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Abstract
Misfolded or unfolded proteins are often refolded with the help of chaperones or degraded by the
26S proteasome. An alternative fate of these proteins is the aggresome pathway. The microtubule-
organizing center (MTOC) transports unfolded proteins to lysosomes and are degraded through
autophagy. Histone deacetylase 6 (HDAC6) deacetylates α-tubulin, which is thought to be a
component of the MTOC. Recently, two small molecule inhibitors of the aggresome pathway and
HDAC6 have been described. One inhibitor, tubacin, prevents deacetylation of α-tubulin and
produces accumulation of polyubiquitinated proteins and apoptosis. Tubacin acts synergistically with
the proteasome inhibitor, bortezomib, to induce cytotoxicity in one type of hematologic malignancy,
multiple myeloma. The other, LBH589, is a pan HDAC inhibitor and hydroxamic acid derivative
that induces apoptosis of multiple myeloma cells resistant to conventional therapies. In this review,
we summarize recent reports on targeting the aggresome pathway and HDAC6 in hematologic
malignancies.
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Protein folding
Proteins must overcome several obstacles on their way to becoming functional molecules.
Small proteins fold through a sequence of intermediates. Partially folded proteins expose
hydrophobic domains that lead to inappropriate associations and protein aggregation.
Aggregation of proteins is toxic to cells due to high concentrations of macromolecules causing
a significant increase in the association constants of unfolded polypeptides over those in dilute
solution. The effects of protein aggregation are accentuated by the fact that stable folding of a
domain cannot occur until the entire protein is synthesized. This is particularly important during
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synthesis of identical nascent polypeptides on polysomes, where numerous polypeptides
expose the same aggregation-prone domains leading to increased aggregation [1].

The fate of a protein is either correct folding or degradation of misfolded proteins by the
proteasome or autophagy [1]. Whether a polypeptide folds correctly or whether it aggregates
is dependent on particular mutations, modification, errors during translation, or unequal
synthesis of subunits [1–4]. Misfolding can result from alterations in pH, temperature, ionic
strength, and redox environment. A certain level of protein misfolding cannot be avoided.
Therefore, cells have acquired quality control mechanisms to eliminate misfolded proteins and
aggregation [5,6].

Chaperones and ubiquitin-proteasome system
Molecular chaperones assist with folding of newly synthesized proteins and refolding of
proteins damaged by stress and cellular injury. Chaperones bind to and stabilize exposed
hydrophobic residues through ATP-dependent interactions, thereby allowing the protein to
achieve proper folding [7]. Chaperones do not appear to catalyze folding, but rather, they
prevent inter- and intra-molecular interactions between partially folded or misfolded
polypeptides. This is an evolutionarily conserved mechanism from bacteria to eukaryotes to
maintain proper folding after protein synthesis [1]. Second, misfolded proteins are targeted for
degradation by the ubiquitin-proteasome system (UPS). The proteasome is a multisubunit
complex found in the cytosol and nucleus that degrades cytosolic, nuclear, secretory, and
transmembrane proteins into smaller peptides [8–10]. Misfolded secretory and transmembrane
proteins are retained in the lumen or membrane of the ER, then retrotranslocated back to the
cytosol and delivered to the proteasome. When correct folding is difficult or impossible and
degradation is not performed rapidly, proteins interact with other unfolded or partially folded
proteins, leading to the formation of aggregates [6]. Cells then destroy protein aggregates
through the aggresome pathway resulting in autophagic degradation of the inclusion bodies.

The Unfolded Protein Response
Another important pathway in cells to regulate misfolded proteins is the Unfolded Protein
Response (UPR). Proteins synthesized in the endoplasmic reticulum (ER) are properly folded
with the help of ER chaperones. Misfolded proteins are disposed of by ER associated protein
degradation (ERAD). When the level of misfolded proteins exceeds the folding capacity of the
ER, cells activate a feedback mechanism known as the ER stress response [11]. Expression of
ER chaperones and ER associated proteins are induced to decrease protein synthesis and hence,
the burden on the ER. There are four classes of agents that induce ER stress: reducing agents,
hypoxia and inhibitors of glycosylation and calcium metabolism. Finally, the ER stress
response can result in activation of apoptosis [12].

Three transmembrane proteins regulate the mammalian ER stress response. PERK is a
transmembrane kinase; ATF6 is a transmembrane transcription factor; and IRE1 is a
transmembrane RNase. These three proteins integrate the stress response and are critical for
cell survival. ER stress-induced apoptotic pathways act through pro-apoptotic and anti-
apoptotic proteins, such as bcl-2, p53, and c-abl. Stress activated protein kinase and Jun kinase
are also activated [12].

The UPR appears to also be involved with tumorigenesis [13]. As tumors increase in size, cells
are exposed to environmental stressors, such as hypoxia, limited nutrients, and acidosis.
Chemotherapy also activates the UPR resulting following exposure to DNA-crosslinking
agents, e.g. cisplatin, however, activation of the stress response could confer resistance to
drugs, e.g. topoisomerase II inhibitors [13]. Thus, the role of the ERAD and ER stress response
is complex due to the heterogeneity of tumor response.
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The aggresome pathway
Studies have demonstrated a proteasome-independent pathway that eliminates misfolded
proteins, known as the aggresome pathway, resulting in autophagic degradation of inclusion
bodies (Figure 1) [1,14–19]. The initial process appears to occur as nascent polypeptide chains
are coming off the polysome. If nascent peptides do not fold correctly, they will co-aggregate
to form aggresomal particles. In cells, these particles are equal in size, supporting the idea that
a fixed number of proteins aggregate to form a single particle [1]. After their formation, the
particles are transported towards the microtubule (MT) organizing center or MTOC, where
they are sequestered into a single large cellular garbage bin-like structure known as the
aggresome [1]. Movement of the aggresome is an active process and requires intact
microtubules and association with motor dynein. In cells treated with the microtubule
depolarizing agent, nocodazole, the pre-aggresomal inclusion bodies remains distributed
throughout the cytosol. Electron microscopy examination revealed that these particles consist
of multiple loosely associated particles.

Aggresomes are recruited to the degradation machinery
Aggresomes are not only static compartments that store misfolded proteins, but they also recruit
cytosolic components such as chaperones, E3 ubiquitin ligases, and proteasomes to facilitate
clearance of aggregated proteins [1]. Several chaperones have been identified, e.g. HSC70,
HSP40, HSP70, and some are targeted for cancer therapy. Misfolded proteins associate with
ER chaperones first, followed by association with cytosolic chaperones [1]. Similar to
chaperones, proteasomes associate with aggresomes. Proteasomes associate with aggresomes
relatively late, after small aggresomal particles are delivered to the MTOC. Autophagy is a
pathway by which large structures such as mitochondria and peroxisomes are degraded in cells
[1].

Autophagy is one of the cellular stress responses. How do cells recognize aggregated proteins
resulting in the formation of aggresomes? Previous reports suggest that the sequestration of
aggregated proteins into single aggresome may be induced by cellular signaling mechanisms.
Activation of the Mitogen Activated Protein Kinase Kinase (MEK1) increases formation of
aggresomes [20]. MEKK1 appears to act at a relatively late stage of aggresome formation and
affects sequestration of particles into peri-centriolar aggresomes. The activity of MEKK1 is
required; suggesting that phosphorylation of downstream substrates is critical for aggresome
formation. Previous studies demonstrated that MEKK1 regulated pathways involve Jun Kinase
(JNK), extracellular signal regulated kinase (ERK) and p38. Interestingly, the effect of MEKK1
on aggresome formation does not seem to involve any of these kinases, suggesting that there
are yet unidentified signaling pathways activated by cellular stress resulting from aggresomes.

Histone Deacetylase 6
There are 18 histone deacetylases (HDACs) reported in humans. They are not redundant in
function and are classified into three categories based on their homology to yeast proteins.
Although histones are important targets of HDACs, more than 50 nonhistone targets have been
identified. These nonhistone proteins play roles in proliferation, cell migration, and death
[21] Histone Deacetylase 6 (HDAC6) is a class II HDAC protein deacetylates α-tubulin and
increases cell motility. HDAC6 is localized in the cytoplasm and has two catalytic domains
with deacetylase activity. The C-terminal domain is able to deacetylate α-tubulin both in
vitro and in vivo, and this activity is reversibly inhibited by trichosatin A (TSA) [22,23].
HDAC6 plays an essential role in aggresomal protein degradation because it can bind to both
polyubiquitinated proteins and dynein proteins, thereby recruiting protein cargo to dynein
motors to transport misfolded proteins to aggresomes [24]. HDAC6 appears to constitutively
binds both polyubiquitinated proteins and dynein [25]. The proteasome inhibitor bortezomib
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has been used to treat various malignancies, including multiple myeloma. Bortezomib is a
dipeptidyl boronic acid that binds to the serine residue of the beta subunit that confers the
proteasomal chymotryptic proteolytic activity [26]. Published work suggests that targeting both
proteasome-dependent pathways with bortezomib and the aggresome pathway in tumor cells
induces greater accumulation of polyubiquitinated proteins resulting in increased cell stress
and apoptosis [25].

Inhibitors of HDAC6
Inhibitors of HDAC6 have been identified recently. Stuart Schreiber’s laboratory at MIT/Broad
Institute isolated a small molecule inhibitor of HDAC6 in a chemical genetic screen of 7,392
small molecules and cell-based assay [27,28]. This inhibitor, known as tubacin, inhibits α-
tubulin deacetylation in mammalian cells. Unlike trichostatin A (TSA), which is a broad
spectrum HDAC inhibitor, tubacin is specific for the tubulin deacetylase activity of HDAC6.
These compounds inhibit the HDAC6 deacetylase activity by chelating a Zn++ cation and
appears to alter the formation of complexes of HDAC6 with other intracellular proteins, such
as HSP90, Dia2, and protein phosphatase-1 [22]. Tubacin does not affect global histone
deacetylation, gene-expression profiling, or cell cycle progression [27,28]. Recent evidence
suggests that tubacin does not affect microtubule stability but rather, cell motility in
lymphocytes [28]. More selective inhibitors of HDAC6 has been identified [29].

The effects of tubacin has been studied in hematologic malignancies, such as multiple myeloma
and leukemia cell lines [25]. Overexpression of HDAC6 in primary lymphocytes and T cell
lines increase cell migration in response to cytokines. Knockdown of HDAC6 in T cells
decreased chemotactic mobility independent of its enzymatic activity [22]. Furthermore,
treatment of multiple myeloma cells with tubacin resulted in decreased cell growth at an IC50
of 2–5μM [25]. In terms of toxicity to normal bone marrow and blood cells, treatment of
peripheral blood mononuclear cells (PBMC) and bone marrow progenitor cells (BMPC) with
tubacin (5μM) for 12 hours showed that constitutive expression of HDAC6 is higher in BMPCs
than PBMCs. Furthermore, acetylation of α-tubulin was markedly enhanced by tubacin in
BMPCs but not in PBMCs [25].

Tubacin in combination with the proteasome inhibitor bortezomib resulted in increased α-
tubulin acetylation and accumulation of polyubiquitinated proteins in multiple myeloma cells
[25]. Peak acetylation occurred after 12 hours. Multiple myeloma cells undergo apoptosis
following tubacin treatment through a caspase-8 dependent pathway at an IC50 5–20μM at 72
hours. Poly-(ADP-ribose) polymerase (PARP) cleavage was also noted after treating multiple
myeloma cells with tubacin and bortezomib. Tubacin was also found to inhibit interaction of
HDAC6 with dynein and augmented activation of c-Jun NH2-terminal kinase and caspase−3,
−8 and −9. Both bortezomib and tubacin together induced synergistic antitumor activity in
multiple myeloma cells and primary bone marrow plasma cells [25]. Published data therefore
provide support for combined therapy in clinical trials for patients with multiple myeloma.

Another interesting observation was that tubacin combined with bortezomib inhibited
paracrine stimulation of multiple myeloma cells. Tubacin enhanced bortezomib-induced
inhibition of proliferation of adherent multiple myeloma cells. Combined treatment of tubacin
with bortezomib induced synergistic selective antitumor activity against multiple myeloma
cells in the bone marrow milieu, thereby overcoming cell adhesion-induced resistance to
conventional therapies [25]. These results provide further rationale to treat patients with
multiple myeloma that is resistant to bortezomib.

Another inhibitor of HDAC6 has been recently described. LBH589 is a novel hydroxamic acid
derivative that induces apoptosis at low nanomolar concentrations in multiple myeloma cells
resistant to other therapies. Similar to tubacin, LBH589, induced apoptosis through a caspase
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and PARP-dependent manner [30]. Synergistic cytotoxicity was observed with LBH589 in
combination with bortezomib against multiple myeloma cells that were sensitive and resistant
to dexamethasone. This inhibitor also induced α-tubulin hyperacetylation. Interestingly,
aggresome size was smaller in multiple myeloma cells treated with LBH589 and bortezomib.
These results further support the use of LBH589 with bortezomib in resistant multiple myeloma
[31].

Conclusions
Studies on the aggresome pathway and specific inhibitors in multiple myeloma suggest the
possibility that HDAC6 is a rational target for other hematologic malignancies, such as acute
lymphoblastic leukemia (ALL). Since tubacin has been demonstrated to act synergistically
with other agents in multiple myeloma cells to induced apoptosis, it is possible that tubacin
may have greater effects in combination with bortezomib or chemotherapy in ALL cells.
Further experiments are necessary to elucidate the pathways that regulate HDAC6-induced
apoptosis in malignant hematopoietic cells.
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Figure 1.
The aggresome pathway prevents accumulation of misfolded proteins. Unfolded or misfolded
protein can originate from translating polysomes, from proteins retrotranslocated from the ER
to the cytosol, or from proteins damaged by stress. If such proteins fail to fold correctly and
are not degraded by the proteasome, they can form aggregates in cells. These aggregates are
transported by the microtubule and require the dynein/dynactin motor complex. HDAC6
(dotted arrow) deacetylates α-tubulin and associates with dynein (dotted arrow) to facilitate
transport of aggresomes through the cytosol for degradation. Tubacin and LBH589 are small
molecule inhibitors that target HDAC6 or pan HDACs, respectively, resulting in increased
acetylation of α-tubulin, accumulation of polyubiquitinated proteins, and apoptosis [25,31].
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