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Abstract 5 

Background: Tigecycline (TIG) is a tetracycline derivative antibiotic. Successive studies have shown that 6 

TIG is efficacious for the treatment of some solid tumors and hematological malignant diseases both in vivo 7 

and in vitro, and drug combinations appear to provide better inhibition. To explore new drug combinations 8 

for myeloid leukemia, we compared the differential combination efficacy of TIG with several anti-leukemia 9 

drugs, and explored the mechanisms of the combination of TIG and homoharringtonine (HHT) in myeloid 10 

leukemia cells both in vitro and in vivo.  11 

Methods: Cell proliferation was assessed using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyph-12 

enyl)-2-(4-sulfophenyl)-2H-tetrazolium) and CFU-GM (colony forming unit-granulocyte and macrophage) 13 
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assays. Apoptosis was detected by flow cytometry. The combination of effects was confirmed in myeloid 14 

leukemia cells and tumor-bearing mouse model. The regulation of the AKT/mTOR (mammalian target of 15 

rapamycin)/4EBP1 (eukaryotic translation initiation factor 4E binding protein 1) pathway was assessed using 16 

a Western blot and immunohistochemistry. 17 

Results: The combination of TIG and HHT had a strong synergistic effect in myeloid leukemia cells. The use 18 

of the drug combination in vivo also effectively delayed myeloid tumor development in mice. The synergistic 19 

effect of this drug combination is likely to be achieved by inhibiting mitochondrial translation and down-20 

regulating the AKT/mTOR/4EBP1 signaling pathway. 21 

Conclusion: The combination of TIG and HHT can synergistically enhance an anti-leukemia effect through 22 

downregulating anti-apoptotic proteins. Inhibiting mitochondrial translation through the AKT/mTOR/4EBP1 23 

pathway might be an important mechanism. 24 

Keywords: Tigecycline; Homoharringtonine; AKT; mTOR; 4EBP1; myeloid leukemia  25 

Background  26 

Tigecycline (TIG) is a new generation of tetracycline antibiotic which contains the N,N-27 

dimethylglycylamido substitution at position 9 of minocycline [1]. The mechanism of action is similar to that 28 

of ordinary tetracyclines, and it binds to the A site of the 30 s subunit of the bacterial ribosome. Moreover, 29 

TIG also binds to the remaining part of the H34 ribosome, resulting in a stronger inhibition of bacterial 30 

translation [2]. Ribosome protection and drug efflux are the primary mechanisms by which most bacteria 31 

develop tetracycline resistance [3]. The steric hindrance of TIG is due to a large substituent at position 9 32 

appears to surmount these resistance mechanisms [2]. 33 
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It has been reported that TIG has an anti-tumor effect in many solid tumors and blood related diseases [4-34 

7]. The inhibition of mitochondrial translation is functionally important for the selective toxicity of TIG on 35 

leukemia cells in xenograft models of human leukemia [5]. Moreover, FDA(Food and Drug Administration)-36 

approved drug screening has determined that TIG can effectively suppress Rb/p53-deficient tumor cell 37 

proliferation (e.g., triple-negative breast cancer) by inhibiting the expression of mitochondrial protein 38 

translation (MPT) [4]. 39 

TIG has been shown to exhibit potential value in the clinical treatment of blood-related diseases (e.g., 40 

lymphoma and leukemia), especially in combination with chemotherapy drugs. The combination of TIG with 41 

daunorubicin and cytarabine has shown a strong anti-leukemic activity both in vivo and in vitro [5]. As 42 

previously reported, the mTOR/4EBP1 pathway plays an important role in regulating mRNA translation [8-43 

10]. In our study, we screened and compared the combined effects and differences of TIG with Chidamide 44 

(CHI), Idarubicin (IDA), and HHT, respectively. It was found that TIG combined with HHT showed a strong 45 

synergistic effect. Further research revealed that this synergy is likely to be achieved by inhibiting 46 

mitochondrial translation and acting on the cellular mTOR/4EBP1 pathway. 47 

 48 

Materials and methods  49 

2.1 Antibodies and reagents  50 

Antibodies specific to -actin (#8457), Caspase3 (#9664), PARP(poly ADP-ribose polymerase) (#9532), 51 

p-Akt (#4060), p-mTOR (#5536), p-Raptor (#9111), p-4EBP1 (#13443), COX(Cyclooxygenase)-1 (#9947) 52 

including COX-4 (#4844), p-Rictor (#3806), Ki-67 (#9449) were purchased from CST (Danvers, MA). HHT 53 

was obtained from MedChemExpress (Monmouth Junction, NJ). CHI was purchased by Chipscreen 54 

Biosciences (Shenzhen, China) and IDA was purchased from the Hangzhou Minsheng Institute of 55 
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Pharmaceutical Research (Hangzhou, China). TIG was gifted by the Pfizer Biopharma (Hangzhou) Co., Ltd 56 

(Hangzhou, China). 57 

2.2. Cell lines and primary patient cells  58 

The myeloid leukemia cell lines included SKM-1, MOLM-13, and MDS-L cells. SKM-1 and MOLM-13 59 

were purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Science (Shanghai, 60 

China). MDS-L was presented by Professor Huang Gang (The Cincinnati Children's Hospital Medical Center). 61 

Genomic DNA microsatellites were used to identify the authenticity of these cell lines by Shanghai Biowing 62 

Applied Biotechnology (Shanghai, China). The SKM-1 and MDS-L cell lines were cultured in RPMI1640 63 

(Corning) medium supplemented with 10% fetal bovine serum (FBS, Gibco) in a humidity cell incubator that 64 

was maintained at 37°C and 5% CO2. The MOLM-13 cell lines and primary myeloid leukemia cells were 65 

cultured in Iscove's Modified Dubecco's Medium (IMDM, Corning) supplemented with 10% FBS. The bone 66 

marrow mononuclear cells of patients were isolated by Ficoll Hypaque density gradient centrifugation and 67 

treated with erythrocyte lysate. All patients signed an informed consent form. 68 

2.3. Cell viability assay  69 

A density of either 1 × 105 for cell lines or 2 × 105 for primary patient cells were seeded into 24-well plates. 70 

After drug treatment, the cell suspension was transferred to a 96-well plate. A cell suspension of 200 L and 71 

20 μL MTS solution (Promega, Madison, WI) were added to each well and incubated at 37°C or 4 h. The 72 

optical delnsity (OD) values of these wells were measured using a microplate reader (Varioskan Flash, Thermo 73 

scientific) at a wavelength of 490 nm. All cell lines and primary patient cells were tested with at least three 74 

independent replicates. 75 

2.4. Flow cytometry analysis  76 

After drug treatment, the cells were washed twice with phosphate buffer saline (PBS), and 1 - 5 × 105 cells 77 

were collected. The supernatant was centrifuged at 1500 rpm for 5 min, and 500 L Binding Buffer was added 78 
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to prepare the cell suspension. Next, 6 mL Annexin-V FITC and 10 L PI (propidium iodide) were added, 79 

incubated in dark for 5 min, and annexin-v FITC (radiation wavelength = 488 nm; absorption wavelength = 80 

530 nm) was detected by the FITC signal (FL1 channel). The PE signal was detected for PI staining (FL2 81 

channel). Both signals were analyzed using a FACScan flow cytometer (Becton Dickinson, San Diego, CA).  82 

2.5. Western blot analysis  83 

After the drug was administered, the cells were centrifugated to obtain the supernatant, and more than 1 × 84 

106 cells were collected in each group. After suspending the cells in 40 L of RIPA 85 

(Radioimmunoprecipitation assay ) buffer (Thermo Fisher Scientific, Waltham, MA), they were placed on ice 86 

for 30 min at 4C, centrifugated at 12000 × g for 20 min, and the protein supernatant was collected. The 87 

protein concentration in the supernatant was determined with BCA (Bicinchoninic acid) reagent (BBI life 88 

sciences, Shanghai, China) and then mixed with 4 loading buffer at 100C for thermal denaturation. The 89 

protein samples were separated with SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel electrophoresis) 90 

gel (Thermo Fisher Scientific, Waltham, MA) and transferred to PVDF (Polyvinylidene fluoride) membranes 91 

(Millipore, Burlington, MA). The membrane was sealed with tris-buffered saline (TBS) containing 5% skim 92 

milk for 1 h and incubated with a primary antibody on a shaker overnight at 4C. After washing three times 93 

with tris-buffered saline tween (TBST) buffer, the membranes were incubated with the secondary antibodies 94 

(CST, Danvers, MA) for 1 h. The ECL reagent (Thermo Fisher Scientific, Waltham, MA) was catalyzed by 95 

an HRP (Horseradish peroxidase) reaction on the HRP-labeled secondary antibody to display the target protein 96 

bands, and the ChemiDoc MP imaging system (Bio-Rad, Hercules, CA) was used for imaging. 97 

2.6. Immunohistochemistry  98 

The stripped tumor tissue was cut into appropriately sized tissue pieces and fixed in 4% paraformaldehyde 99 

for two days. The tissue pieces were removed from the fixing solution, rinsed with PBS for 1 h, and proceeded. 100 

After dehydration, the tissue was completely immersed in a wax solution at 60°C overnight, cut into 101 



 6 

continuous 5-μm thick sections, dewaxed with xylene, and then the sections were fully rehydrated with 102 

gradient alcohol and water. After the antigen was repaired, an appropriate amount of 3% H2O2 was added 103 

dropwise. The tissue was covered with H2O2 and incubated at room temperature for 10 min to block the 104 

endogenous peroxidase activity. The tissue was washed with PBS on a shaker three times for 5 min. Then, 5% 105 

goat serum was prepared with PBS added dropwise, and the tissue was blocked for 1 h . The slides were dried, 106 

the residual liquid was aspirated, placed in a wet box, the primary antibody liquid was dropped to completely 107 

cover the tissue, and incubated overnight at 4°C in a refrigerator. The tissues were washed three times with 108 

PBS on a shaker at room temperature for 10 min each time. Then 5% goat serum was diluted with biotin-109 

labeled secondary antibody to cover the surface of the tissue and incubated at room temperature for 45 min, 110 

before washing with PBS three times for 10 min. An appropriate amount of avidin-labeled horseradish 111 

peroxidase was added to the tissue surface and incubated at room temperature for 30 min. The tissue was 112 

washed three times, 5 min each time and diaminobezidin (DAB) color solution was added to the surface of 113 

the tissue and the staining was observed under a microscope. When the color was obviously brown and the 114 

background was not visible, then placed in water to stop the color reaction. The tissues were stained with 115 

hematoxylin for 1 - 2 min and rinsed with water to stop the staining. The tissues were observed and pictures 116 

were obtained under the microscope after mounting. On sections that had been dewaxed and rehydrated, an 117 

appropriate amount of hematoxylin was added to cover the tissue surface, the nucleus was stained for 5 min, 118 

and the remaining staining solution was rinsed away with tap water. The tissues were quickly differentiated 119 

with 1% hydrochloric acid alcohol, rinsed with tap water, and an appropriate amount of eosin was added. The 120 

solution was stained on the surface of the tissue for 30 s and then rinsed with tap water. After dehydration to 121 

transparency, the tissue was observed under the microscope and photographed after sealing. 122 

2.7 Mouse models  123 
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Animal experiments in this study were performed in accordance with the "Guidelines for the Care and Use 124 

of Laboratory Animals" (NIH Publication 86-23, revised in 1985) issued by the National Institutes of Health. 125 

The animal experiment protocol was approved by the Animal Protection and Facilities Committee of Zhejiang 126 

University. Male nude mice of six-week-old were purchased from Zhejiang Academy of Medical Sciences. 127 

The SKM-1 myeloid leukemia cell line (1  107 cells per animal) was subcutaneously injected into the right 128 

forelimb flank of the mice. Seven days after cell injection, when the tumors were palpable, animals with 129 

approximately the same tumor volume were randomly divided into four groups consisting of five animals per 130 

group. The use of TIG (50 mg/kg /d), HHT (0.5 ng/kg/d) or a combination for two consecutive weeks. For the 131 

control group, PBS was used for the injection. Both the drugs and PBS were intraperitoneally injected. The 132 

mice were weighed every day and calipers were used to calculate the tumor volume every two days using the 133 

formula: π/6 length × width2. Two weeks later, in accordance with ethical animal practices, each group of 134 

mice was killed, and the tumors were collected for further testing. 135 

2.8 Statistical analysis  136 

The significant differences among the groups was determined using a one-way ANOVA (Analysis of 137 

Variance) followed by a post-hoc Bonferroni’s multiple comparison test. For non-parametric data, a Kruskal-138 

Wallis followed by a Dunn’s multiple comparison test was used. The minimal level of significance was p < 139 

0.05. All data were presented as the mean ± standard deviation (SD). GraphPad PrismV 5.0 (GraphPad 140 

Software, San Diego, CA) was used for statistical analysis. * p < 0.05; ** p < 0.01; ***p < 0.001; ****p < 141 

0.0001.  142 

Results  143 

TIG-HHT combination can synergistically inhibit the growth of myeloid leukemia cells 144 

To investigate the effect of the drug combination on the proliferation of myeloid leukemia cells, we used 145 

the anti-leukemia drugs IDA, HHT, and CHI in combination with TIG to treat SKM-1. The IC50 (50% of 146 
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maximal inhibitory concentration) of SKM-1 at 72 h was calculated to determine the appropriate concentration 147 

of each drug (Table S1). In the experiment, SKM-1 was exposed to 72 h in TIG, HHT, CHI, and IDA. In all 148 

combination groups of SKM-1, the effect of the drug combination on the cells was evaluated at 24, 48, and 149 

72 h. Next, we used the median-effect method  to calculate the combination index of each group to evaluate 150 

the combined effect of each group using CalcuSyn software[11]. When TIG was combined with CHI and IDA, 151 

most dose combinations had CI (Combination Index) values above 1 at 24, 48, and 72 h after the drug 152 

combination. Although the duration of action was prolonged, they did not show a better combined effect. 153 

When TIG and HHT were administered at the same time, the CI value of almost all metering combinations 154 

was less than 1, and the CI value of each metering combination of 72 h was less than 24 h and 48 h (Figure 155 

1). This indicates that the combination of TIG-HHT shows a strong anti-leukemia response. The synergistic 156 

and cumulative effects were evaluated over time. At least three independent experiments were performed with 157 

three replicates in each group. 158 

To confirm the synergistic effect of the TIG-HHT combination on different myeloid leukemia cells, we 159 

measured the IC50 of TIG and HHT for 72 h in MOLM-13, MDS-L, and the primary patient cells (Table S2). 160 

Based on the IC50 of each drug, we measured MOLM-13, MDS-L, and patient primary cells for 72 h. The 161 

effects of different concentrations of TIG in combination with HHT on the viability of the cells was measured 162 

by an MTS assay after a 72 h incubation. The data were analyzed with Calcusyn software to generate a CI 163 

versus fractional effect (cell death) plot showing the effect of the combination of TIG with HHT. After 72 h 164 

of drug treatment, the CI values of almost all metered combinations were less than 1, indicating that the TIG-165 

HHT combination showed a strong synergistic inhibitory effect in both primary and myeloid leukemia cells. 166 

A CI < 1 indicates synergism (Figure 2). 167 

TIG-HHT combination can inhibit significantly clone formation of myeloid leukemia 168 
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To test the effect of the TIG-HHT drug combination on the formation of myeloid leukemia cell clones in 169 

vitro, 1  103 SKM-1, MOLM-13, and MDS-L cells were respectively inoculated on a methylcellulose semi-170 

solid medium. Clone formation experiments were performed and the number of clones was counted using 171 

image-J software (Figure 3A). The drug environment of myeloid leukemia cell methylcellulose semi-solid 172 

medium was: SKM-1 plus TIG 7.5 g/mL was treated with HHT 8 ng/mL; MOLM-13 plus TIG 5 g/mL was 173 

treated with 1 ng/mL HHT for 72 h; MDS-L plus 6 mg/mL TIG was treated with 6 ng/mL HHT; and the 174 

control group was treated with monotherapy and PBS. The use of TIG or HHT alone had a significant 175 

inhibitory effect on the colony forming ability of leukemia cells, and the addition of TIG and HHT at the same 176 

time shows a stronger blow to cell colony formation (Figure 3A and C). Combination treatment compared 177 

with single treatment and combination treatment compared to the control groups was statistically significant 178 

(P < 0.05 for SKM-1 and MOLM-13; P < 0.01 for MDS-L).  179 

TIG-HHT combination effectively restrains tumor growth in subcutaneous myeloid leukemia mouse 180 

models 181 

To explore the effects of drug combinations in vivo, we performed combination treatments, single 182 

treatments, and PBS treatments (control) on a myeloid leukemia mouse model established by a subcutaneous 183 

injection of SKM-1 in mice. After seven days, the tumor grew to a size of about 50 mm3. We designed a 184 

treatment plan according to the report. Both the TIG and HHT group were injected once a day, and the Control 185 

group was injected with a corresponding PBS solution. Compared with the control group, TIG and HHT 186 

single-drug treatment both delayed tumor growth, and the combination showed higher efficacy (p < 0.005, 187 

Tukey's t-test after a one-way ANOVA) (Figure 4). Immunohistochemistry and a Western blot detection of 188 

the corresponding proteins showed that both single and combined drugs inhibited mitochondrial translation in 189 

vivo. 190 

TIG-HHT combination induced the apoptosis of myeloid leukemia cells in vitro and in vivo 191 
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To test whether the inhibitory effect of TIG and HHT on cell viability was achieved by inducing and 192 

enhancing apoptosis, we performed Annexin V and PI staining on the cells treated with the drug, and analyzed 193 

the proportion of apoptotic cells by flow cytometry. The untreated cell group served as a control. The myeloid 194 

leukemia cell lines, SKM-1, MOLM-13, and patient primary cells were incubated with TIG monotherapy or 195 

combination therapy for 72 h, and apoptosis was quantified by Annexin V/PI staining. Myeloid leukemia cells 196 

were treated with different concentrations of the drugs: SKM-1 plus 7.5 mg/mL TIG were treated with 8 197 

ng/mL HHT for 72 h; the control group was treated with monotherapy and PBS; and MOLM-13 plus 5 mg/mL 198 

TIG was performed with 1 ng/mL HHT for 72 h. As shown in Figure 3B, compared with the single-agent 199 

group and the blank group, the apoptotic rate of the cells increased significantly (Figure 3B). The mechanism 200 

of drug-induced apoptosis was studied by a Western blot analysis of the expression of cleaved caspase-3 and 201 

cleaved PARP, and the strong pro-apoptotic effect of the drug combination was revealed on a molecular level. 202 

The expression of cleaved caspase-3 and cleaved PARP changed, and the protein mass in the two drug lanes 203 

was significantly lower than that of the single drug group and the control group (Figure 3D). To further 204 

confirm that treatment with TIG and HHT alone or in combination can also inhibit cell viability by inducing 205 

and enhancing apoptosis in vivo, we examined the expression of cleaved caspase-3 and cleaved PARP in 206 

mouse subcutaneous tumor tissue cells by immunoblotting (Figure 5A). Compared with the single drug and 207 

the blank groups, the amounts of combined histones was significantly reduced. The immunohistochemistry of 208 

the subsequent tissue sections more intuitively confirmed a strong pro-apoptotic effect of the combined group 209 

(Figure 4E). 210 

TIG-HHT combination inhibited mitochondrial translation by down-regulation of COX-1 211 

In studies using FDA-approved drugs to screen leukemia cell therapies, the application of yeast whole-212 

genome screening technology confirmed that the specific inhibition of mitochondrial translation is the 213 

mechanism of TIG's anti-leukemia effect [5]. Thus, we used a Western blot to identify the DNA and proteins 214 
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extracted from myeloid leukemia cells and tumor tissues. myeloid leukemia cells were treated with different 215 

concentrations of drugs: SKM-1 plus 7.5 mg/mL TIG was treated with 8 ng/mL HHT for 72 h, and the control 216 

group was treated with monotherapy and PBS. MOLM-13 plus 5 mg/mL TIG was treated with 1 ng/mL HHT 217 

for 72 h, and MDS-L plus 6 mg/mL TIG was treated with 6 ng/mL HHT for 72 h. Each cell line was treated 218 

with monotherapy and PBS was used as a control group. Compared with treatment of TIG or HHT alone, 219 

treatment with a combination of TIG-HHT caused a significant down-regulation of the mitochondrial gene, 220 

COX-1, expression in myeloid leukemia cells, where the nuclear gene COX-4 did not change significantly 221 

(Figure 5B). Tissue-specific protein testing revealed that the combined drug group down-regulated COX-1 222 

gene expression in the tumor cells of subcutaneous myeloid leukemia mice without affecting the expression 223 

of the COX-4 gene (Figure 4E and 5B). SKM-1 was further exposed to a combination of drugs with different 224 

concentrations, and the inhibitory effect on the cells showed a stronger mitochondrial translation inhibitory 225 

effect as the combination drug concentration increased (Figure 5C). 226 

TIG-HHT combination synergistically inhibited the mTOR/4EBP1 pathway 227 

Western blot was used to identify the proteins extracted from both myeloid leukemia cells and tumor 228 

tissues. Cells were treated with different concentrations depending on the concentration of each compound 229 

used to inhibit cell proliferation: SKM-1 was exposed to 7.5 g/mL TIG and 8 ng/mL HHT, and MOLM-13 230 

was treated with 5 mg/mL TIG and 1 ng/mL HHT. MDS-L was exposed to 6 g/mL TIG and 6 ng/mL HHT. 231 

Three groups of myeloid leukemia cells were treated for 72 h, and the single drug or PBS group were used as 232 

a control. The mitochondrial translation regulators, mTOR, 4EBP1, and AKT proteins were down-regulated 233 

in combined or single drug group compared to the control group. The combined TIG-HHT significantly 234 

enhanced the inhibition of protein phosphorylation. We tested the level of phosphorylation of the constituent 235 

subunit Raptor, a component of mTOR complex 1 (mTORC1) and the constituent subunit Rictor, a component 236 

of mTOR complex 2 (mTORC2). When TIG-HHT co-administration, the p-Rictor and p-Rictor were 237 
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significantly down-regulated, suggesting that the drug combination exerted a stronger inhibition on the 238 

phosphorylation of mTOR pathway proteins. The results also showed that the expression of the mitochondrial 239 

gene COX-1, and the levels of phosphorylation of AKT and 4EBP1 were reduced to a uniform level when 240 

cultured with TIG-HHT combination (Figure 5B, 5D).  241 

Discussion 242 

Tigecycline (TIG) has been reported to affect cellular translation and tumor proliferation [5, 12]. 243 

homoharringtonine (HHT) is an effective drug for myeloid leukemia[11]. In our study, we found the 244 

combination of TIG and HHT had a strong synergistic effect in myeloid leukemia cells. The combination in 245 

vivo also effectively delayed myeloid tumor development in mice. The synergistic effect of the combination 246 

might be achieved by inhibiting mitochondrial translation and downregulating the AKT/mTOR/4EBP1 247 

signaling pathway.  248 

Mitochondria are the source of power for various cellular activities and biochemical reactions. TIG can 249 

specifically inhibit mitochondrial gene translation by down-regulating the expression of elongation factor, Tu, 250 

thereby achieving cytotoxic effects on leukemia cells [5]. Moreover, HHT can also directly inhibit the mRNA 251 

translation in myeloid leukemia cells [13]. We explored the mitochondrial gene-encoded protein subunit 252 

COX-1 and the nuclear protein-encoded respiratory chain complex 4 protein subunit COX-4 to reveal the 253 

differential effects of the drug on nuclear translation and mitochondrial translation. In this study, we found 254 

HHT specifically inhibits mitochondrial translation. Moreover，both the single TIG and combination treatment 255 

showed levels of COX-1 protein but not COX-4 down-regulation significantly compared to the control group 256 

in each cell line. Further use of the TIG-HHT combination showed a stronger inhibition of mitochondrial 257 

translation as the concentration increased in the refractory leukemia cell line SKM-1 (Figure 5B). In vivo 258 

experiments also showed that the level of COX-1 gene expression in the combination group was down-259 
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regulated in the leukemia cells of subcutaneous tumor mice without affecting the expression of the COX-4 260 

gene (Figure 4E and 5B). Both the in vivo and in vitro experiments suggested that the combination showed a 261 

stronger inhibition of mitochondrial function, which might represent an important mechanism for the 262 

synergistic effects. 263 

The mTOR/4EBP1 pathway plays an important role in regulating mRNA translation [8-10]. mTOR can 264 

affect translation by regulating the transcription of ribosomal RNA and tRNA [19, 20]. In addition, activated 265 

mTOR regulates translation through the phosphorylation of eukaryotic translation initiation factor 4E  266 

(eIF4E) binding protein 1 and an analog of the allosteric mTOR inhibitor rapamycin [21, 22].There is a mutual 267 

regulation between mTOR and AKT [15-18]. mTOR complex 1 (mTORC1) is a downstream target molecule 268 

of AKT, and mTOR complex 2 (mTORC2) can target and activate phosphorylated AKT. In this study, both 269 

TIG and HHT down-regulated Rictor phosphorylation, which is an important subunit of mTORC2 in leukemia 270 

cells. A reduction in activated mTORC2 resulted in decreased AKT phosphorylation, and mTORC1 activation 271 

downstream of AKT was also reduced. The combined use of TIG and HHT further enhanced the inhibitory 272 

effect on the level of AKT/mTOR pathway phosphorylation, which may be the mechanism of the synergistic 273 

effect of the drugs. 274 

The inhibition of eIF4E expression or the re-expression of 4EBP1 restores the sensitivity of the cell to 275 

apoptosis[22]. HHT can effectively inhibit the growth of p-eIF4E-expressing myeloid leukemia cells and 276 

primary leukemia cells by down-regulating the level of p-eIF4E and its downstream oncoprotein, Mcl-1, as 277 

well as by increasing apoptosis [20]. Our study shown TIG may enhance the pro-apoptotic properties of HHT 278 

on myeloid leukemia cells and was molecularly validated, as previously reported [23]. We hypothesized that 279 

this phenomenon is one of the mechanisms of the synergistic effects of TIG-HHT combination treatment on 280 

myeloid leukemia cells. 281 



 14 

It has been reported that AKT regulates mitochondrial respiratory capacity through 4EBP1[22].The re-282 

expression of 4EBP1 can be used as a treatment for blood-related diseases that induce resistance to mTOR 283 

inhibitors due to a lack of 4EBP [22]. In our study, both the in vivo and in vitro results showed that changes 284 

in the level of intracellular 4EBP1 phosphorylation was consistent with the expression of the mitochondrial 285 

gene COX-1, which suggested that there might be a link between Akt/mTOR/4EBP1 and mitochondrial 286 

respiratory function. 287 

Conclusion 288 

We found that TIG combined with HHT has a synergistic anti-leukemia effect in vitro and significant effect 289 

on tumor volume reduction and apoptosis induction in myeloid cells and a xenograft mouse model. The down-290 

regulating mitochondrial translation and the AKT/mTOR/4EBP1 signaling pathway might explain this effect. 291 

These findings suggest clinical potential in administration of TIG and HHT in the treatment of myeloid 292 

leukemia. 293 
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 376 

Figure Legends 377 

Figure 1. TIG has in vitro antileukemia activity in combination with HHT. The combination index (CI) 378 

of TIG used in combination with IDA, HHT, or CHI in the myeloid leukemia cell line, SKM-1, was 379 

determined by MTS staining after a three day drug culture and was calculated using CalcuSyn software (three 380 

experiments each). The effect of a 72 h exposure of SKM-1 cells on different concentrations of TIG in 381 

combination with IDA, HHT, and CHI on cell viability was measured using an MTS assay after a 72 h 382 

incubation. The data were analyzed using Calcusyn software to generate a CI versus fractional effect (cell 383 

death) plot showing the effect of a combination of TIG with IDA, HHT, or CHI. CI < 1 indicates synergism.  384 

Figure 2. Combination treatment using compounds targeting leukemic cells and patient primary cells 385 

identifies a synergistic effect. A. CI plots of DAC and IDA sequential combination in human leukemia cell 386 

lines. Cells were treated as previously described. The combinations were used at fixed molar ratios based on 387 

the IC50 values of each drug. The effects of the combinations were estimated using the CalcuSyn software, 388 

which was developed based on the median-effect method. CI < 0.8 indicates synergy; CI = 0.8 to 1.2 is additive; 389 
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and CI > 1.2 indicates antagonism. B. The effect of a 72 h exposure on SKM-1, MDS-L, and MOLM-13 cells 390 

and three patient primary cells to different concentrations of TIG in combination with HHT on the viability 391 

of the cells was measured by an MTS assay after a 72 h incubation. Viability was determined by MTS staining, 392 

and the results were expressed as a percentage of the results for untreated cells. ***p < 0.001; **p < 0.01, as 393 

determined by a Tukey’s test after a one-way ANOVA. Error bars represent the mean ± SD. 394 

Figure 3. Synergistic effect of the sequential combination of agents in inhibiting myeloid leukemia cell 395 

proliferation. A. Colony formation of the myeloid leukemia cell lines, SKM-1, MDS-L, and MOLM-13 cells 396 

were treated with TIG, HHT, or TIG combined with HHT, respectively. The survival of myeloid leukemia 397 

cells was evaluated by colony formation assays using Image J software. B. Apoptosis induced by various 398 

treatments at 72 h (**p < 0.01, one-way ANOVA, combination treatment versus control and single treatment). 399 

C．The survival of myeloid leukemia cells was evaluated using a colony formation assay. Mean ± SD. ***p 400 

< 0.001; **p < 0.01; *p < 0.05. D．Western blot of cleaved Caspase-3 and cleaved PARP-1 in myeloid 401 

leukemia cells. -actin served as a loading control.  402 

Figure 4.The combination of TIG and HHT has in vivo anti-leukemia activity. A. Differences in the tumor 403 

volume between combination treatments versus control and single treatments are shown after two weeks after 404 

drug treatment. B and C. The tumor mass and the mean volume display significant statistical differences in 405 

the tumor volume between the combination therapy and the control and single therapy. **p < 0.001 as 406 

determined by a Tukey’s test after a one-way ANOVA. Error bars represent the mean ± SD. D. The nude 407 

mouse weight during the course of drug treatment. Error bars represent the mean ± SD. E. 408 

Immunohistochemical detection of the expression of cell proliferation-related molecules in the tumor tissue. 409 
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Figure 5. TIG exhibits antileukemia activity with HHT by downregulating mTOR/4EBP1 pathway 410 

proteins and mitochondrial gene expression. A. Western blot of cleaved Caspase-3, cleaved PARP-1, and 411 

-actin in the tumor tissue. B. Effects of TIG and HHT on mitochondrial translation protein levels of Cox-1, 412 

Cox-4, and -actin. C. Effects of TIG and HHT treatment alone or in combination on the levels of 413 

mitochondrial translation proteins, Cox-1, Cox-4, and -actin. D. Effects of TIG and HHT on the levels of p-414 

Ractor, p-AKT, p-mTOR, p-Raptor, p-4EBP1, and -actin in SKM-1,MDS-L, and MOLM-13 protein 415 

expression and three primary cells treated for 72 h. -actin was used as a loading control. 416 



Figures

Figure 1

TIG has in vitro antileukemia activity in combination with HHT. The combination index (CI) of TIG used in
combination with IDA, HHT, or CHI in the myeloid leukemia cell line, SKM-1, was determined by MTS
staining after a three day drug culture and was calculated using CalcuSyn software (three experiments
each). The effect of a 72 h exposure of SKM-1 cells on different concentrations of TIG in 381
combination with IDA, HHT, and CHI on cell viability was measured using an MTS assay after a 72 h
incubation. The data were analyzed using Calcusyn software to generate a CI versus fractional effect
(cell death) plot showing the effect of a combination of TIG with IDA, HHT, or CHI. CI < 1 indicates
synergism.



Figure 2

Combination treatment using compounds targeting leukemic cells and patient primary cells identi�es a
synergistic effect. A. CI plots of DAC and IDA sequential combination in human leukemia cell lines. Cells
were treated as previously described. The combinations were used at �xed molar ratios based on 387 the
IC50 values of each drug. The effects of the combinations were estimated using the CalcuSyn software,
which was developed based on the median-effect method. CI < 0.8 indicates synergy; CI = 0.8 to 1.2 is
additive; 18 and CI > 1.2 indicates antagonism. B. The effect of a 72 h exposure on SKM-1, MDS-L, and
MOLM-13 cells and three patient primary cells to different concentrations of TIG in combination with HHT
on the viability of the cells was measured by an MTS assay after a 72 h incubation. Viability was
determined by MTS staining, and the results were expressed as a percentage of the results for untreated



cells. ***p < 0.001; **p < 0.01, as determined by a Tukey’s test after a one-way ANOVA. Error bars
represent the mean ± SD.

Figure 3

Synergistic effect of the sequential combination of agents in inhibiting myeloid leukemia cell
proliferation. A. Colony formation of the myeloid leukemia cell lines, SKM-1, MDS-L, and MOLM-13 cells
were treated with TIG, HHT, or TIG combined with HHT, respectively. The survival of myeloid leukemia
cells was evaluated by colony formation assays using Image J software. B. Apoptosis induced by various
treatments at 72 h (**p < 0.01, one-way ANOVA, combination treatment versus control and single
treatment). CThe survival of myeloid leukemia cells was evaluated using a colony formation assay.
Mean ± SD. ***p < 0.001; **p < 0.01; *p < 0.05. DWestern blot of cleaved Caspase-3 and cleaved PARP-1
in myeloid leukemia cells. -actin served as a loading control.



Figure 4

The combination of TIG and HHT has in vivo anti-leukemia activity. A. Differences in the tumor volume
between combination treatments versus control and single treatments are shown after two weeks after
drug treatment. B and C. The tumor mass and the mean volume display signi�cant statistical differences
in the tumor volume between the combination therapy and the control and single therapy. **p < 0.001 as
determined by a Tukey’s test after a one-way ANOVA. Error bars represent the mean ± SD. D. The nude
mouse weight during the course of drug treatment. Error bars represent the mean ± SD. E.
Immunohistochemical detection of the expression of cell proliferation-related molecules in the tumor
tissue.



Figure 5

TIG exhibits antileukemia activity with HHT by downregulating mTOR/4EBP1 pathway proteins and
mitochondrial gene expression. A. Western blot of cleaved Caspase-3, cleaved PARP-1, and -actin in the
tumor tissue. B. Effects of TIG and HHT on mitochondrial translation protein levels of Cox-1, Cox-4, and -
actin. C. Effects of TIG and HHT treatment alone or in combination on the levels of mitochondrial
translation proteins, Cox-1, Cox-4, and -actin. D. Effects of TIG and HHT on the levels of p- Ractor, p-AKT,
p-mTOR, p-Raptor, p-4EBP1, and -actin in SKM-1,MDS-L, and MOLM-13 protein expression and three
primary cells treated for 72 h. -actin was used as a loading control.
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