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ABSTRACT
Cancer stem-like cells (CSCs), a small population of pluripotent cells residing within heterogeneous
tumor mass, remain highly resistant to various chemotherapies as compared to the differentiated cancer
cells. It is being postulated that CSCs possess unique molecular mechanisms, such as autophagic
homeostasis, that allow CSCs to withstand the therapeutic assaults. Here we demonstrate that HDAC6
inhibition differentially modulates macroautophagy/autophagy in CSCs as compared to that of differ-
entiated cancer cells. Using human and murine CSC models and differentiated cells, we show that the
inhibition or knockdown (KD) of HDAC6 decreases CSC pluripotency by downregulating major pluripo-
tency factors POU5F1, NANOG and SOX2. This decreased HDAC6 expression increases ACTB, TUBB3 and
CSN2 expression and promotes differentiation in CSCs in an apoptosis-independent manner.
Mechanistically, HDAC6 KD in CSCs decreases pluripotency by promoting autophagy, whereas the
inhibition of pluripotency via retinoic acid treatment, POU5F1 or autophagy-related gene (ATG7 and
ATG12) KD in CSCs decreases HDAC6 expression and promotes differentiation. Interestingly, HDAC6 KD-
mediated CSC growth inhibition is further enhanced in the presence of autophagy inducers Tat-Beclin 1
peptide and rapamycin. In contrast to the results observed in CSCs, HDAC6 KD in differentiated breast
cancer cells downregulates autophagy and increases apoptosis. Furthermore, the autophagy regulator
p-MTOR, upstream negative regulators of p-MTOR (TSC1 and TSC2) and downstream effectors of
p-MTOR (p-RPS6KB and p-EIF4EBP1) are differentially regulated in CSCs versus differentiated cancer
cells following HDAC6 KD. Overall these data identify the differential regulation of autophagy as
a molecular link behind the differing chemo-susceptibility of CSCs and differentiated cancer cells.
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Introduction

Cancer stem-like cells (CSCs) represent a small population of
undifferentiated cells within heterogeneous tumor masses that
are distinctly different from differentiated cancer cells [1]. These
CSCs play a central role in tumor initiation, progression and
resistance to chemotherapy [2,3], and similar to normal stem
cells, have the capability of self-renewal, pluripotency and multi-
lineage differentiation [1,2]. These hallmark characteristics of
CSCs endow them with a capacity to withstand therapeutic
assaults that otherwise can destroy differentiated cancer cells,
and, consequently, make them resistant to traditional che-
motherapies [2,3]. As such, these differentially chemo-resistant
CSCs are thought to be the main culprits behind the clinically
unsuccessful chemotherapies and/or subsequent cancer relapse.
It is now clear that a detailed understanding and therapeutic
targeting of the molecular mechanisms that govern differential
survival of CSCs as compared to differentiated cancer cells is of
the utmost importance to ensure tumor eradication and prevent
cancer relapse.

Autophagy is an evolutionarily conserved degradation
mechanism responsible for maintaining cellular bioenergetics,
and the clearance of aggregated proteins and damaged orga-
nelles. As such, dysfunctions within the autophagy processes
are implicated in numerous pathologies such as obesity, neuro-
degeneration, and cancer [4]. However, the role of autophagy in
cancer is controversial. On the one hand, it has been argued that
increased autophagy promotes carcinogenesis by degrading and
recycling cellular components to use for energy and prolifera-
tion, and that it can act as an adaptive mechanism to confer
resistance to various chemotherapeutic drugs [4–6]. On the
other hand, increased autophagy has also been shown to pro-
mote autophagic cell death and suppress the growth of cancer
cells, and it has been demonstrated that mice harboring defi-
ciencies in autophagy-related genes are more prone to tumor
development [7]. Consequently, multiple autophagy inhibitors
and promoters are currently being tested in clinical trials for
cancer treatment [8,9]. In particular, the autophagy-inhibiting
drugs chloroquine (CQ) and hydroxychloroquine (HCQ) are
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commonly used in combination therapies to achieve optimal
anti-cancer therapeutic effects [10]. Of note, we recently
reported that CSCs require a basal level of autophagy, and that
upregulation or downregulation of autophagy inhibits CSC
growth and pluripotency [11]. Thus, identification and subse-
quent targeting of molecular mechanisms that govern autopha-
gic homeostasis in CSCs represents a rational strategy to target
cancers in clinical settings.

HDAC6 (histone deacetylase 6; HDAC6 member of the
class IIb HDAC family), which deacetylates various substrates
including TUBA/α-tubulin and many other proteins, has been
extensively studied in the context of neurodegeneration and
cancer [12–19]. Similar to autophagy, HDAC6 has been
reported to bear context-dependent biological functions in
cancers. While HDAC6 was linked with cancer cell survival
and growth due to its role in oncogenic transformation and
epithelial mesenchymal transition [14,16], it can also serve as
a tumor suppressor during hepatocarcinogenesis [20].
Moreover, HDAC6 positively regulates autophagy in differ-
entiated cancer cells [12,20–22]. However, the involvement of
HDAC6 in the regulation of autophagy in CSCs remains
unexplored. Given the important link between autophagy
and CSCs as evidenced from our previous investigation [11],
it is necessary to understand the role of HDAC6 in the
regulation of autophagy and pluripotency in CSCs.

Many HDAC inhibitors, including specific inhibitors of
HDAC6, have been developed for anti-cancer therapy and
are currently undergoing clinical trials or have been approved
for cancer treatment [23–25]. However, the efficacy and toxi-
city of these inhibitors in clinics is not as promising as
anticipated based on results from in vitro and in vivo studies
[26]. Therefore, more studies are focusing on the use of
HDAC inhibitors in combination therapies as opposed to
monotherapies. In particular, the specific HDAC6 inhibitor
rocilinostat is currently undergoing phase II clinical trials in
combination with the proteasome inhibitor bortezomib [25–
27]. Given that CSC populations have unique properties that
make them more resistant to some chemotherapies than dif-
ferentiated cancer cells, it is possible that HDAC inhibitors
are not as effective at inhibiting CSC populations in patients,
and this could offer an explanation as to the differential
responses observed when HDAC inhibitors are used in
in vitro and in vivo studies versus clinical trials. Hence, it is
imperative to study the role of HDAC6 in the context of CSC
biology in order to achieve better therapeutic potential.

In this study, we report that HDAC6 acts as a pluripotency
factor for CSCs, and that the pharmacological inhibition or
knockdown (KD) of HDAC6 in both human and murine
CSCs resulted in decreased expression of the main pluripo-
tency transcription factors POU5F1/Oct4, NANOG and SOX2
[28]. Using well characterized human (NT2/D1) and murine
(P19) tumorigenic embryonic carcinoma CSC models [29–33]
as well as an epithelial-to-mesenchymal transition (EMT)-
induced breast CSC (BCSC) model [34,35] and differentiated
breast cancer cells, we demonstrate that HDAC6 KD leads
opposing autophagy outcomes in CSC versus differentiated
cancer cells, which mechanistically, arises through differential
regulation of p-MTOR activation due to similarly contrasting
expression of the tuberous sclerosis complex proteins, TSC1

and TSC2. Given the nature of HDAC6 as a positive mod-
ulator of autophagy in differentiated cancer cells, the reported
findings herein demonstrate a novel role for HDAC6 in nega-
tively regulating autophagy in CSCs. Altogether, these find-
ings highlight the growing appreciation for clinically relevant
differences between stem-like and differentiated cancer cells,
and caution against the ‘one-size-fits-all’ therapeutic
approaches while targeting heterogeneous cancer masses.

Results

HDAC6 is an important regulator of pluripotency factors
(POU5F1, NANOG and SOX2) in human and murine CSCs

Despite the known role of HDAC6 in tumorigenesis of var-
ious cancers, including breast, colon and ovarian cancers
[17,18], its precise involvement in the regulation of bona-
fide pluripotency markers POU5F1, NANOG and SOX2 has
never been studied. Because these master pluripotency regu-
lators are responsible for uncontrolled growth of CSCs, we
aimed to study the potential interplay between HDAC6 and
these pluripotency factors. To probe this, we used a selective
HDAC6 inhibitor (tubastatin A) and shRNA-mediated knock-
down (KD) of HDAC6 and measured their effect on the
growth and viability of NT2/D1 and P19 CSCs. NT2/D1 or
P19 cells were treated with 5 µM of tubastatin A or HDAC6
shRNA, and monitored for viability using trypan blue exclu-
sion as well as an MTS viability assay. As shown in Figure 1
(a–h), tubastatin A-treated or HDAC6 KD human and mur-
ine CSCs grew significantly slower and demonstrated signifi-
cantly reduced viability compared to the respective nontreated
or scrambled control cells (Figure S1(a–d)). In these experi-
ments, to confirm the efficiency of HDAC6 inhibition, we
probed for acetylated TUBA (tubulin alpha, all isoforms) in
tubastatin A-treated and HDAC6 KD CSCs. TUBA is a well-
known substrate of HDAC6-mediated deacetylation. As
shown in Figure 1(i–l), either tubastatin A treatment or
HDAC6 KD drastically increased the levels of acetylated
TUBA, confirming the efficient inhibition of HDAC6 deace-
tylase activity in both human and murine CSCs.

Considering the above-mentioned HDAC6 inhibitor or
KD-related decrease in CSC growth, we next analyzed the
effect of HDAC6-related manipulations on pluripotency fac-
tors POU5F1, NANOG and SOX2. We found that HDAC6
inhibition or KD decreased the protein levels of pluripotency
factors POU5F1, NANOG and SOX2 in NT2/D1 and P19
CSCs (Figure 1(i–l)). Tubastatin treatment also significantly
decreased the expression of POU5F1 and NANOG mRNA in
NT2/D1 cells and significantly decreased Pou5f1 mRNA in
P19 cells. Similarly, HDAC6 KD significantly decreased the
mRNA expression of POU5F1, NANOG and SOX2 in NT2/D1
cells and Pou5f1 in P19 cells (Figure 1(m–p)). Together, these
results demonstrate a novel role for HDAC6 in regulating the
pluripotency of CSCs by modulating the protein expression of
pluripotency factors POU5F1, NANOG and SOX2. POU5F1/
Pou5f1 mRNA was also consistently downregulated by both
HDAC6 inhibition and HDAC6 KD both in NT2/D1 and P19
cells, suggesting that HDAC6 regulates POU5F1 expression at
both transcriptional and translational levels.
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HDAC6 inhibition or KD increases the stabilization of
ACTB (actin beta) and promotes the differentiation of
CSCs

Pluripotency and differentiation are two conversely regulated
cell growth phenomena. Considering the effect of HDAC6 on
pluripotency factors, we next evaluated whether HDAC6
affected cellular differentiation. As shown in Figure 2(a,b),
based on microscopy, tubastatin A-treated and HDAC6 KD
cells were larger and displayed long dendritic outgrowths as
compared to nontreated or scrambled control cells (Figure S2
(a)). These morphological changes are characteristic of a more
differentiated phenotype [36], and were complemented by
upregulation of protein (Figure 2(c–f)) or mRNA (Figure 2
(g–j)) expression of differentiation markers from several dis-
tinct lineages, including neuronal progenitor lineage, TUBB3/
Tubb3 (tubulin beta 3 class III); mammary epithelial lineage,
CSN2/Csn2 (casein beta); endodermal lineage, GATA6/Gata6
(GATA binding protein 6) and SPP1/Spp1 (secreted phospho-
protein 1); mesodermal lineage, TBXT/T (T-box transcription
factor T); and ectodermal lineage, CDX2/Cdx2 (caudal type
homeobox 2). Altogether, these results unveil the ability of
HDAC6 to maintain the dedifferentiated state of the CSCs.

In the context of our observation that HDAC6 KD causes
morphological changes in CSCs, we investigated whether
HDAC6 KD had any effect on cytoskeleton components,
such as ACTB (actin beta). We found that HDAC6 KD
increased the protein levels of ACTB (Figure 2(k)) that is
known to promote the increase in cell size and dendrite-like
cell outgrowth. Further mechanistic analysis revealed that this
increase in ACTB expression was not due to an increase in
ACTB transcription, as HDAC6 KD decreased ACTB mRNA
levels (Figure S2(b)). We hypothesized that HDAC6 inhibi-
tion may increase the post-transcriptional stability of ACTB
by inhibiting its degradation. To analyze this, we treated NT2/
D1 scrambled control and HDAC6 KD cells with the protea-
some inhibitor MG132 and found that MG132 treatment
increased ACTB levels similar to HDAC6 KD, and that the
combination of HDAC6 and MG132 further enhanced ACTB
expression (Figure 2(l)). Moreover, MG132 treatment
increases the accumulation of total ubiquitin in NT2/D1
scrambled control cells, indicating efficient inhibition of pro-
teasomal degradation of ubiquitinated proteins (Figure S2(c)).
Of note, the levels of total ubiquitin in HDAC6 KD and
MG132-treated cells were lower than MG132 treatment
alone, further indicating that HDAC6 KD inhibits the ubiqui-
tination and proteasomal degradation of proteins, including
those involved in cell differentiation. To further confirm that

the ubiquitin modification observed in HDAC6 KD involves
the specific ubiquitination of ACTB, we performed a co-
immunoprecipitation assay. Indeed, we detected decreased
ubiquitination of ACTB in HDAC6 KD (Figures 2(m) and
S2(d)), supporting the proposal that increased ACTB expres-
sion in HDAC6 KD occurs via inhibition of its degradation.

Quantitative multi-plex proteomics comprehensively
captures the contrasting role of HDAC6 in the regulation
of pluripotency and differentiation factors in CSCs

To comprehensively explore the role of HDAC6 in regulating
the pluripotency and differentiation factors in CSCs, we eval-
uated the change in the total proteome of NT2/D1 cells
following HDAC6 KD or inhibition using quantitative TMT-
based multiplexed proteomics [37]. We then identified the top
proteins with the greatest change in expression by both tubas-
tatin A treatment and HDAC6 KD. In line with our observa-
tions thus far, we found that both tubastatin A treatment and
HDAC6 KD greatly decreased the expression of proteins
involved in pluripotency maintenance; among these,
POU5F1 was one of the proteins most drastically affected
(Figure S3(a)). Furthermore, HDAC6 KD and inhibition
decreased the levels of GDF3 (growth differentiation factor
3), which is positively regulated by NANOG and is normally
highly expressed in embryonic carcinoma cell lines (Figure S3
(a)) [38]. Of note, similarly reduced GDF3 expression has
been observed following RA-mediated differentiation of
CSCs [39]. HDAC6 KD and inhibition also downregulated
the expression of PAF1 (PAF1 homolog, Paf1/RNA polymer-
ase II complex component), which promotes self-renewal of
pancreatic cancer stem cells [40]. In contrast, HDAC6 KD and
inhibition increased the expression of many differentiation
markers including BRK1 (BRICK1, SCAR/WAVE actin nucle-
ating complex subunit), and EFHD1 (EF-hand domain family
member D1) (Figure S3(b)). Considering the fact that BRK1
plays a major role in neuronal differentiation by promoting
ACTB nucleation and cytoskeleton rearrangement, our data
unearths another mechanism by which HDAC6 KD or inhibi-
tion regulates CSC morphology and ACTB dynamics [41].
Similar to BRK1, the calcium binding protein EFHD1 also
promotes neuronal differentiation [42]. Together, these data
conclusively capture the differential regulation of regulatory
factors involved in differentiation and pluripotency following
HDAC6 inhibition.

In addition to regulating CSC pluripotency and differentia-
tion, HDAC6 KD and inhibition also deregulated many pro-
teins involved in cellular processes important for CSC

Figure 1. HDAC6 inhibition or KD inhibits the proliferation of cancer stem cells. (a and b) NT2/D1 and P19 tubastatin A-treated cells were stained with trypan blue
and counted to determine the number of viable cells after 48, 72 and 96 h treatment. (c and d) NT2/D1 and P19 HDAC6 KD cells were stained with trypan blue and
counted to determine the number of viable cells after 48, 72 and 96 h transfection. (e and f) NT2/D1 and P19 tubastatin A-treated cells were stained with MTS
reagent and the percentage of proliferation was determined after 24 h. (g and h) NT2/D1 and P19 HDAC6 KD cells were stained with MTS reagent (24 h) for
proliferation evaluation. (i and m) NT2/D1, tubastatin A-treated cells were subjected to (i) WB and (m) qRT-PCR analysis for pluripotency factors (i.e., POUF51/Oct4,
NANOG, SOX2). The numbers below the blots correspond to densitometry quantification of blots normalized to the loading control. (j and n) P19 tubastatin A-treated
cells were subjected to (j) WB and (n) qRT-PCR analysis for pluripotency factors (i.e. Pouf51/Oct4, Nanog, Sox2). (k and o) NT2/D1 HDAC6 KD cells were subjected to (k)
WB and (o) qRT-PCR analysis for pluripotency factors (POUF51, NANOG, SOX2). (l and p) NT2/D1 HDAC6 KD cells were subjected to (l) WB and (p) qRT-PCR analysis for
pluripotency factors (POUF51, NANOG, SOX2). Statistical analysis was performed with two-tailed, Student’s t-test with 95% confidence interval; *P-values = 0.05
obtained by comparing the respective data with the untreated or scrambled control. MFI, mean fluorescence intensity.
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development such as mitochondrial maintenance (HADH and
TIMM9; Figure S3(c)), metabolism (AK1 and GPT2; Figure S3
(d)) and autophagy (HEXIM1 and PLIN3; Figure S3(g)).

Our proteomic analysis also revealed the drastic downregula-
tion of ribosomal associated proteins by HDAC6 inhibition and
KD in CSCs. Because ribosomes are the factories in which
proteins are synthesized, rapidly growing cells typically express
high levels of ribosomal proteins and ribosomal RNA (rRNA)
[43]. Not only did HDAC6 inhibition decrease the expression of
many ribosomal proteins such as RPL7A, RPL27, RPL29,
RPL35A, RPS25, RPS18, RPS6, RPL13, RPL15 and RPS16, but
the expression of mitochondrial ribosome associated proteins
MRPL47, MRPS15, and MRPL2 was also significantly down-
regulated (Figure S3(f)). This indicates that HDAC6 KD and
inhibition causes a global decrease in protein synthesis within
NT2/D1 CSCs, thereby inhibiting their proliferative potential.
Moreover, HDAC6 inhibition and KD also decreased the expres-
sion of many proteins involved in gene transcription, such as
several histone proteins including members of the linker histone
H1 family, HIST1H1B and HIST1H1D, the histone H4 family,
HIST1H4A, and the histone H3 family, HIST1H3A (Figure S3
(e)). The research of histone modifications has garnered much
interest in recent years as it plays a major role in the epigenetic
regulation of differentiation, tumorigenesis, and other patholo-
gies. While most studies focus on the post-translational modifi-
cations (PTMs) of histones such as methylation, the proteolytic
degradation of histones, especially through other PTMs such as
acetylation and ubiquitination, is also an important mechanism
of epigenetic regulation of gene expression [44,45].

Together, our proteomics analysis highlights the importance
of HDAC6 in maintaining a pluripotent, undifferentiated phe-
notype of CSCs. Inhibition or KD of HDAC6 drastically down-
regulates proteins involved in maintaining pluripotency,
especially POU5F1, and promotes the expression of proteins
involved in differentiation (Figure S3(h)). Moreover, HDAC6
inhibition or KD has a universal effect on CSC gene expression
and protein synthesis, where HDAC6 inhibition or KD may
epigenetically modify the gene expression profile of CSCs via
histone proteolysis and reduce global protein translation by
decreasing ribosomal protein synthesis (Figure S3(h)).

HDAC6 inhibitor-mediated effect on pluripotency and
differentiation of CSCs is independent of CASP3/
caspase-3

To understand how HDAC6 regulates CSC pluripotency and
differentiation, we next evaluated whether the effect of HDAC6
inhibition on pluripotency and differentiation could be

attributed to an increase in cell death. We found that treatment
of NT2/D1 and P19 cells with 1 µM and 5 µM of tubastatin
A increased the levels of cleaved CASP3/caspase-3 in a dose-
dependent manner, indicating an upregulation in cell death
(Figure S4(a,c)). However, CASP3 can be upregulated in
response to programmed cell death (apoptosis) or cell injury
(necroptosis). We observed that tubstatin A treatment decreased
the levels of the necroptosis protein RIPK3 (receptor interacting
serine/threonine kinase 3) (Figure S4(b)), indicating that CASP3
is likely upregulated in response to apoptosis, as opposed to
necroptosis. Keeping in mind that PARP is the main target of
CASP3 activity, and cleaved PARP serves as a marker of apop-
tosis, our data showed that tubastatin A increased the levels of
cleaved PARP in a dose-dependent manner. Meanwhile, levels of
RIPK3, a key component in necroptosis, were found to decrease
with tubastatin A, negating the possibility that cells were under-
going necroptosis (Figure S4(b)).

To further differentiate between HDAC6-induced apoptosis
and necroptosis, we treated NT2/D1 cells with tubastatin A in
combination with either CASP3 inhibitor V or necrostatin (an
inhibitor of necroptosis). Treatment with CASP3 inhibitor, but
not necrostatin, effectively reversed the tubastatin A-mediated
increase in both CASP3 levels and cleaved PARP levels (Figure
S4(d)). However, CASP3 inhibitor had no further effect on the
tubastatin A-induced levels of pluripotency factors or differen-
tiation markers (Figure 3(a)), whereas necrostatin had only
minor effects on the levels of cleaved CASP3, pluripotency and
differentiation factors as compared to those observed with tubas-
tatin A alone (Figures 3(a) and S4(d)). This indicates that tubas-
tatin A-mediated cell death and upregulation of CASP3 is mostly
via apoptosis, not necroptosis, and that the tubastatin
A-mediated effects on pluripotency and differentiation unlikely
rely on CASP3-mediated effects. Therefore, regulation of these
processes likely occur upstream of CASP3 upregulation follow-
ing tubastatin A treatment. We also measured the levels of
CASP3 by western blot (WB) analysis in NT2/D1 scrambled
control and HDAC6 KD cells and we were unable to detect the
presence of cleaved CASP3 following HDAC6 KD (Figure S4
(e)). Together, these data suggested that the low levels of apop-
totic death observed within tubastatin A-treated cells could arise
from an off-target effect of chemical treatment, and does not
occur due to exclusive HDAC6-specific inhibition.

HDAC6 inhibition promotes autophagy in NT2/D1 and
P19 cancer stem cells

Given that tubastatin A and HDAC6 KD-mediated decrease
in pluripotency and increase in differentiation occur

Figure 2. HDAC6 inhibition or KD promotes differentiation in NT2/D1 and P19 cells. (a and b) Micrographs of NT2/D1 KD or tubastatin A-treated cells evaluating the
influence of HDAC6 KD (a) and tubastatin A treatment (b) on cell morphology. (c and d) NT2/D1 and P19 tubastatin A-treated cells were subjected to WB analysis for
differentiation factors (TUBB3 and CSN2). The numbers below the blots correspond to densitometry quantification of blots normalized to the loading control. (e and
f) NT2/D1 and P19 HDAC6 KD cells were subjected to WB analysis for differentiation factors (TUBB3/Tubb3 and CSN2). (g and h) qRT-PCR analysis for differentiation
markers TUBB3, CSN2, SPP1, GATA6, TBXT/T and Cdx2 in tubastatin A-treated NT2/D1 and P19 cells. (i and j) NT2/D1 and P19 HDAC6 KD cells were subjected to qRT-
PCR analysis for differentiation markers TUBB3, CSN2, SPP1, GATA6, TBXT/T and Cdx2. (k) NT2/D1 HDAC6 KD cells were subjected to WB analysis for differentiation
marker ACTB. (l) NT2/D1 HDAC6 KD cells treated with or without MG132 for 4 h were subjected to WB analysis for differentiation marker ACTB. (m) NT2/D1 HDAC6 KD
cells were subjected to immunoprecipitation (IP) using anti-ACTB antibody followed by WB analysis for specific ubiquitination of ACTB. Statistical analysis was
performed with two-tailed, Student’s t-test with 95% confidence interval; *P-values = 0.05 obtained by comparing the respective data with the untreated or
scrambled control.
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independent of apoptosis, we next explored other mechanisms
by which HDAC6 could regulate CSC pluripotency. HDAC6
has been identified as a major regulator of autophagy in
several cancer cells and neurodegeneration models [12,20–
22]; however, the effect of HDAC6 inhibition on autophagy
in CSCs remains unexplored. Our recent report revealed that
autophagic homeostasis is essential for maintaining CSC plur-
ipotency [11], therefore we were interested to know whether
HDAC6 inhibition had any effect on autophagic homeostasis
in our CSC models. We found that tubastatin A treatment
upregulated the protein levels of ATG5 and MAP1LC3/LC3
isoforms A and B in NT2/D1 and P19 CSCs compared to the
nontreated control (Figure S5(a,b)). Furthermore, tubastatin
A treatment decreased the levels of SQSTM1, a known sub-
strate of autophagic degradation (Figure S5(a,b)). We were
able to rescue this downregulation of SQSTM1 levels via
combination treatment with the late-stage autophagy inhibi-
tor chloroquine (CQ) (Figure 3(b,c)). Moreover, CQ treat-
ment further enhanced the levels of LC3A/B-II in tubastatin
A-treated cells compared to CQ treatment alone (Figure 3(b,
c)) [46]. Together, these results demonstrate that inhibition of
HDAC6 via tubastatin A increases autophagic flux in NT2/D1
and P19 CSCs.

Similar to tubastatin A-mediated HDAC inhibition, we
found that HDAC6 KD also upregulated the levels of the
autophagy-related proteins ATG5 and ATG7 in both NT2/
D1 and P19 CSCs (Figure 3(d,f)). HDAC6 KD in NT2/D1
cells also downregulated the levels of SQSTM1, which was
effectively rescued via treatment with CQ (Figure 3(e)).
Unlike tubastatin A-treated samples, HDAC6 KD in NT2/
D1 CSCs decreased the expression of LC3A/B-II. However,
the levels of LC3A/B-II were rescued in HDAC6 KD cells
treated with CQ, indicating that this decrease in LC3 levels
was due to increased LC3 turnover through enhanced autop-
hagic degradation in HDAC6 KD cells (Figure 3(e)).
Furthermore, treatment of P19 HDAC6 KD cells with CQ
also greatly enhanced LC3A/B-II expression, indicating an
increase in autophagic flux, but the levels of SQSTM1were
not as drastically affected (Figure 3(g)). We found that the
mRNA levels of SQSTM1 in NT2/D1 HDAC6 KD cells
remained stable (Figure S5(c)), therefore the upregulation of
autophagic degradation was sufficient to greatly decrease
SQSTM1 protein levels, and inhibition of autophagic degra-
dation via CQ treatment rescued SQSTM1 levels (Figure 3(e)).
However, we found that HDAC6 KD in P19 cells significantly
increased the mRNA expression of Sqstm1 (Figure S5(d));
therefore it is likely that although HDAC6 KD upregulates
autophagy in these cells, we were unable to visualize
a decrease in SQSTM1protein by autophagic degradation
due to the enhanced translation of Sqstm1 mRNA (Figure
S5(d)).

As an additional method to monitor autophagic activity,
we used fluorescence microscopy to visualize the puncta for-
mation in NT2/D1 cells transfected with the fluorescent pro-
tein GFP-LC3. These punctate structures represent
autophagosomes, and we observed that HDAC6 KD cells
have increased numbers of puncta, indicating an induction
of autophagy (Figures 3(h) and S5(e)). Furthermore, HDAC6
KD cells treated with CQ displayed even more visible puncta

than control cells treated with CQ (Figures 3(h) and S5(e)),
supporting our previous results that autophagic flux is upre-
gulated in HDAC6 KD CSCs. Taken together, these results
further confirm that inhibition of HDAC6 via pharmacologi-
cal inhibition or KD increases autophagic flux in CSCs. These
results are especially important in the context of our recent
findings that autophagic homeostasis is required for main-
taining the pluripotency of CSCs, and that an increase or
decrease from the basal levels of autophagy induces differen-
tiation and/or senescence in CSCs [11].

HDAC6 KD negatively regulates p-MTOR signaling and
the tuberous sclerosis complex in CSCs

Moving forward, we aimed to understand the mechanism by
which HDAC6 KD promotes autophagy in CSCs. MTOR
(mechanistic target of rapamycin kinase) is a positive regula-
tor of cell growth and proliferation and a negative regulator of
autophagy [47]. Upon phosphorylation at Ser2448, MTOR is
activated and forms a complex referred to as MTOR complex
1 (MTORC1). MTORC1 inhibits autophagy by promoting the
phosphorylation and inactivation of ULK1, an essential kinase
for initiation of canonical autophagy [47]. We found that
HDAC6 KD in NT2/D1 and P19 cells decreased p-MTOR at
Ser2448 without the matching trends of protein expression for
total MTOR (Figure 4(a)).

Ultimately, we focused on deciphering the molecular
players involved in dictating p-MTOR expression in CSCs.
One of the most common mechanisms of MTOR activation
is via the AKT serine/threonine kinase signaling pathway,
which is activated in response to growth factors and pro-
liferation signals. AKT is phosphorylated and activated at
Ser473, and can then activate MTOR directly [48] or indir-
ectly by inhibiting the tuberous sclerosis tumor suppressor
complex. This complex consists of TSC1/hamartin (tuber-
ous sclerosis 1) and TSC2/tuberin (tuberous sclerosis 2),
and when active, acts as a GTPase activating protein
(GAP) that promotes the conversion of RHEB to its inac-
tive state [49]. Because activated RHEB promotes the acti-
vation of MTORC1, the tuberous sclerosis complex acts as
a negative regulator of MTORC1. AKT promotes the phos-
phorylation of TSC2 which inhibits the function of the
tuberous sclerosis complex, thereby promoting MTORC1
activation [50–52]. As shown in Figure 4(b), HDAC6 KD
in NT2/D1 and P19 lead to decreased phosphorylation of
AKT at Ser473. In line with the decreased p-AKT levels,
HDAC6 KD in CSCs also had increased levels of TSC1 and
TSC2 (Figure 4(c)). Altogether, these results help explain
the decreased activation of p-MTOR and subsequent upre-
gulation of autophagy in HDAC6 KD CSCs.

Other than autophagy, the other major targets of MTORC1
activity include regulators of protein translation. MTORC1
promotes protein synthesis and cell growth by phosphorylating
and activating RPS6KB (ribosomal protein S6 kinase B) [53],
which phosphorylates the RPS6/S6 ribosomal protein for
mRNA translation. MTORC1 also phosphorylates and inhibits
EIF4EBP1 (eukaryotic translation initiation factor 4E binding
protein 1) [53] preventing it from binding to and inhibiting
EIF4E (eukaryotic translation initiation factor 4E), thereby
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Figure 3. HDAC6 inhibition or KD promotes autophagy in NT2/D1 and P19 cells. (a) NT2/D1 cells were pre-treated with caspase inhibitor V or necrostatin followed by
treatment with tubastatin A and subjected to WB for POU5F1, NANOG, SOX2, and TUBB3. (b and c) Tubastatin A-treated NT2/D1 and P19 cells were treated with
18 µM chloroquine (CQ) and the levels of SQSTM1, and LC3B-II were analyzed by WB analysis. (d and f) NT2/D1 HDAC6 KD cells were subjected to WB analysis for
ATG5, LC3A-II, LC3B-II and SQSTM1. (e and g) NT2/D1 and P19 cells with either scrambled control or shHDAC6 shRNA were treated with 18 µM chloroquine (CQ) and
the levels of SQSTM1, and LC3B-II were analyzed by WB analysis. (h) NT2/D1 HDAC6 KD cells were transfected with a GFP-LC3 overexpressing plasmid and treated
with chloroquine (CQ), and puncta formation was analyzed by confocal microscopy. Arrowheads indicate examples of GFP-LC3 puncta.
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promoting protein translation. In line with our observations
that HDAC6 KD inhibits the activation of MTOR in CSCs, we
found that phosphorylation of RPS6KB and EIF4EBP1 also
decreased following HDAC6 KD in NT2/D1 and P19 cells
(Figure 4(d)). These findings support our proteomics data
where we observed a significant decrease in proteins associated
with ribosomal synthesis and protein translation.

Promotion of autophagy in combination with HDAC6
inhibition synergistically reduces cell viability in CSCs

Thus far we have observed that downregulation or inhibition
of HDAC6 suppresses CSC growth and viability and increases
autophagy. Moving forward, we wished to know whether this
regulation of autophagy is important for HDAC6-mediated
effects on cell growth and viability. Therefore, we treated
NT2/D1 and P19 CSCs with the autophagy inducers Tat-
Beclin 1 (BECN1) peptide or rapamycin in combination
with HDAC6 KD to see whether further upregulation of
autophagy has a synergistic effect on CSC viability. We
found that combination of HDAC6 KD with either Tat-
Beclin 1 or rapamycin significantly reduced the viability of
both NT2/D1 (Figure 4(e,f)) and P19 (Figure 4(g,h)) CSCs
compared to either HDAC6 KD, Tat-Beclin 1 or rapamycin
treatment alone. These results highlight the importance of
inducing autophagy for the treatment of CSCs.

Promotion of differentiation in CSCs decreases their
endogenous HDAC6 expression

Given our observations that HDAC6 inhibition and KD
decrease the expression of pluripotency factors, especially
POU5F1, and promote autophagy, we were interested to
know whether inhibition of pluripotency via various manip-
ulations had any reciprocal effect on HDAC6. We found that
both retinoic acid treatment and POU5F1 KD decreased the
protein expression of HDAC6, further highlighting the
importance of HDAC6 for maintaining the pluripotent and
undifferentiated state of CSCs (Figure 4(i,j)).

In the context of our recent findings that ATG7 or ATG12 KD
decrease pluripotency and induce differentiation in CSCs [11], we
also found that ATG7 and ATG12 KD drastically decreased the
levels of HDAC6 in NT2/D1 CSCs (Figure 4(k)). Furthermore, in
corroboration with our previous findings that fluctuations in
autophagy in CSCs promotes senescence, we observed that
HDAC6 KD in CSCs upregulated the protein and mRNA expres-
sion of CDKN1A/CDKN1A (cyclin dependent kinase inhibitor
1A) and increased GLB1/β-galactosidase activity compared to
scrambled control cells (Figure S6(a,b)) [54]. Taken together,
these data show that inhibition of pluripotency by promoting
differentiation downregulates HDAC6 expression in CSCs.

Autophagy and apoptosis are differentially regulated by
HDAC6 in CSCs and breast cancer cells

Several reports have described autophagy-promoting properties
of HDAC6 in differentiated cancer cells, so in light of our
findings showing the contrasting role of HDAC6 in regulating
autophagy in CSCs, we hypothesized that HDAC6-related

differential regulation of autophagy is cell-type dependent. To
test this hypothesis, we began by determining the effect of
HDAC6 inhibition or KD on the viability of differentiated breast
cancer cells. We found that tubastatin A treatment and HDAC6
KD significantly inhibited the growth and viability of MDA-MB
-231 (Figure 5(a,b)) and MDA-MB-468 (Figure 5(c,d)) breast
cancer cells. To determine whether this decrease in viability was
due to an increase in apoptotic cell death, we measured the
levels of CASP3 by WB analysis. Similar to NT2/D1 and P19
CSCs, tubastatin A treatment increased CASP3 in MDA-MB
-231 and MDA-MB-468 breast cancer cells (Figure 5(e,g)).
However, unlike CSCs, KD of HDAC6 in breast cancer cells
also upregulated CASP3 (Figure 5(f,h)), suggesting an increase
in apoptosis, but not necroptosis, as we observed no increase in
the levels of RIPK3 (Figure S7(a–d)). These results were sup-
ported with flow cytometry analyzes, which showed that tubas-
tatin A treatment and HDAC6 KD in MDA-MB-231 and MDA-
MB-468 cells had an increase in percentage of cells positively
stained with ANXA5/annexin V (Figure 5(i–l)). Thus, our
results indicate a differential role of HDAC6 for the regulation
of apoptosis in differentiated cells as compared to that in stem-
like cancer cells.

Next, we determined whether HDAC6 also differentially
regulates autophagy in differentiated cancer cells. As shown in
Figure 6, and in contrast to the results observed in CSCs,
treatment with tubastatin A or KD of HDAC6 in MDA-MB
-231 and MDA-MB-468 breast cancer cells either decreased or
had no effect on the levels of autophagy-related proteins ATG5,
ATG7, or LC3A/B-II in breast cancer cells compared to the
nontreated or scrambled controls (Figure 6(a,b,d,e)). Moreover,
SQSTM1 levels remained unchanged following tubastatin
A treatment or HDAC6 KD in these differentiated breast cancer
cells, and treatment with CQ did not increase the expression of
SQSTM1 or LC3A/B-II levels in tubastatin A-treated or
HDAC6 KD cells compared to CQ treatment alone. In support
of the WB data, confocal analysis of MDA-MB-231 and MDA-
MB-468 cells also showed that fewer numbers of GFP-LC3
puncta were present with HDAC6 KD with or without CQ
treatment, compared to the respective controls (Figures 6(c,f)
and S8(a,b)). Collectively these results showed that HDAC6
differentially regulates apoptosis and autophagy in differen-
tiated cancer cells, as compared to that observed in CSCs.

HDAC6 KD positively regulates p-MTOR signaling via the
tuberous sclerosis complex in differentiated cancer cells

Because we observed that HDAC6 KD causes contrasting
autophagic phenotypes in CSCs and differentiated breast can-
cer cells, we examined the MTOR signaling pathway in differ-
entiated cancer cells as a possible mechanism by which
HDAC6 KD differentially regulates autophagy. We found
that, unlike CSCs, HDAC6 KD in breast cancer cells MDA-
MB-231 and MDA-MB-468 slightly increased p-MTOR
expression, with no change or decreased levels of total
MTOR (Figure 7(a)). This differential regulation of p-MTOR
expression provides an explanation for the contrasting effect
of HDAC6 KD on the regulation of autophagy in CSCs and
breast cancer cells, and further highlights the differences
between CSC and cancer cell biology.
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Additionally, we examined the upstream regulators of
MTOR in differentiated cancer cells to determine how those
molecular players affect p-MTOR expression compared to
CSCs. Similar to the regulation that occurs in CSCs,
HDAC6 KD in differentiated cancer cells (MDA-MB-231
and MDA-MB-468) led to decreased phosphorylation of
AKT at Ser473 (Figure 7(b)). These results lend hand to the
hypothesis that the differential regulation of MTOR phos-
phorylation in HDAC6 KD CSCs and differentiated breast
cancer cells must occur downstream of p-AKT. Indeed,
while HDAC6 KD in NT2/D1 and P19 CSCs increased the
levels of TSC1 and TSC2 (Figure 4(c)), the same HDAC6 KD
in MDA-MB-231 and MDA-MB-468 breast cancer cells
decreased TSC1 and TSC2 levels (Figure 7(c)). These data
demonstrate that HDAC6 KD-mediated regulation of
p-MTOR occurs through differential manipulation of tuber-
ous sclerosis complex levels in CSCs and differentiated cancer
cells in an AKT-independent manner.

Moreover, we found that HDAC6 KD in differentiated
cancer cells also exhibited differential effects on the down-
stream effectors of p-MTOR. HDAC6 KD increased RPS6KB
and EIF4EBP1 phosphorylation in MDA-MB-231 and MDA-
MB-468 breast cancer cells (Figure 7(d)), consistent with our
observations that MTOR phosphorylation and activity is
increased in these cells. In summary, these data reveal that
HDAC6-mediated differential regulation of autophagy in
stem-like versus differentiated cancer cells is governed
through contrasting negative regulation of p-MTOR via the
tuberous sclerosis complex.

HDAC6 KD differentially regulates autophagy in
non-stem like HMLER breast cancer cells versus
HMLERshECad breast cancer stem cells (BCSCs)

Moving forward, we wished to directly compare the differential
effect of HDAC6 inhibition in non-stem like cancer cells versus
stem-like cancer cells from the same isogenic background. For
this purpose, we utilized the well-characterized model of breast
cancer stem cell transformation, where EMT was induced in the
human mammary epithelial breast cancer cell line HMLER by
silencing of CDH1/E-cadherin to produce the HMLERshECad

breast cancer stem-like cell (BCSC) line [34,35]. Similar to
MDA-MB-231 and MDA-MB-468 breast cancer cells, HDAC6
KD in the non-stem cell HMLER breast cancer cell line upregu-
lated CASP3 and promoted the cleavage of PARP (Figure 8(a))
but had no effect on the levels of RIPK3 (Figure S9(a)), indicat-
ing an increase in apoptosis but not in necroptosis. In contrast,
HDAC6 KD in HMLERshECad BCSCs did not increase CASP3
levels (Figure 8(b)), similar to our observations in NT2/D1and
P19 CSCs. Furthermore, treatment with CQ in differentiated
HDAC6 KD HMLER breast cancer cells did not increase the

expression of SQSTM1 or LC3A/B-II levels as compared to CQ
in scrambled control (Figure 8(c)), indicating no upregulation of
autophagy, whereas the levels of SQSTM1 and LC3A/B-II were
enhanced following CQ treatment in HDAC6 KDHMLERshECad

BCSCs compared to CQ in scrambled control (Figure 8(d)).
These findings were further corroborated by GFP-LC3 puncta
formation (Figures 8(e,f) and S9(b,c)).

The differential effect of HDAC6 KD in differentiated
HMLER cells and stem-like HMLERshECad breast cancer cells
was also apparent by the contrasting regulation of upstream
regulators of autophagy. In differentiated HMLER breast cancer
cells, HDAC6 KD increased MTOR phosphorylation at S2448
(Figure 8(g)) which was accompanied by a downregulation of
TSC1 and TSC2 (Figure 8(i)) and a decrease in the downstream
mediators of p-MTOR signaling, p-RPS6KB and p-EIF4EBP1
(Figure 8(k)); whereas HDAC6 KD in HMLERshECad cells inhib-
ited p-MTOR (Figure 8(h)) along with p-RPS6KB and
p-EIF4EBP1 (Figure 8(l)) while promoting the expression of
TSC1 and TSC2 (Figure 8(j)). Similar to findings in NT2/D1,
P19, MDA-MB-231 and MDA-MB-468 cells, HDAC6 KD sup-
pressed AKT phosphorylation at S473 in both HMLER and
HMLERshECad cells (Figure 8(g,h)), further supporting the
notion that the differential regulation of p-MTOR is dependent
on TSC1 and TSC2, independent of p-AKT. Taken together, and
as summarized in Figure S10, our data demonstrates that
HDAC6 differentially regulates autophagy in differentiated ver-
sus cancer stem-like cells.

Discussion

HDAC6 is a class II histone deacetylase involved in various
biological functions that are of interest in cancers, including
transcription regulation, motility, and cell cycle progression
[55]. Overexpression of HDAC6 has been detected in a variety
of cancer cell lines such as ovarian, prostate epithelial, and
oral squamous cells [14,15,19,56]. Whereas its expression has
been linked to improved survival of some cancers [13,20], few
studies have investigated the specific roles of HDAC6 in CSC
pluripotency. Studies specifically focusing on CSCs are of
value because unlike differentiated cancer cells which com-
prise the majority of tumors, CSCs are more resistant to
therapy and, due to their pluripotency [2], survival of even
one single CSC is sufficient to regenerate the tumor [57–60].
Considering HDAC6’s ability to regulate the tumorigenicity
of cancers, and in the context of currently on-going clinical
trials employing HDAC inhibitors for cancer treatment, we
wanted to comprehensively analyze the effect of HDAC inhi-
bition on pluripotency of CSCs. Thus, we began our study by
inhibiting or knocking down HDAC6 in CSCs and deter-
mined the ability of HDAC6 to regulate pluripotency factors
(i.e., POU5F1, NANOG and SOX2).

Figure 4. HDAC6 KD inhibits MTOR in NT2/D1 and P19 cells via the tuberous sclerosis complex. (a-d) NT2/D1 and P19 cells were subjected to western blot analysis for
(a) p-MTOR, MTOR, (b) p-AKT, AKT, (c) TSC1, TSC2, (d) p-RPS6KB and p-EIF4EBP1. (e and f) NT2/D1 HDAC6 KD cells were treated with autophagy inducing agents Tat-
Beclin or rapamycin for 24 h, stained with trypan blue and counted to determine the number of viable cells. (g and h) P19 HDAC6 KD cells were treated with
autophagy-inducing agents Tat-Beclin or rapamycin for 24 h, stained with trypan blue and counted to determine the number of viable cells. (i) NT2/D1 retinoic acid-
treated cells were subjected to WB for POU5F1. (j) POU5F1 KD cells were subjected to WB for HDAC6. (k) NT2/D1 (ATG7 or ATG12 KD) cells were subjected to WB
analysis for HDAC6. Statistical analysis was performed with two-tailed, Student’s t-test with 95% confidence interval; *P-values ≤ 0.05 obtained by comparing the
respective data with the untreated or scrambled control.
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Here we showed that HDAC6 is critical in maintaining the
pluripotency of CSCs via POU5F1. There is abundant evi-
dence supporting the role of POU5F1 as a master regulator of
pluripotency, which is demonstrated by the ability of POU5F1
to confer pluripotency to somatic cells [28,60]. Additionally,
the dependency on POU5F1 by embryonic stem cells (ESCs)
has been illustrated in POU5F1 KD ESCs, which show
decreased stem cell properties characterized by a decreased
proliferation rate [61,62]. We demonstrated that in CSCs,
HDAC6 regulates both the protein and mRNA levels of
POU5F1. In fact, our proteomics data showed that POU5F1
was among the top targets regulated by our manipulations of
HDAC6. These findings suggest the pluripotency factor
POU5F1 can be targeted through therapeutic modulation of
HDAC6.

Accompanying the loss of pluripotency in HDAC6 KD
cells was an increase in differentiation. In addition to the
upregulation of common differentiation markers, we deter-
mined that HDAC6 also controls the levels of ACTB, an
important regulator of differentiation. While HDAC6 is
known to modulate cytoskeleton dynamics via deacetylation
of tubulins and actin-associated proteins [63,64], here we
report that HDAC6 KD enhances the stability of ACTB by
inhibiting its proteasomal degradation. ACTB is an important
cytoskeleton component and has an integral role in epidermal
stem cell differentiation as well as cell fate by affecting cellular
architecure [65]. Our morphological observations of HDAC6
KD cells are consistent with these data and further support
the regulation of differentiation by HDAC6. Importantly, we
observed that induction of differentiation via classical manip-
ulations (KD of POU5F1) or by autophagy KD led to
decreased HDAC6 expression in CSCs. These findings unveil
a role for HDAC6 in CSCs to maintain their undifferentiated
state.

In this study, we noted an important observation concern-
ing the contrasting effect of HDAC6 inhibition on apoptosis
in CSCs versus differentiated cancer cells. Previous studies
inhibiting HDAC6 in multiple myeloma cells using tubacin
or knocking down HDAC6 in cervical carcinoma cells using
siRNA show inhibition of proliferation and induction of
apoptosis [66,67]. Our data are consistent with these studies
in that the inhibition or KD of HDAC6 inhibits cell prolifera-
tion in both CSCs and differentiated cancer cells. However,
while tubastatin A-treated HDAC6 CSCs showed apoptosis,
HDAC6 shRNA KD cells did not appear to undergo cell
death. This prompted us to distinguish the role of apoptosis
following tubastatin A treatment in CSCs. By inhibiting apop-
tosis in the tubastatin A-treated CSCs, we determined that the
HDAC6-related effects on pluripotency and differentiation
were unaffected. These results highlight that HDAC6

inhibitor-mediated effects on pluripotency are independent
of apoptosis, and also point towards the involvement of
another process in HDAC6-related effects on CSCs.

Tumor masses are comprised of heterogeneous cells, which
includes populations of differentiated cells, along with poorly
differentiated CSCs. These CSCs have the ability to undergo
multi-lineage differentiation, as their progeny can commit to
various lineages. Thus, cancers with their heterogeneous con-
stituents can show differential response to the same therapeu-
tic strategy, and thus must be considered when designing
effective treatments [68]. In this study, the differential induc-
tion of autophagy in differentiated and CSCs supports the
existence of heterogeneous populations of cells in tumors,
and also advocates for differential therapeutic strategies
against these different populations. An important finding in
this paper expands on our recent publication highlighting
how basal autophagy levels in CSCs are crucial to maintain
pluripotency [11]. In our quest to find the mechanism linked
with HDAC6-related decrease in pluripotency, we focused on
autophagy. Here, we have also found that inhibition or KD of
HDAC6 disturbs autophagy levels in CSCs by activating
autophagic machinery as shown by an increase in autophagic
flux, thereby inducing their loss of pluripotency and decreas-
ing cell proliferation. Furthermore, this is in line with the
existing paradigm regarding the plasticity of CSCs, which
describes that there are small populations of autophagic/
quiescent stem cells that are more primitive but can prolifer-
ate and differentiate under appropriate stimuli [69]. On the
contrary, we found that HDAC6 inhibition or KD in the more
differentiated breast cancer cell lines inhibited cell growth by
downregulating autophagy and promoting apoptosis. Thus,
our findings uncovered that HDAC6 inhibition or KD differ-
entially regulates autophagy and apoptosis in differentiated
cancer cell lines as compared to that observed in CSCs.

We discovered that HDAC6-mediated differential regulation
of autophagy in CSCs versus differentiated cancer cells stemmed
from contrasting p-MTOR activation following HDAC6 inhibi-
tion. MTOR is a major regulator of cell growth in response to
energy and nutrient supply. When activated, p-MTOR inhibits
the autophagic breakdown of cellular constituents and promotes
the translation and synthesis of proteins and macromolecules to
promote cellular growth and proliferation [47]. Amajor negative
regulator of p-MTOR is the tuberous sclerosis tumor suppressor
complex, which is often inhibited in rapidly proliferating tumor
cells [49]. We found that HDAC6 KD differentially regulates the
levels of the tuberous sclerosis complex proteins TSC1 and TSC2
in CSCs and differentiated cancer cells in an AKT-independent
manner. In CSCs, HDAC6 KD increases TSC1 and TSC2 levels,
thereby decreasing p-MTOR activation and hence increasing
autophagy and inhibiting protein synthesis and cell growth.

Figure 5. HDAC6 inhibition or KD decreases the viability and promotes apoptosis in MDA-MB-231 and MDA-MB-468 differentiated breast cancer cells. (a and c)
Tubastatin A-treated MDA-MB-231 and MDA-MB-468 cells were stained with MTS reagent and proliferation was determined 24 h post treatment. (b and d) MDA-MB
-231 and MDA-MB-468 HDAC6 KD cells were stained with trypan blue and counted to determine the number of viable cells after 24, 48 and 72 h transfection.
Tubastatin A-treated or HDAC6 KD MDA-MB-231 (e and f) or MDA-MB-468 (g and h) cells were subjected to WB analysis for CASP3. Tubastatin A-treated or HDAC6 KD
MDA-MB-231 (i and j) or MDA-MB-468 (k and l) cells were stained with ANXA5-7-AAD and then analyzed by flow cytometry for the detection of apoptotic cells.
Statistical analysis was performed with two-tailed, Student’s t-test with 95% confidence interval; *P-values = 0.05 obtained by comparing the respective data with the
untreated or scrambled control.
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Moreover, our quantitative proteomics analysis revealed that
HDAC6 KD in NT2/D1 cancer stem cells causes a huge down-
regulation in many ribosomal proteins. This observation offers
another mechanism by which HDAC6 inhibits protein transla-
tion. A recent study by Artero-Castro et al. (2015) also showed
that downregulation of ribosomal protein synthesis leads to
stress-induced autophagy [70]. Hence, it is possible that this
downregulation of ribosomal protein synthesis, in combination
with decreased p-MTOR activation, contributes to HDAC6 KD-
induced autophagy in CSCs.

The findings from this study have important clinical impli-
cations. We found that further upregulation of autophagy in
CSCs using autophagy-stimulating agents inhibited the
growth of HDAC6 KD cells even more, suggesting that
a combination of HDAC6-inhibiting and autophagy-
stimulating drugs could be an effective strategy to target
CSCs. Hence, our data presents autophagy as an important
target for developing anticancer stem cell therapies. Given
that a few HDAC inhibitors are approved for use in clinical
applications but have shown disappointing results in solid
tumors [23], our findings propose that a combination of
HDAC inhibitors and autophagy-manipulating drugs could
be used to target the more resistant CSCs [8,9].

In conclusion, this study highlights that CSCs and cancer
cells respond differently to HDAC6 inhibition or KD, and, in
line with the most recent evidence [71], advocate for differ-
ential therapeutic strategies against CSCs and differentiated
cancer cells in clinical settings. Our findings also suggest that
autophagy-related manipulations could not only arrest the
growth of cancer cells but also limit the pluripotency of
CSCs. These findings of clinical importance will stimulate
further research on the use HDAC6 inhibitors and autophagy
modulators (inducers or inhibitors) to achieve better efficacy
against both CSCs and differentiated cancer cells [72,73].

Materials and methods

Cell culture

Human NTERA-2 (NT2/D1; ATCC, CRL1973), murine P19
(ATCC, CRL-1825) teratocarcinoma, MDA-MB-231 and
MDA-MB-468 cells were maintained in Dulbecco’s Modified
Eagle’s medium (DMEM; Thermo Fisher Scientific,
12430–054). The medium was supplemented with 1% penicil-
lin-streptomycin (Thermo Fisher Scientific, 15240–062), 1%
non-essential amino acids (Thermo Fisher Scientific,
11140–050) and 10% heat-inactivated fetal bovine serum
(Thermo Fisher Scientific, 12483–020). HMLER and

HMLERshECad cells were a gift from Dr. Robert Weinberg
(Whitehead Institute for Biomedical Research, Ludwig/MIT
Center for Molecular Oncology, and MIT Department of
Biology, Cambridge, MA, USA). HMLER cells were main-
tained in DMEM F12 while HMLERshECad cells were main-
tained in serum-free HUMEC Ready Media (Gibco,
12735–018). Cells were maintained at 37°C in a humidified
atmosphere of 5% CO2 and 95% air.

Generation of knockdowns

HDAC6, POUF51/OCT4, ATG7 and ATG12 KDs were gener-
ated using lentiviral plasmids expressing shRNAs specific against
human HDAC6 (Dharmacon, RHS4533-EG10013, accessions:
NM_001321225.1, clone ID: TRCN0000004839, TRCN000
0004840, TRCN0000004841, TRCN0000004842 and TRCN00
00004843), mouseHdac6 (Dharmacon, RMM4534-EG15185, ac
cessions: NM NM_001130416.1, clone ID: TRCN0000008414,
TRCN0000008415 and TRCN0000008417), Pouf51/Oct4
(Dharmacon, RHS4533-EG7161, accessions: NM_001126240,
NM_001126242, NM_005427, clone ID: TRCN0000004879,
TRCN0000004880, TRCN0000004881 and TRCN0000004883),
ATG7 (Dharmacon, RHS39379-201739857, accession no.:
NM_006395, Noclone ID: TRCN0000007584 and TRC
N0000007587), and ATG12 (Dharmacon, RHS3979-201739663,
accession no.: NM_004707, Noclone ID: TRCN0000007392).
The 293T cells were cotransfected with the plasmid of interest
together with the packaging (psPAX2; Addgene, 12260, depos-
ited by Didier Trono) and envelope vector (pMD2.G; Addgene,
12259, deposited by Didier Trono) using the calcium phosphate
transfection method [74]. NT2/D1 cells (5 x 105) were subcul-
tured onto 35-mm wells 24 h prior to transduction with lenti-
virus. The following day, cells were selected with 2 μg/ml
puromycin (Thermo Fisher, A11138-03) for 2 d.

Treatment protocols, protein extraction and western blot
assay

Actively growing cells were treated with tubastatin
A (Sellekchem, S8049), Tat-Beclin 1 peptide, rapamycin (Sigma-
Aldrich Corporation, R0395), chloroquine (Sigma-Aldrich
Corporation, C6628), and MG132 (Merck Millipore, 474790)
at different concentrations or with the vehicle and incubated
for the times indicated. For peptide treatment, cells were treated
with 10 µM of Tat-scrambled (Novus Biologicals, NBP2-49887)
or Tat-Beclin 1 peptide (Novus Biologicals, NBP2-49888) for
24 h34. Cells were then harvested and centrifuged at 200 g for
10 min at room temperature; the pellets were resuspended in

Figure 6. HDAC6 inhibition or KD inhibit autophagy in MDA-MB-231 and MDA-MB-468 cells. (a) MDA-MB-231 tubastatin A-treated cells were subjected to western
blot analysis for ATG5, ATG7 LC3A-II, LC3B-II and SQSTM1 and treated with 18 µM chloroquine (CQ), and the levels of SQSTM1, and LC3-II were analyzed by WB
analysis. (b) MDA-MB-231 HDAC6 KD cells were subjected to WB analysis for ATG5, ATG7, LC3A-II and LC3B-II and SQSTM1 and scrambled control or shHDAC6 KD cells
were treated with 18 µM chloroquine (CQ) and the levels of SQSTM1, and LC3-II were analyzed by WB analysis. (c) MDA-MB-231 HDAC6 KD cells were transfected
with GFP-LC3-overexpressing plasmid and treated with chloroquine (CQ) and puncta formation was analyzed by confocal microscopy. Arrowheads indicate examples
of GFP-LC3 puncta. (d) MDA-MB-468 tubastatin A-treated cells were subjected to western blot analysis for ATG5, ATG7, LC3A-II, LC3B-II and SQSTM1 and treated with
18 µM chloroquine (CQ) and the levels of SQSTM1, and LC3-II were analyzed by WB analysis. (e) MDA-MB-468 HDAC6 KD cells were subjected to WB analysis for
ATG5, ATG7, LC3A-II, LC3B-II and SQSTM1 and scrambled control or shHDAC6 KD cells were treated with 18 µM chloroquine (CQ) and the levels of SQSTM1, and LC3-II
were analyzed by WB analysis. (f) MDA-MB-468 HDAC6 KD cells were transfected with GFP-LC3-overexpressing plasmid and treated with chloroquine (CQ) and puncta
formation was analyzed by confocal microscopy.
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RIPA buffer (25 mM Tris, pH 7.6, 150 mM NaCl, 1% IGEPAL
[Sigma-Aldrich Corporation, I8896], 1% sodium deoxycholate
[Sigma-Aldrich Corporation, D6750], 0.1% SDS [Sigma-Aldrich
Corporation, L3771]) containing protease inhibitors (Thermo
Fisher Scientific, 78434) and incubated on ice. The cell suspen-
sions were then sonicated and the supernatants were collected
after centrifugation at 10,000 g for 15 min. Protein concentra-
tions were determined using the Micro BCA protein assay kit
(Thermo Fisher Scientific, 23235). For western blot analysis,
proteins were resolved on SDS-polyacrylamide gels and trans-
ferred onto nitrocellulose membranes (Bio-Rad Laboratories,

162–0115). Immunoblotting was then performed using specified
antibodies. Cell death was measured using FITC-anti-ANAX5/
Annexin-V (BioLegend, 640945) and 7-AAD (BioLegend,
420403) as per the manufacturer’s instructions.

Protein extraction and TMT labelling

Pelleted cells were lysed in 2% SDS, 150 mM NaCl, 50 mM
Tris, pH 8.5 containing complete mini protease inhibitor
mixture (1 tablet per 10 ml) (Sigma-Aldrich Corporation,
11836153001). Lysis was performed using a probe sonicator

Figure 7. HDAC6 KD differentially regulates p-MTOR and the tuberous sclerosis complex in MDA-MB-231 and MDA-MB-468 breast cancer cells. (a-d) MDA-MB-231
and MDA-MB-468 cells were subjected to western blot analysis for (a) p-MTOR, MTOR, (b) p-AKT, AKT, (c) TSC1, TSC2, (d) p-RPS6KB and p-EIF4EBP1.
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for 12 sec on ice. Lysates were cleared by centrifugation at 13
000 x g for 5 min and protein concentrations were determined
using a BCA assay (Thermo Fisher, 23227). Cysteine residues
were reduced using 5 mM dithiothreitol for 40 min at room
temperature, then alkylated using 14 mM iodoacetamide for
40 min in the dark followed by methanol chloroform preci-
pitation. Protein was resuspended in 8 M Urea, 50 mM Tris,
pH 8.8 and protein concentration was assessed using a BCA
assay. Aliquots containing 100 μg of protein were diluted to
1 M urea, 50 mM HEPES, pH 8.5 and digested overnight with
trypsin (Promega, V5111) at a ratio of 1:100 trypsin:protein,
then again at a ratio of 1:100 trypsin:protein for 4 h. Digested
peptides were desalted using 60 mg solid-phase C18 extrac-
tion cartridges (Waters, WAT054955) and lyophilized. Dried
peptides were labelled using 10-plex TMT reagents (Thermo
Fisher, 90110) as previously described [75]. Samples were
mixed equally, desalted using solid-phase C18 extraction car-
tridges, and lyophilized [37].

2D-LC-SPS-MS3

TMT10-labeled samples were fractionated using high-pH
reversed phase chromatography performed with an Onyx
monolithic 100 × 4.6 mm C18 column (Phenomenex). The
flow rate was 800 μL/min and a gradient of 5% to 40%
acetonitrile (10 mM ammonium formate, pH 8) was applied
over 60 min using an Agilent 1100 pump (Agilent) from
which 12 fractions were collected. Fractions were desalted
using homemade stage-tips as previously described [76] and
lyophilized. Each fraction was analyzed using an Orbitrap
Velos Pro mass spectrometer (Thermo Fisher) using an MS3
method as previously described [77]. Protein identification
was performed using a database search against a human pro-
teome database (downloaded from UniprotKB, September,
2014) concatenated to a database of common proteomic con-
taminants. All FDR filtering and protein quantification was
performed as previously described [75]. Data and analysis for
all proteins detected by 2D-LC-SPS-MS3 is present in Table
S1 for tubastatin A treatment and Table S2 for HDAC6 KD.

Cell viability assays

To monitor cell growth and viability, equal numbers of cells
from each sample were seeded in 6-well plates containing
2 mL of culture medium. After 24-h incubation, cells were
treated with chemicals at the indicated concentrations.
Adherent cells were dissociated at the indicated times with
0.05% trypsin-EDTA and then counted by trypan blue dye
exclusion. The numbers of viable cells are presented as mean
± S.E.M of 3 replicates for each sample.

Proliferation assay

The effect of tubastatin A or HDAC6 KD on cell proliferation
was monitored by using anMTS assay. Briefly, equal numbers of
cells were seeded in 96-well plates. After 24 h of incubation, cell
were treated with tubastatin A at the indicated concentration or
left untreated (in the case of HDAC6 KD). MTS reagent (20 µl;
Promega Corporation, G3580) was added into eachwell after 24-
h treatment with tubastatin A, and the quantity of formazan
product was quantified 2 h later by measuring the absorbance at
490 nm with a 96-well plate reader.

Senescence detection

Senescence was detected by using the senescence β-Galactosidase
staining kit (Cell Signaling Technology, 9860) following the man-
ufacturer’s protocol. Briefly, the growth media was removed from
the cells and the plate was washed one time with 1X PBS (Thermo
Fisher Scientific, 10010023). Cells were fixed with the 1X fixative
solution and incubated for 15 min at room temperature. After the
incubation, the plate was rinsed 2 times with 1X PBS and 1 mL of
the β-galactosidase staining solution was added to each plate. All
the plates were sealed with parafilm and incubated at 37°C in a dry
incubator. After the final incubation, the images were captured
using a microscope.

Autophagy puncta formation assay

For puncta formation, cells were plated on coverslips and
transfected with 1 µg/ml of EGFP-LC3 plasmid (Addgene,
11546; deposited by Karla Kirkegaard) 24 h prior to CQ
(Sigma-Aldrich Corporation, C6628) treatment. After 25 h,
cells were fixed using 4% paraformaldehyde and mounted
using mounting medium (Dako, S3023).

Antibodies and chemicals

Antibodies against the following proteins were used for immu-
nobloting: HDAC6 (Cell Signaling Technology, 7612), POU5F1
(Santa Cruz Biotechnology, sc-5279), SOX2 (Cell Signaling
Technology, 2748), NANOG (Santa Cruz Biotechnology, sc-
134218), ATG5 (Cell Signaling Technology, 8540), ATG7 (Cell
Signaling Technology, 8558), ATG12 (Cell Signaling
Technology, 4180), LC3A (Cell Signaling Technology, 4599),
LC3B (Cell Signaling Technology, 3868), SQSTM1/p62 (Cell
Signaling Technology, 5114), p-AKT (Cell Signaling
Technology, 4060), p-MTOR (Santa Cruz Biotechnology, sc-
101738), p-TSC2 (Cell Signaling Technology, 8350), TSC2
(Cell Signaling Technology, 4308), p-EIF4EBP1/4EBP1 (Cell
Signaling Technology, 9459), RPS6KB/p70S6K (Cell Signaling
Technology, 9205), ubiquitin (Santa Cruz Biotechnology, sc-

Figure 8. HDAC6 KD in HMLERshECad breast cancer stem cells (BCSCs) promotes autophagy by inhibition of p-MTOR via the tuberous sclerosis complex. (a) HMLER and
(b) HMLERshECad HDAC6 KD cells were subjected to western blot analysis for Pro-CASP3 and cleaved CASP3. Numbers below the blots correspond to densitometry
quantification of blots normalized to the loading control. (c) HMLER and (d) HMLERshECad cells with either scrambled control or shHDAC6 shRNA were treated with
18 µM chloroquine (CQ) and the levels of SQSTM1, and LC3-II were analyzed by WB analysis. (e) HMLER and (f) HMLERshECad HDAC6 KD cells were transfected with
GFP-LC3-overexpressing plasmid and treated with chloroquine (CQ) and puncta formation was analyzed by confocal microscopy. Arrowheads indicate examples of
GFP-LC3 puncta. (g) HMLER and (h) HMLERshECad HDAC6 KD cells were subjected to analysis for p-MTOR, MTOR, p-AKT and AKT. (i) HMLER and (j) HMLERshECad HDAC6
KD cells were subjected to analysis for TSC1 and TSC2. (k) HMLER and (l) HMLERshECad HDAC6 KD cells were subjected to analysis for p-RPS6KB and p-EIF4EBP1.
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8017), RIPK3 (Cell Signaling Technology, 13526), GAPDH
(Santa Cruz Biotechnology, sc-365062), ACTB (Santa Cruz
Biotechnology, sc-47778), and TUBB (Cell Signaling
Technology, 2146), CASP3 (Cell Signaling Technology, 9662),
PARP (Santa Cruz Biotechnology, sc-8007).

Quantitative real-time PCR analysis

RNA was extracted using Trizol (Invitrogen, 15596026) metho-
dology and cDNAwas synthesized using the enzyme Superscript
II (Thermo Fisher Scientific, 180640140). Each sample of cDNA
was quantified and diluted to a similar concentration of 10 ng/
mL. The Bio-Rad CFX96 PCR machine was used for the quanti-
tative real-time PCR (qRT-PCR), using Bio-Rad SYBR Green
Supermix (Bio-Rad Laboratories, 1708880). All primers, as
described in Table S3, were purchased from Invitrogen.
GAPDH was used for normalization of the genes of interest.
The results were collected and analyzed using the 2−ΔΔCT

method and expressed as fold change relative to the respective
nontreated or scrambled controls.

Statistical analysis

All values are expressed as means ± S.E.M. of 3 independent
experiments. Statistical evaluation was performed using the
two-tailed, Student’s t-test with 95% confidence interval.
P < 0.05 was considered as significant.

Abbreviations

ACTB actin beta
ANXA5 annexin V
BCSCs breast cancer stem cells
BECN1 beclin 1
CASP3 caspase 3
CDH1 cadherin 1/E-cadherin
CSC cancer stem cells
CSN2 casein beta
CQ chloroquine
EIF4EBP1 Eukaryotic translation initiation factor 4E binding

protein 1
GATA6 GATA binding protein 6
GFP green fluorescent protein
HCQ hydroxycholorquine
HDAC6 histone deacetylase 6
KD knock-down
MAP1LC3A/LC3A microtubule associated protein 1 light chain 3 alpha
MAP1LC3B/LC3B microtubule associated protein 1 light chain 3 beta
MTOR mammalian target of rapamycin
NANOG homeobox protein NANOG
PARP poly(ADP-ribose) polymerase
POU5F1/Oct4 POU Class 5 Homeobox 1
RIPK3 Receptor for interacting serine/threonine kinase 3
RPS6KB ribosomal protein S6 kinase B
SOX2 SRY-Box 2
SPP1 secreted phosphoprotein 1
SQSTM1 sequestome 1
TBXT T-box transcription factor T
TSC1 tuberous sclerosis complex 1
TSC2 tuberous sclerosis complex 2
TUBA tubulin alpha
TUBB tubulin beta class I
TUBB3 tubulin beta 3 class III
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