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Abstract

Background & Aims: Growth, progression, and drug resistance of pancreatic ductal 

adenocarcinomas (PDACs) have been associated with increased levels and activity of glycogen 

synthase kinase 3 beta (GSK3B) and histone deacetylases (HCACs). We designed and synthesized 

molecules that simultaneously inhibit the activities of both enzymes. We tested the effects of one 

of these molecules, metavert, in pancreatic cancer cells and mice with pancreatic tumors.

Methods: We tested the ability of metavert to bind GSK3B and HDACs using surface plasmon 

resonance. MIA PaCa-2, Bx-PC3, HPAF-II, and HPDE6 cell lines were incubated with different 

concentrations of metavert, with or without paclitaxel or gemcitabine, or with other inhibitors of 

GSK3B and HDACs; cells were analyzed for apoptosis and migration and by immunoblotting, 
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immunofluorescence, and real-time PCR. Krasϸ/LSLG12D;Trp53ϸ/LSLR172H;Pdx-1-Cre (KPC) 

mice (2 months old) were given injections of metavert (5 mg/Kg, 3 times/week) or vehicle 

(control). B6.129J mice with tumors grown from UN-KPC961-Luc cells were given injections of 

metavert or vehicle. Tumors and metastases were counted and pancreata were analyzed by 

immunohistochemistry. Glucose metabolism was measured using 13C-glucose tracer and mass 

spectroscopy and flow cytometry. Cytokine levels in blood samples were measured using 

multiplexing ELISA.

Results: Metavert significantly reduced survival of PDAC cells but not non-transformed cells; 

the agent reduced markers of the epithelial to mesenchymal transition and stem cells in PDAC cell 

lines. Cells incubated with metavert in combination with irradiation and paclitaxel or gemcitabine 

had reduced survival compared to cells incubated with either agent alone; metavert increased 

killing of drug-resistant PDAC cells by paclitaxel and gemcitabine. PDAC cells incubated with 

metavert acquired normalized glucose metabolism. Administration of metavert (alone or in 

combination with gemcitibine) to KPC mice or mice with syngeneic tumors significantly increased 

their survival times, slowed tumor growth, prevented tumor metastasis, decreased tumor 

infiltration by tumor-associated macrophages, and decreased blood levels of cytokines.

Conclusions: In studies of PDAC cells and 2 mouse models of PDAC, we found a dual inhibitor 

of GSK3B and HDACS (metavert) to induce cancer cell apoptosis, reduce migration and 

expression of stem cell markers, and slow growth of tumors and metastases. Metavert had 

synergistic effects with gemcitabine.
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INTRODUCTION:

PDAC (aka pancreatic cancer) is a disease with no effective treatment and with one of the 

lowest survival rates of any cancer. One of the major reasons for such a poor outcome is the 

simultaneous activation of multiple pro-cancer pathways in the cancer cells which allows 

them to overcome treatments based on the inhibition of a single oncogenic pathway.

In most patients with PDAC chemotherapy and radiation are the current standard treatments 

that include Gemcitabine, Abraxane and the FOLFIRINOX combination regimen. Each of 

these treatments shows significant toxicity and marginal durable efficacy. One of the reasons 

for their poor efficacy is that the treatments themselves stimulate pro-cancer pathways 

leading to induction of their resistance to death1. How these treatments lead to resistance 

remains unknown. Nonetheless, none of the current treatments used have been successful in 

affecting pathways leading to drug resistance and metastasis.

It is increasingly recognized that drugs targeting multiple tumor-survival pathways provide 

an advantage over single targeted therapy. For example, pan-protein tyrosine kinase inhibitor 

drugs such as Sorafinib and Lapatinib, have been used in the treatment of advanced kidney, 

liver and breast cancers2. However, similar drugs that can target multiple pathways have not 

been identified for PDAC treatment.
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Post-translational and epigenetics changes are widely involved in cancer development3. In 

this regard, Glycogen synthase kinase-3 beta (GSK3B) is an ubiquitously expressed serine/

threonine kinase involved in metabolism, oncogenesis and neurological diseases that plays a 

role in PDAC4. GSK3B up-regulates NF-κB activity that stimulates pathways involved in 

cell proliferation, production of pro-tumorigenic cytokines and development of resistance to 

apoptosis in PDAC cells5, 6 In a study using orthotopic model of PDAC, a GSK3B inhibitor 

caused inhibition of NF-κB activity and shrinkage of tumors7. Unexpectedly, GSK3B 

inhibition enhanced transcription factors that promote epithelial to mesenchymal transition 

(EMT) such as Snail.8, 9. EMT pathways are responsible for tumor invasion and 

metastasis10, 11. The EMT transcription factor Zeb1 expression is associated with the 

mesenchymal phenotype in PDAC cells12, 13 and inhibition of GSK3B induces EMT14, 15. 

These results suggest that GSK3B simultaneously plays two roles: (1) Pro-cancer role by 

inducing NF-κB activation; (2) anti-cancer role by preventing EMT and metastasis. Thus, a 

strategy to inhibit GSK3B alone poses a conundrum.

The transcription factor Zeb1, activated by GSK3B, mediates EMT by stabilizing histone 

deacetylase-1 (HDAC1) in PDAC cells12. We have shown that the pan-HDAC class I and II 

inhibitor Saha limited pancreatic lesion formation in a PDAC Pdx-Cre;LSL-Kras (KC) 

mice16,17. With this background, we hypothesized that co-targeting GSK3B and HDAC 

would not only increase killing of the cancer and prevent their resistance to apoptosis, but 

would also inhibit pro-EMT/metastasis and drug resistance.

Towards this goal, here, we describe the design, synthesis and testing of a novel dual 

inhibitor, called metavert (a trademark owned by Avenzoar Pharmaceuticals), on PDAC cell 

survival, migration, cancer stemness and glucose metabolism. We further tested metavert in 

one of the most aggressive animal models of advanced PDAC using the KPC mice18 as well 

as in a syngeneic mouse model of PDAC. Our studies show that metavert increased the 

survival of mice in both models and prevented metastasis by affecting both tumor cells’ 

proliferation, metabolic profiles, and different markers of advanced cancer without affecting 

healthy organs.

METHODS:

Chemicals:

Metavert was synthesized by AMRI (Albany Molecular Research Institute, Albany, NY). 

Saha was purchased from Cayman (Ann Arbor, MI). Alpha-smooth muscle actin (αSMA) 

antibody was purchased from Sigma-Aldrich (St. Louis, MO); Sirius Red/Collagen Staining 

Kit was from Chondrex (Redmond, WA); F4/80, PE/Cy7-CD44, FITC-CD24 and vimentin 

antibodies from AbCam (Cambridge, MA); Arginase1 from Santa Cruz Biotechnology 

(Santa Cruz, CA); other antibodies were from Cell signaling (Danvers, MA). All other 

chemicals were from Sigma Aldrich (St. Louis, MO).

Cell culture experiments:

Poorly differentiated MIA PaCa-2, moderately differentiated Bx-PC3, and moderately to 

well differentiated HPAF-II human PDAC cell lines were obtained from the American Type 
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Culture Collection (Manassas, VA). MIA PaCa-2 cells were grown in 1/1 D-MEM/F-12 

medium supplemented with 15% fetal bovine serum (FBS), 4 mM L-glutamine, and 1% of 

antibiotic/antimycotics solution. Bx-PC3 and HPAF-II were grown in RPMI-1640 

supplemented with 10% fetal bovine serum (FBS) and 1% of antibiotic/antimycotics 

solution. The immortalized human pancreatic duct epithelial cell line, HPDE6-c7, was a gift 

from Dr. M-S Tao (Ontario, Canada)19, 20. The HPDE6-c7 cells were grown in keratinocyte 

serum free (KSF) medium supplemented with bovine pituitary extract (25 μg/500 ml), 

epidermal growth factor (2.5 μg/500 ml), penicillin (100 U/ml), and streptomycin (100 μg/

ml). Cells were maintained at 37°C in a humidified atmosphere containing 5% CO2 and 

were used between passages 2 and 10. Gemcitabine-resistant MIA PaCa-2 cells were 

generated by culturing MIA PaCa-2 cells in increasing doses gemcitabine (1, 5, 30, 60 and 

120 ng/ml) for 2-3 weeks in each dose.

Cell survival and migration measurements:

Survival was measured by MTT assay21. Apoptosis was measured using Cell Death 

Detection ELISAPlus kit (Roche Molecular Biochemicals, Manheim, Germany)22-24. 

Migration was assessed by using the Matrigel Invasion Chamber Assay (Corning, Bedford, 

MA).

Glucose metabolic pathways measurement:

Glucose uptake and superoxide levels in live cells were measured by flow cytometry 

analysis by labeling with 2NBDG (50μM) and MitoSox Red (2.5 μM) (Life Technologies, 

Grand Island, NY). Lactate measurements and mitochondrial respiration measurements were 

carried out as described earlier25, 26. 13C-Glucose tracer and mass spectroscopy analysis 

was used as shown before27.

Animals:

All animal studies are performed according to the guidence of IACUC and afer the approval 

of IACUC (Protocol # 3688), Cedars-Sinai Medical Center. We used the KPC mouse model 

of PDAC developed by Hingorani et al.18. Mice were intraperitoneally injected starting from 

the age of 2 months 3 times per week with 5mg/Kg of metavert or vehicle (14 KPC mice per 

group). Metavert was dissolved in a mixture of 50% N, N-dimethylacetamide (DMA), 45% 

polyethylene glycol 400 (PEG-400) and 5% Tween-80 (solution A). Before injections, 

dissolved metavert was diluted 3 times in saline and injected intraperitoneally. Control mice 

were injected with Solution A diluted 3 times in saline. Mice were injected 3 times per week 

until death occurred or mice were ordered by veterinarian to be euthanized. Mice were 

intraperitoneally injected weekly with 10mg/Kg of Gemcitabine alone or with injections of 

metavert.

In a different set of mice, we injected KPC mice with metavert or control solution (6 KPC 

mice per group) starting from age of 2 months and sacrificed them at 4 months of age.

Syngeneic mouse model of PDAC:

5 105 UN-KPC961-Luc cells were injected into the pancreas of B6.129J (2 months old). 

Mice were separated in two sets. Set 1 (6 mice per group) received vehicle or metavert 
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(5mg/Kg) ip injections 3 times per week until death or sacrificed when reaching the age of 4 

months old. In set 2 (4 mice per group), mice were treated like in set 1 but sacrificed after 4 

weeks of treatment to compare tissues.

Survival of treated mice versus control mice:

All mice were monitored at least three times weekly. For survival studies, mice were injected 

by a blinded person and followed until death or euthanized by a blinded observer when signs 

of morbidity were evident. Euthanasia was ordered if there was a weight loss of at least 20% 

or in the condition of a complete anorexia for 24 hours or partial anorexia for 3 days 

accompanied with weakness and inability to move and to obtain food and/or water.

Tissue immunostaining and Western blot analysis were performed as before28.

Immunofluorescence assay and confocal imaging and analysis of cultured cells:

Cells were fixed with 4% paraformaldehyde/phosphate buffered saline, and permeabilized 

using 0.5% Saponin/0.5% triton X-100 and blocked with 3% bovine serum albumin 

(Roche), prior to indirect immunofluorescence labeling. Unconjugated primary antibodies 

used were: monoclonal mouse anti-GSK3B (Antibody Plus, Cat. # STJ98120) at 1:500 

dilution, and monoclonal rabbit anti-H3K9Ac (Cell Signaling Technology, Cat. #9646) at 

1:400 dilution. Confocal imaging of labeled cells was performed using a TCS SP5 X 

supercontinuum microscope (Leica Microsystems)29, 30.

Luminex assays:

Luminex assay was performed at Stanford Human Immune Monitoring Center as 

recommended by the manufacturer (Panomics/Affymetrix)31.

Binding study:

Binding analysis of HDAC2 and metavert was performed using SBGIRD software32. The X-

ray crystal structure coordinates for human HDAC2 in complex with Saha (PDB 4LXZ)33 

was retrieved from the RCSB Protein Data Bank (PDB) and prepared with the Protein 

Preparation Wizard in MAESTRO v9.2 (Schrodinger, Inc. San Diego, CA). The optimized 

protein structure was then subjected to all-atom constrained energy minimization using the 

IMPREF module of MAESTRO v9.2 with OPLS-2005 force field (Schrodinger, Inc.). The 

prepared HDAC2 structure was used for the molecular docking simulations. The prepared 

Saha and metavert molecules were docked flexibly utilizing GLIDE v5.7 standard precision 

(SP) and GLIDE extra precision (XP) scoring functions34 using standard protocols. The best 

docking positions were selected based on the total binding energy and the number of 

contacts.

Liver and kidney injury measurements:

Measurement of the serum were performed according to the protocols in their respective kits 

(Biomedical Research Service Center, University at Buffalo, State University of New York, 

NY).
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Statistics:

Statistical analyses were performed by using Student’s t test, one-way ANOVA, or Fisher’s 

exact test with GraphPad Prism (GraphPad Software). The log-rank (Mantel-Cox) test was 

used to analyze survival data. A p value < 0.05 was considered statistically significant.

RESULTS:

Inhibiting both GSK3B and HDAC decreased cell survival and markers of EMT greater than 
blocking either GSK3B or HDAC in pancreatic cancer cells:

GSK3B and multiple HDACs have been shown to be highly expressed in human 

PDAC7, 35, 36. In mice, expression of GSK3B is high in PDAC tissue compared to normal 

tissue (Fig. S1A). At least two HDACs including HDAC4 and HDAC7 as well as the 

phosphorylated form of HDAC7 are highly present in pancreatic tumor tissues of KPC mice 

compared to pancreatic normal tissues from mice of the same background (Fig. S1B).

To test the hypothesis that blocking both GSK3B and HDAC-I/II will be more effective than 

inhibition of either pathway individually, we used Saha (HDAC-I/II inhibitor) and 

Tideglusib (GSK3B inhibitor) which are currently FDA approved or in clinical trials 37, 38. 

The combination of small doses of Saha and tideglusib induced an additive decrease in 

cancer cell survival (Fig. S1C) in PDAC cells. Treatment with Tideglusib alone resulted in 

an increase of EMT marker vimentin but not Twist and Snail. However, treatment with Saha 

alone or in combination with Tideglusib induced a decrease in the protein level of all EMT 

markers (Fig. S1D). Similarly, GSK3B siRNA induced increase in EMT markers and this 

effect was prevented by HDAC I/II inhibition (Fig. S1E). Therefore, the combination of 

Saha and Tideglusib has an additive effect on preventing cancer cell survival and promoting 

a decrease in markers of EMT. However, it is widely recognized that multiple-drug 

combination treatment is inferior to multi-targeted single drugs due to variation in their 

PK/PD and potential drug-drug interaction39. To overcome this issue, we designed and 

developed a novel dual agent to disable both GSK3B and HDAC functions. We targeted the 

classes I and II of HDAC because previously published data showed their involvement in 

PDAC progression28.

Design and development of metavert and its effects in vitro:

The three-dimensional structures of Saha and Tideglusib bounds to their respective targets 

are available40, 41. Based on the chemical structures of Saha and Tideglusib (TDZD) we 

designed the novel molecule, metavert, which contains active pharmacophores to bind to 

both GSK3B and HDAC (classes I and II). Briefly, pharmacophores from the crystal 

structures of HDAC and GSK3B were derived. Using a geometrical constrain approach, 

series of linkers were designed and multiple analogs were synthesized. Synthesis of metavert 

and its analogs was performed by the Albany Molecular Research Institute (AMRI, Albany, 

NY).

The structure of metavert is shown in the figure 1A. To validate that metavert can mimic 

HDAC inhibitor and bind to HDAC, we used computer based modeling and surface plasmon 

resonance. Of note, the exact binding site for Tideglusib is not known; it has been reported 
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to be a non-ATP competitive binder42. Hence, binding mode of metavert to GSK3B could 

not be assessed. The results showed that metavert mimics the binding mode of Saha, a pan-

inhibitor of HDAC class of proteins (Fig. 1B) but its affinity is weaker based on the binding 

energy of metavert and Saha.

To demonstrate that metavert physically interacts with its targets, HDAC and GSK3B, we 

performed binding analysis using surface plasmon resonance (SPR) as described in Park et. 

al.43. Analysis showed that metavert binds to both recombinant HDAC2 and GSK3B (Fig. 

1C-D) with an affinity of 12.8 μM and 1μM, respectively.

Figure S2A shows the synthesis steps of metavert. In addition to metavert, two analogs 

showed a significant anti-survival effect in cancer cells. The structures of the two molecules 

(CSME-188543 and CSME-185643) are shown (Fig. S2B-C). Significance of the anti-

survival effect of both analogs was achieved in the low 100 nano-molar range (Fig. S2D).

Next, in a cell based screen for its biological activity, metavert dose-dependently decreased 

cell survival of PDAC cell lines BxPC3, MIA PaCa-2 and HPAF-II and had no effect on the 

cell survival of human non-cancer pancreatic ductal HPDE6 cells (Fig. 2A). HPAF-II was 

more sensitive to metavert than BxPC-3 and MIA PaCa-2 cells. Furthermore, metavert 

showed a more potent effect on killing cancer cells when compared to the combination of 

two independent inhibitors of HDAC-I/II and GSK3B (Fig. 2B). More importantly, 

combination of metavert with standard treatments such as low-dose of irradiation (4Gy), 

paclitaxel or gemcitabine reduced cell survival by a level greater than the combination of the 

effects separately indicating a synergistic anti-cancer effect (Fig. 2C-E). More importantly, 

we developed a gemcitabine-resistant clone of MIA PaCa-2 cells and tested both 

gemcitabine and metavert on survival of these cells. We found that metavert re-sensitized the 

resistant cells to gemcitabine (Fig. 2F).

EMT is the driving force of migration of the cancer cells through up regulation of 

transcription factors, N-cadherin and Twist. We found that metavert decreased the level of 

markers of EMT such as N-cadherin and Twist as shown by Western analysis (Fig. 3A). The 

decrease in the protein level of N-cadherin and Twist were found at very low doses (150nM). 

Furthermore, metavert decreased migration of MIA PaCa-2 cells at a low dose of 150nM by 

40% and completely inhibited cell migration at 600nM (Fig. 3B).

EMT is usually associated with cancer stemness, the main driving force of resistance to 

treatments. Therefore, we analyzed the effect of metavert on cancer stemness markers. 

Metavert decreased the mRNA level of various markers such as Sox2, CD133, and Nanog 

(Fig. 3C). Importantly, we found that the anti-PDAC chemotherapy drug Abraxane increased 

the level of cancer stemness marker CD44. This increase was prevented when combining 

Abraxane with metavert (Fig. 3D) suggesting that metavert will not only increase the cancer 

cell killing effect of chemotherapies as shown earlier, but will also prevent resistance that 

develops with other chemotherapeutic agents.

Finally, it’s worth noting that metavert affected the canonical pathways as shown by an 

increase in histone acetylation and phosphorylation/inhibition of GSK3B (serine 9) by 

Western (Fig. 4A). Next, we co-immunolabeled GSK3B and H3K9 acetylation (H3K9Ac) in 
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MIA PaCa-2 cancer cells and quantified fluorescent intensity in the nucleus. Maximum 

intensity projections of confocal images of cells showed increase in H3K9Ac in the nuclei of 

metavert-treated cells (Fig. 4B). Quantitative results of cell-by cell high-content analysis 

prove that metavert induced a 62% greater abundance of H3K9Ac, and in conjunction, an 

increase in H3K9Ac/DAPI co-localization (indicated by the angle of the co-localization 

slope: δ=4.2° versus δ=22.7°) on average across exposed cells (Fig. 4C-a, b). Representative 

scatter plots of individual cells indicate that H3K9Ac/DAPI co-localization slope was 

significantly increased by metavert (Fig. 4C-d). In contrast, quantitative results of high-

content analysis show no significant change in nuclear GSK3B content and nuclear co-

distribution with DAPI (δ=2.3° versus δ=4.1°) (Fig. 4C-a, b), as confirmed by scatter plots 

of single representative cells (4C-c). In summary, we report an increase in H3K9Ac in the 

nucleus of cells treated with metavert with no change in the level and distribution of 

GSK3B; although GSK3B phosphorylation of serine 9 inducing its inhibition was increased 

by metavert.

Metavert improves overall survival and prevents metastasis in advanced pancreatic cancer 
mouse models:

One of the distinct features of PDAC is the short survival time after diagnosis. While there 

are many factors that determine when the cancer is manifested, metastasis is often found at 

the time of diagnosis. To test whether metavert can prevent advanced PDAC and metastasis, 

we used an aggressive transgenic mouse model of PDAC using the KPC mice18. We treated 

KPC mice starting from the age of 2 months with intraperitoneal injections of metavert 

(5mg/Kg) 3 times per week. We chose this time point because, from our previous experience 

with these mice, 100% of the KPC mice have already developed cancer at this age. KPC 

mice start developing cancer lesions from the age of 4-6 weeks18. The treatment was 

pursued until natural death of a mouse occurred or euthanasia ordered by a blinded 

veterinarian (Fig. 5A). Euthanasia was ordered if there was a weight loss of at least 20% or 

in the condition of a complete anorexia for 24 hours or partial anorexia for 3 days 

accompanied with weakness and inability to move and to obtain food and/or water.

Metavert significantly improved the survival of KPC mice compared to control-treated KPC 

mice. When 57% of control mice died 100% of metavert-treated mice were still alive; and 

when all control mice were dead 42% of metavert-treated mice were still alive. The median 

survival time of mice significantly increased from 120 days in control treated mice to 173 

days in metavert-treated mice (Fig. 5B).

The average tumor weight at the time of death was decreased by metavert by 50% (Fig. 5C). 

More importantly, we found no visible metastasis in the liver or lung of the metavert-treated 

mice compared to visible metastasis in 29% of control mice (Fig. 5D). Histological analysis 

of the pancreatic mouse tissues showed presence of cancer with a desmoplastic reaction and 

absence of normal-looking tissue in the pancreas of control mice; whereas, metavert-treated 

mice had cancer with desmoplastic reaction with presence of some normal-looking acinar 

cells (Fig. 5E). CK19 staining showed the presence of a diffuse cytoplasmic staining in 

tumor cells in the pancreas and in metastatic cancer cells in the liver. The staining shows 

absence of cancer cells in the liver of Metavert-treated mice (Fig. 5F)44 The metastasis data 
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was further confirmed by performing a S100P staining showing presence of metastases in 

control liver tissues and absence of metastases in metavert-treated liver tissues (Fig. 5G). We 

noticed no-significant difference between the two conditions when staining with Sirius red 

suggesting no difference in fibrosis (Fig. 5H). Interestingly, staining of total and pro-cancer 

tumor associated macrophages (M2-like macrophages) showed a significant decrease of 

about 50% in the level of the pro-cancer tumor associated macrophages with metavert 

treatment as shown by the F4/80 and Arginase 1 staining (Fig. 5I). Measurement of 

cytokines associated with the inflammatory response and or stellate cell activation in mouse 

blood collected at the time of death of the mice showed a decrease in most of the pro-cancer 

cytokines measured. The most significant decreases were observed in cytokines IL-5, IL-1a, 

IL-18, and the chemokine, CCL5 (aka Lix). Other important pro-cancer cytokines and 

growth factors that were decreased in mice treated with metavert included IL-6, IL-4, IL-10, 

IL-22 and VEGF, among others (Fig. 6). Thus, the results indicated a decrease in the plasma 

level of pro-cancer cytokines involved in tumor promotion. The regulation of most of these 

cytokine productions has been shown to be mediated by transcription factors such as STAT3 

and NF-κB in different cell types45-50. Our data shows that metavert, indeed, decreases the 

phosphorylation/activation levels of STAT3 and p65 of NF-κB in pancreatic cancer cells 

(Fig. S3A). Differently, and as it’s expected from the inhibition of GSK3B, metavert induced 

an increase in the protein level of β-catenin (Fig. S3B).

Metavert treatment induced increase in histone acetylation and in phosphorylation/inhibition 

at Serine 9 of GSK3B (Fig. S4A) in the pancreas of KPC mice consistent with specificity 

shown by biophysical and in vitro studies. Treatment with metavert did not show noticeable 

toxicity; we did not observe any change in the behavior, food intake or activity of the mice 

between the 2 groups. The weight of mice was similar between the 2 groups (Fig. S4B). 

Measurements of markers of damage of liver and kidneys showed no significant difference 

between control and metavert-treated mice (Fig. S4C).

In a different experiment, KPC mice were treated with Gemcitabine alone or in combination 

with metavert. Metavert significantly improved the median survival time of KPC mice from 

145 (Gemcitabine alone) to 230 days when treated with a combination of Gemcitabine and 

metavert (Fig. 5J) confirming the in vitro data showing sensitization of cancer cells to 

chemotherapies by metavert.

It’s worth noting that a set of KPC mice (6 mice per group at the age of 2 months) were 

treated with vehicle or metavert for 2 months and then sacrificed. We found that the pancreas 

in control group was markedly enlarged and stretched in the abdomen compared to metavert-

treated mice where the pancreas was still in its normal position without enlargement (Fig. 

S4D). The pancreas of the control group shows clear tumors occupying most of the pancreas 

space compared to smaller tumors and the presence of more normal-looking tissue in 

metavert-treated KPC mice as validated by H&E staining (Fig. S4E) and S100P staining 

(Fig. S4F). This data indicates that a short treatment with metavert decreases tumor growth.

To confirm the in vivo data in KPC mice we used a syngeneic model of PDAC by injecting 

the B6.129 mixed background mouse with mouse pancreatic cancer cells UN-KPC961-Luc 

expressing luciferase in the pancreas51. In the first set of mice (N=6) we treated mice for up 
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to 2 months after surgery to determine the survival curve. Imaging of the tumors after 3 

weeks of treatment showed a decrease in tumor size in mice treated with metavert compared 

to control-treated mice (Fig. S5A). The survival data shows a significant increase in survival 

from a median survival of 86 days to 115 days (Fig. S5B). In a separate set of experiment, 4 

mice per group were treated with and without metavert for 4 weeks and then sacrificed. 

Pancreatic size showed significant decrease in metavert-treated mice compared to control 

group (60% decrease) (Fig. S5C). Liver observation showed presence of tumors in 2/4 of 

control mice compared to none in treated mice (Fig. S5D). This data was similar to what we 

observed in the first set of syngeneic mice where 2/6 mice showed presence of liver 

metastasis compared to none in the liver of metavert-treated mice. Of note, one of the 4 

metavert-treated mice died before the sacrificing time due an injury during injections.

Metavert effects on metabolic profile of cancer cells.

Recent studies show that HDAC and GSK3B increase glucose metabolism and induce cell 

proliferation in liver cancer and basal-like breast cancer cells, respectively52, 53. There are, 

however, no such evidence in PDAC cells. In this regard, we analyzed the effect of metavert 

on glucose metabolism using 13C-glucose and mass spectroscopy27. We found that metavert 

decreased glucose oxidation in the TCA cycle as measured by 13C-labeled CO2 production 

(Fig. 7A). In addition, the treatment increased the accumulation of glycogen (Fig. 7B). 

Because of these effects, metavert caused a decrease of nucleic acid ribose backbone 

synthesis (Fig. 7C) and decreased lactate formation from 13C-glucose (Fig. 7D). 

Measurement of mitochondrial function showed increased ROS production associated with 

an increase in the total number of mitochondria per cell (Fig. 7E, F) suggesting shifting the 

phenotype of the cancer cell toward a normal cell -like phenotype.

The Scheme in the figure S6 represents how metavert regulates glucose metabolism in the 

cancer cells shifting the metabolic phenotype of the cancer cells toward a more normal-like 

phenotype by decreasing glucose utilization needed for proliferation, increasing the number 

of mitochondria, and forcing cells to alternative energy sources (possibly fatty acids). These 

findings reveal that metavert re-establishes the altered metabolic pathways often referred to 

as the Warburg effect of increased glycolysis and lactic acid formation in cancer cells.

DISCUSSION:

Our study aimed at designing and testing the effects of blocking both HDAC and GSK3B by 

a new chemical entity, metavert. Our data confirms the binding of metavert to both targets. 

The in vitro data showed an additive effect when combining HDAC-I/II and GSK3B 

inhibitors on preventing cancer cell survival. This effect was further associated with 

inhibition of the EMT pathway. It’s worth noting that the intended effect of the HDAC 

inhibitor or metavert is through the classes I and II of HDAC but not classes III (sirtuins) and 

IV.

Our biophysical studies demonstrate that metavert binds to its targets with micromolar 

affinity. Although the affinity is in the micromolar scale, the disassociation rate (koff) is in 

the order of 10−3 to 10−4 which suggest a longer residence time which induces the expected 

inhibitory effects. Metavert demonstrated improved biological effects on cancer cell survival 
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compared to the combination of specific inhibitors of HDAC and GSK3B. Used alone, the 

anti-cancer effects (as measured by IC50) of metavert were achieved at doses as low as 

300nM to 1μM depending on cell lines and had no effect on the normal cells suggesting that 

the agent has low toxicity at the effective doses tested. Furthermore, metavert reduced cancer 

cell migration as measured by Matrigel cell invasion assay at 150nM and completely 

prevented the migration at 600nM which associated with a decrease in the expression of 

EMT and cancer stemness markers. The effect of metavert on EMT, migration and cancer 

stemness is more potent than the effect observed on cancer cell survival per se. 

Unexpectedly, metavert also affected metabolic profiles of tumor cells. Metavert decreased 

complete glucose oxidation in the TCA cycle suggesting that it promotes alternate fatty acid 

substrate oxidation in mitochondria. In fact, glucose uptake was increased by metavert; 

however, the glucose metabolism was decreased most likely because of the use of glucose 

for glycogen synthesis instead of producing substrates for building blocks for proliferation 

and use in the TCA cycle. This effect is most-likely induced by the inhibition of GSK3B by 

metavert, which then activates glycogen synthase and therefore shifts the fate of glucose 

from ribose synthesis and TCA cycle metabolism to glycogen synthesis. These findings 

reveal the possibility that overexpression of GSK3B in many cancers is responsible for the 

altered metabolic pathways often referred to as the Warburg effect of increased glycolysis 

and increased lactate produced from glucose metabolism, often associated with 

mitochondrial dysfunction. Metavert was observed to increase the number of mitochondria 

per cell and reverses the Warburg effect outcomes.

The potency of these effects suggest that it may have a particularly beneficial role when used 

with other potent chemotherapeutic agents known to enhance EMT and cancer 

stemness54, 55. Although systematically untested, it’s worth noting that the combination of 

metavert with radiotherapy or a low dose of chemotherapy drugs gemcitabine and paclitaxel 

induced an additive or synergistic effect on PDAC survival. Our in vivo data showed a strong 

anti-cancer effect of metavert as it significantly increased the median survival time of KPC 

mice from 120 to 173 days. Most importantly, metavert completely prevented metastasis in 

these mice. The data was further confirmed using a syngeneic mouse model of pancreatic 

cancer. The importance of this data comes from the fact that most chemotherapy drugs used 

for treating PDAC increase the rate of metastasis and cancer stemness54, 55. Metavert is 

expected to reverse this side effects when combined with these chemotherapies. Indeed, we 

found that metavert increased the KPC mice survival time by 50% when added to 

gemcitabine compared to gemcitabine treatment alone.

Metavert altered not only tumor cell features, but also its microenvironment. Metavert 

treatment resulted in a marked decrease in circulating concentrations of multiple pro-cancer 

cytokines. One important cytokine is IL-6, which we have shown before to mediate 

interaction between cancer cells and macrophages involving a change in macrophage 

phenotype towards the pro-cancer tumor associated macrophage phenotype17. In fact, one of 

the striking features of the KPC mice treated with metavert was the decrease in pro-cancer 

tumor associated M2 macrophages by more than 50%. Of note, total number of 

macrophages did not change significantly. These results suggest regulation of the immune 

response by metavert by favoring the phenotype change of macrophages from the pro-cancer 

M2-like phenotype to the anti-cancer M1 phenotype. In addition to IL-6, other results we 
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have reported before suggest that a decrease in IL-4 and IL-13 also contributed to the 

regulation of macrophages phenotype56. Both cytokines were decreased by metavert in the 

blood of KPC mice. The effect of metavert on collagen production (a marker of fibrosis) and 

stellate cell activation showed no significant difference between the two groups indicating 

that most likely metavert has little effect on the pro-fibrotic function of stellate cells. In fact, 

the role of stellate cells in the pancreatic tumor microenvironment is debatable as studies 

show both a pro-cancer and anti-cancer role of these cells57,58.

In sum, we have developed, synthesized and tested a novel molecule, metavert, that 

simultaneously inhibits two enzymes highly active in PDAC. We found metavert 

significantly reduced tumor size, prevented metastasis, and significantly extended survival of 

mice with the most aggressive form of PDAC. Metavert shifts the phenotype of the cancer 

cells towards a more normal-like phenotype and promotes anti-tumor effects synergistically 

with current modes of therapy. Metavert displays beneficial effect by affecting epithelial, 

metabolic and immunological response, which was unexpected, but could prove to be a 

unique drug in the field of cancer therapy. Finally, we demonstrated that metavert is a potent 

tool in the treatment of PDAC and possibly other cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Molecular models and binding studies of HDAC2/ GSK3B with metavert.
(A) Structure of metavert. (B) Molecular models of metavert and Saha binding to HDAC2. 

(B-a) Binding of Saha in the crystal structure of HDAC2. Zinc (Zn): gray sphere. (B-b) 

Binding mode of Saha using docking procedure reproduces the binding mode observed in 

the crystal structure. (B-c) Binding mode of metavert in HDAC2. (B-d) Superposition of 

Saha and metavert binding to HDAC2. (C, D) Binding analysis using surface plasmon 

resonance (SPR). Metavert was analyzed at serial doubling concentrations maximized at 100 

μM. (C) Highest concentration in green and lowest in brown for HDAC2 binding, and (D) in 

Blue and green, respectively, for GSK3B binding.
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Figure 2: Metavert significantly decreases pancreatic cancer cell survival and sensitizes cells to 
treatments without affecting normal cells.
MIA PaCa-2 (A-B, D-F), BxPC-3 (A, C), HPAF-II (B) and HPDE6 (B) cells were cultured 

for 72h with different doses of metavert. (A-D, F) Cell survival was measured by MTT 

assay. (E) Apoptosis was measured by assessing DNA fragmentation. (B) Cells were 

cultured in the presence of a combination of indicated doses of metavert or Tideglusib and 

Saha. (D) BxPC-3 cells were cultured with 2.4μM metavert for 24h, then exposed to 4Gy 

irradiation and cultured for another 72h. MIA PaCa-2 cells cultured with Gemcitabine 

(Gem) 1ng/ml and metavert (150nM) (E) or 600nM (F) for 72h. *, p < 0.05 versus control; 

#, p < 0.05 versus the same dose of the combination of Tideglusib and Saha (B) or versus 
irradiation or chemotherapy treatment (C-F). Dashed lanes represent the expected additive 

effect.
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Figure 3: Metavert prevents migration, EMT and cancer stemness markers in cancer cells.
MIA PaCa-2 and BxPC-3 cells were cultured for 72h with different doses of metavert. (A) 

Protein levels in MIA PaCa-2 were measured by Western. Blots were re-probed for GAPDH 

to confirm equal loading. (B) MIA PaCa-2 cell migration was measured by Matrigel 

Invasion Assay. After 72h treatment, 100,000 cells were re-plated overnight for the invasion 

assay. The total number of cells did not change during the overnight invasion assay. (C) 

mRNA levels were measured by RT-PCR in MIA PaCa-2 and BxPC-3 cells. (D) Level of 
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CD44 was measured by flow cytometry using CD44 (PE/Cy7) antibody in MIA PaCa-2 cells 

treated with metavert (600nM) or Paclitaxel (10nM).
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Figure 4: Effect of metavert on its expected targets.
MIA PaCa-2 cells were cultured for 72h with metavert (1.2μM) or indicated doses. (A) 

levels of proteins were measured by Western. Membranes were re-probed for GAPDH to 

confirm equal loading. (B) Maximum intensity projections of confocal images of cells that 

were immunofluorescent co-labeled for GSK3B (green) and H3K9Ac (red) and 

counterstained with DAPI (blue). (C) Quantitative results of cell-by-cell high-content 

analysis of untreated control cells versus metavert-treated cells: Average nuclear intensities 

(a) and average values for slopes of the co-localization scatter plots (b) of GSK3B and 

H3K9Ac across all analyzed cells are displayed as bar plots. Representative scatter plots of 
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single cells for GSK3B /DAPI (c) and H3K9 acetylation/DAPI (d). *, p < 0.05 versus 
control.
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Figure 5: Metavert significantly increases survival of KPC mice and completely prevents 
metastasis.
KPC mice were intraperitoneally injected starting from the age of 2 months with 5mg/Kg of 

metavert 3 times per week (A). (B) Survival data of KPC mice. (C) Tumor weight at the 

death of mice. (D) Liver metastasis and quantification of percentage of mice with metastasis. 

(E) H&E staining of pancreatic tissue from control mice (a, b) and metavert-treated mice (c, 

d). (F) CK19 staining of pancreatic and liver tissues from control mice (a, b) and metavert-

treated mice (c, d). (G) S100P staining of pancreatic and liver tissues from control mice (a, 

b) and metavert-treated mice (c, d). (H) Sirius Red/Collagen staining of KPC mice pancreas 
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with quantification. (I) M2 macrophage staining with F4/80 and Arginase1 antibodies and 

quantification. (J) Survival data of KPC mice intraperitoneally injected with Gemcitabine 

(10mg/Kg) once a week and metavert (5mg/Kg) 3 times per week. *, p < 0.05 versus 
control.
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Figure 6: Cytokine levels in the plasma of KPC mice.
Cytokines in the blood collected from KPC mice at the time of death were measured using 

multiplexing ELISA.
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Figure 7: Metavert affects glucose metabolism in cancer cells.
BxPC-3 cancer cells were cultured with 13C-glucose and treated with indicated doses of 

metavert for 72h. (A-D) Mass spectroscopy of indicated 13C-labeled products. (A) Level of 

CO2, (B) Intracellular glycogen level, (C) ribose, and (D) extracellular lactic acid. (E) Level 

of superoxide production measured by MitoSox Red labeling. (F) Mitochondrial mass 

measured using mitotracker green probe and flow cytometry. *, p < 0.05 versus control.
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