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the DNEasy Mini Kit (Qiagen, US). Oxidative 
DNA damage was measured by quantifying 
8-hydroxy-2’-deoxyguanosine (8-OHdG) levels 
using the OxiSelect Oxidative DNA Damage 
ELISA Kit (Cell Biolabs). Oxidative protein dam-
age was measured by quantifying protein car-
bonylation levels using the Protein Carbonyl 
ELISA Kit (Enzo LifeSciences). 

ALL xenograft in SCID mouse

Animal experiments were approved by the 
Institutional Animal Care and Use Committee  
of Wuhan University. One million CCRF-CEM 
human ALL cells were injected subcutaneously 
into the flank of 6 weeks old SCID/NOD mice 
(Shanghai Experimental Animal Center, Chinese 
Academy of Sciences). Following development 
of palpable tumors (~7 days after cell injection), 
the mice were treated with vehicle (20%/80% 
DMSO/saline, n=10 per group), intraperitoneal 
tigecycline, doxorubicin (0.5 mg/kg, three times 
per week), vincristine (0.5 mg/kg, three times 
per week) or combination. Tumour size was cal-

culated every two days based on caliper mea-
surements of tumor length and width using the 
formula: (width)2 × length/2.

Statistical analyses

The data are expressed as mean and standard 
deviation. Statistical analyses were performed 
by unpaired Student’s t test. Values were con-
sidered statistically significant at P<0.05.

Results 

Tigecycline effectively targets multiple pediat-
ric ALL cell lines

To determine the effects of tigecycline in pedi-
atric ALL, we examined the growth and survival 
after tigecycline treatment on a broader spec-
trum of cell lines derived from pediatric ALL 
patients: CCRF-CEM, DND-41 and MOLT-16. 
There were chosen in our experimental models 
for malignant T cells because they represent 
different cellular origin and display heterogene-
ity, including immunophenotyping and differen-

Figure 1. Tigecycline significantly inhibits proliferation and 
induces apoptosis in pediatric ALL cells. A. Tigecycline at 
5, 10 and 20 µM inhibits proliferation of ALL cells as as-
sessed by MTS proliferation assay. B. Representative flow 
cytometry dot plots showing the percentage of Annexin V 
and 7-AAD staining in ALL cells exposed to control or 20 
µM tigecycline. C. Tigecycline significantly induces apop-
tosis of ALL cells in a concentration-dependent manner. 
Three human ALL cell lines were tested: CCRF-CEM, DND-
41 and MOLT-16. *P<0.05, compared to control.  
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tial pattern [13]. We show that tigecycline sig-
nificantly inhibits proliferation in ALL cell lines 
in a dose-dependent manner (Figure 1A). IC50 
values of tigecycline in inhibiting growth range 
from 5 to 10 µM in various ALL cell lines. 
Tigecycline also induced ALL apoptosis as 
assessed by flow cytometry of Annexin V/7-AAD 
(Figure 1B and 1C). 

Tigecycline targets primary ALL malignant 
cells more effectively than normal hematopoi-
etic cells

We next examined the effects of tigecycline on 
primary CD34 and lymphoma cells from 15 
pediatric ALL patients with either newly diag-
nosed (n=10) or treatment-refractory disease 
(n=5). We found that tigecycline dose-depend-
ently induced apoptosis in primary ALL CD34+ 
progenitors and lymphoma cells (Figure 2A). In 
addition, tigecycline significantly inhibited ALL 
CD34+ progenitors clonogenic growth on meth-
ylcellulose matrix (Figure 2B and 2C). To com-

pare the effect of tigecycline on normal hema-
topoietic cells, the same experiments were 
performed on normal bone marrow (NBM) 
CD34+ progenitors and peripheral blood mono-
nuclear cells (PBMC). Of note, both subsets of 
normal hematopoietic cells were significantly 
less sensitive to tigecycline (Figure 2). 

Tigecycline significantly augments the efficacy 
of standard ALL chemotherapeutic drugs in 
ALL cell lines and patient samples

To investigate the translational potential of tige-
cycline in ALL, we tested the combinatory effi-
cacy of tigecycline and commonly used ALL 
chemotherapeutic drugs: doxorubicin and vin-
cristine. The concentration of each drug we 
used for combination studies is the concentra-
tion that induces sublethal inhibitory effects. 
We found that the combination of tigecycline 
with doxorubicin or vincristine is significantly 
more effective than single drug alone (Figure 
3A and 3B). Almost complete inhibition of 

Figure 2. Tigecycline selectively targets pediatric ALL patient cells. Tigecycline induces apoptosis (A) and decrease 
colony formation (B and C) of pediatric ALL lymphoma and CD34 cells (n=15), and in a significantly greater extent 
than in normal lymphoma and hematopoietic CD34 cells (n=5). Representative colony formation photos were taken 
at 2 weeks after seeding cells on methylcellulose. *P<0.05, compared to normal control.
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growth and survival in ALL cell lines were 
achieved in the combination (Figure 3A and 
3B). In addition, the significant augment of che-
motherapeutic drugs’ inhibitory effects by tige-
cycline was observed in primary ALL cell popu-
lations (Figure 3C and 3D). Importantly, the 
combination of tigecycline and doxorubicin or 
vincristine was not effective to normal hemato-
poietic cells (Figure 3C and 3D).

Tigecycline acts on ALL dependent of mito-
chondrial respiration inhibition

The mechanisms of anti-cancer activity of tige-
cycline seem to be cell type specific, including 
mitochondrial dysfunction [4, 14], inhibition of 
Wnt/β-catenin [15] and cyclin-dependent kin- 
ase inhibitor 1 [16]. Schimmer et al; have shown 
that compared to normal hematopoietic cells, 
acute myeloid leukemia cells are more depen-
dent on mitochondrial biogenesis and sensitive 
to tigecycline [4]. We therefore first analyzed 

the effects of tigecycline on mitochondrial res-
piration in ALL cells. 

We observed a remarkable reduction on basal 
level of oxygen consumption rate (OCR, indica-
tive of mitochondrial respiration) as well as 
maximal OCR (indicative of reserved respirato-
ry capacity) as early as 2 hours tigecycline 
treatment in ALL cell line, primary lymphocytes 
and CD34+ progenitors (Figure 4A-D). In con-
trast, glycolysis rate was increased and then 
decreased in cell treated with tigecycline (Fig- 
ure 4E and 4F), suggesting that glycolysis level 
change is the secondary effect of tigecycline, 
possibly due to a compensatory response to 
inhibition of mitochondrial respiration. Con- 
sistently, the decreased ATP production and 
the increased reactive oxygen species (ROS, 
indicative of oxidative stress) were observed in 
tigecycline-treated ALL cell line, primary lym-
phocytes and CD34+ progenitors in the pres-
ence of tigecycline (Figure 5A and 5B). The oxi-

Figure 3. Tigecycline significantly enhances the standard chemotherapeutic drugs in vitro efficacy in ALL cells. 
Combination of tigecycline (5 µM) with doxorubicin (5 nM) or vincristine (10 nM) inhibits more proliferation (A) and 
induces more apoptosis (B) in ALL cell lines than doxorubicin or vincristine alone. Combination of tigecycline (5 µM) 
with doxorubicin (10 nM) or vincristine (20 nM) induces more apoptosis (C) and inhibits more colony formation (D) in 
ALL CD34 cells or lymphoma cells than doxorubicin or vincristine alone. Combination of tigecycline with doxorubicin 
or vincristine has minimal effects on normal CD34 or lymphoma cells. Tig, tigecycline; Vin, vincristine; Dox, doxoru-
bicin. *P<0.05, compared to single drug alone.
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dative stress leads to oxidative DNA and protein 
damage as shown by increased level 8-OHdG 
(an oxidized DNA by product) and protein car-
bonyls carbonyls (a modification of proteins 
resulting from oxidative damage) (Figure 5C 
and 5D). 

To confirm that tigecycline acts on ALL depen-
dent of mitochondrial respiration inhibition, we 
generated mitochondrial respiration-deficient 
CCRF-CML ρ0 cells by prolong exposure of 
parental cells to ethidium bromide [11] and 
verified CCRF-CML ρ0 cells by examining the 
mitochondrial respiration level (Figure 6A and 
6B). We further found that CCRF-CML ρ0 cells 
have less ATP levels with minimal growth 
(Figure 6C and 6D). Of note, these CCRF-CML 
ρ0 cells are resistant to apoptosis induction  
by tigecycline (Figure 6E). Thus, tigecycline 
inhibits mitochondrial respiration which leads 

to energy crisis and oxidative damage in ALL 
cells.

ALL cells have increased mitochondrial bio-
genesis than normal counterparts  

We further evaluated the baseline of mitochon-
drial biogenesis in both ALL and normal hema-
topoietic cells, including mitochondrial mem-
brane potential, mitochondrial mass, respira- 
tion and ATP levels. There was no significant dif-
ference in resting mitochondrial membrane 
potential between ALL primary cells and their 
normal counterparts (Figure 7A). However, 
compared to normal hematopoietic CD34+ and 
MNC cells, primary ALL lymphocytes and CD34+ 
progenitors have significantly increased mito-
chondrial mass, respiration and ATP levels 
(Figure 7B-F). Of note, there was no significant 
difference on glycolysis level (Figure S1), dem-

Figure 4. Tigecycline inhibits mitochondrial respiration in ALL cell line and patient samples. Tigecycline significantly 
decreases basal (A) and maximal (B) OCR in a concentration-dependent manner in CCRF-CEM, ALL lymphoma and 
CD34 cells. Tigecycline significantly decreases basal (C) and maximal (D) OCR in a time-dependent manner. The ef-
fects of tigecycline on basal glycolysis (E) and glycolysis reverse (F) in ALL cells. 20 µM tigecycline was used for time 
course analysis. *P<0.05, compared to control. 
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Figure 5. Tigecycline induces energy crisis and oxidative damage in ALL cell line and patient samples. Tigecycline 
significantly decreases ATP levels (A) and increases intracellular levels of ROS (B), 8-OHdG (C) and carbonylation (D) 
in CCRF-CEM, ALL lymphoma and CD34 cells. *P<0.05, compared to control.

Figure 6. Tigecycline induces ALL cell apoptosis through its suppression of 
mitochondrial respiration. Basal (A) and maximal (B) OCR analysis confirms 
of the absence of mitochondrial respiration in CCRF-CEM ρ0 cells. Signifi-
cant reduction in ATP levels (C) and growth rate (D) in CCRF-CEM ρ0 cells. 
(E) Tigecycline (20 µM) is ineffective in inducing apoptosis in CCRF-CEM ρ0 
cells. *P<0.05, compared to CCRF-CML wildtype.

onstrating the specific chang-
es on mitochondrial biogene-
sis in ALL cells compared to 
normal counterparts. 

Tigecycline display anti-ALL 
activity in xenograft mouse 
model  

To assess the in vivo efficacy 
of tigecycline in ALL, we gener-
ated xenograft mouse model 
of human ALL by subcutane-
ously transplanting CCRF-CEM 
cells into SCID mice. After 
development of palpable tu- 
mor (~7 days after cell trans-
plant), we started treatment 
including tigecycline at various 
doses, doxorubicin alone, vin-
cristine alone, combination of 
tigecycline with doxorubicin 
and combination of tigecycline 
with vincristine. The dose of 
each drug did not alter the 
body weight, appearance or 
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mia stem cells and bulk cells [4, 18]. The effect 
of tigecycline on ALL cells had not yet been 
investigated. We report that tigecycline is active 
against human ALL cells in both in vitro and in 
vivo preclinical models, and synergizes with 
standard chemotherapeutic drugs, without 
affecting normal hematologic cells.

We evaluated the efficacy of tigecycline in ALL 
cell lines as well as patient samples. The cell 
lines, CCRF-CEM, DND-41 and MOLT-16, we 
selected to demonstrate the biological effects 
of tigecycline represent ALL heterogeneity, in- 
cluding cellular origin, immunophenotyping and 
genetic profiling [13]. In our study, all tested ALL 
cell lines are sensitive to tigecycline treatment 
with IC50~5-10 µM (Figure 1), demonstrating 
the potency of tigecycline in a wide range of ALL 
cells. Patient-derived primary cultures (PDC) 
has successfully predicted tumor progression 
in patient with head and neck squamous cell 
carcinomas and could guide clinical practice 
[19]. We further show that tigecycline is also 
active against ALL PDC, such as CD34 cells and 
lymphocytes (Figure 2). Importantly, tigecycline 

Figure 7. Mitochondrial characteristics of ALL and normal hematopoietic cells. Baseline mitochondrial membrane 
potential (A), mitochondrial mass (B) and DNA (C), basal (D) and maximal (E), and ATP levels (F) in NBM CD34, nor-
mal PBMC, ALL CD34 and ALL lymphocytes. n=5 for ALL and n=3 for normal. *P<0.05, compared to NBM CD34.

behaviour of the mice (Figure S2). However, 
tigecycline inhibited ALL tumor growth in a 
dose-dependent manner (Figure 8A). Compared 
to doxorubicin or vincristine alone, the com- 
bination is significantly more effective in inhibit-
ing ALL tumor growth (Figure 8B). 

Discussion

Although there have been recent advances in 
the treatment of ALL, early relapse is common 
in children and is invariably associated with po- 
or prognosis. We are in need of more effective 
and selective treatment strategies. In particu-
lar, identifying drugable targets that sensitize 
efficacy of chemotherapeutic drugs at subleth-
al concentrations is a promising strategy for 
ALL treatment. In this work, we evaluated tige-
cycline as a potential agent for overcoming che-
motherapy resistance in ALL cells. Tigecycline 
is an attractive candidate as it is already avail-
able for clinical use in the treatment of board 
spectrum of bacterial infection [17]. It has also 
been shown to have toxicity in both acute 
myeloid leukemia and chronic myeloid leuke-
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remarkably sensitizes ALL cell lines and patient 
samples to multiple standard chemotherapeu-
tic drugs (Figures 2 and 3). The morbidity suf-
fered by patients treated with current chemo-
therapy regimens remains a challenge. Notably, 
the combination of both drugs at sublethal con-
centration achieving almost complete inhibition 
in ALL cells suggests that tigecycline is a prom-
ising candidate to overcome chemo-resistance 
in ALL cells meanwhile to minimize non-specific 
toxicity of chemotherapeutic drugs. Beside 
haematological malignancies, the anti-cancer 
activities of tigecycline have been shown in 
various solid cancers, including liver cancer 
and renal cell carcinoma [8, 14]. Our study 
together with previous reports demonstrate 
that tigecycline is a novel type of anti-cancer 
drug.

A significant finding in this study, in agreement 
with previous studies [4, 8], is that tigecycline  
is significantly less toxic and its combination 
with chemotherapeutic drugs at sublethal con-
centration has no inhibitory effects to normal 
hematopoietic CD34 and mononuclear cells, as 
shown by apoptosis and clonogenecity assays 

ples (Figures 4-6). This is consistent with the 
majority of studies on the mechanisms of tige-
cycline’s action in cancer [8, 14, 20]. Like other 
mitochondrial respiration inhibitors (eg, phen-
formin) [21], we also observed the increased 
glycolysis at early time point of tigecycline treat-
ment, possibly due to a compensatory response 
to mitochondrial respiration inhibition.

Targeting metabolic pathways for cancer thera-
py has attracted attention even since Warburg’s 
seminal discovery of aerobic glycolysis. Al- 
though the Warburg hypothesis proposes that 
malignant cells reply on glycolysis and are less 
dependent on oxidative phosphorylation for 
survival, more recent studies indicate that 
some tumors are highly dependent on oxidative 
phosphorylation for survival [22-24]. Notably, 
various studies have shown that tumor cells 
have increased mitochondrial biogenesis and 
basal level of oxygen consumption than normal 
cells [4, 25, 26]. In line with these findings, we 
demonstrate that CD34 and lymphocytes from 
ALL patients have significantly increased mito-
chondrial mass and oxygen consumption rate 

Figure 8. Tigecycline has in vivo activity in human xenograft ALL in mice. 
A. Tigecycline as drug alone inhibits ALL tumor growth in vivo in a concen-
tration-dependent manner. B. Tigecycline (30 mg/kg, once per day) signifi-
cantly enhances the in vivo efficacy of vincristine (0.5 mg/kg, three time 
per week) or doxorubicin (0.5 mg/kg, three time per week) in ALL tumor. 
*P<0.05, compared to control or single drug alone. 

(Figures 2 and 3). The selec-
tive toxicity is also observed in 
the xenograft mouse model of 
human ALL. Tigecycline at 
dose that effectively inhibits 
ALL tumor growth and acts 
synergistically with chemo-
therapeutic drugs is not toxic 
to mice (Figures 8 and S2). 
The exact reason for its selec-
tive toxicity in tumour versus 
normal counterparts is not 
fully clear. We speculate that 
tigecycline targets mitochon-
drial respiration which tumor 
cells are more dependent on 
than normal cells. Although 
the underlying mechanisms of 
tigecycline in anti-cancer ac- 
tivities vary in different types 
of cancers [4, 14-16]. We 
clearly show that tigecycline 
acts on ALL cells via inhibiting 
mitochondrial respiration, wh- 
ich in turn, induces energy cri-
sis, oxidative stress and dam-
age on not only ALL cell lines 
but also primary patient sam-
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than normal CD34 and mononuclear cells from 
healthy donors whereas (Figure 7). Consistently, 
ALL mitochondrial respiration-deficient p0 cells 
display significant less levels of ATP production 
and growth (Figure 6C and 6D). Our results 
together with previous work demonstrate that 
inhibiting mitochondrial metabolism is effec-
tive and selective in targeting various types of 
cancer. 

In conclusion, our work provides the pre-clinical 
evidence on the selective anti-ALL activity of 
tigecycline and supports advancing this drug 
into clinical trial for ALL. Our work also demon-
strate that mitochondria-regulated biochemical 
pathways is a selective target in ALL and war-
rants further therapeutic exploitation. 
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Figure S1. Glycolysis levels in human ALL and normal hematopoietic cells. Basal glycolytic capacity (A) and glycolytic 
reverse (B) levels in NBM CD34, normal PBMC, ALL CD34 and ALL lymphocytes cells.

Figure S2. Mouse body weight after the drug administration. No significant changes on mouse body weight in control 
and drug-treated groups. Tig, tigecycline; Vin, vincristine; Dox, doxorubicin.


