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ABSTRACT

Cancer stem cells (CSCs) play an important role in tumor initiation, progression, 
therapeutic failure and tumor relapse. In this study, we evaluated the efficacy of 
the thiazole derivative 3-methylcyclopentylidene-[4-(4’-chlorophenyl)thiazol-2-yl]
hydrazone (CPTH6), a novel pCAF and Gcn5 histone acetyltransferase inhibitor, as a 
small molecule that preferentially targets lung cancer stem-like cells (LCSCs) derived 
from non-small cell lung cancer (NSCLC) patients. Notably, although CPTH6 inhibits 
the growth of both LCSC and NSCLC cell lines, LCSCs exhibit greater growth inhibition 
than established NSCLC cells. Growth inhibitory effect of CPTH6 in LCSC lines is 
primarily due to apoptosis induction. Of note, differentiated progeny of LCSC lines 
is more resistant to CPTH6 in terms of loss of cell viability and reduction of protein 
acetylation, when compared to their undifferentiated counterparts. Interestingly, in 
LCSC lines CPTH6 treatment is also associated with a reduction of stemness markers. 
By using different HAT inhibitors we provide clear evidence that inhibition of HAT 
confers a strong preferential inhibitory effect on cell viability of undifferentiated 
LCSC lines when compared to their differentiated progeny. In vivo, CPTH6 is able to 
inhibit the growth of LCSC-derived xenografts and to reduce cancer stem cell content 
in treated tumors, as evidenced by marked reduction of tumor-initiating capacity in 
limiting dilution assays. Strikingly, the ability of CPTH6 to inhibit tubulin acetylation 
is also confirmed in vivo. Overall, our studies propose histone acetyltransferase 
inhibition as an attractive target for cancer therapy of NSCLC.

INTRODUCTION

Lung cancer is the leading cause of cancer-related 
deaths. Non-small cell lung cancer (NSCLC) accounts 
for ~85% of all lung cancer cases [1]. The disease 
control achieved with classical chemotherapy doublets 
in advanced or metastatic NSCLC is usually restricted 

to only a few months [2]. Therefore, there is a need for 
development of novel agents that can be added to and 
improve the effect of traditional chemotherapy. In recent 
years, with growing insight into molecular alterations 
in lung cancer, tremendous efforts have been made to 
identify new anticancer agents. Aberrant epigenetic 
regulation is a frequent event in NSCLC, and both altered 
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DNA CpG methylation and histone post-translational 
modifications have been shown to have both predictive 
and prognostic significance in this disease [3, 4]. Thus, 
it has been recently proposed that patients with NSCLC 
might benefit from treatment with epigenetic drugs [5]. 
Histone acetyltransferase inhibitors (HATi) belong to the 
family of epigenetic drugs and represent a heterogeneous 
group of compounds able to alter histone and non-
histone protein functions [6]. Several molecules with 
HAT inhibitory activity have been identified and some of 
them showed to induce cell death preferentially in cancer 
cells when compared to normal ones [6–10]. Among 
them, the thiazole derivative 3-methyl-cyclopentylidene-
[4-(4’-chlorophenyl)thiazol-2-yl)]hydrazone (CPTH6), 
has been characterized by our group as a novel Gcn5 
and pCAF HAT inhibitor, able to activate the apoptotic 
program and to modulate the autophagic flux in a panel 
of tumor cell lines [11, 12]. Cancer stem cells (CSCs) 
have been proposed as potential culprits not only of the 
tumor initiation and progression, but also of therapeutic 
failure and tumor relapse, mainly because of their intrinsic 
resistance to conventional drugs [13]. Growing evidence 
shows a connection between epigenetic abnormalities in 
cancer and subpopulations with stem cells-like traits [14–
16]. CSCs have been identified and characterized by the 
expression of markers, including CD133, CD44, aldehyde 
dehydrogenase (ALDH), side population [17–21], and by 
their cellular traits such as morphology, colony formation 
ability, and other aggressive behaviors [22]. Nowadays, 
several studies provide strong evidence for the existence 
of a cellular subpopulation with stem-like traits also in 
NSCLC [20, 22, 23], where the presence of these cells 
predicts a worse prognosis for patients [24]. Currently, 
the development of new treatment strategies that target 
CSCs, as well as the identification of new druggable 
pathways, are the main goals of anti-cancer therapy [25–
34]. Commercially available established cancer cell lines 
cannot account for the genetic diversity among patients 
or for the heterogeneity of tumor cells. Novel approaches 
directed at eradicating CSCs could be greatly strengthened 
by the use of patient-derived CSCs as cellular model for 
the discovery of compounds that can selectively target 
these cells [35]. In this context, we investigated the 
antitumor efficacy of CPTH6 using in vitro and in vivo 
models of spheroid patient-derived lung CSCs (LCSCs).

RESULTS

CPTH6 inhibits in vitro cell viability of human 
NSCLC cell lines

To evaluate the specific functional significance 
of HAT inhibition in human NSCLC, we explored cell 
proliferation of nine commercially available established 
NSCLC cell lines exposed to increasing concentrations 
of CPTH6, a novel Gcn5 and pCAF HAT inhibitor [12]. 

Cell lines were differentially sensitive to CPTH6 treatment 
with IC50 values at 72h ranging from 65 to 205μM (73μM 
for A549, 65μM for H1299, 77μM for Calu-1, 81μM for 
A427, 85μM for Calu-3, 205μM for HCC827, 147μM for 
H460, 198μM for H1975, 83μM for H1650) (Figure 1A,  
Supplementary Figure S1A). Consistent with the HAT 
inhibitory activity of CPTH6 [12], decreased acetylation of 
both histone H3 and α-tubulin was observed in H1299 cells, 
among the most sensitive cell lines, by Western blot analysis 
after 24h treatment with CPTH6 (Figure 1B). In order to 
investigate whether CPTH6 inhibition of cell viability 
was associated with cell death in NSCLC cells, H1299 
cells were treated with CPTH6 for 24h at concentrations 
ranging from 20 to 100μM, and cell survival was assessed. 
As reported in Figure 1C, after CPTH6 exposure the 
colony formation capacity was impaired when compared to 
untreated cells in a dose-dependent fashion. In particular, 
CPTH6 at 100μM induced a significant decrease of about 
80% cell colony formation compared with untreated 
controls. Of note, at the higher concentrations reduction of 
cell viability was accompanied by the presence of Sub-G1 
peak, annexin-V binding, pro-caspase 3 activation and 
cleavage of PARP, all parameters indicative of apoptosis 
(Figure 1D, 1E, 1F, Supplementary Figure S1B). Similarly, 
CPTH6 induced apoptosis in less than 10% of A549 cells 
(Figure 1D, 1E), even when they were exposed to 5 days 
treatment with CPTH6 (data not shown).

CPTH6 inhibits in vitro cell viability of 
patient-derived lung cancer stem-like cells 
(LCSCs)

Patient-derived cancer cells, isolated from 
NSCLC surgical specimens, are undifferentiated and 
highly clonogenic cells that are resistant to conventional 
chemotherapy [21]. LCSCs, cultured in serum-free medium 
containing EGF and basic-FGF in low adherent plate, grow 
as multicellular spheroids with properties of CSCs, as 
determined by highly tumorigenicity and expression of stem 
cell markers (Supplementary Table S1). These spheroid 
LCSCs represent a suitable cellular model to search new 
therapeutic options for lung cancer and to account for the 
genetic diversity among patients, or for the heterogeneity 
of tumor cells. To this aim, spheroid LCSC lines were 
exposed to increasing concentrations of CPTH6 for 
72 h. We found that CPTH6 had a stronger and significantly 
growth-inhibitory effect in these patient-derived spheroid 
cell lines than in established NSCLC lines (Figure 2A,  
Supplementary Figure S1C), with IC50 values ranging from 
12 to 67μM (21μM for LCSC136, 23μM for LCSC36, 
12μM for LCSC18, 36μM for LCSC196, 25μM for 
LCSC223, 29μM for LCSC229, 67μM for LCSC143). Of 
note, a dose- and time-dependent reduction of cell viability 
associated with an increased percentage of cells in Sub-G1 
phase was well evident in the LCSC136 representative line 
after CPTH6 treatment (Supplementary Figure S2A, S2B).
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Figure 1: CPTH6 inhibits in vitro cell viability of human NSCLC cell lines. A. Analysis of cell viability by MTT assay in the 
indicated established NSCLC cell lines exposed to CPTH6 concentrations ranging from 10 to 100μM for 72h. B. Western Blot analysis of 
α-tubulin, histone H3, acetylated α-tubulin (Ac-Tubulin) and histone H3 (Ac-H3) levels in H1299 cells treated for 24h with CPTH6 at the 
indicated concentrations. β-actin is shown as loading and transferring control. C. Representative images and quantification of colony assay 
performed on H1299 cells untreated or treated for 24h with CPTH6 at the indicated concentrations. Percentage of clonogenicity relative of 
treated versus untreated cells is reported. D. Flow cytometric quantification of sub-G1 DNA peak by propidium iodide staining in H1299 
and A549 cells untreated or treated with CPTH6 for 72h at the indicated concentrations. E. Flow cytometric analysis of apoptotic cells by 
AnnexinV/caspase-3 staining in H1299 and A549 cells untreated or treated for 72h with CPTH6 at the indicated concentrations. Treatment 
with cisplatin (20μM) for 24h represents positive control (Pos Contr). F. Western Blot analysis of PARP cleavage in H1299 cells treated for 
72h with CPTH6 at the indicated concentrations. HSP72/73 is shown as loading and transferring control. (A) The results are reported as 
“viability of drug-treated cells/viability of untreated cells” × 100 and represent the average ± SD of three independent experiments. (B, F) 
Western Blots representative of two independent experiments with similar results are shown. (A, C, D) The results represent the average ± 
SD of three independent experiments. p-values were calculated between untreated and treated cells. #,*p<0.01.
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Figure 2: CPTH6 inhibits in vitro cell viability and self-renewal of patient-derived lung cancer stem-like cells (LCSCs).  
A. Analysis of cell viability by CellTiter-Glo assay in the indicated patient-derived LCSC lines exposed to increasing concentrations 
of CPTH6 for 72h. B, C. Flow cytometric analysis of apoptotic cells by AnnexinV/PI staining in LCSC136 cells untreated or treated 
with CPTH6 at the indicated concentrations and exposure times in presence or absence of the pan-caspases inhibitor zVAD-fmk (zVAD, 
50μM). (B) The percentage of AnnexinV+/PI- (early apoptotic cells, lower right) and AnnexinV+/PI+ (late apoptotic cells, upper right), 
cells is shown. A representative experiment out of three with similar results is shown. (C) The results represent the average ± SD of three 
independent experiments. p-values were calculated between untreated and treated cells. #,*p<0.01. D. Analysis of cell viability by CellTiter-
Glo assay in patient-derived LCSC136 line untreated or treated with CPTH6 (30μM, 72h) in presence or absence of zVAD (50μM), 
Chloroquine (CQ, 25μM) and 3-methyladenine (3-MA, 0.5mM). (A, D) The results are reported as “viability of drug-treated cells/viability 
of untreated cells” × 100. (A, D) The results represent the average ± SD of three independent experiments. p-values were calculated 
between untreated and treated cells. *p<0.01.
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To better explore the mechanism of CPTH6 
cytotoxicity in LCSCs, we quantified the amount of 
apoptotic cells after treatment. As shown in Figure 2B, 
2C, a dose- and time-dependent induction of apoptotic cell 
death by CPTH6 treatment was well evident in LCSC136 
line. In particular, the percentage of annexinV+ cells 
dose-dependently increased up to about 30% and 80% 
in LCSC136 cells treated for 72h with 30 and 50μM, 
respectively. Similar results were obtained with LCSC36 
line (data not shown). In agreement with these data, 
PARP cleavage and phosphorylation of H2AX (γH2AX ) 
were already observed after exposure of LCSC136 line 
to 30μM CPTH6 for 72h, confirming the occurrence of 
apoptosis and DNA damage, respectively, in this line 
(Supplementary Figure S2C).

The addition of the pan-caspase inhibitor zVAD-
fmk to LCSC136 line significantly diminished CPTH6-
induced annexinV+ cells compared to cells that were 
treated with CPTH6 in the absence of zVAD-fmk (Figure 
2B, 2C). Caspases inhibition, at least in part, prevented 
the cytotoxic effect of CPTH6 in LCSC136 cells, partially 
restoring the viability of cells exposed to drug (Figure 2D).

This result suggests that additional cell death 
mechanisms might be induced by CPTH6. As we 
previously reported the ability of CPTH6 to modulate 
autophagy in established tumor cell lines of different 
origin [11], we determined whether autophagy may play 
a role in CPTH6 cytotoxicity observed in LCSCs. To 
this aim, LCSCs were treated for 72h with CPTH6 in the 
presence of autophagy and apoptosis inhibitors, or with a 
combination of the two (Figure 2D). Notably, treatment of 
cells with an early (3-methyladenine) or late (chloroquine) 
stage autophagy inhibitor did not significantly affect 
CPTH6-cytotoxic effect. On the other hand, the 
simultaneous presence of autophagy and apoptosis 
inhibitors was able to block CPTH6-induced death, 
indicating that cell death occurs through mechanisms that 
involves both pathways (Figure 2D).

Next, we were interested to find out whether there 
was any synergistic or additive effect of CPTH6 when 
combined with cisplatin or pemetrexed, the current first line 
chemotherapy agents for NSCLC patients [1]. As shown in 
Supplementary Figure S2D, combined treatment (ratio 10:1) 
of low dose of CPTH6 and cisplatin or pemetrexed induced 
in LCSC136 a decreased viability compared with single 
treatment. The combination index scores were 0.6 and 0.87 
for pemetrexed/CPTH6 and cisplatin/CPTH6 respectively, 
suggesting a synergistically increased cytotoxicity of 
combined treatment compared with single ones.

CPTH6 induces the loss of CSCs expression 
markers in LCSC36 line

To evaluate the effects of CPTH6 on CSCs 
phenotype, we analyzed the change in expression levels of 
CD133 and ALDH activity in LCSC36 line, characterized 

by CD133 positivity and high ALDH activity, upon 
exposure to CPTH6. As shown in Figure 3A, 3B 24h 
of CPTH6 treatment resulted in downregulation of both 
stem cell markers in a dose-dependent manner. To test the 
functional consequences of CPTH6-induced loss of the 
CSCs expression markers, we used a tumorsphere assay 
to measure the self-renewal of CSCs [36]. Spheroids 
LCSCs were treated with CPTH6 for 24h, and the effect 
of treatment on CSCs pool was determined in a secondary 
tumorsphere assay (Figure 3C, Supplementary Figure 
S3D). Intriguingly, treatment resulted in a reduction of 
self-renewal capacity in vitro in a dose-dependent manner 
in LCSC36 and in other two LCSC lines.

To investigate whether CPTH6 results in a reduction 
of stemness properties independently of its ability 
of triggering cell death, we performed a time course 
experiment to follow change in ALDH activity upon 
CPTH6 treatment. To this aim, cells were analyzed by 
gating on forward and side scatters as well as viability to 
exclude dead cells. As shown in Figure 3D, at 72h CPTH6 
treatment was not effective in downregulating stem cell 
marker in the alive population. Next, we treated spheroid 
cultures for 24h with CPTH6 and evaluated the change in 
expression levels of CD133 and ALDH activity (Figure 
3E, 3F) and tumor spheres formation (Figure 3G) at the 
end of treatment or after 72h from CPTH6 wash out. 
After 72h of treatment withdraw, we found a significantly 
induction of ALDH-positive cells content and CD133 
expression in viable LCSCs compared to the content found 
in LCSCs directly after the treatment. Similarly, we found 
that the CPTH6-induced loss of self-renewal capacity was 
reversed at 72h of treatment withdraw. Surprisingly, no 
significant difference were observed at highest dose, likely 
for high content of apoptotic cells (about 77%) in spheroid 
cultures at this time. These data suggest that LCSCs 
disappeared from the spheroid cultures by a process of cell 
death and that CPTH6 effect on CSCs pool is reversible.

HAT inhibition preferentially affects cell viability 
of patient-derived LCSC stem counterpart

We next compared the effect of CPTH6 on the 
survival of LCSCs grown as undifferentiated multicellular 
spheroids (Stem) or as differentiated cells in adherent 
conditions (Diff). Under the latter condition, lung cancer 
spheres adhered to the plastic and acquired the typical 
morphologic features of differentiated cells and lost the 
expression of CD133, confirming the specific expression 
of this antigen in undifferentiated cells (Supplementary 
Figure S3A, S3B). As shown in Figure 4, differentiated 
progeny of both LCSC136 (Figure 4A, 4C) and LCSC36 
(Figure 4B, 4D) cells were more resistant to CPTH6 
cytotoxicity when compared to their stem counterparts. 
As expected, 72h of CPTH6 exposure increased the 
percentage of apoptotic cells in both LCSC136 and 
LCSC36 cells in a dose-dependent manner when 
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Figure 3: CPTH6 induces the loss of CSCs expression markers in LCSC36 line. A. Flow cytometric quantification of ALDH 
activity in LCSC36 cells untreated or treated with CPTH6 for 24h at the indicated concentrations. B. Flow cytometric analysis of CD133 in 
LCSC36 cells untreated (blue) or treated with CPTH6 (10μM green, 30μM grey, 50μM red) for 24h. Black line represents negative control 
(neg, no addition of primary antibody to the cells). A representative experiment out of three with similar results is shown. C. Quantification 
of tumorsphere formation of the indicated LCSC lines treated for 24h with the indicated concentrations of CPTH6. D. Flow cytometric 
quantification of ALDH activity in LCSC36 cells untreated or treated with CPTH6 at the indicated concentrations and times. E, F. Flow 
cytometric quantification of (E) ALDH activity and (F) CD133 expression in LCSC36 cells treated with the indicated concentrations of 
CPTH6 for 24h (0h) or after 72h of treatment withdraw (72h post). G. Quantification of tumorsphere formation of LCSC36 line treated as 
reported in (E, F). (C, G) Data shown represent the percentage of spheres normalized to the number of seeded cells. (A, C-G) The results 
represent the average ± SD of three independent experiments. *p<0.01. (A, C, D) p-values were calculated between untreated and treated 
cells. (E-G) p-values were calculated between 0h and 72h post.
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Figure 4: HAT inhibition preferentially affects cell viability of LCSC stem counterpart. A, B. Analysis of cell viability by 
CellTiter-Glo assay in patient-derived LCSC136 (A) and LCSC36 (B) spheroids (Stem) and their differentiated progeny (Diff) exposed to 
increasing concentrations of CPTH6 for 72h. C, D. Flow cytometric quantification of apoptotic cells by AnnexinV/PI staining in LCSC136 
(C) and LCSC36 (D) spheroid cells (Stem) and their differentiated progeny (Diff) treated for 72h with CPTH6 at the indicated concentrations. 
E. Analysis of cell viability by CellTiter-Glo assay in patient-derived LCSC136 spheroids (Stem) and their differentiated progeny (Diff) exposed 
to increasing concentrations of pan-HAT inhibitor Curcumin (Curc) for 72h. F. Analysis of cell viability by CellTiter-Glo assay in patient-
derived LCSC136 spheroids cells exposed to increasing concentrations of CPTH6, and of CPTH6-analogues MC 3080 and MC 3150 for 72h. 
(A-F) The average ± SD of three independent experiments is shown. p-values were calculated between spheroid and differentiated cells. *p<0.01
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grown as tumor spheroids, whilst less than 10% of cell 
death was observed in CPTH6-treated differentiated 
progeny. Of note, accordingly with their stemness 
features, undifferentiated LCSCs were more resistant to 
commonly used antineoplastic agents, such as cisplatin 
(DDP), when compared to their differentiated progeny, 
which were overall more sensitive to drug-induced death 
(Supplementary Figure S3C).

To further address the importance of HAT inhibition 
in LCSC survival, we analyzed the effect of both p300/
CBP HAT inhibitors Curcumin [37] and C646 [38] on 
cell viability of LCSC136 line grown as undifferentiated 
multicellular spheroids (Stem) or as differentiated in 
adherent conditions (Diff). Interestingly, both Curcumin 
(Figure 4E) and C646 (Supplementary Figure S4B) 
reduced cell viability of LCSC136 cells grown as tumor 
spheroids, whilst differentiated progeny were more 
resistant to either Curcumin or C646 induced cell death 
(Figure 4E, Supplementary Figure S4B). We next analyzed 
the activity of two CPTH6 analogues, MC 3150 and MC 
3080 (Supplementary Figure S4A, 4F), which displayed 
very poor pCAF, but a p300 HAT enzyme inhibiting 
activity higher than prototype [8]. As reported in Figure 4F 
cell viability revealed that both analogues were less potent 
than CPTH6 in terms of growth inhibition on spheroids 
LCSC136 line. Of note, both compounds only very 
slightly affected the viability of differentiated comparted 
of LCSCs (Supplementary Figure S4B). Finally, the effect 
of different HAT inhibitors on CSCs was determined in 
a secondary tumorsphere assay (Supplementary Figure 
S4C), confirming the importance of HAT enzymes in the 
self-renewal of CSCs.

CPTH6 effect on cell viability correlates, 
not only to the extent to which protein 
hypoacetylation occurs, but also to the baseline 
level of acetylated α-tubulin

Next, we tested whether CPTH6 effect on 
undifferentiated and differentiated cells may be correlated 
with baseline expression of acetylated protein. Notably, 
Western blot analysis showed that both LCSC136 and 
36 cells grown as tumor spheroids have higher level of 
acetylated α-tubulin into K40 residue when compared to 
their differentiated progeny (Figure 5A). We also observed 
that CPTH6 treatment induced a significant time- and 
dose- dependent decrease of acetylated α-tubulin and 
histone H3 in stem LCSC136 cells. In particular, we 
observed a decrease of about 45% and 85% of histone 
H3 and α-tubulin acetylation, respectively upon 24h of 
treatment with 50μM CPTH6 (Figure 5B). On the contrary, 
the differentiated progeny was more resistant to reduction 
of protein acetylation, in fact the higher concentration 
of CPTH6 50μM induced a reduction of about 2% and 
35% in the level of acetylated tubulin and of about 23% 
and 35% in the level of acetylated histone H3 after 48h 

and 72h, respectively (Figure 5C). These results suggest 
that CPTH6 effect on sensitive cells may be predicted by 
baseline level of acetylated α-tubulin. Hence, in order to 
investigate whether baseline levels of acetylated α-tubulin 
could be related to sensitivity to CPTH6, intracellular 
baseline levels of acetylated α-tubulin were quantified 
in LCSC (n=6) and NSCLC (n=8) lines. As reported 
by Western blot analysis, α-tubulin was prominently 
acetylated in 4 out of 6 LCSC lines which are consistently 
more sensitive to the growth-inhibitory effects of CPTH6 
(Figure 5D, 5E). Such observation raises the interesting 
possibility that acetylated α-tubulin might represent a 
novel marker of sensitivity to HAT inhibition.

CPTH6 reduces the in vivo growth of LCSCs-
derived tumor xenografts

We next evaluated the effect of CPTH6 on in vivo 
tumor growth of patient-derived LCSC136 cell line. We 
have previously demonstrated the high bioavailability 
of CPTH6 [12], moreover daily treatment with CPTH6 
did not produce any adverse health effects as monitored 
by diet consumption, body weight loss, toxic death and 
postural and behavioral changes in mice. To determine 
the in vivo antitumor efficacy of CPTH6, LCSC136 
spheroids cells were injected subcutaneously into 
immunocompromised (NOD/SCID) mice. As showed 
in Figure 6A, 6B and according to in vitro data, CPTH6 
treatment strongly reduced tumor growth in LCSC136 
xenografts. We next evaluated by immunohistochemical 
analysis of tumor tissues, the impact of CPTH6 treatment 
on cell proliferation (Ki67), apoptosis (TUNEL) and DNA 
damage (γH2AX ) (Figure 6C). Decreased proliferation 
and enhanced apoptosis were observed in treated group, 
in particular, the proliferation was 21.6% in the untreated 
group versus 8.8% in the treated one, and apoptotic index 
increased from 3.65% in the untreated group to 35.5% in 
the treated one, indicating that CPTH6 had a strong anti-
proliferation and apoptosis-inducing effects (p<0.05). 
LCSC136 xenografts also displayed increased γH2AX  
labeling, confirming a drug-induced DNA damage 
response in tumor specimens. We also analyzed the effect 
of CPTH6 on protein acetylation in tumor specimens 
recovered after 3 weeks of in vivo treatment. Accordingly 
to our in vitro results, we confirmed the ability of CPTH6 
to inhibit α-tubulin acetylation also in vivo (Figure 6D). 
Cellular lysates from CPTH6-treated tumors displayed a 
reduction of α-tubulin acetylation levels when compared 
to that of untreated tumors, thus confirming IHC results 
and linking the acetyltransferase inhibition activity to the 
antitumor activity in xenografts (Figure 6E).

To gain more insights into the ability of CPTH6 
to target LCSCs in vivo, we decided to perform 
immunohistochemical and Western Blot analyses for 
the CSC marker Nanog which is well expressed in this 
LCSC136 line. We found only a slight difference in 
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Figure 5: CPTH6 effect correlates, not only to the extent to which protein hypoacetylation occurs, but also to baseline 
level of acetylated α-tubulin. A. Western Blot (left panel) and relative densitometric analyses (right panel) of α-tubulin and acetylated 
α-tubulin (Ac-Tubulin) in LCSC136 and LCSC36 lines grown as spheroid cells (Stem) or in adherent conditions (Diff). B, C. Western Blot 
(left panel) and relative densitometric (right panel) analyses of α-tubulin, histone H3, acetylated α-tubulin (Ac-Tubulin) and histone H3 (Ac-
H3) levels in LCSC136 spheroid (B) and LCSC136 differentiated (C) cells treated with CPTH6 at the indicated concentrations and times. 
Protein levels were quantified by densitometric analyses and ratio between protein of interest and loading control is presented. D. Western Blot 
analysis of α-tubulin and acetylated α-tubulin (Ac-Tubulin) in the indicated established NSCLC and patient-derived LCSC lines. E. Correlation 
between acetylated α-tubulin level (high, low) and CPTH6 sensitivity (IC50 values) by Mann-Whitney test in NSCLC and patient-derived 
LCSC cells. The y-axis shows the CPTH6 concentration causing a 50% inhibition of cell viability (IC50). p value is 0.007. (A-D) β-actin is 
shown as loading and transferring control. Western blots representative of two independent experiments with similar results are shown.
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Figure 6: CPTH6 reduces the in vivo growth of LCSCs-derived tumor xenografts. A, B. Analysis of in vivo tumor growth in 
NOD/SCID mice inoculated subcutaneously with 2.5×105 LCSC136 cells and treated i.p. with CPTH6 (50mg/Kg; 5 days every 24h for 3 
weeks). C, D. Representative images of immunohistochemical detection of (C) apoptosis by TUNEL assay, proliferation by Ki67 staining, 
DNA damage by γH2AX protein staining and Nanog protein expression (D) and acetylated α-tubulin  (Ac-Tubulin) level in LCSC136-
derived tumors from untreated or treated mice with CPTH6 as reported in (A). Magnification 200×. Scale bar, 100μm. E. Western Blot 
analysis of α-tubulin and Nanog proteins expression and acetylated α-tubulin (Ac-Tubulin) level in LCSC136-derived tumors lysates 
from untreated or treated mice with CPTH6 as reported in (A). HSP72/73 is shown as loading and transferring control. Western blots 
representative of two independent experiments with similar results are shown. (B) The average ± SD of two independent experiments is 
shown. p-values were calculated between untreated and treated tumors. *p<0.01.
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the number of Nanog-positive cells in CPTH6-treated 
xenografts when compared to untreated xenografts. 
Nevertheless, Nanog-positive cells in CPTH6-treated 
samples but not in untreated ones, were often associated 
to the presence of apoptotic bodies, thus suggesting that 
treatment induces LCSCs death in vivo. We subsequently 
determined whether similar preferential targeting of 
CSCs occurs also in vivo, by analyzing tumor-initiating 
frequency (TIF) in a limiting dilution assay. To this aim 
after two weeks of treatment, cells dissociated from 
either CPTH6- or vehicle-treated tumors were injected 
into NOD/SCID mice in limiting dilution to evaluate 
the tumor forming ability (Table 1). Of note, cells from 
CPTH6-treated tumors displayed a 5-fold reduction of 
TIF, confirming reduction of CSCs in tumors by CPTH6 
treatment.

DISCUSSION

Several epigenetic inhibitors have been developed 
and shown to induce differentiation, growth arrest, or 
apoptosis in tumor cells [7–10, 39–41]. Among them, we 
previously characterized the thiazole derivative CPTH6, as 
a novel HAT inhibitor that activates the apoptotic program 
and modulates the autophagic flux in human tumor cell 
lines [11, 12].

Targeting CSCs to suppress tumor growth is a 
major focus in current cancer research [26, 28–31, 33, 35, 
42–45]. To investigate the functional significance of HAT 
inhibition in NSCLC and in targeting CSCs, in this study 
we used a panel of well-characterized established NSCLC 
and spheroid patient-derived LCSC lines. The latters 
display several stem cell-associated properties including 
self-renewal capability, higher clonogenic potential, 
resistance to chemotherapy and the expression of diverse 
CSCs markers, such as CD133, ALDH1 (detected as 
ALDH activity), Nanog and CD44. Noteworthy, none of 
analyzed markers showed a high and consistent expression 
in all the spheroids patient-derived LCSC lines, that were 
used in this study, thus confirming the heterogeneity in 
lung CSCs marker expression [46–48]. Our results show 
that CPTH6 preferentially inhibits cell viability and 
activates the apoptotic program of spheroid LCSCs with 
properties of CSCs. Interestingly, CPTH6 treatment is 

more efficient in LCSCs than in NSCLC commercially 
available cell lines. Unlike LCSC models, in which 
CPTH6 treatment induces apoptosis even at low doses, in 
established NSCLC lines CPTH6 triggers a low percentage 
of apoptotic cells only when high concentrations and time 
of exposure are used.

CPTH6 induces in spheroid LCSCs a form of 
cell death that resembles canonical caspases-dependent 
apoptosis associated with DNA damage as documented 
by appearance of Sub-G1 peak, annexin-V binding, 
PARP cleavage, and increased of H2AX phosphorylation. 
Conceivably, the effect of CPTH6 on DNA damage may 
be due to its ability to block not only H3 acetylation 
but also other histone acetylation marks, such as K16 
acetylation of H4 histone, that promotes double-strand 
breaks repair [49] or to influence non-histone acetylated 
proteins that are involved in DNA damage and repair 
such as p53, ATM, Ku70 and Exo1 [50]. Noteworthy, 
single-agent antitumor activity was observed in spheroid 
LCSC-derived models treated with CPTH6, without signs 
of toxicity as evidenced by body weight measurement, 
diet consumption, toxic death and postural and behavioral 
changes of mice. CPTH6 treatment reduced the growth 
of LCSC-derived tumors and significantly increased the 
amount of apoptotic and DNA damaged cells present in 
the xenografts. By contrast, CPTH6 treatment had only 
a moderate not significant inhibitory effect and did not 
induce apoptosis in H1299 xenografts (data not shown). 
Notably, the preferential targeting of lung population with 
CSC properties by CPTH6 is also underscored by the 
evidence that its anti-tumor effect is accompanied in vivo 
by a decrease in stem cell markers, as Nanog. Moreover, 
Nanog-positive cells in CPTH6-treated samples but not 
in untreated one, were often associated to the presence of 
apoptotic bodies, thus suggesting the treatment induces 
selectively LCSCs death. CPTH6 also preferentially 
reduced the proportion of cells with self-renewal potential 
as measured by secondary tumorsphere assays and by 
tumor-initiating capability following limiting dilution 
re-implantation of cells into secondary immunodeficient 
mice. By using different HAT inhibitors, we also 
provide clear evidence that inhibition of HAT confers 
a strong preferential inhibitory effect on cell viability 
of undifferentiated LCSC lines when compared to their 

Table 1: In vivo limiting diluition assay showing that CPTH6 reduced tumor-initiating capability of LCSC136

Cells (n) Untreated CPTH6

250000 9(8) 9(3)

50000 9(3) 9(1)

TIF 1/118000 1/570000

P=0.00532

Cells dissociated from LCSC 136 tumors were re-implanted in limiting dilutions into flank of NOD/SCID 
immunodeficient mice. The number of mice that grew tumors at week 8 out of total of 9 mice per group (in parenthesis) is 
tabulated. Tumor Initiating formation (TIF) was calculated using the ELDA software.
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differentiated progeny. Of note, two compounds closely 
related to CPTH6 which displayed higher p300 and very 
poor pCAF inhibiting activity [8], and the specific p300 
inhibitor C646, were less/comparably potent than CPTH6 
in terms of growth inhibition on spheroids but very slightly 
affected the viability of differentiated LCSC.

Our results are also in agreement with papers 
reporting that epigenetic modulation, using chromatin 
modifiers, appears as an encouraging means to control 
CSCs fate [51, 52]. In this context, a dual role of 
histone acetylation in embryonic stem cell pluripotency 
maintenance and differentiation [24], as well as the ability 
of several epigenetic compounds to modulate stem cells 
and tumor cell differentiation, has been shown [53, 54]. 
CPTH6 effect on cell viability seems to be correlated 
not only to the extent to which protein hypoacetylation 
occurs but also to baseline level of acetylated α-tubulin, 
which was particularly prominent in sensitive LCSCs. 
LCSC lines are more sensitive than established NSCLC 
cells not only in terms of loss of cell viability, but also in 
the decreasing of proteins acetylation. In fact, a different 
response in decreasing of their acetylation level of H3 
histone and α-tubulin after CPTH6 treatment was observed 
in undifferentiated LCSC lines when compared to their 
differentiated progeny. Of note, differentiated progeny of 
LCSC lines have lower level of expression of acetylated 
α-tubulin when compared to relative LCSCs grown as 
multicellular spheroids.

Acetylated tubulin is implicated in a broad range of 
cell functions including intracellular endoplasmic reticulum 
(ER) localization and ER-mitochondria interactions [55] 
as well as the regulation of microtubule dynamics [56]. 
Recently, high level of acetylated tubulin expression 
have been found correlated with a higher tumor grade in 
squamous cell carcinoma of the head and neck [57], and 
its expression has been suggested as a prognostic marker 
in epithelial malignancies and as a marker for sensitivity 
to chemotherapy [58]. A relationship between high level 
of α-tubulin acetylation and metastatic behaviour of basal-
like breast cancers, it has been also recently reported [59]. 
Hence, level of α-tubulin acetylation may represent a 
reliable biomarker for predicting response to HATi treatment 
to identify patients likely to benefit from these drugs. 
Strikingly, the ability of CPTH6 to inhibit tubulin acetylation 
was confirmed also in vivo. Even if further studies should be 
performed to fully address the possibility that the effects on 
tubulin acetylation could be responsible for the apoptosis 
and tumor growth inhibition, emerging data support a 
role for tubulin in the execution of cell death in response 
to stress. In particular, tubulin has been demonstrated 
to interact with regulators of mitochondrial membrane 
permeability and apoptosis [60]. Tubulin acetylation occurs 
on lysine 40 (K40) by the α-tubulin acetyltransferase 1 
(ATAT1, [61]) an acetyltransferase belonging to the Gcn5 
HAT family. Our results showing that α-tubulin levels 
correlate with drug sensitivity enforce the evidence that 

ATAT1 could be another direct target of CPTH6 and that 
level of acetylated tubulin may be a predictive biomarker of 
response to this class of HAT inhibitors.

Indeed, we cannot exclude that tubulin acetylation 
status may be a new marker for CSCs. Additional studies 
using a larger number of patient-derived cells with stem 
cells features are necessary to determine the significance 
of α-tubulin acetylation as a CSCs marker.

Overall, we demonstrated CPTH6 antitumor activity 
in both stem and non-stem cell populations, thus the 
proposed approach may represent a potentially successful 
therapeutic strategy from both a classical hierarchical 
static model of CSCs point of view and a dynamic 
stemness perspective.

MATERIALS AND METHODS

Cell culture and reagents

Human commercially available established NSCLC 
lines (H1299, H460, A549, H1650, Calu-1, Calu-3, A427, 
H1975, HCC827) were cultured in 10% inactivated 
fetal bovine serum (HyClone, Thermoscientific, South 
Logan, UT) in RPMI medium (EUROCLONE, Milan, 
IT). LCSC18, LCSC36, LCSC136, LCSC196, LCSC223, 
LCSC229, LCSC143 lines were isolated from lung 
patients, and cultured as spheroid cultures in CSCs 
medium [21, 62]. LCSCs differentiation was obtained by 
growing cells in adherent conditions for 24h in DMEM 
10% plus fetal bovine serum (HyClone, ThermoScientific) 
and for 3 additional days in Bronchial Epithelial Cell 
Growth Medium (Cambrex, East Rutherford, NJ, 
USA). 3-Methylcyclopentylidene-[4-(4’-chlorophenyl)
thiazol-2-yl]hydrazone (CPTH6) was dissolved in 
dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, 
MO, USA) and diluted to the final concentrations in 
complete medium. For all the experiments cells were 
treated with 1% DMSO, as control. After 24h from 
seeding, exponentially growing cells were treated with 
CPTH6 at concentrations ranging from 1 to 100μM  for 
24-120h. zVAD-fmk (zVAD, 50μM, Sigma-Aldrich), 
3-methyladenine (3-MA, 0.5mM, Sigma-Aldrich) and 
chloroquine (CQ, 25μM, Sigma-Aldrich) were dissolved 
in DMSO.

Cell viability, clonogenic and tumorsphere 
formation assays

The inhibitory effect of CPTH6 on i) NSCLC cell 
growth by measuring 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide inner salt (MTT, Sigma-
Aldrich) dye absorbance of cells, and ii) spheroids 
LCSCs cell growth by quantitation of the ATP present 
in metabolically active cells using CellTiter-Glo® 
Luminescent (Promega, Fitchburg, Wisconsin, USA). 
Manifacturer’s protocol was followed. To evaluate the 
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cell colony-forming ability, cell suspensions from different 
samples were seeded into 60-mm Petri dishes for 10 days. 
Colonies were stained with 2% methylene blue in 95% 
ethanol and counted (1 colony>50 cells). The surviving 
fractions were calculated as the ratio of absolute survival 
of the treated sample/survival of untreated control sample. 
For combination treatment, cells were treated with each 
drug, either alone or in combination, as follows: (a) 
CPTH6 (b) Pemetrexed or cisplatin (c) Pemetrexed or 
cisplatin followed by CPTH6. Data were analyzed by 
the median-effect method (CalcuSyn software, Biosoft) 
to determine the combination index (CI) [62]. For 
tumorsphere assay, spheroid cultures were recovered 
after treatment, counted and seeded in 24-well ultra low-
attachment surface plates at a density of 5×102 cells/
well and cultured as previously described. After 10 days, 
spheres were photographated and counted. Data shown 
represent the percentage of spheres normalized to the 
number of seeded cells.

Flow cytometric analysis

Cell cycle distribution by PI staining and apoptosis 
by AnnexinV-FITC (BD biosciences, San Diego, CA, 
USA)/PI staining were performed as previously described 
[62]. For analysis of CD133+ subpopulation, the cells 
were washed with PBS, and then incubated with antibody 
against CD133/1 conjugated with phycoerythrin (PE; 
MiltenyiBiotec, BergischGladbach, Germany) on ice 
in the dark for 20 min. After the cells had been washed 
with PBS, the CD133+ and CD133− populations were 
analyzed by FACS. Active caspase-3 Apoptosis Kit (BD 
biosciences) was used to detect the heterodimer of 17 and 
12 kDa subunits, which is derived from the pro-enzyme. 
For annexinV and caspase-3 double staining, cells were 
washed with 1× binding buffer and then incubated 
with FITC annexinV (BD biosciences ) for 15 min at 
room temperature in the dark. After annexinV staining, 
caspase-3-PE staining was performed on the same cells 
following manufacturer instructions. ALDH activity was 
evaluated by ALDEFLUOR kit (ALDH, STEMCELL 
Tecnologies, Vancouver, BC, Canada) following 
manufacturer instructions. All flow cytometric analyses 
were performed by using BD Accuri™ C6 flow cytometer 
(BD biosciences).

Western blot analysis

Western blot analyses of total protein extracts were 
performed as previously described [12]. Immunodetection 
was performed using antibodies directed to: H3 histone 
(abcam), H3 acetylated histone (Millipore, Billerica, MA, 
USA), α-tubulin (DM1A) (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), acetyl-α-tubulin (K40) (Sigma-
Aldrich), γH2AX (Ser139) (Millipore), PARP cleaved 
(Millipore), PARP (Santa Cruz Biotechnology) β-actin 

(Sigma-Aldrich), HSP72/73 (Calbiochem, San Diego, 
CA, USA), anti-mouse or anti-rabbit immunoglobulin 
G (IgG)-horseradish peroxidase conjugated antibodies 
(Cell Signaling; Amersham Biosciences, Freiburg, 
Germany). Antibody binding was visualized by enhanced 
chemiluminescence method (Amersham Biosciences) 
according to manufacturer’s specification and recorded 
on autoradiographic film (Amersham Biosciences). 
Densitometric evaluation was performed using Image J 
software and normalized with relative controls depending 
on the Analysis.

In vivo experiments

All procedures involving animals and their care 
were authorized and certified by the decree n. 67/97A of 
the Italian Minister of Health and protocol 2560/97 of the 
Rome Health Service Unit (ASL – RMB)

For in vivo experiments, CPTH6 was dissolved in 
Carboxymethyl cellulose (Sigma, C9481). To evaluate 
the effect of CPTH6 on tumor growth, 2.5×105 LCSC136 
cells were resuspended in 200 μl of matrigel (2.5mg/ml, 
BD Biosciences, 354234) and injected subcutaneously 
into 6-8 week-old female immunocompromised (NOD/
SCID) mice (10 for each group). For H1299 xenografts, 
5×106 cells were injected intramuscularly into 6-8 
week-old female immunodeficient athymic nude (nu/
nu) mice (10 for each group). Intraperitoneal treatment 
with CPTH6 (50 or 100mg/Kg) every 24h started when 
tumors were palpable (about 20 and 80 days after cell 
injection for H1299 and for LCSC136 respectively), and 
stopped after three weeks. Mice survival was calculated by 
euthanizing the animals when the tumors reached 2.0 gr. 
The experiments were repeated twice. Immediately after 
sacrifice the formed tumors were removed and cut in two. 
One half was frozen in liquid nitrogen and stored at −80C 
for Western blot analysis, and one half was fixed in 4% 
buffered formalin and routinely paraffin embedded for 
Immunohistochemistry analysis.

For the limiting dilution assay, cells dissociated 
from xenograft tumors were admixed with Matrigel and 
subcutaneously injected in limiting dilutions into NOD/
SCID mice to evaluate the tumor forming. Tumor-
initiating frequency (TIF) was calculated using the ELDA 
Software [63].

Immunohistochemistry (IHC) and In vivo 
Terminal DeoxynucleotidylTransferase-Mediated 
Nick End Labeling (TUNEL) assay

Phosphorylated form of H2AX, α-tubulin 
acetylation, Ki-67 and Nanog expression were 
evaluated, by IHC on paraffin embedded sections cut 
from tumor xenografts, using the following antibodies: 
γH2AX(Ser139, Millipore), Ki-67 (MIB-1, Dako, 
Milan, Italy), Nanog (Cell Signaling), acetyl-α-tubulin 
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(K40) (Sigma-Aldrich). For each tumor, three different 
5μm paraffin sections were analyzed and examined 
by light microscopy. Sections were scanned at 200× 
magnification. H2AX and Ki-67 nuclear immunoreaction 
of tumor cells was counted in four high-power fields 
(400× magnification) per section. For each tumor, counts 
were averaged to determine the number of positive 
cells. Immunoreactions were revealed by a streptavidin-
biotin enhanced immunoperoxidase technique in an 
automated autostainer (BondTM Max, Leica BioSystem). 
The immunohistochemical detection of apoptosis was 
performed by TUNEL assay using a commercial kit 
(In Situ Cell Death Detection Kit, POD, Roche). The 
assay was performed according to the manufacturer’s 
instructions. For each tumor, three different 5μm frozen 
sections were analyzed and examined by light microscopy. 
Sections were scanned at 200× magnification. Apoptosis 
of tumor cells was counted in four high-power fields (400× 
magnification) per section. Evaluation of the IHC results 
was performed independently and in blinded manner by 
two investigators.

Statistics

Experiments were replicated three times, unless 
otherwise indicated, and the data were expressed as 
average ± standard deviation (SD). Differences between 
groups were analyzed with a two-sided paired or 
unpaired t test and were considered to be statistically 
significant for p<0.05. Mann-Whitney test were used for 
correlation studies.

ACKNOWLEDGMENTS

We are grateful to Dr. Adele Petricca for secretarial 
assistance and Dr. Simone Bonacelli for English revision. 
The authors would like to thank Barbara Antoniani for her 
helpful technical assistance.

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

GRANT SUPPORT

Dr. Daniela Trisciuoglio is recipient of a fellowship 
from the Umberto Veronesi Foundation. This work 
was supported by grants from the Italian Association 
for Cancer Research (MFAG 11502, DT; and 5 × 
1000 AIRC, 9979, DDB, MM), RF-2010-2318330 
grant (AM), IIT-Sapienza Project (AM), FP7 Projects 
BLUEPRINT/282510 and A-PARADDISE/602080(AM), 
Sapienza Ateneo Award Project 2014 (DR), PRIN 2012 
(prot.2012CTAYSY)(DR).

REFERENCES

1. Siegel R, Ward E, Brawley O, Jemal A. Cancer statistics, 
2011: the impact of eliminating socioeconomic and racial 
disparities on premature cancer deaths. CA. 2011; 61: 
212-236.

2. Black A, Morris D. Personalized medicine in metastatic non-
small-cell lung cancer: promising targets and current clinical 
trials. Current oncology (Toronto, Ont.). 2012; 19: S73-85.

3. Barlesi F, Giaccone G, Gallegos-Ruiz MI, Loundou A, 
Span SW, Lefesvre P, Kruyt FA, Rodriguez JA. Global 
histone modifications predict prognosis of resected non 
small-cell lung cancer. Journal of clinical oncology. 2007; 
25: 4358-4364.

4. Lawless MW, Norris S, O’Byrne KJ, Gray SG. Targeting 
histone deacetylases for the treatment of disease. Journal of 
Cellular and Molecular Medicine. 2009; 13: 826-852.

5. Juergens RA, Wrangle J, Vendetti FP, Murphy SC, Zhao 
M, Coleman B, Sebree R, Rodgers K, Hooker CM, Franco 
N, Lee B, Tsai S, Delgado IE, et al. Combination epigenetic 
therapy has efficacy in patients with refractory advanced non-
small cell lung cancer. Cancer discovery. 2011; 1: 598-607.

6. Manzo F, Tambaro FP, Mai A, Altucci L. Histone acetyl-
transferase inhibitors and preclinical studies. Expert opinion 
on therapeutic patents. 2009; 19: 761-774.

7. Gao C, Bourke E, Scobie M, Famme MA, Koolmeister T, 
Helleday T, Eriksson LA, Lowndes NF, Brown JA. Rational 
design and validation of a Tip60 histone acetyltransferase 
inhibitor. Scientific reports. 2014; 4: 5372.

8. Carradori S, Rotili D, De Monte C, Lenoci A, D’Ascenzio 
M, Rodriguez V, Filetici P, Miceli M, Nebbioso A, Altucci 
L, Secci D, Mai A. Evaluation of a large library of (thiazol-
2-yl)hydrazones and analogues as histone acetyltransferase 
inhibitors: enzyme and cellular studies. European journal of 
medicinal chemistry. 2014; 80: 569-578.

9. Castellano S, Milite C, Feoli A, Viviano M, Mai A, 
Novellino E, Tosco A, Sbardella G. Identification of 
Structural Features of 2-Alkylidene-1,3-Dicarbonyl 
Derivatives that Induce Inhibition and/or Activation of 
Histone Acetyltransferases KAT3B/p300 and KAT2B/
PCAF. ChemMedChem. 2015; 10:144-57.

10. Lenoci A, Tomassi S, Conte M, Benedetti R, Rodriguez 
V, Carradori S, Secci D, Castellano S, Sbardella G, Filetici 
P, Novellino E, Altucci L, Rotili D, et al. Quinoline-based 
p300 histone acetyltransferase inhibitors with pro-apoptotic 
activity in human leukemia U937 cells. ChemMedChem. 
2014; 9: 542-548.

11. Ragazzoni Y, Desideri M, Gabellini C, De Luca T, 
Carradori S, Secci D, Nescatelli R, Candiloro A, Condello 
M, Meschini S, Del Bufalo D, Trisciuoglio D. The thiazole 
derivative CPTH6 impairs autophagy. Cell death & disease. 
2013; 4: e524.

12. Trisciuoglio D, Ragazzoni Y, Pelosi A, Desideri M, 
Carradori S, Gabellini C, Maresca G, Nescatelli R, Secci 



Oncotarget11346www.impactjournals.com/oncotarget

D, Bolasco A, Bizzarri B, Cavaliere C, D’Agnano I, et al. 
CPTH6, a thiazole derivative, induces histone hypoacety-
lation and apoptosis in human leukemia cells. Clinical can-
cer research. 2012; 18: 475-486.

13. Frank NY, Schatton T, Frank MH. The therapeutic prom-
ise of the cancer stem cell concept. The Journal of clinical 
investigation. 2010; 120: 41-50.

14. Qiao Y, Wang R, Yang X, Tang K, Jing N. Dual Roles 
of Histone H3 Lysine 9 Acetylation in Human Embryonic 
Stem Cell Pluripotency and Neural Differentiation. The 
Journal of biological chemistry. 2015; 290:2508-20.

15. Tollervey JR, Lunyak VV. Epigenetics: judge, jury 
and executioner of stem cell fate. Epigenetics. 2012; 7: 
823-840.

16. Shukla S, Meeran SM. Epigenetics of cancer stem cells: 
Pathways and therapeutics. Biochimica et biophysica acta. 
2014; 1840: 3494-3502.

17. Kim MP, Fleming JB, Wang H, Abbruzzese JL, Choi W, 
Kopetz S, McConkey DJ, Evans DB, Gallick GE. ALDH 
activity selectively defines an enhanced tumor-initiating cell 
population relative to CD133 expression in human pancre-
atic adenocarcinoma. PloS one. 2011; 6: e20636.

18. Kemper K, Grandela C, Medema JP. Molecular iden-
tification and targeting of colorectal cancer stem cells. 
Oncotarget. 2010; 1: 387-395. doi:10.18632/oncotarget.173.

19. Croker AK, Goodale D, Chu J, Postenka C, Hedley BD, 
Hess DA, Allan AL. High aldehyde dehydrogenase and 
expression of cancer stem cell markers selects for breast 
cancer cells with enhanced malignant and metastatic abil-
ity. Journal of Cellular and Molecular Medicine. 2009; 13: 
2236-2252.

20. Eramo A, Haas TL, De Maria R. Lung cancer stem cells: 
tools and targets to fight lung cancer. Oncogene. 2010; 29: 
4625-4635.

21. Eramo A, Lotti F, Sette G, Pilozzi E, Biffoni M, Di 
Virgilio A, Conticello C, Ruco L, Peschle C, De Maria R. 
Identification and expansion of the tumorigenic lung cancer 
stem cell population. Cell death and differentiation. 2008; 
15: 504-514.

22. Prince ME, Sivanandan R, Kaczorowski A, Wolf GT, 
Kaplan MJ, Dalerba P, Weissman IL, Clarke MF, Ailles 
LE. Identification of a subpopulation of cells with cancer 
stem cell properties in head and neck squamous cell carci-
noma. Proceedings of the National Academy of Sciences of 
the United States of America. 2007; 104: 973-978.

23. Gottschling S, Schnabel PA, Herth FJ, Herpel E. Are we 
missing the target? Cancer stem cells and drug resistance in 
non-small cell lung cancer. Cancer genomics & proteomics. 
2012; 9: 275-286.

24. Ooi AT, Mah V, Nickerson DW, Gilbert JL, Ha VL, Hegab 
AE, Horvath S, Alavi M, Maresh EL, Chia D, Gower AC, 
Lenburg ME, Spira A, et al. Presence of a putative tumor-
initiating progenitor cell population predicts poor prog-
nosis in smokers with non-small cell lung cancer. Cancer 
research. 2010; 70: 6639-6648.

25. Gupta PB, Onder TT, Jiang G, Tao K, Kuperwasser C, 
Weinberg RA, Lander ES. Identification of selective inhibi-
tors of cancer stem cells by high-throughput screening. Cell. 
2009; 138: 645-659.

26. Patel N, Baranwal S, Patel BB. A strategic approach to 
identification of selective inhibitors of cancer stem cells. 
Methods in molecular biology (Clifton, N.J.). 2015; 1229: 
529-541.

27. Liu S, Ye D, Guo W, Yu W, He Y, Hu J, Wang Y, Zhang L, 
Liao Y, Song H, Zhong S, Xu D, Yin H, et al. G9a is essen-
tial for EMT-mediated metastasis and maintenance of can-
cer stem cell-like characters in head and neck squamous cell 
carcinoma. Oncotarget. 2015; 6: 6887-6901. doi:10.18632/
oncotarget.3159.

28. Shibuya K, Okada M, Suzuki S, Seino M, Seino S, Takeda 
H, Kitanaka C. Targeting the facilitative glucose trans-
porter GLUT1 inhibits the self-renewal and tumor-initiating 
capacity of cancer stem cells. Oncotarget. 2015; 6: 651-661. 
doi:10.18632/oncotarget.2892.

29. Yi T, Kabha E, Papadopoulos E, Wagner G. 4EGI-1 targets 
breast cancer stem cells by selective inhibition of transla-
tion that persists in CSC maintenance, proliferation and 
metastasis. Oncotarget. 2014; 5: 6028-6037. doi: 10.18632/
oncotarget.2112.

30. Sai S, Wakai T, Vares G, Yamada S, Kamijo T, Kamada T, 
Shirai T. Combination of carbon ion beam and gemcitabine 
causes irreparable DNA damage and death of radioresis-
tant pancreatic cancer stem-like cells in vitro and in vivo. 
Oncotarget. 2015; 6: 5517-5535. doi:10.18632/oncotarget.3584.

31. Davies AH, Reipas K, Hu K, Berns R, Firmino N, Stratford 
AL, Dunn SE. Inhibition of RSK with the novel small-
molecule inhibitor LJI308 overcomes chemoresistance by 
eliminating cancer stem cells. Oncotarget. 2015; 6: 20570-
20577. doi: 10.18632/oncotarget.4135.

32. Bartucci M, Svensson S, Romania P, Dattilo R, Patrizii 
M, Signore M, Navarra S, Lotti F, Biffoni M, Pilozzi E, 
Duranti E, Martinelli S, Rinaldo C, et al. Therapeutic tar-
geting of Chk1 in NSCLC stem cells during chemotherapy. 
Cell death and differentiation. 2012; 19: 768-778.

33. Bongiorno-Borbone L, Giacobbe A, Compagnone M, 
Eramo A, De Maria R, Peschiaroli A, Melino G. Anti-
tumoral effect of desmethylclomipramine in lung can-
cer stem cells. Oncotarget. 2015; 6: 16926-16938. doi: 
10.18632/oncotarget.4700.

34. Ponnurangam S, Dandawate PR, Dhar A, Tawfik OW, 
Parab RR, Mishra PD, Ranadive P, Sharma R, Mahajan 
G, Umar S, Weir SJ, Sugumar A, Jensen RA, et al. 
Quinomycin A targets Notch signaling pathway in pancre-
atic cancer stem cells. Oncotarget. 2016; 7:3217-3232. doi: 
10.18632/oncotarget.6560.

35. Nishi M, Akutsu H, Kudoh A, Kimura H, Yamamoto N, 
Umezawa A, Lee SW, Ryo A. Induced cancer stem-like cells 
as a model for biological screening and discovery of agents 
targeting phenotypic traits of cancer stem cell. Oncotarget. 
2014; 5: 8665-8680. doi:10.18632/oncotarget.2356.



Oncotarget11347www.impactjournals.com/oncotarget

36. Lee CH, Yu CC, Wang BY, Chang WW. Tumorsphere as 
an effective in vitro platform for screening anti-cancer stem 
cell drugs. Oncotarget. 2016; 7:1215-1226. doi: 10.18632/
oncotarget.6261.

37. Piaz FD, Vassallo A, Rubio OC, Castellano S, Sbardella G, 
De Tommasi N. Chemical biology of histone acetyltrans-
ferase natural compounds modulators. Molecular diversity. 
2011; 15: 401-416.

38. Bowers EM, Yan G, Mukherjee C, Orry A, Wang L, 
Holbert MA, Crump NT, Hazzalin CA, Liszczak G, Yuan 
H, Larocca C, Saldanha SA, Abagyan R, et al. Virtual 
ligand screening of the p300/CBP histone acetyltransfer-
ase: identification of a selective small molecule inhibitor. 
Chemistry & biology. 2010; 17: 471-482.

39. Valente S, Trisciuoglio D, Tardugno M, Benedetti R, 
Labella D, Secci D, Mercurio C, Boggio R, Tomassi S, Di 
Maro S, Novellino E, Altucci L, Del Bufalo D, et al. tert-
Butylcarbamate-containing histone deacetylase inhibitors: 
apoptosis induction, cytodifferentiation, and antiprolifera-
tive activities in cancer cells. ChemMedChem. 2013; 8: 
800-811.

40. Valente S, Trisciuoglio D, De Luca T, Nebbioso A, Labella 
D, Lenoci A, Bigogno C, Dondio G, Miceli M, Brosch 
G, Del Bufalo D, Altucci L, Mai A. 1,3,4-Oxadiazole-
containing histone deacetylase inhibitors: anticancer activi-
ties in cancer cells. Journal of medicinal chemistry. 2014; 
57: 6259-6265.

41. Chimenti F, Bizzarri B, Maccioni E, Secci D, Bolasco A, 
Chimenti P, Fioravanti R, Granese A, Carradori S, Tosi F, 
Ballario P, Vernarecci S, Filetici P. A novel histone acet-
yltransferase inhibitor modulating Gcn5 network: cyclo-
pentylidene-[4-(4’-chlorophenyl)thiazol-2-yl)hydrazone. 
Journal of medicinal chemistry. 2009; 52: 530-536.

42. Zeuner A, Francescangeli F, Contavalli P, Zapparelli G, 
Apuzzo T, Eramo A, Baiocchi M, De Angelis ML, Biffoni 
M, Sette G, Todaro M, Stassi G, De Maria R. Elimination 
of quiescent/slow-proliferating cancer stem cells by Bcl-XL 
inhibition in non-small cell lung cancer. Cell death and dif-
ferentiation. 2014; 21: 1877-1888.

43. Mohammed A, Janakiram NB, Madka V, Brewer M, 
Ritchie RL, Lightfoot S, Kumar G, Sadeghi M, Patlolla JM, 
Yamada HY, Cruz-Monserrate Z, May R, Houchen CW, 
et al. Targeting pancreatitis blocks tumor-initiating stem 
cells and pancreatic cancer progression. Oncotarget. 2015; 
6: 15524-15539. doi: 10.18632/oncotarget.3499.

44. Wang N, Wang Z, Wang Y, Xie X, Shen J, Peng C, You 
J, Peng F, Tang H, Guan X, Chen J. Dietary compound 
isoliquiritigenin prevents mammary carcinogenesis by 
inhibiting breast cancer stem cells through WIF1 demeth-
ylation. Oncotarget. 2015; 6: 9854-9876. doi:10.18632/
oncotarget.3396.

45. Di Pompo G, Salerno M, Rotili D, Valente S, Zwergel 
C, Avnet S, Lattanzi G, Baldini N, Mai A. Novel histone 
deacetylase inhibitors induce growth arrest, apoptosis, and 

differentiation in sarcoma cancer stem cells. Journal of 
medicinal chemistry. 2015; 58: 4073-4079.

46. Akunuru S, James Zhai Q, Zheng Y. Non-small cell lung 
cancer stem/progenitor cells are enriched in multiple dis-
tinct phenotypic subpopulations and exhibit plasticity. Cell 
death & disease. 2012; 3: e352.

47. Roudi R, Korourian A, Shariftabrizi A, Madjd Z. 
Differential Expression of Cancer Stem Cell Markers 
ALDH1 and CD133 in Various Lung Cancer Subtypes. 
Cancer investigation. 2015; 33: 294-302.

48. Roudi R, Madjd Z, Korourian A, Mehrazma M, Molanae 
S, Sabet MN, Shariftabrizi A. Clinical significance of puta-
tive cancer stem cell marker CD44 in different histologi-
cal subtypes of lung cancer. Cancer biomarkers. 2014; 14: 
457-467.

49. Murr R, Loizou JI, Yang YG, Cuenin C, Li H, Wang ZQ, 
Herceg Z. Histone acetylation by Trrap-Tip60 modulates 
loading of repair proteins and repair of DNA double-strand 
breaks. Nature cell biology. 2006; 8: 91-99.

50. Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, 
Walther TC, Olsen JV, Mann M. Lysine acetylation targets 
protein complexes and co-regulates major cellular func-
tions. Science (New York, N.Y.). 2009; 325: 834-840.

51. Rotili D, Tarantino D, Carafa V, Paolini C, Schemies J, Jung 
M, Botta G, Di Maro S, Novellino E, Steinkuhler C, De 
Maria R, Gallinari P, Altucci L, et al. Benzodeazaoxaflavins 
as sirtuin inhibitors with antiproliferative properties in can-
cer stem cells. Journal of medicinal chemistry. 2012; 55: 
8193-8197.

52. Rotili D, Tarantino D, Nebbioso A, Paolini C, Huidobro 
C, Lara E, Mellini P, Lenoci A, Pezzi R, Botta G, Lahtela-
Kakkonen M, Poso A, Steinkuhler C, et al. Discovery of 
salermide-related sirtuin inhibitors: binding mode studies 
and antiproliferative effects in cancer cells including can-
cer stem cells. Journal of medicinal chemistry. 2012; 55: 
10937-10947.

53. Kondo Y, Iwao T, Yoshihashi S, Mimori K, Ogihara R, 
Nagata K, Kurose K, Saito M, Niwa T, Suzuki T, Miyata N, 
Ohmori S, Nakamura K, et al. Histone deacetylase inhibitor 
valproic acid promotes the differentiation of human induced 
pluripotent stem cells into hepatocyte-like cells. PloS one. 
2014; 9: e104010.

54. Salvador MA, Wicinski J, Cabaud O, Toiron Y, Finetti P, 
Josselin E, Lelievre H, Kraus-Berthier L, Depil S, Bertucci 
F, Collette Y, Birnbaum D, Charafe-Jauffret E, et al. The 
histone deacetylase inhibitor abexinostat induces cancer 
stem cells differentiation in breast cancer with low Xist 
expression. Clinical cancer research. 2013; 19: 6520-6531.

55. Friedman JR, Webster BM, Mastronarde DN, Verhey KJ, 
Voeltz GK. ER sliding dynamics and ER-mitochondrial 
contacts occur on acetylated microtubules. The Journal of 
cell biology. 2010; 190: 363-375.

56. Daire V, Giustiniani J, Leroy-Gori I, Quesnoit M, 
Drevensek S, Dimitrov A, Perez F, Pous C. Kinesin-1 



Oncotarget11348www.impactjournals.com/oncotarget

regulates microtubule dynamics via a c-Jun N-terminal 
kinase-dependent mechanism. The Journal of biological 
chemistry. 2009; 284: 31992-32001.

57. Saba NF, Magliocca KR, Kim S, Muller S, Chen Z, 
Owonikoko TK, Sarlis NJ, Eggers C, Phelan V, Grist WJ, 
Chen AY, Ramalingam SS, Chen ZG, et al. Acetylated 
tubulin (AT) as a prognostic marker in squamous cell car-
cinoma of the head and neck. Head and neck pathology. 
2014; 8: 66-72.

58. Marcus AI, Zhou J, O’Brate A, Hamel E, Wong J, Nivens 
M, El-Naggar A, Yao TP, Khuri FR, Giannakakou P. The 
synergistic combination of the farnesyl transferase inhibitor 
lonafarnib and paclitaxel enhances tubulin acetylation and 
requires a functional tubulin deacetylase. Cancer research. 
2005; 65: 3883-3893.

59. Boggs AE, Vitolo MI, Whipple RA, Charpentier MS, 
Goloubeva OG, Ioffe OB, Tuttle KC, Slovic J, Lu Y, 
Mills GB, Martin SS. alpha-Tubulin acetylation elevated 
in metastatic and basal-like breast cancer cells promotes 

microtentacle formation, adhesion, and invasive migration. 
Cancer research. 2015; 75: 203-215.

60. Parker AL, Kavallaris M, McCarroll JA. Microtubules and 
their role in cellular stress in cancer. Frontiers in oncology. 
2014; 4: 153.

61. Akella JS, Wloga D, Kim J, Starostina NG, Lyons-Abbott S, 
Morrissette NS, Dougan ST, Kipreos ET, Gaertig J. MEC-17 is 
an alpha-tubulin acetyltransferase. Nature. 2010; 467: 218-222.

62. Del Bufalo D, Desideri M, De Luca T, Di Martile M, 
Gabellini C, Monica V, Busso S, Eramo A, De Maria R, 
Milella M, Trisciuoglio D. Histone deacetylase inhibition 
synergistically enhances pemetrexed cytotoxicity through 
induction of apoptosis and autophagy in non-small cell lung 
cancer. Molecular cancer. 2014; 13: 230-4598-13-230.

63. Hu Y, Smyth GK. ELDA: extreme limiting dilution analysis 
for comparing depleted and enriched populations in stem 
cell and other assays. Journal of immunological methods. 
2009; 347: 70-8.


