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Abstract 

 

Monomer tubulin polymerize into microtubules, which are highly dynamic and play a 

critical role in mitosis. Therefore, microtubule dynamics are an important target for anti-

cancer drugs. The inhibition of tubulin polymerization or de-polymerization was 

previously targeted and exhibited efficacy against solid tumors. The novel small molecule 

PTC596 directly binds tubulin, inhibits microtubule polymerization, down-regulates 

MCL-1, and induces p53-independent apoptosis in acute myeloid leukemia cells. I herein 

investigated the efficacy of PTC-028, a structural analog of PTC596, in myelodysplastic 

syndrome (MDS). PTC-028 suppressed growth and induced apoptosis in MDS cell lines. 

The efficacy of PTC028 in primary MDS samples was confirmed using cell proliferation 

assays. PTC-028 synergized with hypomethylating agents, such as decitabine and 

azacitidine, to inhibit growth and induce apoptosis in MDS cells. Mechanistically, a 

treatment with PTC-028 induced G2/M arrest followed by apoptotic cell death. I also 

assessed the efficacy of PTC-028 in a xenograft mouse model of MDS using the MDS 

cell line, MDS-L and the AkaBLI bioluminescence imaging system, which is composed 
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of AkaLumine-HCl and Akaluc. PTC-028 prolonged the survival of mice in xenograft 

models. The present results suggest a chemotherapeutic strategy for MDS through the 

disruption of microtubule dynamics in combination with DNA hypomethylating agents.  
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Introduction 

 

Myelodysplastic syndrome (MDS) is a type of hematological malignancy in which 

blood cells show dysplastic differentiation. This leads to the formation of dysfunctional 

blood cells in bone marrow (BM). Risk factors include 

previous chemotherapy or radiation therapy, exposure to heavy metals such as  lead 

or mercury, and exposure to toxic chemicals such as benzene, pesticides, and tobacco 

smoke. In most cases, defective blood cells will be destroyed before leaving the BM and 

impaired hematopoiesis results in fewer blood cells. In some types of MDS, immature 

blood cells, called myeloblasts, increase in peripheral blood (PB) and BM. MDS patients 

will develop acute myeloid leukemia (AML) as the final stage if myeloblasts exceed the 

cut-off point of 20%.1 The evolution process from normal stem cells to AML via MDS 

stage is shown below. (Figure 1) The signs and symptoms of MDS are generally 

associated with blood cytopenias; Anemia (reduced red blood cell count or 

low hemoglobin) may lead to shortness of breath, tingling sensation, chronic tiredness 

sometimes chest pain. Neutropenia (low neutrophil count) increases susceptibility 

https://en.wikipedia.org/wiki/Chemotherapy
https://en.wikipedia.org/wiki/Radiation_therapy
https://en.wikipedia.org/wiki/Pesticides
https://en.wikipedia.org/wiki/Tobacco_smoke
https://en.wikipedia.org/wiki/Tobacco_smoke
https://en.wikipedia.org/wiki/Hemoglobin
https://en.wikipedia.org/wiki/Neutropenia
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to infection. Patients who have thrombocytopenia (low platelet count) are subject to 

bleeding and  bruising, as well as subcutaneous hemorrhaging resulting 

in purpura or petechiae.2 Although MDS can be found in younger generations, most of 

the patients with MDS are above 60 years old.3 The chromosome abnormalities such as 

chromosome 5q deletion (del(5q)) and monosomy 7 are often observed in patients with 

MDS.4-5  

Prognosis of MDS patients can be assessed by various scoring systems; the International 

Prognostic Scoring System (IPSS) is the most common system now refined by the revised 

version (IPSS-R). Genomic information at baseline, which has not been included in 

clinical prognostic scores, will help us to stratify patients with various prognoses in the 

future. Therapy of MDS is based on risk stratification. The aim of therapy in low-risk 

MDS is to improve anemia or thrombocytopenia, decrease transfusion needs, improve 

quality of life, attempt to prolong overall survival, and reduce the risk of progression. In 

higher-risk MDS, the goal of therapy is to extend the lifespan of patients and reduce the 

risk of progression into acute leukemia. Previous research shows only a few drugs are 

currently available as the therapeutic agents; more drugs are now under clinical 

https://en.wikipedia.org/wiki/Infection
https://en.wikipedia.org/wiki/Thrombocytopenia
https://en.wikipedia.org/wiki/Bleeding
https://en.wikipedia.org/wiki/Hemorrhage
https://en.wikipedia.org/wiki/Purpura
https://en.wikipedia.org/wiki/Petechiae
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investigation, in line with new, recently discovered molecular and immunological 

pathways. 

Erythropoiesis stimulating agents (ESAs) are exploited to treat low-risk MDS (LR-

MDS) patients with del(5q) showing low transfusion burden or symptomatic anemia.6 

However, many of these patients already have excessive EPO levels, which also correlate 

with a higher rate of clonal hematopoiesis of progenitor cells7 and demonstrate a lack of 

response to ESAs. For these patients, who are also supported by continuous transfusion, 

lenalidomide is the option of treatment and results in erythroid response in more than 

60% of patients.8-10 The median response duration is 2 years.  The MDS 004 study reveals 

that about 40% of the patients progressed to AML at 5 years.10 

Interestingly, patients with a TP53 mutation have lower complete cytogenetic response 

to lenalidomide and were associated with a higher risk of leukemic transformation 

compared with patients having a wild-type TP53.11For this reason, patients diagnosed 

with del(5q) LR-MDS harboring or developing a TP53 mutation should be considered a 

distinct group requiring intensified disease surveillance, including assessment of clonal 

evolution of bone marrow sample. Data from the German MDS study group12 support 
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that patients with TP53 mutation have a negative impact on survival and lower sensitivity 

to lenalidomide treatment. The size of the clone is also subject to change in some patients, 

featuring novel mutations during treatment but without an effect on outcome. Another 

study suggested that MDS patients with a lower TP53 mutation show a better outcome.13 

Other than TP53, disease progression is also observed in patients with RUNX1 and TET2 

mutations.14 Allo-HSCT or a potential clinical trial option can be the therapeutic strategy 

for patients failing lenalidomide with or without disease progression, whereas inhibition 

of DNA methyltransferases may be considered in the absence of any trial opportunity.15 

DNA methyltransferases are the enzymes that catalyze addition of methyl group to DNA. 

There are three groups of methyltransferases – m6A, m4C and m5C methltransferases, 

which catalyze the reactions generating N6-methyladenine, N4-methylcytosine and C5-

methylcytosine. In the process of many diseases like cancer, gene promoter CpG islands 

acquire abnormal hypermethylation, which results in transcriptional silencing that can be 

inherited by daughter cells following cell division.16 Alterations of DNA methylation 

have been recognized as an important cause of cancer development. Hypomethylation, in 

general, arises earlier and plays a role in chromosomal instability and loss of imprinting, 
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whereas hypermethylation is observed at the promoter region and contribute to silencing 

of tumor suppressor genes. Therefore, targeting DNA hypermethylation might be a 

therapeutic strategy for cancer treatment.17 The DNA hypomethylating agents decitabine 

and azacitidine are cytidine analogs and first-line drugs for the treatment of MDS. They 

may be incorporated into DNA and cause covalent binding with DNA methyltransferases, 

which prevent DNA synthesis and results in cytotoxicity. The inhibition of DNA 

methylation has extended the overall survival of patients with MDS and AML 

transformed from MDS.15 Despite the administration of these chemotherapeutic agents, 

these diseases generally relapse and often become uncontrollable. Therefore, an 

innovative and more efficacious therapeutic strategy needs to be considered. 

     Microtubules are highly dynamic and involved in intracellular migration, cell 

movement, and mitosis. They play an important role in the attachment and segregation of 

chromosomes in various phases of cell division. Therefore, the targeting of microtubules 

represents a therapeutic strategy against both solid and hematological cancers.18 The first 

approved microtubule-targeted agent (MTA) by the FDA was Vincristine (Figure 2), 

which has been clinically used to treat multiple types of cancers, particularly 
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hematological malignancies. The main side effects from vincristine treatment 

are chemotherapy-induced peripheral neuropathy, hair loss, constipation, and change in 

sensation. Severe peripheral neuropathy induced by vincristine may be a reason to restrict 

or avoid using the drug. The symptoms are tingling or numbness, pain and 

hypersensitivity to temperature, which start from the hands and feet and spread to the 

entire limbs.19 One of the first symptoms of peripheral neuropathy is foot drop. Therefore, 

prescription of vincristine should be avoided for patients with a family history of 

hereditary motor and sensory neuropathy.20 Nanoparticle albumin-bound paclitaxel or 

nab-paclitaxel was recently approved by FDA as the second MTA. In this formulation, 

paclitaxel (Figure 2) is bound to albumin as a delivery vehicle which increases the 

compound solubility and facilitates drug uptake into cancer cells. Clinically, Cremophor 

is utilized for solubilization of paclitaxel as a carrier agent, but additional significant 

toxicity of this agent is a problem for the patients. In contrast to Cremophor, nanoparticle 

albumin has prolonged stability and low toxicity in circulation. Previous research shows 

that drug delivery often fails in cancer cells due to poor perfusion and diffusion within 

the tumor parenchyma.21 Therefore, it is desirable to develop novel agents against this 

https://en.wikipedia.org/wiki/Chemotherapy-induced_peripheral_neuropathy
https://en.wikipedia.org/wiki/Constipation
https://en.wikipedia.org/wiki/Foot_drop
https://en.wikipedia.org/wiki/Hereditary_motor_and_sensory_neuropathies
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disease with low toxicity and prolonged stability. Indeed, in 2015, a positive phase III 

trial of nab-paclitaxel in combination with gemcitabine led to its approval for use in 

metastatic pancreatic cancer.22 

Over the past few decades, additional MTAs have been developed and received FDA 

approval, mostly for applications to cancer therapies. These agents have been classified 

by their binding sites on tubulin, which influences their roles in the inhibition or 

stabilization of polymerized microtubules. The novel small molecule PTC596 directly 

binds tubulin and inhibits microtubule polymerization.23 PTC596 was originally 

developed to target BMI1-positive cancer stem cells. BMI1 protein is a component of 

polycomb repressive complex 1 that maintains the transcriptional repression of target 

genes via ubiquityl histone H2A.24-26 PTC596 was recently identified as a direct 

microtubule polymerization inhibitor in a preclinical study on pancreatic ductal 

adenocarcinoma and its function as a BMI1 modulator was shown to be a secondary 

effect.23 PTC596 induces cytotoxicity in various tumor cell lines and exerts preclinical 

effects on hematological malignancies, such as AML, mantle cell leukemia, and multiple 

myeloma.24-26 Clinical trials on PTC596 are ongoing for diffuse intrinsic pontine glioma, 



  

 

11 

 

leiomyosarcoma, and ovarian cancer. (ClinicalTrials.gov Identifiers: NCT03605550, 

NCT03761095, and NCT03206645). PTC-028 has also been characterized as a BMI1 

modulator that has therapeutic potential in ovarian cancer, endometrial cancer, and 

medulloblastoma.27-29 PTC-028 selectively decreases cancer cell proliferation whereas 

normal cells remain unaffected. The molecular mechanism suggests that PTC-028 

induces BMI-1 degradation through protein phosphorylation and activates intracellular 

apoptotic pathway. However, it has been reported that PTC596 induces microtubule 

depolymerization and exhibits cytotoxic activity independent of BMI1.23, 26 The finding 

suggests that PTC-028 may function as an inhibitor of tubulin assembly.  

 In this study, I investigated the efficacy of PTC-028 in MDS and found its role as a 

microtubule polymerization inhibitor that synergizes with hypomethylating agents to 

inhibit growth and induce apoptosis in MDS cells.  
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Materials and Methods 

 

Cell culture and drug treatment  

The HL-60, THP-1, and MOLM-13 cell lines were acquired from ATCC. The TF-1 cell 

line was provided by Toshio Kitamura (The University of Tokyo, Japan). The SKM-1 

and SKK-1 cell lines were provided by Dr. Hiroshi Matsuoka (Kobe University, Japan). 

Cells were maintained in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) 

(Sigma-Aldrich) and 1% penicillin/streptomycin (Gibco). SKM-1 cells were cultured in 

RPMI supplemented with 20% FBS. MDS-L cells30-34 were cultured in the presence of 

human IL-3 (10 ng/ml) (BioLegend). TF-1 and SKK-1 were cultured in the presence of 

1 and 10 ng/ml of GM-CSF (1 ng/ml) (BioLegend), respectively. Stocks of PTC-028 

(synthesized for PTC Therapeutics) and decitabine (Wako) were prepared in DMSO 

(Sigma-Aldrich) at concentrations of 3 and 10 mM, respectively. In growth assays, cells 

were seeded on 24-well plates at 1×105 cells/ml in triplicate and treated with graded 

concentrations of PTC-028 and decitabine. Cells were counted using 0.1% trypan blue 

dye. MTS viability tests were conducted according to the manufacturer’s instructions 
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(Promega). Synergism was assessed by calculating the proportion of cell growth using 

CompuSyn software (ComboSyn, Inc.).35 

 

Apoptosis and cell cycle assays  

Apoptosis and the cell cycle were examined using an Annexin V Apoptosis kit and BrdU 

Flow kit (BD Pharmingen) according to the manufacturer’s instructions. Flow cytometric 

analyses were performed on BD FACS Celesta (BD Bioscience). 

 

RNA sequencing 

Total RNA was isolated from MDS-L and SKM-1 cells treated with DMSO or 30 nM of 

PTC-028 using the RNeasy Mini Kit (Qiagen). After reverse transcription, the libraries 

for RNA-seq were generated from fragmented DNA with 15 cycles of amplification using 

a NEB Next Ultra DNA Library Prep Kit (New England BioLabs). After the libraries had 

been quantified using TapeStation (Agilent), samples were subjected to sequencing with 

Hiseq2500 (Illumina) and 61 cycles of sequencing reactions were performed. RNA-seq 

raw reads (fastq files) were mapped to a human genome. Gene level counts for fragments 
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mapping uniquely to the human genome were extracted from BAM files. Gene expression 

values were then calculated as reads per kilobase of exon units per million mapped reads 

(RPKM) using cufflinks (version 2.2.1). A gene set enrichment analysis (GSEA) was 

performed based on curated gene sets from the Broad Institute’s molecular signatures 

database MSigDB. 

 

Deposition of data 

RNA sequence data were deposited in the DNA Data Bank of Japan (DDBJ) (accession 

number DRA10205). 

 

AkaBLI system 

In vivo bioluminescence imaging (BLI) is a non-invasive method for measuring light 

output produced by the enzyme-catalyzed oxidation reaction of a substrate. The AkaBLI 

system, composed of AkaLumine-HCl and Akaluc, provides a light source of sufficient 

strength to penetrate body walls, even in deep tissue areas.36 pcDNA3/Venus-Akaluc was 

obtained from the RIKEN BioResource Research Center (Catalog No: RDB15781). The 
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nucleotide sequence of the synthetic construct Akaluc gene for the firefly luciferase 

mutant protein Akaluc is available under DDBJ accession No: LC320664. Regarding the 

generation of the CS-CDF-UbC-mScarlet-P2A-Akaluc-PRE lentiviral vector, mScarlet 

(synthesized by FASMAC Co., Ltd., Japan) and Akaluc CDS were cloned into the CS-

CDF-UbCG-PRE lentiviral vector (Catalog No: RDB08363, a gift from Dr. H. Miyoshi) 

downstream of the ubiquitin C promoter (UbC) using the AgeI and XhoI restriction sites, 

replacing the existing GFP CDS. Cloning primers were designed to include an in-frame 

addition of the GSG-P2A self-cleaving peptide sequence between the mScarlet and 

Akaluc sequences. 

 

Lentiviral production and transduction 

A recombinant mScarlet-P2A-Akaluc lentivirus (LV) was generated by the transient co-

transfection of HEK293T cells with CS-CDF-UbC-mScarlet-2A-Akaluc-PRE and the 

helper plasmids pMD2.G (Addgene #12259) and psPAX2 (Addgene #12260) using the 

polyethylenimine (PEI) method. Culture supernatants were collected after 96 hours and 
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filtered (22 µm), followed by the concentration of LV particles by centrifugation at 40000 

g for 4 hours.  

 

Xenograft studies  

All studies involving animals were performed in accordance with the institutional 

guidelines for the use of laboratory animals and approved by the Review Board for 

Animal Experiments of the University of Tokyo (approval ID PA18-42). NOD.Cg-

Prkdcscid Il2rgtm1Sug Tg (SRa-IL3, CSF2)/Jic (NOG IL-3/GM-Tg) mice expressing human 

IL-3 and GM-CSF were purchased from the Central Institute for Experimental Animals 

(Kawasaki Japan).33 MDS-L/Akaluc cells (1×107 cells) were inoculated into female NOG 

IL-3/GM-TG mice37 irradiated at a dose of 1.8 Gy. Three weeks after tumor inoculation, 

mice were randomly divided into three groups (6 mice per group) and treated with the 

indicated compounds. One hundred microliters of 5 mM AkaLumine-HCl (Wako) was 

injected intraperitoneally into mice just before the imaging analysis and mice under 

isoflurane anesthesia were imaged within 5 to 10 minutes of the injection. The following 

conditions were used for image acquisition: open for total bioluminescence, exposure 



  

 

17 

 

time = 60 sec, binning = 4 to 8, field of view = 25 × 25 cm, and f/stop = 1. In vivo photon 

counting was conducted with an IVIS system using Living Image 2.5 software (Xenogen). 

Mice were monitored until they became moribund, at which time they were euthanized. 

 

Primary MDS samples  

Freshly isolated primary MDS cells were obtained from the BM aspirates of 1 patient 

with MDS and 1 with MDS/AML. All patients provided written informed consent 

according to institutional guidelines. The present study was approved by the Institutional 

Review Board at the University of Tokyo and Chiba University (approval #30-47-B1002 

and #844, respectively). BM-MNCs were isolated using LymphoPrep (Cosmo Bio) and 

CD34+ cells were obtained from BM-MNCs using a CD34 MicroBead kit (Miltenyi 

Biotec). CD34+ cells were seeded into culture flasks in RPMI medium supplemented with 

1% penicillin/streptomycin, 20% FBS, and 10 ng/ml of SCF, TPO, IL-3, GM-CSF, and 

FLT3 ligand (BioLegend). The effects of PTC-028 and decitabine in combination were 

evaluated using the MTS viability test (Promega).  
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Immunoblot analysis of tubulin in MDS cells  

MDS-L cells were cultured in the presence of PTC-028 for 4 hours. Cells were washed 

with PBS, permeabilized with 200 μl of pre-warmed buffer [80 mM PIPES-KOH (pH 

6.8), 1 mM MgCl2, 1 mM EGTA, 0.2% Triton X-100, 10% glycerol, and 1 × Protease 

inhibitor], and incubated at 30°C for 5 min. Supernatants containing the soluble fraction 

of microtubules were separated after centrifugation, mixed with 4 × Laemmli gel sample 

buffer, and boiled for 3 min. To collect the insoluble polymerized tubulin fraction, 250 μl 

of 1 × Laemmli gel sample buffer was added to the pellet, followed by boiling for 3 min. 

Microtubules were detected by Western blotting and probed with mouse anti-human α-

tubulin antibodies. 

 

Statistical analysis 

Data are shown as the mean ± SD or SEM. In statistical analyses, p-values were derived 

using unpaired Student’s t-tests for any studies with only two groups. Otherwise, 

comparisons of groups were performed on log-transformed data using a one-way 

ANOVA test. Survival curves were calculated by the Kaplan-Meier method and 
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compared using the Log-rank test. All analyses were conducted using GraphPad Prism 

Software. 
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Results 

 

PTC-028 disrupts tubulin integrity in MDS cells. 

PTC-028 is a novel derivative of PTC596, which was recently shown to directly inhibit 

microtubule polymerization in pancreatic ductal adenocarcinoma cells (Figure 3).23 I first 

investigated the effects of PTC-028 on the levels of soluble (unpolymerized) versus 

polymerized tubulin in MDS-L cells. Cells were treated with PTC-028 (3 and 5 μM) and 

paclitaxel (1 μM) for 4 hours38, and cell lysates were then separated into soluble and 

polymerized fractions by centrifugation. The visualization of tubulin fractions by Western 

blotting demonstrated that the PTC-028 treatment for 4 hours resulted in the near-

complete loss of polymerized microtubules (Figure 4). In contrast, polymerized 

microtubules increased in cells treated with Paclitaxel, which stabilizes microtubules 

against depolymerization (Figure 4).39 These results indicate that PTC-028 also acts as a 

microtubule polymerization inhibitor. 

 

PTC-028 inhibits cell growth and induces apoptosis in MDS cell lines. 
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A previous study reported that PTC596 suppressed cell proliferation and induced 

apoptosis in AML cell lines.24 Since MDS is regarded as a pre-leukemic stage, I examined 

the effects of PTC-028 on MDS cells. MDS-L is a subline derived from the human MDS 

cell line, MDS92 established from the BM of an MDS patient.30-33 This cell line has 

complex karyotypic abnormalities, including del(5q) [der(5)(5;19)], monosomy 7, and 

somatic mutations in NRAS and TP53, and a HIST1H3C mutation (histone H3 K27M).33 

SKM-1 is a cell line derived from a patient with MDS/AML, which has no chromosomal 

abnormalities, but has point mutations in NRAS and KRAS.40 I also used the MDS/AML 

cell lines, TF-1,41 MOLM-13,42 and SKK-1,43 and AML cell lines, HL-60 and THP-1. 

PTC-028 induced the dose-dependent inhibition of cell proliferation on both MDS and 

AML cells (Figure 5). Cell proliferation detected by MTS assays revealed that MDS cells 

were sensitive to PTC-028, as demonstrated by the low concentrations of PTC-028 

needed to inhibit cell viability by 50% (cytotoxic concentration; CC50); however, MDS-

L, SKM-1, and TF-1 were less sensitive than others (Figure 6). I isolated CD34+ cells 

from primary MDS BM samples and investigated the efficacy of PTC-028 on primary 

MDS cells. Patient characteristics are shown in Table 1. Cell growth at 48 hours in culture 
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was examined by MTS assays and the counting of viable cells. The growth inhibitory 

effects of PTC-028 were confirmed in primary MDS cells (Figure 7). I then performed 

apoptosis assays. Caspase 3/7 activities were significantly induced in MDS cells in the 

presence of PTC-028 (Figure 8), suggesting the induction of apoptotic cell death by PTC-

028.  

 

Combination of PTC-028 and DNA hypomethylating agents exerts synergistic 

effects 

To enhance the therapeutic benefits of PTC-028 on MDS cells, I investigated synergism 

between PTC-028 and DNA hypomethylating agents. I treated MDS-L and SKM-1 cells 

with increasing concentrations of PTC-028 in combination with DNA hypomethylating 

agents, first-line therapeutic agents in the treatment of MDS. After 3 days of culture, cell 

growth was analyzed by MTS assays. I then calculated the combination index (CI) that 

defines effect quantitatively: additive (CI=1), synergistic (CI<1), and antagonistic (CI>1) 

effects in drug combinations.35 PTC-028 and decitabine exerted synergistic cytotoxic 

effects at most concentrations tested, showing a very low CI, although the effect was 
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rather additive at some concentrations (Figure 9). Azacitidine was also effective in 

combination with PTC-028 (Figure 9). Apoptosis assays using Annexin V revealed that 

PTC-028 and DNA hypomethylating agents both significantly induced apoptosis in 

MDS-L cells as single agents as well as in combination therapy (Figure 10). I then 

investigated PTC596 on the growth of MDS cells. PTC596 inhibited the growth of MDS-

L cells and showed moderate synergism when combined with decitabine (Figure 11 and 

12). The CC50 values of PTC596 in MDS and AML cells were moderately higher than 

those of PTC-028 (Figure 13), indicating that PTC-028 exerts a better cytotoxic effect 

than PTC596. I next tested the efficacy of clinically used agents targeting microtubule 

such as Vincristine and Paclitaxel. The CC50 value of PTC-028 was lower than those of 

Vincristine and Paclitaxel (Figure 13). The data indicate that PTC-028 is a more effective 

therapeutic agent for MDS therapy.  

 

PTC-028 induces mitotic arrest and changes gene expression in MDS cells 

To clarify the mechanisms by which PTC-028 plays a role in the cell cycle, I performed 

BrdU cell cycle assays. The results obtained clearly showed that PTC-028 induced the 
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accumulation of cells at the G2/M phase (Figure 14). The disruption of tubulin assembly 

was previously shown to induce mitotic arrest in cancer cells.44-46  

I next investigated the effects of PTC-028 on the transcriptome, I performed an RNA-

seq analysis of MDS-L and SKM-1 cells treated with PTC-028. In total, 163 and 404 

genes and 39 and 82 genes were up- (≥1.5-fold) and down-regulated (≤ 0.6-fold) in MDS-

L and SKM-1 cells, respectively, upon the PTC-028 treatment (Figure 15). GSEA of 

RNA-seq data revealed that MYC and E2F target gene sets were negatively enriched with 

significance in PTC-028-treated MDS-L and SKM-1 cells (Figure 16, Table 2-5). In 

contrast, apoptosis gene sets were positively enriched in PTC-028-treated cells (Figure 

16, Table 2-5). These results were consistent with growth inhibition and enhanced 

apoptosis by PTC-028. Previous studies reported the activation of NF-B and 

inflammatory signaling pathway by microtubule inhibitors.47-48 PTC-028 also activated 

gene sets in the downstream of following pathways: TNF signaling via NFB and 

inflammatory response (Figure 16). 

 

PTC-028 exerts therapeutic efficacy in the xenograft MDS model 
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I assessed the efficacy of PTC-028 in a xenograft mouse model of MDS. To precisely 

monitor the tumor burden in mice, we took advantage of the AkaBLI system, composed 

of AkaLumine-HCl and Akaluc, which improved performance by a factor of 100 to 1,000 

over the conventional bioluminescence imaging system composed of luciferin and 

luciferase.36 MDS-L cells were transduced with the Akaluc gene using a recombinant 

mScarlet-P2A-Akaluc lentivirus and selected by mScarlet expression as a marker. MDS-

L/Akaluc cells (1×107) were intravenously inoculated into NOG mice (NOG IL-3/GM 

TG)33 irradiated at a dose of 1.8 Gy. The tumor burden was monitored by bioluminescence 

signals in in vivo imaging assays. MDS-L cells, which retain MDS-like features, 

expanded very slowly in NOG IL-3/GM-TG mice and induced lethal disease after a long 

latency. Recipient mice were treated with PTC-028 for 7 weeks (Figure 17). PTC-028 

significantly inhibited the growth of MDS-L cells and prolonged the overall survival of 

recipient mice (Figure 18-20). Furthermore, the combination therapy of PTC-028 and 

DAC significantly reduced the tumor burden compared to PTC-028 or DAC alone (Figure 

21-22) and significantly prolonged the overall survival of recipient mice (Figure 23). 

Mice that received combination therapy showed moderate weight loss 11 days after the 
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initiation of the treatment, but subsequently recovered (Figure 24). Hemoglobin levels in 

the PB of mice did not significantly change during combination therapy (Figure 24).   
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Discussion 

 MTAs are categorized into two major groups: stabilizing and depolymerizing agents. 

Microtubule-stabilizing agents, including paclitaxel and docetaxel, operate by increasing 

polymerization and the tubulin polymer mass in cells. Depolymerizing agents, such as 

vincristine and vinblastine, inhibit polymerization, induce microtubule degradation, and 

decrease polymer mass. However, at the lowest effective concentrations, both stabilizers 

and depolymerizing agents induce suppression of microtubule dynamics without 

changing polymer mass. As the action of MTAs become clear at the molecular level, 

differences in mechanisms of action of these agents are being elucidated. These 

differences may be dependent on the observed disparities in activity such as the binding 

sites of MTAs; the taxan site is the primary binding domain of microtubule-stabilizing 

agents whereas depolymerizing agents bind to vinca and colchicine domain. 

 In this study, I demonstrated the activities of a novel MTA PTC-028 alone or in 

combination with decitabine in MDS both in vitro and in vivo. Although PTC-028 has 

been reported as a BMI-1 inhibitor,27-29 I confirmed the inhibitory effect of PTC-028 on 

tubulin polymerization. PTC-028-induced G2/M cell cycle arrest may be attributed to the 
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microtubule depolymerization by PTC-028. BMI-1 plays an essential role in MDS cell 

progression, survival, and drug resistance49-50. PTC-028 has been shown to decrease 

BMI-1 protein and H2A mono-ubiquitination levels in medulloblastoma and ovarian 

cancer cell lines27, 29. My data also indicate modest reduction of BMI-1 in MDS-L. (Figure 

25) The underlying pharmacological mechanism involved PTC-028 inducing a reduction 

in BMI-1 via phosphorylation at the protein level14. However, BMI-1 is known to be 

hyperphosphorylated and dissociates from chromatin during mitosis51. Since PTC-028 

induces mitotic cell arrest, these findings suggest that BMI-1 degradation mediated by 

PTC-028 is a secondary response. 

PTC-028 significantly induced cytotoxicity in MDS cell lines, primary MDS cells, and 

MDS cells in a xenograft model. Our data show preclinical efficacy of PTC-028 as a 

therapeutic strategy for MDS. DNA hypomethylating agents are the first choice for 

treatment of MDS. A previous study reported that decitabine induced DNA damage, 

G2/M arrest and caspase-mediated apoptosis. I found that the combination treatment of 

PTC-028 and decitabine or azacitidine exhibited synergistic efficacy in MDS cells. My 

in vivo results obtained using the xenograft model revealed that this combination is 
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promising, with a definitive synergy and acceptable tolerability. Therefore, I 

demonstrated that PTC-028 combined with DNA hypomethylating agents is an effective 

strategy for MDS therapy.  

Similar to other microtubule-destabilizing agents, PTC-028 induces MDS cell 

apoptosis. Since the dynamic behavior of microtubule is essential for mitosis, apoptosis 

induced by microtubule-destabilizing agents is often attributed to the dissolution of 

mitotic spindles and mitotic arrest. However, the effects of microtubule-destabilizing 

agents on the microtubule network extend beyond the ability to halt cells in mitosis and 

include the induction of apoptosis at all phases of the cell cycle, even in non-cycling 

cells.18 Acute cell cycle-independent apoptosis in response to microtubule-destabilizing 

agents has been reported in hematopoietic cells and involves several pathways that 

dysregulate Bcl-2 family proteins.18 Further studies are needed to evaluate whether PTC-

028 exerts similar effects to other drugs. 

Vincristine is a chemotherapy drug used to treat several different types of cancer. The 

chemotherapeutic agent belongs to a group of drugs called vinca alkaloids. The drug stops 

the cancer cell proliferation and causes mitotic arrest. Moreover, vincristine is combined 
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with other agents like cytarabine and pirarubicin for treatment of AML patients with 

Down syndrome; the five-year overall survival rate is also high.52 The study suggests the 

possibility of using microtubule inhibitors to treat hematological malignancies. My data 

indicate the lower cc50 of PTC-028, which might be attributed to BMI-1 degradation. 

Therefore, PTC-028 may have a better efficacy than vincristine when tested in the clinical 

trial.  

The GSEA analysis showed an up-regulated inflammatory response and apoptosis after 

the treatment with PTC-028. The relationship between inflammation and cell death has 

been reported in previous studies53-54. The release of intracellular material from dead cells 

triggers inflammatory reactions, including the activation of the NF-κB pathway54. 

However, another mechanism shows that the disruption of microtubule dynamics induces 

the nuclear translocation of NF-κB via IκB degradation55-56. Collectively, these findings 

explain the enrichment of gene sets targeted by inflammatory responses and the NF-κB 

signaling pathway. Since the inflammatory cytokines produced through the activation of 

NF-κB signaling recruit immune cells, which trigger anti-cancer immunity, MDS cells 

may also be eliminated by immune activation via PTC-028-induced inflammatory 
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responses. 

In conclusion, the present results demonstrate that the inhibition of microtubule 

polymerization alone and in combination with DNA hypomethylating agents has the 

potential as a novel therapeutic strategy for MDS. The present study provides a preclinical 

framework for the clinical evaluation of this promising therapeutic approach to improve 

outcomes in MDS patients. 
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Figure 1 The process of clone evolution from normal stem cell to AML via MDS. Normal 

hematopoiesis is disrupted in MDS state before leukemogenesis.  
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Figure 2 Chemical structure of clinically used microtubule inhibitors (Vincristine & 

Paclitaxel) 
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Figure 3 Chemical structure of PTC-028 and PTC596. 
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Figure 4 Distribution of tubulin in polymerized (P) vs. soluble (S) fractions analyzed by 

immunoblotting in PTC-028-treated MDS-L cells. MDS-L cells were treated with 3 and 

5 μM of PTC-028 and 1 μM paclitaxel for 4 hours. The fractions containing soluble and 

polymerized tubulin were collected and separated by SDS-PAGE. The α-tubulin antibody 

was used to detect tubulin by Western blotting. Band intensity was calculated using Image 

lab (Bio-Rad) and was shown as means ± S.D. (n=3). *P<0.05, ***P<0.001 by the 

Student’s t-test. 
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Figure 5 Growth of MDS-L and SKM-1 MDS cells and HL-60 and THP-1 AML cells 

treated with the indicated concentrations of PTC-028. The numbers of viable cells on 

days 3 and 6. Data are shown as means ± S.D. (n=3). *P<0.05, **P<0.01, ***P<0.001 by 

the Student’s t-test. 
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Figure 6 CC50 of MDS and AML cell lines. Cells lines were treated with the indicated 

concentrations of PTC-028 for 3 days in triplicate (left panels). CC50 was defined as the 

concentration required to reduce cell viability by 50% and is presented in the right panel. 

Cell viability was assessed by MTS assays. 
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Figure 7 Growth of primary MDS cells treated with PTC-028. CD34+ MDS cells were 

cultured in the presence of SCF, TPO, IL-3, GM-CSF, and FLT3 ligand in the presence 

of the indicated doses of PTC-028. Cell growth was examined by MTS assays after 48 

hours in culture (left panel) or viable cells were counted on days 3 and 6 (right panel). 

Data are shown as means ± S.D. (n=3). *P<0.05, **P<0.01, ***P<0.001 by the Student’s 

t-test. 
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Figure 8 Caspase-Glo 3/7 values 3 days after the treatment with PTC-028. MDS cells 

were treated with PTC-028 at the indicated doses in triplicate. An equal volume of 

Caspase-Glo 3/7 agent was added to samples before recording luminescence. *P<0.05, 

**P<0.01, ***P<0.001 by the Student’s t-test. 
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Figure 9 MTS assays showing the viability of MDS-L and SKM-1 cells treated with the 

indicated doses of PTC-028 and decitabine (DAC) or azacitidine (AZA) relative to the 

untreated control. Data are shown as means ± S.D. (n=3). Fa-CI plots are shown in the 

lower panel of each graph. CI, combination index. Fa (fraction affected) indicates the 

fraction of cells affected by the drug. 
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Figure 10 Apoptosis induced by PTC028 and/or DNA hypomethylating agents. MDS-L 

cells were treated with PTC-028 and/or DNA hypomethylating agents (DAC or AZA) for 

72 hours, stained with Annexin V and PI, and then analyzed by flow cytometry. Results 

are shown as means ± S.D. (n=3). *P<0.05, **P<0.01, ***P<0.001 by the Student’s t-

test. 
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Figure 11 Growth inhibition of MDS-L cells by PTC596. Growth curve of MDS-L cells 

treated with the indicated concentrations of PTC596 (left panel) and CC50 of PTC596 in 

MDS-L cells (right panel). Cells were treated with the indicated concentrations of 

PTC596 for 3 days in triplicate to evaluate CC50. 
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Figure 12 MTS assays showing the viability of MDS-L treated with the indicated doses 

of PTC596 and DAC relative to the untreated control (left panel) and a Fa-CI plot (right 

panel) 
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Figure 13 CC50 of microtubule-destabilizing agents in MDS and AML cells. Cell lines 

were treated with the indicated agents for 3 days in triplicate. Data are shown as means ± 

S.D. (n=3). 
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Figure 14 Cell cycle arrest induced by PTC-028. MDS-L and SKM-1 were exposed to 

PTC-028 for 72 hours at 40 and 80 nM, respectively. BrdU was added to the culture 4 

hours before the analysis. Representative contour plots of BrdU incorporation (y axis) 

versus DNA content assessed by 7-AAD staining (x axis) are shown in the left panels. 

The proportion of cells at the indicated phase of the cell cycle is shown as means ± S.D. 

(n=3) in the right panels. **P<0.01, ***P<0.001 by the Student’s t-test. 
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                        PTC-028 
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                                   PTC-028 

                              Gene Expression Down 

 

 

Figure 15 Venn diagram showing the overlap of up-regulated (≥1.5-fold) or down- (≤ 

0.66-fold) genes between MDS-L and SKM-1 cells treated with PTC-028 relative to the 

DMSO control. 
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Figure 16 Summary of the gene set enrichment in MDS-L and SKM-1 cells treated with 

PTC-028 relative to non-treated cells in GSEA using RNA-seq data. MDS-L and SKM-1 

cells were cultured in the presence of PTC-028 (MDS-L 30nM; SKM-1 40nM) for 72 

hours. Representative GSEA plots are shown in the right panelspanels. Normalized 

enrichment scores (NES), nominal p values (NOM), and false discovery rates (FDR) are 

indicated.  
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Figure 17 Schematic representation of the xenograft MDS model using NOG IL-3/GM-

TG mice. NOG mice irradiated at a dose of 1.8 Gy were infused with 1×107 MDS-

L/Akaluc cells via the tail vein. On day 27 post-transplantation, recipient mice (n=5 in 

each group) received vehicle and 12.5 mg/kg PTC-028 orally twice a week for 7 weeks. 
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Figure 18 The engraftment of MDS-L/Akaluc cells was confirmed by bioluminescence 

imaging. Images of Akaluc signals in representative mice (3 mice each) are shown at 

different time points during the treatment. 
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Figure 19 Quantification of photon counts from MDS-L/Akaluc cells in xenograft MDS 

mice. Akaluc signals taken by a photon-counting analyzer. Data are shown as means ± 

S.D. *P<0.05, **P<0.01, ***P<0.001 by the Student’s t-test. 
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Figure 20 Kaplan–Meier survival of mice. Survival was evaluated from the first day of 

the treatment to death. The significance of differences between the PTC-028-treated and 

vehicle-treated groups was assessed using a Log-rank test. *P<0.05, **P<0.01, 

***P<0.001.  
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Figure 21 Schematic representation of the xenograft MDS model using NOG IL-3/GM-

TG mice. NOG mice irradiated at a dose of 1.8 Gy were infused with 1×107 MDS-

L/Akaluc cells via the tail vein. On day 33 post-transplantation, recipient mice (n=5 in 

each group) received vehicle and 6.25 mg/kg PTC-028 orally twice a week. DAC was 

administered at a dose of 0.3 mg/kg intraperitoneally 3 times per week. 
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Figure 22 The engraftment of MDS-L/Akaluc cells was confirmed by bioluminescence 

imaging. Images of Akaluc signals in representative mice (4 mice each) are shown at 

different time points during the treatment. Quantification of photon counts from MDS-

L/Akaluc cells in xenograft MDS mice. Akaluc signals taken by a photon-counting 

analyzer. Data are shown as means ± S.D. **P<0.01, ***P<0.001 by the Student’s t-test. 
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Figure 23 Kaplan–Meier survival of mice. Survival was evaluated from the first day of 

the treatment to death. **P<0.01, ***P<0.001 by the Log-rank test. 
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Figure 24 Body weight (BW) and hemoglobin (Hb) levels of mice. Data are shown as 

means ± S.D. n.s., not significant by the Student’s t-test. 
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Figure 25 Level of BMI-1 and uH2A in MDS-L cells cultured in the presence of DMSO 

and 40nM PTC-028 for 48h, 72h and 96h. 
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Figure 26. Apoptosis induced by PTC-028.The indicated cells were treated with PTC-

028 for 72 hours, stained with Annexin V and PI, and then analyzed by flow cytometry. 

Results are shown as means ± S.D. (n=3). **P<0.01, ***P<0.001. 
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Table 1 Human MDS bone marrow samples. 
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Table 2 Upregulation of Signaling Pathway Induced by PTC-028 in MDS-L Cells 

 

NAME ES NES NOM p-val FDR q-val 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 0.6108075 1.879353 0 0 

HALLMARK_COAGULATION 0.5875037 1.7655075 0 0.002344156 

HALLMARK_ALLOGRAFT_REJECTION 0.5704975 1.7577232 0 0.00187901 

HALLMARK_P53_PATHWAY 0.54956275 1.7134482 0 0.00262637 

HALLMARK_APOPTOSIS 0.54781187 1.6755384 0 0.004013803 

HALLMARK_INTERFERON_GAMMA_RESPONSE 0.5385772 1.6667895 0 0.003868514 

HALLMARK_INFLAMMATORY_RESPONSE 0.52368957 1.6260667 0 0.005695151 

HALLMARK_IL6_JAK_STAT3_SIGNALING 0.55716753 1.579828 0.0013947 0.008902214 

HALLMARK_INTERFERON_ALPHA_RESPONSE 0.55188423 1.5787069 0 0.008018492 

HALLMARK_HEME_METABOLISM 0.5004975 1.5488061 0 0.009927 

HALLMARK_IL2_STAT5_SIGNALING 0.48502183 1.5044812 0.001242236 0.016797332 

HALLMARK_ANGIOGENESIS 0.5948357 1.4922953 0.033383913 0.01766459 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 0.4732653 1.4622483 0.002528445 0.022271285 

HALLMARK_UV_RESPONSE_DN 0.47187793 1.4172851 0.007692308 0.03291526 

HALLMARK_BILE_ACID_METABOLISM 0.47735313 1.3960559 0.01899593 0.03932956 

HALLMARK_COMPLEMENT 0.44702625 1.3827937 0.003911343 0.04317236 

HALLMARK_ESTROGEN_RESPONSE_EARLY 0.42592376 1.3226221 0.011494253 0.080089346 

HALLMARK_KRAS_SIGNALING_UP 0.410993 1.2768729 0.043209877 0.124076076 
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Table 3 Downregulation of Signaling Pathway Induced by PTC-028 in MDS-L Cells 

 

NAME ES NES NOM p-val FDR q-val 

HALLMARK_MYC_TARGETS_V1 -0.5312721 -1.8584391 0 0.004333333 

HALLMARK_E2F_TARGETS 0.47660512 -1.6709709 0 0.005758667 

HALLMARK_OXIDATIVE_PHOSPHORYLATION -0.4207183 -1.5008153 0 0.029381553 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

74 

 

Table 4 Upregulation of Signaling Pathway Induced by PTC-028 in SKM-1 Cells 

 

NAME ES NES NOM p-val FDR q-val 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 0.6467109 2.1331067 0 0 

HALLMARK_P53_PATHWAY 0.58609194 1.9506716 0 0 

HALLMARK_APICAL_JUNCTION 0.58014596 1.9302019 0 0 

HALLMARK_INFLAMMATORY_RESPONSE 0.55264056 1.8320497 0 2.87E-04 

HALLMARK_APOPTOSIS 0.5546269 1.7967594 0 2.29E-04 

HALLMARK_COAGULATION 0.55692613 1.7888622 0 1.91E-04 

HALLMARK_MYOGENESIS 0.5327498 1.7650108 0 1.64E-04 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 0.5172625 1.7131113 0 5.57E-04 

HALLMARK_TGF_BETA_SIGNALING 0.5863241 1.6650617 0 0.002022102 

HALLMARK_IL6_JAK_STAT3_SIGNALING 0.5481379 1.661659 0 0.001819892 

HALLMARK_HYPOXIA 0.49732518 1.6503032 0 0.002014123 

HALLMARK_NOTCH_SIGNALING 0.6159639 1.5805967 0.014059754 0.005915025 

HALLMARK_ALLOGRAFT_REJECTION 0.47112146 1.5666751 0 0.00652423 

HALLMARK_ANGIOGENESIS 0.6000284 1.5502645 0.014876033 0.00710283 

HALLMARK_UV_RESPONSE_UP 0.47220153 1.522929 0 0.008662837 

HALLMARK_IL2_STAT5_SIGNALING 0.45630616 1.5213256 0 0.008390245 

HALLMARK_KRAS_SIGNALING_UP 0.45659617 1.5073739 0.001416431 0.009566529 

HALLMARK_XENOBIOTIC_METABOLISM 0.4333904 1.4450694 0 0.017967768 

HALLMARK_INTERFERON_GAMMA_RESPONSE 0.43104485 1.4400431 0.001369863 0.018887723 

HALLMARK_COMPLEMENT 0.43133524 1.4359385 0.005479452 0.018809563 

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 0.5228781 1.4232961 0.031045752 0.021028811 
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Table 5 Downregulation of Signaling Pathway Induced by PTC-028 in SKM-1 Cells 

 

NAME ES NES NOM p-val FDR q-val 

HALLMARK_MYC_TARGETS_V1 0.53554523 -1.9443746 0 0 

HALLMARK_E2F_TARGETS 0.42601994 -1.5342134 0 0.022642275 

HALLMARK_PROTEIN_SECRETION 0.46719083 -1.5294216 0.002890173 0.01509485 

HALLMARK_ANDROGEN_RESPONSE 0.40367532 -1.3367312 0.017045455 0.07223807 

 


