously

(Nishi et al. 2005, 2008). Recombinant proteins were purified by affin-

ity chromatography on a lactose-agarose column (Seikagaku Corp.,

Tokyo, Japan). Gal-4 was expressed as a glutathione S-transferase

(GST)-fusion protein and purified by affinity chromatography on a

glutathione-Sepharose column (GE Healthcare, Piscataway, NJ, USA).

The GST tag was removed by thrombin cleavage. The purified proteins

were dialyzed against PBS and then sterilized by filtration. The protein

concentrations were determined using BCA protein assay reagent

(Pierce, Rockford, IL, USA) and BSA as a standard.

Cell culture and cell viability assays

The human prostatic cancer cell line (PC-3) was provided by the

RIKEN BioResource Center (Ibaraki Japan). The Jurkat T lymph-

oma cell line was obtained from the American Type Culture

Collection (Manassas, VA, USA). PC-3 cells were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with

10% FBS, 100 mU/mL penicillin and 100 μg/mL streptomycin

(DMEM-10% FBS) at 37°C under a 5% CO2 – 95% atmosphere.

Jurkat cells were maintained in RPMI 1640 supplemented with 10%

FBS, 100 mU/mL penicillin and 100 μg/mL streptomycin (RPMI

1640-10% FBS).

The cytocidal effects of Gal-9 and other substances on PC-3 cells

were determined by means of the WST-8 assay. Trypsinized PC-3

cells were centrifuged and then resuspended in DMEM-2% FBS at a

cell density of 1 × 104 cells/90 μL. The cell suspension was plated

onto 96-well plates (90 μL/well) and then cultured for 24 h. Test

samples (10 μL) were added at various concentrations, and the cul-

tures were continued for 24 h unless otherwise stated. WST-8

Fig. 9. Effects of a ubiquitination inhibitor and actin inhibitors on Gal-9-

induced ubiquitination and cell death in PC-3 cells. (A) PC-3 cells were trea-

ted with G9Null (1 μM) and G9Null (1 μM) plus PYR-41 (10 μM) for up to 24 h.

Whole cell lysates prepared at the time points indicated were subjected to

western blot analysis. (B) PYR-41 was tested as to its ability to suppress Gal-

9-induced death in PC-3 cells. PYR-41 was added at the concentrations indi-

cated. G9Null was added after 2-h culture. Cell viability was determined by

means of the WST-8 assay. The results are presented as mean ± SD (error

bars). Lower panel, the values obtained in the absence of G9Null were taken

as 100%. (C) PC-3 cells were treated with G9Null (1 μM) in the presence and

absence of actin inhibitors for 8 h. Whole cell lysates were subjected to

western blot analysis. M, molecular weight marker proteins; UB, ubiqutin; C,

control; CytD, 5 μM cytochalasin D; LatA, 0.5 μM latrunculin A; Jas, 0.5 μM

jasplakinolide; PYR, 10 μM PYR-41.
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reagent (Cell counting kit-8; Dojin Laboratories, Kumamoto, Japan)

was added to the cells (10 μL), followed by incubation for 2 h. Each

assay was performed in triplicate. The viable cell number was deter-

mined as the difference between the absorbance at 450 nm and

620 nm using a microplate reader. Jurkat cells were centrifuged and

then resuspended in RPMI 1640-10% FBS at a cell density of 3 ×

104 cells/90 μL. The cell suspension was plated onto 96-well plates

(90 μL/well) and then cultured for 2 h. Test samples (10 μL) were

added at various concentrations, and the cultures were continued

for 24 h unless otherwise stated. The WST-8 assay was carried out

as described above in this section.

SDS-PAGE, western blot and lectin blot analyses

Samples and standards (10 μL/lane) were electrophoretically sepa-

rated in SDS/12.6% polyacrylamide gels under reducing conditions

unless otherwise specified. The gels were stained with Coomassie

Brilliant Blue R-250. Two protein ladder markers (P7701 and

P7703; New England Biolabs, Inc., Beverly, MA, USA) were used in

this study. Note that the molecular weight of G9Null estimated by

using the molecular weight marker proteins is significantly lower

than the actual value (33,100) (Figures 3C, 5B, and 5C). For west-

ern blot analysis, samples were electrophoretically separated as

described above in this section and then transferred to polyvinyli-

dene difluoride (PVDF) membranes (Millipore Corp., Billerica, MA,

USA), followed by immunodetection with primary antibodies and

horseradish peroxidase-labeled goat anti-rabbit/mouse IgG antibody

(Kirkegaard and Perry Laboratories, Gaithersburg, MD, USA). The

membranes were blocked with TBS (Tris-buffered saline; 20mM

Tris-HCl, 0.15M NaCl, pH 7.5), 5% skim milk for 1 h before incu-

bation with primary antibodies. Immunoreactive bands were visua-

lized using an ECL detection system (GE Healthcare). When

necessary, blots were stripped at 50°C for 30min in 50mM Tris-

HCl (pH 6.8), 2% SDS, 0.1M β-mercaptoethanol, followed by

washing with TBS. The stripped membranes were blocked with TBS,

5% skim milk for 30min before reprobing. A homemade affinity-

purified rabbit polyclonal antibody raised against the C-terminal

CRD of Gal-9 was used for the detection of Gal-9 on western blot

analysis. For semi-quantitative western blot analysis of internalized

G9Null, serially diluted samples were electrophoresed with the stand-

ard G9Null (0.5, 1, 2, and 5 ng/lane). The visualized bands were

scanned and quantitated using ImageJ software (Abramoff et al. 2004).

Lectin blot analysis was carried out as described by Matsumura et al.

(2007) with modifications. G9Null was biotinylated using EZ-Link

NHS-Biotin (Pierce) according to the manufacturer’s instructions.

Samples were electrophoretically separated as described above in this

section and then transferred to PVDF membranes. The membranes

were blocked with TBS, 1% BSA for 1 h, and then incubated overnight

with 1 μg/mL of biotinylated G9Null in TBS-T (TBS containing 0.05%

Tween 20). After washing with TBS-T, the membranes were incubated

with streptavidin-biotinylated horseradish peroxidase complex (GE

Healthcare) for 1 h, and then washed with TBS-T. Chemiluminescent

detection was carried out using an ECL detection system.

Whole cell lysates subjected to SDS electrophoretic analyses were

prepared as follows: PC-3 cells suspended in DMEM-2% FBS (1 ×

105 cells/0.9 mL) were plated onto 12-well plates (0.9 mL/well) and

then cultured for 24 h. After adding test samples (100 μL), cells were

cultured for various lengths of time (up to 24 h). After removing the

medium, the cells were lysed with 100 μL of 1X SDS sample buffer.

Jurkat cells suspended in RPMI 1640-10% FBS (3 × 105 cells/

0.9 mL) were plated onto 12-well plates (0.9mL/well) and then

cultured for 2 h. After adding test samples (100 μL), cells were cul-

tured for various lengths of time (up to 24 h). At the end of the cul-

ture period, cells were transferred to 1.5-mL tubes and then

centrifuged at 2000 × g for 30 s using a table-top mini centrifuge.

After removing the supernatant, each cell pellet was lysed with

100 μL of 1X SDS sample buffer.

Agarose gel electrophoresis for DNA fragmentation

assay

PC-3 cells suspended in DMEM-2% FBS at a cell density of 7.5 ×

105 cells/1.8 mL were plated onto a 6-well plate (1.8mL/well) and

then cultured for 24 h. After adding test samples (PBS, 20 μM acti-

nomycin D, and 10 μM G9Null: 200 μL/well), the cultures were con-

tinued for 24 h. Cells were trypsinized and then lysed in 50mM

Tris-HCl (pH 8.0), 10 mM EDTA, 0.5% (w/v) N-lauroyl sarcosine

sodium salt, followed by treatment with RNase A (0.5mg/mL) at

50°C for 30min and then with Proteinase K (0.4mg/mL) at 50°C

for 1 h. The resulting cell digests were analyzed by 2% agarose gel

electrophoresis. DNA fragments were stained with ethidium brom-

ide. Jurkat cells suspended in RPMI 1640-10% FBS at a cell density

of 1.5 × 106 cells/0.9 mL were plated onto a 12-well plate (0.9 mL/

well) and then cultured for 2 h. After adding test samples (100 μL/

well), the cultures were continued for 24 h. Jurkat cells collected by

centrifugation were lysed and treated with RNase A and Proteinase

K as described above in this section before analysis by agarose gel

electrophoresis.

Subcellular fractionation of PC-3 cells treated with

Gal-9

PC-3 cells suspended in DMEM-10% FBS (2 × 106 cells/10mL)

were inoculated into ten 100-mm dishes (10mL/dish) and then cul-

tured for 72 h. After removing the medium, the cells were cultured

for 16 h with DMEM-2% FBS containing 0.3 μM G9Null (10mL/

dish). The concentration, 0.3 μM, was used to minimize the influ-

ence of G9Null non-specifically bound to the cell surface, which

could not be removed with lactose. At the end of the culture period,

the 0.4M lactose solution (0.5mL/dish) was added to the medium,

followed by 1-h culture. The cell number at the end of the culture

period was determined to be 7.8 ± 0.7 × 106 cells/dish (3.1 ±

0.3mg protein/dish) using replicate dishes (n = 3). After removing

the medium, the cells were washed twice with TBS, 0.1M lactose

and then twice with PBS (10mL/dish). The following procedure was

carried out under ice-cold conditions. The washed cells were col-

lected with a scraper using a homogenizing buffer (TBS, 1 mM phe-

nylmethylsulfonyl fluoride, 2 mL/dish). The cell suspension (total

20mL) was sonicated for 30 s with a model XL-7000 sonicator

(Qsonica, Newtown, CT, USA) (output intensity = 1) and then cen-

trifuged. All centrifugation was performed at 25,000 × g for 30min.

Each resulting pellet was homogenized with 20mL of TBS, 1%

Triton X-100 using a Teflon-glass homogenizer. The homogenate

was stirred for 20min, followed by centrifugation. The resulting pel-

let was homogenized with 10mL of 20mM Tris-HCl (pH 7.5), 1%

Triton X-100, 1M NaCl and then stirred for 20min. The homogen-

ate was divided into two equal parts (5 mL × 2), followed by centri-

fugation. The resulting pellets were homogenized with 5mL of TBS,

1% Triton X-100 or TBS, 1% Triton X-100, 0.1M lactose, fol-

lowed by centrifugation. The resulting pellets (Figure 5A, P4 and

P4·Lac) were individually dissolved in 500 μL of 1X SDS sample

buffer. This procedure is schematically shown in Figure 5A. The

amount of internalized G9Null was estimated by quantitative
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western blot analysis: about 25% of G9Null added to the medium

was internalized after 16-h culture.

Immunofluorescence microscopy

For immunofluorescence confocal microscopy, PC-3 cells suspended

in DMEM-2% FBS at a cell density of 1 × 105 cells/0.45mL were

seeded onto 35-mm glass bottom cell culture dishes (CELLview cell

culture dishes with glass bottoms, four compartments; Greiner Bio-

One, Frickenhausen, Germany) (0.45mL/compartment) and then

cultured for 24 h. After adding samples (50 μL/compartment), cell

cultures were continued for appropriate lengths of time. After

removing the medium, cells were washed with PBS. In order to visu-

alize internalized Gal-9, cells were washed twice with PBS, 0.2M

lactose before washing with PBS. The washed cells were fixed with

4% paraformaldehyde in PBS for 20min at room temperature. A

neutralized formaldehyde solution (10%) was used instead of the

paraformaldehyde solution for the detection of ubiquitinated pro-

teins. After fixation, cells were treated with 0.25% NH4Cl in PBS

for 10min to quench aldehyde groups and then permeabilized with

0.1% Triton X-100 in PBS for 10min prior to incubation with pri-

mary antibodies overnight at 4°C. After the incubation with primary

antibodies, cells were washed with PBS and then incubated with Alexa

Fluor 568-labeled Goat Anti-rabbit IgG (Abcam) and/or fluorescein-

labeled antibody to mouse IgG(H + L) (Kirkegaard and Perry

Laboratories) for 2 h at room temperature. Cells were washed with

PBS before observation by confocal microscopy using an LSM 700

laser scanning confocal microscope (Zeiss, Oberkochen, Germany).

For the visualization of actin filaments and nuclei, cells were incubated

with FITC-phalloidin (Molecular Probes, Eugene, OR, USA; 1.65 ×

10−7M in PBS, 1mg/mL BSA) and TO-PRO-3 (Thermo-Fisher

Scientific, Waltham, MA USA; ×1/1000 in PBS, 1mg/mL BSA),

respectively, for 20min after incubation with secondary antibodies.

Lysosomes and autophagosomes in live cells were visualized as fol-

lows: PC-3 cells suspended in DMEM-2% FBS at a cell density of 2 ×

105 cells/mL were seeded onto 35-mm glass bottom cell culture dishes

(0.45mL/compartment) and then cultured for 24 h. After adding test

samples (50 μL/compartment), cells were cultured for appropriate

lengths of time. After removing the medium, cells were washed twice

with PBS, 2% FBS. The washed cells were incubated with LysoTracker

Red DND-99 (Invitrogen, Carlsbad, CA, USA) and CYTO-ID Green

Detection Reagent 2 (Enzo Life Sciences, Farmingdale, NY, USA) for

30min at 37°C. LysoTracker Red DND-99 and CYTO-ID Green

Detection Reagent 2 were used at 75 nM and ×1/500 dilution, respect-

ively, in PBS, 2% FBS. After removing the solution, cells were washed

with PBS and then Hank’s balanced salt solution, 1mg/mL BSA was

added to the compartments. Fluorescence confocal microscopy was

carried out with an LSM 700 microscope.

Supplementary data

Supplementary data is available at Glycobiology online.
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