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Abstract

Galectin 3 (LGALS3) expression is prognostic for poor survival in acute myeloid leukemia 

(AML) patients. GCS-100 is a novel galectin inhibitor that may prove useful for AML therapy. In 

this study, we found GCS-100 induced apoptosis in AML cells. The agent reduced MCL-1 

expression suggesting GCS-100 could be more effective when combined with a BH3 mimetic. 

Indeed, potent synergistic cytotoxicity was achieved when GCS-100 was combined with ABT-737 

or ABT-199. Furthermore, the GCS-100/ABT-199 combination was effective against primary 

AML blast cells from patients with FLT3 ITD mutations, which is another prognostic factor for 

poor outcome in AML. This activity may involve wild-type p53 as shRNA knockdown of 

LGALS3 or galectin 1 (LGALS1) sensitized wild-type p53 OCI-AML3 cells to GCS-100/

ABT-737-induced apoptosis to a much greater extent than p53 null THP-1 cells. Suppression of 

LGALS3 by shRNA inhibited MCL-1 expression in OCI-AML3 cells, but not THP-1 cells, 

suggesting the induced sensitivity to ABT-737 may involve a MCL-1 mediated mechanism. OCI-

AML3 cells with LGALS1 shRNA were also sensitized to ABT-737. However, these cells 

exhibited increased MCL-1 expression, so MCL-1 reduction is apparently not required in this 

process. A role for p53 appears important as GCS-100 induces p53 expression and shRNA 

knockdown of p53 protected OCI-AML3 cells from the cytotoxic effects of the GCS-100/

ABT-737 treatment combination. Our results suggest that galectins regulate a survival axis in 

AML cells, which may be targeted via combined inhibition with drugs such as GCS-100 and 

ABT-199.
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1. Introduction

Acute myeloid leukemia (AML) is a malignant hematologic disease that is often fatal [1– 4]. 

A current strategy for leukemia therapy involves targeting the anti-apoptotic members of the 

BCL2 family using small molecule inhibitors such as ABT-737 and ABT-199 that are 

mimetics of the BH3 domain [5–13]. ABT-737, which targets BCL2 and BCL-XL showed 

promise in preclinical models [9, 10, 14]. However, a serious side effect of ABT-737 is 

thrombocytopenia as platelet homeostasis is dependent on BCL-XL [15]. To overcome this 

problem, ABT-199 was developed as a BCL2 specific BH3 mimetic [6, 13]. Use of 

ABT-199 for AML therapy may be problematic however, since AML survival is often 

mediated by MCL-1 which is not targeted by the drug [7, 8, 11, 12, 16]. Resistance to BH3 

mimetics in many cancers appears to involve MCL-1 expression [7,8,11, 17]. Lymphoma 

cell lines made resistant to ABT-199 have increased MCL-1 and BCL-XL gene expression 

[8]. ABT-737 induces ERK activity and MCL-1 expression so resistance may be mediated 

by the BH3 mimetic itself [11]. Thus, the use of BH3 mimetics for AML therapy will be 

greatly improved when combined with drugs that suppress MCL-1.

Galectins are important regulators of cell adhesion, apoptosis, cell cycle, and mRNA 

processing [18–21]. Galectin 3 (LGALS3) is a member of a family of β-galactoside binding 

proteins that support survival by diverse mechanisms including those involving MCL-1 [18–

24]. LGALS3 contains the NWGR motif found in the BH1 domain of BCL2 family proteins 

and supports mitochondrial stabilization by binding to BCL2 [21, 25, 26]. Furthermore, 

suppression of LGALS3 by p53 is critical for p53 mediated apoptosis suggesting that the 

galectin and p53 regulate a survival axis supporting cellular homeostasis [27–29].

LGALS3 has clinical relevance as a target in many cancers [20, 30, 31]. Cheng and 

colleagues reported that elevated LGALS3 was prognostic for poor survival in AML 

patients [31]. In models of the tumor microenvironment, LGALS3 appears to play an 

important role in supporting survival of myeloma, lymphoma, and various leukemias 

through diverse mechanisms [23, 32–34]. These findings suggest that LGALS3 may be 

critical for AML cell survival within the BM niche.

GCS-100 is a galectin inhibitor. The compound is currently in a phase II trial for chronic 

kidney disease (ClinicalTrials.gov Identifier: NCT01843790). In the current study we 

investigated the efficacy of GCS-100 in AML cell death as a single agent and in 

combination with the BH3 mimetics. Mechanistically, GCS-100 alone and in combination 

with BH3 mimetics, induces cell death through diverse pathways including ones mediated 

by p53. In addition, GCS-100 can suppress MCL-1 but inactivation of MCL-1 does not 

appear to be required for cell killing.

2. Material and Methods

2.1. Cell lines and shRNA knockdown cells

OCI-AML3 cells were the kind gift from Mark Minden (Ontario Cancer Institute; Toronto, 

Canada). THP-1 was obtained from ATCC (Manassas, VA). OCI-AML3 cells with control 

vector and p53 shRNA have been previously described [35]. LGALS3 and LGALS1 were 
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knocked down by lentiviral transduction of shRNA using pLKO based transfer vectors 

(Open Biosystems, Huntsville, AL, USA). For LGALS3 clones TRCN0000029304 targeting 

residues 734–754 and TRCN0000029308 targeting residues 606–626 on RefSeq 

NM_002306.3 were used. For LGALS1 clones TRCN0000057423, which targets residues 

397 to 417 on RefSeq NM_002305.3 and TRCN0000057424, which targets residues 178 to 

198 on the same RefSeq were used. As negative control we used pLKO.1 control (plasmid 

10879, Addgene, Cambridge, MA, USA). Infected cells were selected with puromycin 

(Invivogen, San Diego, CA). Knockdown was verified by western blot analysis and real 

time PCR.

Patient Samples—Peripheral blood specimens were collected from a healthy donor and 

three patients with newly diagnosed AML evaluated at The University of Texas M.D. 

Anderson Cancer Center (MDACC). Samples were acquired during routine diagnostic 

assessments in accordance with the regulations and protocols approved by the 

Investigational Review Board of MDACC. Informed consent was obtained in accordance 

with the Declaration of Helinski. Patient characteristics are listed in Table 1.

2.2. Cell treatment and cytotoxicity assessments

Cells were treated with various doses of GCS-100 (La Jolla Pharmaceutical Company), 

and/or ABT-737 and/or ABT-199 (all from Selleck Chemicals, Houston, TX) for various 

times. Cell death was assessed by trypan blue staining. To determine that the mechanism of 

cell death was apoptosis, cells were stained with Annexin V (Roche Diagnostics, 

Indianapolis, IN) / 4',6-diamidino-2-phenylindole (DAPI) and the percentages of apoptotic 

cells were assessed by flow cytometry. Apoptotic cells were identified as positive for 

Annexin V staining using a Becton Dickinson LSR II flow cytometer (Becton Dickinson, 

San Jose, CA). Total viable cells were determined by total Annexin V negative/DAPI 

negative cells with counting beads (Roche) included to determine total cell number.

2.3. Immunoblot analysis

Cells were treated with vehicle (10% PBS) or various doses of GCS-100 for 6 or 24 h. Cells 

were boiled and sonicated in lysis buffer and protein (5 × 105 cell equivalents) was 

subjected to electrophoresis using SDS/PAGE. Immunoblot analysis was performed with 

antibodies against LGALS3 (Santa Cruz Biotechnology), LGALS1 (Santa Cruz 

Biotechnology), phospho-ERK (Y202/Y204; Cell Signaling, Beverly, MA), phospho-AKT 

(S473; Cell Signaling, Beverly, MA), phospho-MEK (S217/S221; Cell Signaling, Beverly, 

MA), MCL-1 (Santa Cruz Biotechnology), p53 (Santa Cruz Biotechnology), BCL2 (Dako, 

Carpinteria, CA), and Tubulin (Sigma Aldrich, St. Louis, MO). Signals were detected by 

using the Odyssey Infrared Imaging System and quantitated by Odyssey software version 

3.0 (both LI-COR Biosciences, Lincoln, NE, USA). Tubulin was used as a loading control.

2.4. Gene expression analysis

Real-time PCR (qRT-PCR) was conducted using an ABI 7900HT Fast Real-Time PCR 

System (Life Technologies). We ran duplicate 20 µl reactions containing the equivalent of 

either 1 ng or 7.5 ng total RNA, depending on the housekeeping gene (18S or ABL1, 

respectively). We used the following TaqMan Gene Expression Assays (Life Technologies) 
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as directed by the manufacturer: ABL1 (Hs01104728_m1), MCL1 (Hs03043899_m1), 

BCL2 (Hs00608023_m1), and BCL-XL (Hs00236329_m1). We used RQ Manager 1.2.1 

(Life Technologies) to analyze the data.

2.5. Statistical analyses

All means ± SD for triplicate samples were calculated with Microsoft Excel 2003 SP2 

software (Microsoft Corporation, Seattle, WA). In all statistical analyses, the results were 

considered statistically significant when p < 0.05 using a two tailed Student t-test.

3. Results

3.1. GCS-100 induces apoptosis in AML cells and inhibits ERK activity and MCL-1 protein 
expression

OCI-AML3 and THP-1 AML cells were treated with varying doses of GCS-100 for 72 h. 

Cell number and viability was assessed by Trypan blue exclusion. As shown in Figure 1A, 

GCS-100 at > 62 µg/ml was able to kill cells. The agent at 250 µg/ml concentration was 

more effective killing OCI-AML3 cells compared to THP-1 cells (~ 80% killing versus ~ 

60% killing, respectively; Fig. 1A). The increased sensitivity of OCI-AML3 cells to 

GCS-100 could reflect the difference in p53 status between OCI-AML3 cells (wt) and 

THP-1 cells (frameshift deletion mutant).

We investigated whether impairment of galectin-mediated RAS transport would have global 

effects on downstream RAS targets as LGALS3 and the related LGALS1 positively regulate 

RAS by escort function [18–20, 24, 36]. As shown in Figure 1B, GCS-100 potently 

suppresses ERK phosphorylation. In addition, high dose GCS-100 reduced MCL-1 in both 

OCI-AML3 cells (by 50%) and THP-1 cells (by 30%) after 6 hour treatment. GCS-100 had 

no effect on total p53 protein expression in OCI-AML3 cells after short term treatment (Fig. 

1B).

To examine effect of longer exposure of GCS-100 to AML cells, OCI-AML3 cells were 

treated with vehicle or 125 µg/ml or 250 µg/ml GCS-100 for 24 h. As shown in Figure 1C, 

the drug suppresses AKT phosphorylation (i.e., activation) in both OCI-AML3 and THP-1 

cells. GCS-100 was more potent suppressing MEK-1 phosphorylation in THP-1 compared 

to OCI-AML3 (Fig. 1C). The greater suppression of MEK phosphorylation in THP-1 

compared to OCI-AML3 is consistent with the greater suppression of ERK phosphorylation 

seen in the THP-1 cells (Fig. 1B). MCL-1 was suppressed in both the OCI-AML3 and 

THP-1 cells but the drug had little effect on BCL2 expression (Fig. 1C). The ability of 

GCS-100 to potently suppress AKT and ERK phosphorylation is consistent with inhibition 

of galectin-mediated RAS signaling by the agent though other possible mechanisms cannot 

be ruled out. GCS-100 had no effect on p53 expression after short term exposure (Fig. 1B). 

As shown in Figure 1C, the drug potently induced p53 expression in OCI-AML3 cells. Cells 

treated with 125 µg/ml GCS-100 displayed a ~ 5-fold increase in p53 protein. This finding 

suggests that galectin inhibition alone can potentially activate p53 mediated stress pathways.
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3.2. GCS-100 synergizes with BH3 mimetics to kill AML cells

As MCL-1 is a resistance factor for BH3 mimetic-mediated killing [7,8,11, 17], GCS-100 

mediated reduction of MCL-1 optimize BH3 mimetic efficacy. GCS-100/ABT-737 

combination was examined using OCI-AML3 and THP-1 cells. As shown in Figure 2A, 125 

µg/ml GCS-100 and 1 µM ABT-737 resulted in ~ 28% and 24% reduction, respectively of 

viable cells, in the OCI-AML3 cells. However, the combination of both agents at these doses 

results in > 94% cell killing of these cells. Apoptosis was induced in ~ 69% of OCI-AML3 

cells treated with 125 µg/ml GCS-100 and 1 µM ABT-737, while apoptosis was < 20% in 

cells treated with either single agent (Supplemental Fig. 1A). If 250 µg/ml GCS-100 is used 

with 1 µM ABT-737, >99% of OCI-AML3 cells are killed with > 90% apoptotic cells (Fig. 

2A and Supplemental Fig. 1A). Synergy of GCS-100 and ABT-737 in cell killing was also 

observed in THP-1 cells, though the effect was less pronounced (Fig. 2B and Supplemental 

Fig. 1B). Low dose addition of both agents results in ~64% reduction of viable THP-1 cells, 

but still 250 µg/ml GCS-100 with 1 µM ABT-737 kills > 99% THP-1 cells (Fig. 2B).

We next tested if GCS-100 would prove effective against AML in combination with the 

BCL2 specific BH3 mimetic ABT-199. OCI-AML3 cells and THP-1 cells were treated with 

1 µM ABT-199 and/or 250 µg/ml GCS-100 for 72 h. As shown in Supplemental Fig.2A and 

2B, GCS-100 and ABT-199 alone were not very effective inducing apoptosis in either AML 

cell line (i.e., the apoptotic cell percentage did not exceed 20% in all cases). GCS-100 alone 

was effective suppressing viable OCI-AML3 cells (i.e., ~ 80 reduction of viable cells) and 

THP-1 cells (i.e., viable cells reduced by ~ 50%). ABT-199 effectively killed both cell lines 

with THP-1 exhibiting greater sensitivity to the BH3 mimetic (Fig. 3A and B). Importantly, 

combination of GCS-100 and ABT-199 in both AML cell lines resulted in > 99% reduction 

of viable cells suggesting that the combination of agents could eliminate the leukemic cells 

(Fig. 3A and B) and induce apoptosis in ~ 90% of cells (Supplemental Fig. 2A and B).

As ABT-199 is currently in clinical trials for AML, we investigated combination of 

GCS-100 with ABT-199 in three primary leukemia samples as well as in a healthy donor. 

Patient characteristics are in Table 1. Patient 1 had mixed leukemia with 20% AML and 

80% Ph+ B ALL (acute lymphoblastic leukemia). Patient #2 had complex karyotype AML 

while Patient #3 had AML with normal diploid karyotype though possibly secondary AML 

(Table 1). Samples were obtained by informed consent under an Institution approved 

protocol and cells were treated with 250 µg/ml of GCS-100 with or without 0.1 µM 

ABT-199 for 72 h. Total viable cell number and apoptosis were measured by flow 

cytometry. As shown in Fig. 4, GCS-100 reduced monocytes in the healthy donor sample by 

~ 30% though the difference was not significant. ABT-199 alone resulted in a significant 

reduction of cells (~ 50%; p = 0.02). Combination of both agents did significantly reduce 

monocytes in the healthy donor (~ 75% reduction; p = 0.003). The primary leukemia 

samples showed variable sensitivity to GCS-100 and ABT-199 as single agents (Fig. 4). Of 

the three patients, Patient #1 was relatively resistant to ABT-199 exhibiting only a ~15% 

reduction of viable cells (p = 0.04) whereas the BH3 mimetic killed ~ 85% of leukemia cells 

in the sample from Patient #2 (p = 0.001) and nearly eliminated viable cells in Patient #3 (> 

97% killing; p < 0.001). As shown in Figure 4, Patient #1 and Patient #3 were both sensitive 

to GCS-100 with ~ 30% (p = 0.02) and ~45% (p = 0.02) reduction of blasts achieved, 
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respectively. Patient # 2 was resistant to GCS-100. However in cells from Patient #2, 

GCS-100 combined with ABT-199 did reduce viable cells by ~ 50% compared to cells 

treated with ABT-199 alone though not statistically significant. In Patient #1, GCS-100 

increased ABT-199 killing significantly with a 35% further reduction of AML blast cells 

compared to treatment with ABT-199 as a single agent (p = 0.005). These results indicate 

that leukemia patients have variable responses to GCS-100 and ABT-199 both as single 

agents and when the agents are combined. Importantly, both AML patients (Patient #2 and 

Patient #3) saw near elimination of leukemia cells when treated with GCS-100 combination 

with ABT-199 (Fig. 4).

3.3. Suppression of LGALS3 or LGALS1 sensitizes AML cells to ABT-737

LGALS3 positively regulates a number of different anti-apoptotic BCL2 family members by 

diverse mechanisms [18–21]. To determine the role of LGALS3 in ABT-737 mediated 

killing, LGALS3 was suppressed by lentiviral shRNA in OCI-AML3 and THP-1 cells. In 

both cell lines > 95% reduction of LGALS3 was achieved as determined by immunoblotting 

(Supplemental Fig. 3). Cells were treated with varying doses of the BH3 mimetic for 48 h. 

Reduction of LGALS3 had different effects on sensitivity to ABT-737 in OCI-AML3 and 

THP-1 cells. In OCI-AML3 cells, reduction of LGALS3 sensitized cells to both 1 µM and 5 

µM ABT-737 as determined by increased apoptosis of cells and reduction of viable cells 

(Fig. 5A and Supplemental Fig. 4A). However, there was only a small albeit statistically 

significant difference between control and LGALS3 shRNA OCI-AML cell sensitivity to 10 

µM ABT-737 (Fig. 5A and Supplemental Fig. 4A). This finding suggests it is beyond 

LGALS3’s ability to protect these cells at this dose of the agent. Though there was a 2-fold 

increase in percentage of apoptotic cells in THP-1 cells with LGALS3 shRNA compared to 

control cells with low (1 µM) ABT-737, there was only a slight statistical difference in the 

reduction of viable cells treated with ABT-737 at 1 µM and 5 µM ABT-737 when comparing 

THP-1 cells with control shRNA or LGALS3 shRNA (Fig. 5B and Supplemental Fig. 4B). 

However, suppression of LGALS3 by shRNA sensitized THP-1 cells to high dose (10 µM) 

ABT-737. The differences in effect of suppression of LGALS3 on sensitivity to ABT-737 in 

THP-1 versus OCI-AML3 cells could be due to differences in p53 status as p53 could be 

more effective aiding BH3 mimetic mediated apoptosis in the absence of LGALS3. Another 

reason why LGALS3 suppression only had minimal effect on ABT-737 sensitivity in THP-1 

cells may be that GCS-100 inhibits other galectin family members such as LGALS1. To 

examine the effect of suppression of LGALS1 in OCI-AML3 and THP-1 cells, lentiviral 

transductants with control LKO or LGALS1 shRNA were produced. Suppression of 

LGALS1 was > 90% in LGALS1 transductants compared to LKO control in both cell lines 

(Supplemental Fig. 3). Similar to cells with LGALS3 shRNA, OCI-AML3 cells with 

LGALS1 shRNA were more sensitive to 1 µM and 5 µM doses of ABT-737, (Fig. 5C and 

Supplemental Fig. 4A). However unlike cells with LGALS3 shRNA, OCI-AML3 cells were 

sensitized to 10 µM ABT-737 when LGALS1 was reduced. Suppression of LGALS1 by 

shRNA sensitized THP-1 cells to all doses of ABT-737 (Fig. 5D and Supplemental Fig. 4B). 

Interestingly suppression of LGALS1 resulted in a significant basal reduction of THP-1 cells 

as observed when comparing viable cells and apoptosis in THP-1 cells (Fig. 5D and 

Supplemental Fig. 4D). Reduction of LGALS1 in OCI-AML3 cells reduced viable cells 

albeit not significantly but did result in increased apoptotic cells (Fig. 5C and Supplemental 
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Fig. 4C). These results suggest that both LGALS3 and LGALS1 play roles in survival 

pathways targeted by ABT-737.

3.4. Suppression of LGALS3 reduces BCL2 and MCL-1 gene expression in AML cells

A mechanism to regulate BCL2 gene expression involving both LGALS3 and p53 is 

currently unknown. We examined expression of BCL2 family members BCL2, MCL-1, and 

BCL-XL in OCI-AML3 cells and THP-1 cells that expressed control shRNA or LGALS3 

shRNA. Transcript was determined using qRT-PCR and normalized to housekeeping gene 

ABL-1. As shown in Fig. 6A, reduction of LGALS3 in OCI-AML3 cells had only a slight 

effect on BCL-XL gene expression compared to control cells (~ 25% reduction) but 

suppression of the galectin resulted in > 70% reduction of BCL2 transcript and > 50% 

reduction of MCL-1 transcript when compared with control. Suppression of LGALS1 in 

OCI-AML3 cells actually resulted in an increase in BCL2 and MCL-1 gene expression with 

no effect on BCL-XL transcription (Fig. 6B). In THP-1 cells, reduction of LGALS3 by 

shRNA had no effect on BCL-XL gene expression and had only slight effects on BCL2 

(28% reduction) and MCL1 (25% reduction) while reduction of LGALS1 had no effect on 

transcription of BCL2, BCL-XL, or MCL-1 (data not shown).

Western blot analysis of BCL2 and MCL-1 in parental OCI-AML3 and THP-1 cells treated 

with vehicle or GCS-100 revealed the drug suppressed MCL-1 in both cell lines but had 

little effect on BCL2 (Fig. 1B and Fig. 1C). To examine effect of LGALS3 knock down by 

shRNA, western analysis was performed on OCI-AML 3 cells and THP-1 cells with control 

shRNA or LGALS3 shRNA. As shown in Figure 6C, suppression of LGALS3 inhibited 

MCL-1 by ~ 60% and BCL2 protein expression by ~ 80% in the OCI-AML3 cells consistent 

with the gene expression data. This was in contrast to the effect GCS-100 had on BCL2 

protein in OCI-AML3 cells as the drug did not impact BCL2 protein levels after longer 

treatment (Fig. 1C). MCL-1 and BCL2 protein expression was also examined in THP-1 cells 

with control shRNA or LGALS3 shRNA (Fig. 6C). Suppression of LGALS3 actually 

resulted in increased MCL-1 (i.e., ~ 2-fold; Fig. 6C). BCL2 protein was reduced in THP-1 

cells by ~ 60% when the galectin was suppressed (Fig. 6C). These findings suggest that 

LGALS3 supports BCL2 protein expression in both OCI-AML3 and THP-1 cells. Like OCI-

AML3 cells, though suppression of the galectin by shRNA suppressed BCL2 protein, 

GCS-100 had little or no effect on BCL2 in the THP-1 cells after short exposure (Fig. 6C) 

and only a minimal reduction (~ 20% with 250 µg/ml drug) after 24 hour treatment (Fig. 

1C). The results also suggest that LGALS3 positively regulates MCL-1 in OCI-AML3 cells 

but not THP-1 cells and may explain why suppression of LGALS3 has a greater effect on 

ABT-737 sensitivity in OCI-AML3 cells compared to THP-1 cells (Fig. 5 A – D).

3.5. Suppression of p53 partially protects OCI-AML3 cells from ABT-737

To assess the role for p53 in this process, p53 was suppressed by lentiviral shRNA in OCI-

AML3 cells[35]. Reduction of p53 was ~ 80% in shRNA cells compared to LKO control 

cells as shown in Supplemental Figure 3. Control shRNA OCI-AML3 cells and p53 shRNA 

OCI-AML3 cells were similarly treated with GCS-100 with or without ABT-737 for 48 h as 

was performed for parental cells (Fig. 2A – D). As shown in Figure 7A and B, knockdown 

of p53 had little effect on sensitivity to GCS-100 alone as a single agent. With 250 µg/ml 
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GCS-100, viable cells were reduced roughly by half and the apoptotic rate was roughly 6%. 

The status of p53 appears to be more important for ABT-737 sensitivity in OCI-AML3 cells 

as cells with control shRNA were more sensitive to 1 µM ABT-737 alone compared to the 

cells with p53 shRNA (Fig. 7A and B). Similar to parental OCI-AML3 cells, cells with 

control shRNA showed synergistic killing with GCS-100 and ABT-737. Control cells 

treated with 250 µg/ml GCS-100 and 1 µM ABT-737 for 48 h demonstrated a > 99% 

reduction of viable cells and the percentage of apoptotic cells was > 98% (Fig. 7A and B). 

OCI-AML3 cells expressing p53 shRNA treated with 250 µg/ml GCS-100 and 1 µM 

ABT-737 for 48 h were less sensitive to the combination but still there was a 92% reduction 

of viable cells and 67% of cells were apoptotic (Fig. 7A and B). The greater sensitivity of wt 

p53 cells suggests that p53 is necessary but not sufficient for the death mechanism in 

GCS-100/BH3 mimetic induced killing.

4. Discussion

Consistent with the previous myeloma study23, GCS-100 was able to suppress both ERK 

phosphorylation and MCL-1 expression in AML cells (Fig. 1B and C). GCS-100 does not 

appear to affect BCL2 protein expression in the AML cell lines (Fig. 1C). This finding is 

consistent with a previous study where the agent was found to have little effect on BCL2 

expression as in myeloma cell lines as tested by the Cotter group [23]. Very preliminary 

results suggest GCS-100 can induce apoptosis in primary AML cells (Fig. 1B).

Though GCS-100 had little effect on BCL2 protein expression in OCI-AML3 and THP-1 

cells (Fig. 1D), suppression of LGALS3 by shRNA was able to reduce BCL2 levels in both 

cell lines (Fig. 6C). The mechanism of LGALS3 regulation of BCL2 is not clear as the 

reduction of the galectin resulted in suppressed bcl2 transcription in OCI-AML3 cells but 

reduction of LGALS3 in THP-1 was less potent suppressing bcl2 gene expression in the 

THP-1 cells. GCS-100 was able to reduce MCL-1 protein expression in both cell lines albeit 

with more potency for OCI-AML3 cells (Fig. 1B and C). This effect may be due to 

suppression of either AKT, which regulates MCL-1 stability via Glycogen Synthase Kinase 

3 (GSK3), or via ERK activity (which has been implicated in MCL-1 gene expression and 

protein stability) as GCS-100 was shown to effectively block both AKT and ERK 

phosphorylation in both cell lines (Fig. 1B and C). As GCS-100 reduced MCL-1 expression 

in both AML cell lines after 24 h (Fig. 1C), it would be expected the agent would synergize 

with BH3 mimetic agents by targeting MCL-1 and BCL2, respectively. However with 

LGALS3 knockdown cells we only see reduction of MCL-1 in OCI-AML3 but not THP-1 

cells. At least for LGALS3, it is appears that support of MCL-1 by the galectin may be 

important for resistance to BH3 mimetics in the AML cells. Combination of GCS-100 with 

either ABT-737 (Fig. 2A and Fig. 2B and Supplemental Fig. 1A and Fig. 1B) or ABT-199 

(Fig. 3A and B, and Supplemental Fig. 2A and Fig. 2B) resulted in near complete 

elimination of AML cells. While efficacy of GCS-100/BH3 mimetic was high in both p53 

wt (OCI-AML3) and p53 deletion mutant (THP-1) cells, cells with wt p53 were more 

sensitive to the combination of agents. The cell’s p53 status may affect how GCS-100 

affects p53 mediated stress pathways though further investigation is required to identify the 

mechanism(s) responsible. Suppression of LGALS3 by shRNA in OCI-AML3 cells resulted 

in potent inhibition of both MCL-1 and BCL2 gene expression while there was only a slight 
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effect in THP-1 cells suggesting transcription of these pro-survival molecules can be 

negatively regulated by p53. Regulation of BCL2 gene expression by p53 has been reported 

[43]. It is also important to note that there are other genetic differences in THP-1 and OCI-

AML3 cells beside p53 mutation status. The Broad-Novartis Cancer cell Line Encyclopedia 

(CCLE; http://www.broadinstitute.org/ccle/home) list the various reported mutations in 

OCI-AML3 and THP-1 cells. Both cell lines have N-RAS mutations -- OCI-AML3 has 

Q61L while THP-1 has G12D (either mutation results in constitutive activation of the 

kinase). Mutations in OCI-AML3 cells include Ten-Eleven Translocation 1(TET1; P828S) 

and Nucleophosmin 1 (NPM1; L287frame shift). THP-1 mutations include Fanconi Anemia 

Complementation Group D2 (FANCD2; Y1117F) and General Control Nonderepressible 2 

(GCN2; P662L). It is not clear how these or other mutations might contribute to cell survival 

or death with inhibition of galectins and/or BCL2 family members.

There was a difference in sensitivity of THP-1 and OCI-AML3 cells to GCS-100/ABT-737 

combination (Fig. 2A and Fig. 2B and Supplemental Fig. 1A and B), yet there was still 

nearly complete elimination of leukemia cells independent of p53 status if 250 µg/ml 

GCS-100 was used. This concentration of agent is well below the effective dose reported for 

use in the myeloma studies [23]. In addition, the effectiveness of the GCS-100/ABT-737 

combination in killing the AML cells suggests that perhaps lower and less toxic doses of 

ABT-737 could be used if combined with GCS-100.

Testing primary leukemia samples, two of three patients displayed sensitivity to 250 µg/ml 

GCS-100 as a single agent (Fig. 4). The patient that was resistant to GCS-100 (Patient #2) 

did show increased killing of AML blast cells with combination of the galectin inhibitor 

with ABT-199 compared to treatment with ABT-199 alone though the difference was not 

significant. Patient #1 displayed improved blast cell killing with the GCS-100/ABT-199 

combination (Fig. 4). However, GCS-100/ABT-199 combination did not kill the leukemia 

cells from Patient #1 as effectively as observed in the other patients (Fig. 4). Patient #1 had 

mixed phenotype leukemia with Philadelphia chromosome, and had both leukemic 

myeloblasts and lymphoblasts. AML and ALL cells may possess differential sensitivity to 

these drugs, and the activity against Patient #1’s leukemic cells may reflect a heterogeneous 

response. GCS-100 did not increase killing of AML cells from Patient #3 however the cells 

were quite sensitive to ABT-199 alone (Fig. 4). Considering that MCL-1 is a major 

resistance factor for BH3 mimetic therapy [7,11], GCS-100 could be investigated to prevent 

resistant clones in patients that are responsive to ABT-199.

The combination of GCS-100 and ABT-199 was able to nearly eliminate the leukemia cells 

from Patient #2 and Patient #3 in the in vitro assay (Fig. 4). Both patients harbor a FLT3 

ITD mutation which is associated with unfavorable survival [1–4]. Patient #2 also had a 

complex karyotype, also prognostic for unfavorable outcome [1–4]. Furthermore, MCL-1 

has been implicated as a critical survival factor in AML leukemic stem cells harboring FLT3 

ITD mutations [46 1–4, 46]. Dual targeting of BCL-2 and MCL-1 may be particularly 

meaningful for the >30% of AML patients who are FLT3-ITD positive. GCS-100 alone 

reduced normal mononuclear cells, though not significantly (Fig. 4). Mononuclear cells 

from the healthy donor were sensitive to ABT-199, and GCS-100 did increase cell killing in 

combination with ABT-199. Reduction of healthy donor cells by GCS-100/ABT-199 
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combination was not complete, whereas in two of three AML patients > 98% of leukemic 

cells were killed by this combination (Fig. 4). Further work is needed to determine 

combinatorial dosing of these agents, and their utility in treating patients with AML.

The finding that suppression of p53 partially protected AML cells from GCS-100/ABT-737 

combination is consistent with the increased sensitivity of p53 wt OCI-AML3 cells to BH3 

mimetic/GCS-100 combination compared to p53 mutant THP-1 cells (Fig. 2A and Fig. 2B 

and Supplemental Fig. 1A and B). The data also indicates that there is probably a feedback 

mechanism that regulates BCL2 expression when global galectin activity is suppressed as 

opposed to when a single galectin (i.e. LGALS3) is reduced. As for effects on gene 

expression, analysis of OCI-AML3 cells treated with 125 µg/ml, 250 µg/ml, or 500 µg/ml 

GCS-100 for 24 h revealed that the drug only slightly reduced MCL-1 gene expression (~ 

40% reduction) and had no effect on BCL2 gene expression (data not shown). These 

differences could reflect different effects of other galectins on BCL2 gene expression as 

GCS-100 may affect other galectin family members other than LGALS3 and that the drug is 

more effective reducing BCL2 protein could trigger a feedback system involving 

transcription. That LGALS1 suppression results in increased BCL2 and MCL-1 gene 

expression supports this possibility (Fig. 6B). Still, that GCS-100 does not appear to affect 

BCL2 protein expression in either wt p53 cells or p53 mutant cells suggests BCL2 is not 

important in this pathway.

Suppression of p53 in the OCI-AML3 cells protected OCI-AML3 cells from the BH3 

mimetic ABT-737 but had little effect on cell sensitivity to GCS-100 as a single agent. 

However, in combination of both ABT-737 and GCS-100, suppression of p53 potently 

protects cells (Fig. 7A and B). GCS-100 induces p53 expression in OCI-AML3 cells (Fig. 

1C). At present the mechanism how the drug induces p53 is unclear. Still, the induction of 

p53 by the drug could contribute to increased cell killing as a single agent or when 

combined with a BH3 mimetic.

GCS-100 was effective suppressing expression of MCL-1 in AML cells though the drug 

appeared not to affect BCL2. Suppression of MCL-1 may at least be necessary for GCS-100 

mediated cell death as both OCI-AMML3 and THP-1 cells were sensitive to the drug and 

the drug reduced MCL-1 in both cell lines. When combined with BH3 mimetics, GCS-100 

was effective eliminating leukemia cells independent of p53 status if the appropriate dose 

was used. A requirement for suppression of death in response to combination of GCS-100 

and BH3 mimetic seems unlikely as LGAS1 actually induced MCL-1 but sensitized cells to 

ABT-7373. A model of the possible pathways affected by GCS-100 is depicted in Figure 8. 

In summary, GCS-100 has promise as a therapeutic agent for AML therapy especially if 

combined with a BH3 mimetic such as ABT-199.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Ruvolo et al. Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

This work was supported by the National Institutes of Health (PO1 grant CA-55164 to M.A. and CA-016672 to 
J.K.B. and M.A.).

List of Abbreviations

LGALS3 Galectin 3

LGALS1 Galectin 1

AML Acute myeloid leukemia

qRT-PCR Real-time PCR

AKT Protein Kinase B
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Highlights

1. Galectin inhibitor GCS-100 induces apoptosis in AML cells and synergizes with 

BH3 mimetics ABT-737 and ABT-199.

2. GCS-100 suppresses ERK and AKT signaling, reduces MCL-1 protein 

expression, and induces p53 protein expression.

3. Suppression of Galectin 3 supports MCL-1 gene and protein expression in wt 

p53 OCI-AML3 cells but not p53 null THP-1 cells.
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Fig. 1. 
GCS-100 kills AML cells and inhibits ERK and AKT activation and MCL-1 expression. A. 

OCI-AML3 and THP-1 cells were treated with vehicle (10% PBS) or varying doses of 

GCS-100 for 72 h and cell viability assessed by trypan blue staining. * represents p < 0.05; 

** represents p < 0.01 as determined by Student t test. B. OCI-AML3 and THP-1 cells were 

treated with vehicle (10% PBS) or varying doses of GCS-100 for 6 h, protein lysate isolated, 

and immunoblot analysis performed with antibodies against phosphorylated ERK, MCL-1, 

p53, and Tubulin. Ratio of protein expression to Tubulin loading control was determined by 

densitometry using LiCor imager. C. OCI-AML3 and THP-1 cells were treated with vehicle 

(10% PBS) or varying doses of GCS-100 for 24 h, protein lysate isolated, and immunoblot 

analysis performed with antibodies against phosphorylated AKT, phosphorylated MEK1, 
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MCL-1, BCL2, p53, and Tubulin. Ratio of protein expression to Tubulin loading control 

was determined by densitometry using LiCor imager.
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Fig. 2. 
Combination of GCS-100 and ABT-737 potently reduces AML cells. OCI-AML3 and 

THP-1 cells were treated with vehicle (0.1% DMSO) or GCS-100 (125 µg/ml or 250 µg/ml) 

+/− ABT-737 for 48 h. Total viable cells (Ann V −/ DAPI – with bead count; OCI-AML3 in 

“A” and THP-1 in “B”) were determined by FACSCAN analysis. * represents p < 0.05; ** 

represents p < 0.01, *** represents p < 0.001 as determined by Student t test.
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Fig. 3. 
Combination of GCS-100 and ABT-199 potently reduces AML cells. OCI-AML3 and 

THP-1 cells were treated with vehicle (0.1% DMSO) or GCS-100 (250 µg/ml) +/− ABT-199 

for 72 h. Total viable cells (Ann V −/ DAPI – with bead count; OCI-AML3 in “A” and 

THP-1 in “B”) were determined by FACSCAN analysis. * represents p < 0.05; ** represents 

p < 0.01, *** represents p < 0.001 as determined by Student t test.
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Fig. 4. 
Combination of GCS-100 and ABT-199 reduces leukemic cells in AML samples. Normal 

monocytic cells were obtained from a heathy donor and primary leukemia blast cells (N = 3) 

were treated with vehicle (0.1% DMSO) or 250 µg/ml GCS-100 +/− 0.1 µM ABT-199 for 

72 h. Total viable cells (Ann V −/ DAPI – with bead count were determined by FACSCAN 

analysis. * represents p < 0.05; ** represents p < 0.01, *** represents p < 0.001 as 

determined by Student t test.
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Fig. 5. 
Suppression of LGALS3 or LGALS1 sensitizes AML cells to ABT-737.OCI-AML3 and 

THP-1 transductant cells with either LKO vector control shRNA or LGALS3 shRNA or 

LGALS1 were treated with vehicle (0.1% DMSO) or varying doses of ABT-737 for 48 h. 

Total viable cells (Ann V −/ DAPI – with bead count) for OCI-AML3 LKO or LGALS3 

shRNA transductants in “A”; OCI-AML3 LKO or LGALS1 transductants in “C” THP-1 

LKO or LGALS3 shRNA transductants in “B”; and THP-1 LKO or LGALS1 transductants 

in “D” was determined by FACSCAN analysis. * represents p < 0.05; ** represents p < 

0.01, *** represents p < 0.001 as determined by Student t test.

Ruvolo et al. Page 20

Biochim Biophys Acta. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Suppression of LGALS3 reduces BCL2 gene expression in OCI-AML3 but less so in THP-1 

cells. RNA from OCI-AML3 transductant cells with either LKO vector control shRNA or 

LGALS3 shRNA (A) or LKO vector control shRNA or LGALS1 shRNA (B) was isolated, 

cDNA produced, and mRNA levels of BCL-2, BCL-XL, MCL-1, and ABL1 were 

determined by qRT-PCR and levels normalized to ABL-1 as described in “Materials and 

Methods”. C. Protein was isolated from OCI-AML3 and THP-1 transductant cells with 

either LKO vector control shRNA or LGALS3 shRNA. Immunoblot analysis was performed 

with antibodies against MCL-1, BCL2 and Tubulin. Ratio of protein expression to Tubulin 

loading control was determined by densitometry using LiCor imager.
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Fig. 7. 
Suppression of p53 protects AML cells from GCS-100/ ABT-737 combination. OCI-AML3 

transductant cells with either LKO vector control shRNA or p53 shRNA were treated with 

vehicle (0.1% DMSO) or GCS-100 (125 µg/ml or 250 µg/ml) or 1 µM ABT-737 for 48 h. 

Ratio of total viable cells (Ann V −/ DAPI – with bead count; “A”) relative to the average of 

viable cells treated with DMSO and percentage of apoptotic cells (Ann V +; “B”) was 

determined by FACSCAN analysis. * represents p < 0.05; ** represents p < 0.01, *** 

represents p < 0.001 as determined by Student t test.
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Fig. 8. 
Model of GCS-100 mediated killing. LGALS1 and LGAS3 mediate RAS signaling that 

support MCL-1 expression mediated by AKT and ERK. LGALS3 suppresses expression of 

p53 by an unknown mechanism. ABT-737 and ABT-199 inhibit BCL2, and GCS-100 

inhibits LGALS1 and LGALS3.
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