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A B S T R A C T   

Purinostat Mesylate (PM) is a novel highly selective and active HDAC I/IIb inhibitor, and the injectable 
formulation of PM (PMF) based on the compound prescription containing cyclodextrin completely can overcome 
PM’s poor solubility and improves its stability and pharmacokinetic properties. Here, we showed that PM 
effectively repressed the survival of Ph+ leukemia cells and CD34+ leukemia cells from CML patients in vitro. In 
vivo studies demonstrated that PMF significantly prevented BCR-ABL(T315I) induced CML progression by 
restraining leukemia stem cells (LSCs), which are insensitive to chemotherapy and responsible for CML relapse. 
Mechanism studies revealed that targeting HDAC I/IIb repressed several important factors for LSCs survival 
including c-Myc, β-Catenin, E2f, Ezh2, Alox5, and mTOR, as well as interrupted some critical biologic processes. 
Additionally, PMF increased glutamate metabolism in LSCs by increasing GLS1. The combination of PMF and 
glutaminase inhibitor BPTES synergistically eradicated LSCs by altering multiple key proteins and signaling 
pathways which are critical for LSC survival and self-renewal. Overall, our findings represent a new therapeutic 
strategy for eliminating LSCs by targeting HDAC I/IIb and glutaminolysis, which potentially provides a guidance 
for PMF clinical trials in the future for TKI resistance CML patients.   

1. Introduction 

Previously, we discovered a novel highly selective HDAC I/IIb in
hibitor, Purinostat Mesylate (PM), which has a higher selectivity and 
inhibitory activity on HDAC I/IIb compared with the five approved 
HDAC inhibitors (Vorinostat, Romidepsin, Belinostat, Panobinostat, and 
Chidamide) [1]. However, the clinical application of free PM was greatly 
limited by its poor solubility in water and low bioavailability. Here, we 
developed a new PM formulation (PMF) via hydrox
ypropyl-β-cyclodextrin (HP-β-CD), arginine, meglumine, and mannitol 
to make it suitable for intravenous injection. PMF improves the 

solubility, stability, and pharmacokinetic properties of free PM, and 
reduces its toxicity. Preclinical studies have demonstrated that PM has 
good anti-tumor activity and low toxicity in treating multiple hemato
logical malignancies [1,2]. Currently, PMF has been approved by the 
Food and Drug Administration (FDA; IND143467) and the Chinese Na
tional Medical Products Administration (NMPA; CXHL1800174) for 
clinical trials in relapsed and refractory B-cell malignancies. In order to 
further expand its applications, we deeply studied the ability of PMF to 
treat chronic myeloid leukemia (CML). 

CML is a disease of hematological malignancy arising from he
matopoietic stem cells (HSCs) [3], which is majorly caused by a fusion 
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oncogene, BCR-ABL. BCR-ABL owns continuous tyrosine kinase activity 
resulting in activating multiple intracellular signaling pathways, 
including PI3K/AKT1, WNT/CTNNB1, SRC family kinases, and STATs 
[4]. Accordingly, BCR-ABL kinase activity inhibitors (TKIs; such as 
Imatinib, Nilotinib, Dasatinib and Ponatinib, etc.) have achieved great 
remission rates for CML patients [5]. However, some patients develop 
resistance to TKIs due to accumulation of BCR-ABL variant mutations, 
including T315I, G250E, G350R, Q252H, E352K, and Y253H [6]. The 
most common mutation, T315I, accounts for at least 15% of these var
iants [7]. Therefore, it is urgent to explore new treatment strategies for 
these patients hosting TKI resistance mutations. In addition, there are 
also BCR-ABL independent mechanisms involved in TKI resistance [8]. It 
is speculated that certain genetic evolutionary events have conferred an 
increased susceptibility to additional oncogenic hits, including genomic 
stability, epigenetic changes and microenvironmental shifts [9]. These 
changes could prompt leukemia cells to be promoted by (co-)drivers 
other than BCR-ABL. TKI response well is restricted to dividing CML 
progenitors and granulocytes, but not the case for leukemia stem cells 
(LSCs). It is now broadly accepted that a radical cure for CML depends 
upon the complete elimination of LSCs [10]. Therefore, it is important to 
identify and develop new treatments against key LSC targets for CML 
cure. 

Targeting epigenetic regulators has shown promise for eliminating 
LSCs [11]. Histone deacetylases inhibitor (HDACi) has displayed 
excellent anti-tumor activity both in CML and AML [12,13]. Previous 
studies have demonstrated that pan-HDACi (Panobinostat, the most 
active HDACi) alone partially removed quiescent primitive LSCs while 
the combination of TKI and HDACi markedly diminished CML stem cells 
[14]. However, several studies have revealed that inhibition of HDAC IIa 
and IV has more side effects [15,16], for example, Panobinostat has a 
boxed warning in “Highlights of prescribing information” due to severe 
diarrhea, fatal cardiac ischemic events, arrhythmias, and ECG changes 
[17]. More importantly, previous studies have highlighted that selec
tively targeting some HDACs is more effective to remove LSCs [18,19]. 
Therefore, developing a higher affinity and selectivity of HDACi and 
identifying other relevant pathways are required for developing curative 
CML therapies. It is recognized that “Glutamine addiction” is a hallmark 
of cancer cell metabolism and targeting glutaminolysis is an attractive 
cancer therapeutic strategy [20]. As the essential enzyme in gluta
minolysis, glutaminase1 (GLS1) catalyzes the conversion of glutamine to 
glutamate and ammonia. Inhibiting GLS1 activity with a specific in
hibitor or reducing its product with glutamine analogue L-DON has been 
shown to be effective in cancer therapeutic strategies [21]. 

By using TKI resistance BCR-ABL(T315I) induced CML mouse model, 
it was shown that PMF effectively prevented CML progression and 
significantly suppressed LSCs. Nevertheless, PMF increased glutamate 
metabolism in LSCs associated with a concomitantly high level of GLS1. 
Fortunately, we found simultaneous administration of PMF and inhibi
tor of glutaminolysis significantly prolonged survival of disease mice 
and markedly diminished LSCs compared with monotherapy. Overall, 
our findings provide a new therapeutic strategy for eliminating CML 
LSCs by simultaneous targeting HDAC I/IIb and glutaminolysis, which 
potentially provides a new option for CML patients hosting BCR-ABL TKI 
resistant mutations. 

2. Materials and methods 

2.1. Cell lines and compounds 

LAMA84 and K562 were cultured in RPMI1640 medium with 10% 
FBS (Gibco, Thermo Fisher Scientific) and 100 units/ml penicillin/ 
streptomycin (Gibco). Imatinib (MB1122) and GLS1 inhibitor BPTES 
(MB2348) were purchased from Meilunbio, China. Purinostat Mesylate 
was synthesized in our lab. In vitro studies, IM, free PM and BPTES were 
dissolved in DMSO; In vivo, the IM was dissolved in 0.9% NaCl solution 
and BPTES was dissolved in PBS with 10% DMSO. For mice treatment, 

PMF lyophilized powder was dissolved in 0.9% NaCl solution and the 
Placebo group was given the same amount of PM-free lyophilized 
powder. 

2.2. Preparation of the injectable formulation of PM lyophilized powder 

The injectable formulation of PM was prepared by a simple disso
lution method. First, 10% HP-β-CD was added to deionized water and 
stirred at 37 ◦C for 2 h. Next, PM was added and stirred for 24 h. After 
filtering with a 0.22 μm membrane to remove excess PM, the filtrate was 
mixed with arginine, meglumine, and mannitol in a specific molar ratio 
to form the compound prescription formulation, and the formulation 
lyophilized in a penicillin bottle, and stored at 2–8 ◦C. The detailed 
preparation method was shown in the patent “CN202110815779”. 
Injectable formulation of PM (PMF) lyophilized powder can be re- 
dissolved in 0.9% NaCl solution to obtain a clear yellow solution. The 
doses of PMF were all quantified by the mass of the free PM. 

2.3. Western blot analysis 

Whole cells were lysed with RIPA buffer plus protease and phos
phatase inhibitors. Proteins were separated using PAGE gel electro
phoresis, transferred onto membranes, and immunoblotted with 
primary antibodies, followed by incubation with horseradish 
peroxidase-conjugated secondary antibodies. The antibodies against Ac- 
α-tubulin (Cat # Sc-23950), α-tubulin (Cat # sc-134237), Ac-H3 (Cat # 
sc-56616), Abl (Cat # sc-131), P53 (Cat # sc-47698), c-MYC (Cat # sc- 
70468), Alox5 (Cat # sc-136195), Alox15 (Cat # sc-133085), β-Catenin 
(Cat # sc-59737), PARP-1 (Cat # sc-8007), P-Erk (Cat # sc-101760), Fak 
(Cat # sc-558) and P-Fak (Cat # sc-81493) were purchased from Santa 
Cruz Biotechnology, USA. The antibodies against GAPDH (Cat # 5174), 
H3 (Cat # 4499), Ezh2 (Cat # 4095), P-Stat5 (Cat # 9359), Stat5 (Cat # 
9363), Caspase9 (Cat # 9508), P-Raf (Cat # 9427), Raf (Cat # 9422), P- 
Mek (Cat # 9121), Mek (Cat # 4694), Erk (Cat # 4695), P-Akt (Cat # 
4060) and P21 (Cat # 2946) were purchased from Cell Signaling 
Technology, USA. The antibodies against Gls1 (Cat # ab262716), Cas
pase3 (Cat # ab44976), Bad (Cat # ab32245) and Akt (Cat # ab32038) 
were purchased from Abcam. The antibodies against Caspase8 (Cat 
#c2976) and Bcl-xl (Cat #L7543) were purchased from Sigma, USA. The 
antibody against HoxA9 (Cat # EM-1706-21) was purchased from 
Huabio, China. The final signal was detected with enhanced chem
iluminescence (ECL). 

2.4. In vivo pharmacokinetics and treatment of T315I-CML mouse model 

All animal studies were performed in accordance with the guidelines 
approved by the Institutional Animal Care and Use Committees of 
Sichuan University (Chengdu, China).T315I-CML mouse model was 
established as described previously [22]. Briefly, bone marrow (BM) 
cells from 5-Fu treated (200 mg/kg) donor mice were transduced twice 
with BCR-ABL(T315I) retrovirus by co-sedimentation in the presence of 
IL-3, IL-6, and SCF. Recipient mice received two doses of 500 cGy γ-ray 
irradiation separated by 3 h and a dose of 5 × 105 cells transplanted via 
tail vein injection. 

For pharmacokinetic studies, 12 days after BMT, the proportions of 
tumor cells (GFP+Gr-1+, n = 6) in peripheral blood (PB), spleen and BM 
of model mice were 44.18 ± 5.46%, 21.4 ± 2.82% and 40.72 ± 10.03%, 
respectively. Free PM was dissolved in 2.0% DMSO, 5.0% castor oil and 
2.5% ethanol (v/v), and diluted with 0.9% NaCl solution to 1 mg/mL, 
and the PMF lyophilized powder was dissolved in 0.9% NaCl solution to 
1 mg/mL. Then, the model mice were divided into 2 groups, and 
received a single intravenous injection of 10 mg/kg free PM and PMF, 
respectively. Plasma and BM cell samples in free PM and PMF admin
istration groups were collected after 0.083, 0.5, 1, 2, 4, 8, 24, and 48 h, 
and the PM concentrations were determined by an internal standard 
UFLC-MS/MS method using protein precipitation prepared in non- 
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treated mouse plasma and BM cells. 1 μL sample was injected into ul
trafast liquid chromatography (UFLC) system (SIL-30AC auto-sampler, 
LC-30AD chromatograph CBM-20A communications bus module, CTO- 
20AC prominence column oven, Shimadzu, Japan), equipped with 
Acquity UPLC BEH C18 column (100 mm × 2.1 mm I.D., 1.7 mm; Wa
ters). The concentrations were analyzed in AB SCIEX Qtrap 5500 mass 
spectrometer, which has electrospray positive mode and analyst 1.6.2 
software. Reported concentrations are mean ± SD values from 3 mice/ 
time point/group, and the pharmacokinetic parameters were fitted with 
DAS2.0 software. 

For in vivo therapy, 14 days after BMT, CML mice were randomly 
grouped and treated with IM (100 mg/kg, orally, twice daily), PMF (5 
mg/kg and 10 mg/kg, intravenous, three times a week), BPTES (10 mg/ 
kg, intra-peritoneally, three times a week), or a combination of the 
aforementioned. Placebo was used as the control. 

2.5. Flow cytometry 

Cells from PB, spleen and BM content of femurs and tibiae were 
obtained. The GFP-expressing myeloid cells and stem cell populations 
were stained with anti-mouse APC-Gr-1 (Cat # 17–5931, eBioscience), 
anti-mouse Hematopoietic lineage eFluor450® Cocktail (Cat # 
88–7772, eBioscience), anti-mouse PE-Sca-1 (Cat # 12–5981, eBio
science), anti-mouse APC-c-Kit (Cat # 17–1171, eBioscience), anti- 
mouse PE-Cy7-CD16/32 (Cat # 25-0161-82, eBioscience), anti-mouse- 
Alexa Fluor700-CD34 (Cat # 56-0341-82, eBioscience) and measured 
by flow cytometry on a BD LSR Fortessa machine. All the above anti
bodies were purchased from Thermo Fisher Scientific. The FACS data 
was analyzed and presented using the Flowjo10 software. 

2.6. RNA-seq and analysis of gene expression changes induced by PMF 
and BPTES treatment 

T315I-CML induced by BCR-ABL(T315I), at day 14, treated with 
PMF and BPTES (10 mg/kg). After 24 h, LSCs (GFP + LinlowSca1+c-Kit+) 
[23] were sorted from the BM using a FACS Aria III (Becton Dickinson). 
Total RNA was extracted from LSCs using the RNeasy Mini kit (Qiagen). 
RNA samples were reverse transcribed and amplified using the Ovation 
Pico WTA System V2 (NuGEN Technologies), and biotin labelled with 
the Encore Biotin Module (NuGEN Technologies). RNA-seq was per
formed using the Illumina MiSeq system. Gene Set Enrichment Analysis 
(GSEA) was performed with GSEA software version 3.0 (http://www. 
broadinstitute.org/gsea/) for detection of enrichment of pre
determined gene sets in hallmark gene sets (H), curated gene sets (C2), 
and GO gene sets (C5) category from the Molecular Signature Database 
(MsigDB). Gene sets representing common functional categories were 
categorized and grouped. 

2.7. Cell viability and apoptosis assay of human CD34+ CML cells 

Leukemia cells from primary and relapse CML patients PB were 
incubated with human CD34 Microbeads (130-046-702, Miltenyi Bio
tec), and CD34+ CML cells (including LSCs and leukemia progenitor 
cells) were purified in sterile conditions. Indicated numbers cells were 
cultured in SFM containing SCF, TPO, Flt-3 ligand, and IL3 at 50 ng/mL 
and treated with various dose of free PM (2.5–20 nM) and BPTES (5 μM 
or 10 μM) for 48 h, then alive CD34+cells numbers were counted with 
trypan blue and FACS. Relative viable cells were normalized with that in 
control treatment group. For cell apoptosis assay, cells were stained with 
CD34 monoclonal antibody (Cat#12-0349-42, Biosciences) initially and 
then washed again with binding buffer before staining with Annexin-V 
and PI. The patient samples were obtained from West China Hospital 
which were approved by the clinical ethics committee in West China 
Hospital, Sichuan University. All patients signed the informed consent 
form, and met all requirements of the Declaration of Helsinki. 

2.8. Leukemia stem cell culture assay 

CML mice were induced by BCR-ABL(T315I). On day 14 post BMT, 5 
× 106 cells isolated from BM were cultured in 6 cm dish containing 
Stemspan SFEM (Stem Cell Technologies), SCF (Peprotech), IGF-2 (R&D 
Systems), TPO (R&D Systems), Heparin (Sigma) and α-FGF (Gibco) as 
described previously for the culture of hematopoietic stem cells [24]. 

2.9. Colony formation assay 

CML mice were induced by BCR-ABL(T315I). On day 14 post BMT, 
BM cells were collected for analysis with FACS. 1 × 104 GFP + cells were 
plated into a 6 well plate containing 2 mL M3234 medium with or 
without indicated concentration of drugs (n = 3 for each treatment 
group). The colonies were counted 7 days after drug treatment. 

2.10. UFLC-MS/MS determination of glutamate, α-ketoglutarate, and 
succinyl-CoA 

K562 cells (1 × 107) were plated in 10 cm dish and treated with free 
PM at 0, 10, 20 and 40 nM for 24 h, then cells were collected and alive 
cells numbers were counted. Each cell sample was sonicated after adding 
chloroform/methanol (2:1, v/v). BCR-ABL(T315I)-induced CML mice 
were treated with a single dose of PMF at a dose of 10 mg/kg for 24 h, 
then the spleens were collected. The freshly spleens were homogenized 
with chloroform/methanol (2:1, v/v). After centrifuging the K562 cells 
debris or spleen homogenate suspension, and the supernatant was 
collected and dried with N2. Dried lipids were dissolved with 90 μL 90% 
methanol (in H2O), then sonicated for 3–5 min, and spiked with 10 μL of 
500 ng/ml deuterated internal standard solution. Then, the samples 
were then assayed with UFLC-MS/MS. For each run, a standard curve 
was generated with different concentration of glutamate, α-ketogluta
rate (α-KG) or succinyl-CoA mixed with IS (50 ng/mL final 
concentration). 

2.11. Histopathology analysis 

The lungs and spleens from the Placebo or drug treated group mice 
were fixed in 4% PFA for 24 h at room temperature, followed by an 
overnight rinse in water. Then processed, sectioned, and stained with 
hematoxylin and eosin (H&E) with routine methods. 

2.12. Statistical analysis 

Statistical analyses were performed using t-test (*P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001) and GraphPad Prism software, 
version 7.01 for Windows (GraphPad Software). A p value of less than 
0.05 was considered statistically significant. Survival data was analyzed 
by a log-rank test (Mantel-Cox). 

3. Results 

3.1. Purinostat Mesylate shows potent suppression activity on Ph + cells 

Previously, we designed a highly selective and active HDAC I/IIb 
inhibitor, Purinostat Mesylate (Fig. 1A and Fig. S1A), which shows 
excellent activity in hematological malignancies [2]. Here, we further 
investigated the therapeutic effect of free PM upon CML. Firstly, we 
found that PM significantly reduced the viability of Ph + cell lines with 
an IC50 of less than 10 nM (Fig. 1B). Additionally, PM obviously arrested 
the cell cycle at G0/G1 phase and induced apoptosis with a dose- and 
time-dependent manners (Fig. 1D–E and Figs. S1B–C). Furthermore, PM 
also induced BaF3-BCR-ABL(T315I) cell apoptosis in a dose-dependent 
manner (Fig. 1C). Importantly, we also found that PM showed excel
lent anti-tumor activity on human CD34+ cells (including LSCs and 
leukemia progenitor cells) isolated from CML patients (including newly 
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diagnosed and TKI treatment relapse patients, Supplementary Table 1). 
The results indicated that the free PM markedly reduced cell survival 
and induced apoptosis of CML CD34+ cells in a dose dependent manner 
(Figs. S2A–B). 

Subsequently, to investigate the potential signaling pathways 
involved in PM induced cell apoptosis, several node factors in apoptosis 
processes were examined. As shown in Fig. 1F, free PM significantly 
induced CASPASE8 self-cleavage, and subsequently activated CAS
PASE3 and 9. As its consequent result, PARP was also cleaved. Simul
taneously, the levels of BAD and TP53 were increased and the anti- 
apoptotic protein BCL-XL was decreased. Secondly, PM substantially 
suppressed the phosphorylation of “RAF-MEK-ERK-AKT” cell growth 
signaling axis (Fig. 1G). More importantly, free PM significantly reduced 
the protein levels of BCR-ABL and its downstream targets STAT5 and 
FAK (Fig. 1H and Figs. S1D–F). Additionally, many important factors for 
LSCs survival including c-MYC, ALOX5 [25], and EZH2 [26] were sub
stantively suppressed both in a time- and dose-dependent manner. It was 
noteworthy that ALOX15 [27] and β-CATENIN [28] were significantly 
increased (Fig. 1H and Figs. S1D–F). Together, these results suggested 
that PM effectively prevented CML by suppressing multiple important 
signaling pathways and key factors for LSCs survival. 

3.2. The injectable formulation of PM has excellent solubility 

Although free PM exhibits good anti-tumor activity in vitro, the sol
ubility of free PM is only 9.18 μg/mL in water and its oral bioavailability 
is 6.71%, which greatly limits its clinical application. As previously re
ported, we prepared free PM into an injectable formulation that meets 
clinical needs [29]. Through screening solubilizing excipients, we found 
that hydroxypropyl-β-cyclodextrin (HP-β-CD) could significantly 
improve the apparent solubility of PM in water (from 9.18 μg/mL to 
2.02 mg/mL). The interaction mechanism between PM and HP-β-CD was 
confirmed by computer simulation, fourier transform infrared spec
troscopy (FT-IR), nuclear magnetic resonance (1H NMR), and scanning 
electron microscopy (SEM) (Figs. S3A–D). Unlike a simple physical 
mixing of free PM and HP-β-CD, one side of the aminobenzene ring in 
PM structure is deeply embedded in the hydrophobic cavity of HP-β-CD, 
while the side of the pyridine ring is slightly or not embedded in the 
cavity. Although the PM/HP-β-CD inclusion complex improves the sol
ubility of free PM, we found that it was not stable enough when dis
solved in 0.9% NaCl solution, and many impurities were formed. 
Through further extensive screening of co-solvents, we found that a 
certain proportion of arginine and meglumine could interact with the 
hydroxamic acid groups of PM in PM/HP-β-CD to form basic in situ salts, 
which not only further improves the solubility of the free PM but also 
greatly improves the stability of PM in 0.9% NaCl solution (the solubility 
of PMF in 0.9% NaCl >10 mg/mL, in terms of the free PM mass). Overall, 
the PMF lyophilized powder completely overcomes the problems of poor 
solubility and instability of the free PM in preclinical and clinical 
administration. 

3.3. PMF improves the pharmacokinetics and reduces the toxicity of the 
free PM in vivo 

We further conducted the pharmacokinetic studies of free PM and 
PMF through a BCR-ABL(T315I) induced CML mouse model to explore 
whether PMF could improve the pharmacokinetics properties of free 
PM. Model mice were treated with a single dose of free PM or PMF at 10 
mg/kg. The concentrations of free PM in plasma and BM cells were 
measured at multiple time points. As shown in Table 1 and Figs. S4A–B, 
the half-lives (t1/2) of free PM in plasma and BM cells in the PMF 
administration group were 18.99 ± 6.22 h and 15.93 ± 6.08 h, 
respectively, which were significantly longer than that of the free PM 
administration group (3.04 ± 1.74 h and 8.22 ± 1.65 h for plasma and 
BM cells, respectively). Additionally, the free PM concentration in 
plasma peaked at 0.083 h after free PM administration, with a Cmax of 
5264 ± 333 ng/mL, which was 7.36 folds than the Cmax of PMF 
administration, while their exposures (AUC0-∞) in plasma and BM cells 
have similar values. Furthermore, at 48 h after PMF administration, we 
found that the free PM concentrations in plasma and BM cells were 
25.95 ± 1.73 ng/mL (44.24 ± 2.95 nM) and 423.31 ± 55.58 ng/107 

cells (72.16 ± 9.47 nM), which were significantly higher than the IC50 
values of CML cells, while no free PM was detected in plasma of the free 
PM administration mice. These results suggest that PMF has a sustained- 
release effect after intravenous administration, which could maintain a 
long-term anti-tumor activity. The rapid increase of excessive drug 
concentration in plasma may cause acute cardiotoxicity and more 
serious dose-limiting toxicity. We further performed a maximum toler
ated dose (MTD) study of free PM and PMF by using a single dose of 
intravenous administration on Balb/c mice. The results showed that the 
MTD for PMF administration was 350 mg/kg, while the MTD for free PM 
was 150 mg/kg. Collectively, the injectable formulation of PM not only 
has a sustained-release effect but also reduces the dose-limiting toxicity. 

Fig. 1. The free PM shows potent suppression activity on Ph þ cell lines. (A) LAMA84 cells were cultured in presence of 20 nM free PM for indicated time, then 
cells were harvested for westren blotting analysis using Ac-TUBULIN,TUBULIN, Ac-H3, and H3 antibodies. GAPDH served total protein loading control. (B) LAMA84 
and K562 cells were transfected with the mCherry-luciferase-puromycin virus to generate stable cell lines, and luciferase-tagged cells were cultured in presence of 
DMSO or the indicated concentration of free PM. Luminescence activity was measured every 12 h. Relative cell vitality was normalized with cells treated with DMSO. 
(C) BCR-ABL(T315I) or MIG transducted BaF3 cells were treated with indicated concentration of free PM. Cell apoptosis was measured with Annexin-V/PI staining 
and analyzed with FACS. (D) LAMA84 and K562 cells were cultured in presence of DMSO or free PM at the indicated concentrations for 24 h, the harvested cells were 
digested with RNAase and stained with PI for cell cycle analysis. (E) LAMA84 and K562 cells were cultured with DMSO or the free PM at the indicated concentrations 
for 36 h. Cell apoptosis was measured with Annexin-V/PI staining and analyzed with FACS. (F) LAMA84 cells were treated with 20 nM free PM for the indicated time, 
and western blotting analysis were performed to detect endogenous and exogenous apoptotic proteins including CASPASE9, CASPASE8, CASPASE3, PARP and their 
associate proteins P53, BCL-XL and BAD; (G) and proteins involved in cell proliferation pathway including c-RAF, p-c-RAF, MEK, p-MEK, ERK, p-ERK, AKT, p-AKT; 
and (H) BCR-ABL, c-MYC, ALOX5, ALOX15, β-CATENIN, EZH2, p-STAT5, STAT5, p-FAK, and FAK. GAPDH served as total protein loading control. 

Table 1 
Pharmacokinetic parameters of the free PM and PMF after a single intravenous 
administration of 10 mg/kg in T315I-CML mouse model (Mean ± SD; 3 mice/ 
time point/group).  

Parameters Free PM PMF 

Plasma Bone 
Marrow 

Plasma Bone 
Marrow 

AUC0-∞ (ng/L*h or ng/ 
107 cell*h) 

6612 ±
788 

65306 ±
9276 

5105 ±
1119 

65053 ±
3625 

MRT0-∞ (h) 3.89 ±
0.17 

13.78 ±
1.18 

21.83 ±
6.12 

22.61 ±
3.15 

t1/2z (h) 3.04 ±
1.74 

8.22 ±
1.65 

18.99 ±
6.22 

15.93 ±
6.08 

Tmax (h) 0.08 ± 0 0.50 ± 0 0.08 ± 0 1.03 ±
0.96 

CLz (L/h/kg) 1.53 ±
0.17 

0.16 ±
0.12 

2.02 ±
0.41 

0.15 ±
0.01 

Cmax (ng/mL or ng/107 

cell) 
5264 ±
333 

10458 ±
3570 

715 ± 103 5072 ±
594  
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3.4. PMF prolongs the survival of BCR-ABL(T315I) induced CML mice 
and impairs the LSCs 

The greatest obstacle that needs to be overcome for CML cure is TKI 
resistance and the persistence of LSCs. To investigate the therapeutic 
effects of PMF on TKI resistant CML and LSCs, we established a BCR-ABL 
(T315I) induced CML mouse model and treated these mice with two 
doses of PMF. As expected, the diseased mice did not respond to IM, 
while PMF significantly prolonged the survival of the disease mice. On 
day 90 post bone marrow transplantation (BMT), the majority disease 
mice were still alive (10/14 and 7/8 respectively) in the PMF treated 
groups (Fig. 2A). Histopathological analysis demonstrated that the 
infiltration of myeloid leukemia cells was less severe in lungs and 
spleens for the mice received PMF treatment (Fig. 2B–C). During disease 
progression, leukemia cells in PB grew continually and maintained high 
tumor burden in Placebo and IM treatment groups. But in PMF treatment 
groups, leukemia cells decreased gradually and eventually almost dis
appeared after four-week treatment (Fig. 2D). 

We further investigated the effects of PMF on LSCs and their pro
genitor cells, as shown in Fig. 2E–F and Fig. S5A, PMF significantly 
inhibited LSCs and progenitor cells, as well as induced LSCs apoptosis. In 
a stem cell culture condition, the proliferation and colony formation 
ability of LSCs were also inhibited by free PM (Fig. 2G–J). To examine 
whether PMF can completely eradicate LSCs in CML mice, PMF treat
ment was suspended for two weeks. During the time, leukemia cells 
reappeared in PB, which indicates that LSCs were not completely 
eradicated following four-week PMF treatment. When the disease 
relapsed mice were retreated with PMF, leukemia cells were reduced 
again (Fig. 2K). On day 90, we sacrificed the remaining mice and found 
that a few leukemia cells still remained in PB, spleen and BM (Fig. S5B). 
Further analysis showed that a residual LSC population was also 
detectable in BM (Fig. 2L). However, H&E staining showed that spleens 
and lungs physiological structure of recipients received long-term PMF 
treatment were comparable to that of healthy mouse (Fig. S5C). These 
results indicated that the continuous administration of PMF effectively 
suppressed leukemia development in BCR-ABL(T315I) induced CML 
mice and significantly extended the long-term survival. Unfortunately, 
PMF alone could not completely eradicate LSCs. 

3.5. Multiple critical signaling pathways for LSCs survival are 
dysregulated by PMF 

To further investigate the mechanism that prevented the complete 
eradication of LSCs by inhibiting of HDAC I/IIb, the LSCs from BCR-ABL 
(T315I) induced CML mice were flow-sorted after PMF treatment for 
RNA-seq. Gene profiling analysis revealed that 2672 genes were signif
icantly increased and 773 genes were decreased (change fold≥2, P <
0.05) (Fig. 3A–B). GSEA analysis demonstrated that many important 
genes and signaling pathways for LSCs survival and proliferation were 
significantly changed (Supplementary Table 2a). As shown in Fig. 3C–D, 
the expression of genes in the “MYC_TARGETS” and “E2F_TARGETS” 
categories were significantly decreased. The MYC and E2F signaling 
pathways are essential for LSCs self-renewal and survival. Whereas, the 
expression of genes in the “KRAS_SIGNALING_DN” pathway was 
increased, which indicated a potent suppression of KRAS targets by PMF 
(Fig. 3G). Additionally, genes within the mTOR, Oxidative Phosphory
lation and UPR categories were enriched with a decreased expression 
(Fig. 3H–J). Moreover, there was also a decreased expression of genes 
associated with “DNA_REPAIR” and the “G2M_checkpoint” (Fig. 3E–F). 
Interferon-γ, TNF response and apoptosis associated genes were 
enriched with an increased expression (Fig. 3K and Supplementary 
Table 2a). 

To confirm the RNA-seq analysis results, genes within the afore
mentioned gene categories were selected and further validated with RT- 
PCR (Figs. S6A–D). Consistently, PMF significantly dysregulated the 
expression of c-Myc, β-Catenin, E2f1, Ezh2, Alox5 and Alox15 in LSCs, 

which had been previously identified as being essential for LSC survival 
and maintenance (Fig. 3L). Previously, we found that free PM upregu
lated Alox15 and β-Catenin expression in cell lines (Fig. 1H, 
Figs. S1D–F). While, in vivo assays showed that PMF caused Alox15 
expression increase, but β-Catenin expression decrease (Fig. 3N–O). 
Furthermore, PMF also increased the expression of P27 and P21 in LSCs 
(Fig. 3M). Additionally, free PM showed the similar impacts of these 
targets on mature leukemia cells from the model mice in vitro 
(Figs. S6E–G). Cumulatively, these results suggested that PMF potently 
restrained LSCs by repressing multiple targets and signaling pathways, 
which are important for LSC maintenance and survival. 

3.6. PMF potently disrupts stemness properties and skewed differentiation 
of LSCs 

Epigenetic acetylation modifications can widely alter gene expres
sion profiling. We analyzed the effect of PMF on LSC biological processes 
with C5BP in MSigDB. As shown in Fig. S7A, the top 20 activated and 
suppressed gene sets, following PMF treatment mostly suppressed genes 
associated with ribosome biogenesis, translation process, RNA meta
bolism, and mitochondria metabolism, while the activated gene sets 
associated with immune response, cell migration, and chemotaxis. GSEA 
demonstrated that PMF significantly altered gene sets related stemness 
and differentiation of LSCs. As shown in Figs. S7B–C, the expression of 
genes associated with “hematopoietic cell lineage” and the “B cell re
ceptor signaling pathway” were increased, which indicated that the 
differentiation of LSCs was disrupted. Moreover, categories including 
genes related to LSC numbers (LIANG hematopoiesis stem cell number 
small vs huge DN, HUANG Gata2 targets UP), self-renewal (BYSTRYKH 
hematopoiesis stem cell and brain QTL CIS, TAKEDA targets of Nup98 
Hoxa9 fusion 8D DN, JAATINEN hematopoietic stem cell DN), stemness 
and differentiation (RAMALHO stemness DN, DIAZ chronic myeloge
nous leukemia DN, TONKS targets of Runx1 Runx1t1 fusion erythrocyte 
UP, GAL leukemic stem cell DN) were enriched and increased (Supple
mentary Table 2b). 

Furthermore, gene expression profiling revealed that PMF treatment 
increased the expression of 31/43 (72.09%) genes previously critically 
associated with the determination of lymphoid specialization and 
function and decreased the expression of 13/38 (34.2%) genes previ
ously associated with myeloid specification and function [30] 
(Figs. S7F–G). These results suggested that PMF reversed the tendency of 
LSCs flowing into myeloid linage. Overall, targeting HDAC I/IIb effec
tively prevented CML and impaired the survival of LSCs by potently 
disrupting the stemness properties and skewed the differentiation of 
LSCs. 

3.7. PMF increases glutaminolysis in LSCs 

Interestingly, further gene profiling analysis showed that genes 
involved in the “GLUTAMATE_RECEPTOR_SIGNALING_PATHWAY” 
were enriched and their expression was increased (Fig. 4A). GLS1, the 
crucially metabolic enzyme of glutaminolysis, which is essential for 
survival of multiple cancers [31]. We found that free PM markedly 
caused the GLS1 expression increased in LAMA84 and K562 cell lines 
(Fig. 4B), as well as the increased of mRNA and protein levels of Gls1 in 
primary leukemia cells post free PM exposure in vitro (Fig. 4C). 
Furthermore, immunofluorescence staining revealed that PMF treat
ment also significantly increased Gls1 expression in LSCs (Fig. 4D). As 
shown in Fig. 4E, glutamine metabolic product α-KG enters TCA cycle 
then further generate Succinate-CoA and NADH by α-KDGH. To measure 
whether glutaminolysis was also affected in a manner corresponding to 
GLS1 level increased, the glutamate, α-KG, and Succinyl-CoA content 
were assessed both in vitro and in vivo. As shown in Fig. 4F, K562 cells 
treated with different concentration of free PM, the contents of gluta
mate, α-KG and Succinyl-CoA in cells were increased in dose-dependent 
manner. Additionally, leukemia cells isolated from BCR-ABL(T315I) 
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induced CML mice post PMF treatment also showed higher contents of 
glutamate, α-KG and Succinyl-CoA compared to that in leukemia cells of 
Placebo treatment mice (Fig. 4G–I). Together, these results suggested 
that PMF increased LSC glutaminolysis by elevating Gls1 expression. 
Previously studies already showed that targeting the glutamine trans
porter ASCT2 prevented AML development and progression [32], 
BCR-ABL positive CD34+ cells utilize enhanced glutamine metabolism 
to maintain TCA cycle activity in glycolytic cells [33], and Imatinib 
treatment results in activated of the mitochondrial TCA cycle in human 
Ph + leukemia cells [34]. 

3.8. Combination of PMF and glutaminolysis inhibition abolishes LSCs in 
vivo 

Based on previous results, we speculate that treatment of PMF and 
simultaneous inhibition of glutaminolysis could obtain a better inhibi
tory effect on LSCs. Therefore, PMF was used to treat BCR-ABL(T315I) 
induced CML mice simultaneously with BPTES, a selective inhibitor of 
GLS1. As shown in Fig. 5A, PMF and BPTES monotherapy effectively 
prolonged recipient survival (5/9 and 3/9 mice were still alive on day 60 
post BMT, respectively). However, in the combination treatment group, 
most mice (8/9) were still alive at experimental endpoint. Histological 
analysis of lungs and spleens showed that there were no obvious leu
kemia cells infiltration and displayed a normal physiological structure in 
PMF or combination treatment groups compared to that in Placebo and 
BPTES treatment groups (Fig. 5B and C). Additionally, FACS analysis 
revealed leukemia cells grew continually in the Placebo groups, whereas 
in the mono or co-therapy groups, leukemia cell percentage was grad
ually decreased. In the PMF and cotreatment groups, the leukemia cells 
burden was lower than that in the BPTES group mice. On day 60 post 
BMT, only a small percentage of leukemia cells remained in PMF 
treatment group, whereas no leukemia cells were detected in PB in co- 
therapy group (Fig. 5D). Additionally, the effects of free PM combined 
with inhibition of glutaminolysis on Ph + CML cell lines were analyzed in 
vitro. As shown in Figs. S8A–H, when absence of glutamine or presence 
of GLS1 inhibitor, free PM showed stronger anti-tumor activity and 
induced more cell apoptosis. Importantly, free PM treatment and 
simultaneous targeting of GLS1 also synergistically inhibited cell sur
vival and induced apoptosis of human CD34+ CML cells isolated from 
newly diagnosed and TKI treatment relapsed patients (Fig. 6A–B). 

We further investigated the impact of combination therapy on leu
kemia cells and LSCs in vivo (Fig. 7A). As shown in Fig. 7B–D, PMF or 
PMF/BPTES cotreatment more effectively impeded leukemia cells 
growth in BM compared to that in BPTES or Placebo treatment groups, 
and BPTES displayed a weaker therapeutic effect. Notably, no leukemia 
cells were detected in BM of the cotreatment group mice after three- 
week treatment. The analysis of leukemia burden in PB showed 
similar results (Figs. S8I–K). Importantly, compared to PMF or BPTES 
treatment alone, cotreatment showed more effect in restraining LSCs. 
After three-week continuous treatment, no LSCs were found in the dis
ease mouse BM (Fig. 7E–F). Moreover, PMF/BPTES cotreatment 

displayed stronger LSC growth inhibition and colony formation 
(Fig. 7G–J). Cumulatively, these results suggested that blocking gluta
minolysis and HDAC I/IIb simultaneous could effectively eradicate LSCs. 

3.9. Inhibition of glutaminolysis alters multiple signaling pathways and 
synergizes with PMF in suppressing LSCs 

To gain an insight into the underlying mechanism of LSC elimination 
following glutaminolysis and HDAC I/IIb inhibition, BCR-AB(T315I) 
induced CML mice were treated with BPTES and LSCs were flow- 
sorted for RNA-seq. Gene profiling analysis showed that 710 genes 
were significantly increased and 532 genes were decreased (change 
fold≥2, P < 0.05) (Fig. S9A). The effects of BPTES upon LSCs were 
analyzed by GSEA of C5BP in MSigDB. The top 20 gene sets with 
increased or decreased expression were shown in Fig. S9B. The gene sets 
with decreased expression mostly involved in ribosome biogenesis, 
translation process, RNA metabolism, mitochondria metabolism, amino 
acid metabolism, and protein maturation, whereas the gene sets with 
increased expression were mostly those involved in immune and in
flammatory response and carbohydrate breakdown. After BPTES treat
ment, significantly altered gene sets were listed in Supplementary 
Tables 3a–b. Glutamine is predominately metabolized to enter the TCA 
cycle via GLS1 in mitochondria (Fig. 4E). It was shown that genes 
involved in “Oxidative phosphorylation” were decreased and enriched 
in LSCs when treated with BPTES (Fig. 8A). Additionally, multiple 
signaling pathways related LSCs survival and proliferation were 
repressed after BPTES treatment, including “MYC_TARGETS”, “DNA_R
EPAIR”, “E2F_TARGETS”, “NOTCH_SIGNALING” and “P53_PATHWAY” 
(Supplementary Table 3a). GSEA results also showed that BPTES 
significantly altered gene sets related to stemness maintenance of LSCs. 
Some critical gene sets, such as Notch, EWS/FLI1, and Hoxa9 were 
decreased after BPTES treatment (Fig. 8B–D and Supplementary 
Table 3b). 

The subsequent analysis focused on identifying gene expression 
pathways with KEGG. In the PMF treatment group. We found that 70 
KEGG pathways were enriched (among them, 36 associating with 
decreased expression and 34 associating with increased expression). In 
the BPTES group, 47 KEGG pathways were enriched (21 associating with 
increased expression and 26 associating with decreased expression). 
Interestingly, among the 34 increased KEGG pathways in PMF treated 
group, 23 of them were enriched with decreased expression in the BPTES 
treatment group. Conversely, among the 21 KEGG pathways with 
increased expression following BPTES treatment, the expression of 10 
genes were decreased in PMF treated group (Fig. 8E–F, and Supple
mentary Table 4). These results potentially illustrated that the combi
nation of PMF and BPTES had synergistic inhibitory effects on LSCs 
through compensating against the molecular cellular escape routes 
when treated individually. Finally, we found that inhibition of Gls1 did 
not change the expression of BCR-ABL, c-Myc, Ezh2, and Alox5, but 
significantly decreased Alox15 expression in LSCs (Fig. 8G). Moreover, 
western blotting results showed that the cotreatment synergistically 

Fig. 2. PMF prolongs the survival of BCR-ABL(T315I) induced CML mice and impairs the LSCs. (A) Kaplan-Meier survival curves for recipients of BCR-ABL 
(T315I) induced CML, which were treated with Placebo, IM (100 mg/kg), PMF (5 mg/kg or 10 mg/kg). (B) Overall appearance of the lungs and spleens of BCR- 
ABL (T315I) induced CML mice with treatment of Placebo and IM; but not PMF. (C) Photomicrographs of H&E staining lung and spleen sections from recipients 
of BCR-ABL (T315I) induced CML with treatment of Placebo, IM, and PMF (5 mg/kg). Original magnification × 100. (D) FACS analysis showed gradual disap
pearance of GFP+Gr-1+ cells in PB for recipients of BCR-ABL (T315I) induced CML with PMF treatment; but not Placebo and IM. (E–F) CML were induced with BCR- 
ABL(T315I), 14 days after BMT, mice treated with a single dose of PMF (n = 3, each group) for 48 h, and the number of LSCs in BM were counted and apoptosis levels 
were analyzed with Annexin-V/7-AAD staining. (G) On day 14, CML mice were sacrificed and 1 × 104 GFP + cells were seeded into 6 well plate containing 2 mL 
M3234 medium with indicated concentration of free PM. The total colonies were counted on day 7. (H–J) On day14, CML mice were sacrificed and 5 × 106 cells 
plated into 6 cm dish with stem cell condition. After 3 days, changing fresh medium and adding indicated concentrations of free PM for 48 h. LT-LSCs (CD34− LSC) 
and ST-LSCs + MPP (CD34+ LSC) were determined with FACS analysis. (K) On day14 post BMT, CML mice were treated with PMF at dose of 5 mg/kg and 10 mg/kg 
for 4 weeks, and leukemia cells in PB were monitored during the time. When the treatment was stopped for 2 weeks, leukemia cells reappeared. When these mice 
were treated with PMF again, leukemia cells were decreased. (L) The number of LSCs in the BM of PMF treated group mice was analyzed with FACS on day 14 and 
day 90 post BMT (n = 3, each group). Results were represented with the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 were considered as signifi
cant difference. 
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Fig. 3. Multiple critical signaling pathways for LSC survival were dysregulated by PMF. 
(A) Heat map shows the expression pattern of 3415 genes and hierarchical clusters of the genes in GFP+ LSK population cells from two biological replicates, which 
were treated with PMF (10 mg/kg) for 24 h. Among these genes, the expression of 2672 genes were increased and 773 genes were decreased. (B) GSEA showed 
“MORF_HDAC2” gene set was enrichment in GFP+ LSK cells after PMF treatment. (C–K) GSEA was used to generate whole transcriptome comparisons, and enriched 
gene sets with increased or decreased gene expression were shown including “MYC TARGETS V1”, “E2F TARGETS”, “HALLMARK G2M checkpoint”, “HALLMARK 
DNA REPAIR”, “HALLMARK KRAS SIGNALING DN”, “HALLMARK MTORC1 SIGNALING”, “HALLMARK OXIDATIVE PHOSPHORYLATION”, “HALLMARK 
UNFOLDED PROTEIN RESPONSE” and “INTERFERON GAMMA RESPONSE”. (L) Left: the relative expression of c-Myc, E2f1, Ezh2, Alox5 and Alox15 in the RNA-seq 
data; right: On day 14 post BMT, CML mice were treat with Placebo or PMF (10 mg/kg) for 24 h and LSCs were sorted with FACS (n = 3, each group). The change of 
mRNA level of BCR-ABL, c-Myc, E2f1, Ezh2, Alox5 and Alox15 were examined with RT-PCR. (M) Left: the relative expression of P21 and P27 in RNA-seq data; Right: 
the change of P21 and P27 on LSCs were confirmed with RT-PCR. (N–O) β-Catenin and Alox15 expression in LSCs were analyzed after PMF or BPTES treatment with 
cellular immunofluorescence; the nucleus was stained with DAPI. Results were represented with the mean ± SEM. *P < 0.05, and **P < 0.01 were considered as 
significant difference. 
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decreased expression levels of BCR-ABL, c-MYC, EZH2, ALOX5, HOXA9 
and HSP90; synergistically increased the expression of P21 but not P27 
(Fig. 8H). Overall, these results reveal a possible molecular mechanism 
behind the synergistic effects on LSCs following PMF and BPTES com
bination treatment (Fig. 8I). 

4. Discussion 

The eradication of LSCs is essential to achieve long-term remission 
and cure of CML, which cannot be achieved using TKI treatments alone 
[35]. Besides, the high frequency of TKI resistant BCR-ABL mutations 
results in their treatment failure [36]. Previous studies have demon
strated that targeting multiple pathways is required for improving out
comes of CML treatment [37]. Epigenetic regulation widely affects gene 
expression and targeting epigenetic elements has been considered as a 
promising strategy to treat the multiple hematological malignancies 
[38]. HDACs inhibitor has been proven to be a successful case, however, 
low activity and lack of selectivity largely limit the application of 
existing HDACis [15,16,39]. 

The novel highly selective HDAC I/IIb inhibitor, PM, has better 
selectivity and inhibitory activity on HDAC I/IIb than all currently 
marketed HDACis [1,2]. However, the free PM has poor solubility in 
water and low bioavailability, thus hindering its further pharmacody
namic studies in vivo. HP-β-CD owns advantages of high aqueous solu
bility, non-toxicity, and excellent biocompatibility, and its unique 
truncated cone molecular structure, which can encapsulate hydrophobic 
drugs [40–42]. We found that PM molecules could combine with the 
ring center of HP-β-CD to form relatively stable host-guest 
(PM/HP-β-CD) non-covalent inclusion complexes through multiple su
pramolecular forces including hydrogen interaction, Pi-sigma interac
tion, and van der Waals’ force (Fig. S3). There is a dynamic balance 
between the inclusion complex and free PM in serum. Once the free PM 

is absorbed by tumor cells, the inclusion complex will continuously 
release free PM from the cavity of the HP-β-CD. Thus, this bioactive 
material can not only improve the solubility and stability of free PM but 
also has a sustained release effect, which maintains a longer anti-tumor 
effect and reduces acute toxicity. Pharmacokinetic studies of free PM 
and PMF as well as acute toxicity studies further confirmed the advan
tage of this bioactive material (Table 1 and Fig. S4). Furthermore, we 
found that the specific molar ratios of PM/HP-β-CD, arginine, meglu
mine and mannitol could formation of alkaline in situ salts, and further 
improve the solubility and stability of the free PM in normal saline. 
Hydroxamic acids are generally less soluble and stable [43,44], our 
study demonstrated a suitable bioactive material for improving the 
solubility and stability of hydroxamic acids, as well as improving their 
pharmacokinetic properties and reducing toxicity. 

Currently, PMF has been approved by the FDA and NMPA for 
treatment of relapsed and refractory B-cell malignancies in clinical tri
als. It displayed an outstanding anti-tumor activity on Ph+ B-ALL mouse 
model (including T315I mutation) without relapsed [1]. Based upon 
previous studies, we hypothesized that targeting HDAC I/IIb could be a 
way for CML stem cells elimination. Free PM showed excellent 
anti-leukemia activity on Ph + CML in vitro including human CD34+ CML 
cells from patients. PMF alone enabled T315I-CML mice achieving 
long-term remission, but still incompletely eliminated LSCs and cured 
disease. By analyzing transcriptome expression profiling of LSCs under 
different conditions, we found that targeting glutaminolysis and HDAC 
I/IIb could sufficiently abolish LSCs in the mouse model. Overall, our 
studies provided a potential strategy for CML cure. 

PMF significantly disrupted several pivotal signaling pathways and 
biological processes for the survival and maintenance of LSCs in BCR- 
ABL(T315I) induced CML mice (Supplementary Table 2). It is well 
known that mTOR signaling is essential for HSC engraftment and he
matopoiesis [45] and its high activity results in leukemia cell resistance 

Fig. 4. PMF increases glutamine metabolism by 
increasing GLS1 expression. (A) GSEA demon
strated that PMF significantly enriched and increased 
the expression of genes involved in “GO REGULA
TION GLUTAMATE RECEPTOR SIGNALING 
PATHWAY” gene set. (B) LAMA84 and K562 cells 
were treated with free PM at indicated concentration 
for 24 h, then cells were harvested for western blot
ting analysis with anti GLS1 antibody. GAPDH served 
as the total protein loading control. (C) Primary leu
kemia cells of spleen from CML mice were treated 
with free PM at indicated concentrations for 24 h, 
then cells were harvested for mRNA examination 
with RT-PCR and western blotting analysis with anti 
Gls1 antibody, Gapdh served as the total protein 
loading control. (D) On day 14 post BMT, CML mice 
were treated with Placebo or PMF (10 mg/kg, n = 3, 
each group) for 24 h. LSCs were sorted by FACS and 
Gls1 expression was examined with cellular immu
nofluorescence, and nucleus was stained with DAPI. 
(E) A schematic diagram of glutaminolysis and TCA 
cycle. (F) K562 cells were treated with free PM at 
different concentration for 24 h, the contents of 
glutamate, α-ketoglutarate and Succinyl-CoA contents 
in cells were measured with LC-MS/MS. (G–I) CML 
mice treated with PMF (10 mg/kg) for 24 h, the 
contents of glutamate, α-ketoglutarate and Succinyl- 
CoA in the spleen were measured with LC-MS/MS. 
The relative content was normalized to that in Pla
cebo treated mice. Results were represented with the 
mean ± SEM. *P < 0.05, and **P < 0.01 were 
considered as significant difference.   

Q. Qiu et al.                                                                                                                                                                                                                                      



Bioactive Materials 21 (2023) 483–498

493

to TKI [46]. Previous studies have demonstrated that primitive CML 
cells rely on upregulated oxidative metabolism for survival and target
ing mitochondrial oxidative phosphorylation efficiently suppresses CML 
LSCs [47]. Rapid proliferating CML cells also rely on degradation of 
unfolded proteins, therefore, targeting ER stress core protein HSP90 
effectively prevents TKI resistance CML and suppresses LSCs [24]. Hox9 
and Meis1 are necessary for maintaining leukemia transformation and 
LSCs expansion [48]. CBFA2T3 has been identified to control hemato
poietic cell fate decisions and inactivation of CBFA2T3 impairs the rapid 
expansion of short-term stem cells [49]. Interestingly, these two target 
sets were enriched and significantly decreased by PMF (Figs. S7D–E). 

Although PMF treatment achieved promising therapeutic effects on 
BCR-ABL(T315I) induced CML mice, PMF alone could not incompletely 
eradicate LSCs and cure CML (Fig. 2). Epigenetic modification widely 

changes gene expression and promotes to generate new tumorigenesis 
events, which reprograms cancer cells to escape drug treatment with 
high-potential [50,51]. For example, Alox15, which was proved to be 
essential factors for LSCs survival had increased expression (Fig. 1H, 
S1B-D, 3L, and 3O) and leukemia cell glutaminolysis was also increased 
post PM treatment both in vivo and in vitro (Fig. 4). Previous studies have 
indicated that either targeting ALOX15 or glutaminolysis would be an 
efficient way for the suppression or abolition of LSCs [27,52]. However, 
due to the limitations of ALOX15 inhibitor, this study focused more upon 
targeting glutaminolysis. 

Previously studies revealed that the glutamine importer SLC1A5 and 
glutamine uptake are enhanced in human cord blood CD34+ cells 
transduced with BCR-ABL, coinciding with an increased susceptibility to 
the glutaminase inhibitor [33]. Recently study suggested that 

Fig. 5. Targeting glutaminolysis in combination 
with PMF synergistically prevents CML in mouse 
model. (A) Kaplan-Meier survival curves for BCR-ABL 
(T315I) induced CML mice, which were treated with 
Placebo, PMF (5 mg/kg), BPTES (10 mg/kg), and 
their combination. (B) The overall appearance of the 
lungs and spleens of BCR-ABL(T315I) induced CML 
mice treated with Placebo, BPTES, PMF alone, or the 
combination of PMF and BPTES. (C) Photomicro
graphs of H&E staining lung and spleen sections from 
BCR-ABL(T315I) induced CML treated with Placebo, 
BPTES, PMF or combination treatment. Original 
magnification × 100. (D) Leukemia cells (GFP+Gr-1+) 
in PB of CML mice treated with Placebo, BPTES, PMF 
alone or in combination of PMF and BPTES.   
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Fig. 6. The combination of free PM and BPTES achieves synergistic effect in suppressing CD34þ cells from CML patients. (A) CD34+ CML cells from five CML 
patients PB were cultured under human stem cell culture condition and treated with free PM and BPTES at indicated concentration for 48 h. Cells were stained with 
CD34 monoclonal antibody and then analyzed cell apoptosis by Annexin-V/PI. (B) Alive CD34+cells numbers were counted with trypan blue staining and FACS 
analysis. Relative viable cells were normalized with that in control treatment. Results were represented with the mean ± SEM. “NS” means no significance; *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered as significant difference. 
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upregulated GLS1 levels played an important role in aging, and gluta
minolysis inhibition ameliorates various age-associated disorders [53]. 
All of these indicate that targeting glutaminolysis by inhibiting GLS1 in 
combination with PMF would achieve significantly therapeutic effects 
on CML. Further studies demonstrated that targeting glutaminolysis 
impeded the oxidative phosphorylation and amino acid metabolism, 
caused ER stress and restricted protein maturation, and destroyed the 
stemness of LCSs (Fig. S9B and Supplementary Table 2b). Most impor
tantly, Alox15 was significantly repressed when inhibition of gluta
minolysis (Figs. 8G and 3O). The combination of targeting GLS1 and 
inhibition HDAC I/IIb achieved an improved therapeutic effect 
compared to alone treatment both in vitro and in vivo. Ultimately, the 
combination achieved complete LSCs abolishment and CML cure in 
mouse model (Figs. 5–7). The therapeutic mechanism of this combina
tion therapy on LSCs was also further investigated using the 
gene-profiling comparisons of LSCs post BPTES treatment. GO and KEGG 
analysis showed that the combination inhibition of GLS1 and HDAC 
I/IIb had complementary and synergistic effect for each other (Figs. S7A 
and S9B, and Fig. 8E–F and H). These findings explained the effects of 
PMF and BPTES in eradication of LSCs and CML cure (Fig. 8I). 

Currently, a few studies of HDAC inhibitors in targeting LSCs are 
performed, which limits the application of HDACi in stem cell driven 
hematological malignance. Our studies firstly demonstrated the thera
peutic effects on LSCs by collaborating targeting HDAC I/IIb and glu
taminolysis with inhibitor, which greatly enhance the understanding of 
epigenetics and cancer metabolism in LSC biology. Moreover, this study 
will help guide for the clinical trial application of PMF in the treatment 

of relapsed and refractory CML in the future. 

5. Conclusions 

In summary, PM has higher selectivity and inhibitory activity for 
HDAC I/IIb than currently marketed HDACis. The lyophilized powder of 
PMF inclusion complex greatly increases the solubility of free PM in 
normal saline, improves PM stability and pharmacokinetic properties, 
and reduces toxicity. By using BCR-ABL(T315I) induced TKI resistance 
mouse model, it was demonstrated that PMF significantly prevented 
CML disease progression and diminished its LSCs through repressing 
many essential targets for LSC survival including c-Myc, β-Catenin, E2f, 
Ezh2, Alox5, and mTOR, and interrupting multiple critical biologic 
processes for LSCs maintenance. However, PMF treatment alone does 
not completely eliminate LSCs, but enhanced glutaminolysis by raising 
GLS1 expression. Importantly, PMF administration collaborating tar
geting glutaminolysis achieved an improved therapeutic effect and 
markedly abolished LSCs in mouse. Together, our studies provide a new 
therapeutic strategy for eliminating CML LSCs by simultaneous targeting 
HDAC I/IIb and glutaminolysis, which may guide PMF clinical trials in 
the future for CML patients hosting BCR-ABL TKI resistant mutations. 

Ethics approval and consent to participate 

All animal studies were performed in accordance with the guidelines 
approved by the Institutional Animal Care and Use Committees of 
Sichuan University. The patient samples were obtained from West China 

Fig. 7. Simultaneous inhibition of glutaminolysis 
and HDACI/IIb abolishes LSCs in vivo. 
(A) Overview of the experimental design. Donor mice 
were treated with 5-Fu for 4 days and BM cells were 
transduced with BCR-ABL (T315I) virus, then were 
transplanted into lethally irradiated recipients. On 14 
day post BMT, recipients were randomly divided into 
four groups and treated with Placebo, PMF, BPTES, or 
combination of PMF and BPTES. The treatment 
continued for 3 weeks, and GFP+Gr-1+cells and LSCs 
were analyzed weekly. (B–D) Total BM cell numbers, 
the percentages and numbers of GFP+Gr-1+ cell in the 
BM were analyzed after weekly treatment (n = 3, 
each group). (E–F) The percentages and numbers of 
LSCs in BM were analyzed after weekly treatment (n 
= 3, each group). (G) On day 14 post BMT, CML mice 
were sacrificed and 1 × 104 GFP + cells were seeded 
into 6 well plate containing 2 mL M3234 medium 
with free PM, BPTES, or the combination at the 
indicated concentration. The total colonies were 
counted on day 7 post seeding. (H–J) On day 14 post 
BMT, CML mice were sacrificed and 5 × 106 cells 
were plated into 6 cm dish under stem cell culture 
condition. After 3 days, the medium was changed and 
free PM and BPTES were added at the indicated 
concentration for 48 h. The numbers of LSCs, LT-LSCs 
(CD34− LSC) and ST-LSC + MPPs (CD34+ LSC) were 
determined with FACS analysis. Results were repre
sented with the mean ± SEM. *P < 0.05, **P < 0.01, 
and ***P < 0.001 were considered as significant 
difference.   
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Fig. 8. Inhibition of Gls1 alters multiple signaling pathways in LSCs and synergizes with PMF in suppressing LSCs. (A–C) GSEA showed enrichment of gene 
sets with decreased expression including “HALLMARK OXIDATIVE PHOSPHORYLATION”, “NOTCH SIGNALING PATHWAY”, “EWSR1 FLI1 FUSION UP” and (D) 
increased expression for “HOXA9 DN.V1 UP” in GFP+ LSK cells post BPTES treatment. (E–F) The expression of gene in KEGG pathways were enriched and signif
icantly altered (change fold≥2, P < 0.05) post PMF and BPTES treatment. The Venn diagrams demonstrate that the expression of gene in the listed KEGG pathways 
were decreased post PMF treatment but were increased post BPTES treatment, as well as the expression of genes involved in the listed pathways were decreased after 
BPTES treatment, but increased after PMF treatment. (G) Left panel: the relative mRNA level of c-Myc, E2f1, Ezh2, Alox5 and Alox15 in RNA-seq data; Right panel: 
CML mice were induced by BCR-ABL(T315I), on day 14 post BMT, and recipients were treated with Placebo or BPTES (10 mg/kg) for 24 h, then LSCs were sorted 
with FACS (n = 3, each group). The mRNA levels of BCR-ABL, c-Myc, E2f1, Ezh2, Alox5 and Alox15 in LSCs were examined with RT-PCR. (H) LAMA84 cells were 
cultured in presence of the indicated concentration of free PM and BPTES for 24 h, then cells were harvested for western blotting analysis with anti BCR-ABL, c-MYC, 
EZH2, ALOX5, ALOX15, HOXA9, HSP90, P21 and P27 antibodies. GAPDH served as the total protein loading control. (I) A schematic diagram for the regulatory 
mechanisms of synergistic effects of PM and BPTES. Results were represented with the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 were considered as 
significant difference. 
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Hospital which were approved by the clinical ethics committee in West 
China Hospital, Sichuan University (Chengdu, China). All patients 
signed the informed consent form, and met all requirements of the 
Declaration of Helsinki. 
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